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Abstract
Transmembrane (TM) proteins constitute 15-30% of the genome, but less than 

1% of the structures in the Protein Data Bank. This discrepancy is disturbing and 

emphasizes that structure determination of TM proteins remains challenging. The 

challenge is greatest for proteins from eukaryotes, whose structures remain 

intractable, despite tremendous advances made towards the structure determination of 

bacterial TM proteins. Notably, over half of the membrane-protein families in 

eukaryotes lack bacterial homologs. It is therefore conceivable that many more years 

will elapse before atomic-resolution structures of eukaryotic TM proteins will emerge. 

Until then, integrated approaches, combining biochemical and computational analyses 

with low-resolution structures, will probably play increasingly important roles in 

providing frameworks for the mechanistic understanding of membrane protein 

structure and function. I have thus developed several methods for structure prediction 

in TM proteins, which were based on phylogenetic analysis, biochemical and low-

resolution structural data. The computational methods relied on evolutionary 

conservation to predict which amino-acid positions are buried in the protein core, and 

a method for detecting correlations in the substitutions of amino-acid sites in order to 

predict interactions between residues. These and other methods were applied the study 

of the structure and mechanism of action of the receptor tyrosine kinase ErbB2, the 

gap junction intercellular channel, and the small multidrug resistance antiporter from 

E. coli EmrE. In all of these cases, significant agreement was found between 

published experimental results and the model structures, and additional insight was 

provided into the proteins' mechanisms of action, including in the two former cases, 

their involvement in disease. We postulated several hypotheses on structural 
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relationships between amino-acid residues in the gap junction TM domain. These 

hypotheses were tested experimentally and provide partial validation of this model.
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Introduction 
This Introduction is based on review articles in Trends Biochem. Sci. 

(M11:Fleishman et al., 2006) and Curr. Op. Struct Biol. (M12:Fleishman and Ben-

Tal, 2006). 

It is estimated that transmembrane (TM) proteins constitute some 15-30% of 

eukaryotic genomes (Krogh et al., 2001; Liu and Rost, 2001; Mitaku et al., 1999; Rost 

et al., 1996). Due to their strategic localization at the interfaces between the interior 

and exterior of the cell and between cellular compartments, membrane proteins play 

pivotal roles in many cellular processes, including cell-to-cell signaling events, solute 

transport, and cellular organization. For this reason, membrane proteins are by far the 

most attractive targets for drug discovery. Despite their significance, however, only a 

few distinct folds of TM proteins have been solved to date by high-resolution methods 

such as X-ray crystallography (White, 2004) and NMR (Opella and Marassi, 2004); 

accordingly, TM-protein structures constitute less than 1% of the entries in the Protein 

Data Bank (PDB). Disturbingly, only two of the current entries represent a membrane 

protein from human origin (MacKenzie et al., 1997; Murata et al., 2000), while the 

large majority of entries are of bacterial membrane proteins (Fig. 1).   

Part of the reason why progress has been faster for bacterial membrane proteins 

stems from the fact that they can more easily be expressed in large quantities in 

bacterial hosts, and that they lack many of the posttranslational modifications that 

potentially complicate crystallization. Moreover, the fast pace at which bacterial 

genomes are sequenced provides an almost unlimited repertoire of target proteins 

including homologs from thermophilic bacteria that are often more stable during 

detergent solubilization, purification, and crystallization. In contrast, eukaryotic 

membrane proteins are more difficult to express than their bacterial homologs, are 
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subject to posttranslational modifications, and often only few candidate genes are 

available for screens to identify the ideal target protein. It thus comes as no surprise 

that over the past few years, efforts have been focused on identifying bacterial 

homologs of eukaryotic membrane proteins, and to pursue their structure 

determination by “brute-force” approaches, utilizing sometimes, thousands of 

combinations of homologs of the protein and different crystallization conditions 

(Chang et al., 1998). As evident in Figure 1, this strategy has begun to bear fruit and 

many exciting structures should be expected to emerge over the next several years 

(White, 2004). However, this approach does not represent the ultimate solution 

because a large number of eukaryotic membrane proteins do not have bacterial 

homologs. In fact, a search in the Pfam-A database of protein families (Bateman et al., 

2004) shows that only 47% of the eukaryotic TM-protein families have bacterial or 

archaeal homologs.  

It should nevertheless be stressed that even bacterial membrane proteins are 

difficult targets for structure analysis. One of the crucial steps in the crystallization of 

membrane proteins relies on the use of detergents and the extraction of lipid. It has 

been demonstrated, however, that this step can distort the protein fold (Lee et al., 

2005). In this connection, substantial evidence exists suggesting that a small number 

of published structures of membrane proteins from x-ray crystallography do not 

represent physiologically relevant conformations (Davidson and Chen, 2005; 

M12:Fleishman and Ben-Tal, 2006; Lee et al., 2005; Tate, 2006). One such case that 

has been a subject of part of this doctoral work concerns the small multidrug 

resistance protein from E. coli, EmrE. 

With such a large fraction of proteins in eukaryotes, whose direct structure 

determination will have to await possibly many years, and due to the challenges that 



Introduction 

 3

still face the structure determination of bacterial membrane proteins, we have 

developed several data-based modeling approaches that rely on inferences derived 

from biochemical, computational, evolutionary, and intermediate-resolution structural 

data.  

Architecture of helical TM proteins 
 
A simple rule that has guided many of the approaches to modeling helical TM 

proteins is the two-stage model of folding (Engelman et al., 2003) (Fig. 2). According 

to this model, hydrophobic segments are first inserted into the plasma membrane in 

the form of helices, which engage the polar carbonyl and amide groups on the peptide 

chain's backbone in hydrogen bonds, and shield them from the hydrophobic lipid 

bilayer. Next, these helices associate with one another to shape the protein's tertiary 

structure. One of the implications of the two-stage model for computational modeling 

is that each of the hydrophobic segments comprising the TM domain can be 

approximated as an energetically stable canonical α-helix, whose polar backbone and 

N- and C- termini are shielded from the membrane environment. Hence, TM-protein 

structure prediction can concentrate on the relative configurations of preformed α-

helices. This constraint reduces considerably the number of degrees of freedom that 

must be explored computationally.  

This relatively simple picture of TM-protein architecture was supported by the 

first few membrane proteins to be solved (Baldwin, 1993; Deisenhofer et al., 1995; 

Henderson et al., 1990; Kuhlbrandt and Wang, 1991) (e.g., Fig. 3). Moreover, the 

extramembrane loops are relatively short in these proteins dictating that consecutive 

domains in the sequence are proximal in the 3-dimensional (3D) structure (Bowie, 

1997). However, this simplistic picture collapsed when the first ion-channel structures 
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revealed that helices need not span the entire width of the bilayer (Doyle et al., 1998), 

and can be extremely long and highly tilted with respect to the membrane normal 

(Dutzler et al., 2002) (Fig. 4a,b). Recent transporter structures have also shown 

marked deviations from α-helicity; these deviations were suggested to play a role in 

the conformational changes underlying transporter functions by destabilizing the 

structures (Fig. 4c) (Abramson et al., 2003). All of these structural features are still 

beyond what can be reliably predicted by computational methods, raising the question 

of how many membrane domains might have gone unnoticed. More importantly, 

however, the observation that not all consecutive hydrophobic domains formed 

physical contact (Doyle et al., 1998; Dutzler et al., 2002) heralded the end of naïve 

modeling of TM proteins, and underscored the importance of a joint experimental-

computational approach to structure prediction. Over the past several years, mostly 

two sources of experimental data have proven valuable in aiding modeling exercises 

of polytopic membrane proteins: low-resolution structures obtained by cryo-electron 

microscopy (cryo-EM) and mutational analyses of structure-function relationships. 

Cryo-EM of 2D crystals of TM proteins 
In contrast to the difficulties usually experienced in obtaining 3D crystals of TM 

proteins, in some cases, membrane proteins readily form 2-dimensional (2D) arrays in 

the membrane (e.g., bacteriorhodopsin (Unwin and Henderson, 1975),  photosystem II 

(Rhee et al., 1998), the gap junction (Unger et al., 1999), the bacterial translocon 

complex secYEG (Breyton et al., 2002), and the bacterial multidrug resistance 

transporter EmrE (Ubarretxena-Belandia et al., 2003)). Added advantages of 2D 

crystals are that they mimic the native environment of the protein more closely than 

does the 3D crystal, including interactions with the surrounding lipid molecules, 

which sometimes play important roles in determining the physiological structure 
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(Fujiyoshi, 1998). For instance, substantial differences were observed between the 

cryo-EM map of EmrE (Ubarretxena-Belandia et al., 2003) and two structures of that 

protein derived from x-ray analysis of 3D crystals (Ma and Chang, 2004; Pornillos et 

al., 2005). Since the detergent-solubilized form of EmrE that was used in the cryo-EM 

analysis binds substrate with the same high affinity as the protein in its native 

membrane (Tate et al., 2003), the cryo-EM structure is thought to be the more native-

like structure (Tate, 2006). Another demonstration of the importance of maintaining a 

membrane-like environment is provided by the differences between two recent x-ray 

structures of the voltage-gated potassium channel (Jiang et al., 2003; Long et al., 

2005), the latter of which was crystallized in the presence of lipids. Lastly, it is 

sometimes possible to induce crystal formation in 2D, even when the proteins are 

dispersed in the membrane (Hasler et al., 1998), and even relatively small and poorly 

ordered crystals can be used to derive data in the 5-10 Å resolution range thanks to 

digital image-processing protocols that allow crystals to be corrected for translational 

disorder (Amos et al., 1982; Henderson et al., 1990; Henderson et al., 1986). 

However, cryo-EM of 2D crystals usually produces structures at limited 

resolutions (typically, above 4.5 Å in the plane of the membrane), where individual 

amino-acid sidechains, connecting loops, and extramembrane domains are not 

resolved, although a recent case of a high-resolution structure from cryo-EM analysis 

of an aquaporin family member is a notable exception (Gonen et al., 2004). Moreover, 

the resolution in the direction vertical to the lipid bilayer is lower than the in-plane 

resolution. This reduced resolution entails an uncertainty regarding the actual length 

of each helical segment, and may obscure the helical register. The lower vertical 

resolution may also limit the detection of helices that do not span the entire bilayer. In 

the case of the aquaporin-1 water channel for instance, an initial map at 6Å in-plane 
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resolution (Walz et al., 1997) did not reveal the surprising architecture of the channel, 

whereby two half-helices meet midway through the membrane (Fig. 4d), and 

misleadingly, these half-helices appeared as one. A subsequent cryo-EM map at 4.5 Å 

resolution uncovered the two half-helices (Mitsuoka et al., 1999), and allowed a 

combination of sequence-based methods to be used to predict a model structure (de 

Groot et al., 2000; Heymann and Engel, 2000), which was found to be in agreement 

with the high-resolution structure (Murata et al., 2000). The initially incorrect 

interpretation underscores the importance of improving resolution even marginally 

within the intermediate-resolution range in order to ascertain the general architecture 

of the protein.  

Despite these shortcomings of intermediate-resolution maps, the fact that they 

provide an overall description of the protein architecture and the approximate packing 

of TM helices tremendously reduces the degrees of freedom for conformational 

search and the extent of uncertainty in constructing model structures. In fact, by 

assuming that ideal α-helices occupy the locations observed in the map, one can limit 

the conformation search for the backbone positions to identifying the native-state 

orientation of each helix around its principal axis (M4:Fleishman et al., 2004). 

Building on this realization, and using further constraints obtained from multiple-

sequence alignments as well as biochemical data, Baldwin et al. pioneered a structure-

based modeling approach to derive a first model of the G-protein coupled receptor 

(GPCR) rhodopsin (Baldwin et al., 1997) based on a structure at 7 Ǻ in-plane 

resolution (Unger et al., 1997). The essential feature of their modeling was the 

expectation that evolutionarily conserved amino-acid positions are packed inside the 

core of the helix bundle, whereas variable residues face the outside. Figure 3 provides 

an example of a high-resolution structure of a TM protein showing this pattern of 
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evolutionary conservation. While very rough, the model of rhodopsin's TM domain 

served as a template for modeling other GPCRs, which then provided a framework for 

interpreting the effects of mutations in the context of the receptor structure (see e.g. 

refs.  (Latronico et al., 1998; Scheer et al., 2000)). Three years later, a first high-

resolution structure of rhodopsin was solved by x-ray crystallography of 3D crystals 

(Palczewski et al., 2000), and showed that the previous model approximated the 

native-state structure to within 3.2Å root-mean-square deviation (RMSd). As Figure 5 

illustrates, the orientations of all of the helices were predicted quite accurately by 

Baldwin et al., and the main structural differences are due to deviations in the 

positioning of the kinked helices. 

The successful combination of cryo-EM and computational methods for the 

modeling of rhodopsin encouraged us to develop tools for modeling based on 

phylogenetic analysis and intermediate-resolution structures (M4:Fleishman et al., 

2004; M5:Fleishman et al., 2004). These tools were subsequently used to model two 

membrane proteins based on cryo-EM maps, the vertebrate gap junction 

(M7:Fleishman et al., 2004) and the bacterial small multidrug resistance protein EmrE 

(M9:Fleishman et al., 2006).  

Our principal aim in modeling TM-protein structures is to provide a platform for 

the experimental study of structure-function relationships (M11:Fleishman et al., 

2006). Although the models are approximate, and do not contain sidechain atoms, 

they can nevertheless be used in order to plan and interpret biochemical experiments. 

Thus, we have used the model structure of the gap junction TM domain 

(M7:Fleishman et al., 2004) in order to design experiments that probed the stability of 

this domain (M11:Fleishman et al., 2006). Our experimental collaborators at Karen 

Avraham's laboratory (School of Medicine, Tel-Aviv University) then identified two 
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putative salt bridges and one pair of residues that is involved in packing interactions, 

in which one disease-causing mutation suppressed the effects of another. These results 

provide the first experimental data on interactions between residues in the gap 

junction. 

Modeling pairs of tightly packed α-helices 
 
As part of my Master's studies, I developed a methodology for predicting the 

structures of small systems consisting of pairs of tightly packed α-helices 

(A1:Fleishman and Ben-Tal, 2002). Each of the TM domains was modeled as an α-

helix, and the interactions between a pair of helices were scored according to rules of 

preferred association that were inferred from biochemical studies (M11:Fleishman et 

al., 2006). The main features of the score function were a preference for locating 

small and polar amino-acid residues in the interface of the helix pair and the exclusion 

of large residues from there. This score function, though simple, was able to predict 

correctly the conformations of several pairs of TM helices from solved structures 

(A1:Fleishman and Ben-Tal, 2002). At the start of my doctoral studies I used this 

methodology in order to study the association of ErbB2 (or HER2) monomers that 

form dimers in the membrane (M1:Fleishman et al., 2002). ErbB2 is an oncogene that 

was implicated in 30% of breast cancers. The results provided evidence for a 

hypothesis on a mechanism of rotation-coupled receptor activation, whereby the TM 

helices rotate between two different states: an active (low-affinity) and an inactive 

(high-affinity) state. This suggested conformational change was recently recapitulated 

jointly with our collaborators using more sophisticated conformational sampling 

methods (M2:Enosh et al., 2006). In addition, the implications of the rotation-coupled 

activation of ErbB2 for the cytoplasmic kinase domain were studied (M3:Landau et 
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al., 2004). Although the conformation score function (A1:Fleishman and Ben-Tal, 

2002) was useful in the study of pairs of helices, it has the significant drawback that it 

assumes that the pairs of helices under study are closely packed (< 9 Å separation 

between the principal axes of the helices), thus in effect precluding its applicability to 

most polytopic proteins (A1:Fleishman and Ben-Tal, 2002). This limitation provided 

the impetus for the development of other tools for structure prediction in TM proteins 

that were mentioned in the previous section (M6:Enosh et al., 2004; M4:Fleishman et 

al., 2004; M5:Fleishman et al., 2004). 

Organization of the Thesis 
 
This thesis is organized as an article dissertation. Appendix A1 provides a paper 

that summarizes the results of my Master's studies, during which I developed a 

method for predicting the orientations of tightly packed α-helices (A1:Fleishman and 

Ben-Tal, 2002), and is therefore not part of the main body of this thesis. It is, 

however, the methodological basis for the work, in which I predicted the putative 

stable conformations and a pathway linking these conformations for the receptor 

tyrosine kinase (RTK) ErbB2 (M1:Fleishman et al., 2002). This conformational 

change was also identified in joint work with our collaborators using a more advanced 

method for sampling conformations (M2:Enosh et al., 2006). Further work in the Ben-

Tal laboratory, in which I participated, explored the implications of the suggested 

conformations of ErbB2 for the activation of the cytoplasmic kinase domain 

(M3:Landau et al., 2004). As mentioned above, the method for predicting the 

structures of tightly packed α-helices (A1:Fleishman and Ben-Tal, 2002) is not 

capable of treating most of the polytopic membrane proteins. I therefore developed 

two additional methodologies for structure prediction, one of which uses evolutionary 
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conservation and low-resolution structural data (M4:Fleishman et al., 2004), and the 

other identifies pairs of amino-acid residues that show a correlated pattern of 

substitutions in the evolutionary history of the protein family (M5:Fleishman et al., 

2004). It is of note that the method that utilizes evolutionary conservation 

(M4:Fleishman et al., 2004) makes extensive use of methodological aspects that were 

developed in my Master's thesis and are provided as Appendix A (A1:Fleishman and 

Ben-Tal, 2002). We also developed a methodology for detecting correlated 

substitutions in the evolutionary history of protein families, which can be used for 

predicting whether residue pairs are proximal in space (M5:Fleishman et al., 2004). 

The paper describing this methodology also summarizes an analysis of the inter-

relationships between three of the structural domains of the voltage-gated potassium 

channel. In another joint work with our collaborators, we developed a new 

methodology for assigning TM segments to α-helices observed in low-resolution 

cryo-EM structures based on geometric considerations (M6:Enosh et al., 2004). Based 

on some of these methodological developments, I next predicted the structure of the 

gap-junction TM domain (M7:Fleishman et al., 2004). In a paper that has been 

submitted for publication, but has not yet been published, I used the model of the gap 

junction TM domain to suggest which residues in this domain interact, and 

experimental assays by our collaborators in Karen Avraham's laboratory (School of 

Medicine, Tel-Aviv University) tested these hypotheses (M8:Fleishman et al., 2006). 

In another unpublished paper, I predicted the structure and mechanism of substrate 

translocation of the small multidrug resistance antiporter from E. coli, EmrE 

(M9:Fleishman et al., 2006). Another paper (M10:Shental-Bechor et al., 2006) 

summarizes a critique of an approach to derive an experimental hydrophobicity scale 
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that was proposed and applied in the beginning of 2005, and was subsequently used to 

study the voltage-gated potassium channel.  

We recently published two reviews on structure prediction in TM proteins. The 

first of which provides a retrospective analysis of methods that have been used to 

predict TM-protein structures, and contrasts the predictions with experimental atomic-

resolution structures that were subsequently solved, thus identifying weaknesses and 

strengths of currently employed methods (M11:Fleishman et al., 2006). The second is 

focused on methodological developments and new insights into TM-protein folding 

obtained over the past few years, attempting to delineate productive venues for future 

research (M12:Fleishman and Ben-Tal, 2006). The Introduction of this thesis is based 

in part on these two reviews. 

An additional appendix presents an article that I published during the course of 

my doctoral studies, but is not directly related to structure prediction providing a 

critique of a commonly used method for identifying motifs in protein- and gene-

interaction networks (A2:Artzy-Randrup et al., 2004). 

 

Figure Legends 
 

Figure 1: Number of new helical membrane protein folds solved in recent 

years. Tremendous progress has been made over the past few years in crystallization 

of TM proteins from bacteria. However, crystallization of eukaryotic TM proteins still 

lags far behind, and only a handful of structures has been obtained. Figures 1 and 3-5 

are taken from (M11:Fleishman et al., 2006). 

Figure 2: Two stages of TM-protein folding. TM-protein folding is thought to 

proceed in two stages (Popot and Engelman, 1990): the folding of individual TM 
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segments into helices (top) followed by helix packing (bottom). The topology of the 

protein is often determined by the positive-inside rule (von Heijne and Gavel, 1988), 

with the cytoplasmic loops tending to be enriched by positively charged residues 

compared to the extracellular loops. Figure 2 is taken from (M12:Fleishman and Ben-

Tal, 2006). 

Figure 3: Evolutionary conservation can aid the orientation of 

transmembrane helices. Evolutionary conservation is projected on the 

bacteriorhodopsin structure viewed from the direction vertical to the membrane plane 

showing that the core of the protein (within the yellow ellipse) is more conserved than 

its periphery. The observation of this correlation between evolutionary conservation 

and structure served as the principal means in this doctoral work for predicting the 

orientations of helices. An algorithm that identified conformations, in which 

conserved amino-acid positions are packed inside the protein core and variable 

residues face the outside, was successfully validated on TM proteins of solved 

structure (M4:Fleishman et al., 2004). It was then applied to predict the structure of 

the gap junction intercellular channel (M7:Fleishman et al., 2004) and the small 

multidrug resistance transporter from E. coli EmrE (M9:Fleishman et al., 2006). 

Conservation was computed using the ConSurf webserver (http://consurf.tau.ac.il/) 

(Glaser et al., 2003). This and all other molecular representations were generated 

using MolScript (Kraulis, 1991), and rendered with Raster3D (Merritt and Bacon, 

1997).  

Figure 4: Recent structures reveal many discrepancies from the view that TM 

helices are canonical and span the entire lipid bilayer. (a) For clarity, only three of 

the four monomers comprising the K+ ion channel are shown (Doyle et al., 1998). 

Blue cylinders represent the pore helix, which spans only half of the membrane width. 
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(b) A monomer of the ClC Cl- channel (Dutzler et al., 2002). The blue cylinders 

represent the locations of helices B and J, which are highly tilted with respect to the 

membrane normal, comprising approximately 35 amino acids each. (c) Structure of 

the transporter lac permease (Abramson et al., 2003). Some of the helices are kinked. 

A lactose analog is shown in orange spheres. (d) Structure of the aquaporin 1 water 

channel (Sui et al., 2001). Blue and red cylinders represent two half helices that meet 

midway in the membrane. Since all of these structural features are still beyond the 

capabilities of predictive methods, in this doctoral work, I have relied on 

intermediate-resolution structural data to constrain the search space and to engender 

more native-like model structures. 

Figure 5: Comparison of the hypothetical and high-resolution structures of 

rhodopsin. The crystal and the hypothetical structures of rhodopsin are superimposed 

(yellow and green, respectively). The hypothetical structure was modeled on the basis 

on a cryo-EM map at 7 Å in-plane resolution (Baldwin et al., 1997). The hypothetical 

and x-ray structures deviate by 3.2 Å RMS. Spheres are aids to the eye in identifying 

identical positions in the hypothetical and crystal structures. The orientations of all of 

the helices are very similar, and the main differences are in the locations of the helices 

within the plane of the membrane, particularly in the kinked helices F and G. 
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Overexpression of the receptor tyrosine kinase (RTK) erbB2 (also
designated neu or HER2) was implicated in causing a variety of
human cancers, including mammary and ovarian carcinomas.
Ligand-induced receptor dimerization is critical for stimulation of
the intrinsic protein tyrosine kinase (PTK) of RTKs. It was therefore
proposed that PTK activity is stimulated as a result of the reorien-
tation of the cytoplasmic domains within receptor dimers, leading
to transautophosphorylation and stimulation of enzymatic activ-
ity. Here, we propose a molecular mechanism for rotation-coupled
activation of the erbB2 receptor. Using a computational explora-
tion of conformation space of the transmembrane (TM) segments
of an erbB2 homodimer, we found two stable conformations of the
TM domain. We suggest that these conformations correspond to
the active and inactive states of erbB2, and that the receptor
molecules may switch from one conformation to the other without
crossing exceedingly unfavorable states. This model provides an
explanation for the biochemical and oncogenic properties of erbB2,
such as the effects of erbB2 overexpression on kinase activity and
cell transformation. Furthermore, the opposing effects of the neu*
activating oncogenic point mutation and the Val-6553 Ile single-
nucleotide polymorphism shown to be linked to reduced risk of
breast cancer are explained in terms of shifts in the equilibrium
between the active and inactive states of erbB2 in vivo.

The epidermal growth factor-receptor (EGFR) family of
receptor tyrosine kinases (erbB1, erbB2, erbB3 and erbB4)

plays a critical role in the control of many physiological processes
(reviewed in refs. 1–3). Moreover, overexpression of or dysfunc-
tion in the activity of EGFR and other members of the family has
been implicated in the cause of a variety of human cancers (i.e.,
lung, brain, mammary, and ovarian). erbB1 and other members
of the family are composed of a ligand-binding domain that is
connected, via a single transmembrane (TM) helix, to a cyto-
plasmic domain endowed with intrinsic protein tyrosine kinase
(PTK) activity f lanked by regulatory sequences that are subject
to autophosphorylation and phosphorylation by heterologous
protein kinases. Ligand binding to the extracellular domain
induces the formation of homo- and heterodimers of different
members of the EGFR family, followed by stimulation of PTK
activity by transautophosphorylation. In addition to their key
regulatory role in the control of PTK activity, tyrosine auto-
phosphorylation sites in RTKs serve as docking sites for recruit-
ment and activation of cellular signaling proteins that mediate
the pleiotropic responses induced by growth factor stimulation.

Despite an extensive search over more than a decade, a
physiological ligand of erbB2 has not yet been identified (1, 3).
It has therefore been proposed that erbB2 does not have a
specific ligand, and that it functions as a preferred partner for
heterodimerization with other members of the EGFR family
(4–6). Indeed, strong activation of the PTK activity of erbB2 was
shown to be induced by overexpression of erbB2, even without
ligand stimulation (reviewed in ref. 1). Moreover, overexpres-
sion and activation of erbB2 have been detected in a large
fraction of mammary and ovarian cancers. There is reliable
evidence that the TM domain of erbB2 plays an active role in
erbB2 dimerization and activation (7–11). A point mutation in

the TM domain of the rat homologue neu (Val-6643Glu)
induces PTK activation and oncogenic transformation (7, 9).
The Val-664 residue is located within a consensus sequence in
the TM segment’s N terminus that is known to induce TM helix
dimerization (11). This sequence motif is shared by the TM
domains of all members of the EGFR family (Fig. 1). In addition
to the N-terminal dimerization motif, erbB2 contains a second
related GxxxG motif in the C terminus of its TM segment (12,
13). Each of these motifs mediate dimerization of the TM
domain of erbB2 in the cell membrane (14).

In this report, we present a model for the activation of erbB2
that is based on two states of its TM domain. The conformational
space of an erbB2 TM homodimer is explored by using a
computational tool for predicting conformations of pairs of
a-helices in TM domains of membrane proteins (15). The
method is based on structural and thermodynamic consider-
ations and consists of an exhaustive search for a structure that
is likely to allow a pair of helices to pack tightly. Our compu-
tations retrieve empirical results, indicating that the TM domain
of erbB2 may undergo dimerization via either one of the two
dimerization motifs (14). We further show that receptor dimers
are capable of switching between these two conformations. We
propose that the balance between the two states may play a role
in the control of the activity of erbB2 and its various mutants,
both under normal conditions and in pathological states.

Methods
Calculating Scores for Helix-Pair Conformations. A detailed expla-
nation of the method is presented in ref. 15. The essence of the
score function consists of two contributions according to the
simple rule ‘‘small residues go inside:’’ a negative contribution
from residue pairs that form contacts in the given conformation
and are known to allow helix pairs to tightly pack in TM proteins;
and a positive term for the burial of bulky residues in the helix
pair’s interface. Thus, a conformation favoring tight packing of
helices is expected to have a negative score. Based on the
available structural data (16), helices were assumed to be
canonical. The interhelical distance was assumed to be '7.5 Å,
corresponding to the interhelical distance in the tightly packed
TM homodimer glycophorin A, which has been used as a model
for the dimerization of TM domains (17).

Global Search. A global search for an optimal conformation of the
erbB2 homodimer was carried out on a five-dimensional lattice
(Fig. 2 Right). To find the most optimal conformation for the
helix dimer, we explored a very large part of the conformation
space by modulating x between 210 and 10 Å, with a step size
of 0.5 Å; z between 210 and 10 Å, with a step size of 1 Å; a and
b from 0° to 360°, with a step size of 9°; and c between 275° and
75°, with a step size of 3.75°. We thus examined more than 50
million different conformations of the helix pair.

Abbreviations: EGFR, epidermal growth factor receptor; RTK, receptor tyrosine kinase; TM,
transmembrane; PTK, protein tyrosine kinase.
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Restricted Search. We also used finer resolution to map the erbB2
homodimer’s conformation space by imposing symmetry and
restricting the crossing angle C to 235° (Fig. 2 Right), which is
typical of class 4–4 ridges-into-grooves helix packing (18). a was
modulated throughout its potential range with a step size of 5°,
and x was modulated between 215 and 15 Å with a step size
of 0.5 Å.

Results and Discussion
We conducted a global search of the erbB2 TM homodimer’s
conformation space without imposing symmetry. We found a
conformation, where the C-terminal GxxxG motif mediates
dimerization, to have a minimal score in erbB2’s TM confor-

mation space. We therefore consider it to be optimal for tight
packing of this TM helix pair.

Similar to the GxxxG motif mediating the dimerization of
glycophorin A (12, 13, 19), the two dimerization motifs in erbB2
contain two critical residues that are separated by three residues
in the amino acid sequence of the TM helix (Fig. 1). It is thus
reasonable to assume that interactions between the motifs on
two different helices are accommodated by class 4-4 ridges-into-
grooves helix packing (18). We therefore conducted a restricted,
although higher-resolution, search, assuming that the crossing
angle (C) between the two monomers is 235° (Fig. 2 Right), a
value typical for this class of helix packing (18).

Our results show that the TM domains of an erbB2 homodimer
are stable in either of two distinct dimerization modes. These
modes correspond to two minima in the score surface shown in
Fig. 2 Left. The deeper minimum (white ellipse) corresponds to
dimerization of the TM domain via the C-terminal dimerization
motif, and the shallower minimum (yellow ellipse) corresponds
to contact formation via the N-terminal dimerization motif.
Notably, the two minima are connected through a saddle-point
in the score surface (red ellipse in Fig. 2 Left), indicating that the
dimer is capable, in theory, of switching between the two
dimerization modes without moving through excessively unfa-
vorable conformations. The movement consists of sliding along
a ridge formed by amino acid residues (18) and a large 120°
rotation of each monomer with respect to the other (Figs. 2 and
3 and Movie 1, which is published as supporting information on
the PNAS web site, www.pnas.org).

In light of these results, we propose a molecular-switch model
for the activation of erbB2, other members of the EGFR family,
and possibly other RTKs. According to the model, the structure
of the TM segment in erbB2 allows the receptor dimers to exist

Fig. 1. Multiple sequence alignment of the TM domains of the human
members of the EGFR family. Highlights indicate dimerization motifs in TM
domains (12, 14). Yellow corresponds to Sternberg–Gullick motifs (11) and
green to motifs that are related to the GxxxG motif (12). The transforming
neu* Val-6643Glu mutation in rats corresponds to a Val-6593Glu mutation
in humans (shown in red). All family members except for human erbB3 contain
two known dimerization motifs separated by seven positions, thus placing the
two motifs on the same ridge of amino acid residues on a model a-helix (18)
(Fig. 3). Position 655 in the human erbB2 (blue) exhibits a ValyIle single-
nucleotide polymorphism. The Ile variant is linked to reduced risk of contract-
ing breast cancer (25).

Fig. 2. A score potential surface of a homodimer corresponding to erbB2’s TM domain at a crossing angle of 235°. (Left) Each coordinate on the surface
represents a unique conformation of the helix pair. Two minima are colored in deep blue, corresponding to two dimerization modes (14), in which either of the
dimerization motifs mediates contact between the TM domains. The deeper minimum (white ellipse) corresponds to conformations where the C-terminal
dimerization motif (Fig. 1) mediates contact, whereas the shallower minimum (yellow ellipse) corresponds to conformations where the N-terminal motif
mediates dimerization (Fig. 3). The minima are not disconnected (red ellipse), and movement is likely between the two dimerization modes (Movie 1). Score is
given in arbitrary units. (Right) Different conformations of the helix pair are tested by modulating a and b corresponding to rotations (°) of the monomers around
their principal axes, and x to a sliding movement (Å) of one helix across the face of the other. In the global search method, the crossing angle C (°) and z (Å),
corresponding to movement across the face of the opposing helix along an axis perpendicular to x (not shown) are also modulated. In the restricted search method
symmetry is enforced, so that a 5 b and z 5 0. Also, C is set to 235°, corresponding to a typical crossing angle for helices in the 4–4 class of helix packing (18).
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in one of two states (Fig. 3). Our calculations show that the dimer
mediated by the C-terminal dimerization motif is more stable
than the dimer formed by the N-terminal motif (Fig. 2). We
propose that the more stable conformation corresponds to the
receptor’s inactive state, which does not stimulate its PTK
activity (20). At normal levels of erbB2 expression, its monomers
are at equilibrium with dimers mediated by the more stable
C-terminal dimerization motif, i.e., inactive dimers. Transition to
the active state is caused by a conformational switch consisting
of 120° rotation and movement to dimerization via the N-
terminal dimerization motif (Movie 1). According to the model,
contact formation via the N-terminal motif of erbB2 causes a
reorientation in the cytoplasmic domains of the two juxtaposing
catalytic domains of erbB2 (20, 21), resulting in transautophos-
phorylation and stimulation of the receptor’s PTK activity.

The molecular-switch model helps explain the biochemical
effects of mutations in the TM domain of erbB2 that were
described in the literature (8, 14). Table 1, which is published as
supporting information on the PNAS web site, summarizes the
effects of various known erbB2 mutations on cell transformation
and other properties of erbB2. The various mutations summa-
rized in Table 1 modify either one or both dimerization motifs
or leave them intact. Effects on focus formation and dimeriza-
tion are explained in terms of the molecular-switch model.

It has been proposed that both active and inactive receptor
dimers coexist on the cell surface at a normal level of receptor
expression (22), and that overexpression increases the amount of
active dimers resulting in enhanced PTK activity and cell trans-
formation (1, 3). According to the model presented here,
overexpression of erbB2 does not change the overall ratio of
active-to-inactive receptor dimers. Rather, it suggests that the

enhanced PTK activity, even in cases where an external signal is
not received, is a direct consequence of the increase in the
absolute number of erbB2 molecules that undergo dimerization
via the active (N-terminal) dimerization motif.

The molecular-switch model for erbB2 activation may provide
an explanation for seemingly contradictory properties of known
erbB2 mutants or naturally occurring variants. It was proposed
that the Val-6643Glu mutation in the oncogenic form of neu,
known as neu*, facilitates hydrogen-bond formation between
neighboring TM domains (10), resulting in enhanced neu*
dimerization and autophosphorylation (23). However, it was
recently demonstrated, by using an assay for receptor dimeriza-
tion, that the activating mutation of neu* does not enhance
receptor dimerization (14). The model presented in this report
may be used to explain both phenomena. Dimerization via the
C-terminal motif would result in the exposure of a polar group
on the side chain of Glu-664 to the hydrophobic lipid environ-
ment, which is energetically unfavorable. Thus, the set of inactive
dimeric conformations in neu (forming contact via the C-
terminal dimerization motif) are, in essence, inaccessible to the
mutated receptor, which in turn results in a decrease in receptor
dimerization (14). However, the amount of active dimers, me-
diated by the N-terminal dimerization motif, will be increased
because of hydrogen bond formation (23), resulting in increased
autophosphorylation, PTK activation, and cell transformation.

The model may also explain why the Ile variant of the
single-nucleotide polymorphism at position 655 in humans (24)
(Fig. 1) exhibits a reduced risk for contracting mammary carci-
nomas (25). We propose that substitution of Val for a bulkier Ile
residue in this position of the TM domain will destabilize the
formation of active erbB2 dimers that are mediated by the
N-terminal dimerization motif. Consequently, receptor activa-
tion caused by overexpression of erbB2 will be reduced even at
high levels of erbB2 overexpression. In other words, the activat-
ing Val-6643Glu mutation will shift the equilibrium toward
the active dimeric form, whereas the Val-6553Ile variant
will destabilize the formation of the active dimeric form, resul-
ting in reduced PTK activity, even under conditions of erbB2
overexpression.

Two evolutionary arguments were raised to explain the for-
mation of inactive receptor dimers in the membrane (20). First,
formation of inactive receptors on the cell surface would allow
more rapid initiation of signal transduction as compared with
activation of monomeric receptors that must undergo dimeriza-
tion for activation to take place. Moreover, the higher stability
of inactive compared with active dimers on the cell surface may
act as a safe-lock mechanism by decreasing inadvertent dimer-
ization and activation caused by spontaneous collisions between
laterally diffusing surface receptors (20).

The mechanism proposed in this report for the activation of
erbB2 may apply to other members of the EGFR family and
other RTKs (26). It is noteworthy that erbB3 contains only the
N-terminal dimerization motif (Fig. 1). Unlike other members of
the EGFR family, erbB3 possesses an inactive PTK domain and
may serve as a preferred substrate of the other members of the
EGFR family (27). Therefore, it may not need the safe-lock
mechanism that exists in receptors endowed with active PTK
domains. A similar mechanism may also apply for the activation
of insulin and insulin-like growth factor (IGF)1 receptors by
insulin and IGF1, respectively. The insulin and IGF1 receptors
are expressed on the cell surface as disulfide-linked inactive
dimers (1, 3). Insulin binding induces a conformational change
in the dimeric insulin receptor, resulting in stimulation of the
intrinsic PTK activity.

It would be interesting to test and quantify the phenotypic
importance of the switching mechanism we have proposed here
in vivo beyond the documented mutations of Table 1. For
instance, mutating the TM segment to the effect that the

Fig. 3. Stereoview of the ideal a-helix model of the TM domain of erbB2 used
for the calculations presented in Fig. 2. Ser-656 and Gly-660 of the N-terminal
dimerization motif (11) (Fig. 1) are yellow; Gly-668 and Gly-672 of the C-
terminal dimerization motif (12) are green; and Val-664 is red. The monomers
pack through either of the two motifs (14). The structural basis that stabilizes
the two conformations is that the two motifs form relatively even surfaces on
the helical face. Thus they form grooves (18) into which the other monomer
may pack. Val-664 (red) is situated between the two motifs on the same ridge
(18). Tight packing of this residue in the transition between the two dimer-
ization modes (Movie 1) forms the saddle-point in Fig. 2 Left.
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N-terminal motif exhibits a greater dimerization propensity than
the C-terminal motif (e.g., Ser-6563Gly, Gly-6683Phe double
mutant) may have a phenotypic effect similar to the Val-
6643Glu substitution in neu* (Fig. 1) (7, 9). Another interesting
possibility would be to leave both motifs intact and to alter the
pathway between them, e.g., by deleting residues from the
sequence connecting the two motifs (positions 661–667 of erbB2;
Fig. 1). Our calculations show that a deletion mutation such as
this would disconnect the pathway between the conformations
mediated by either of the two dimerization motifs. This mutation
would retain the receptor’s dimerization characteristics but slow
down the kinetics of the switching mechanism (data not shown).

We have used a recently developed computational method for
predicting TM helix conformations (15) and combined its results
with a large body of past and recent experimental information

on the sequence–structure–function relationships of the erbB2
TM domains. Based on these results, we suggested a model for
the activation of erbB2 receptors in molecular detail. The model
clarifies previously described clinical and biochemical informa-
tion on erbB2 receptors (Table 1). Finally, targeting of this
mechanism by a novel class of lipid soluble inhibitors may offer
new therapeutic strategies for cancers caused by overexpression
of erbB2.
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ABSTRACT

Motivation:Motion in transmembrane (TM) proteins plays an essential

role in a variety of biological phenomena. Thus, developing an auto-

mated method for predicting and simulating motion in this class of pro-

teins should result in an increased level of understanding of crucial

physiological mechanisms. We have developed an algorithm for pre-

dicting and simulating motion in TM proteins of the a-helix bundle type.

Our method employs probabilistic motion-planning techniques to sug-

gestpossiblecollision-freemotionpaths.The resultingpathsare ranked

according to the quality of the van der Waals interactions between the

TMhelices.Ouralgorithmconsidersawide rangeofdegreesof freedom

(dofs) involved in the motion, including external and internal moves.

However, in order to handle the vast dimensionality of the problem,

we employ some constraints on these dofs in a way that is unlikely to

rule out the native motion of the protein. Our algorithm simulates the

motion, including all the dofs, and automatically produces a movie that

demonstrates it.

Results:Overexpressionof theRTKErbB2was implicated in causinga

variety of human cancers. Recently, a molecular mechanism for

rotation-coupled activation of the receptor was suggested. We applied

ouralgorithmto investigate theTMdomainof thisprotein,andcompared

our results with this mechanism. A motion pathway that was similar

to the proposed mechanism ranked first, and motions with partial over-

lap to this pathway followed in rank order. In addition, we conducted

a negative-control computational-experiment usingGlycophorin A.Our

results confirmed the immobility of this TM protein, resulting in

degenerate paths comprising native-like conformations.

Supplementary information: Supplementary data are available at

http://www.cs.tau.ac.il/~angela/EGFR.html

Contact: angela@post.tau.ac.il

1 INTRODUCTION

In total, approximately 20–30% of proteins encoded by the genome

are transmembrane (TM). They form pumps and channels that con-

trol and guide the transportation of ions and metabolites across the

membrane. Other TM proteins function as receptors and are respon-

sible for molecular recognition of hormones and neurotransmitters.

Despite recent advances, it is extremely difficult to crystallize these

proteins, and even when a high-resolution structure is determined,

much effort is required to elucidate the protein’s mechanism of

action. So far, cartoon-resolution mechanisms have been suggested

for only a few TM-proteins, e.g. the lactose permease (Abramson

et al., 2003) and ErbB2 (Fleishman et al., 2002). However, mole-

cular details for these mechanisms are not defined yet. These mole-

cular details include, for instance, the following questions: What

exactly are the conformational changes that occur in each step along

the reaction coordinate? Whether, and to what extent do the helices

move as rigid bodies? Which torsion angles and side-chains alter

during the conformational change? Thus, one of the challenging

tasks in computational studies of TM-protein structures is to define

these molecular details as continuous motion that goes beyond the

cartoon-level resolution published so far in order to gain insight into

these mechanisms.

Proteins display a broad range of motions, from the fast and

localized motions (e.g. side-chain movements) to the slow large-scale

motions (e.g. domain movements). An important characteristic of

biomolecules is that the different types of motion are inter-

dependent and coupled to one another. Thus, in the investigation of

slow large-scale motions as we propose to find, ignoring the fast

small-scale motions might obscure the overall conformational

changes.

Many large-scale motions take place on time scales beyond

the accessibility of time-dependent methods, such as molecular

dynamics(MD)(Karplusetal.,2002).Normal-modeanalysis(NMA),

the Gaussian Network Model (GNM) and the Anisotropic Network

Model (ANM) (Bahar et al., 2005) are fast time-independent methods

used for computing vibrational modes and estimating the flexibility

of the protein. However, these techniques are not ideally suited to

deal with energy barriers and multiple minima in the potential-energy

surface. Monte Carlo simulations provide a useful alternative, but to

the best of our knowledge, they were not used to study large-scale

motions in TM proteins.

Motion planning (MP) is a fundamental problem, originally stu-

died in robotics and computational geometry, but with implications

in numerous other fields (Latombe, 1991, 1999; Sharir, 2004). The

MP problem can be stated as follows: given a robot in an environ-

ment with obstacles, find a collision-free path connecting the current

(start) configuration of the robot to a desired (goal) configuration. A

class of randomized-path planning methods, known as Probabilistic

Road Map (PRM) methods have been successfully applied to com-

plicated high-dimensional problems (Kavraki et al., 1996; Hsu

et al., 1999; Choset et al., 2005). PRM techniques sample the

robot’s configuration space at random, and retain the collision-

free samples as milestones. Then, pairs of milestones are connected

with local paths that serve as collision-free connectors of the gen-

erated milestones. The result is an undirected graph, called a prob-

abilistic roadmap, whose nodes are the milestones and the edges are

the local paths.

A distinction exists between multi-query strategies (e.g. Kavraki

et al., 1999) and single-query ones (e.g. Hsu et al., 1999). In a

single-query strategy the goal is typically to find a collision-free

path between the two query configurations by exploring as little

space as possible. Single-query strategies often build a new

road map for each query by growing trees of sampled milestones

rooted at the initial and goal configurations (Hsu et al., 1999).

Rapidly-exploring Random Trees (RRT) (LaValle et al., 2001;�To whom correspondence should be addressed.
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LaValle, 2006), briefly described in Section 3.1, have been recog-

nized as a very useful tool for designing efficient single-query paths

in highly constrained spaces.

Probabilistic techniques combined with optimization and cluster-

ing have been used to sample conformational spaces of ligands and

identify their low-energy conformations (Finn et al., 1996). Rando-

mized path-planning methods were used successfully in computa-

tional biology by replacing the collision detection, used in robotic

applications, with a molecular force field. Singh et al. (1999) applied

PRM techniques to the ligand-binding problem. Apaydin et al.
(2001) and Amato et al. (2003) applied PRM techniques to study

protein folding. Recently, Cortes et al. (2005) developed an algo-

rithm to compute large-amplitude motions in flexible molecular

models. They applied RRTs to compute protein loop conformational

changes and ligand trajectories.

We extend the RRT framework to predict TM a-helix bundle

motions and the conformational changes of the helices in the bun-

dle. Eukaryotic TM proteins form predominantly a-helix bundles in

the membrane. Considering the a-helices as rigid bodies may

reduce the conformational space substantially. However, owing

to the large spectrum of motion scales, we do not assume that

the helices are completely rigid. Therefore, in addition to move-

ments of the helices as rigid bodies in three-dimensional (3D) space,

we consider also changes in torsion angles and side-chain flexibility

within these helices, while using constraints on these degrees of

freedom (dofs) in a way that the conformational space will not

exceed reasonable computational limits. Our algorithm is divided

into two main stages. The first stage filters out many infeasible

pathways using purely geometric considerations resulting in

collision-free paths. In the second stage, these paths are analyzed

using an energy-based criterion. The direct output of the algorithm

is several movies that simulate the feasible paths that can be further

examined, while taking into account functional data on the protein

under study.

We tested the effectiveness of the algorithm with an application

to the receptor tyrosine kinase (RTK) ErbB2 and Glycophorin A.

Our results comply with previous data on these proteins. It is

encouraging to note that motion paths for ErbB2 suggested by

our algorithm are similar to the mechanism proposed by

Fleishman et al. (2002) although we used very different methods

to suggest and simulate the motion path.

2 A TM PROTEIN MODEL

A protein can be described as a long linkage with side-chains

attached to the Ca atoms on its backbone. Using a standard model-

ing assumption for proteins, bond lengths and angles are often

treated as fixed during motion. However, torsion angles can change

significantly when the protein’s conformation changes. Thus, in our

model, a protein is considered as an articulated mechanism with

revolute joints corresponding to the torsion angles along the protein

backbone.

TM proteins of the a-helix bundle type comprise helices that are

embedded in the membrane. Although helices are often considered

as rigid bodies, for motion prediction purposes we cannot treat them

as entirely rigid. Thus, when moving from one conformation to

another, there might be slight changes in the (f, c) torsion angles

of amino acids in the helices. We model a helix as a kinematic chain

using the chain tree hierarchy introduced by Lotan et al. (2004). In

the chain tree hierarchy, the rotatable bonds, around which the

(f, c) torsion angles are defined, cut the protein backbone into

rigid groups of atoms, called links. There are two types of links.

The first includes the Ci�1, Oi�1 and Ni atoms, where i stands for the

position of amino acids along the protein backbone. The second

group includes Cai and all side-chain atoms attached to it (Fig. 1). A

reference frame is attached to each link in the chain and the relative

location of consecutive frames is defined by a homogeneous trans-

formation matrix, which is a function of the torsion-angle between

them. As the conformations of a helix change, the update of the

torsion angles of its backbone is done quickly by updating the

matrices corresponding to these torsion angles instead of updating

the Cartesian coordinates of the atoms. Collision detection with R
rigid links, takes OðR4

3Þ time, which is not optimal in the worst case,

but performs well in practice.

The algorithm of Lotan et al. (2004) assumes that the side-chains

are rigid, whereas in our implementation, under some criteria (as

explained below), we do allow side-chains to move.

2.1 Structural constraints

On the one hand, one of the driving forces behind motion in TM

proteins is to keep the helices tight together in a way that the

interactions between these helices do not decrease dramatically.

On the other hand, the helices cannot pack so closely as to generate

steric clashes between atoms. A steric clash occurs, when the dis-

tance between the centers of two non-bonded atoms is significantly

smaller than the sum of these atoms’ van der Waals (vdW) radii. We

partly allow penetration between atoms using a cutoff parameter K,

which is the percentage of the vdW radii, namely the centers of two

non-bonded atoms of vdW radii r1 and r2 must be at least K(r1+r2)

apart. For our experiments, we used K ¼ 60%. Thus, a fine combi-

nation of the two contradicting forces, tightness and steric-clash

avoidance, is considered in our model.

2.2 Problem statement

Given a set of helices represented as kinematic chains and an initial

spatial conformation of these helices, we aim to find a feasible

motion path (or paths) that simulate the native motion towards

goal conformations (that may not be given in advance). We denote

the set of n TM helices by {h1 . . . hn}. Each helix has six dofs

corresponding to its position and orientation.

2.3 Relaxations applied to the TM helices

If a helix hi has mi torsion angles, the dimensionality of the config-

uration space in our problem is enormous with 6nþ
Pn

i¼1 ðmi � 1Þ
dofs, where n is the number of helices. In addition, we consider side-

chain flexibility, leading to more dofs. However, we may use some

relaxations on the dimensionality of the problem when considering

TM helices. The relaxations we use are as follows: (1) The TM

helices cannot be fully buried in the membrane and therefore

their axes are limited to maximal tilt angles of 50� with respect to

the membrane normal. (2) The lateral movements of the helices as a

group in the membrane is not considered by our motion analysis,

implying that a specific rigid link of one helix can be placed at a fixed

location in 3D. (3) Canonical helices have (f¼�60,c¼�40) torsion

angles along the backbone. Since we want to limit helix distortion,

we allow each angle to deviate by less than ±10� from torsion angles

of a canonical helix. (4) Side-chain movements may be important

players in the motion-prediction problem. However, for the purposes

Motion in pairs of transmembrane �-helices
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of obtaining an approximation of the large-scale motions of the

protein, it seems reasonable to consider side-chain movements

only when they interfere with the way to a desired conformation.

Thus, each time we derive motion from one conformation to another,

we allow movements only in side-chains that are in conflict with this

motion.

3 THE ALGORITHM

We have developed a motion-planning algorithm to predict motion

in TM a-helix bundles. For a set of TM helices in 3D space, a

conformation of an a-helix bundle comprises all the geometric

information related to these helices, namely, the six dofs of helix

positions and orientations in 3D space, the torsion angles of each

amino acid and the conformations of the side-chains within these

helices. The conformation space, Cspace, is the union of all these

possible conformations. Cspace is divided into feasible, Cfeasible, and

forbidden, Cforbid, regions. Cforbid contains all the conformations

that involve steric clashes between atoms (both within and between

helices). In addition, Cforbid contains conformations that involve

low vdW interactions between the helices. Cfeasible is simply

CspacenCforbid.

Our algorithm proceeds in two stages: Growing RRT—construc-

tion of a tree (RRT) that contains the set of feasible collision-free

pathways emerging from a given initial conformation, using the

constraints described in Section 2.1 applied to the TM helices.

This stage is followed by Energy Analysis—assigning weights to

the generated nodes and edges in the RRT, corresponding to the

energy of a conformation (see Section 3.2 for details) and the energy

associated with the move from one conformation to another, respec-

tively. The rationale behind this division is that the first stage uses

purely geometric terms to efficiently filter out unlikely pathways

and reduces the search space on which the more intricate energy

analysis should be applied. Following the two-stage algorithm,

several weighted RRTs are built and clustering is performed on

the emerging pathways. The energetically favorable pathways are

chosen to produce movies.

3.1 Growing RRT

In its general form, the RRT algorithm is based on growing a

conformation-space tree T rooted at the initial conformation

qinit. T is incrementally grown to efficiently explore the feasible

conformation space in order to find a feasible path connecting qinit to

a goal conformation. In each iteration, a random conformation,

qrand, is generated and the nearest node, qnear, in T (according to

some appropriate distance metric M) is expanded towards qrand. If

no collision is found on the way towards the random conformation,

then qrand becomes a new vertex in the tree and an edge is added

between qnear and qrand. Otherwise, qnear expands as close as pos-

sible towards qrand. In this case, the last feasible conformation

(unless it is too close to qnear) becomes a vertex in T and an

edge is added between qnear and the new vertex (Fig. 2). It was

shown (LaValle et al., 2001) that this method leads to Voronoi-

biased growth of T . This means that vertices with large Voronoi

cells1 have a larger probability of being extended. This is a useful

property as large Voronoi cells represent unexplored areas of the

conformation space.

In our implementation, each node in the tree represents an a-helix

bundle conformation. In the beginning, the tree contains a given

initial conformation qinit. During the expansion process, new con-

formations are sampled uniformly at random while satisfying the

relaxations stated in Section 2.3. While growing an edge from qnear

towards qrand a forbidden conformation, qforbid, may occur. qforbid is

either a conformation with steric clashes, or it contains highly

remote helices, i.e. the distance between the helix axes are above

a given cutoff D (we use D ¼14 Å in the experiments reported

below). In the latter case the expansion is stopped and the algorithm

continues as usual. However, when collision between side chains

occurs during the expansion toward the sampled conformation, the

algorithm tries to adopt a new conformation only for the colliding

side-chains that obstruct the way to qrand, in a way that the adopted

conformation will be free of collisions. In case of a success, qnear

continues to expand towards qrand. Otherwise, a new node is gen-

erated for the last feasible conformation that was found.

Using the chain-tree hierarchy, the colliding side-chain can easily

be detected and examined. We employed a fairly simple procedure

that finds the set of collision free rotamers using the backbone-

dependent rotamer library from Dunbrack et al. (1994), considering

rotamers in the range [�50, �70] for f and [�30, �50] for c. The

backbone-dependent rotamer library evaluates each rotamer by a

probability term. Our algorithm preferentially selects high-

probability rotamers, while keeping the conformation free of

clashes. This step can be computationally expensive, but the number

of colliding side-chains in each iteration is relatively small. The

algorithm continues to grow the tree till a stopping criterion is

fulfilled. In our algorithm, the stopping criterion is reached if

novel conformations are not added to the tree after several itera-

tions. In other words, if the algorithm fails to expand T for a

threshold number of consecutive iterations, it implies that the

sampled conformations in T cover Cfeasible sufficiently, and the

expansion of T is stopped.

When a goal conformation is given, RRT strategies often try to

grow two trees rooted at the initial and goal conformations (LaValle,

2006). However, we anticipate that, owing to the paucity of structural

information regarding TM proteins, we may often encounter a case

whereby only one conformation is known, and so a goal conforma-

tion is unavailable. Therefore, after the generation of the tree, our

Fig. 1. The backbone degrees of freedom represented on a diglycine peptide.

The two-color background shows the partition of the atoms into links.

Reference frames are attached to each link origin at the Ca and C atoms

of the backbone. The z-axis of each frame is the vector along the rotatable

bond; the other two axes complete the frame to form an orthogonal right-hand

coordinate system.

1A Voronoi cell of a vertex v is the set of all points in space that are closer to v

than to any other vertex, under the given metric.
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algorithm suggests a goal conformation as well as the path that leads

to it.

3.2 Energy analysis

So far, we have considered only geometric constraints imposed on

the motion of TM helices, resulting in a tree with collision-free

paths. Our next goal is to incorporate energetic considerations into

the generation of the tree. It has been suggested that tight packing of

a-helices in TM proteins plays a considerable role in stabilizing

these proteins (Curran and Engelman, 2003), implying that vdW

forces are important descriptors of inter-helix interactions. We cal-

culated the vdW interactions between the helices using the Lennard-

Jones (LJ) 6–12 potential. The vdW energy of an a-helix bundle

conformation was calculated as

EvdW ¼
X
i>j

eij
sij

rij

� �12

� 2
sij

rij

� �6
" #

‚ ð1Þ

where rij is the distance between atoms i and j, eij is the energy-well

depth and sij is the atomic radii sums. The parameters were taken

from CHARMM19 (Neria et al., 1996). Thus, a weight was assigned

to each node in T , based on the LJ potential of its respective

conformation. In the same manner, we added a penalty-weight

to each edge between two conformations that corresponds to the

maximal LJ potential observed along the local path between them.

Given a weighted RRT, we wish to find paths that minimize the

weights along the pathway, and more importantly, lead to a goal

conformation that is associated with a low value of the potential. We

rely on a common assumption that a pathway may have some

energetically unfavorable conformations that may lead to a more

favorable conformation, and our aim is to capture these goal con-

formations. We define two different energy functions for each path:

a pathway function P that equals to the highest value of the potential

that is observed along the nodes and edges in the pathway, and a

goal function G that corresponds to the value of the potential of

the last conformation in the path, which we refer to as the goal

conformation. Formally, for a path p¼{v0, e0, v1, e1 . . . ek�1, vk},

where vi stands for a node and ej for an edge, P(p)¼ max0�i�k,

0�j�k�1{W(vi),W(ej)}, where W is the weight of the nodes or edges

in T , and G(p) ¼ W(vk).

3.2.1 Path clustering Different sequences of randomly sampled

conformations lead to different trees (RRTs). Thus, instead of grow-

ing one tree, several RRTs have been grown in the same way as

described in Section 3.1, and clustering is performed on the paths

derived from these trees. Each cluster comprises a set of paths that

end with the same goal conformation [i.e. the root-mean-square

deviation (rmsd) between the atoms of any two goal conformations

in a cluster is below a predefined cutoff Q; in our experiments we

use Q¼1.4 Å]. For a cluster Cj ¼ {p1, . . . ,pm}, a representative

path p� was chosen to be the one that minimizes the LJ potential

in the conformations stored on the path edges and nodes, i.e.

P(p�) ¼ min1�i�m{P(pi)}. Different paths may comprise different

lengths (number of nodes in the path), still, the above criterion

(minimizing P) is more dominant than the path lengths. However,

if several paths in a cluster had the same values P(p�), then

the representative path was chosen to be the shortest path among

them.

Clusters with a goal conformation that is close to the initial

conformation were ignored. A score was assigned to the remaining

clusters based on the LJ potential of the goal conformation G(p*)

and the number of paths in the cluster. We integrated the two terms

into a form of the colony function (Xiang et al., 2002). Thus, the

score of a cluster is FðCjÞ ¼
P

pieCj
e�GðpiÞ. In other words, the

score favors clusters comprising many paths leading to a mutual

energetically favorable conformation. The representative paths of

the highest-score clusters were selected to produce movies that

simulate the motion of the TM helices.

4 RESULTS

To explore the utility of the motion-planning algorithm in suggest-

ing possible pathways for conformational changes in proteins, we

used it to investigate the TM domain of the RTK ErbB2, over-

expression of which has been implicated in many types of cancer

[reviewed in Burgess et al. (2003)]. The protein, which is a member

of the epidermal growth factor-receptor (EGFR) family, includes

large extra- and intra-cellular domains that are connected by a single

TM helix. It is known to form homo- and heterodimers with other

EGFRs. It was proposed that ErbB2 activation involves a rotation in

the relative orientation of the cytoplasmic kinase domains within a

receptor dimer that is driven by a rotation of the TM helices (Jiang

et al., 1999). A molecular mechanism for such rotation-coupled

activation was suggested based on a computational exploration

of conformations of the ErbB2 TM domain (Fleishman et al.,
2002), yielding two symmetrical, and apparently stable, conforma-

tions. The more stable of the two conformations, involved packing

of the helices with Gly668 and Gly672 on consecutive helical turns,

invoking the Gly-xxx-Gly sequence motif (Curran and Engelman,

2003), at the inter-helix interface. In the less stable conformation,

the interface was composed of Ser656 and Gly660 residues on

consecutive turns. Based on these calculations it was suggested

that activation of the ErbB2 receptor involves rotation of the helices

within the TM domain in switching between these two conforma-

tions (Fleishman et al., 2002), in harmony with the proposition of

rotation-coupled activation (Jiang and Hunter, 1999).

The aforementioned computations that served as the basis

for suggesting a molecular model for rotation-coupled activation

of ErbB2 (Fleishman et al., 2002) used a drastically simplified

representation of the helices, which comprised solely Ca atoms

forming canonical a-helices. To test the feasibility of the suggested

molecular mechanism in a more realistic context, we used the

method presented in this paper starting from the stable conformation

involving the Gly668 and Gly672 residues. Two peptides, each of

Fig. 2. Expansion of T using an RRT-based algorithm. The edge from qnear

travels toward qrand up to the boundary of the Cforbid region.
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which corresponds to the TM domain of ErbB2 [LTSIVSAVV-

GILLVVVLGVVFGILI], were built as canonical a-helices. They

were assembled in a structure that resembled the stable conforma-

tion, and side-chains were added to the structure using the SCWRL

software (Canutescu et al., 2003). Each atom was assigned a vdW

radius according to the CHARMM19 forcefield (Neria et al., 1996),

and the conformational space (external and internal dofs) was

explored using the RRT procedure, subjected to two opposing con-

straints on the distance between the helices. The first was self

avoidance: vdW clashes between atoms were not allowed beyond

40% overlap between their radii (i.e. K ¼ 60%, Section 2.1). An

opposing constraint was imposed on the maximal distance between

the helices: conformations in which the LJ potential was above a

pre-defined cutoff of �5 kcal/mol were excluded. The cutoff value

was empirically found to facilitate an efficient exploration of the

conformational space. It was the lowest cutoff that yielded motion

pathways, i.e. a cutoff value of �6 kcal/mol resulted in paths com-

prising conformations in the vicinity of the initial state only, and

larger values of up to �2 kcal/mol gave similar pathways to those

using the �5 kcal/mol cutoff, but also sampled many irrelevant

conformations, in which the helices formed little if any contact

with one another. We also tried other measures of the helix tightness

instead of the LJ potential. For example, each conformation was

ranked by the buried-surface area of the helices (calculated with a

probe sphere of 1.4 Å) or the number of pairs of atoms that were in

contact. The resulting pathways were similar to those obtained by

the LJ potential (data not shown), implying that the method is quite

robust to the choice of energy function.

A homodimer, such as the ErbB2 TM domain simulated here, is

expected to show some degree of symmetry in its conformations. To

verify that our implementation retrieves this tendency towards sym-

metric conformations, we did not impose symmetry on the helices.

Nevertheless, the resulting pathways showed that the two helices

were symmetry-related throughout all of the simulations. In fact,

superimposition of one helix over the other, using a rotation of p

radians around the axis of symmetry of the helices’ principal axes2,

gave a mean rmsd of 0.57Å (Supplementary Material, Fig. 6). These

results encouraged us to impose symmetry on all dofs during the

exploration of the conformational space, resulting in a reduction of

the number of dofs.

Starting from the initial conformation of the helices, 10 random

trees were generated, each of which contained �320 nodes, i.e.

conformations. The conformations were clustered based on the

rmsd between the a carbons, and 29 different clusters were

found. The next step was to rank the clusters according to their

stability. Two different criteria, the total number of conformations

in each cluster and the value of the potential of the goal conforma-

tion in each cluster, were used to this end. A cluster that contained

79 conformations was ranked first by the colony function (Section

3.2). Encouragingly, the representative conformation of this cluster

corresponded to the less stable conformation suggested by

Fleishman et al. (2002). Each of the pathways was assigned a

feasibility score as described in Section 3.2, and the pathway

that was assigned the best score was presented in the movie (Sup-

plementary Material, Movie 1). The optimal pathway was com-

posed of a sequence of the most stable conformations. This is in

analogy to the path of minimum energy in chemical kinetics. Other

Fig. 3. The LJ potential curve of the conformations along the motion pathway

of ErbB2. The curve shows the energy of the preferred pathway according to

the colony energy function (Section 3.2). Step 0 corresponds to the initial

conformation where the helices were packed via the glycine residues in

positions 668 and 672, whereas step 156 corresponds to the goal conformation

where the helices interacted through Ser656 and Gly660. The energy mini-

mum in step 60 refers to packing via the Gly668-xxx-Gly672 motif in a

conformation that is energetically more favorable than the initial conforma-

tion. As expected, it was assigned a lower potential than in step 156, suggest-

ing that packing via Gly668-xxx-Gly672 is more stable than via Ser656-xxx-

Gly660 motif as suggested previously (Fleishman et al., 2002).

Fig. 4. Crossing angles (�) and interaxial distance (Å) between the helices

axes along the most favorable motion pathway simulating the motion in the

ErbB2 homodimer. Crossing angles are marked by the continuous curve

whereas interaxial distances are marked by the dashed curve. Step 0 corre-

sponds to the initial conformation where the helices were packed via the

glycine residues in positions 668 and 672, whereas step 156 corresponds

to the goal conformation where the helices interacted through the Ser656-

xxx-Gly660 motif.

2For the two axes ‘1 and ‘2 of the helices, we choose an axis of symmetry,

namely a line ‘ such that rotation of p radians around ‘ will align ‘1 with ‘2.

Further details can be found in the Supplementary Material.
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characteristics of this pathway are presented in Figures 3 and 4, and

representative snapshots from this pathway are provided in Figure 4.

It is interesting to note that pathways that were ranked below this

one partially overlapped with it.

Figure 3 shows the potential curve of the pathway that was ranked

first according to the colony function. The pathway starts from the

stable conformation involving the Gly668 and Gly672 residues (Fig.

5A) towards the less stable conformation involving the Ser656 and

Gly660 residues (Fig. 5B). The energy is indicative of the stability

of the conformation, e.g. in step 60, the pathway leads to the ener-

getically most favorable conformation of packing via the Gly668-

xxx-Gly672 motif where the distance between the helices is very

small (6.5 Å) and the crossing angle is around �35�. The path ends

in a conformation where the helices are packed via the Ser656-xxx-

Gly660 motif. This conformation is associated with a less pro-

nounced trough in the curve, where the interaxial distance between

the helices is 7.5 Å and the angle is around �45�. Both this and the

initial conformation (Fig. 5A) correspond to ridges-into-groves

packing between the helices (Chothia et al., 1981) via the Ser-

xxx-Gly and Gly-xxx-Gly motifs, respectively. In fact, it is evident

from the movie (Supplementary Material, Movie 1) that the helices

move subjected to the ridges-into-groves packing and that the sta-

bility at each step along the pathway is determined by the steric

properties of the residues that mediate the inter-helix contact. For

example, the least stable conformation (around Step 120) corre-

sponds to the packing via Val664 residues. As suggested by

Fleishman et al. (2002), the bulkiness of this residue interferes

with the ridges-into-groves packing and this conformation, which

determines the height of the energy barrier between the initial and

final conformations in our suggested motion pathway. It is encoura-

ging that the search, which started from a conformation that was in

the vicinity of the most stable conformation, yielded both the most

stable conformation (step 60) and a less favorable, but stable, con-

formation (step 156).

In addition, we examined the backward motion from a conforma-

tion where the helices are packed via the Ser656-xxx-Gly660 motif

towards the conformation in which the helices are packed via the

Gly668-xxx-Gly672 motif. The results (Supplementary Material,

Movie 2) showed that the motion that was ranked first was very

similar (in reverse order) to the original path. It ended in a goal

conformation with an rmsd of �1.4Å from the initial conformation

of the original path.

Glycophorin A is a bitopic TM protein that forms stable homo-

dimers, and the NMR structure of this protein shows that the two

TM helices are packed together via Gly79 and Gly83, similar to the

Gly-xxx-Gly motif in one of the conformations suggested for ErbB2

above (MacKenzie et al., 1997). We carried out calculations using

the NMR structure as the initial conformation. The calculation,

which can be thought of as a negative control experiment, resulted

in a few redundant pathways, comprising of native-like conforma-

tions (Supplementary Material, Movie 3).

5 DISCUSSION

A new RRT algorithm for the detection of stable conformations in

TM proteins and putative pathways between them was presen-

ted here. In its pure form, the algorithm is based on geometric

considerations, and energetic criteria may be added in a flexible

A B

Fig. 5. The initial Gly668-xxx-Gly672 (A) and final Ser656-xxx-Gly660 (B) conformations of the TM domain of the ErbB2 homodimer. The Gly-xxx-Gly

(A) and Ser-xxx-Gly (B) interfaces are marked in dark gray on the molecular surface of the helix at the back. The helix on the front is presented using a balls-and-

sticks model, and the glycine and serine residues that comprise the motifs are presented using space-filled model.
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way. The current implementation is based on the LJ potential

[Equation (1)].

It should be noted, however, that the calculated energy is unrea-

listically large in magnitude (e.g. Fig. 3), which is typical for force

fields. Thus, the results should be examined only qualitatively. The

reason for the apparent success of the potential of Equation (1) to

provide reasonable pathways may be indicative of the significance

of vdW interactions in stabilizing the conformations. Alternatively,

the success of such a rudimentary potential, that excludes all other

components of the inter-protein interactions, as well as the effects of

the lipids and membrane structure, may be fortuitous. This issue will

be clarified as more examples are investigated.

The calculations are very fast. For example, the 10 trees that were

used to investigate the ErbB2 dimer (Section 4) were produced

within <4 h on a standard desktop PC, which is significantly faster

than typical molecular dynamics simulations of a similar system.

The short simulation time and the flexible nature of the algorithm

enable testing many aspects of the system, including the effects of

changes in the energy function. Given a TM protein of interest, one

can conduct a few test runs to converge to a reasonable procedure, as

we demonstrated here for the TM domain of the ErbB2 and Gly-

cophorin A homodimers.

In this preliminary work, we have focused on simple systems

comprising pairs of a-helices, thus circumventing the complexities

of modeling loops that connect pairs of helices. Our method can be

generalized to TM proteins with an arbitrary number of helices and

possibly also to water-soluble proteins of the a-helix bundle class.

The addition of more helices will obviously increase the number of

dofs. However, it will also reduce Cfeasible owing to self-avoidance

effects. Cfeasible may be reduced further because many conforma-

tions of the helices may be incompatible with the lengths of the

loops that connect them (Enosh et al., 2004).
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A Putative Mechanism for Downregulation of the
Catalytic Activity of the EGF Receptor via Direct
Contact between Its Kinase and C-Terminal Domains

and Kuriyan, 2002). A primary means of regulation in
RTKs is ligand binding to the extracellular domain, lead-
ing to dimerization or formation of higher-order oligo-
mers of the receptors and enzymatic activation (Schles-
singer, 2000, 2003). Similarly, activation of ErbB1, -3,

Meytal Landau, Sarel J. Fleishman,
and Nir Ben-Tal*
Department of Biochemistry
George S. Wise Faculty of Life Sciences
Tel-Aviv University
Ramat-Aviv 69978 and -4 involves ligand-induced contact formation be-

tween the extracellular domains of different membersIsrael
of the ErbB family to form homo- and heterodimers
(Schlessinger, 2000). Some studies have shown that,
without a ligand, EGFR exists mostly in a monomericSummary
form and that ligands induce its dimerization and activa-
tion (Yarden and Schlessinger, 1987). On the other hand,Tyrosine kinase receptors of the EGFR family play
recent studies have demonstrated that while required,a significant role in vital cellular processes and in
dimerization is not sufficient for activation and that invarious cancers. EGFR members are unique among
the absence of a ligand, stable, inactive dimers exist inkinases, as the regulatory elements of their kinase
a form in which contact between monomers involvesdomains are constitutively ready for catalysis. Never-
the transmembrane and intracellular domains (Biswastheless, the receptors are not constantly active. This
et al., 1985; Gadella and Jovin, 1995; Moriki et al., 2001;apparent paradox has prompted us to seek mecha-
Yu et al., 2002). Experimental evidence (Cadena et al.,nisms of regulation in EGFR’s cytoplasmic domain that
1994), as well as the computational results presenteddo not involve conformational changes of the kinase
below, demonstrates that the C-terminal domain playsdomain. Our computational analyses, based on the
a role in such contact formation.three-dimensional structure of EGFR’s kinase domain

In most tyrosine kinases (TKs) excluding the ErbBs,suggest that direct contact between the kinase and
an important means of regulation involves profounda segment from the C-terminal regulatory domains
structural changes along with transautophosphorylationinhibits enzymatic activity. EGFR activation would then
of the kinase domain (Schlessinger, 2000). In contrast,involve temporal dissociation of this stable complex,
the ErbB family is unique in that activation is indepen-for example, via ligand-induced contact formation
dent of its phosphorylation state (Gotoh et al., 1992). Thebetween the extracellular domains, leading to the re-
structure of the apo-EGFR kinase domain demonstratedorientation of the transmembrane and intracellular
that its unphosphorylated conformation was, in es-domains. The model provides an explanation at the
sence, identical to the phosphorylated conformationsmolecular level for the effects of several cancer-caus-
of other TKs (Stamos et al., 2002).ing EGFR mutations.

Recently, a structure of the kinase domain of the EGFR
in complex with the inhibitor GW572016 (Lapatinib) was

Introduction determined (Wood et al., 2004). This structure shows
several differences, including different conformations of

The epidermal growth factor receptor (EGFR) family of the substrate and ATP binding sites (Wood et al., 2004),
receptor tyrosine kinases (RTKs), also known as ErbB from either the structure of the apo-EGFR or of EGFR
or HER, consists of four members, ErbB1, -2, -3, and -4 bound to the OSI-774 (Tarceva) inhibitor (Stamos et al.,
(Schlessinger, 2000). The receptors, which are activated 2002). The authors have suggested that these differ-
by some dozen ligands, including EGF and TGF�, play ences are due to the fact that the conformation seen in
an important role in the control of many fundamental the GW572016 bound kinase domain reflects an inactive
cellular processes (Schlessinger, 2000). Mutations and state that is accessible to the kinase domain under phys-
overexpression of the ErbBs have been implicated in iological conditions. However, GW572016 is very bulky
malignant diseases such as carcinoma and glioblas- in comparison to OSI-774. Thus, as the authors indi-
toma and are linked with aggressive disease, resistance cated, another possibility is that the differences in the
to chemotherapy, and poor survival (Dancey, 2004). Ac- structures are due to the inhibitor’s large size, which
cordingly, the ErbBs are attractive targets for anticancer forces a conformation that is far from native. That the
drugs (Cho et al., 2003; Yarden and Sliwkowski, 2001). apo-EGFR kinase domain is seemingly in a constitutively
Structurally, the ErbBs consist of an N-terminal, extra- active conformation (Stamos et al., 2002) leads to an
cellular domain that is connected by a short transmem- apparent paradox, since it is well established that ErbBs
brane span to a tyrosine kinase domain, which is in turn are not constitutively active (Schlessinger, 2000). Hence,
followed by a C-terminal domain. our working hypothesis, as presented in Figure 1, was

In all RTKs, including the ErbBs, the active kinase that ErbBs are regulated by another mechanism intrinsic
triggers a wide spectrum of crucial intracellular signaling to the intracellular domain; one that is phosphorylation
events (Schlessinger, 2000), and their catalytic activity independent.
is encapsulated in multiple layers of regulation (Huse The orphan receptor ErbB2 presents an even more

intriguing case than other members of the EGFR family
because its activation is not only phosphorylation inde-*Correspondence: bental@ashtoret.tau.ac.il
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Figure 1. Schematic Diagram Representing
the Suggested Model of EGFR Activation

Two EGFR monomers are colored light purple
and yellow. The extracellular domain (resi-
dues 1–620, labeled I, II, III, and IV according
to its subdomains) and the kinase domain
(residues 685–957) are connected via a trans-
membrane helix (residues 621–642) and a
short juxtamembrane segment (not shown).
The C-terminal domain, comprising 229 amino
acids, whose structure has not been deter-
mined, follows the kinase domain. Tyrosine
residues (Y) known as the autophosphoryla-
tion sites in the C-terminal domain are indi-
cated. In the inactive conformation (left), each
of the extracellular domains assumes a com-
pact structure, and the intracellular domains
contact via the C-terminal fragments, leading
to an inactive and stable form. Activation
(right) occurs when ligands (purple ovals)
bind to the extracellular domains, leading to
the formation of a stable extracellular con-

tact, which is followed by the rotation of the transmembrane helices and the subsequent destabilization of the contacts between the C-ter-
minal and kinase domains. The kinase can now transautophosphorylate the tyrosine residues of its own C-terminal domain, as well as tyrosine
residues of its protein substrates. The figure displays an illustration of the transmembrane domain; the suggested molecular model for the
transmembrane domain in the active and inactive states was presented in (Fleishman et al., 2002). Positive and negative charges are marked
in the active conformation on the kinase and C-terminal domains, respectively. In the inactive conformation, they roughly neutralize each
other (Figure 2).

pendent, but also ligand independent (Cho et al., 2003). et al., 2003; Massoglia et al., 1990; Riedel et al., 1987).
Variations in the C-terminal domain of ErbB receptorsThe absence of clear regulation of ErbB2 activation

prompted us to propose a molecular mechanism for are known to be responsible for the alterations in the
transforming potential and type of malignant diseasesrotation-coupled activation of this receptor (Fleishman

et al., 2002). Specifically, the transmembrane domain of due to the expression of v-ErbBs in affected cells (Ga-
mett et al., 1986; Pelley et al., 1989; Raines et al., 1988).an ErbB2 homodimer may occupy one of two stable

conformations, corresponding to the active and inactive The increased substrate-phosphorylation capacity of
the C-terminally impaired EGFR is not attributed tostates of the receptor. The switch between the two con-

formations, involving a rotation of the transmembrane lesser degradation and internalization, but rather to an
enhanced rate of autophosphorylation (Robinson et al.,domain (Jiang and Hunter, 1999), induces the reorienta-

tion of the cytoplasmic domains within receptor dimers, 1992), thus providing direct evidence for a relationship
between C-terminal domain impairment and increasedthus leading to transautophosphorylation and stimula-

tion of enzymatic activity. In this paper, we shall analyze catalysis.
Here, we propose a molecular model clarifying somethe implications of this mode of activation on the confor-

mation of the intracellular kinase domain. of the ambiguity regarding the role of the C-terminal
domain in ErbB regulation. According to the model (Fig-The C-terminal domain plays a role in the internaliza-

tion and degradation of the EGFR (Chang et al., 1995) ure 1), contact between the intracellular domains of the
EGFR within a dimer leads to receptor inactivation, whileand in EGFR’s regulation by other molecules (Huse and

Kuriyan, 2002). This domain also serves as a docking ligand-induced contact between the extracellular do-
mains leads to rotation-coupled activation (Fleishmansite for protein modules that bind the phosphotyrosines

on the activated receptors (Schlessinger, 2000). In addi- et al., 2002; Jiang and Hunter, 1999; Moriki et al., 2001)
by destabilization of the intermonomer contacts in thetion to these roles, the importance of the C-terminal

domain for proper functioning of the EGFR was pre- cytoplasmic domain. According to this scenario, interac-
tions between the intracellular domains regulate acti-viously noted on the basis of studies of viral and other

mutant EGFR members (Boerner et al., 2003; Chang et vation (Burgess et al., 2003; Chantry, 1995), and the
C-terminal domain acts as an inherent negative regula-al., 1995; Wedegaertner and Gill, 1992).

Naturally occurring retroviral oncogene variants (v-ErbB) tor of the EGFR’s activity. This model offers a molecular
mechanism that underlies the tumorigenic activity ofare an extracellular domain-truncated form of the EGFR

gene that affects cell growth, motility, and survival (Ga- EGFR mutants.
mett et al., 1986). These v-ErbB variants share striking
homology with mutants of the human EGFR members Results
that have been identified in gliomas and carcinomas
(Frederick et al., 2000). Truncation of the extracellular Geometric Complementarity between the Kinase

and C-Terminal Domainsdomain is insufficient to manifest the transforming prop-
erties of the different v-ErbB variants; these properties The crystal structure of the EGFR (Stamos et al., 2002)

(PDB entries 1m14 and 1m17) includes the kinase do-are probably related to amino acid replacements, inser-
tions, and deletions in the C-terminal domain (Boerner main (residues 685–957) and a segment from the
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Figure 2. Geometric and Electrostatic Com-
plementarity between the Kinase and C-Ter-
minal Domains

(A) A space-filled model of EGFR’s homodi-
meric complex (Stamos et al., 2002) showing
the geometric complementarity within the
complex. The kinase domains are colored
light purple and yellow, the C-terminal frag-
ments are colored cyan, and the inhibitor is
colored purple. The dimer is symmetric,
which means that each kinase domain is in
contact with both C-terminal fragments,
yielding one large and one small interface per
monomer. The interactions with the C termi-
nus are identical in both monomers. Figure
2A was made by using MOLSCRIPT (Kraulis,
1991) and Raster3D (Merritt and Bacon,
1997).
(B–D) A projection of the electrostatic poten-
tial (φ) onto the molecular surface of the ki-
nase domain and the C-terminal fragment
that comprise the complex in (A); φ � 10 kT/e
is dark blue, φ � 0 is white, and φ � �10
kT/e is dark red. Yellow ellipses mark the in-
terfaces between the kinase domains and the

C-terminal fragments. The figures were produced by using GRASP (Nicholls et al., 1991). (B) The left-most kinase domain shown in (A) (yellow)
was rotated 90� to the left relative to its orientation in (A). (C) The C-terminal fragment is shown in the same orientation as the upper segment
in (A). (D) The right-most kinase domain shown in (A) (light purple) was rotated 90� to the right relative to its orientation in (A). The electrostatic
complementarity between the negatively charged C-terminal fragment and the positively charged residues of the kinase domain that interact
with it is noticeable.

C-terminal domain (residues 977–995). The crystal struc- ErbBs contained 8–10 acidic and no basic residues (Fig-
ure 3). These residues produced a highly negative elec-ture reveals six putative dimer forms (Stamos et al.,

2002). We focus here on the one with the largest inter- trostatic potential (Figure 2C). Thus, the kinase domain
and the C-terminal fragments form complementary sur-subunit interface. In this complex, the kinase domain

was found as a symmetric homodimer (Figure 2A), in faces in terms of their electrostatic potential. The geo-
metric and charge complementarity (Figures 2B–2D),which two copies of the fragment of the C-terminal do-

main mediate contact between the two kinase domains. together with the significant size of the interface (Figure
2A), are indicative of the stability of the complex andThis dimer is also the only one in which the kinase do-

mains’ N termini are facing in the same direction, in suggest that it may be biologically meaningful.
Following the experiments of Chang et al. (1995) dis-accordance with the physiological requirement that the

two domains connect to the membrane bilayer. cussed below, we simultaneously substituted each of
the negatively charged residues 979–982 (DEED, FigureWe calculated the water-accessible surface area of

the kinase domain alone and within the homodimeric 3) in the C-terminal domain with its polar equivalent, i.e.,
D→N and E→Q. The mutated C-terminal fragment iscomplex. Each kinase monomer contacts two C-ter-

minal fragments (Figure 2A). The water-accessible sur- much less negatively charged than the native fragment
(Figure 4B), and this difference in charge obstructs itsface areas of these interfaces are 1419 Å2 and 1048 Å2.

Thus, the total interface between each monomer of the electrostatic complementarity with the kinase domain
and presumably destabilizes the complex. We furtherkinase domain and the C-terminal fragments is 2467 Å2,

and the interface within the entire complex is twice as mutated the same positions to four positively charged
lysine residues (Figure 4C). Electrostatic analysis of thelarge, constituting a very large interface compared to

typical interprotein interfaces (Jones and Thornton, mutated C-terminal fragment displayed a positive po-
tential at the N-terminal region of the fragment, which1996).
would lead to its electrostatic repulsion from the kinase
domain. To test whether the charge complementarity isCharge Complementarity between the Kinase

and C-Terminal Domains
Electrostatic calculations show strong positive potential
in the kinase domain at its interface with the C-terminal
fragments (Figures 2B and 2D). This potential originates
from positively charged residues in both subunits, sug-
gesting that the kinase domains would repel one another
in the absence of the C-terminal fragments. Kinase do- Figure 3. Abundance of Acidic Residues in the Fragment of the
mains from other ErbBs, which were constructed by C-Terminal Domain
using homology modeling, displayed similar positive The multiple sequence alignment of the C-terminal segments of the
electrostatic potentials in the corresponding regions four human members of the ErbB family. Each segment contains

between 8 and 10 acidic residues (marked in red).(data not shown). The C-terminal fragment of all of the
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Figure 4. Electrostatic Analysis of Reported
and Novel Mutations in the EGFR C-Terminal
Fragment

A projection of the electrostatic potential (φ)
onto the molecular surface of the C-terminal
fragment; the color coding is as in Figures
2B–2D.
(A) The C-terminal fragment of the native
EGFR, in the same orientation as in Figure 2C
(central image), rotated 90� to the right (right
image) or left (left image). The location of se-
lected residues is marked.
(B) The C-terminal fragment, in the same ori-
entations as in (A), in which the negatively
charged residues in the 979–982 positions
(DEED) were mutated to their polar equivalent
(NQQN).
(C) The C-terminal fragment, in the same ori-
entations as in (A), in which the same posi-
tions were mutated to positively charged ly-
sine residues.

unique to ErbBs among TKs, we examined the electro- residues and are buried at the interface of the EGFR
complex. Of these residues, two are positively chargedstatic potentials of a few TKs of known structures as

described in the Supplemental Data (available with this (Lys822 and Lys828 on the kinase domain) and two are
negatively charged (Asp988 and Asp990 on the C-ter-article online; Electrostatic calculations). These domains,

which were derived from remotely related proteins, dis- minal fragment) (Figure 5B).
Polar networks, such as the one observed in the EGFRplay diverse electrostatic characteristics. In particular,

they do not share EGFR’s strong positive electrostatic interface (Figure 5B), significantly increase the stability
of complexes and contribute to the binding specificitypotential at the interface with the C-terminal fragments

(data not shown), suggesting that such electrostatic in- (Sheinerman et al., 2000). Therefore, mutations of charged
positions in the network would alter the stability of theteractions between the kinase and the C-terminal do-

mains are specific to the ErbBs. complex (Serrano et al., 1990). An even larger effect
would be obtained by mutating them in pairs. For exam-
ple, mutating Lys822 and Lys828 to aspartates or Asp988A Network of Ion Pairs and Hydrogen
and Asp990 to lysines altered the electrostatic surfaceBonds at the Interface
of the kinase domain and the C-terminal fragment, re-Our analysis demonstrated that a network of salt bridges
spectively (Figure 6). Such mutations would impinge onand hydrogen bonds connects the two adjacent kinase
the formation of the EGFR complex and kinase acti-domains through the C-terminal fragments (Figure 5B).
vation.We identified four charged residues within this network

that are involved in several interactions with neighboring The importance of the network for the stability of the

Figure 5. A Network of Ion Pairs and Hydro-
gen Bonds across the Interface of the EGFR
Complex

The kinase domain monomers are displayed
as ribbons and colored light purple and yel-
low. The C-terminal fragment is colored cyan.
(A) The EGFR homodimeric complex (Stamos
et al., 2002) as viewed with a clockwise rota-
tion of about 90� compared to Figure 2A.
(B) A close view, in the same orientation as
in (A), of the polar network connecting the
C-terminal fragment with its two adjacent ki-
nase domains. The C� atoms of residues
comprising the polar network are displayed
as spheres. Four selected residues in the net-
work (Lys822, Lys828, Asp988, Asp990; their
side chains displayed as sticks) are buried in
the core of the kinase/C-terminal fragment
interface, suggesting that they play a key role
in complex stabilization (Sheinerman et al.,
2000). Solid pink lines connect the C� (or

nearest neighbors) atoms of residues that form ion pairs and hydrogen bonds in the network. By symmetry, identical interactions connect
residues between the second C-terminal fragment and the kinase domains (not shown). Each residue in the network is involved in a few
interactions with neighboring residues. For instance, Asp990, located on the C-terminal domain, interacts with Lys822, located on one kinase
domain monomer (yellow), and with Lys799, located on the second kinase domain monomer (light purple), presumably stabilizing the complex.
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reorientation of the transmembrane domains (Fleishman
et al., 2002; Jiang and Hunter, 1999; Moriki et al., 2001)
and, subsequently, to rearrangements in the cyto-
plasmic domains (Figure 1). Any reorganization of the
cytoplasmic complex, followed by a change in the posi-
tion of the negatively charged C-terminal fragment,
would lead to electrostatic repulsion between the two
positively charged kinase monomers (Figure 2). Hence,
this model of conformational changes during receptor
activation may constitute a hitherto unknown mode of
regulation.

Strong reinforcement of this model of regulation is
provided by data on the EGFR analog c-ErbB (Chang
et al., 1995). Deletions of a C-terminal fragment of this
receptor (corresponding to residues 966–1006 of the
EGFR) lead to higher autokinase activity compared to
normal c-ErbB and transforming ability in vitro and

Figure 6. Electrostatic Analysis of Novel Mutations in the EGFR Ki- in vivo. Moreover, a mutant in which the four consecutive
nase and C-Terminal Domains acidic residues EEED were replaced by the polar seg-
A projection of the electrostatic potential (φ) onto the molecular ment QQQN showed higher autokinase activity and a
surface of the kinase domain and the C-terminal fragment; the color partial transformation phenotype. Since the two mutants
coding is as in Figures 2B–2D. and normal receptors have similar rates of degradation,
(A) The native kinase domain in the same orientation as in Fig-

the higher transforming ability of the mutants could noture 2D.
be attributed to a longer half-life of the mutant receptor(B) The R822D/R828D double mutant EGFR kinase domain in the
(Chang et al., 1995). These data are consistent with oursame orientation as in (A).

(C) The native C-terminal fragment of the EGFR rotated 90� to the results. The four acidic residues, which correspond to
left relative to its orientation in Figure 2C. the DEED segment (Asp979–Asp982) in the EGFR, are
(D) The D988R/D990R double mutant C-terminal domain in the same located on the C-terminal fragment (Figure 3) that forms
orientations as in (C).

contact with the kinase domain. Our analysis showed
that these positions contribute significantly to the nega-
tive electrostatic potential of the fragment (Figure 2),complex can be tested experimentally by using the dou-
and their substitution with polar residues reduces theble mutant cycle approach (Serrano et al., 1990). Briefly,
complementarity between the kinase and C-terminal do-if the additive effects of mutating two residues sepa-
mains (Figure 4B), presumably destabilizing the inactiverately (e.g., Lys822→Asp and Asp990→Lys) is signifi-
complex.cantly different from the effect of mutating the same

Internal deletions of segments in the C-terminal do-two residues simultaneously, then the two positions are
main of the EGFR have also been detected in naturallyinterdependent (Serrano et al., 1990), e.g., are involved
occurring EGFR mutants, which display tumorigenicin a salt bridge. Based on our analysis of the network,
properties. For example, an internal deletion of residueswe suggest using a double mutant cycle, in which each
959–1030 has been detected in EGFRs sequenced fromstep involves mutating a pair of similarly charged resi-
human glioblastomas (Boerner et al., 2003; Chang et al.,dues in the EGFR interface, as specified above.
1995; Frederick et al., 2000). Some viral ErbBs contain an
in-frame deletion of 139 residues within the intracellular

Model of C-Terminal Domain Regulation region, immediately following the kinase domain (Boerner
of Kinase Activity et al., 2003; Chang et al., 1995; Frederick et al., 2000).
One of the phosphorylation sites of the C-terminal do- This region contains the C-terminal fragment contacting
main (Tyr992) is located on the fragment that forms con- the kinase domain according to the X-ray structure
tact with the kinase domain and is therefore inaccessible (Stamos et al., 2002). Our model suggests that the inter-
to phosphorylation in this conformation. The catalytic nal deletions in the C-terminal domain yield constitu-
sites in the kinase domains are facing away from each tively active forms of EGFR by means of destabilization
other in the complex; therefore, transphosphorylation of the inactive complex.
of residues on the kinase domain is improbable. The
above two observations suggest that the EGFR crystal
structure represents an inactive form of the receptor. Evolutionary Conservation Analysis

The kinase domain of ErbB3 has no catalytic activity,The EGFR participates in imperative cell processes and
ought to remain inactive under most physiological con- yet it dimerizes with other members of the ErbB family

to produce heterodimers with highly efficient catalyticditions (Huse and Kuriyan, 2002). Therefore, its inactive
state should be very stable. Indeed, the complex in the activity (Schlessinger, 2000). These distinct features are

manifested in the evolutionary-conservation analysis.crystal structure of the EGFR appears to be stable,
based on the geometric and charge complementarity, ErbB3’s kinase domain displays variations in the cata-

lytic site in comparison to other members of the ErbBfurther supporting the notion that this complex is inac-
tive. It has been suggested that ligand-induced contact family, thus rendering it inactive. However, the interface

between the kinase domain and the C-terminal fragmentformation of the extracellular domains would lead to
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is highly conserved within the ErbBs and their orthologs,
including ErbB3. As a reference, an analysis of 121 ki-
nase domains from various TKs showed that the cata-
lytic site, including the ATP and substrate binding loop,
was highly conserved, whereas the interface between
the kinase domain and the C-terminal fragment was
highly variable (data not shown).

Overall, the conservation analysis provides further
support for the suggestion that the dimeric complex
observed in the crystal structure is not common to all
the TKs. However, the contact area between the kinase
and C-terminal domains in this complex is common to
the ErbBs, which thus maintain the ability to produce
homo- and heterodimers through the same interface.

A Network of Correlated Amino Acid Substitutions
between Regulatory Elements
By and large, all TKs carry out the same catalytic pro-
cess. Thus, key residues in the kinase domain, which
are responsible for catalysis of phosphotransfer, are
under strong evolutionary constraint, as mentioned
above. However, in order for the kinases to be involved
in numerous and distinct signal transduction pathways,
each kinase family exhibits variations in its amino acid
sequence that are necessary for the modification of the
mode of regulation. Since multiple positions are involved
in determining these traits, these sequence variations
should occur concomitantly in relevant regulatory ele-
ments. In other words, during evolution, substitutions
of one residue in regulatory elements may be compen-
sated by a concurrent change in another residue, in
order to maintain the structural or functional relationship

Figure 7. Evolutionarily Correlated and Specificity-Determining Amino
between these positions (Fleishman et al., 2004b). Acid Sites

In order to look for particular positions that could play The EGFR homodimeric complex (Stamos et al., 2002) as viewed
a role in regulation, we analyzed the set of 121 multiply with an upward rotation of about 180� compared to Figure 2A. The
aligned TKs of diverse families in search of pairs of kinase domains, presented by using trace models, are colored light

purple and yellow, the C-terminal fragments are colored cyan, andamino acid positions that might be evolutionarily corre-
the inhibitor is shown as a purple space-filled model. The �C helixlated (Fleishman et al., 2004b). The analysis revealed
(residues 729–744) and the activation loop (residues 831–852) are152 pairs of correlated residues, among which we identi-
colored green.

fied a network of 14 highly intercorrelated positions (Fig- (A) The residues in the cluster of the most significant pairs of corre-
ure 7A and Table 1). lated amino acid sites are displayed as space-filled models. Solid

The kinase domain includes several regulatory ele- pink lines connect a few of the pairs of correlated residues (high-
lighted in Table 1) in the EGFR homodimer. Correlations within thements, such as the �C helix and activation loop, which
kinase domain are demonstrated only on the left monomer, andplay a role in allosteric regulation and are responsible
correlations between the kinase and the C-terminal domains arefor conformational changes. These elements function
demonstrated only on the upper interface. The correlations between

together to control activation, i.e., their movements are known regulatory elements, such as the �C helix and the activation
concurrent and their conformations are mutually depen- loop and the interface between the kinase domain and C-terminal
dent (Huse and Kuriyan, 2002). Our analysis showed fragment, suggest that the latter may also be involved in regulation.

(B) The main specificity-determining residues are located on the �Cpairs of evolutionarily correlated positions in these
helix, the activation loop, the C-terminal fragment, and its interfacesknown regulatory elements. For example, Ala743, which
on the kinase. This suggests that the regulatory elements in theis located on the �C helix, is correlated with Gly849 of
EGFR had evolved specifically to stabilize the active conformation.

the activation loop (Figure 7A). Concurrently, an alternative negative regulatory mechanism had
The LVI segment (residues 955–957) of EGFR and its evolved in the form of the inactive complex between the kinase and

equivalent segments in other ErbBs are necessary for the C-terminal domains. The figures were made by using MOL-
SCRIPT (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).ligand-independent dimerization of the EGFR intracellu-

lar domains and for transphosphorylation in ErbB2 and
ErbB3 heterodimers through allosteric regulation (Stamos
et al., 2002). Leu955 in this LVI segment is correlated domains are important for regulation (Huse and Kuriyan,

2002; Stamos et al., 2002); for example, mutations inwith Tyr740, which is located on the �C helix (Figure
7A). The association of the �C helix with a known dimer- Leu955 or Tyr740 severely impaired the kinase activity

of the EGFR (Stamos et al., 2002; Walker et al., 1998).ization motif exemplifies interdomain relationships be-
tween regulatory elements in the ErbBs. Both of these Based on these results, we concluded that this net-
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Shewchuk et al., 2000). Accordingly, evolutionary corre-Table 1. Correlated Pairs in the TK Family
lation between the kinase and C-terminal domains is

Pairs of Correlated Positions Correlation Coefficients
expected to be general. The mechanism by which direct

Ala726-Lys730 0.65 (0.49, 0.78) contacts control activation may vary between the ki-
Ala726-Ser888 0.60 (0.34, 0.77) nases and could not be inferred from the evolutionary-
Ala726-Lys946 0.45 (0.20, 0.64)

correlation analysis. We anticipate that in the ErbBs,Lys730-Ser888 0.59 (0.37, 0.76)
the direct contact between the kinase and C-terminalTyr740-Tyr954 0.45 (0.19, 0.67)
domains regulates catalysis by the formation of the inac-Tyr740-Leu955 0.48 (0.21, 0.69)

Ala743-Asn792 0.50 (0.19, 0.76) tive dimer shown in Figure 2A.
Ala743-Gly849 0.47 (0.18, 0.72)
Ala743-Ser888 0.45 (0.21, 0.69)

Specificity Determinants in Regulatory RegionsAla743-Lys889 0.51 (0.14, 0.73)
Ala743-Val987 0.54 (0.34, 0.72) Although TKs share an identical catalytic mechanism,
Asn792-Gly849 0.48 (0.26, 0.70) each kinase family is regulated by various means, re-
Asn792-Ser888 0.50 (0.25, 0.72) sponds to different ligands, and activates diverse sub-
Gly849-Tyr954 0.56 (0.29, 0.76)

strates. It is anticipated that certain positions wouldSer888-Lys946 0.61 (0.40, 0.78)
be responsible for these different traits, and would beLys946-Asp950 0.52 (0.31, 0.69)
reflected in their patterns of substitution (Fleishman etAsp950-Tyr954 0.48 (0.31, 0.65)

Asp950-Leu955 0.50 (0.26, 0.67) al., 2004a). Due to such differences in functions, these
Tyr954-Leu955 0.54 (0.32, 0.72) positions are not expected to be strictly conserved in
Tyr954-Asp985 0.50 (0.30, 0.67) evolution. Rather, they should be conserved among ki-
Tyr954-Val987 0.52 (0.36, 0.67)

nases of similar functions in different species (orthologs),Asp985-Val987 0.52 (0.36, 0.67)
and would differ in paralogs. Substitutions involving

A list of 22 pairwise correlations between positions comprising the these residues are presumably responsible for certain
most significant cluster of correlated residues. The trimmed means alterations in the functions of the various families of the
in the 95% confidence interval of correlations (r ), which were calcu-

TK superfamily.lated from 400 bootstrapping samples, are indicated, and the 95%
We have identified some of these specificity-determin-confidence interval is shown in parentheses (see the Supplemental

Data). The numbering of the positions is done according to the ing amino acid positions in a set of 121 multiply aligned
EGFR sequence. The pairs of positions that are located on known TKs. The main specificity-determining residues are pre-
regulatory regions are highlighted in bold and are connected by sented in Figure 7B, and their locations are indicated
solid pink lines in Figure 7A. in Table 2. The list includes residues from the known

regulatory regions, as well as residues that connect the
kinase and the C-terminal domains and participate inwork of correlations identified amino acids playing a
the polar network across the interface (Figure 5B).role in regulation. Interestingly, the same cluster also

displays correlations between residues mediating con-
tact between the kinase and C-terminal domains. Tyr954 Discussion
is located on the kinase domain and contacts the
C-terminal fragment. This residue is in close proximity ErbBs are structurally unique among TKs, as all of the

catalytic elements in their kinase domains are ready forto, and is highly correlated with, residues Asp985 and
Val987 of the C-terminal fragment (Figure 7A). Taken phosphotransfer at all times (Stamos et al., 2002). Yet,

various functional assays show them not to be constitu-together, these correlations consolidate our hypothesis
that the contact between the kinase and C-terminal do- tively active (Schlessinger, 2000). The absence of a cen-

tral regulatory module raises a fundamental dilemma,mains is biologically meaningful.
The same cluster of 14 highly intercorrelated positions namely, what prevents the receptors from being spuri-

ously activated? One possible mechanism is that changesalso includes correlations between positions at the inter-
face of the kinase domain and the C-terminal fragment in the relative orientation of the subunits within a dimer

control activation, as suggested by the model of rota-and known regulatory elements. For instance, Tyr954
located on this interface is correlated with Gly849 of the tion-coupled activation (Jiang and Hunter, 1999). Ac-

cording to this view, contact formation between the ex-activation loop, with Leu955 of the LVI segment, and
with Tyr740 of the �C helix (Figure 7A). This network of tracellular domains leads to reorientation in the

transmembrane domain, which is propagated into thecorrelations suggests that this interface is also involved
in regulation. cytoplasm (Fleishman et al., 2002; Jiang and Hunter,

1999; Moriki et al., 2001). Thus, the reorientation of theVal987 of the C-terminal fragment is correlated with
Ala743, which is located on the �C helix (Figure 7A). In kinase domains vis-à-vis each other serves as a molecu-

lar switch that turns the kinase domains “on.” Whatthis context, it is important to note that the C-terminal
domain is a vital modulator of TKs’ activity (Jorissen et might be the mechanism by which this reorientation is

translated into kinase activation is not yet clear.al., 2003; Schlessinger, 2000), as was elaborated above.
For example, structure determination and mutagenesis Understanding the molecular details of how the ErbB

proteins are regulated will most probably have to awaitexperiments have shown that the kinase domains of the
insulin, the Tie2, and the platelet-derived growth factor the emergence of a structure of the full-length receptor

in oligomeric complexes. The structures of parts of the� receptor (PDGFR) TKs are autoinhibited by their
C-terminal domains through direct contacts with the kinase and the extracellular domains available today

only provide a fragmentary view of the regulatory ele-kinase domain (Chiara et al., 2004; Noelle et al., 2000;
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Table 2. Specificity Determinants in the TK Family

Position Correlation Coefficients Location and Putative Functional Role in the EGFR

Lys715 0.23 (0.11, 0.36) Located on the kinase at the large interface with the C-terminal fragment; participates in the
polar network across the interface (Figure 5).

Pro770 0.24 (0.07, 0.39 Located on the kinase at the large interface with the C-terminal fragment.
Val795 0.29 (0.17, 0.40) Located on the kinase at the small interface with the C-terminal fragment.
Ile942 0.24 (0.13, 0.36) Located on the kinase at the small interface with the C-terminal fragment.
Lys799 0.24 (0.10, 0.36) Located on the kinase at the small interface with the C-terminal fragment; participates in the

polar network across the interface (Figure 5).
Glu734 0.27 (0.12, 0.42) Located on the �C helix of the kinase domain; involved in regulation.
Ala743 0.29 (0.14, 0.42) Located on the �C helix of the kinase domain; involved in regulation.
Arg808 0.23 (0.12, 0.35) Located on the kinase domain, close to the activation loop. Involved in hydrogen bonds that

stabilize the activation loop (Stamos et al., 2002).
Arg865 0.26 (0.10, 0.41) Located on the kinase domain, close to the activation loop. Involved in hydrogen bonds that

stabilize the activation loop (Stamos et al., 2002).
Gly849 0.28 (0.18, 0.37) Located on the activation loop of the kinase domain; involved in regulation.
Leu955 0.29 (0.13, 0.42) A part of the “LVI motif”. Important for dimerization of the kinases.
Val956 0.29 (0.17, 0.42) A part of the “LVI motif”. Important for dimerization of the kinases.
Ile957 0.25 (0.08, 0.39) A part of the “LVI motif”. Important for dimerization of the kinases.
His964 0.29 (0.15, 0.43) A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
Leu965 0.24 (0.10, 0.39) A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
Ser967 0.23 (0.10, 0.35) A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
Pro968 0.26 (0.13, 0.40) A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
Ser971 0.27 (0.13, 0.38) A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
Tyr974 0.30 (0.16, 0.43) A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
Asp984 0.31 (0.19, 0.44) A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;

participates in the polar network across the interface (Figure 5).
Ala989 0.25 (0.13, 0.38) A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;

participates in the polar network across the interface (Figure 5).
Glu991 0.25 (0.11, 0.41) A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;

participates in the polar network across the interface (Figure 5).
Leu993 0.29 (0.17, 0.41) A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;

participates in the polar network across the interface (Figure 5).
Tyr992 0.24 (0.11, 0.38) An autophosphorylation site, located on the C-terminal fragment; participates in the polar

network across the interface (Figure 5).

A list of 24 out of 47 residues that were identified as specificity determinants (Fleishman et al., 2004a). The location of each residue in the
EGFR sequence and its functional role are indicated. The trimmed means in the 95% confidence interval of correlations (r ), which were
calculated from 400 bootstrapping samples, are indicated, and the 95% confidence interval is shown in parentheses (see the Supplemental
Data). In addition to the residues presented above, the list of specificity determinant includes the following residues: V750, Q763, L775, E780,
D783, N792, V821, Q825, T830, S888, K889, I899, S901, I902, P910, K925, S933, D950, Q952, Q958, G959, D960, and E961. Their putative
roles remain to be tested experimentally.

ments in the structure. In Figure 1, we suggest a model Moriki et al., 2001). This switch in the orientation of the
transmembrane helices leads to the destabilization offor such regulation in the ErbB family; this model is

based on the available structures and is supported by the inactive intracellular dimer. The C-terminal domain
detaches from the kinase domain and may undergoa large body of biochemical and physiological data.

The role of the C-terminal domain as a modulator of phosphorylation, making the kinase accessible to its
substrates (Moriki et al., 2001).kinase activity has been discussed extensively (Cadena

et al., 1994; Jorissen et al., 2003), especially in the v-ErbB The structure of the GW572016 bound EGFR com-
prises the kinase domain and part of the C-terminalproducts (Boerner et al., 2003). Our results offer a model

of the molecular mechanism for this modulation (Figure domain that is packed along the kinase domain. In this
structure, the C-terminal domain partly blocks the ATP1). In the inactive state (Figure 1, left), the EGFR extracel-

lular domains assume a tethered structure (Ferguson et binding site (Wood et al., 2004), as in the inactive forms
of the myosin light chain kinase of the Ser/Thr kinaseal., 2003) that hinders contact formation between the

two subunits (Burgess et al., 2003). In this conformation, family (Huse and Kuriyan, 2002) and the Tie2 RTK (Shew-
chuk et al., 2000). That the GW572016 bound EGFRthe extracellular domains are connected to the trans-

membrane helices in their inactive state (Fleishman et structure shows an inactive conformation that is not
primed for catalysis suggests that activation of the EGFRal., 2002), thereby maintaining the intracellular domains

as a stable, inactive dimer (Figure 2A). In this state, the involves conformational changes within the kinase do-
main, in contrast to the view that the kinase domain isC-terminal domain is in contact with the kinase domain

and is inaccessible to downstream substrates (Cadena constitutively ready for phosphotransfer (Stamos et al.,
2002). We note, however, that the new structure sug-et al., 1994). Ligand-induced activation of the EGFR (Fig-

ure 1, right) leads to conformational changes in the ex- gests an important role for the C-terminal domain in
stabilizing an inactive conformation of the kinase do-tracellular domains, allowing contact formation between

the two subunits (Ogiso et al., 2002), followed by a rota- main (Wood et al., 2004); this finding is in harmony with
the model of activation suggested here.tion of the transmembrane helices toward their active

state (Fleishman et al., 2002; Jiang and Hunter, 1999; The proposed molecular model may explain the un-
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derlying molecular causes of malignancy mediated by has yet to be determined. The importance of the inter-
face between the kinase domain and the C-terminalEGFRs that contain mutations in their C-terminal do-

main. According to the model, the transforming proper- fragment for the regulation of EGFR activity can be
tested experimentally, as delineated in the section enti-ties of these mutations (Boerner et al., 2003; Chang et

al., 1995; Frederick et al., 2000) are due to destabilization tled “A Network of Ion Pairs and Hydrogen Bonds at the
Interface.”of the inactive EGFR.

All TKs catalyze the same reaction, which is the trans- Our model of EGFR’s regulation (Figure 1) and its
relevance to cancer could be further tested by examin-fer of the �-phosphate of ATP to the hydroxyl group of

tyrosine. Indeed, the active conformation of the kinase ing the properties of a short peptide analog to the
C-terminal fragment. Such a peptide may have a regula-domain of most TKs is nearly identical. In contrast to

the uniform active conformation, TKs differ from each tory effect on EGFR activation. For instance, in tumori-
genic cells, the short peptide may associate with theother in their inactive conformations (Huse and Kuriyan,

2002). In some RTKs, as in the PDGFR family, the juxta- kinase domain instead of the truncated C-terminal do-
main. This would stabilize the inactive configuration andmembrane domain serves to block the active conforma-

tion. Autophosphorylation of tyrosine residues in highly thereby thwart the constitutive activation of the mutant
receptor. Interestingly, a similar approach was appliedconserved juxtamembrane motifs, specific to each fam-

ily, relieves autoinhibition (Griffith et al., 2004). In the successfully in a recent study on the PDGFR, which is
also selfinhibited by direct contact with its C-terminalcase of the EGFR family, inhibition by the juxtamem-

brane domain is less likely, since there are no tyrosine domain (Chiara et al., 2004). In this work, the authors
showed that a soluble peptide, corresponding to theresidues in the juxtamembrane segment that can be

phosphorylated. inhibitory fragment in the PDGFR C-terminal domain,
delayed the activation of the receptor and inhibited theVarious regulatory mechanisms could play an impor-

tant role in ensuring the signaling specificity in the TK enhanced kinase activity of a C-terminal truncated
PDGFR. Hence, the small peptide mimicked the rolesuperfamily. Accordingly, we suggest that certain amino

acid substitutions in regulatory elements were sustained of the C-terminal fragment in regulating kinase activity
(Chiara et al., 2004). It will be interesting to examine theduring evolution, leading to alterations in the regulatory

mechanisms. This hypothesis is supported by the analy- therapeutic properties of such a peptide in the case of
the EGFR.sis of specificity determinants (Figure 7B). In the vast

majority of the TKs, kinase activity is regulated through
Experimental Proceduresa change in the conformation of the activation loop and

�C helix. Nevertheless, these regulatory regions un-
Biophysical and Structural Analysisdergo different conformational changes in different iso-
Electrostatic, solvent-accessible surface area calculations and ho-

forms, and their inactive conformations are stabilized mology modeling were carried out as described in the Supplemental
by fastidious means specific to each kinase family (Huse Data.
and Kuriyan, 2002). The ErbBs are further exceptional

Collection of Sequence Homologs and Their Alignmentamong TKs, in that the activation loop and �C helix are
A multiple-sequence alignment (MSA) of homologous kinase do-constitutively stable in the active conformation (Stamos
mains was produced by combining multiple-structure and sequenceet al., 2002). Our analysis of correlated mutations (Figure
alignments to obtain high-quality alignments as described by Al-

7A) suggests that in order to complement the role of Lazikani et al. (2001) and in the Supplemental Data. This resulted
these known regulatory elements in maintaining an ac- in an MSA of 121 homologous sequences comprising the kinase
tive conformation, other residues in ErbBs have evolved domain and about 50 positions C-terminal to it (corresponding to

positions 683–998 of the EGFR). The MSA is shown in Supplementalto keep the enzyme dormant, as in the “inactive” com-
Figure S1 in the Supplemental Data.plex shown in Figure 2A.

We propose that members of the EGFR family utilize
Evolutionary Conservationthe unique regulatory mechanism that is presented in
Evolutionary conservation scores were calculated by using the MSA

Figure 1. These receptors contain a long C-terminal do- and Rate4Site’s maximum-likelihood algorithm (Pupko et al., 2002),
main that is involved in signal transmission inside the as implemented in the ConSurf web server (Glaser et al., 2003)
cell and is also an inherent regulator of kinase activity (http://consurf.tau.ac.il/).
(Chang et al., 1995). Our results suggest that the com-

Correlated Amino Acid Substitutionsplex between the kinase and C-terminal domains of Fig-
Pairs of amino acids that appear to change concomitantly duringure 2A is stable and biologically significant, as indicated
evolution within the TKs were detected by using the MSA and theby the large intersubunit interface, the electrostatic and
CorrMut algorithm (Fleishman et al., 2004b). The methodological

geometric complementarity between the C-terminal details are provided as Supplemental Data.
segments and the kinases (Figures 2B–2D and 5), as
well as the evolutionary correlation between specified Specificity Determinants
amino acid sites (Figure 7A). This complex appears to Residues in the TK superfamily, which may be responsible for de-

termining specific characteristics in different kinase families, werecorrespond to the basal, inactive form of the receptor,
detected by using the MSA and the SpecDet algorithm (Fleishmanas delineated above and in accordance with previous
et al., 2004a). A description of the algorithm is provided as Supple-experimental data (Boerner et al., 2003; Chang et al.,
mental Data.1995). Although our computational analysis and the ex-

perimental data support the presence of an inactive
Supplemental Data

dimer (Yu et al., 2002) and the necessity of contact Supplemental Data including analysis of the electrostatic potential
between the kinase and C-terminal domains (Chang et of representative TKs of known structure; solvent-accessible sur-

face area calculations and homology modeling of selected TKs;al., 1995), the biological relevance of the crystal dimer
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the MSA of the TK family; methodological details of the correlated Fleishman, S.J., Unger, V.M., Yeager, M., and Ben-Tal, N. (2004a). A
C-alpha model for the transmembrane alpha-helices of gap-junctionmutations analysis; and a description of the algorithm used for de-

tecting the specificity-determining residues are available at http:// intercellular channels. Mol. Cell 15, 879–888.
www.structure.org/cgi/content/full/12/12/2265/DC1/. Fleishman, S.J., Yifrach, O., and Ben-Tal, N. (2004b). An evolution-

arily conserved network of amino acids mediates gating in voltage-
Acknowledgments dependent potassium channels. J. Mol. Biol. 340, 307–318.

Frederick, L., Wang, X.-Y., Eley, G., and James, C.D. (2000). Diversity
We thank Tony Hunter, Antony Burgess, Joseph Schlessinger, Idit

and frequency of epidermal growth factor receptor mutations in
Kopatz, Amit Kessel, and Saul Yankofsky for their critical comments

human glioblastomas. Cancer Res. 60, 1383–1387.
on the manuscript, Miriam Eisenstein for her help in the identification

Gadella, T.W., Jr., and Jovin, T.M. (1995). Oligomerization of epider-of the dimeric conformation of the EGFR kinase, and Lisa Shewchuk
mal growth factor receptors on A431 cells studied by time-resolvedfor sharing the coordinates of the EGFR/GW572016 structure before
fluorescence imaging microscopy. A stereochemical model for tyro-their release. This study was supported by a grant from the Israel
sine kinase receptor activation. J. Cell Biol. 129, 1543–1558.Cancer Association (ICA) and by a Research Career Development

Award from the Israel Cancer Research Fund (ICRF) to N.B.-T. S.J.F. Gamett, D.C., Tracy, S.E., and Robinson, H.L. (1986). Differences in
was supported by a doctoral fellowship from the Clore Israel Foun- sequences encoding the carboxyl-terminal domain of the epidermal
dation. M.L. was supported by a Travel Scholarship from the Con- growth factor receptor correlate with differences in the disease po-
stantiner Institute for Molecular Genetics. tential of viral erbB genes. Proc. Natl. Acad. Sci. USA 83, 6053–6057.

Glaser, F., Pupko, T., Paz, I., Bell, R.E., Bechor-Shental, D., Martz,
Received: June 16, 2004 E., and Ben-Tal, N. (2003). ConSurf: identification of functional re-
Revised: September 22, 2004 gions in proteins by surface-mapping of phylogenetic information.
Accepted: October 8, 2004 Bioinformatics 19, 163–164.
Published: December 7, 2004

Gotoh, N., Tojo, A., Hino, M., Yazaki, Y., and Shibuya, M. (1992). A
highly conserved tyrosine residue at codon 845 within the kinase

References domain is not required for the transforming activity of human epider-
mal growth factor receptor. Biochem. Biophys. Res. Commun. 186,

Al-Lazikani, B., Sheinerman, F.B., and Honig, B. (2001). Combining 768–774.
multiple structure and sequence alignments to improve sequence

Griffith, J., Black, J., Faerman, C., Swenson, L., Wynn, M., Lu, F.,detection and alignment: application to the SH2 domains of Janus
Lippke, J., and Saxena, K. (2004). The structural basis for autoinhibi-kinases. Proc. Natl. Acad. Sci. USA 98, 14796–14801.
tion of FLT3 by the juxtamembrane domain. Mol. Cell 13, 169–178.

Biswas, R., Basu, M., Sen-Majumdar, A., and Das, M. (1985). Intra-
Huse, M., and Kuriyan, J. (2002). The conformational plasticity ofpeptide autophosphorylation of the epidermal growth factor recep-
protein kinases. Cell 109, 275–282.tor: regulation of kinase catalytic function by receptor dimerization.

Biochemistry 24, 3795–3802. Jiang, G., and Hunter, T. (1999). Receptor signaling: when dimeriza-
tion is not enough. Curr. Biol. 9, R568–R571.Boerner, J.L., Danielsen, A., and Maihle, N.J. (2003). Ligand-inde-

pendent oncogenic signaling by the epidermal growth factor recep- Jones, S., and Thornton, J.M. (1996). Principles of protein-protein
tor: v-ErbB as a paradigm. Exp. Cell Res. 284, 111–121. interactions. Proc. Natl. Acad. Sci. USA 93, 13–20.

Burgess, A.W., Cho, H.S., Eigenbrot, C., Ferguson, K.M., Garrett, Jorissen, R.N., Walker, F., Pouliot, N., Garrett, T.P., Ward, C.W., and
T.P., Leahy, D.J., Lemmon, M.A., Sliwkowski, M.X., Ward, C.W., and Burgess, A.W. (2003). Epidermal growth factor receptor: mecha-
Yokoyama, S. (2003). An open-and-shut case? Recent insights into nisms of activation and signalling. Exp. Cell Res. 284, 31–53.
the activation of EGF/ErbB receptors. Mol. Cell 12, 541–552.

Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both de-
Cadena, D.L., Chan, C.L., and Gill, G.N. (1994). The intracellular tailed and schematic plots of protein structures. J. Appl. Crystallogr.
tyrosine kinase domain of the epidermal growth factor receptor 24, 946–950.
undergoes a conformational change upon autophosphorylation. J.

Massoglia, S., Gray, A., Dull, T.J., Munemitsu, S., Kun, H.J., Schles-Biol. Chem. 269, 260–265.
singer, J., and Ullrich, A. (1990). Epidermal growth factor receptor

Chang, C.M., Shu, H.K., Ravi, L., Pelley, R.J., Shu, H., and Kung, cytoplasmic domain mutations trigger ligand-independent transfor-
H.J. (1995). A minor tyrosine phosphorylation site located within mation. Mol. Cell. Biol. 10, 3048–3055.
the CAIN domain plays a critical role in regulating tissue-specific

Merritt, E.A., and Bacon, D.J. (1997). Raster3D photorealistic molec-transformation by erbB kinase. J. Virol. 69, 1172–1180.
ular graphics. Methods Enzymol. 277, 505–524.

Chantry, A. (1995). The kinase domain and membrane localization
Moriki, T., Maruyama, H., and Maruyama, I.N. (2001). Activation ofdetermine intracellular interactions between epidermal growth fac-
preformed EGF receptor dimers by ligand-induced rotation of thetor receptors. J. Biol. Chem. 270, 3068–3073.
transmembrane domain. J. Mol. Biol. 311, 1011–1026.

Chiara, F., Bishayee, S., Heldin, C.H., and Demoulin, J.B. (2004).
Nicholls, A., Sharp, K.A., and Honig, B. (1991). Protein folding andAutoinhibition of the platelet-derived growth factor beta-receptor
association: insights from the interfacial and thermodynamic prop-tyrosine kinase by its C-terminal tail. J. Biol. Chem. 279, 19732–
erties of hydrocarbons. Proteins 11, 281–296.19738.
Noelle, V., Tennagels, N., and Klein, H.W. (2000). A single substitutionCho, H.S., Mason, K., Ramyar, K.X., Stanley, A.M., Gabelli, S.B.,
of the insulin receptor kinase inhibits serine autophosphorylationDenney, D.W., Jr., and Leahy, D.J. (2003). Structure of the extracellu-
in vitro: evidence for an interaction between the C-terminus and thelar region of HER2 alone and in complex with the Herceptin Fab.
activation loop. Biochemistry 39, 7170–7177.Nature 421, 756–760.

Ogiso, H., Ishitani, R., Nureki, O., Fukai, S., Yamanaka, M., Kim, J.H.,Dancey, J.E. (2004). Predictive factors for epidermal growth factor
Saito, K., Sakamoto, A., Inoue, M., Shirouzu, M., and Yokoyama, S.receptor inhibitors—The bull’s-eye hits the arrow. Cancer Cell 5,
(2002). Crystal structure of the complex of human epidermal growth411–415.
factor and receptor extracellular domains. Cell 110, 775–787.Ferguson, K.M., Berger, M.B., Mendrola, J.M., Cho, H.S., Leahy, D.J.,
Pelley, R.J., Maihle, N.J., Boerkoel, C., Shu, H.K., Carter, T.H., Mos-and Lemmon, M.A. (2003). EGF activates its receptor by removing
covici, C., and Kung, H.J. (1989). Disease tropism of c-erbB: effectsinteractions that autoinhibit ectodomain dimerization. Mol. Cell 11,
of carboxyl-terminal tyrosine and internal mutations on tissue-spe-507–517.
cific transformation. Proc. Natl. Acad. Sci. USA 86, 7164–7168.Fleishman, S.J., Schlessinger, J., and Ben-Tal, N. (2002). A putative

molecular-activation switch in the transmembrane domain of erbB2. Pupko, T., Bell, R.E., Mayrose, I., Glaser, F., and Ben-Tal, N. (2002).
Rate4Site: an algorithmic tool for the identification of functionalProc. Natl. Acad. Sci. USA 99, 15937–15940.



Regulation of the Catalytic Activity of the EGFR
2275

regions in proteins by surface mapping of evolutionary determinants
within their homologues. Bioinformatics 18, S71–S77.

Raines, M.A., Maihle, N.J., Moscovici, C., Moscovici, M.G., and
Kung, H.J. (1988). Molecular characterization of three erbB trans-
ducing viruses generated during avian leukosis virus-induced eryth-
roleukemia: extensive internal deletion near the kinase domain acti-
vates the fibrosarcoma- and hemangioma-inducing potentials of
erbB. J. Virol. 62, 2444–2452.

Riedel, H., Schlessinger, J., and Ullrich, A. (1987). A chimeric, ligand-
binding v-erbB/EGF receptor retains transforming potential. Science
236, 197–200.

Robinson, H.L., Tracy, S.E., Nair, N., Taglienti-Sian, C., and Gamett,
D.C. (1992). Characterization of an angiosarcoma-inducing mutation
in the erbB oncogene. Oncogene 7, 2025–2030.

Schlessinger, J. (2000). Cell signaling by receptor tyrosine kinases.
Cell 103, 211–225.

Schlessinger, J. (2003). SIGNAL TRANSDUCTION: autoinhibition
control. Science 300, 750–752.

Serrano, L., Horovitz, A., Avron, B., Bycroft, M., and Fersht, A.R.
(1990). Estimating the contribution of engineered surface electro-
static interactions to protein stability by using double-mutant cycles.
Biochemistry 29, 9343–9352.

Sheinerman, F.B., Norel, R., and Honig, B. (2000). Electrostatic as-
pects of protein-protein interactions. Curr. Opin. Struct. Biol. 10,
153–159.

Shewchuk, L.M., Hassell, A.M., Ellis, B., Holmes, W.D., Davis, R.,
Horne, E.L., Kadwell, S.H., McKee, D.D., and Moore, J.T. (2000).
Structure of the Tie2 RTK domain: self-inhibition by the nucleotide
binding loop, activation loop, and C-terminal tail. Structure 8, 1105–
1113.

Stamos, J., Sliwkowski, M.X., and Eigenbrot, C. (2002). Structure of
the epidermal growth factor receptor kinase domain alone and in
complex with a 4-anilinoquinazoline inhibitor. J. Biol. Chem. 277,
46265–46272.

Walker, F., Kato, A., Gonez, L.J., Hibbs, M.L., Pouliot, N., Levitzki, A.,
and Burgess, A.W. (1998). Activation of the Ras/mitogen-activated
protein kinase pathway by kinase-defective epidermal growth factor
receptors results in cell survival but not proliferation. Mol. Cell. Biol.
18, 7192–7204.

Wedegaertner, P.B., and Gill, G.N. (1992). Effect of carboxyl terminal
truncation on the tyrosine kinase activity of the epidermal growth
factor receptor. Arch. Biochem. Biophys. 292, 273–280.

Wood, E.R., Truesdale, A.T., McDonald, O.B., Yuan, D., Hassell, A.,
Dickerson, S.H., Ellis, B., Pennisi, C., Horne, E., Lackey, K., et al.
(2004). A unique structure for epidermal growth factor receptor
bound to GW572016 (Lapatinib): relationships among protein con-
formation, inhibitor off-rate, and receptor activity in tumor cells.
Cancer Res. 64, 6652–6659.

Yarden, Y., and Schlessinger, J. (1987). Epidermal growth factor
induces rapid, reversible aggregation of the purified epidermal
growth factor receptor. Biochemistry 26, 1443–1451.

Yarden, Y., and Sliwkowski, M.X. (2001). Untangling the ErbB signal-
ling network. Nat. Rev. Mol. Cell Biol. 2, 127–137.

Yu, X., Sharma, K.D., Takahashi, T., Iwamoto, R., and Mekada, E.
(2002). Ligand-independent dimer formation of epidermal growth
factor receptor (EGFR) is a step separable from ligand-induced
EGFR signaling. Mol. Biol. Cell 13, 2547–2557.



An Automatic Method for Predicting Transmembrane Protein Structures
Using Cryo-EM and Evolutionary Data

Sarel J. Fleishman,* Susan Harrington,y Richard A. Friesner,y Barry Honig,z and Nir Ben-Tal*
*Department of Biochemistry, George S. Wise Faculty of Life Sciences, Tel Aviv University, Ramat-Aviv 69978, Israel; yDepartment of
Chemistry, Columbia University, New York, New York 10027 USA; and zDepartment of Biochemistry and Molecular Biophysics,
Columbia University and Howard Hughes Medical Institute, New York, New York 10032 USA

ABSTRACT The transmembrane (TM) domains of many integral membrane proteins are composed of a-helix bundles.
Structure determination at high resolution (,4 Å) of TM domains is still exceedingly difficult experimentally. Hence, some TM-
protein structures have only been solved at intermediate (5–10 Å) or low (.10 Å) resolutions using, for example, cryo-electron
microscopy (cryo-EM). These structures reveal the packing arrangement of the TM domain, but cannot be used to determine
the positions of individual amino acids. The observation that typically, the lipid-exposed faces of TM proteins are evolutionarily
more variable and less charged than their core provides a simple rule for orienting their constituent helices. Based on this rule,
we developed score functions and automated methods for orienting TM helices, for which locations and tilt angles have been
determined using, e.g., cryo-EM data. The method was parameterized with the aim of retrieving the native structure of
bacteriorhodopsin among near- and far-from-native templates. It was then tested on proteins that differ from bacteriorhodopsin
in their sequences, architectures, and functions, such as the acetylcholine receptor and rhodopsin. The predicted structures
were within 1.5–3.5 Å from the native state in all cases. We conclude that the computational method can be used in conjunction
with cryo-EM data to obtain approximate model structures of TM domains of proteins for which a sufficiently heterogeneous set
of homologs is available. We also show that in those proteins in which relatively short loops connect neighboring helices, the
scoring functions can discriminate between near- and far-from-native conformations even without the constraints imposed on
helix locations and tilt angles that are derived from cryo-EM.

INTRODUCTION

TMproteins are crucial mediators of cell-to-cell signaling and

transport processes, and constitute some 50% of contempo-

rary drug targets (Fleming, 2000). In recent years the pace of

structural determination of TM proteins has increased, but

technical problems related to protein purification and

crystallization still hamper TM-protein structure determina-

tion. Thus, despite their biomedical importance,,40 distinct

folds of TM proteins have been solved to date by high-

resolution methods such as x-ray crystallography. The lack of

a large set of solved TM proteins also restricts the usefulness

of computational methods based on the statistics of solved

protein structures, and in particular, of comparative or

homology modeling, which has been a very successful ap-

proach in soluble proteins.

In general, computational prediction of soluble-protein

structures is difficult, largely because of the variety of

possible folds, which implies a vast number of degrees of

freedom. In contrast, all TM proteins that inhabit the plasma

membrane of eukaryotic cells form a-helix bundles, thus

reducing the desolvation penalty of exposing polar main-

chain groups. The high propensity to form secondary

structures reduces the number of degrees of freedom, which

determine the protein’s fold, and hence, lowers the com-

plexity of predicting the structures of these proteins.

Structure prediction of TM proteins often relies concep-

tually on the two-stage model for protein assembly in the

membrane (Popot and Engelman, 1990). According to this

model, the first step of folding is the insertion of the TM

domains into the membrane as a-helices. Only in the second

stage do these helices associate to form bundles (reviewed by

White and Wimley, 1999 and Popot and Engelman, 2000).

One of the implications of the two-stage model is that,

overall, the stability of individual TM domains is in-

dependent of that of other domains. Hence, prediction of

TM-protein structures can begin with experimental deter-

mination (or prediction, reviewed by von Heijne, 1996 and

Chen et al., 2002) of the locations of the TM helices in the

amino-acid sequence of the protein.

Some early attempts were made to predict helix

orientations relative to one another by using the concept of

the hydrophobic moment (Eisenberg et al., 1984; Rees et al.,

1989). However, in view of the low-dielectric character of

the membrane, the hydrophobic driving force is probably

less dominant in this medium than in soluble proteins, and

the hydrophobic moment proved to be of limited use in

TM-protein structure prediction (Pilpel et al., 1999; Stevens

and Arkin, 1999).

Attempts were also made to predict the structures of

specific TM proteins or protein families (Tuffery and

Lavery, 1993; Stokes et al., 1994; Taylor et al., 1994;
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Adams et al., 1995; Baldwin et al., 1997; Heymann and

Engel, 2000; Hirokawa et al., 2000; Zhdanov and Kasemo,

2001; Sorgen et al., 2002; Trabanino et al., 2004). For

high-resolution structure prediction of pairs of TM a-

helices, a method that was based on molecular dynamics

was developed, in which data derived from large-scale

mutational assays were utilized to derive constraints for the

conformation search (Adams et al., 1995). Extensions to

this method were suggested, which used phylogenetic

instead of mutational data (Briggs et al., 2001) and

lowered the computational load associated with the

conformation search (Pappu et al., 1999). Recently,

a method based on Monte-Carlo sampling of conforma-

tions, which selects tightly packed conformations, was

shown to reproduce the structures of homooligomers (Kim

et al., 2003). Another method that was founded on

a knowledge-based potential constructed on the basis of

TM proteins of known structures and energy terms that

simulate the membrane environment was also shown to

retrieve the conformations of small homooligomers

(Pellegrini-Calace et al., 2003).

A major limitation of many of the methods in this class is

the large computational load. In fact, computational

complexity has restricted the applicability of these methods

mostly to the cases of homooligomers of single-spanning

TM proteins. A more fundamental handicap is the reliance of

many of these methods on contemporary force fields. Recent

results indicate that the forces specifying and stabilizing

TM-helix interactions are still unclear (Bowie, 2000), casting

doubt on the ability of methods based on existing force fields

to yield accurate predictions.

We recently examined the possibility of reducing the

computational burden by using low resolution from the

outset (Fleishman and Ben-Tal, 2002), i.e., by considering

only the helices’ Ca traces. We developed a scoring

function and a search methodology to seek stable

conformations of pairs of closely packed TM helices. The

use of a reduced representation of the helices allowed us to

conduct an exhaustive search of conformation space, and to

test the method systematically on many different examples.

This approach proved useful in studying the involvement of

the TM domain in the activation of the erbB2 receptor

tyrosine kinase (Fleishman et al., 2002). However, it could

only be applied reliably to helix pairs that are closely

packed (,9 Å separation between the helix axes) (Fleish-

man and Ben-Tal, 2002). Because many of the helices in

TM proteins have greater interhelical separations (Bowie,

1997), in general, this method cannot be used to predict

entire protein domains.

Here, we explored whether such an approach can be

extended to deal with large TM domains by incorporating

the evolutionary-conservation profile of the protein and the

hydrophobicity of its constituent amino-acid residues. The

underlying idea is that amino-acid positions that mediate

interhelical contacts would be more evolutionarily conserved

than those that face the lipid (Donnelly et al., 1993; Stevens

and Arkin, 2001; Beuming and Weinstein, 2004), because

mutation of positions that form contact would most likely

destabilize the protein, and render it dysfunctional (Fig. 1).

Hydrophobicity can be used to discard potential conforma-

tions that expose charged positions (e.g., Arg and Glu) to the

membrane environment (Cronet et al., 1993) due to the

prohibitive cost in desolvation of their highly polar side

chains (Honig and Hubbell, 1984).

To reduce the computational burden associated with

conformational searches of large TM domains, the targets for

our approach are those proteins for which intermediate-

resolution (5–10 Å in-plane) structural data are available,

e.g., from cryo-EM (Unger, 2001). At such resolution, cryo-

EM maps reveal the organization of TM helices relative to

one another including the helices’ positions and tilt angles,

but do not disclose the locations of the individual amino

acids. Based on the cryo-EM data, it is possible to ap-

proximate the helices’ principal axes either manually

(Baldwin et al., 1997; Fleishman et al., 2004) or computa-

tionally (Jiang et al., 2001). Then, the conformational search

FIGURE 1 The conservation profile

of the TM domain of rhodopsin (PDB

code 1l9h). Conservation scores were

computed using the ConSurf server

with the Rate4Site algorithm (Pupko

et al., 2002), and are mapped according

to the color scale with turquoise through

burgundy signifying variable through

conserved positions. (A) Two side

views looking from within the mem-

brane plane. The space-filling models

show that the lipid-facing parts of the

protein are mostly variable. (B) Looking

from the cytoplasmic side. Stick models

of residues that belong to the two

highest categories of the conservation scale (8 and 9) are indicated. The vast majority of these highly conserved residues face the protein interior. The

arrows identify the highly conserved Trp-161, which is exceptional in that it is exposed to the membrane despite its high conservation. This and all other

molecular representations were generated with MOLSCRIPT (Kraulis, 1991) and rendered with Raster3D (Merritt and Bacon, 1997).
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need only explore the orientations of the helices around their

principal axes.

Intermediate-resolution cryo-EM maps of TM proteins

often provide accurate data on the lateral positions of the

helices and their tilt angles within the lipid bilayer, but much

poorer data on the positions of the helices along the vertical

axis (Unger and Schertler, 1995; Unger et al., 1999). In this

study, we limited the methods’ validation to the hydrophobic

portion of each of the TM helices. As these segments are most

likely to align with one another within the hydrophobic core

of the lipid bilayer, the inaccuracy due to the low vertical

resolution of cryo-EM data does not present a significant

problem. In a refinement stage of the conformational search

described below, a limited exploration of all degrees of

freedom, including the vertical axis, was conducted.

Baldwin et al. (1997) used a similar approach to predict the

orientations of helices in rhodopsin based on the receptor’s

cryo-EM map at 9 Å in-plane resolution (Unger et al., 1997).

This prediction was shown (Bourne and Meng, 2000) to

compare very well with the high-resolution structure, which

was solved a few years later (Palczewski et al., 2000).

However, Baldwin et al.’s conservation analysis was highly

labor intensive and required substantial subjective interven-

tion at various stages (Baldwin et al., 1997), making it difficult

to apply to a large set of proteins. As conservation analyses

have grown in rigor and sophistication in recent years, we

have employed automatic and more sensitive tools, to

construct score functions for ranking conformations of TM

proteins. This has allowed us to test various formulations of

the prediction rule and searchmethodology on a variety of TM

proteins. The tests were based on perturbations of the native-

state structures as they are found in the PDB, except in the case

of rhodopsin, in which they were conducted using data

extracted (Baldwin et al., 1997) from its cryo-EMmap at 9-Å

resolution (Unger et al., 1997).

Our analysis leads us to conclude that an approach based

on evolutionary conservation, hydrophobicity, and interme-

diate-resolution structures can retrieve near-native structures

subject to two principal requirements. First, the cryo-EM

map must show that all helices have a face that is buried in

the protein bundle and another that is exposed to the

membrane milieu or the pore lumen. This requirement is

necessary because it is only the heterogeneity of environ-

ments that allows the correct orientation of the helices.

Second, evolutionarily conserved and variable residues must

be distributed in the TM domain in accordance with a helical

pattern (Fig. 1). This distribution ensures that a clearly higher

score is assigned to an orientation, in which conserved

residues face the interior of the helix bundle, whereas the

variable residues are directed toward the lipid. Hence,

a typical case in which this approach is expected to yield

a near-native structure is a protein or an oligomer, where all

helices face the lipid environment or a relatively large

internal pore, and a sufficiently heterogeneous set of se-

quences are available.

Score functions

In developing the conformation-search methodology and the

score functions, we initially used the structure of bacterio-

rhodopsin for parameterization (Luecke et al., 1998). That is,

various formulations of the scoring function were attempted

with the aim of detecting the native structure among con-

tending templates. For instance, formulations that gave a

more dominant effect to hydrophobicity were found to do

more poorly than the formulation that is given below, which

stresses conservation, in agreement with the notion that the

hydrophobic moment is a relatively poor indicator of helix

orientations (Pilpel et al., 1999; Stevens and Arkin, 1999).

The so-called burial function, which we first introduced in

Fleishman and Ben-Tal (2002), is a major component of the

scoring schemes defined here. It is an estimate of the extent

of an amino acid’s contact with another helix. Because the

model describes amino acids merely in terms of Ca positions,

only an approximate measure of contact can be attained. To

achieve this approximation, the function considers the

distance between an amino acid’s Ca position and the other

helix’s principal axis. It also considers the angle formed

between two vectors: one that connects the two helix axes,

and a second that connects the Ca position to its own axis

(Fleishman and Ben-Tal, 2002). If both the angle and the

distance are small, the burial function is assigned relatively

high values (/1). Low values (/0) are assigned otherwise.

This burial function takes into account the details of the

local interactions of the helices. The alternative use of

a moment to account for hydrophobicity or conservation

treats all helices as being perpendicular to the membrane

plane (e.g., Eisenberg et al., 1982; Pilpel et al., 1999), thus

giving a particular helix face the same weight in computing

the optimal conformation throughout the TM span. In con-

trast, the use of the burial function tests the extent of contact

for each amino-acid residue, and treats each position according

to its actual contact with other helices, thus treating tilted

and kinked helicesmore realistically (Fleishman andBen-Tal,

2002).

We used three schemes for ranking template conforma-

tions. The simplest form is the ‘‘singlewise’’ score (Fleish-

man et al., 2004). This function assigns a high score to

conformations that bury conserved faces in the a-helix

bundle, and expose the helices’ variable faces to the lipid.

The function is singlewise in the sense that for any given

amino acid, only the locations of the axes of its neighboring

helices are taken into account. Because these locations can be

derived from the cryo-EM data to a reasonable degree of

confidence, the contributions of each amino-acid residue to

the overall score is independent of the positions of other

residues. The underlying notion in the singlewise score is

that positions that are buried in the protein core are typically

conserved evolutionarily (Fig. 1). Indeed, some conserved

positions may be exposed to themembrane in contradiction to

this ‘‘rule’’ (see the arrows in Fig. 1). However, summation

3450 Fleishman et al.

Biophysical Journal 87(5) 3448–3459



across the entire helix span reduces the prediction’s sen-

sitivity to such cases.

Another term penalizes the exposure to the lipid (burial

values ,0.5) of the most polar amino-acid residues that are

associated with high (.7 kcals/mol) desolvation energies

upon transfer from water to membrane according to the

Kessel & Ben-Tal scale (Kessel and Ben-Tal, 2002). The

residues for which the penalty applies are Arg, Asn, Asp,

Glu, and Lys. In essence, this term associates conformations

that expose very polar residues with very unfavorable scores.

Polar residues at the terminal turns (four amino-acid

residues) of helices were disregarded in computing this

penalty, because at these locations, residues may interact

favorably with the relatively polar environment at the lipid-

water interface (von Heijne, 1996). Proline residues are

ignored in calculating the conservation scores because they

are often conserved owing to kinks that they induce in the

helix secondary structure rather than to the formation of

interhelical contacts (Baldwin et al., 1997).

A second scheme, called the ‘‘pairwise’’ function, in-

cluded, in addition to the singlewise score, a term that favors

contact formation between highly conserved residues, and

penalizes contacts among highly variable residues. Hence,

this function takes into account the positions of pairs of

residues in contrast to the singlewise score, which considers

residues separately. The underlying concept here is that

positions that form contact should be highly conserved,

because introducing even mild changes in these positions

would abrogate interhelical contact.

The singlewise and pairwise score functions do not

include terms that penalize the formation of possible steric

clashes between the helices. Generally, the positions and tilt

angles can be derived from cryo-EM data. However, these

data are potentially inaccurate due to limited resolution. A

scoring function that contains an approximation of penalties

due to steric clashes could be useful for a limited exploration

of the conformation space with respect to helix positions and

tilt angles. We thus defined a third score function, which

included, in addition to the terms in the pairwise score,

penalties for conformations, in which a helix is potentially in

violation of another’s approximate exclusion volume.

METHODS

Conservation analysis

The conservation of amino-acid residues in the TM domains of the proteins

were calculated using the ConSurf server (Glaser et al., 2003) with the

Rate4Site algorithm (Pupko et al., 2002). Homologs were collected using

5 PSI-BLAST iterations and a BLAST e-value cutoff of 1 (Altschul et al.,

1997). We asserted by visual inspection of the alignments that there were no

significant gaps in the TM domains of all the proteins under study.

Score functions

To each configuration of the helix bundle produced by the search method,

we assign a score. The score is based on four terms, such that:

1. Hydrophobic residues face the lipid environment and hydrophilic

residues are directed toward the protein core.

2. Conserved residues face the protein core and variable residues face the

lipid environment (Fig. 1).

3. Highly conserved residues on different helices are in close proximity,

whereas highly variable residues are distal.

4. A penalty for potential steric clashes.

For each conformation the score is generally defined as follows, where

the summation is on every residue pair i,j in the TM domain:

Score ¼+
i

ð2ðBi � ½ÞHi
1 2ðBi � ½ÞCiÞ

1 +
i;j

ðPi;j � Qi;jÞ: (1)

In Eq. 1, Ci are the normalized evolutionary-conservation scores assigned

by Rate4Site (Pupko et al., 2002) (Fig. 1) and Hi the desolvation free

energies of transfer from water to membrane (Kessel and Ben-Tal, 2002);

Bi is the burial score associated with each residue, i.e., the extent of that

residue’s contact with other helices (Fleishman and Ben-Tal, 2002); Pi,j is

a pairwise term that promotes contact between highly conserved residues

and penalizes contact between highly variable residues; and Qi,j is a penalty

for formation of severe van der Waals clashes.

High Ci and Hi values indicate that a residue is conserved and

hydrophilic, respectively. Hydrophobicity is taken into account only for

residue types that are associated with free energies of transfer .7 kcal/mol

(Kessel and Ben-Tal, 2002), and are counted only for residues i, for which

the burial scores Bi are ,0.5. Thus the hydrophobicity scale serves as

a significant penalty on the exposure of the most polar residues to the

membrane environment. The terminal turns (four amino-acid residues) from

each side of the TM segments are ignored in computing this penalty, because

residues in these regions may be accommodated by the polar environment at

the lipid-water interface (von Heijne, 1989). The contributions of proline

residues to the score is also ignored because they are often conserved due to

kinks they form in secondary structure rather than due to the promotion of

interhelical contacts (Baldwin et al., 1997).

Ci and Hi are singlewise terms that depend on the amino-acid site itself,

regardless of the protein conformation. In contrast, Bi is the burial score

associated with each residue i, and depends on the maximal contact formed

by each residue with other helices in the bundle (elaborated below). It

assumes values in the range 0�1, where zero indicates complete exposure to

the membrane environment and 1 indicates complete burial in another helix.

Maximization of the score defined in Eq. 1 favors the burial of

hydrophilic residues in the a-helix bundle and penalizes their exposure to

the membrane (the first term in Eq. 1). Similarly, the second term in Eq. 1

favors the burial of conserved amino acids in the bundle interior and

penalizes their exposure to the lipid. The third is a pairwise-contact term

favoring contact between well-conserved residues and penalizing contact

between highly variable residues.

P
i;j ¼ B

i
B
jðCi

1C
jÞ; (2)

where residues j and i are not .7 Å apart, and their respective burial scores

(B) are .0.2.

The fourth term in Eq. 1, Qi,j, produces a severe penalty on steric-clash

formation, and is summed on all pairs of residues i, j in the TM domain:

Qi;j ¼
N

1

di;j�Q
1 di;j 1Q� 2m

ðm�QÞ2

0

�����
d
i;j
#Q

Q, di;j
,m

d
i;j
$m

;

8<
: (3)

where di,j is the distance between residues i and j, Q is the threshold below

which the penalty assumes infinite magnitude, and m is the threshold above
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which the penalty cancels out. We chose this formulation for the penalty

because it produces a function that is continuous for di,j . Q, as is its first

derivative. A value of 2 Å was chosen for Q, to approximate the Ca van der

Waals radius (1.88 Å) (Tsai et al., 1999), and 2.5 Å was chosen for m. The

penalty is very large for distances close to 2 Å, but drops off quickly toward

zero at 2.5 Å. Thus, conformations are penalized only for severe steric clashes.

We tested different formulations of the score function presented in Eqs.

1�3 by assigning different weights to the various terms, and by using

different hydrophobicity scales. This formulation was found to work well in

identifying bacteriorhodopsin’s native-state structure from decoys. Hydro-

phobicity appears to be a poor indicator on its own for TM-helix orientations,

whereas contact between highly conserved residues is a good indicator.

The singlewise score function is defined as in Eq. 1 (Fleishman et al.,

2004), except that the pairwise contact terms P and the penalties on steric

clashes Q are neglected. Essentially this score function favors the burial of

conserved and hydrophilic residues in the protein core, but does not favor

contact between conserved residues. The pairwise score is similarly defined

as in Eq. 1 with the penalties for steric clashes being neglected.

Assessing the extent of interresidue contact

The score function defined in Eq. 1 is based on a quantification of the burial

of amino acids that mediate interhelical contact. In measuring the extent of

burial Bi of amino acid iwe consider two criteria, as elaborated by Fleishman

and Ben-Tal (2002). The first is the distance between the amino acid and the

principal axis of the other helix; the smaller the distance, the more deeply

buried the amino acid. The second is the orientation of the amino acid with

respect to the principal axis of the other helix; the more the amino acid is

directed toward the other helix, the better its burial.

Formally, we consider two parameters: the distance Di between amino

acid i and the axis of the other helix, and the angular orientation Ai of amino

acid i with respect to the axis of the other helix. We define the burial of an

amino acid as the intersection of these two criteria:

B
i ¼ SðDiÞ SðAiÞ; (4)

where S(Di) and S(Ai) are transformations of the distance and angular criteria

as defined in Eqs. 5 and 6 below.

The parameters used by Fleishman and Ben-Tal (2002) for the burial

function B were tailored specifically to TM-helix pairs with short interaxial

separations. In the more general case treated here, it was necessary to

reparameterize the function. By manually modulating these parameters with

regard to the structure of bacteriorhodopsin, we found the parameter values

t ¼ 60� and p ¼ 4 to be suitable for transformation of the angle Ai. For

transformation of the distance, we first subtract 4.3 Å from the value of Di

calculated for the distance between the amino acid and the axis of the other

helix. This value approximates the smallest possible distance between an

amino acid and another helix (the radius of an a-helix to its Ca atoms is

2.3 Å plus 2 Å for two exclusion radii), and approaches a value of 1 for S(Di)

if the amino acid is as close as possible to the axis of the other helix.

The parameter values chosen for transformation of the distance are t ¼ 10 Å

and p ¼ 6. Thus the two transformations for amino acid i are:

SðDiÞ ¼ 1

Di � 4:3

10

 !6

1 1

(5)

SðAiÞ ¼ 1

Ai

60

 !4

1 1

; (6)

where Ai and Di are expressed in degrees and Ångstroms, respectively.

Conformation search in TM proteins with
short loops

In those cases, where the TM helices are connected via short loops, e.g.,

rhodopsin, it is possible to sample the constrained conformation space

available to the a-helix bundle by using a modification of the method of

Monge et al. (1994), in which a-helices are treated as rigid bodies, and their

exclusion volumes and the lengths of the interconnecting loops are taken

into account. The software and low-resolution potential used were de-

veloped by Eyrich et al. (1999) (J. Gunn, private communication).

We began with the native-state structure, and systematically perturbed

the helix positions as follows. One helix was selected and moved around its

close-contact interfaces with other helices by shifting up and down, twisting,

and rotating; all of these changes were made by adding appropriate quadratic

bonus functions to the low-resolution potential and minimizing. The re-

sulting structures were then used as starting points for another round of

minimization of the low-resolution potential. In both cases, another bonus

function was added to the potential to help reward the TM orientations of the

helices. (Because in this software the conformational space is given in F-C

coordinates and no consistent embedding into Euclidean space is done by the

program, it was not possible to impose the membrane constraints in the

straightforward way.) This membrane function was based on the distances

between the termini of all of the helices besides the one designated to move.

It rewarded those intertermini distances (excluding those of the selected

perturbed helix) that remained within 4.5 Å of their original values. Thus

steric clashes resulting from the helix perturbations would tend to be

resolved inside the membrane, and conformations that did not respect the

TM orientations were penalized.

Several rounds of this procedure were completed using the best-scoring

structures as the initial structures to perturb. The resulting structures

were then screened for steric clashes and inappropriate TM orientations

using the energy functions, and finally clustered at 0.8 Å to produce our test

set.

RESULTS

Rhodopsin and the bacterial rhodopsins

We used rhodopsin as our main test case because it re-

presents the typical case for which the method is intended.

That is, it is a medium-size protein (7 TM segments), which

has been solved at intermediate in-plane resolution (9 Å)

(Unger et al., 1997), and shares sequence homology with a

large set of other G-protein-coupled receptors. Moreover,

its high-resolution structure (2.8 Å) (Palczewski et al., 2000)

allows us to test the prediction’s quality.

Baldwin et al. (1997) used the intermediate-resolution

cryo-EM maps of rhodopsin (Unger et al., 1997), as well as

conservation data, to manually infer a template structure,

which included the coordinates of Ca atoms. We did not use

their model structure of rhodopsin, but did employ the helix-

tilt angles and positions that they extracted from the cryo-EM

maps (Baldwin et al., 1997). The assignment of individual

TM segments to the helices seen in the cryo-EM maps was

also taken from Baldwin et al.’s analysis. In addition, we

used their data on the positions, directions, and extents of

kinks in the TM domain. In summary, the Ca positions of

each helix were generated according to the helix parameters

of canonical a-helices as observed in the intermediate-

resolution data (Unger et al., 1997).
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To test the singlewise function’s performance, each helix

was rotated in 5� increments around its principal axis (range:

0–360�), and its best-scoring orientation was selected.

Because the contribution to the singlewise score of each of

the helices is essentially independent of that of the others, we

superimposed the best-scoring orientations of each of the

seven helices to obtain an optimal template structure. The

root-mean-square deviation (RMSd) of this template from

the native-state structure of rhodopsin was 3.7 Å.

The search in orientation space is confined within a seven-

dimensional hypercube, where each degree of freedom sets

the orientation of one of the seven helices. To calculate the

distribution of RMSd values of conformations within this

hypercube to the native-state structure of rhodopsin, we

generated 2000 template conformations. In each of these

templates, every helix’s orientation was randomly selected

from a distribution with uniform probability in the range

0–360�. The RMSds of each of these templates from the

native-state structure of rhodopsin (Palczewski et al., 2000)

was then computed (Fig. 2). The optimal structure was found

within the lowest 3.5 percentiles of RMSd values, demon-

strating that even the relatively simple singlewise score

function is capable of retrieving a near-native structure from

a set of decoys (Table 1).

We also tested the singlewise score on the three

homologous bacterial rhodopsins, bacterio-, halo-, and

sensory rhodopsin II (PDB codes are 1c3w, 1e12, and 1jgj,

respectively). These three proteins share ;30% sequence

identity and their structures are quite similar (1–1.7 Å

RMSd; Fischer et al., 1992), but show some local structural

differences and no homology with rhodopsin. We extracted

the helix-axes parameters (tilt angles and positions) (Fleish-

man and Ben-Tal, 2002) from the proteins’ high-resolution

structures, and constructed canonical a-helices accordingly,

without modeling explicitly any deviations from helicity,

such as kinks and bulges. We then employed the singlewise

score and searched the conformation space (seven-dimen-

sional hypercube) exhaustively in the same manner as

explained above for rhodopsin. Table 1 summarizes the

results of the conformation searches. In all cases, as in

rhodopsin, the singlewise score detected templates that were

much closer to native than expected by chance.

Using the result of the exhaustive singlewise search as

a starting template structure of rhodopsin, we conducted

a conformation search employing the pairwise score function

that avoids steric clashes, and the Simplex optimization

method, which is a line-search algorithm for finding a local

optimum (Nelder and Mead, 1965). The RMSd of the

predicted structure from the native state (PDB code 1l9h)

was 3.1 Å, which is an improvement over the result obtained

by using the singlewise score function alone (3.7 Å). This

result is comparable with that obtained by Baldwin et al. (3.2

Å) (Baldwin et al., 1997). We tested whether subsequent use

of the two scores constitutes a viable search strategy on the

three homologous bacterial rhodopsin structures. However,

in these cases the pairwise score improved the RMSd of the

predicted conformations only marginally (data not shown).

The acetylcholine receptor

The nicotinic acetylcholine receptor (AchR) transfers the

electrical signal at the nerve-muscle synapse by the gating of

its TM pore (Hille, 2001). The channel is composed of five

homologous subunits (b, g, d, or e, and two a-subunits),

where each monomer consists of four TM domains (M1–

M4). The five M2 segments from each of the subunits line

the pore. The recently solved structure of the closed AchR at

4-Å resolution revealed an unexpected architecture, in which

the M2 helices appear to be embedded in water and

surrounded by an outer ring of the other TM helices

(Miyazawa et al., 2003), to which they form only a very

loose attachment. These loose contacts are thought to

facilitate the substantial changes in the orientations of the

M2 helices (Unwin, 1995).

We constructed a model of the AchR TM domain by

deriving the helix-tilt angles and positions (Fleishman and

Ben-Tal, 2002) from its native-state structure (PDB code

1oed). Canonical a-helices that fit the parameters of these

helix axes were then constructed. To predict the optimal

structure based on the pairwise score, we sampled 20,000

different combinations of orientations of the four helices

comprising a subunit. Fivefold symmetry across the AchR

subunits was enforced, and the best-scoring conformation

according to the pairwise score was selected. In contrast to the

cases of the rhodopsins, the relatively small number of helices

in each monomer of the AchR ensures that this number of

FIGURE 2 A histogram of RMSd values to the native-state structure of

2000 randomly generated templates of rhodopsin. The templates were

constructed according to the helical axes parameters obtained (Baldwin et al.,

1997) from the cryo-EM data of rhodopsin at 9 Å in-plane resolution (Unger

et al., 1997). The RMSd of the conformation with the best singlewise score

(3.7 Å from native) is marked by a dashed line, a value that is at the lowest

3.5 percentiles of the random conformations.

TM-Protein Structure Prediction 3453

Biophysical Journal 87(5) 3448–3459



orientations will adequately cover the conformation space.

This search yielded a structure that was 2.5 Å RMSd from the

native-state structure (Miyazawa et al., 2003) (Fig. 3 A).
In this predicted conformation (Fig. 3 A) the orientations

of helices M1 and M3 match the native state quite closely,

except for deviations from helical ideality in M3. Helix M4 is

largely exposed to the lipid (Fig. 3 B), a feature not typical of
other solved TM protein structures, which usually show

tighter interhelical interactions. Owing to this exposure,

there is a larger degree of uncertainty concerning the pre-

diction of this helix’s orientation, and indeed the optimal

orientation is skewed by ;100� relative to the native state.

The predicted orientation of M2 is offset to a slightly lesser

extent. The reason for the deviation of M2 from the native

state is that this helix is conserved quite homogeneously

throughout the segment (Fig. 3 B). The lack of a clear

conservation versus variability pattern precludes this helix’s

orientation with confidence.

Constraints imposed by short interconnecting
loops instead of by cryo-EM data

Many of the extramembrane loops that connect TM helices

are relatively short (,10 amino-acid residues) (Tusnady and

Simon, 1998). In principle, such short loops can impose

severe constraints on the conformation space that a pair of

helices is free to sample. Here, we were interested in testing

whether considering the constraints imposed by loop lengths

improves the prediction’s quality.

For conformation sampling, we adapted a technique that

was developed by Monge et al. (1994) for sampling the

conformations of secondary-structural elements in soluble

proteins. The method starts from the native-state structure of

the protein, and perturbs the secondary-structural elements’

positions and tilt angles while treating them as rigid bodies.

In contrast, the regions of the interconnecting loops that are

devoid of defined secondary structure are allowed to sample

conformations freely.

To construct a complete native-state structure, we added

the positions of the loop residues that are missing from the

PDB structure (1l9h). These missing loop residues were built

into our native state via minimization of our low-resolution

energy function of these loop residues, whereas the rest were

constrained to their positions as observed in the PDB

structure. The native state was then systematically perturbed,

and the resultant conformations were assessed with a low-

resolution energy function to penalize the formation of steric

clashes and covalent-bond strains. Nonphysical conforma-

tions were thus penalized (Monge et al., 1994). Hence, the

constraint on the helices’ positions and tilt angles is that the

lengths of the interconnecting loops are respected.

Another penalty was imposed on TM helices that assumed

a nontransmembrane orientation, i.e., for helices whose

termini were not located on opposite sides of the presumed

TABLE 1 Summary of the results of using the singlewise score function to calculate a near-native conformation of rhodopsin and

the three bacterial rhodopsins, bacterio-, halo- and sensory rhodopsin II

Protein

RMSd of randomly generated

conformations (6 SD) Å

RMSd of the highest-score

conformation from the

native-state structure (Å)

Percentile of highest-scoring

conformation

Bacteriorhodopsin 3.9 6 0.4 3.2 5.6

Halorhodopsin 3.3 6 0.4 2.5 4.2

Sensory rhodopsin II 3.5 6 0.4 1.8 0.01

Rhodopsin 4.5 6 0.4 3.7 3.5

The three bacterial proteins are related to one another in terms of sequences and structures, but show some local structural differences. Rhodopsin is different

in terms of architecture and sequence. Templates for the three bacterial rhodopsins were constructed on the basis of their high-resolution PDB structures.

Rhodopsin’s templates were constructed on the basis of helix-axes parameters (Baldwin et al., 1997) taken from its 9-Å in-plane resolution structure (Unger

et al., 1997). Percentiles were computed on the basis of a distribution of expected RMSd values for each protein (see Results). In all cases, the best-scoring

conformation is significantly closer to the native state than predicted by chance.

FIGURE 3 (A) A stereo view of the

TM domain of AchR (blue) super-

imposed on the predicted template

(red). Spheres mark the positions of

the cytoplasmic ends of the helices for

clarity. The RMSd between the native-

state and the calculated structures is

2.5 Å. Helices M1 and M3 were pre-

dicted quite accurately, but helices M2

and M4 were skewed by 90 and 100�,
respectively. (B) A view of the AchR

structure from the cytoplasmic side.

The residues are colored according to

the evolutionary-conservation scale shown in Fig. 1. M2 is homogeneously conserved explaining the inaccurate prediction. M4 is highly exposed to the

membrane. Hence, despite the clear conservation signal, there is a large degree of uncertainty in its orientation.
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membrane. Hence, the search method samples conformation

space that is available to the helix bundle, but penalizes non-

physical orientations. Structureswith high penaltieswere then

discarded to eliminate those that were clearly nonphysical.

Based on the high-resolution structure of rhodopsin (PDB

code 1l9h) as the template structure, we generated 108

modified templates, each differing from all the others by at

least 0.8 Å RMSd (Table 2). The structures were quite evenly

distributed in conformation space; sampled conformations

were up to 6.2 Å RMSd from rhodopsin’s native-state

structure.

Because the conformation-sampling method usually does

not generate conformations that form steric clashes (Monge

et al., 1994), we used the pairwise score without the terms

that penalize the formation of clashes. We note that in

ranking the resultant conformations, the score did not

incorporate any terms from the Monge et al. (1994)

conformational sampling technique. Strikingly, the native-

state structure of rhodopsin ranked second according to the

pairwise function (Table 2), demonstrating that short

interconnecting loops may indeed be used for identifying

near-native conformations, even without the constraints on

helix positions and tilts derived from cryo-EM data.

A more stringent criterion, testing the Pearson correlation

coefficient between the conformations’ scores and their

RMSds from the native-state structure, resulted in r¼ �0.78

(Fig. 4). This high anticorrelation demonstrates that the

pairwise score is capable not only of detecting the native-

state conformation, but also of discriminating near-native

and far-from-native conformations. We also analyzed the

performance of this combination of pairwise score and

search method on the structures of bacteriorhodopsin and

aquaporin-1 (PDB codes 1c3w and 1j4n, respectively). The

results are summarized in Table 2. Despite the sequence,

structural, and functional heterogeneity of the three proteins,

the results for all are encouraging.

Deviations from a-helicity have only a local
effect on the prediction’s quality

Many TM helices exhibit deviations from a-helicity, in-

cluding p-bulges and kinks. These deviations were shown to

have functional importance in some cases (Ubarretxena-

Belandia and Engelman, 2001). Kinks are sometimes

discernible in cryo-EM maps, e.g., in rhodopsin’s 9-Å map

(Unger et al., 1997). When observed, the kinks can be

incorporated into the conformational search methodology in

a straightforward manner, as we have done for rhodopsin

above. Recently, it was shown that the positions and

directions (though not the magnitudes) of the majority of

the kinks observed in high-resolution structures could also be

inferred from sequence data alone (Yohannan et al., 2004).

However, no computational method is yet available to

identify p-bulges.

Fig. 5 shows the consequences of modeling as a-helices

domains that contain p-bulges and bent regions in the case of

sensory rhodopsin II. As mentioned above, to generate the

calculated template (Fig. 5 B), the tilt angles and positions of
the helix axes were inferred from the high-resolution

structure (PDB code 1jgj), and canonical a-helices were

constructed. The singlewise score was then used to rank all

the possible orientations of each of the helices, and the best-

scoring conformation was selected (Fig. 5 B). Obviously, the
prediction’s accuracy in the region surrounding the devia-

tions from helicity is relatively low, but is quite high in other

regions of the same helices, and in other helices (RMSd of

the prediction from the native-state structure is 1.8 Å).

Hence, we conclude that the adverse effects of helical

deviations on the prediction quality are mostly local.

Uncertainties in the TM helix boundaries have a
negligible effect on the prediction’s accuracy

Even when helix positions and tilts are derived reliably from

cryo-EM measurements, different TM boundaries can be

fitted into the intermediate-resolution images. Qualitatively,

changes at the TM-domain termini are not expected to have

very large effects on the prediction’s quality according to the

scoring schemes suggested here, because the calculations are

based on the average properties of relatively long helical

stretches (5–6 helical turns).

To examine the implications of erroneous choices of the

boundaries, we changed the boundaries of the TM spans in

the construction of templates of rhodopsin and reevaluated

the prediction. Juxtamembrane regions are often spotted by

charged residues. Because the score functions penalize

TABLE 2 Summary of results using a modified version of the conformation-sampling method of Monge et al. (1994) in

conjunction with the pairwise score function

Protein

Number of structures

sampled

Maximal RMSd from

native of sampled

structures (Å)

RMSd of the

highest-score

conformation from the

native-state structure (Å)

Score rank of the native

structure

Correlation coefficient (r)

of RMSd values versus

pairwise scores

Rhodopsin 109 6.2 1.5 2 �0.78

Bacteriorhodopsin 96 4.0 1.9 30 �0.54

Aquaporin-1 26 3.7 0.9 6 �0.63

The three TM proteins that were tested are heterogeneous in terms of functions, structures, and sequences. The anticorrelations obtained in all three cases

demonstrate that the pairwise score is capable of ranking conformations according to their similarity to the native-state structure in a variety of cases.
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conformations that expose very polar residues to the lipid

environment, we tested only helix stretches that are shorter

than the TM-domain definitions. Thus, in each iteration,

every helix was shortened by variable amounts according to

a uniform-probability distribution (0�4 positions). We drew

200 such domain definitions, and used the singlewise score

to identify a near-native conformation for each of these

definitions according to the method outlined above.

The RMSd values of the highest-scoring conformations to

the native-state structure of rhodopsin for this sample were

very dense around 3.7 Å, which is the value obtained for the

original TM-boundary definition, with a standard deviation

of 0.1 Å. This result demonstrates that the score function is

indeed minimally sensitive to moderate changes in the

hydrophobic boundaries.

DISCUSSION

Structure determination of TM proteins at high resolution

remains an intricate task despite recent advances. On the

other hand, several TM proteins have been solved at in-

termediate resolution (5–10 Å). These data have mostly been

employed to gain a general understanding of the pro-

teins’ architectures, but the positions of individual amino-

acid residues could not be inferred (e.g., Holm et al., 2002;

Ubarretxena-Belandia et al., 2003)). Hence, it has been

impossible to gain a clear view of the molecular determinants

affecting protein stability and function from these data. Here,

we have explored how TM helices’ conservation profiles and

hydrophobicity can be used in conjunction with data on helix

tilts and positions for structure prediction.

We employed accurate measures of conservation (Pupko

et al., 2002) and hydrophobicity (Kessel and Ben-Tal, 2002)

in a fully automated method. Such measures have been used

previously to predict structures from cryo-EM maps (e.g.,

Baldwin et al., 1997), but these methods were mostly

manual, and often required an alignment of a large number

of homologous sequences. Here, we showed that even

a relatively small set of sequences (36 in the case of the

bacterial rhodopsins) may be sufficient to engender accurate

predictions thanks to the more sensitive measures of con-

servation that are currently available (Pupko et al., 2002).

Importantly, the fact that the methods are automatic

provides a more objective and reproducible way of modeling

TM domains. In particular, in many cryo-EM maps of TM

proteins, the connectivity between helices is not discernible,

leading to an ambiguity with regard to the assignment of

hydrophobic sequences to the helices seen in the map (e.g.,

Ubarretxena-Belandia et al., 2003). In principle, there may

be up to n! different assignments, where n is the number of

helices in the bundle. In practice, many of the assignments

may be eliminated at the outset if they imply the connection

of distant helices by short loops (Enosh et al., 2004). In some

cases, biochemical data may provide sufficient constraints

for assignment, e.g., regarding the positions of pore-lining

helices (Fleishman et al., 2004). Still, it may be that several

contending assignments would need to be carefully consid-

ered in view of experimental data (Enosh et al., 2004). The

methods we have suggested can be helpful in automatically

generating and comparing models for different assignments,

in which the combinatorial complexity would preclude

manual model building.

Thus, after parameterization using bacteriorhodopsin, we

tested and challenged this approach with a variety of different

TM-protein structures, including rhodopsin, bacterial rho-

dopsins, aquaporin 1, and the AchR. We have used several

different search methodologies for structure prediction, and

all produced relatively promising results. This is encouraging,

because it demonstrates that the score functions are robust, in

the sense that their outcomes are sound independently of the

search method used.

Our study has yielded a number of rules that must be met

for the protein under study, if this approach is to succeed.

First, the cryo-EM map must show that each helix is neither

overly buried in the protein core nor overly exposed to the

FIGURE 5 (A) A view from the extracellular side of the TM domain of

sensory rhodopsin II (PDB code 1jgj). The locations of a p-bulge and a kink

are marked with arrows. (B) The template of sensory rhodopsin II that was

assigned the highest singlewise score. Even though the calculated template

shown in panel B is based on canonical a-helices, the deviations from

a-helicity have a minor effect on the calculated conformation. PanelsA and B

are colored according to the evolutionary-conservation scale shown in Fig. 1.

FIGURE 4 A scatter plot showing the RMSd values from the native state

(PDB code 1l9h) versus the pairwise score for 109 different template

structures of rhodopsin. The two measures are anticorrelated (r ¼ �0.78).

The solid line marks the linear regression of the data points. The arrow

marks the point of the native state structure.
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membrane (or the pore lumen in the case of large channels).

Accordingly, it is due to the uncharacteristic exposure of the

M4 helix in AchR that its calculated orientation is far from

the native state (Fig. 5). Second, the conservation profile of

each helix must be sufficiently variable. Helices that are

highly conserved throughout (such as M2 of AchR) do not

contain a clear enough signal to reveal their orientations. A

threshold of sequence variability necessary for accurate pre-

dictions is difficult to set a-priori. However, a rule of thumb

is that the TM domain should show a helical pattern of

variability versus conservation, as seen in most of the cases

studied here (e.g., Fig. 4).

Reassuringly, our results on AchR demonstrate, that even

in those cases in which a number of helices in the structure

cannot be oriented reliably (M2 and M4), the others can still

be accurately retrieved (M1 and M3). In the setting of a

structure-prediction exercise, it would be possible to deter-

mine which helices cannot be oriented reliably on the basis

of their conservation profiles and their exposures to the mem-

brane according to intermediate-resolution data.

Our results show that in other cases, the score functions

can identify near-native conformations (Figs. 2 and 4; Tables

1 and 2). The fact that the parameterization, which was

conducted to reproduce the native structure of bacteriorho-

dopsin, also retrieved quite closely the native structures of

two homologous proteins (sensory rhodopsin II and

halorhodopsin) and three very different TM proteins

(rhodopsin, aquaporin-1, and AchR) is an indication of the

method’s predictive ability. The results show that this scor-

ing scheme, though simple, is capable of reliably ranking

decoy structures according to their RMSds from the native

state (Table 2, Figs. 2–4).

The main focus of this study has been the development of

score functions for structure prediction in conjunction with

intermediate-resolution cryo-EM maps. However, the results

using a conformational search method that takes into account

interconnecting loop lengths (Monge et al., 1994) have been

encouraging for proteins with small extra-membrane do-

mains. Further research should be devoted to the possibility

of predicting the structures of TM domains with short loops

even without the constraints imposed by cryo-EM data on

helix positions and tilt angles. Furthermore, the results based

on rhodopsin’s intermediate-resolution structure (Table 2)

indicate that a limited exploration of the conformational

space defined by the helix positions, tilt, and azimuthal

angles may improve structure prediction in cases, in which

these parameters cannot be approximated with high confi-

dence from the cryo-EM data. The inclusion of atomistic

detail may improve these results further by capturing

the subtleties of helix-packing interactions.

It was demonstrated that short sequence motifs could drive

the dimerization of TM domains (Lemmon et al., 1992;

Javadpour et al., 1999; Russ and Engelman, 1999, 2000;

Dawson et al., 2002). For instance, the GxxxG motif, in

which two Gly residues are separated by three other residues

was shown to induce the close association of two TM helices

(MacKenzie et al., 1997). It was also shown that Ala and

small polar residues (Ser and Thr) could replace the Gly

residues in the motif and induce contact formation (Dawson

et al., 2002). We previously used such sequence rules for

predicting likely conformations of pairs of TM helices

(Fleishman and Ben-Tal, 2002; Fleishman et al., 2002).

Here, we did not explicitly utilize information regarding

amino-acid packing propensities, because the importance of

these residues for packing is reflected in their evolutionary

conservation (Sternberg and Gullick, 1989).

We note that the results presented here show that the

methods are quite robust in terms of sensitivity to structural

or sequence differences. Changes in TM boundaries, for

example, did not have a significant effect on the predicted

templates of rhodopsin. Some recently solved TM protein

structures show helices that are not straight (e.g., Jiang et al.,

2002; Miyazawa et al., 2003). In the case of the AchR we

used canonical a-helices, even though there are some

marked deviations from a-helicity in M2 and M3, yet the

predictions did not suffer to any great extent due to these

deviations (Fig. 3). Nor have p-bulges and kinks affected the

prediction’s quality extensively (Fig. 5). Furthermore,

although retinal was not modeled in the rhodopsins, the

helices’ orientations in all cases were reproduced quite

accurately. Indeed, explicitly modeling these deviations from

a-helicity and the addition of prosthetic groups should

improve prediction accuracy. However, from the cases we

have examined, we conclude that the strong conservation

signal in many TM proteins (exemplified in Fig. 1) ensures

that various structural deformations, that might not be

accounted for in the cryo-EM data, have mostly a local effect

on the accuracy of the prediction, and that this effect is much

diminished in unaffected helices.
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A novel sequence-analysis technique for detecting correlated amino acid
positions in intermediate-size protein families (50–100 sequences) was
developed, and applied to study voltage-dependent gating of potassium
channels. Most contemporary methods for detecting amino acid corre-
lations within proteins use very large sets of data, typically comprising
hundreds or thousands of evolutionarily related sequences, to overcome
the relatively low signal-to-noise ratio in the analysis of co-variations
between pairs of amino acid positions. Such methods are impractical for
voltage-gated potassium (Kv) channels and for many other protein
families that have not yet been sequenced to that extent. Here, we used a
phylogenetic reconstruction of paralogous Kv channels to follow the
evolutionary history of every pair of amino acid positions within this
family, thus increasing detection accuracy of correlated amino acids
relative to contemporary methods. In addition, we used a bootstrapping
procedure to eliminate correlations that were statistically insignificant.
These and other measures allowed us to increase the method’s sensitivity,
and opened the way to reliable identification of correlated positions even
in intermediate-size protein families. Principal-component analysis
applied to the set of correlated amino acid positions in Kv channels
detected a network of inter-correlated residues, a large fraction of which
were identified as gating-sensitive upon mutation. Mapping the network
of correlated residues onto the 3D structure of the Kv channel from
Aeropyrum pernix disclosed correlations between residues in the voltage-
sensor paddle and the pore region, including regions that are involved in
the gating transition. We discuss these findings with respect to the
evolutionary constraints acting on the channel’s various domains. The
software is available on our website http://ashtoret.tau.ac.il/~sarel/
CorrMut.html

q 2004 Elsevier Ltd. All rights reserved.
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Introduction

Many potassium channels are gated in response
to changes in transmembrane voltage.1 – 3 This
form of gating underlies the production of action
potentials: electrical impulses that run across the
cell membrane, allowing neurons, for example, to
transmit signals over their lengths.4 Voltage-gated
potassium (Kv) channels are tetramers,5 where

each monomer consists of six hydrophobic
stretches (S1–S6).6,7 The S1–S4 region comprises a
voltage-sensing domain, in which the S4 segment
is thought to be the voltage-sensor element,8,9

whereas the S5–S6 regions from the four channel
subunits form a central pore. This pore domain
contains, in addition to the outer (S5) and inner
(S6) helices, the pore helix, and the selectivity filter,
which are responsible for the channel’s high pot-
assium selectivity and throughput10 (Figure 1(a)).

Comparison of the three-dimensional pore struc-
tures of Kþ channels in the closed10 and open11

states revealed significant structural rearrangement
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at the pore upon opening. The opening transition
involves a large kink in the inner helix around a
highly conserved Gly residue, which serves as a
gating hinge. This bending allows the movement

of the inner helices that leads to the disassembly
of the activation gate (Figure 1b).11 These confor-
mational changes are mostly restricted to the intra-
cellular portion of the channel (Figure 1a). The

Figure 1. Stereo images of a monomer of the voltage-dependent potassium channel from Aeropyrum pernix (KvAP).13

a, The trace model is color-coded according to evolutionary conservation,61 with burgundy through turquoise, indicat-
ing conserved through variable residues (see color bar). Potassium ions are shown as orange spheres. The selectivity
filter, S4 and parts of the inner helix are highly conserved, whereas the outer helix and S3b are more variable. The
arrow indicates the direction of motion of the voltage sensor during the opening transition from a membrane-exposed
to an extracellular-exposed orientation according to MacKinnon and co-workers’ model.14 b, The S3b–S4 segment is
colored red, the outer helix green, and the inner helix blue. The position of the Gly220 gating hinge11 is marked with
a green sphere. A cluster of highly inter-correlated positions is indicated by magenta stick models. The cluster includes
the following residues, where the pairwise alignment of the positions with the sequence of the Shaker channel13 is indi-
cated in parentheses: Ile18 (Tyr219) and Asp20 (Glu221) on S1; Leu103 (Thr326), His109 (Ala332) and Ala111 (Glu334)
on S3b; Met158 (Ile405), Val161 (Val408) on the outer helix; Ala186 (Ala432) on the pore helix; Pro207 (Val453), Ala223
(Thr469), Leu224 (Ile470), Lys237 (Tyr483), Val240 (His486) and Glu242 (Glu488) on the inner helix. Glu242 (not
shown) is missing from the KvAP structure. Table 1 lists some of the correlations connecting this cluster. The Figure
was generated using MOLSCRIPT62 and rendered with Raster3D.63
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region spanning the highly conserved selectivity
filter remains, for the most part, rigid during
gating.11,12

Studies by MacKinnon and co-workers of the
voltage-dependent potassium channel from
Aeropyrum pernix (KvAP) revealed several
unexpected findings.13,14 In contrast to earlier
models that identified S4 as the major voltage-
sensing element, they found that the S3 segment
contains two helices (S3a and S3b), where the S3b
helix and the N-terminal portion of the S4 helix
form a tight helix hairpin, which they termed the
voltage-sensor paddle.13 Secondly, their results
indicated that the paddle moves approximately
20 Å across much of the membrane span in
response to the changes in transmembrane
voltage14 (Figure 1a). On the basis of these findings,
MacKinnon and co-workers proposed that channel
opening occurs via coupling of the voltage-sensor
paddle’s movement to that of the outer helix.14

According to this proposition (Figure 1a), this
movement, in turn, induces conformational
changes in the inner helix11 that open the energeti-
cally more stable closed structure.15

During the gating transition, at least three
charged arginine residues per subunit in the
tetramer cross the membrane16 – 18 (Figure 1a).
Contrary to previous models of activation (sum-
marized by Bezanilla,19) the KvAP model argues
that these charges move mostly in an unshielded
manner through the hydrophobic membrane
environment.7,14 This conclusion14 is astonishing
from a thermodynamic point of view because of
the prohibitive cost in desolvation free energy20

associated with the transfer from water to lipid of
at least a dozen charged arginine residues per
channel.14

Following MacKinnon and co-workers’ new
view of voltage dependence, several studies have
been devoted to test its validity.21 – 23 The model
has been criticized24 for its reliance on a structure
that may not be physiologically relevant owing to
possible artefacts originating from co-crystalliza-
tion with Fab fragments that may have distorted
its conformation.13,23 Studies on the Shaker homo-
logue of KvAP provided evidence that residues
within S4 are in close proximity to residues at the
extracellular part of the outer helix, in apparent
contradiction to the KvAP model.21,25 In addition,
it was shown that S3b does not move significantly
in response to changes in the transmembrane
voltage,24 and based on accessibility studies using
the homologous Kv2.1, it was suggested22 that

the motion of the voltage sensor is not as large as
that implied by MacKinnon and co-workers.14 On
the basis of these results, an alternative model of
the gating transition has been proposed24 that is
coherent with the previous view, in which
the voltage sensor, which is comprised solely of
S4, is encapsulated within a proteinaceous
environment. This model further argues that
the channel’s conformational changes upon
gating are of smaller magnitude, when compared
to that suggested on the basis of experiments on
KvAP.14

Nevertheless, relatively large conformational
changes are anticipated in both gating models.14,24

Such large changes make it exceedingly difficult to
plan and interpret mutation and accessibility
studies aimed at uncovering conformational
substates.14,21,22,24,26 For instance, it is difficult to
control whether the modifications introduced in
these studies trap the molecule in physiologically
relevant states. The fact that some of these recent
studies were performed on the Shaker homologue
of KvAP,21,22,24,25 which contains a long segment
between S3 and S4 that is missing in the KvAP
structure13 (Figure 2), adds another layer of
complexity.

Here, we study the inter-domain relationships in
Kv channels from an evolutionary perspective. We
found a network of inter-correlated amino acid
positions, which cluster in functionally important
regions when mapped on the KvAP structure.
Specifically we show that residues on S3b, which
forms part of the voltage sensor according to the
KvAP structure13,14 (Figure 1), but not according to
alternative models,24 are coupled to pore residues
distributed in the vicinity of the activation gate
and the gating-hinge position. These regions
experience major structural rearrangements upon
pore opening.11,15

Phylogeny-based Detection of
Correlations

In silico analysis of correlated mutations has been
used to identify positions that are implicated in
contact formation or allosteric regulation and con-
formational changes in large protein families.27 – 33

The underlying assumption in these studies was
that functional or structural associations between
a pair of positions force a coherent change in their
amino acid identities during evolution. In other
words, substitution of one position would induce

Figure 2. A multiple-sequence
alignment showing the S3b–S4 seg-
ment of a few divergent sequences
of Kv channels. Residues that were
identified as part of the cluster of
inter-correlated positions are
shaded. The S4 segment is

relatively conserved, whereas S3b, which contains the three correlated positions, is highly variable. The two helices
are connected by a linker of variable length.
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the other to undergo a compensatory change in
order to maintain the structural or functional
relationships between the two positions.

Detection of co-variation in amino acid positions
within proteins, when combined with experi-
mental data, may indicate what differences are
necessary for modifying function. For instance, all
isoforms of Kv channels are known to have the
same ion selectivity and permeation characteristics,
yet they show differences in terms of voltage sensi-
tivity and closing and opening kinetics. Such
changes might be reflected in variations in the
amino acid sequences of the family. Since multiple
positions are involved in determining these traits,
such sequence variations should occur con-
comitantly in the relevant locations.

A key problem in identifying correlations in
amino acid positions along multiply aligned
sequences of a protein family is the difficulty in
distinguishing co-variation (signal) from noise.
Therefore, contemporary methods for identifying
correlations often rely on very large multiple-
sequence alignments of homologous proteins
(typically hundreds or thousands of sequences) in
order to obtain good signal-to-noise ratios.30 – 32 In
the case of the Kv channel family, however, only a
few tens of protein sequences have been
discovered. Such paucity of homologous protein
sequences is typical for many protein families.
Nevertheless, a collection of sequences that is suffi-
ciently heterogeneous in terms of functions and
sequences can be constructed by the inclusion of
various Kv paralogues (see Materials and
Methods). We present a novel method for detecting
co-varying amino acid positions that is applicable
for the analysis of intermediate-size protein
families (50–100 sequences) that are sufficiently
heterogeneous. The method is similar to that of
Shindyalov et al.28 in that it is based on phylo-
genetic reconstruction rather than on multiple-
sequence alignment alone.

Generally speaking, by tracing the evolutionary
pathway for every pair of amino acid positions
within the protein, it is possible to substantially
increase detection accuracy. As a first step in the
analysis, we reconstruct the evolutionary history
of the protein family by inferring the sequences of
hypothetical (now-extinct) ancestral proteins of
the family.34 The phylogenetic tree (Figure 3)
together with the set of reconstructed and con-
temporary sequences specify the evolutionary
pathway that has generated the protein family as
we observe it today, where each branch connects
evolutionarily close sequences. By following the
reconstructed pathway, we trace the changes that
occurred at each evolutionary step for every
position, thus reducing the errors that arise when
comparing sequences that are phylogenetically
distant.

Many contemporary methods for detecting
correlations employ a simplistic amino acid substi-
tution scheme, whereby all changes are treated
equally.28 – 30,32 Since we consider the changes that

occurred at each position in subsequent evolution-
ary steps, we can employ a substitution matrix
that reflects the subtleties of amino acid replace-
ments in proteins more realistically, e.g. a Val for
Ile change would be considered of smaller magni-
tude than a Gly for Trp substitution. That is, in
each evolutionary step, represented by a branch
on the phylogenetic tree, the changes in amino
acid identities are measured. The correlations
between changes in different positions of the align-
ment can then be calculated in a straightforward
manner. We note that the method does not con-
sider back mutations or multiple mutations in a
single branch.

Here, we used the Miyata matrix,35 which
provides a measure for the physicochemical
differences between amino acids. The advantages
of using a phylogenetic tree are hence twofold:
first, only changes that occurred at the same
evolutionary interval are compared; and second,
we may discriminate between small and large
amino acid substitutions. Thus, the method not
only detects the positions that change concurrently,
but also identifies those that undergo changes of
similar magnitude during evolution. We note that
the Miyata35 substitution matrix may be replaced
by other substitution schemes, such as the Dayhoff
matrix that was derived from the observed substi-
tution frequencies in homologous proteins.36

The difficulty in detecting correlations in inter-
mediate-size protein families is compounded by
the uneven sampling or bias of homologues in
sequence space. In many cases there is an over-
representation of particular families of sequences,
while others are under-represented. Thus, high
correlations might simply be the result of a lack of
variability in the given collection of sequences. To
decrease bias in the set of sequences, we manually
removed those that shared high homology in the
S1–S6 segments with others.

The phylogenetic tree of the Kv family demon-
strates that in the current selection of sequences,
bias resulting from lack of variability is rather low
(Figure 3). The majority of the sequences are from
mammals; however, by including many para-
logous sequences we were able to gain sequence
variability. Following the computation of the
phylogenetic tree and the reconstruction of ances-
tral sequences,34 we eliminated from the alignment
all positions showing relatively low entropy or
information content,37 which is a measure of the
heterogeneity of amino acid identities in a given
position of the alignment. This step is applied to
avoid the detection of pairs of positions that
changed a small number of times in the family’s
evolutionary history. We also eliminated positions
exhibiting at least one gap in the multiple-sequence
alignment because of the unreliability of ancestral-
sequence reconstruction at such sites.34

To further reduce the possibility of errors due to
bias, we derived confidence intervals for the corre-
lation coefficients using bootstrap sampling.38

Briefly, bootstrapping randomly generated samples
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Figure 3. The phylogenetic tree used in this study, displaying at the terminal nodes one-letter codes for residues
aligned with positions Leu103 (left) and Ala111 (right) on the KvAP sequence. The two correlated positions are located
on the S3b helix, which forms part of the voltage sensor according to the KvAP structures11 (Figure 1). The
phylogenetic tree was computed50 on the basis of the multiple-sequence alignment of 50 voltage-gated potassium
channel sequences, and was used throughout the analysis (see Materials and Methods).
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of phylogenetic branches. On each sample, the cor-
relation coefficients of the changes occurring in each
pair of positions were computed. Thus, we obtained
a set of correlation coefficients for each pair of pos-
itions, on which we computed the average value as
well as the confidence interval. We then eliminated
correlations that were statistically insignificant. By
applying the bootstrapping procedure on our data
set we also rejected those correlations that were
highly dependent on a particular subset of phylo-
genetic branches, thus reducing the possibility that
the evolutionary pattern in certain parts of the tree
would have a dominant effect.

We detected a large set of correlated positions,
which we then subjected to principal-components
analysis39 in order to identify amino acid networks,
in which all residues are highly inter-correlated.
This filtering step also provided a means for
reducing the effects of spurious correlations.

Results

A network of inter-correlated residues
mediates channel opening

Overall, 158 correlations between pairs of amino
acids were identified that met the requirements of
high mean Pearson correlation coefficients
ðr . 0:5Þ, and for which the lower confidence
boundary, measured by bootstrapping, was judged
to be statistically significant ðrlow . 0:15Þ. The list
of correlations shows the amino acid positions to
be heterogeneous, with some positions being
linked to many, and others to just a few. To identify
networks of highly inter-correlated positions
within this list, we used principal-components
analysis.39 Several distinct sets of highly inter-
correlated positions were identified. Figure 1b
shows a mapping of one such set that was identi-
fied as the most significant cluster of correlated
positions, on the KvAP structure. This cluster of
14 positions is linked by 50 significant correlations
according to the above criteria; some of the pos-
itions, which were identified in this cluster, were
associated with all of the others. Representative
correlations are listed in Table 1. It may be seen
that most of the inter-correlated residues are in the
pore domain. However, several others were
identified in the voltage-sensing paddle.

Ten out of 14 positions in the cluster of highly
inter-correlated positions were previously tested
in scanning-mutagenesis studies for their effects
on voltage-dependent gating of the Shaker homo-
logue of KvAP. Tryptophan-scanning mutagenesis
showed that mutations of Shaker positions aligned
with Leu103 and His109 on the S3b helix,40 and
Met158, Val161, Ala223 and Leu224 of the pore
region41 caused high-impact changes in gating
transitions (Figure 1b). For these mutants, the
voltage-activation relations were dramatically
different compared to that of the wild-type channel
(effects on the stability of the closed versus the open

states). An alanine scan showed that Lys237 is
another gating-sensitive residue, but mutations of
three positions, including Ala186, Pro207 and
Val240, that are part of the cluster on the inner
helix did not alter the gating equilibrium.15 Thus,
seven out of the ten positions tested experimentally
have large effects on channel-gating transitions,
implying that this network of correlated amino
acids may have a functional role in the voltage-
induced conformational changes that lead to
channel opening.

From a structural point of view, if indeed the
cluster of inter-correlated residues comprises
mostly gating-sensitive positions, we would expect
these residues to occupy pore regions that are
involved in the conformational changes during
channel gating. The inter-correlated residues dis-
tributed at the intracellular end of the inner helix
lie roughly two helical turns below the channel’s
activation gate, which opens to grant potassium
ions entry into the channel during the gating
transition42,43 (Table 1; Figure 1b). The gate itself,
which consists of a relatively conserved Pro-X-Pro
sequence motif (Shaker positions 473–475), likely

Table 1. A list of representative pairs of correlated
positions involving the S3b and S4 segment,13 activation
gate (C terminus of the inner helix43) and the gating-
hinge region11 (surrounding Gly220, shown as a green
sphere in Figure 1b)

S3b-S4 inter-correlations
Leu103 His109 0.53 (0.27, 0.74)
Leu103 Ala111 0.59 (0.34, 0.77)
Glu108 Gly114 0.50 (0.17, 0.74)
Leu113 Leu118 0.58 (0.23, 0.87)

S3b-outer helix
Leu103 Val161 0.50 (0.24, 0.75)
His109 Val161 0.55 (0.20, 0.77)
Leu110 Ala140 0.58 (0.15, 0.83)
Leu110 Asp143 0.51 (0.19, 0.73)
Ala111 Val161 0.66 (0.34, 0.86)

S3b-gate
Leu103 Glu242 0.69 (0.46, 0.84)
His109 Val240 0.57 (0.28, 0.79)
Ala111 Val240 0.56 (0.22, 0.83)
Ala111 Glu242 0.71 (0.42, 0.90)

Gate-gating hinge region
Met158 Lys237 0.66 (0.31, 0.91)
Val161 Val240 0.58 (0.19, 0.83)
Ala186 Val240 0.53 (0.20, 0.79)
Ala223 Lys237 0.64 (0.35, 0.91)
Ala223 Val240 0.55 (0.18, 0.81)

Inter-correlations in the gating hinge region
Met158 Ala223 0.59 (0.27, 0.90)
Met158 Leu224 0.71 (0.36, 0.91)
Val161 Ala223 0.58 (0.16, 0.89)
Val161 Leu224 0.79 (0.51, 0.91)
Ala186 Leu224 0.74 (0.49, 0.94)
Pro207 Ala223 0.56 (0.30, 0.80)
Pro207 Leu224 0.55 (0.26, 0.73)

The trimmed means in the 95% confidence interval of corre-
lations (r), which were calculated from 400 bootstrapping
samples, are indicated and the 95% confidence interval is par-
enthesized (see Materials and Methods).
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forms a bend and adds flexibility to the intra-
cellular part of the S6 segment, which is important
for the opening transition.44 The five positions in
the extracellular region are all within 10 Å of a
mostly conserved glycine (Gly220 in KvAP (green
sphere in Figure 1b)).10,13 This position serves as
the gating hinge during pore opening, where a
bend occurs in the inner helix.11 This co-variance
can be rationalized by assuming that substitutions
in one region of the pore domain can be compen-
sated for by mutations in the other. An alternative
interpretation is that in order to modify existing
function or to gain a new one, both regions have
changed in evolution concomitantly. Since the set
of sequences used in the current study consisted
of many different paralogous sequences (Figure 3),
where each may have slightly different character-
istics of voltage sensing and gating kinetics, it is
tempting to adopt the latter explanation.

The distribution pattern of inter-correlated
residues on the pore domain, determined by the
correlated-mutations analysis is in very good
agreement with an energetics analysis of pore
opening performed for the Shaker Kv channel.15 In
that study as well, gating-sensitive positions at the
pore were found to cluster at the activation gate of
the channel and at the region just extracellular to
the glycine gating-hinge residue. The particular
pairs that were identified in that study15 were not
highlighted in our analysis because of the fact that
residues at some of the positions that were
analyzed experimentally are highly conserved.

From a structural perspective, it appears
unexpected that many of the positions identified
in this cluster are distant in 3D space, and yet are
inter-correlated. However, this result is in line
with experimental data on the Shaker channel pore
that demonstrated, by using double-mutant cycle
analysis,15 that gating-sensitive positions at the
pore are energetically coupled to each other even
at distances as large as 15 Å.10,15 Such long-range
energetic couplings betweens residue pairs are
indicative of large tertiary or quaternary confor-
mational changes45 as was indeed verified upon
comparison of the closed (KcsA10) and open
(MthK11) pore channel structures.

The amino acid correlations detected here and
their distribution pattern on the pore imply that
during the evolutionary process, the activation
gate and the gating hinge regions of the channel
have accumulated substitutions in order to assume
slightly different gating characteristics. Since the
correlated positions occur mostly in regions that
mediate inter-helical contacts, where extensive
packing interactions occur, their substitution from
one channel to another may increase or decrease
the thermodynamic stability of the closed versus
the open states of the channel. Such changes in the
packing interfaces of regions that experience con-
formational changes during gating are expected to
alter the gating kinetics.

Another interesting result in our analysis is the
finding that several of the highly correlated

residues occupy positions on the S3b helix, and
co-vary with the pore domain residues that affect
channel gating (Figure 1b; Table 1). This co-vari-
ation implies that S3b affects the opening tran-
sition, along with the activation gate and gating
hinge regions. An important role for S3b in affect-
ing the gating transition makes sense in the light
of the KvAP structure, which shows that the
helices S3b and S4 form one structural unit (a
“paddle”).13 Moreover, electrophysiological assays
demonstrated that the two helices move together
between membrane and extracellular exposures in
response to transmembrane voltage changes.14 This
result is also in agreement with alanine and trypto-
phan-scanning mutagenesis analyses, which showed
that some positions on S3b are gating-sensitive.40,46

On the other hand, a recent accessibility study
showed that the Shaker channel’s S3b segment is
externally exposed in both open and closed channel
states, thereby contradicting the notion that S3b and
S4 move as one structural unit.24

Other residues in this cluster of correlated pos-
itions are less readily explained within the context
of a network of positions that are involved in the
gating transition. One of these positions is Pro207
at the N-terminal end of the inner helix. Mutation
of the Shaker position that is aligned with Pro207
to either alanine15 or tryptophan41 did not alter
channel gating significantly, thus making it
unlikely that this position is involved in the gating
transition. Two other positions in the cluster, Ile18
and Asp20, which are located N-terminal to S1,
have not been tested experimentally. Indeed, it is
difficult to imagine a role for these residues in
gating according to the KvAP structure (Figure 1),
but it is very likely that the structure does not
represent the physiological position of S1, whose
N-terminal part is intracellular.13,47,48 It would be
interesting to experimentally test whether and
how this segment is coupled to the opening
transition.

Sensitivity of the analysis to the phylogenetic
inference method and to the amino acid
substitution matrix

Using neighbor-joining

To gauge the results’ sensitivity to the particular
phylogenetic inference methods used here, we
also computed the phylogenetic tree using the
neighbor-joining algorithm.49 This method, when
compared to the maximum-likelihood program
Tree-Puzzle50 is computationally less intensive, but
is less robust, in particular when analyzing a very
divergent sequence set. Aside from this step, all
others used to compute correlations and to derive
the cluster of highly inter-correlated positions
were the same as elaborated in Materials and
Methods.

The list of pairs of positions showing high
(r $ 0.5) and significant ðrlow $ 0:15Þ correlations
detected using the neighbor-joining tree was
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approximately half the one obtained by using the
phylogenetic tree of maximum-likelihood. The fact
that a smaller number of correlations were found
to be statistically significant indicates that the
analysis based on the neighbor-joining tree was
noisier than that of the maximum-likelihood tree.
Based on the neighbor-joining tree, the most sig-
nificant network of correlated positions included
the six amino acid residues on the voltage sensor
and the activation-gate region that were detected
also using the tree of maximum-likelihood. How-
ever, the cluster of five positions surrounding the
gating-hinge Gly220 was missing. This result
indicates that while an analysis based on a
neighbor-joining tree retrieves some of the most
significant correlations, the results based on the
maximum-likelihood tree are more sensitive, as is
indeed expected.

The amino acid replacement matrix

Many existing approaches for the detection of
correlated positions within protein families treat
all amino acid substitutions in the same way, i.e.
without differentiating among small and large
changes.28 – 30,32 In contrast to these methods, we
have employed the Miyata substitution matrix,35

which assigns small values to physicochemically
moderate substitutions such as Val for Ile, and
large values to drastic substitutions such as Gly
for Trp. To test whether the use of the Miyata
matrix increases the method’s sensitivity, we
replaced the Miyata matrix with a binary substi-
tution matrix, in which every change in amino
acid identity is given a value of 1, whereas no
change is assigned a value of 0. Based on the
phylogenetic tree and ancestral-sequence recon-
struction of maximum likelihood, we computed
the correlations among amino acids using this
binary matrix.

The list of high (r $ 0.5) and significant
(rlow $ 0.15) correlations was larger by more than
60% in the case of the binary matrix than when
using the Miyata matrix.35 Many of the pairs of
positions showed very similar correlation coeffi-
cients and smaller confidence intervals, reflecting
the lower discriminating strength of the binary
substitution matrix. Importantly, whereas in the
case of the Miyata matrix more than 50% of the cor-
relations were deemed statistically insignificant
using the bootstrap criterion rlow $ 0:15, none of
the correlations using the binary matrix was
rejected on this basis. We conclude that, at least in
cases in which relatively small sets of sequences
are analyzed, a physicochemical substitution
matrix is preferable.

Discussion

Recently, an alternative model for channel gating
was suggested for voltage-dependent potassium
channels based on biochemical, electrophysiologi-

cal, and structural studies.13,14 In addition, it has
been shown that the pore opening transition
involves coupled interactions in different regions
of the pore domain.15,51 In view of the alternative
models of channel opening, we set out to investi-
gate whether residues outside the pore are also
coupled to regions that are important for the gating
transition. We did so by examining inter-domain
relationships from an evolutionary perspective.

We developed a novel method that identifies
evolutionarily co-varying amino acid positions in
intermediate-size protein families, and applied it
to study voltage-dependent potassium channels.
One of the method’s strengths is its use of phylo-
genetic inference, allowing the algorithm to trace
the evolutionary pathway for every pair of
positions in the protein family. Various measures
have been employed to limit the effects of bias in
sequence space and of errors in ancestral-sequence
reconstruction.

Despite the method’s enhanced sensitivity, it
cannot be used reliably to detect correlations
within a family represented by a very small
sequence set. The actual boundary, below which
the method’s dependability is too low, cannot be
determined a priori as it is contingent on a variety
of factors. However, a critical element to a reliable
analysis is that the collection of homologues spans
as much as possible of the function and sequence
space of the protein family. This may be achieved
by the inclusion of a variety of paralogues. The
family of Kv channels comprises many paralogues
(see Materials and Methods), providing the necess-
ary functional and sequence variability.

The Kv channel family provided this study with
a wealth of experimental data for validation and
for advancing hypotheses that may not be avail-
able in families that are less well characterized. To
interpret an analysis of correlations in such cases,
it is possible to employ the standards used in the
study of double-mutant cycles, where a coupling
between positions that are proximal is deemed a
consequence of physical contact, whereas the
coupling of distant positions is a result of allostery
(e.g. Yifrach & Mackinnon15).

Of the cluster of highly inter-correlated positions
detected here, a large fraction (seven of ten) were
also identified in mutagenesis studies as being
gating-sensitive,15,40,41 providing support for the
method’s capabilities in identifying functionally
related positions. For comparison, Miller and
co-workers found roughly 50% of the positions in
the S1, S2, and S3 segments to be sensitive to sub-
stitution by tryptophan.40,52 The fraction of highly
inter-correlated positions that were found to be
gating-sensitive should be considered an under-
statement, since two out of the three positions that
were presumably identified erroneously as corre-
lated were only tested using an alanine scan,
which is relatively stringent.15 Notably, as has
been observed before, gating-sensitive positions
do not necessarily map to evolutionarily conserved
regions of the protein, e.g. the S3b segment40
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(Figure 1b). It has therefore been difficult to
identify such positions without the use of large-
scale scanning mutagenesis experiments. Thus, an
analysis of evolutionarily correlated mutations
may provide a means to focus experimental efforts.

Analysis of double-mutant cycles provides a
direct means to test the functional implications of
evolutionarily detected couplings between
positions.32,53 Our results agree well with experi-
mental findings on gating of Kv channels that
show that the regions encompassing the glycine
gating hinge on the inner helix and the activation
gate in the intracellular part of the channel are
energetically coupled in the context of the gating
transition.15 The correlations indicate that the
energetic coupling between positions in the
pore domain is also reflected by the positions’
co-variation in the Kv family’s evolution.

The correlations that we have identified extend
this coupling, and include the S3b segment as well
(Table 1, Figure 1b). The results imply that these
three functional elements of the channel are
evolutionarily coupled, suggesting that substi-
tutions in S3b would have an effect on channel
gating. It is interesting to note that the three
positions identified on S3b are all evolutionarily
variable (Figure 1). In fact, the segment’s hyper-
variability contrasts with the relatively high con-
servation of S4. Moreover, the two segments are
connected via a linker of variable length in
different paralogues (Figure 2).

It has been suggested that the low conservation
of the S3b helix implies lack of a functional con-
straint and is, therefore, an indication that its
structural association with S4 is not universal.23,24

Our analysis suggests that the functional constraint
is manifested in this case through the pattern of
substitutions of pairs of positions (Table 1), i.e.
through the inter-correlated amino acids detected.
This argument is strengthened by the observation
that many positions at the C-terminal part of the
S3b helix, where two of the highly inter-correlated
positions are located (Figure 1b), are gating-
sensitive in two different channel subtypes, despite
the segment’s sequence variability.40,46,54

The evolutionary advantage of residue substi-
tutions in important functional regions such as the
S3b part of the voltage-sensor paddle, the acti-
vation gate, and the region encompassing the
conserved gating hinge is clear. Modifications in
these regions would have significant effects on the
gating characteristics of the channel. For instance,
if S3b indeed forms part of the voltage sensor,13 its
modification might alter the sensitivity of the
channel to changes in transmembrane voltage,
whereas substitutions in the gate and the region
surrounding the gating hinge might alter the
thermodynamic stability of the open or closed
states. Given that these effects are intertwined in
the sense that they all modulate the gating tran-
sition, the changes that are observed in amino acid
identities should be coupled as is evident through
correlated-mutation analysis.

In view of these conclusions, an interesting
experiment might be to identify what constitutes a
minimal set of mutations that alter the function of
a given Kv paralogue to obtain a channel with the
characteristics of another. That the domains of Kv
channels are at least grossly modular was exempli-
fied by an experiment, in which the voltage-sensor
segment (S1–S4) of the Shaker Kv channel was con-
nected to the voltage-insensitive pore domain from
KcSA to produce a voltage-sensitive chimera.55

Also, substitutions of just three hydrophobic
amino acid positions of the S4 segment of the
Shaw channel to the corresponding ones of the
Shaker member of the Kv family were enough to
switch the gating characteristics of the former
channel into those of the latter.56 The fact that the
S3b segment, the activation gate, and the region
encompassing the gating hinge are evolutionarily
coupled (Figure 1(b)) suggests that chimera that
include subsequences of these regions and parts of
the S4 segment from different channels might
indeed switch channel characteristics in a manner
that can be rationalized.

In summary, our results demonstrate that along
with conservation analysis, a study of correlated
mutations is an important part of phylogenetic
investigation. Often in such analyses, positions
that are not evolutionarily conserved are assumed
to have little functional role. Here, we show, how-
ever, that certain positions that are evolutionarily
variable or only show intermediate conservation
(e.g. residues His109 and Lys237 of the S3b and
activation-gate regions, respectively) are coupled
in a functionally meaningful way (Table 1;
Figure 1b). Hence, whereas the functional import-
ance of the S4 helix as the principal carrier of the
gating charge17,18 is immediately apparent from its
conservation profile (Figure 1a), the implied
importance of S3b in modulating voltage sensi-
tivity is evident only through its co-variation with
other domains that are relevant to gating.

On the basis of our results, we argue that the
architectural design of Kv channels, in terms of
evolutionary conservation, is two-tiered. The selec-
tivity filter and parts of the pore and inner helices
are all evolutionarily constrained to maintain the
channel’s hallmark features of selectivity and high
throughput11,12 (Figure 1a). S4 is also highly con-
served to maintain the nominal gating charge. In
contrast, the activation gate and parts of the outer
helix, the gating-hinge region, and the S3b helix,
all of which do not directly control ion selectivity
or carry the gating charge, are freer to accumulate
substitutions in order to change certain gating
characteristics. These substitutions are correlated,
reflecting the concerted effect of these domains on
the gating transition.

Kv channels show a large degree of modularity,
with the activation gate, gating hinge, selectivity
filter, and voltage sensor occupying different
regions of the protein. This modularity contrasts
with the apparently more “parsimonious” architec-
ture of the ClC chloride channel, in which the gate
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and selectivity filter inhabit the same region.57 The
evolutionary advantage of a modular architecture
is that it is possible to introduce modifications to
particular functions of the protein without under-
mining others. For instance, in Kv channels,
changes in voltage sensitivity or gating kinetics
upon the evolutionary pathway need not interfere
with the channel’s selectivity for potassium. With
respect to the Kv channel family, whose members
respond differently to a large spectrum of voltages,
this separation of functionally important regions
may have been a highly important evolutionary
force shaping the voltage-gated channel structure.

Materials and Methods

Data

We constructed an initial multiple-sequence alignment
of a few tens of sequences of Kv channels derived from
the SWISS-PROT database.58 On the basis of this align-
ment, a hidden Markov model was then constructed,59

calibrated, and used to search for more Kv channel
sequences. From the final list of homologues we
removed sequences that showed very high homology to
others in the data set, and retained 50 mostly mam-
malian sequences with a few fly, frog, fish, and chicken
representatives. These consisted of Kv1.1-1.6, Kv2.1-2.2,
Kv3.1-3.4, Kv4.1-4.3, Kv5.1, Kv6.1-6.3, Kv9.1-9.3, Kv11.1,
the KQT members 1–5, the Drosophila melanogaster
sequences Shab, Shal, Shaker, and Shaw, and the KvAP
sequence.

All sequences except for KvAP were aligned using the
CLUSTAL W algorithm using default parameters,60 and
KvAP was then added manually, based on its pairwise
alignment with the Shaker Kv channel.13 Because the N
and C termini of the multiply aligned sequences con-
tained many gaps, thus reducing the alignment’s
reliability, the sequences were trimmed to produce a
core alignment consisting mostly of the transmembrane
S1–S6 segments. The final alignment contained the
positions corresponding to 138–505 of the Shaker Kv
channel.

Phylogenetic reconstruction

An unrooted phylogenetic tree was computed using
the maximum-likelihood method Tree-Puzzle,50 using
eight Gamma rate categories, the Muller–Vingron
model of amino acid substitution, and default par-
ameters (Figure 3). An alternative tree was constructed
using the neighbor-joining method49 based on Jukes–
Cantor distances. The ancestral (now-extinct) sequences
were reconstructed on the basis of both trees with the
maximum-likelihood program PAML34 using marginal
reconstruction, eight Gamma rate categories, the JTT
substitution matrix, and default parameters. Positions in
the multiple-sequence alignment that exhibited one or
more gaps were discarded owing to the uncertainty in
sequence reconstruction at sites with insertion or
deletion.

To gauge the extent of change at each position during
the evolutionary process, we followed the phylogenetic
tree, and for each amino acid position and branch, the
differences in amino acid identities were converted to
physicochemical distances according to the Miyata sub-

stitution matrix.35 Alternatively, we used a binary matrix,
where every change in amino acid identity was given an
equal weight of 1 and no change a value of 0.

Calculating entropy

We calculated the entropy (or information content),37

which is a measure of the heterogeneity of amino acid
identities, at each position in the alignment of extinct
and extant sequences according to Si¼1::20 2 fp;i lnðfp;iÞ,
where fp;i is the frequency of amino acid i at position p.
Positions showing entropy lower than 1.1 were elimi-
nated. Such positions were judged to be too conserved,
and therefore unlikely to contain enough information
for computing correlations.

Calculating correlations among residues

Pearson correlation coefficients ðrÞ between the
physicochemical distances35 of each pair of amino acid
positions were calculated by taking into account the
changes that occurred along all of the branches of the
phylogenetic tree. Hence, high correlations are expected
for pairs of positions, whose identities change at similar
physicochemical magnitudes and at the same evolution-
ary time. Pairs of positions with r , 0:5 were assumed
to be poorly correlated and were not further analyzed.

We used the bootstrap method38 to obtain confidence
intervals for the correlation coefficient of every pair of
amino acid positions that were not rejected in previous
steps. Bootstrapping redrew 400 samples of branches
with replacements from the phylogenetic tree, i.e. pairs
of evolutionarily related proteins. For each such sample,
we calculated the Pearson correlation coefficient for all
the pairs of positions. For each pair of positions, these
400 correlation coefficients were then sorted numerically,
and the correlation coefficients at the lower ðrlowÞ and
upper ðrhighÞ 2.5 percentiles were considered to be the
lower and upper 95% confidence boundaries. For each
pair of positions i, j the trimmed mean ri;j of the corre-
lation coefficients in the 95% confidence interval was
also computed. Pairs of positions, whose lower 2.5% con-
fidence boundary was rlow , 0:15 were rejected, as were
positions with trimmed means of correlation coefficients
ri;j , 0:5.

As a further test of significance, we discarded pairs of
positions if one or both of the residues i in each pair
was found to have covði; iÞ ¼ 0 in at least 2.5% of the
bootstrap samples. This eliminated correlations that
were high simply because of homogeneous evolutionary
conservation in large parts of the phylogenetic tree.

Principal components analysis

In searching for networks of highly inter-correlated
amino acid positions, we subjected the complete set of
correlated pairs of positions to principal-components
analysis.39 We constructed a symmetric matrix of all of
the correlations identified in the study, where each
element i, j of the matrix corresponded to the trimmed
mean of correlations between positions i and j, ri;j. Pairs
showing low ðri;j , 0:5Þ or insignificant ðrlow , 0:15Þ cor-
relations were assigned a value of 0, and the diagonal
elements a value of 1. The matrix was decomposed into
eigenvalues and eigenvectors. The eigenvector associ-
ated with the eigenvalue of highest magnitude was
regarded as the most significant correlated network.
Position i was considered to be part of this cluster if
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leil $ 0:15, where ei corresponds to element i in the
eigenvector.

Availability

The programs used in this analysis are available†.
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ABSTRACT
Motivation: Transmembrane (TM) proteins that form �-helix
bundles constitute approximately 50% of contemporary drug
targets. Yet, it is difficult to determine their high-resolution (<4Å) structures. Some TM proteins yield more easily to struc-
ture determination using cryo electron microscopy (cryo-EM),
though this technique most often results in lower resolution
structures, precluding an unambiguous assignment of TM
amino-acid sequences to the helices seen in the structure.
We present computational tools for assigning the TM seg-
ments in the protein’s sequence to the helices seen in cryo-EM
structures.
Results: The method examines all feasible TM helix assi-
gnments and ranks each one based on a score function that
was derived from loops in the structures of soluble �-helix
bundles. A set of the most likely assignments is then sug-
gested. We tested the method on eight TM chains of known
structures such as bacteriorhodopsin and the lactose per-
mease. Our results indicate that many assignments can be
rejected at the outset, since they involve the connection of pairs
of remotely placed TM helices. The correct assignment recei-
ved a high score, and was ranked highly among the remaining
assignments. For example, in the lactose permease, which
contains 12 TM helices, most of which are connected by short
loops, only 12 out of 479 million assignments were found to be
feasible, and the native one was ranked first.
Availability: The program and the non-redundant set of pro-
tein structures used here are available at:
http://www.cs.tau.ac.il/�angela
Contact: angela@post.tau.ac.il

1 INTRODUCTION
In recent years, the pace of structure determination of TM
proteins has increased, but technical problems related to pro-
tein purification and crystallization still hamper TM protein
structure determination. Thus, notwithstanding their biome-
dical importance, less than30 distinct folds of TM proteins�To whom correspondence should be addressed.

have been solved to date by high-resolution methods such as
X-ray crystallography.

Eukaryotic TM proteins form predominantly�-helix bund-
les in the membrane. These proteins are composed of TM
helices and loops, which are typically located on the internal or
external sides of the membrane, and connect pairs of consecu-
tive helices. Structure prediction in this class of proteins often
relies conceptually on the two-stage model for their assembly
in the membrane (Popot and Engelman, 1990). According to
this model, TM protein folding begins with the insertion of the
TM segments into the membrane as�-helices. In the second
stage these helices assemble to form a bundle (reviewed in
Popot and Engelman, 2000; White and Wimley, 1999).

Some of the factors stabilizing TM protein structures have
been elucidated in recent years on the basis of solved struc-
tures and biochemical experiments (e.g., Chomaet al., 2000;
Eilers et al., 2000; MacKenzie and Engelman, 1998; Russ
and Engelman, 2000). A number of computational methods
have been suggested for positioning and orienting the helices
comprising the TM domain with respect to one another (e.g.,
Adamset al., 1995; Fleishman and Ben-Tal, 2002; Kimet al.,
2003; Pellegrini-Calaceet al., 2003).

Here, we consider a situation in which the locations of the
TM helices in3D-space can be deduced experimentally. The
challenge is then to assign the TM segments in the protein
sequence into the corresponding helices in3D-space. For
concreteness, let us focus on proteins that were solved at inter-
mediate in-plane resolution (5 � 10Å) (Unger, 2001). From
these data, one can derive helix positions, as well as their tilt
and azimuthal angles with respect to the membrane. Howe-
ver, the individual amino acids cannot be identified, so thatthe
correspondence between the TM segments and the cryo-EM
helices cannot be decided unambiguously. So far, no method
has tackled this problem.

Providing a solution to the helix-assignment problem is a
first step toward modeling of TM proteins. That is, by assi-
gning the TM segments to the helices in the cryo-EM data,
conformationspace in a modeling exercise can be limited sub-
stantially. In addition, helix assignment is directly useful for

© Oxford University Press 2003. 1
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structural studies of membrane proteins, as it reveals which
helices are in contact with each other, and outlines helices
that are located in critical positions, such as around a porein
channels and pumps.

We show here that many putative helix assignments can be
eliminated based on the (estimated) maximal lengths of each
of the loops in the protein. In addition, we present a novel score
function, that was derived on the basis of conformations of
loops in�-helix bundles (of soluble proteins), in order to rate
the capability of loops to connect each pair of helices. Based
on this score function,we ranked assignments of8TM-protein
chains of known structures taken from the Protein Data Bank
(http://www.rcsb.org/pdb/), and our results show
that the native-state assignment ranks high in many cases.

Terminology and Formal Statement of the Problem.
The sequence of a TM protein of the�-helix bundle type,
denoted byS, is composed of TM and extra-membrane seg-
ments, which connect TM segments that are consecutive in
the sequence (Figure 1(a)). The locations of TM segments
in protein sequences can be predicted fairly precisely on the
basis of sequence data alone (Chenet al., 2002). We denote a
TM segment,Ti 2 S, by Ti = fti1; ti2 : : : tikig, as an orde-
red sequence of amino acids from the N- to the C-terminus.
Similarly, we denote an extra-membrane segment,Xi 2 S,
byXi = fxi1; xi2 : : : xikig, as an ordered sequence of amino
acids from the N- to the C-terminus. The length of an extra-
membrane segmentXi, denoted bylength(Xi), is the number
of amino acids in the segment. The maximal distance bet-
ween two points that can be connected byXi is denoted bymax_dist(Xi) = (length(Xi) + 1)� dist(C�;C�), wheredist(C�;C�) is the distance between two consecutiveC�
atoms, which is typically taken as3:8Å (Creighton, 1993).

A Helix, Ci 2 C. Positions, tilt and azimuthal angles of
each helix can be extracted from intermediate-resolution cryo-
EM maps (Unger, 2001).Canonical�-helices are constructed,
and made to fit the cryo-EM map. We represent each such
helix by a sequence of coordinates of itsC� atoms,Ci =fci1; ci2 : : : cikig. The membrane can be regarded as a region
in 3D bounded by two planes, to which we refer as the inner
and the outer planes of the membrane. We define an order
on a helixCi in the sense thatci1 is the closest atom to the
inner plane of the membrane, andciki is the closest atom to
the outer plane of the membrane. We denote the internalC�
atom byinternal(Ci) = ci1, and the externalC� atom byexternal(Ci) = ciki .

It should be noted that the positions of helices deduced from
cryo-EM in this manner suffer from imprecision. First, the
orientation of the helices around their principal axes cannot
be derived from the cryo-EM map due to the limited in-plane
resolution (typically,5� 10Å (Unger, 2001)). Moreover, the
low resolution along the axis normal to the membrane plane
(12�30Å) entails a large distortion in the positions of helices
along this axis. For simplicity we avoid dealing with these
inaccuracies in the description of our algorithm. However,

as described in Appendix A, our program takes the noisiness
that results from the limited resolution into account by also
testing helix positions that are in the vicinity of those seen in
the cryo-EM data.

Formal Definition of Our Goals. Given the secondary
structure classification of a TM protein sequenceS =fT1; X1; T2; : : : Xn�1; Tng and a set of helix locations in3D-
spaceC = fC1; C2; : : : Cng, derived from the cryo-EM map,
(i) find all thefeasible assignments between theT 0i s and theC 0is, namely find a permutation�such that for each1� i � n,Ti is assigned toC�(i), and(ii) attribute a score to each assi-
gnment based on its compatibility with the locations of the
helices in3D-space.

In principle, a TM segment can be assigned to a helix in3D-space with its N- and C-termini on the inner and outer
sides of the membrane, respectively, or vice versa. Howe-
ver, it is possible to resolve this ambiguity experimentally.
Hence, the number of all the assignments isn!. A brute-
force approach would require the generation of all these
assignments. To reduce this immense computational burden,
at the outset we exploit the maximal lengths of the extra-
membrane segments to filter out impossible assignments.
Suppose we want to match two consecutive segmentsTi andTi+1 to the helices,Ck andCm, correspondingly, such that
the extra-membrane segmentXi lies on the external side of
the membrane. A necessary condition for this assignment to
be valid is that the maximal length of the extra-membrane
segment (max_dist(Xi)) is longer than the distance betweenexternal(Ck) andexternal(Cm)). In the same manner, ifXi
should connect the helices on the internal side of the mem-
brane, its maximal length should be larger than the distance
betweeninternal(Ck) and internal(Cm). Consequently, if
this conditiondoes not hold, the assignment should be ignored
from the outset.

2 THE ALGORITHM
Our algorithm proceeds in two stages:Pruning by Distance
Constraints — construction of an assignment graph that con-
tainsonly the set of feasible assignments, i.e., assignments in
which the maximal lengths of the extra-membrane segments
are longer than the distances between the helices that they
connect (Figure 1). This stage is followed byLoop Conforma-
tion Scoring — attributing scores to the feasible assignments
based on their compatibility with the locations of the helices
in 3D-space.

2.1 Pruning by Distance Constraints
We wish to filter out as many assignments as possible, without
eliminating the right one. For this purpose we construct a
directed acyclic graphG(V;EintSEext), such as the one in
Figure 1(c), where:
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Assigning Transmembrane Segments to HelicesV = f(Ti; Cj) j 1 � i; j � ng;Eint = f(Ti; Cj)! (Ti+1; Cm) jdist(internal(Cj); internal(Cm)) � max_dist(Xi)g ;Eext = f(Ti; Cj)! (Ti+1; Cm) jdist(external(Cj); external(Cm)) � max_dist(Xi)gV stands for the vertices andE stands for the edges inG.
There are two kinds of edges inG:external (Eext) and internal
(Eint). There is an edgee 2 Eext, if and only if the two conse-
cutive TM segmentsTi andTi+1 can be matched congruently
toCj andCm. Namely, the extra-membrane segmentXi bet-
weenTi andTi+1 is sufficiently long to connect the two pointsexternal(Cj) andexternal(Cm) on the external side of the
membrane. The same applies to theEint edges whereXi is
sufficiently long to connectinternal(Cj) andinternal(Cm)
on the internal side of the membrane.

We constructG in a bottom-up fashion, i.e., the levels
in G are constructed from thenth to the1st level (wheren is the number of TM segments in the protein). Thekth
level in the graph consists of vertices composed ofTk,
namelyf(Tk; Cj) j 1 � j � ng. Given the set of nodesf(Tk; Cj) j 1 � j � ng in the kth level, we construct
the (k � 1)st level as follows. For each vertex(Tk; Cj) we
go over all the helicesCt 2 C n fCjg and if Xk�1 can
connect the two helicesCt andCj on the external or inter-
nal side of the membrane, we add the vertex(Tk�1; Ct) (if
it is still missing) to the(k � 1)st level, and a directed edgee = ((Tk�1; Ct); (Tk; Cj)), wheree 2 Eext or e 2 Eint.
Thus, a directed edgee 2 fEextSEintg can appear only
between two consecutive levels. At the beginning, all of the
vertices(Tn; Cj) in the nth level are examined against the
pairs(Tn�1; Ct) whereCt 2 C n fCjg, and created if and
only if the above condition holds. After construction of the
graphGwe can eliminate all of the nodes between the second
to thenth level that do not have at least one entering edge.

A path � = fv1; e1; v2; e2; v3 : : : en�1; vng in the graphG is considered valid if it starts at the first level of G, ends
at thenth level ofG, and it is comprised of an alternating
sequence of external and internal edges (eitherfek j k eveng
are external andfek j k oddg are internal, or vice versa).
In addition, we require that� does not contain two vertices
with the same helix (theCk ’s in all the verticesvi = (Ti; Ck)
are distinct). Each valid path� defines a feasible assignment
between the TM segments ofS and the helices inC. It will
be shown that this pruning phase eliminates many infeasible
assignments when the protein contains short loops (namely,
loops whose lengths are less than6).

2.2 Ranking the Feasible Assignments
In the following stage, a score is assigned to the feasible assi-
gnments that are stored inG based on the suitability of the

(a)

A1 A2

B0 B1 B2

C0 C2C1

A0

(b) (c)

Fig. 1. (a) The locations of the three TM segments in the sequence
of chain H of the cytochrome c oxidase. (b) The corresponding3D
structure. (c) The assignment graph of this chain. The numbers repre-
sent the helices and the letters represent the TM segments. There
are four valid paths (feasible assignments) in the graph which are:(A0; B1; C2), (A0; B2; C1), (A2; B0; C1) and (A2; B1; C0).
Notice that there is no edge between(B0) and (C2), for exam-
ple, since the loop between the TM segmentsB andC is too short
to connect helices0 and2.

loops to connect helices in the structure. Each feasible assi-
gnment is a permutation�k which assigns the TM segmentsT1 : : : Tn to the helicesC�k(1) : : : C�k(n), where1 � k � n!.
We define the score functionF of a permutation�k as follows:F (�k) =Pn�1i=1 f(Xi; C�k(i); C�k(i+1))
wheref scores the suitability of assigning the consecutiveTM
segmentsTi andTi+1 to helicesC�(i) andC�(i+1). Namely,f defines the feasibility of connecting the two helices in3D-
space byXi.

The problem of adjusting an extra-membrane segment to
connect two fixed secondary structures is related to the well-
known kinematics problem of loop-closure (Canutescu and
Dunbrack, 2003; Manocha and Zhu, 1994; Wedemeyer and
Scheraga, 1999; Wojciket al., 1999; Xianget al., 2002).
However, our problem is slightly different. We wish to rank
the assignments instead of predicting the conformation of the
extra-membrane loops as in the classic loop-closure problem,
since the native extra-membrane segment, which connects the
two helices, is unknown. Hence, we seek to define ascore
for matching the extra-membrane segment to connect the two
helices in a way that the native match is assigned the highest
score.

The evaluation off is based on the length of the
extra-membrane segmentXi and on a statistical analy-
sis we have conducted on solved structures of soluble
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proteins taken from the Protein Sequence Culling Ser-
ver (http://www.fccc.edu/research/labs/dunbrack/pisces/) in a
preprocessing phase. We restricted our survey to protein sec-
tions comprised of two consecutive helices with a loop region
between them, namely tohelix-loop-helix motifs, where
secondary-structureelements are assigned according to DSSP
(Kabsch and Sander, 1983).

The preprocessing phase.We denote the two consecutive
helices in a helix-loop-helix motif, byA andB, and the loop
region which connects them byL, and setl = length(L). Let
us examine the helix-loop-helix motifs with the same loop
length l (2 � l � 7). All of these motifs(A;L;B) were
placed in a common orthogonal reference frame, so that the
helicesA of all of the motifs overlap. Transforming these
motifs to the common reference frame yields a set of points
in 3D-space that represents the starting points of the second
helices (i.e.,B’s) relative to the common first helix (i.e., the
overlappingA’s).

All of these starting points, denoted bypi (1 � i � N ,
whereN is the number of helix-loop-helix motifs), were sto-
red in aKD-tree data structure1. Since the lengths of the
loops in these motifs have a great impact on the locations of
the points,pi’s, in 3D-space, these points were stored in6
distinctKD-trees which we denote byKDl, 2 � l � 7,
one tree per lengthl. Our results indicate that these points are
distributed non-uniformly in3D-space. For an illustration,
Figure 2 shows the starting points in the common reference
frame forl = 3 andl = 4.

The scoring phase.We computef(Xi; C�k(i); C�k(i+1))
as follows. We place the two helicesC�k(i) andC�k(i+1) in
the common orthogonal reference frame in the same man-
ner as we have done in the preprocessing phase, and obtain
the new starting pointq of the helixC�k(i+1). Givenq and
the starting points of helix-loop-helix motifs with loop lengthx = length(Xi) from the preprocessing phase, the score
depends on two criteria: the number of neighboring points in
the vicinity ofq and the distances between these neighboring
points andq.

LetQ be a cube centered atq with side size(10 � x)Å. We
queryKDx to find the points that were stored in the prepro-
cessing phase which occur inQ. Q represents the region in3D-space for the clusters of points in the appropriateKD-tree
we wish to examine. The score for this assignment is based
on the sum of the distances betweenq and the derived points
that were found insideQ. The score was constructed with the
aim of favoring loops that have been observed many times in
the protein database we have used. It is, therefore, defined
in the form of a colony function (Xianget al., 2002), whe-
reby loops in the database that are similar to the query make

1 KD-trees are orthogonal range-search structures. They areused to store
a setP of points inRd so that the subset ofP inside a query axis-aligned
hyperbox can be reported efficiently. See, e.g., (de Berget al., 2000) for
details.

a more significant contribution to the loop’s score. Formally,f(Xi; C�k(i); C�k(i+1)) =Pr2Q e�dist(q;r).
Whenx � 8, we do not obtain significant information about

the quality of the assignment due to the low frequency of
occurrence of long loops in the helix-loop-helix motif in the
specified protein database. Thus, forlength(Xi) � 8, we
have setf(Xi; C�k(i); C�k(i+1)) = 0.

Given the assignment graphG that was generated in
the pruning phase, we assign a weight,weight(e) =f(Xi; C�(i); C�(i+1)) to each edge in the graph, namely
to each e = (u; v) where u = (Ti; C�(i)) and v =(Ti+1; C�(i+1)). G is an acyclic directed weighted graph.
Each valid path inG defines a feasible assignment, and its
score is the sum of the weights of the edges in the path, i.e.,F (�) =Pe2� weight(e).
3 THE DISTRIBUTION OF END POINTS OF

SHORT LOOPS IS HIGHLY NONUNIFORM
Structures of helix-loop-helix motifs (resolution of2Å
or less, and R-factor of0:3 or less) of soluble prote-
ins were selected from the Protein Sequence Culling Ser-
ver (http://www.fccc.edu/research/labs/dunbrack/pisces/). To
reduce the bias inherent in the Protein Data Bank, only pro-
teins whose sequences were less than20% identical were
selected. The secondary structures were assigned by DSSP
(Kabsch and Sander, 1983). We looked only at helix-loop-
helix motifs containing two helical regions of at least8 amino
acids each, which are connected by loops of lengths2 to 7
amino acids (Table 1). The order of the two helices was spe-
cified from the N- to the C-terminus. Entries were classified
by the loop lengths. Each loop of lengthl (where2 � l � 7)
contributed to our analysis a point in3D-space corresponding
to the beginning of helixB. The distribution of the examined
points in the common reference frame for short loops (i.e.,
lengths three and four) is shown in Figure 2. Loops longer
than seven were not considered, due to their low frequency of
occurrence in our dataset.

Table 1. Helix-loop-helix motifs classified by loop length

Loop Length 2 3 4 5 6 7

Number of motifs 456 260 171 167 98 36

Helix-loop-helix motifs derived from the Protein SequenceCulling
Server and classified by their loop lengths.

The scoring function is greatly dependent on this protein
database analysis. To understand why our scoring function
performs well (as indicated by the results reported below),
consider for example the case wherel = 4 (Figures 2(d-f)),
i.e., the loopL has fourC�’s. In this caseL has8 degrees of
freedom (eachC� contributes two degrees of freedom� and
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Assigning Transmembrane Segments to Helices ). By sheer kinematics considerations, if we fix one end of
the loop, the reachable space by the other end (we refer to it
as thefree end) is large, practically limited only by the stretch
of the loop (the conformation that has the largest diameter).
However, Figures 2(d-f) show that the locus of the free end in
length-four loops connecting two helices is limited to a few
clusters of points in3D-space. Our scoring takes advantage
of this phenomenon, which is highly significant in loops of
lengths two through five, but is still substantially noticeable
in loops of lengths up to seven.

4 IMPLEMENTATION
We verified the scoring function by applying it to8 TM
protein chains, whose structures were solved using X-ray
crystallography (Table 2). We restricted our study to those
chains, whose TM segments did not contain half-helices or
loops (except for the glycerol facilitator, as discussed below).
Moreover,we did not consider proteins that contain long extra-
membrane segments that could form large domains. It should
be noted that the results reported below were derived solely
from the solved structures of TM proteins.

The algorithm has been implemented for two distinct cases:(i) using accurate data of the locations of helices as deri-
ved from the Protein Data Bank; and(ii) using noisy data,
i.e., uncertainty with regard to the positions of the helices.
In case(i) the algorithm assumes that the helices are located
and oriented in their native conformations. In case(ii), the
algorithm assumes that the orientations and locations of the
helices are known only approximately. However, in real cases,
thanks to the cryo-EM data, we will know that the native heli-
ces are located in bounded regions. Therefore, we examine
all of the possible orientations and locations of the helices in
these bounded regions. The exact definition of these regions
is provided in Appendix A.

The two implemented cases (using accurate and noisy data)
are examined in Table 2 by the number of feasible assignments
that remain after the pruning phase and by the rank of the score
of the native assignment with respect to other assignments.
In most of the examined TM proteins, the table shows that
the native assignment ranks very highly, which implies that
the combination of the pruning and scoring phases yields a
reliable tool for assigning TM segments to helices.

For example, bacteriorhodopsin (1c3w) is composed of7
helices, and thus has7! = 5040 possible assignments. The
number of feasible assignments that remained after the pru-
ning phase is44. Applying the score function and sorting all
of the44 assignments by their scores, the native assignment
was ranked third. When using the noisy data, the list of fea-
sible assignments expanded, but the rank of the native state
(13) did not change dramatically, which implies that our score
function deals well with this level of noise.

The strength of the pruning phase is clearly shown for the
lactose permease (1pv6), where out of479 million possible

assignments, the number of feasible assignments in both cases(i; ii) was below13 and the running time was relatively short
since the assignment graph ruled out many assignments which
were not examined. Our method yielded poor results for the
glycerol facilitator (1fx8) due to a24 residue loop which con-
tains a half TM helix. It is rather encouraging that even in this
pathological case the algorithm removed approximately half
of the potential assignments (352 out of 720) and ranked the
native state to be119.

5 DISCUSSION
A novel method for assigning TM spans in the sequence of
an integral membrane protein to the approximate locations
of the helices in3D-space was presented here. Each of the
possible assignments is evaluated based on the compatibility
of the extra-membrane segments with the suggested relative
locations of the helices. Our results show that in TM proteins
with extra-membrane segments of7 residues or less, the vast
majority of the putative assignments can be rejected from the
outset, since they involve the connection by short loops of
pairs of TM helices that are spatially distant from each other.
In the lactose permease, for example, only12 out of 479
million putative assignments were found to be feasible based
on this criterion. The significant reduction in the number of
assignments is due to the short lengths of the extra-membrane
segments. It demonstrates that, in practice, the complexity of
the TM helix assignment problem scales with the lengths of
these segments rather than with the number of TM helices.

The feasible assignments are then screened based on the
suitability of each of the extra-membrane segments to adopta
conformation that could connect the adjacent TM helices.This
is done using a novel knowledge-based score function that
was derived from the conformations of loops in helix-loop-
helix motifs. Our results show that this function ranks the TM
helix assignment of the native structure high among the other
feasible assignments. This is best demonstrated with chainH
of the cytochrome c oxidase, where the native structure ranks
first among the feasible assignments.

In the typical case, the locations of the TM helices in3D-
space will be determined using medium-resolution data, e.g.,
from cryo-EM studies at in-plane resolutions of5� 10Å. At
such resolution, one can only derive the approximate locations
of the TM helices in3D-space. The results demonstrate that
the method is robust to changes in the locations of the TM heli-
ces; the native-state assignment ranks high among the feasible
assignments, even when using noisy data (Table 2).

Our results are very encouraging in that the problem of
TM helix-assignment is significantly reduced, and yet in the
typical case, the analysis is likely to result in several puta-
tive assignments rather than only one. We anticipate that the
set of potential assignments may be further reduced based
on available empirical data, e.g., from biochemical, molecu-
lar and genetic studies. Finally, forward-looking experiments
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Table 2. The performance of the two-stage (pruning and scoring) algorithm using accurate and noisy data

(i) Accurate (ii) Noisy
Name PDB Loop Lengths nh npos nfeas rank nfeas rank

Bacteriorhodopsin 1c3w 3,14,2,3,10,4 7 5040 44 3 948 13
Sensory rhodopsin 1h68 7,12,2,3,3,4 7 5040 84 2 512 48
Cytochrome c oxidase 1occC 3,5,19,2,7,7 7 5040 74 7 335 62
Cytochrome c oxidase 1occE 5,6,1,1 5 120 2 2 2 1
Cytochrome c oxidase 1occH 7,2 3 6 4 1 6 1
Glycerol facilitator 1fx8 6,19,24,8,4 6 720 236 8 352 119
Halorhodopsin 1e12 2,20,2,4,1,5 7 5040 34 5 73 22
Lactose permease 1pv6 3,2,1,3,1,24,3,1,3,1,1 12 > 108 7 3 12 1

Classification and comparison of the results using(i) accurate helix positions derived from the PDB and(ii) noisy data. The set
of TM proteins of known3D structures that were studied are indicated by their names and pdb entries. The subunit is indicated
by the last letter. The proteins are classified by the number of TM helices (nh), their loop lengths, and the number of possible
assignmentsnpos = nh!. The results are categorized by the number of feasible assignments (nfeas) that remained following the
pruning phase and by the position of the native assignment (rank) with respect to other feasible assignments. We ran the program on
PC Intel Pentium IV, CPU2:4GHz,256 MB RAM, and the running time using the accurate data was below2 seconds for each of
the proteins. When using the noisy data, the running time varied between8 seconds for 1occ subunit H and6:5 minutes for 1pv6.
Currently we are working on additional TM proteins. The results obtained from processing these cases will be available soon at
http://www.cs.tau.ac.il/�angela.

may be designed to select the native assignment out of a few
possibilities.

The application of the method to oligomeric TM proteins,
such as cytochrome c oxidase may complicate the analysis.
In the present study, the subunit boundaries were taken as
a given, but, if these are unknown, it may be necessary to
examine various molecular boundaries, which would entail
an increase in the dimensionality of the problem.

To demonstrate the method’s usefulness we are applying
it to the assignment of the TM helices in the microsomal
glutathione transferase 1 (MGST1). This protein is a member
of the MAPEG (membrane-associated proteins in eicosanoid
and glutathione metabolism) superfamily of TM enzymes
(Jakobssonet al., 1999).

MGST1 is a homotrimer, in which each monomer is com-
posed of4 TM segments. The3D structure of MGST1 was
determined at an in-plane resolution of6Å using cryo-EM
(Holm et al., 2002; Schmidt-Kreyet al., 2000). The electron-
density map shows three repeats of4 rod-like densities, which
presumably correspond to the12 TM helices of the homotri-
mer. Our preliminary results show that only a few assignments
are consistent with the structure (data not shown).
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APPENDIX A: DEALING WITH THE
UNCERTAINTY IN CRYO-EM DATA
Cryo-EM studies at5� 10Å in-plane resolution provide only
the approximate locations of the helix-axes positions and ori-
entations. The uncertainty in3D-space is mainly due to two
reasons (Figure 3):(i) the unknown orientation of the helix

with respect to its axis;(ii) the unknown translation of the
helix along its axis.

Fig. 3. The detection of helix location in cryo-EM data involves
two types of uncertainties:(i) the exact orientation of the helix with
respect to its axis is unknown;(ii) the helix derived from the cryo-
EM (middle) may shift toward the outer plane ((ii) right) or toward
the inner plane ((ii) left) of the membrane.

We now redefine the score functionf(Xi; C�(i); C�(i+1))
that was introduced in Section2:2 to suit the noisiness of the
data. For simplicity, we assume thatXi should connect the two
helices in the external side of the membrane. We denote byp0
andq0 the native positions of the externalC� atoms of helicesC�(i) andC�(i+1) respectively. The above uncertainties may
affectf dramatically, since it strongly depends on the pointsp = external(C�(i)) andq = external(C�(i+1)), whose loca-
tions are known only approximately. However, the locations
of p0 andq0 are restricted to bounded regions as shown below.

Let us examine the surface wherep0 can possibly be loca-
ted accounting for the imprecision in the model. We call
this surface the envelope ofp and denote it byE(p) (the
same discussion applies toq0). E(p) is defined as follows
(the numbering corresponds to the numbers of the reasons for
imprecision):(i) p0 can be located on a circle in3D-space
centered at the helix axis (Figure 3(i)); (ii) p0 can be located
in the range[p� v � 2:5; p+ v � 2:5] wherev is the unit vector
that coincides with the helix axis toward the external side of
the membrane (Figure 3(ii)). It follows thatE(p) has a cylin-
drical envelope shape with radius2:5Å (typically, radius of a
helix) and its height is set to5Å.

Given p and q as specified above, each pair of pointspk 2 E(p) andqj 2 E(q), can be regarded as the externalC� atoms of the native helices. We pick uniformly dis-
tributed random pointspk 2 E(p) and qj 2 E(q) and
transform the helicesC�(i) and C�(i+1) so thatp and q
will coincide with pk and qj , respectively (without chan-
ging their axes’ directions). The transformed helices are
denoted byTk(C�(i)) and Tj(C�(i+1)). To account for
this imprecision, we modify the score functionf to be:maxk2E(p);j2E(q)f(Xi; Tk(C�(i)); Tj(C�(i+1)))).

It can be shown that in order to cover the envelopeE(p)
adequately, we need to samplen = 135 points onE(p). By
adequately we mean that with high probability (> 0:98), the
native pointp0 will be at distance� = 1Å at most from at least
one of the samples points inE(p).
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(a) (d)

(b) (e)

(c) (f)

Fig. 2. The distribution of the starting points of helicesB’s in 3D-space derived from the helix-loop-helix motifs(A;L;B) with loop lengths3(a-c) on the left and4(d-f) on the right. The black spot marks the origin of the common reference frame. Figures (a,d) display the points
together with their least-mean-square (LMS) plane. The view point of figures (b,e) is the normal to the LMS plane. Figures(c,f) present a
view from the side on the LMS plane. It can be seen that the starting points of3 amino acids loops create a torus-like shape in3D-space.
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A C� Model for the Transmembrane � Helices
of Gap Junction Intercellular Channels

that gap junctions play in coordinating tissue and organ
physiology, e.g., in the heart, ear, skin, and pancreas,
has been increasingly recognized (Harris, 2001). A num-

Sarel J. Fleishman,1 Vinzenz M. Unger,2 Mark Yeager,3,4

and Nir Ben-Tal1,*
1Department of Biochemistry

ber of genetic conditions in humans and mouse mod-George S. Wise Faculty of Life Sciences
els involving the skin, neurodegenerative and develop-Tel-Aviv University
mental diseases, and most cases of nonsyndromicRamat Aviv, 69978
hereditary deafness have been attributed to mutationsIsrael
in connexins (reviewed by Kelsell et al., 2001).2 Department of Molecular Biophysics and Biochemistry

We previously used electron cryomicroscopy (cryo-Yale University
EM) and image analysis to solve the structure of a re-P.O. Box 208024
combinant gap junction channel formed by a C-terminalNew Haven, Connecticut 06520
truncation mutant of Cx43. The three-dimensional (3D)3 Department of Cell Biology
density map at 7.5 Å in-plane resolution revealed theThe Scripps Research Institute
close packing of 24 � helices within each connexon10550 North Torrey Pines Road
(Unger et al., 1999). Since publication of the originalLa Jolla, California 92037
map, improvements in the data analysis have allowed4 Division of Cardiovascular Diseases
calculation of a map with 5.7 Å in-plane and 19.8 ÅScripps Clinic
vertical resolution. Each of the helices is clearly resolved10666 North Torrey Pines Road
from its neighbors in the TM domain, and the helices’La Jolla, California 92037
centers of gravity are also discernible, allowing accurate
determination of the helix positions, tilt, and azimuthal
angles. However, even in this improved map, connectingSummary
loops remained largely undefined either because of limi-
tations in the vertical resolution (in the nonhelical struc-Gap junction channels connect the cytoplasms of ap-
ture of extracellular loops) or disorder (in the cyto-posed cells via an intercellular conduit formed by the
plasmic domains). This precluded direct assignment ofend-to-end docking of two hexameric hemichannels
the helices in the map to the TM domains in the connexincalled connexons. We used electron cryomicroscopy
sequence. Consequently, the molecular basis for ionicto derive a three-dimensional density map at 5.7 Å in-
conduction, channel permeability, and gating propertiesplane and 19.8 Å vertical resolution, allowing us to
among the various connexin isoforms could not be in-identify the positions and tilt angles for the 24 � helices
ferred directly from the cryo-EM map (Harris, 2001).within each hemichannel. The four hydrophobic seg-

However, there is a large body of biochemical andments in connexin sequences were assigned to the �
biophysical evidence (reviewed by Harris, 2001) thathelices in the map based on biochemical and phyloge-
provides insight into the TM boundaries for M1–M4 andnetic data. Analyses of evolutionary conservation and
subunit topology (Bennett et al., 1994) and the identitiescompensatory mutations in connexin evolution identi-
of the pore-lining helices (Kronengold et al., 2003; Sker-fied the packing interfaces between the helices. The
rett et al., 2002; Zhou et al., 1997). We used these datafinal model, which specifies the coordinates of C�

to assign the TM segments M1–M4 to the helices ob-atoms in the transmembrane domain, provides a struc-
served in the cryo-EM map (Unger et al., 1999). We thentural basis for understanding the different physiological
combined the helix positions, tilt, and azimuthal angleseffects of almost 30 mutations and polymorphisms in
from the improved cryo-EM map with computational

terms of structural deformations at the interfaces be-
methods for the analysis of evolutionary conservation

tween helices, revealing an intimate connection be- and hydrophobicity of amino acid residues (Fleishman
tween molecular structure and disease. et al., 2004b) to generate a C� trace model of the 24

helices in the connexon. Even though the cryo-EM map
Introduction corresponds to Cx43, our analysis was based on the

human Cx32 sequence since there is a wealth of bio-
A gap junction channel is formed by the end-to-end chemical, mutational, and genetic data for this isoform.
docking of two hexameric hemichannels or connexons Modeling Cx32 on the basis of the Cx43 structure is
(Kumar and Gilula, 1996). Each hexamer is formed by justified because the two proteins exhibit 50% sequence
six connexin subunits (Cascio et al., 1995) that are com- identity in the predicted TM residues of M1–M4 (Yeager
posed of four hydrophobic transmembrane (TM) seg- and Gilula, 1992). Moreover, various connexins assem-
ments designated M1–M4 from the N- to the C terminus ble to form heteromeric connexons (Harris, 2001). It is
(Milks et al., 1988). The intercellular pore of gap junction therefore very likely that connexins share a common
channels is roughly 15 Å in diameter and allows transport architecture, at least in the TM domain. Consequently,
of cytoplasmic secondary messengers, thereby mediat- the model we describe should serve as a template for
ing signaling and ion current flow between neighboring other connexins.
cells. Over the past several decades, the important role Our approach followed that used by Baldwin et al.

(1997) to predict the structure of the TM domain of verte-
brate rhodopsin based on a cryo-EM map at 9 Å in-*Correspondence: nirb@tauex.tau.ac.il
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Figure 1. Overlay of Cross-Sections of the
3D Density Map of One Connexon Derived by
Electron Cryocrystallography

Counting from the middle of the extracellular
gap and toward the observer, sections �14,
�18, and �24 (A) and �20, �24, �29,
and �34 (B) were used. The approximate
boundary between the membrane and the ex-
tracellular gap corresponds to section �8
(not shown). The vertical distance between
consecutive sections is 2 Å. Densities be-
longing to the same helices are represented
by the same base color, with the darkest and
lightest shades corresponding to densities

in sections �14 and �34, respectively. Helices were arbitrarily marked A–D and A� and B� (which are symmetry related to A and B) to provide
a reference for discussion. The position marked (0,0) was used to generate grid coordinates for the locations of helices A–D given in Table
1. The spacing between grid lines is 10 Å, and the map was contoured starting at 1.5� above the mean.

plane and 16.5 Å vertical resolution (Unger et al., 1997). shielded from the membrane lipids, we concluded that
section 29 was located close to the cytoplasmic bound-The model of rhodopsin was shown to be quite accurate

(Bourne and Meng, 2000) when compared to the subse- ary of the membrane. Densities past section 29 for helices
B, C, and D likely represented parts of the cytoplasmicquent high-resolution X-ray structure (3.2 Å rmsd) (Pal-

czewski et al., 2000). We have used a similar approach domains (N-tail, C-tail, and the M2-M3 cytoplasmic
loop).(Fleishman et al., 2004b), which relies on the assumption

that conserved amino acid residues preferentially pack There are 24 different assignments of the hydrophobic
domains M1–M4 to the four helices in the cryo-EM mapat helix-helix interfaces, whereas the positions that face

the lipid or the pore lumen are variable (Baldwin et al., (Nunn et al., 2001). At the outset, we stress that no
single helix assignment can be reconciled with all of the1997). In addition, it is unfavorable for charged residues

to face the lipid, except for the terminal helical turns, experimental data on connexins (Harris, 2001). This is
in part due to the channel’s plasticity and the heteroge-where charged positions may interact favorably with

the polar-headgroup region. Where conservation and neity of methods and connexin isoforms on which rele-
vant studies were based. Our approach has thereforehydrophobicity did not suffice to produce an unambigu-

ous conformation, we applied a computational tool for been to use primarily the cryo-EM map together with
data on hydrophobicity and evolutionary conservation.identifying pairs of positions that exhibit correlated evo-

lution, which is often associated with contact formation We relied on other experimental evidence to provide
support only in cases where there was substantialin the protein’s tertiary structure (Fleishman et al., 2004a;

Gobel et al., 1994). We thus computed a structure for agreement between different studies. With Figure 1 as
a reference, the following describes clues from differentthe entire TM domain of the gap junction hemichannel.
sources that were used to derive an assignment of heli-
ces A–D to the TM segments M1–M4 in the connexin se-Results
quences.

The substituted-cysteine accessibility method (SCAM)Helix Assignment
Analysis of superimposed cross-sections from the TM (Karlin and Akabas, 1998) demonstrated that specific

residues on M1 as well as in the N-terminal part of E1density of one connexon (Figure 1) revealed the follow-
ing helix tilts (Table 1): 9.1� (A), 15.6� (B), 27.5� (C), and are accessible for labeling by water-soluble sulfhydryl

reagents (Kronengold et al., 2003; Skerrett et al., 2002;29.2� (D). The contoured sections identified section 29
(second from the top in Figure 1B) as being the last Zhou et al., 1997). A detailed analysis showed that M3

was the major pore-lining helix (Skerrett et al., 2002).section of helix A that exhibited significant density.
Based on the necessity that the aqueous pore be Notably, both M1 and M3 contain several evolutionarily

Table 1. Estimated Axes of the TM � Helices

Tilt and Azimuthal Angles Positions

Helix � (�) φ (�) a14 (Å) b14 (Å) a24 (Å) b24 (Å)

A (blue) 9.1 0.0 2.4 24.8 2.4 28.8
B (green) 15.6 28.0 15.6 32.4 12.4 34.8
C (yellow) 27.5 90.0 23.2 27.6 11.6 21.6
D (red) 29.2 60.0 10.4 18.0 �0.8 18.0

Colors refer to Figure 1. Positions a14, b14, a24, and b24 were derived from the grid shown in Figure 1 using (0,0) as common origin. With �z
pointing towards the observer, sections 14 and 24 are located �28 Å and �48 Å from the center of the extracellular gap. The values for the
azimuthal angles (φ) were derived by centering orthogonal x,y-coordinate systems at the a14, b14 positions for each of the helices and
measuring the angles between the x-axis, oriented parallel to b, and the projected paths of the helices connecting the points (a14, b14) and
(a24, b24). Positive φ angles were measured counterclockwise from x in the direction of y. The values for the tilt angles (�) were measured
as the angle between the projected path of the helices and the z axis. The estimated axes assume that the � helices are straight.



A C� Model of the Gap Junction’s TM Domain
881

Figure 2. Connexin Architecture and Amino Acid Conservation

(A) The sequence of human Cx32 color-coded according to evolutionary conservation using the ConSeq server (Berezin et al., 2004), with
turquoise-through-maroon corresponding to variable-through-conserved positions (see color bar). The hydrophobic segments M1–M4 are
marked on the sequence.
(B) Membrane topology of Cx32. Acidic and basic amino acids in the TM domain are marked red and blue, respectively. The transmembrane
segments M1–M4 and the two extracellular loops E1 and E2 are indicated. Two aromatic residues are colored magenta. Numbers indicate
the positions of the extramembrane domain boundaries. Part of the C terminus was truncated.
(C) As indicated in the schematic model (left), four cross-sections evenly distributed within the membrane region of one connexon were
evaluated. The approximate total areas facing the aqueous pore (blue), the membrane lipid (yellow), and neighboring � helices (orange) were
estimated in each section for each of the four helices A–D. The orientations of the pie charts are arbitrary. As suggested in Figure 1, this
representation clearly reveals that only helices B and C have access to the aqueous pore. Furthermore, each of the helices has a characteristic
accessibility pattern that was used in combination with the conservation profile of (A) to assign each helix to a specific TM sequence (see text).

conserved charged residues (Figure 2A). The important at position 208 toward the cytoplasmic domain, which
is likely to be outside the hydrophobic core of the bilayerrole of M3 in lining the pore is also suggested by the

amphipathic pattern of its conserved polar and charged (Figure 2B).
Hence, without committing to the specific identitiesamino acids (Milks et al., 1988). In contrast, M2 is devoid

of any charges, and M4 contains a single Glu residue of the pore-lining helices, a generalized assignment for



Molecular Cell
882

M1 and M3 could be made by assessing which of the versus conservation signal, with the variable residues
mapping to one helical face. Indeed, the optimal confor-helices in the structure had access to the aqueous pore.

From Figure 1, it was clear that only helices B and C mation placed all of the evolutionarily variable positions
of M3 and M4 in lumen- or lipid-exposed positions, re-lined the aqueous pore, which suggested that these

segments corresponded to M1 and M3. However, this spectively, whereas conserved faces were packed in-
side the protein core.first assignment step did not allow us to distinguish

between the two possible alternatives. Nevertheless, if In contrast to M3 and M4, the residues in M1 and M2
are homogeneously conserved (Figure 2A), so that theM1 and M3 corresponded to helices B and C, then it

followed that helices A and D corresponded to TM seg- orientations around their principal axes cannot be deter-
mined reliably on the basis of conservation alone. Corre-ments M2/M4 in the connexin sequence.

After division of the four TM segments into two groups lated amino acid evolution has been used previously to
identify interresidue contact (e.g., Gobel et al., 1994).(i.e., B/C � M1/M3 and A/D � M2/M4), the number of

options for a specific assignment could be limited by a The underlying assumption was that pairs of residues
that form contact undergo dependent evolution, i.e., acomparison of connexin amino acid sequences using an

approach similar to Baldwin’s analysis of the G protein substitution in one position would induce the other to
change in order to maintain the protein fold.coupled receptor family (Baldwin, 1993). Specifically,

residues in the lipid-facing positions of TM helices were To detect correlations, we applied a method that was
especially designed for treating intermediate-sized pro-the least conserved among the receptors. A similar anal-

ysis based on 60 connexin sequences (Berezin et al., tein families (50–100 sequences) (Fleishman et al.,
2004a) such as connexins. We identified five pairs of2004) showed that the relative conservation of the TM

segments was M2 	 M4 and M1 	 M3 (Figure 2A). correlations in the TM and juxtamembrane domains that
are connected by solid lines in Figure 4B. Positions inWe reasoned that evolutionary variability within the TM

segments indicated that amino acid residues in these the juxtamembrane domain (3 positions from the end
of the hydrophobic stretch at most) were assumed topositions were not very important for helix packing and

were therefore more likely to face the membrane lipid conform to �-helical ideality. Based on these correla-
tions we manually oriented helices M1 and M2 to obtainor the large pore lumen.

A specific helix assignment could then be made by a conformation in which each of the two positions of a
correlated pair would be in proximity (Figure 4B). Theassessing the extent to which the � helices in the struc-

ture had access to the lipid and the aqueous pore. correlations that pertained to helix M3 were in accor-
dance with the helix’s orientation around its principalCross-sections similar to those shown in Figure 1 were

chosen throughout the membrane-spanning part of one axis as determined above by the evolutionary conserva-
tion analysis. Moreover, the five pairs of correlationsconnexon (Figure 2C). In each cross-section, we esti-

mated what part of each of the helices faced the aque- were accommodated by the model, thus providing addi-
tional support for the model at various levels, includingous pore, packed against neighboring helices, or was

exposed to the lipid. Helix C was found to be more the TM-domain boundaries, helix assignment, and the
orientations of the helices around their principal axes.exposed to the aqueous pore than B. Hence, of the M1/

M3 pore-lining pair, the highly conserved M1 most likely
corresponded to B, and M3 to the major pore-lining helix Structural Features
C. A similar analysis showed that helix D was more It is difficult to provide a detailed structural interpretation
exposed to the lipid environment than was helix A (Fig- of the model at this resolution since the computed struc-
ure 2C). Therefore, of the M2/M4 lipid-exposed pair, ture does not contain information regarding side chain
the conserved M2 most likely corresponded to the more conformations. Moreover, we estimate that the orienta-
buried helix A, and M4 to the lipid-exposed helix D. In- tions of the helices around their principal axes may vary
terestingly, the evolutionary conservation of M3 showed by up to 40�. Nevertheless, even at this level of uncer-
a decrease in the central part of the bilayer (Figure 2A), tainty, it is possible to provide a rough description of
which coincided with an increase in the exposure of the factors that stabilize the structure.
helix C to the pore lumen (Figure 2C). Similarly, the con- The lipid-exposed residues of M2 and M4 are mostly
servation of M4 decreased toward the cytoplasmic side, hydrophobic. In fact, these helices are devoid of charged
correlating with an increase in its exposure to the mem- amino acids, except for Glu208 on M4 (Figures 2B and
brane. 5A). This residue is just two amino acid positions from

the C-terminal end of the hydrophobic segment and is
located in the protein core, toward the cytoplasmic sideHelix Orientations

Canonical � helices were constructed based on the pa- of the protein. Hence, it is not exposed to the membrane
environment and, due to the tilt of helix M4, might berameters defined in Table 1 (Figure 3). A starting C�

model for the 24 � helices in the hexameric connexon surrounded by water from the cytoplasm. Position Arg22
on M1 faces the protein core on the cytoplasmic sidewas built using the assignment M1 � B, M2 � A, M3 �

C, and M4 � D. We used an exhaustive search and of the protein (Figure 5B). Likely, this position “snorkels”
(von Heijne, 1996) to the cytoplasmic side of the lipidscoring function to sample the rotational orientation of

each of the helices around their principal axes, while bilayer according to the positive-inside rule (von Heijne,
1989). Another possibility is that Glu208 and Arg22,maintaining 6-fold symmetry around the channel axis

(Fleishman et al., 2004b). This search yielded the optimal which are oriented toward one another, form a salt
bridge.conformation shown in Figure 4A. It is evident that heli-

ces M3 and M4 show a very clear evolutionary variability Most of the charged residues in M1 and M3 are posi-
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Figure 3. Fit of Canonical � Helices to the Cryo-EM Density Map of the Gap Junction Channel

Top and side views of one connexon showing the fit of canonical � helices (gold) to the cryo-EM density map of Cx43 (blue), according to
the helix-axis parameters provided in Table 1. The left and right pairs are wall-eyed and cross-eyed stereo views, respectively.

tioned where they could extend their side chains into about two-thirds of the way from the cytoplasmic to
the extracellular ends of the TM domain (Figure 5B).the pore lumen (Figure 5B). Arg142 and Glu146 on M3

are only partly pore lining, and interact in part with helix Charged residues in the extracellular loops have been
shown to be determinants of charge selectivity in gapM1, in register with Arg32 of M1. Possibly, the two

charged positions of M3, which are one helical turn junctions (Trexler et al., 2000). It is possible that this
polar belt plays a secondary role in charge selectivity.above each other, form a salt bridge. Being roughly in

register with one another, the three charged positions Roughly in register with one another, a number of
conserved polar residues are found throughout the pro-form a thin (4–5 Å) polar belt around the pore lumen

Figure 4. A Model for the Structure of the
Gap Junction Connexon

(A) Conservation is color-coded as in Figure
2A. Helices were rotated around their princi-
pal axes and evaluated according to a scoring
function that (1) favors the burial of conserved
and charged amino acids in the protein inte-
rior and (2) the exposure of variable positions
to the pore lumen or the lipid. Hydrophobic
segments M3 and M4 show a clear conserva-
tion signal, with a well-defined variable face.
Yellow spheres indicate putative specificity
determinants, all of which map to pore-lining
positions, where they may modulate perme-
ability and conductance. Significantly, speci-
ficity determinants span five helical turns on
the M3 segment in support of its role as the
major pore-lining helix.
(B) M1 and M2 are almost homogeneously
conserved (Figures 2A and 4A) and were ori-
ented using a method for the detection of cor-
related positions (Fleishman et al., 2004a).
Positions in the juxtamembrane domain

(three positions from the end of the hydrophobic stretch at most) were assumed to extend the � helix (colored magenta). Correlated positions
are connected by solid lines. The three correlated pairs of positions on M1 and M2 were assumed to interact, so the helices were rotated
manually for these positions to be roughly in proximity. The orientation of M3 around its principal axis was determined solely on the basis of
evolutionary conservation (Figure 4A), but the two pairs of correlations between positions on M3 and M2 are congruent with the orientation
of M3, serving as partial verification of this helix’s orientation around its principal axis. A sixth correlation between Gln99 (M2) and Val210
(M4) could not be reconciled with the model.
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Figure 5. Structural Features of the TM Domain of the Gap Junction Connexon

(A) Polar and charged amino acid residues in the protein interior. The polar residues (yellow spheres) are roughly in register and could be
involved in the formation of a network of hydrogen bonds that would stabilize interhelical contacts.
(B) Acidic and basic residues in the protein interior and facing the pore lumen are indicated by red and blue spheres, respectively. Arg22 is
near the boundary of the hydrophobic domain and could be accessible to the cytoplasmic side of the membrane (von Heijne, 1989). Glu208
also resides at this boundary and is likely to be exposed to the cytoplasm. The pore-lining charged residues form a slender (4–5 Å) belt of
charge around the pore lumen. None of the charged residues is exposed to the membrane.
(C) Aromatic residues on M3 and M4 are shown as purple spheres. The two Phe positions on M4 coincide with the position of a protrusion
of density on helix D in the cryo-EM map (Unger et al., 1999). Stacked aromatic residues have been shown to generate such protrusions of
density (Henderson et al., 1990). The clustering of aromatic residues from M3 and M4 could stabilize interhelical contacts. Furthermore, the
ridge of aromatic residues on M3 could serve to shield the water-filled pore from the lipids in this region of the protein structure, in which
helices are not tightly packed.

tein core (yellow spheres in Figure 5A). An attractive showed a thickening of density corresponding to
Phe153 and Phe156 in helix E (data not shown). Althoughhypothesis is that these residues form a hydrogen bond-

ing network to stabilize interhelical contacts. This could aromatic residues are present in all four TM segments
of connexins, only M4 contains two conserved Phe resi-explain why many of these positions are intolerant to

substitution; even fairly conservative mutations at these dues near the extracellular side of the bilayer (positions
190 and 193) that occupy the same helical face (magentapositions have been implicated in disease. We note,

however, that no terms in the scoring function used to circles in Figure 2B). In contrast, helix M2 contains only
one aromatic residue (Trp77) in its extracellular part.orient the helices around their principal axes favored a

particular hydrogen bonding pattern among amino acid While it is not an ultimate proof, the interpretation of the
shoulder of density on helix D provides independentresidues (Fleishman et al., 2004b).

Significantly, the criteria used for orienting M3 and support for the assignment of helix D to M4 and the
orientation of this helix around its principal axis.M4, i.e., evolutionary conservation and hydrophobicity

(Fleishman et al., 2004b), did not take into account in-
teractions among aromatic residues. Nevertheless, a Specificity Determinants

Gap junction channels manifest very little ionic selectiv-prominent structural feature of the model is the cluster-
ing of five conserved Phe residues near the extracellular ity and yet do show differences in ionic preferences

between different connexin isoforms. Based on this be-side of the bilayer between helices M3 and M4 (Figure
5C), which may stabilize interhelical contacts. There is havior, one would expect that pore-lining residues would

vary among different types of connexins (paralogs) butalso a ridge of aromatic residues on M3 that extends
almost without interruption between the extracellular be conserved for identical connexins in different species

(orthologs) (Harris, 2001). Such positions are termedand the intracellular ends of the channel, from Trp133
on the cytoplasmic side to Phe149 on the extracellular specificity determinants, as their identities determine

the specific functional behavior of the given channel.side of the bilayer (Figure 5C). Notably, the density map
shows that helices C (M3) and B� (M1) are separated We analyzed the connexin sequences to identify puta-

tive specificity determinants. Connexins of similar func-by a relatively large distance (Figure 1). This ridge of
aromatic residues could shield the water-filled pore from tions in different species (orthologs) are the products of

speciation events, whereas those with different func-the lipid.
It is also notable that the previous (Unger et al., 1999) tions (paralogs) arise from gene duplication (Graur and

Li, 1999). It is therefore expected that orthologous se-and current cryo-EM maps show a relatively large “shoul-
der” of density on helix D toward the extracellular side quences would cluster in the termini of the phylogenetic

tree, whereas the events leading to paralogy would beof the gap junction channel. Such protrusions of density
can arise from stacked aromatic residues in intermedi- reflected in deeper nodes. Thus, using a phylogenetic

tree (Yang, 1997) and reconstructed ancestral se-ate-resolution maps (Henderson et al., 1990). A map of
bacteriorhodopsin that we computed at the resolution of quences (Schmidt et al., 2002), we automatically traced

the evolutionary history of each amino acid position inthe gap junction map (5.7 Å in-plane and 19.8 Å vertical)
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Figure 6. The Distribution of Disease-Causing and Benign Polymorphisms in the Gap Junction Model

(A) The model provides an explanation for the differential effects of mutations that cause nonsyndromic hereditary deafness, erythrokeratoder-
mia variabilis (EKV), and polymorphisms in the TM domain. Physicochemically conservative disease-causing mutations (e.g., Val for Ile) were
colored red, and radical polymorphisms (e.g., Ser for Tyr) were colored green. As expected, conservative disease-causing mutations all map
to structurally dense regions of the protein, whereas the radical polymorphisms map to more spacious regions.
(B) Similarly, 11 of 13 conservative Charcot-Marie-Tooth (Fischbeck et al., 1999) causing mutations (red spheres) map to structurally packed
regions, whereas only two such mutations (orange spheres) map to pore-lining or lipid-exposed helix faces.

search of those that exhibited relatively minor evolution- ysis of all 13 mild substitutions of Cx32 causing Charcot-
Marie-Tooth (CMT) neuropathy (Fischbeck et al., 1999)ary differences in the branches separating terminal

nodes and large differences in the inner branches (see (Figure 6B) reveals a similar pattern, with only two dis-
ease-causing mutations (orange) mapping to spaciousExperimental Procedures).

We identified five putative specificity determinants on regions of the protein structure. A list of all of the muta-
tions shown in Figure 6 is available upon request andM1 and M3, all of which are pore lining as expected

(yellow spheres in Figure 4A). Notably, the putative spec- at http://ashtoret.tau.ac.il/�sarel/GJ.html.
ificity determinants on M3, the major pore-lining helix,
span five helical turns from the cytoplasmic end of the Discussion
channel, up to roughly two-thirds of the way toward
the extracellular side of the bilayer. Since pore-lining Determining the positions of amino acid residues in

the gap junction channel has defied experimental ap-positions are expected to specify the different conduc-
tance and permeability traits of connexins (Harris, 2001), proaches for many years. In part, this is due to the

complicated organization of gap junctions when com-these results serve as independent verification of our
model and predict which residues have important ef- pared to other membrane channels whose structures

have been solved. That is, gap junction channels arefects on channel properties.
composed of two connexons in separate membranes
and can form different channel varieties depending onThe Locations of Mutations and Polymorphisms

To see whether the model can provide insight on the the types of connexins that are associated within a con-
nexon.molecular basis for the effects of mutations that have

been reported clinically, we analyzed mutations related We used a cryo-EM map of the gap junction channel
(Figure 1) to guide the positioning of model � helices into skin, deafness, and developmental diseases that

are documented in the Connexin-Deafness Homepage the membrane (Figure 3). The four hydrophobic seg-
ments M1–M4 in the connexin sequence were assigned(http://www.crg.es/deafness). The logic underlying our

analysis is that mild substitutions such as Val for Ile will to the helices according to biochemical and evolutionary
evidence. The orientation of each of the helices aroundcause disease only if they occur in regions of the protein

that are structurally well packed. Similarly, radical sub- its principal axis was then computed by analyses of
evolutionarily conserved (Figure 4A) and correlatedstitutions such as Ser for Tyr will only be tolerated if

they occur in structurally spacious regions. amino acid substitutions (Figure 4B). The resultant con-
formation placed positions that we identified as specific-Figure 6A displays the structure of the gap junction

hemichannel with all 11 physicochemically conservative ity determinants in pore-lining locations, as expected
(Figure 4A).substitutions of Cx26 causing nonsyndromic deafness

and erythrokeratodermia variabilis (EKV) in red, and the We note that the validity of the model is entirely contin-
gent on the assignment of the hydrophobic segments,two radical but benign substitutions (polymorphisms) in

green. Strikingly, all mutations indeed map to structur- M1–M4, to the helices A–D in the cryo-EM map (that is,
A � M2, B � M1, C � M3, and D � M4). While no singleally packed regions, whereas both polymorphisms map

to either the pore region or the lipid-exposed face. Anal- assignment is completely in harmony with all available
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biochemical evidence (Harris, 2001), the assignment we in the protein interior, result in disease. Given the striking
compatibility of data on mutations and polymorphismshave used is compatible with a large body of data.

Several different lines of evidence have converged with the model, it appears that the effects of a significant
fraction of disease-causing mutations in the TM domainin the computation and verification of the model. The

agreement between these methods is encouraging, but may be explained quite simply in terms of deformations
of local structure at the interfaces between helices.the model should be treated only as an approximation.

In fact, there are some inherent inaccuracies in the mod- Without a model that explicitly defined amino acid
positions, it has been difficult previously to plan rationaleling. For instance, the effective resolution of the cryo-

EM map perpendicular to the membrane plane is only biochemical experiments. Many studies tested connexin
chimeras by swapping large segments from various iso-19.8 Å, thereby precluding accurate vertical positioning

of the helices. However, the helices are all relatively forms (e.g., Hu and Dahl, 1999; Oh et al., 2000; Trexler
et al., 2000). While such approaches have providedshort, and their tilt angles are fairly small (Table 1).

Hence, it is reasonable to position the geometric centers important insight into broad characteristics, such as
charge selectivity and channel permeability, they do notof the helices in the middle of the membrane-spanning

part of the cryo-EM map. We note that the correlated provide an understanding of fine structural and func-
tional details. In recent years, scanning mutagenesispairs of positions are roughly in register (Figure 4B), as

are the polar amino acids in the protein core (Figure and SCAM provided more detailed information (e.g.,
Kronengold et al., 2003; Skerrett et al., 2002; Zhou et5A), serving as support for the positions of the helices’

geometric centers. al., 1997). Nevertheless, without a detailed model, it has
not been possible to assess their reliability within oneAnother complication is that the limited resolution of

the cryo-EM map does not allow us to detect deviations consistent structural framework. Another difficulty in in-
terpreting results from SCAM analyses is that negativefrom �-helicity. Nevertheless, the fit of canonical � heli-

ces to the cryo-EM map is energetically reasonable results at particular positions (i.e., no labeling) cannot
be reliably associated with inaccessibility of these resi-(Nunn et al., 2001), and the map does not show any

kinks in the TM domain. For comparison, large kinks dues. As the labeling reaction depends very strongly on
the local environment, neighboring side chains mighthave been observed in the cryo-EM map of vertebrate

rhodopsin at 9 Å in-plane resolution, which still yielded obstruct accessibility to an otherwise pore-lining po-
sition.a correct assignment for the positions and orientations

of the helices (Baldwin et al., 1997). We cannot rule out The model we describe provides the first integration
of a large body of biochemical, mutational, structural,the existence of small kinks and bulges at this resolution

(Ri et al., 1999), but these would likely have only a local and computational data on the structure of gap junction
channels. The model should prove valuable for derivingeffect on the resultant model (Fleishman et al., 2004b).

The limited vertical resolution of the cryo-EM map testable hypotheses related to structure and function.
For instance, the model provides certain clues regardingalso does not reveal the connecting loops between the

TM helices, thus precluding the unambiguous assign- the factors that stabilize interhelical contacts and the
determinants of connexin oligomerization. Studies onment of the molecular boundary of each connexin sub-

unit. There are two reasonable subunit boundaries, en- the roles of the pore-lining positions in affecting channel
permeability and selectivity may also be focused withcompassing either the helices marked as ABCD or

A�B�CD in Figure 1. Certainly, more experiments are the help of the model, in particular to the residues that
we identified as putative specificity determinants (Figureneeded to distinguish these alternatives, and the model

provides a detailed structural template for testing these 4A). Moreover, the model can guide studies on the fold-
ing of individual connexins and their association to formpossibilities biochemically. Nevertheless, it is important

to note that this ambiguity regarding the connexin sub- connexons. A fascinating prediction of the model is that
the phenotypic effects of a disease-causing mutationunit boundary is independent of and does not adversely

affect the assignment of TM sequences to the helices on one helix can be rescued by a substitution on a
neighboring helix.in the cryo-EM map (i.e., A � M2, B � M1, C � M3, and

D � M4).
Experimental ProceduresWe are encouraged that the model provides an expla-

nation why substitutions at certain positions can lead
Electron Cryomicroscopy and Image Analysis

to disease (mutations), whereas in other positions, sub- Preparation of two-dimensional crystals, cryo-EM, and lattice
stitutions result in no apparent phenotype (polymor- straightening were performed as described before (Unger et al.,
phism). Helices M1 and M2 are considerably more sensi- 1999). A list that contained the data from 69 crystalline areas was

edited to exclude measurements where the sampling of reciprocaltive to mutations than M3 and M4, consistent with the
space was too sparse to allow a meaningful fit of lattice lines. Thetighter packing of M1 and M2 according to the model
final fit was limited to a maximum z* value of 0.065 Å�1 generating(Figure 6). The somewhat higher incidence of mild dis-
1734 unique structure factors compared to 1022 that were included

ease-causing mutations toward the cytoplasmic ends in the previous reconstruction (Unger et al., 1999). Using image data
of M1 and M2 coincides with a closer approach of these with signal-to-noise ratios 
1.8, the overall merging phase residual

for each crystal was �25� compared with the entire data set. Thetwo helices in this region. We note that sequence con-
3D map was computed using an inverse B factor of �350. Analysisservation alone is not as informative as the model in
of the point-spread function indicated a maximum in-plane resolu-identifying the portions of the sequences in which sub-
tion of 5.7 Å and a vertical resolution of 19.8 Å.stitutions would have deleterious consequences (Figure

6). That is, residues on M1 and M2 are all highly con- Sequence Data
served (Figure 2A), but only substitutions in relatively 60 connexin sequences were obtained from SWISS-PROT (Bairoch

and Apweiler, 2000) and aligned using CLUSTAL W (Thompson etnarrow segments on these helices, which are packed
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al., 1994) with default parameters. For each position in the alignment, of four helices comprising a single connexin were explored, and
applied to all 24 helices.evolutionary conservation was computed using the ConSeq server

(Figure 2A) (Berezin et al., 2004), and hydrophobicity using the Kes- Each helix was rotated around its principal axis independently,
in 5� steps, and its optimal orientation was derived. Then, the optimalsel and Ben-Tal scale (Kessel and Ben-Tal, 2002).

The topology of Cx32 was determined experimentally (Milks et orientations of all helices were superimposed to yield the optimal
conformation of the entire complex.al., 1988). Definition of the N- and C termini of the four TM segments

(Bennett et al., 1994) was adjusted slightly to include hydrophobic
stretches that were as long as possible. That is, we eliminated Correlated Mutations

The multiple-sequence alignment of 60 connexin homologs waspositions from the hydrophobic segments’ termini that were occu-
pied by polar or charged amino acids in any of the sequences used to compute the phylogenetic tree of maximum-likelihood

(Schmidt et al., 2002). Subsequently, the most likely ancestral (now-in the multiple-sequence alignment of 60 homologs. The resulting
topology and boundaries of the hydrophobic stretches are shown extinct) sequences were inferred (Yang, 1997). We then identified

correlated positions in the TM domain of connexins (Fleishman et al.,in Figures 2A and 2B.
2004a) (Figure 4B). The informational-entropy threshold (Shannon,
1948), which is a measure of the heterogeneity of amino acid identi-Scoring Function
ties in a particular position in the alignment, was set to 1.1 in orderThe conformational search was performed using the scoring func-
to remove highly conserved positions. To obtain confidence inter-tion described by Fleishman et al. (2004b). In brief, this scoring
vals for each of the computed correlations, 400 bootstrap iterationsfunction favors the burial of evolutionarily conserved amino acid
(Bradley and Tibshirani, 1993) with replacement were conducted.positions in the protein core and the exposure of variable positions
The lower (rlow) and upper (rhigh) boundaries of the 95% confidenceto the lipid or the pore. Conformations that expose charged amino
interval were determined as the correlation coefficient at the 2.5acids to the lipid milieu are penalized. Since the gap junction pore is
and the 97.5 percentiles, respectively, and the trimmed mean (r ) ofrelatively large, pore-lining and lipid-exposed residues were treated
correlation coefficients was calculated. Pairs of positions showingequally as unburied positions, with no need for introducing modifica-
lower confidence boundaries of rlow � 0.1 were eliminated as weretions to the functions. However, since charged residues can be
pairs with trimmed means of r � 0.5.exposed to the lumen of the pore with no consequence on desolva-

tion energy, we abolished the penalty for exposure of charged posi-
Specificity Determinantstions on the pore-lining helices M1 and M3 (Figure 5B). Each confor-
The phylogenetic tree and ancestral-sequence reconstruction (seemation was scored according to the following equation:
Correlated Mutations, above) were used to detect putative specific-
ity determinants in the connexin family. Conserved positions in theScore � �

i
(2(Bi � 1⁄2)(Hi � Ci )), (1)

sequence alignment exhibiting information entropy (Shannon, 1948)
of less than 1.1 were eliminated. For each position in the alignment,where Bi quantifies the extent of burial of amino acid i in the protein
and in each phylogenetic branch, we measured the physicochemicalcore (Fleishman and Ben-Tal, 2002). It assumes values of 0 to 1; 1
distance between the amino acid identities occupying those posi-signifying complete burial against another helix, and 0 complete
tions using the Miyata substitution matrix (Miyata et al., 1979). Multi-exposure to the lipid or the pore lumen. The function is computed
ple and back substitutions in a single branch were not considered.by iterating over all of the helices in the structure other than the
Each node in the phylogenetic tree was assigned a “depth” value,one on which i is located, and taking into account i’s distance from,
which was an integer calculated as the minimal distance betweenand orientation with respect to, each of these helices. Bi is then
that node and any terminus, counting intervening nodes. Thus, thetaken as the maximum of the values calculated for each of the
termini were assigned depth values of 0, neighboring nodes valueshelices (Fleishman and Ben-Tal, 2002; Fleishman et al., 2004b). Thus,
of 1, etc.high values of Bi imply that i is in close contact with another helix,

For each amino acid position, we then computed the Pearsonwhereas low values indicate that it is not interacting with any of
correlation coefficient between physicochemical distances tra-the helices.
versed in each phylogenetic branch and the average depths of eachThe Ci values are the normalized evolutionary-rate scores as-
of the nodes that were connected by that particular branch. Hence,signed by Rate4Site (Figure 2A) (Berezin et al., 2004; Pupko et al.,
high correlation coefficients were associated with positions that2002). High-through-low values of Ci are assigned to variable-
exhibited relatively low variability among terminal nodes (orthologs)

through-conserved positions, respectively. Proline residues are ig-
and relatively high variability in deeper nodes (separating paralogs).

nored in calculating the conservation scores, as they are often con-
We conducted 400 bootstrap iterations with replacement (Bradley

served due to kinks they induce in the helix secondary structure
and Tibshirani, 1993), and calculated the trimmed mean of the 95%

rather than due to the formation of interhelical contacts (Baldwin et
confidence interval of these correlation values (r ). The lower (rlow)

al., 1997).
and upper (rhigh) bounds of the 95% confidence interval were deter-

Hi is the free energy of transfer from water to lipid of amino acid
mined as the correlation coefficient at the 2.5 and the 97.5 percen-

i according to the Kessel and Ben-Tal scale (Kessel and Ben-Tal, tiles, respectively. Positions showing lower confidence bounds of
2002). Hi values are taken into account only if they are greater than rlow � 0 were eliminated as were positions with trimmed means
7 kcal/mole, and only for residues i that are exposed to the mem- r � 0.1.
brane, i.e., for which the burial scores Bi are less than 0.5. Thus,
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Gap junctions form intercellular channels that mediate met-
abolic and electrical signaling between neighboring cells in a
tissue. Lack of an atomic resolution structure of the gap junction
has made it difficult to identify interactions that stabilize its
transmembrane domain. Using a recently computed model of
this domain,which specifies the locations of each amino acid,we
postulated the existence of several interactions and tested them
experimentally. We introduced mutations within the trans-
membrane domain of the gap junction-forming protein con-
nexin that were previously implicated in genetic diseases and
that apparently destabilized the gap junction, as evidenced here
by the absence of the protein from the sites of cell-cell apposi-
tion. The model structure helped identify positions on adjacent
helices where second-site mutations restored membrane local-
ization, revealing possible interactions between residue pairs.
We thus identified two putative salt bridges and one pair
involved in packing interactions in which one disease-causing
mutation suppressed the effects of another. These results seem
to reveal some of the physical forces that underlie the structural
stability of the gap junction transmembranedomain and suggest
that abrogation of such interactions bring about some of the
effects of disease-causing mutations.

Gap junction channels are formed by the docking of two
hemichannels or connexons from adjacent membranes (1).
Each connexon comprises six connexin subunits (2), proteins
which are encoded by �20 isoforms in the human genome (3).
All connexins contain four transmembrane (TM)4 segments
(M1–M4), whose N and C termini are located in the cytoplasm
(4). The channels are �15 Å in diameter at their narrowest
point (5), allowing the transport of ions and secondarymessen-
gers. They are expressed in nearly all vertebrate tissues and
perform critical functions in mediating cell-to-cell signaling
and metabolic coupling between apposed cells (6). Connexins

have been implicated in several diseases. For example, muta-
tions in the gene encoding connexin 32 (Cx32; gene symbol
GJB1) cause X-linked Charcot-Marie-Tooth disease, a com-
mon form of inherited motor and sensory neuropathy (7), and
mutations in the gene encoding connexin 26 (Cx26; gene sym-
bol GJB2) are responsible for a large proportion of cases of
severe to profound non-syndromic hearing loss (8).
The structure of the gap junction has been solved only at

intermediate resolution, revealing the approximate locations of
each of the�-helices comprising theTMdomain (5) but not the
locations of its constituent amino acids. As with many other
humanmembrane proteins that lack bacterial homologs, struc-
tural analyses of connexins have been impeded by the absence
of an atomic resolution structure (9). In particular, the effects of
disease-causing mutations on gap junction structural stability
have not been probed experimentally, and it has been difficult
to design and interpret biochemical experiments on the struc-
tural aspects of connexins relating to individual amino acid res-
idues. Instead, studies have focused on connexin domains (10–
13), and normally, pairwise relationships among residues have
not been detected other than by serendipity (14). However,
based on the intermediate resolution structure (5) and compu-
tational inferencemethods (15, 16), amodel of canonical�-hel-
ices corresponding to the M1–M4 segments, which specifies
the approximate positions of�-carbons in the TMdomain, was
recently proposed (see Fig. 1) (17). Because the TM domain of
connexins has been well conserved through evolution (17, 18),
this model structure may serve as a template for all connexin
isoforms, although the various isoforms are likely to exhibit
slightly different helix-packing interactions. Hence, by specify-
ing which residues are located in proximity to one another, the
model can serve as a basis on which to formulate explicit
hypotheses on interactions between amino acid positions.
We have studied several hypotheses of interactions between

residue pairs by probing the localization of mutated human
Cx26 and Cx32 that were C-terminally fused to green fluores-
cent protein (GFP) and expressed in HeLa cells that do not
express endogenous connexins (19). Connexin trafficking to
and insertion into the plasma membrane is dependent on sev-
eral factors and processes, among them is the proper folding
and oligomerization of the protein (20); substantial disruption
of the protein stability could therefore result in mislocalized
protein. We introduced single and double mutations into the
connexin TM domain. A destabilizing mutation would show
aberrant localization outside the plasma membrane. However,
a carefully chosen second-site mutation could stabilize the
mutated protein and retrieve the wild-type localization at the
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sites of cell-cell apposition. This procedure is similar in spirit to
the double-mutant cycle (21) and to second-site suppression
assays (22). In all of these analyses, if the phenotypic effects of
one mutation are found to depend on whether or not the other
is mutated as well, this will indicate that the two amino acid
sites interact (23). It should be noted that these experimental
assays cannot, on their own, distinguish betweendirect physical
interactions of a pair of positions and indirect interactions
mediated via other residues (24).However, themodel structure,
although approximate, helped us to constrain the possible
explanations. Based on the results of the mutation analyses, we
identified the most likely justification for the observed pheno-
types by computing approximate models of the side chains of
interacting residues. We thus detected, for the first time, inter-
actions that apparently stabilize contacts between TM helices
in connexins; abrogation of these interactions leads to aberrant
phenotype and disease.

EXPERIMENTAL PROCEDURES

In general, we followed the experimental procedures pre-
sented in Ref. 37.
Cloning—Genomic DNA of each of the genes, GJB2 (Cx26)

and GJB1 (Cx32), was double-digested with HindIII and KpnI
and cloned into a pEGFP-N1 expression vector (Clontech, Palo
Alto, CA).
Mutant Connexin Expression Constructs—Mutations were

introduced into the open reading frame of human GJB1 and
GJB2 genomic DNA (subcloned into a pEGFP plasmid) by PCR
site-directed mutagenesis using the QuikChange kit (Strat-
agene, La Jolla, CA). DNA extracted from single colonies was
sequenced at the Tel-Aviv University Sequencing Unit (Faculty
of Life Sciences) using the ABI 377 DNA sequencer (PE Biosys-
tems, Foster City, CA). ADNA template of one singlemutation
of each set ofmutationswas usedwith themutagenic primers of
the second mutation in the same set to generate the double
mutants.
Cell Cultures and Transfections—Communication-deficient

HeLa cells, which do not express endogenous connexins, were
kindly provided by Prof. David Kelsell (University of London).
The cells were grown in low-glucose Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal-calf serum, anti-
biotics (100�l/ml penicillin/streptomycin), and glutamine (290
�l/ml) in a humidified atmosphere containing 5%CO2 at 37 °C.
The cells were plated onto six-well plates on coverslips and
incubated for 24 h to 60–70% confluence.
HeLa cells were transiently transfected using Lipofectamine

2000 (Invitrogen) according to the manufacturer’s instructions
withmodifications. The amount of reagent was reduced by half
and incubated mixed with an equal volume of Neowater (Do-
Coop Technologies, Or Yehuda, Israel) for 5 min at room tem-
perature. This mixture and plasmid DNA were incubated sep-
arately in OptiMEM for 5 min and combined for another 20
min at room temperature. HeLa cells (60–70% confluence)
were washed with OptiMEM and incubated with the combined
Lipofectamine/plasmid DNA solution at 37 °C. After five
hours, the transfection medium was removed from the cells to
prevent toxicity, and cells were incubated in medium without
antibiotics overnight.

Cellular Localization—Cells were fixed with either 4%
paraformaldehyde for 20 min or with 100% ethanol (�20 °C)
for 5 min and mounted on slides using Gel Mount (Biomeda,
Foster City, CA). A comparison of the phenotypes using either
fixation agent revealed no observable differences (data not
shown). The data presented in the paper are based on
paraformaldehyde as the fixation agent, aswas done, e.g. in Refs.
14 and 37. Slideswere observed through a Leica TCS SP2AOBS
confocal microscope. For each of the fluorescence images
shown here, we examined the phase-contrast image to identify
the regions of apposition between cells. The phase-contrast and
fluorescence images are available as supplemental data.
Structural Modeling—The template structure of the TM

domain of the gap junction, comprising Cx32 monomers (Pro-
tein Data Bank code 1txh) (17), was used as a starting point.
Backbone atoms were added to this model using the Biopoly-
mer module of the InsightII program (Accelrys, San Diego,
CA). The sequences of Cx26 and Cx32 were aligned (17) to
generate a model of the gap junction formed by Cx26 mono-
mers. Side chains were then added to both structures using
default parameters. Steric clashes were ignored at this stage.
The rotameric states of Lys-22 (Cx26), Arg-32, and Arg-142
(Cx32) were examined manually, and rotamers were selected
thatminimized distances from the putative salt bridge partners,
while also minimizing steric clashes with other parts of the
protein.

FIGURE 1. Overall organization of the gap junction TM domain in one
of two apposed membranes viewed from the cytoplasm of one cell
looking toward the gap. Six connexin subunits are organized around a
central pore. The model structure (Protein Data Bank code 1txh) (17) reports
only the positions of �-carbons, assuming that each TM segment forms a
canonical �-helix. The model guided the mutation analyses by suggesting
which residues form physical interactions. Amino acid positions that were
mutated in Cx26 (top) and Cx32 (bottom) are indicated by spheres. Blue and
red spheres represent the positions of positively and negatively charged
amino acids, respectively; yellow spheres represent polar residues. One-letter
codes for the amino acids are shown: E, Glu; K, Lys; N, Asn; R, Arg; and S, Ser.
This and all other molecular representations were generated using MOL-
SCRIPT (38) and rendered with Raster3D (39).
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RESULTS

A Salt Bridge between theM1 andM3 Pore-lining Helices—A
region of the model structure that showed particular promise for
this approach was the interface between the M1 and M3 pore-
lininghelices,where a triadof chargedpositions (Arg-32,Arg-142,
andGlu-146 ofCx32) is located (Fig. 1). These three positions (the
first two occupied by basic residues and the last by an acidic resi-

due) are highly conserved throughout
all connexins. In theory, the Arg and
Glu residues, which are reciprocally
charged and are near the water-filled
pore lumen, could be involved in sta-
bilizing electrostatic interactions; it
has been estimated that salt bridges
embedded in water can add nearly 1
kcal/mol to protein stability (25, 26).
We investigated the possible exist-

ence of an interaction between
Arg-32 and Glu-146 by reversing the
charges of these positions singly and
doubly in Cx32 (Fig. 2A) (Table 1).
Both single mutants, R32E and
E146R, were localized outside the
plasma membrane, which might be
indicative of protein misfolding.
Interestingly, a similar charge-revers-
ing mutation, E146K in Cx32, was
implicated in Charcot-Marie-Tooth
disease (27). Remarkably, the double
mutant R32E/E146R, which re-estab-
lishes charge complementarity
between M1 andM3, restored mem-
brane localization.Thecompensation
suggests that the two residues inter-
act. Given the model structure, it is
likely that this interaction involves a
salt bridge that stabilizes the interface
betweenM1 andM3 (Fig. 1).
We also investigated the existence

of an alternative interaction between
Arg-142 and Glu-146. Here too, both
single mutants were mislocalized.
Despite the proximity between posi-
tions 142 and 146, however, the
R142E/E146R double mutant did not
elicit wild-type localization.
To explain this pattern of pheno-

types, we examined the connexin
model structure and explored the
possible rotameric states (i.e. confor-
mations) of the side chains of Arg-32,
Arg-142, and Glu-146 (Fig. 2B). One
of the rotamers of Arg-32 complied
with the formation of an interhelical
salt bridge with Glu-146. By contrast,
none of the potential rotameric states
of the side chain of Arg-142 could
interact with Glu-146 without gener-

ating steric clashes with other parts of the protein. Hence, guided
by themutation assays,modelingof the side chains providedputa-
tive mechanistic explanations of the observed localization pheno-
types.However, it should be borne inmind that this explanation is
based on the model that the localization assay is attempting to
support and that correctmodelingof side chains is highly sensitive
to the accuracy of the C-� model structure (28).

FIGURE 2. A, charged amino acids at the interface between the pore-lining helices M1 and M3 of Cx32 were
mutated singly and doubly. Localization assays show that the two single charge reversals are mislocalized (top).
The R32E/E146R double mutant restores membrane localization (yellow arrows), indicating that these positions
interact. Pictures were taken by confocal microscopy. For each field, three images were taken: phase contrast,
to show the boundaries of the cells, green fluorescence, to show the expression of the connexin-GFP chimera
protein and a merge of the two, to verify the localization of gap junction plaques in the plasma membrane in
points of cell-cell apposition. The phase-contrast and fluorescence images for all figures presented in the
manuscript are available as supplemental data. B, the modeled side chains suggest that only the paired resi-
dues Arg-32/Glu-146 could form a salt bridge without invoking severe steric clashes, as shown by the localiza-
tion assays. Because the localization assays (A) did not detect interactions between Arg-142 and other residues,
this modeled side chain (shown on the right) should be considered as speculative.
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Although wild-type connexins are membrane-localized, our
images show fluorescence also outside the membrane, even in
wild-type connexin (e.g. Fig. 1). Localization of wild-type con-
nexins outside the membrane, in addition to the existence of
gap junction plaques, have been observed in other studies
involving overexpressed connexins, and it has been suggested
that the cytoplasmic fraction of the protein is at least in part
localized in aggresomes (29). The important point to notice
from the perspective of the current study is that, along with the
localization of some of the protein in the cytoplasm, wild-type
and doubly mutated connexins are localized in the plasma
membrane, whereas the single mutants are not.
A Salt Bridge at the Intercellular Part of the TM Domain—

The charged residues of another pair, Lys-22 (M1) andGlu-209
(M4) of Cx26, face one another in the model structure, poten-
tially forming a salt bridge (Fig. 1). These positions are con-
served throughout the connexin family to basic and acidic iden-
tities, respectively. Mutations in both positions of the
homologous Cx32 were implicated in Charcot-Marie-Tooth
disease (30, 31). Our results show that, in Cx26, the single
mutant E209R is mislocalized (Fig. 3A), similar to the disease-
causing mutation to Lys in the homologous Cx32 (30). By con-
trast, K22E was properly localized in the plasma membrane
(Table 1). The double mutant K22E/E209R rescued the aber-
rant localization phenotype of E209R and restored wild-type
localization in the plasma membrane, suggesting that the two
positions interact probably through an interhelical salt bridge.
However, the normal localization of K22E, where no salt bridge
can be formed, suggests that additional forces contribute to
stabilization of this region. We did not detect similar compen-
sation when testing this double mutant in Cx32 (data not
shown), possibly because of subtle sequence and structure dif-
ferences between these isoforms (Lys-22 inCx26 is alignedwith
Arg-22 in Cx32). It is nevertheless very likely that the overall
structure and salt bridge interactions present in Cx26 are also
present in Cx32 (17, 18). It should be noted that, although com-
pensation is a sign of physical interaction, lack of compensation

(as in Cx32) does not necessarily indicate that the residues are
remote (discussed in Refs. 32 and 33).
Further examination of the model structure in light of the

results of the localization assay revealedone choiceof rotamers for
the modeled side chains of Lys-22 and Glu-209, where the car-

FIGURE 3. A, localization assays of wild-type, singly mutated, and doubly
mutated Cx26 fused to GFP and expressed in HeLa cells. The single mutants
E209R and K22E are cytoplasm- and membrane-localized, respectively. The
mutation K22E suppresses the aberrant phenotype of E209R, indicating that
the two positions interact. B, Lys-22 (M1) and Glu-209 (M4) of Cx26 may form
a salt bridge. The two positions are located on the cytoplasmic boundary of
the presumed hydrophobic core of the membrane and may thus be embed-
ded in water or in the vicinity of the polar headgroups. The distance between
the modeled amino and carboxyl moieties is �5 Å.

TABLE 1
Frequency of coupled cells transfected with wild-type and mutated
connexins
Means and S.D. for each connexin were computed on the basis of three separate
experiments and normalized to the levels in the wildtype. For each entry at least 250
transfected cells were counted. Transfection efficiencies in each case were at least
40%. All mutants that showed any coupling (�0%) were statistically indistinguish-
able on a two-sided t-test from the coupling levels in their respective wildtype
protein (� � 5%). NA, not applicable.

Frequency of coupled pairs S.D.
Cx32 constructs
Wild type 1 0.06
R32E 0 NA
R142E 0 NA
E146R 0 NA
R142E/E146R 0 NA
R32E/E146R 0.97 0.11

Cx26 construct
Wild type 1 0.21
K22E 0.75 0.27
E209K 0 NA
K22E/E209K 0.55 0.39
N206S 1.13 0.11
S139N 0 NA
N206S/S139N 1.15 0.09
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boxyl and amino moieties of the side chains could point toward
one another and are roughly 4–5 Å apart (Fig. 3B). The two posi-
tions are located at the end of the presumed hydrophobic core of
the membrane on the cytoplasmic side (Fig. 1) and thus are likely
to be exposed to the polar headgroups and the water in this envi-
ronment. Embedded in water, this salt bridge is also expected to
have stabilizing energetic effects on the folding of the protein (25,
26). It is instructive that themodel structureprovides a framework
for understanding why one of the single mutants has deleterious
effects on stability, whereas the other does not (Fig. 3A). The
E209R mutation not only replaces the charge in this position but
also adds to the side chain length, destabilizing the structure by
bringing apositive charge fromposition209 into the vicinity of the
endogenous positively charged Lys-22 as well as by adding the
potential for forming steric clashes. The compensating K22E
mutation places two negative charges in the same region. How-
ever, because of the significant length difference between the side
chains of Lys and Glu, the charges are more distant from one
another in comparison to the distance between these residues in
the wild type, reducing the effects of same-charge repulsion. By
contrast, the above-mentioned Arg3Glu mutations in positions
32 and 142 did not show wild-type localization (Fig. 2A). The
model offers an explanation for this difference in phenotypes as
well. Whereas the interface between Arg-32 and Glu-146 on the

pore-lining helices M1 and M3 is
quite tight (Fig. 2B), increasing the
effects of same-charge repulsion, the
interface betweenM1 andM4, where
positions Lys-22 and Glu-209 are
located, is less tight (Fig. 3B).
One Disease-causing Mutation

Compensates for the Aberrant Local-
ization Phenotype of Another—
Another pair of residues, Ser-139
(M3) and Asn-206 (M4) of Cx26, is
particularly relevant because of its
involvement in a genetic disease (34,
35). Mutations in these two amino
acids also demonstrate a pattern of
localization phenotypes suggestive of
an interaction. Theoretically, interac-
tions between these polar positions
could result from hydrogen bonding
or stericpacking (Fig. 1).The localiza-
tion assays showed that the S139N
mutant was mislocalized, whereas
N206S exhibited wild-type localiza-
tion (Fig. 4A) (Table 1), although
altered voltage-gating properties in
this latter mutant have been reported
(36). Interestingly, both of these
mutations were implicated in non-
syndromic hearing loss (34, 35).
When this pair is doubly mutated,
however, one disease-causing muta-
tioncompensates for the effects of the
other, restoringwild-type localization
(Fig. 4A). Although the model sug-

gests that the tworesiduesareoriented towardoneanother (Figs. 1
and 4B), the modeled side chains do not appear to be in direct
contact (�6–7 Å apart). This is mainly because of a difference in
the register along the axis vertical to the plane of the membrane,
precluding the formation of a hydrogen bond. Hence, interpreta-
tion of the localization assay in light of themodel suggests that the
interaction between these residues results from packing with
intermediateaminoacidpositions (24).Whereas theS139Nmuta-
tion adds to the volume at the interface between helices M3 and
M4, resulting in mislocalization, the N206S mutation compen-
sates for this increased volume and restores membrane localiza-
tion in the double mutant.

DISCUSSION

Lack of an atomic resolution structure of the gap junction has
made it extremely difficult to conduct biochemical investiga-
tions within a consistent framework (9). Here, we used a model
based on an intermediate resolution structure (17) to formulate
testable hypotheses to uncover some of the physical forces
underlying the stability of the connexin TM domain at the
molecular level. When use of this model is coupled with care-
fully planned mutagenesis, competing structural explanations
may be resolved and mechanistic understanding improved.
Second-site suppression assays need to strike a fine balance

FIGURE 4. A, of the two mutations that cause deafness, S139N and N206S in Cx26, only the first is mislocalized.
The second mutation compensates for the effects of the first, restoring the wild-type localization. The wild-type
localization phenotype of Cx26 is shown in Fig. 3A. B, Ser-139 and Asn-206 of Cx26 are too far apart (roughly
6 –7 Å) to interact directly. They can, however, interact through other residues in their vicinity.
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between the dual goals of introducing a mutation radical
enough to elicit an aberrant phenotype, on the one hand, but
one that does not cripple the protein so completely as to pre-
clude its rescue by a second-site mutation, on the other hand.
Thus, two of the three sets of mutants targeted positions that
are situated in spacious regions of the model structure (Arg-32
and Glu-146 of Cx32; and Arg-22 and Glu-209 of Cx26), where
they are not expected to induce extensive changes to the pack-
ing of the helices. In these sets, we used radical charge-reversal
substitutions. In another set of mutants, involving positions
that are packed inside the core of the helix bundle (Ser-139 and
Asn-206 of Cx26), we tested substitutions that were physico-
chemically mild to reduce the chances that they would bring
forth global changes to the protein structure. In all of these sets,
clinical and some biochemical data suggested that the effects of
the mutations would be observable in our assays.
Based on compensation assays,we suggested atomicmodels for

several amino acid residues, thus refining the structural model of
the gap junctionTMdomain,which specified only the locations of
�-carbons (17). It is notable that, since the publication of the
intermediate resolution structure of the gap junction in 1999
(5), it has not been supplanted by an experimental atomic
resolution structure. Systematic compensation studies could
thus provide constraints that specify the nature of the inter-
actions between amino acid residues on apposed helices. In
particular, using experimental assays (13) such as electro-
physiology and dye-transfer, it may be possible to test muta-
tions that involve more subtle physicochemical changes than
those attempted here, including mutations that only change
the steric properties of the side chain, e.g. Val3 Ile. Based on
such studies, it might be possible to provide an atomic reso-
lution description of much of the connexin TM domain, cir-
cumventing, in part, the impediments to obtaining an exper-
imental atomic resolution structure (9).
Here, we have focused on connexin localization, and the

capacity of doubly mutated connexins to form functional gap
junctions that conduct ions, secondary messengers, metabo-
lites, etc., should also be examined. Intriguingly, the three sets
of compensatory mutations reported here indicate that elimi-
nation of specific interhelical contacts might be the cause of a
number of connexin-related genetic diseases. The fact that the
localization phenotype can be restored by second-site muta-
tions suggests that it might be possible to rescue the aberrant
localization of somemutated connexins by applying small mol-
ecules that stabilize the structure of the TM domain.
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Small multidrug resistance (SMR) transporters contribute to bacterial
resistance by coupling the efflux of a wide range of toxic aromatic cations,
some of which are commonly used as antibiotics and antiseptics, to
proton influx. EmrE is a prototypical small multidrug resistance
transporter comprising four transmembrane segments (M1–M4) that
forms dimers. It was suggested recently that EmrE molecules in the dimer
have different topologies, i.e. monomers have opposite orientations with
respect to the membrane plane. A 3-D structure of EmrE acquired by
electron cryo-microscopy (cryo-EM) at 7.5 Å resolution in the membrane
plane showed that parts of the structure are related by quasi-symmetry.
We used this symmetry relationship, combined with sequence conserva-
tion data, to assign the transmembrane segments in EmrE to the
densities seen in the cryo-EM structure. A Cα model of the
transmembrane region was constructed by considering the evolutionary
conservation pattern of each helix. The model is validated by much of
the biochemical data on EmrE with most of the positions that were
identified as affecting substrate translocation being located around the
substrate-binding cavity. A suggested mechanism for proton-coupled
substrate translocation in small multidrug resistance antiporters pro-
vides a mechanistic rationale to the experimentally observed inverted
topology.
© 2006 Elsevier Ltd. All rights reserved.
*
*Corresponding author
Keywords: dual topology; protein structure prediction; structural bioinfor-
matics; cryo-EM; mechanism of action
Introduction

Bacterial multidrug resistance is a growing
challenge to medical treatment, with previously
harmless bacteria inducing life-threatening infec-
tions.1 One of the mechanisms for the acquirement
of multidrug resistance is the active extrusion of
toxic compounds from the bacterial cell through
membrane transporters. Efflux of toxic compounds
is driven either by ATP hydrolysis, as in the ABC
ultidrug resistance;
-electron microscopy;

ng author:

lsevier Ltd. All rights reserve
transporter superfamily,2 or by coupling the
extrusion of toxic compounds to the inward move-
ment of protons down their electrochemical gradient,
as in the small multidrug resistance (SMR) family of
antiporters. Of the SMRs, EmrE is a representative
from Escherichia coli, which has been extensively
characterized structurally, phylogenetically, and
biochemically3,4 These analyses have provided evi-
dence that EmrE contains four transmembrane (TM)
segments that form α-helices.5,6

A recent electron cryo-electron microscopy (cryo-
EM) analysis of 2D crystals of EmrE bound to one
of its substrates, tetraphenylphosphonium (TPP+),
clearly resolved the eight α-helices comprising the
EmrE dimer at an in-plane resolution of 7.5 Å and
16 Å perpendicular to the membrane plane.7

However, at this resolution, the individual amino
acid residues were not observed, and the TM
segments could not be assigned unambiguously to
d.
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55Structure of EmrE
the densities representing the α-helices. The 2D
crystals of EmrE bind TPP+ with the same high
affinity as detergent-solubilized EmrE, and EmrE
in the native E. coli membrane,4,8 so it is thought
that the cryo-EM structure of EmrE is a faithful
representation of the protein's physiological con-
formation. Quasi-symmetry between six helices
was detected around an axis lying within the
plane of the membrane, suggesting that the EmrE
monomers might assume dual topology in the
membrane, with the monomers arranged in an
inverted or upside-down manner with respect to
one another.7 In contrast, no obvious symmetry
relationship was observed around axes perpendi-
cular to the membrane plane in either the 3D
structure or a previous 2D projection map.9

Two atomic-resolution X-ray structures of EmrE
have been solved in recent years. The first structure
at 3.8 Å resolution appears to have trapped the
molecule in an unphysiological state,10 and is
incompatible with much of the biochemical data
on this protein.11 Recently, another X-ray structure
of EmrE was solved at 3.7 Å resolution,12 which
included one molecule of bound substrate TPP+ per
dimer. However, it has been argued that this
structure too may not be physiologically relevant,13

for three main reasons. (i) The X-ray structure is
very different from the cryo-EM structure of
EmrE.12 (ii) Several key residues that were shown
to be critical for substrate binding are not in a
position to bind substrate in the structure. For
instance, it was demonstrated by different experi-
mental approaches that Glu14 residues from both
monomers are crucial for translocation, participate
in substrate and proton binding,14–19 and are in
proximity to one another.20 By contrast, the X-ray
structure shows that Glu14 from only one mono-
mer forms partial contact with substrate and the
two glutamate residues are over 20 Å apart. (iii)
Evolutionary conservation has been shown to be a
powerful predictor of helix orientations in integral
membrane proteins, with conserved amino acid
positions usually occupying locations that are
buried in the protein core, whereas lipid-facing
positions are evolutionarily variable;21–28 the X-ray
structure of EmrE orients many conserved posi-
tions (Figure 1(a)) towards lipid, and conversely,
variable amino acids are placed at helix–helix
interfaces.29

The difficulties that have arisen in determining a
high-resolution structure of EmrE that accounts for
the body of experimental evidence and recent data
supporting the dual topology of EmrE and other
members of the SMR family30,31 gave us the impetus
to try to understand the cryo-EM structure through
modeling strategies. The proposal of the dual
topology architecture of EmrE contradicts previous
experimental data that suggested EmrE had one
unambiguous topology,32 but could obviously have
crucial implications for structural modeling. Here,
we show that the most straightforward structural
interpretation of dual topology, i.e. that EmrE is
arranged as an anti-parallel homodimer, provides
the key for determining a model of EmrE based on
the cryo-EM structure.
Results

Quasi-symmetry and helix assignment

The assignment of the two sets of four hydro-
phobic segments seen in the sequence of EmrE to the
eight helices observed in the cryo-EM structure is
potentially the most significant hurdle in the
structural modeling (theoretically having 4×8!=
161,280 different permutations).7 However, if a
symmetry relationship existed between two parts
of the structure, this problem could be greatly
simplified (to 2×4!=48 permutations). The previous
analysis of the cryo-EM structure of EmrE identified
symmetry between two parts of the structure
around an axis of symmetry within the plane of
the membrane, but there were no symmetry
relationships around axes perpendicular to the
membrane plane.7 Recent data suggesting dual
topology in EmrE molecules provide additional
support for the in-plane 2-fold symmetry axis.30,31

Indeed, several integral membrane proteins contain
two structurally related domains that are related by
a rotational axis of quasi-symmetry within the
membrane plane (e.g. GlpF,33 ClC,34 and SecYEβ35).
To derive the most likely helix arrangement for

EmrE, four pieces of experimental data were used.
(1) Positions of α-helices were based on the cryo-EM
structure.7 (2) The continuous density between the
ends of helices F and H suggested that they were
adjacent in the amino acid sequence (Figure 1(b)).7

(3) The two monomers in the EmrE dimer are
represented by A-D and E-H, based upon the
symmetrical relationship between A-B-C and H-G-
F, correspondingly (Figure 1(b)). (4) Densities A-B-
C-F-G-H that form the substrate-binding chamber
are composed of helices M1, M2, and M3, because
amino acid residues that are involved in substrate
binding and translocation are found only in these
three helices (Table 1). These data alone were
insufficient to give a conclusive model, so evolu-
tionary conservation was used to guide the assign-
ment of sequence segments to helices. The rationale
behind the use of evolutionary conservation for
helix assignment is that residues that are packed
against other helices are conserved during evolu-
tion, since even minor substitutions in such posi-
tions often weaken interhelix contacts and adversely
affect protein function.21,22,25–28,36 Conversely,
lipid-exposed positions are expected to be generally
accommodating to sequence variability. Hence, we
correlated the conservation of sequences with the
extent of burial of each of the helices observed in the
cryo-EM structure against other helices to constrain
the possible assignments.
We found that the most informative helices in the

cryo-EM structure were C and F, which are related
to one another by the in-plane symmetry axis



Figure 1. (a) Evolutionary conservation of amino acid residues in EmrE. Sequence conservation was color-coded
using the ConSeq webserver,55 and the predicted hydrophobic segments are marked M1–M4. Note that segment M3
is completely conserved in its N terminus with helically periodic variability emerging only in its C terminus. (b) Positions
and tilt angles of α-helices inferred from the cryo-EM structure of EmrE7 viewed perpendicular to the membrane plane.
The helices are marked A–H following the notation used by Ubarretxena-Belandia et al.7 The gray mesh indicates
electron density at 1.1σ. The arrow marks the position where helices F and H are connected via what could be a rigid
loop. The orange star marks the approximate in-plane position of the center of the TPP+ molecule. Notice that helices A-
B-C are related to helices H-G-F, respectively, by an approximate 2-fold rotation around the in-plane axis marked by a
continuous line. Symmetry-related helices are denoted by the use of the same color. (c) Multiple-sequence alignment of
selected SMR sequences in the M3 region. The N terminus of M3 contains the sequence signatures of backbone flexibility,
such as fully and highly conserved glycine residues in positions 67 and 64, respectively (green). Some sequences have
proline (blue) in positions aligned with Ala61 from EmrE, and others have glutamate aligned with Ser64 of EmrE (red).
These polar, small, and helix-deforming residues could elicit flexibility in the M3 segment, correlating with a kink
observed in helix C (Figure 1(a)). The complete alignment of SMR homologues is available at http://www.ashtoret.tau.
ac.il/∼sarel/EmrE.html. Figures 1(b), 3, and 4(b) were generated with PyMol [http://pymol.sourceforge.net/].
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(Figure 1(b)). These helices are unique in EmrE,
because one half of each helix is buried on all sides
by other helices and the other half is exposed to
lipid on only one of its faces; of the four
hydrophobic segments, only M3 contains con-
served amino acid residues in this identical pattern.
The N terminus of M3 is highly conserved,
implying it is packed on all sides by other helices,
but its C terminus shows a helical periodic pattern
of variable residues, suggesting that one face is
lipid-exposed (Figure 1(a)). In Figure 1(b), the most
lipid-exposed, C-terminal portion of M3 is repre-
sented by the right-hand (distant) end of C and the
left-hand (near) end of F.
The assignment of M3 to C and F is supported

partly by the observation that M3 is predicted by our
analysis to be the longest hydrophobic stretch (23
residues compared to 18 or 19 for the other TM
segments, Figure 1(a)) paralleling its assignment to
the most tilted helices in the structure. Further

http:////www.ashtoret.tau.ac.il/(sarel/EmrE.html
http:////www.ashtoret.tau.ac.il/(sarel/EmrE.html
http:////pymol.sourceforge.net


Table 1. Summary of experimental data gathered on
residues of helices M1 to M4 of EmrE, and locations of
those residues in the model structure

Residue

Environment
predicted

from model

Activity
data

++=wt Ref
Environment

of label Re

M1
Tyr4 Substrate

chamber
− 2,4,5 Accessible 4

Ile5 Lipid facing ++ 2,4 Accessible 4
Lipid-facing 2

Tyr6 Lipid facing ++ 2,3,4,5 Partly
accessible

4

Leu7 Chamber − 2,3,4 Accessible 4
Water-
exposed

2

Gly8 Lipid facing ++ 2,4 Inaccessible 4
Lipid-facing 2

Gly9 Lipid facing ++ 2,4 Inaccessible 4
Ala10 Interhelix

contact
− 2,3,4 Accessible 4

Water-exposed 2
Ile11 Chamber ++ 2 Partly

accessible
4

− 1,3,4 Water-
exposed

2

Leu12 Lipid facing ++ 1,2,3,4 Partly
accessible

4

lipid-facing 2
Ala13 Lipid facing ++ 1,2,3,4 Inaccessible 4
Glu14 Chamber − 2,3,4,6 Accessible* 4

Proximal
to E14

2

Val15 Interhelix
contact

++ 2,3,4 Inaccessible 4

Ile16 Lipid facing ++ 2,3,4 Inaccessible 4
Lipid-facing 2

Gly17 Interhelix
contact

+ 1,2 Partly
accessible

4

− 3,4 Water-
exposed

2

Thr18 Chamber − 1,2,3,4 Accessible 4
Proximal
to T18

2

Thr19 Interhelix
contact

++ 2,4 Inaccessible 4

Constrained 2
Leu20 Interhelix

contact
++ 2,4 Inaccessible 4

Constrained 2
Met21 Interhelix

contact
++ 2,3,4 Inaccessible 4

Constrained 2

M2
Val34 Substrate

chamber
+ 1

Gly35 Lipid facing ++ 1
Thr36 Interhelix

contact
+ 1

Ile37 Chamber ++ 1
Ile38 Lipid facing ++ 1
Cys39 Interhelix

contact
++ 1

Tyr40 Chamber − 1,5 Proximal
to substrate

4

Cys41 Chamber + 1
Ala42 Lipid facing + 1
Ser43 Interhelix

contact
++ 1

Phe44 Chamber − 1
Trp45 Chamber ++ 1,7
Leu46 Interhelix

contact
++ 1

(continued on next page

Table 1 (continued)

Residue

Environment
predicted

from model

Activity
data

++=wt Ref
Environment

of label Ref

M2
Leu47 Chamber + 1
Ala48 Chamber − 1
Gln49 Lipid facing + 1
Thr50 Interhelix

contact
++ 1

Leu51 Chamber ++ 1
Ala52 Chamber − 1

M3
Ile58 Interhelix

contact
Ala59 Interhelix

contact
Tyr60 Binding

chamber
+ 5 Proximal

to substrate
5

Ala61 Interhelix
contact

Ile62 Lipid facing
Trp63 Chamber − 7 Proximal

to substrate
7

Ser64 Interhelix
contact

Gly65 Interhelix
contact

Val66 Interhelix
contact

Gly67 Interhelix
contact

Ile68 Interhelix
contact

Val69 Lipid facing
Leu70 Interhelix

contact
Ile71 Chamber
Ser72 Interhelix

contact
+ 1

Leu73 Lipid facing ++ 1
Leu74 Interhelix

contact
+ 1

Ser75 Interhelix
contact

+ 1

Trp76 Lipid facing ++ 7
Gly77 Lipid facing
Phe78 Chamber
Phe79 Lipid facing
Gly80 Lipid facing

M4
Ala87 Interhelix

contact
Ile88 Lipid facing
Ile89 Lipid facing
Gly90 Interhelix

contact
Met91 Interhelix

contact
Met92 Lipid facing
Leu93 Interhelix

contact
− 1

Ile94 Interhelix
contact

++ 1

Cys95 Lipid facing ++ 1
Ala96 Lipid facing ++ 1
Gly97 Interhelix

contact
++ 1

Val98 Interhelix
contact

Leu99 Lipid facing
Ile100 Interhelix

contact

57Structure of EmrE
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Table 1 (continued)

Residue

Environment
predicted

from model

Activity
data

++=wt Ref
Environment

of label Ref

M4
Ile101 Interhelix

contact
Asn102 Interhelix

contact
Leu103 Lipid facing
Leu104 Interhelix

contact

Notice that 22 positions have been probed, but so far, have not
been implicated in protein function (++ in the Activity data
column); 11 of these are lipid-facing in the model structure.
Moreover, 23 positions have been implicated in protein function
(− and + in the Activity data column); 21 of these have
straightforward structural explanations, with the positions either
lining the translocation chamber or situated at helix interaction
sites.
Reference 1 (Mordoch et al.45): Cys-scanning mutagenesis was
performed on an active Cys-less mutant. Activity was assessed by
performing transport assays for three different substrates.
Reference 2 (Koteiche et al.20): The environment of a spin-label
on the Cys mutant is described as either water-exposed, lipid
facing or proximal to the corresponding residue in the dimer.
Although all residues in M1 were tested, assignments are given
only to residues that are unambiguous, with other residues
presumably at environmental boundaries. Reference 3 (Gutman et
al.16): Cys mutants were assayed for binding of TPP+. Reference 4
(Sharoni et al.18): Accessibility refers to the ability of alkylating
agents to react with a Cys mutation at the position indicated and
an asterisk (*) shows that the experiment was performed on a
heterodimer to ensure proper folding of EmrE. Reference 5: Rotem
et al. tested the effects of mutations of tyrosine residues to cysteine
on function and changes in fluorescence quenching in response to
ligand binding. Reference 6: Several studies showed thatGlu14 is a
critical residue for substrate binding and translocation.14–19

Reference 7: Elbaz et al. tested the effects of mutations of
tryptophan residues to cysteine on function and changes in
fluorescence quenching in response to ligand binding.59
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support is provided by the observation that the M3
N terminus contains several sequence signatures
that would favor flexibility of the helix backbone,
correlating with a kink in helix C observed in the
cryo-EM structure (Figure 1(b)). These sequence
signatures include (Figure 1(c)): (a) the presence of
two highly conserved glycine residues in positions
65 and 67; (b) the observed substitution of position
Ser64 with glutamate residues in other SMR
members; and (c) the fact that position Ala61 is
substituted by proline in several homologues.
Notably, proline residues in multiple-sequence
alignments of TM domains have been shown to be
indicators for kinks, even in cases where the
sequence of the protein, for which a structure is
available, does not exhibit a proline.37 Although
these sequence features would favor flexibility of the
helix backbone, the segment does not necessarily
exhibit a kink and, thus, helix F is seen to be mostly
straight in the cryo-EM structure (Figure 1(b)).7

Given the assignment ofM3 to helices C and F, and
the experimental constraints listed above, there is
only one solution for the assignment of the remain-
ing helices. As the termini of helices F and H are
apparently connected by density on the side of the
structure away from the viewer in Figure 1(b)
(indicated by an arrow), and based on the assign-
ment of the portion of F near the connection to H to
be the N terminus of M3, then helix H must be M2.
Since the M2–M3 interconnecting loop is predicted
to contain only five amino acid residues (Figure 1(a)),
itmight be rigid and could, therefore, be visible in the
cryo-EM structure. If M2 is helix H, then, by
symmetry, helix A is also M2. Multiple sources of
biochemical data have implicated residues on M1 as
crucial for substrate binding and translocation;14–19

given the assignment of M2 andM3 above, M1 must
occupy the symmetry-related B andGhelices around
the translocation chamber. In contrast, amino acid
residues in M4 are not involved directly in substrate
binding or translocation (Table 1). The lack of data
implicating residues on M4 in substrate binding is in
agreement with the location of helices D and E,
separated from the substrate-binding chamber by
helices C and F. Finally, the helix assignment
suggested here (M1=B,G; M2=A,H, M3=C,F, and
M4=D,E) is consistent with constraints imposed by
the short interconnecting loops observed in the EmrE
sequence (Figure 1(a)) on the distances between the
helix ends seen in the cryo-EM structure.38 In
addition to this most likely helix assignment, we
tested each of the 47 other permutations against the
known functional data on EmrE, the interconnecting
loop lengths, and SMR evolutionary conservation.
None of these other permutations fit the aggregate
data on EmrE nearly as well as the suggested
assignment (data not shown).
We note that domain swapping, where helices

from one monomer interpenetrate between helices
in the other monomer, could confound the proposed
helix assignment. However, this possibility would
connect helices that are distant from one another,
and is therefore made unlikely by the very short
lengths of the interconnecting loops (Figure 1(a)).7

The only loop that would allow domain swapping is
between M1 and M2. However, the swapping of
these domains involves conformations in which the
loop blocks substrate entry to the binding chamber.

Structural modeling

Canonical α-helices were constructed to fit the
helix axes39 extracted from the cryo-EM structure.7

For each helix, all the rotations around its principal
axis were sampled in 5° increments; each conforma-
tion was scored according to a rule that favors
situations in which evolutionarily conserved amino
acid positions were packed inside the protein core,
with variable positions facing the lipid.23 Following
the orientation of each of the helices, we introduced
a kink into helix C to account for the deviation from
α-helical regularity observed for this helix in the
cryo-EM structure (Figure 1(b)).7 At the vertical
resolution of the cryo-EM structure (16 Å), the
position of the kink cannot be determined unam-
biguously. We therefore estimated this position on
the basis of the direction of the kink observed in the
cryo-EM structure and features observed in SMR
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sequences of M3 that imply backbone flexibility at
the N terminus of this helix (Figure 1(c)), and placed
the kink so that it affects mainly the backbone
hydrogen bond between positions Ser64 and Ile68.
We note that this approximate location for the kink
within helix C does not affect the conclusions we
draw below on the support that biochemical and
biophysical data provide to the model structure.
The computed conformation fits the conservation

profile of each helix quite closely (Figure 2)with all of
the variable residues facing the lipid, and the
conserved residues facing the protein core. It is
important to note that no experimentally derived
informationwas used to constrain the orientations of
the helices. As shown below, these orientations
nevertheless provide a structural framework for
understanding most of the biochemical data on
EmrE.
Figure 2. A view of the EmrE model perpendicular
to the membrane bilayer color-coded according to
evolutionary conservation. On all helices, the conserva-
tion signal closely matches the pattern of exposure of
residues to lipid, with conserved residues buried at
interhelix contact regions, and variable residues placed
in membrane-exposed positions. The Glu14 residues on
both monomers are shown as red spheres. The two
monomers are distinguished by the presence or the
absence of an apostrophe. The Figure was generated
with MOLSCRIPT60 and rendered with Raster3D.61
Comparison of the EmrE model with data from
biochemical and biophysical experiments

It is difficult to interpret the pertinent biochemical
and biophysical data on EmrE on the basis of the
model structure, because the model does not contain
side-chains. Furthermore, we estimate that the
orientations of the individual α-helices around
their principal axes might vary by up to 20°, and
that the positions of Cα atoms on the terminal turns
of each of the helices might diverge from the
positions specified in our model.23 Even with this
level of uncertainty, however, it is possible to provide
a rough account of the majority of the experimental
data on the basis of the model structure.
The structure of EmrE has been probed using a

number of biophysical and biochemical techniques.
The model presented here does not seriously
conflict with any of these data and, in fact, can be
used to rationalize and simplify a number of
observations. The experiments discussed in this
section used spin labels to probe the environment of
helix M1,20 and site-directed mutagenesis to define
amino acid residues important for folding and
transport activity.
The TM region M1 of EmrE contains Glu14,

which is essential for substrate binding and
translocation.14–16,18,19 Therefore, this region has
been studied intensively using a number of biophy-
sical and biochemical approaches. Site-directed spin-
labeling experiments were applied to all the residues
ofM1 to inferwhich of them are packed against other
helices, exposed to lipid, or are in the vicinity of M1
residues of the neighboring monomer.20 All of the
residues that were identified as lipid-exposed by the
spin-labeling experiments are predicted to be lipid
facing in our EmrE model (dark blue spheres in
Figure 3(a) and Table 1). Interestingly, lipid-exposed
positions were identified by spin-labeling to be
restricted mainly to the N-terminal part of M1; side-
chains in its C terminus were found to be motionally
more restricted (light blue spheres in Figure 3(a)).
These results are in close agreement with the model
structure, in which the N-terminal part is more
exposed to lipid and the C terminus is packed against
other helices from almost all directions. Thus, the
spin-labeling data20 verify the assignment of M1 to
helices B and G as well as the helices' orientations
around their principal axes. The spin-labeling experi-
ments also identified only two residues onM1 (Glu14
and Thr18) that are vicinal to their counterparts on
the other monomer. Indeed, these two residues face
one another according to the model structure, and
these two pairs have the closest Cα–Cα distances of
all residues on M1 in the model (∼16 Å). The model
proposed by Koteiche et al. for the relative orienta-
tions of the two M1s considered only parallel helix
packing;20 however, their results fit equallywell with
our antiparallel model shown here.
Hsmr is a homologue of EmrE from the archaeon

Halobacterium salinarium, which is unique among
SMR members, in that approximately 40% of its
sequence is comprised of Ala and Val residues.40
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Presumably, this composition reflects an evolution-
ary pressure to increase the G+C content of the
genome, while maintaining the relatively high
hydrophobicity necessary for a TM protein. Posi-
tions that are not Ala or Val in Hsmr are, therefore,
considered important for structure or function;
conversely, positions that are Ala or Val in Hsmr,
but not Ala or Val in EmrE, can be presumed to be
unimportant.40,41 As expected, the vast majority of
these positions are lipid exposed according to the
model structure (Figure 3(b)). This observation
Figure 3 (legend
suggests that, despite the low level of sequence
identity between SMR proteins, the overall fold of
the homologous proteins is conserved.
The cryo-EM structure of EmrE was derived from

crystals of the transporter bound to TPP+. The
position of TPP+ in the plane of the membrane is
clear from the 3D structure and from comparisons of
projection maps of EmrE with and without TPP+.8

However, the position of TPP+ along the axis
perpendicular to the membrane plane is less certain
due to the low resolution along this axis.7 To provide
on opposite page)
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rough constraints for which residues are located
around the substrate, we docked TPP+ manually
(Figure 3(c)) based on the constraint that the position
of TPP+ with respect to Glu14 should roughly match
that seen in the atomic-resolution structure of the
water-soluble multidrug receptor BmrR,42 which
was also crystallized in a TPP+-bound form. In
harmony with various experimental assays, the
Glu14 residues from both monomers are in position
to form contact with the substrate.17,19 It is also
notable that several aromatic residues are found in
the vicinity of the modeled TPP+, providing partners
for aromatic interactions with substrate. In particu-
lar, positions Tyr40, Tyr60, and Trp63 were shown
experimentally to bind substrate,18 and their Cα

atoms are located within 6 Å from carbon atoms of
the modeled TPP+ (Figure 3(c)). Other aromatic
residues are located between α-helices, where they
might increase structural stability. Table 1 lists 52
amino acid residues that line the translocation
chamber or mediate interhelix contacts in our
model; 21 of these residues have been mutated and
implicated experimentally in substrate binding and
translocation. It should be noted, however, that it is
likely that the specific residues mediating EmrE
binding to substrates other than TPP+ might vary
from those specified here, in analogy to the differ-
ences observed in the binding modes of different
substrates to bacterial multidrug gene regulators,43

and bacterial multidrug resistance transporters.44

Mordoch et al. conducted an extensive substituted
cysteine-accessibility method analysis of Cys-less
EmrE45 (Table 1). They replaced 48 positions
throughout the protein with cysteine, and tested
the mutant transport properties. Only five positions
were absolutely sensitive to replacement, in that the
mutants were incapable of conferring resistance to
known EmrE substrates. Of these five, two muta-
tions (Ile11Cys and Thr18Cys) led to good expres-
sion of EmrE, but transport was reduced severely;
Figure 3. Structural interpretation of biochemical and ph
labeling experiments identified lipid-exposed residues (dark b
spheres identify Glu14 and Thr18, which were shown to be cl
they are in the model. Notice that in both monomers, the moti
surrounded by other helices from almost all sides, whereas pos
are indeed located in lipid-facing parts of the protein. (b) Green
or Val in the Hsmr homologue from H. salinarium, but are not
little structural or functional importance,40 and indeed the maj
of TPP+ in the EmrE model structure. TPP+ was docked manua
crystal structure of the cytoplasmic receptor for TPP+ BmrR.42

aromatic rings from the substrate TPP+. Aromatic residues in
Some of these residues surround TPP+, thus providing possi
Tyr60, and Trp63, which are marked on the Figure, have been im
in spacious regions of the structure, where they might serve to
M1/M3, and M1′/M3′ interfaces). The substrate TPP+ mol
corresponding to carbon and yellow to phosphate atoms. (d) B
abolish functionality, and green spheres indicate positions that
substrates.45 Orange spheres mark positions that are involved
positions at the interfaces between the helices, where mutati
around the binding chamber. Most of the light blue spheres ma
one of the monomers, where changes to the surface of the prote
are all located around the Glu14 residue. A listing of all residu
structural or functional roles is provided in Table 1.
these positions are on the same face of M1 as the
essential Glu14 and are probably involved in
substrate transport (Figure 1(d)). The other three
mutations (Tyr40Cys, Phe44Cys, and Leu93Cys)
resulted in no expression of EmrE, so it may be
that these residues are important in the folding or
stability of EmrE in the membrane. Subsequent
mutational analysis of Tyr40 showed that this
residue is also important in substrate recognition.18

Both Phe44 and Leu93 are predicted to be at the
interfaces between helices (Figure 3(d)), which may
explain their effect on protein folding and/or
stability. This substituted cysteine-accessibility
method study also identified ten residues in the
TM regions that showed decreased resistance to
only one of the antiporter cognate substrates.45 Eight
out of these ten residues are positioned at or around
the substrate-binding chamber (Table 1 and light
blue spheres in Figure 3(d)). Presumably, substitut-
ing these positions alters the properties of the
protein surface that lines the chamber, hence
reducing substrate affinity. As Mordoch et al. note,
the residues on M2 are distributed on two helical
faces, and indeed the two sensitive positions (Ala42
and Gln49), which the model does not place at or
around the substrate-binding chamber, are located
on this helix. Notably, mutants of these two residues
are sensitive only to acrylflavine among the cognate
substrates that were tested,45 implying that these
residues might be involved in the binding of only
certain substrates.43,44

There are two reports of experimental data that
conflict with the model we present here, because
they both suggest that the monomers within EmrE
have an identical orientation in the membrane with
the N and C termini in the cytoplasm.32,46 A third
study reported single topology for the QacC
homologue of EmrE, although the data were
inconclusive regarding the localization of the C
terminus.47 These results are, however, contrary to
ylogenetic data on EmrE and its homologues. (a) Spin-
lue), and motionally restricted (light blue) positions.20 Red
ose to their counterparts on the other monomer, as indeed
onally restricted residues on the N-terminal turn of M1 are
itions that were identified experimentally as lipid-exposed
spheres mark positions on EmrE that are aligned with Ala
Ala and Val in EmrE. Such positions are thought to have
ority face the lipid environment. (c) Docking of a molecule
lly such that it approximately fits the orientation seen in a
The two Glu14 residues (red spheres) are in proximity to
the TM domain of EmrE are marked by purple spheres.

ble interaction partners for the substrate. Positions Tyr40,
plicated directly in substrate binding.18 Others are placed

enhance the interactions between helices (e.g. the M2/M2′,
ecule is shown in space-filling spheres, with light blue
lue spheres indicate four positions where mutations to Cys
change resistance to only some of the transporter's cognate
in substrate binding.18,19 All of the blue spheres map to

ons might disrupt protein folding or oligomerization, or
p to positions around the translocation chamber at least in
in might modify substrate recognition. The orange spheres
es in the TM domain and their experimentally determined
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the topology analysis reported by Daley et al.,30

who showed that the predominant orientation of
EmrE has the N and C termini in the periplasm. The
cross-linking data identifying helix–helix interac-
tions46 are difficult to reconcile with our model, and
will require an atomic-resolution structure to be
determined before the conflict can be resolved, as
was the case for the cross-linking data for the
lactose permease.48 The most internally consistent
cross-linking data showing that helix M4 lies
parallel with and adjacent to M4 from the neighbor-
ing monomer could be explained easily by suggest-
ing that EmrE is a tetramer in the membrane,
Figure 4. (A) A mechanism for proton-coupled translocat
substrate-bound forms of the protein interconvert between con
(*) faces the cytoplasm or the periplasm due to conformationa
substrate is supplanted by the binding of two protons to the
driving the equilibrium towards substrate translocation. (3) A
the cytoplasm. (4) Substrate binding on the cytoplasmic side fo
cytoplasm. (b) A suggestion for the conformational change re
cytoplasmic-facing conformations of the EmrE dimer based o
conformations involves a reorientation of the M1–M3 helices in
in-plane axis of symmetry; a kinking and straightening of M3;
respect to the M4 helices. As these changes occur in the prote
near end in the conformation on the left, moves downwards an
the right-hand conformation. Thus, interconversion between
substrate from cytoplasmic facing to periplasmic facing. The
conformation on the left by 180° with respect to the in-plane a
completely superimposable. Thus, inverted topology wou
conformations, one of which is accessible to the periplasm
arbitrarily marked A and B.
related by a 2-fold perpendicular to the membrane,4

a proposal that is supported by recent data from
studying the interaction between peptides repre-
senting individual TM regions of Hsmr, the
archaeal homologue of EmrE.49

An alternate-access mechanism for substrate
translocation

Transport of drug substrates from the cytoplasm
or cytoplasmic leaflet of the lipid bilayer out of the
bacterium is thought to occur in essentially two
steps3,4 (Figure 4(a)). First, the drug substrate binds
ion of substrates by the SMR family of proteins. (1) Two
formations, in which the substrate, marked by an asterisk
l changes. (2) In the periplasmic-facing conformation, the
Glu14 positions (marked by E−) on both monomers, thus
conformational change reorients the binding site towards
rces the protons out of the translocation chamber into the
presented by Step 1 in Figure 4(a). Periplasmic-facing and
n the cryo-EM structure. The transition between the two
both monomers by approximately 20° with respect to the

and a small translation of M1–M3 in both monomers with
in dimer, the TPP+ substrate, which is accessible from the
d becomes accessible from the far end of the EmrE dimer in
these two conformations could alter the accessibility of
conformation on the right was obtained by rotating the
xis of quasi-symmetry, so that the two conformations are
ld reproduce a single substrate-binding mode as two
and the other to the cytoplasm. The two monomers are
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to EmrE, which induces a conformational change, so
that the inward-facing binding pocket is opened to
the periplasm and closed to the cytoplasm. The high
concentration of protons in the periplasm competes
directly with the drug for binding at the two Glu14
residues, so protonation results in release of the
drug. A further conformation change then re-orients
the protein to face the cytoplasm, where it may bind
another drug molecule.
The nature of these conformation changes is

uncertain, but the cryo-EM structure and our
model suggest its basic features. To explain the
substrate-translocation process, we propose that
M1-M4 from monomer A adopt the conformation
of M1-M4 observed in monomer B in our model and
vice versa (Figure 4(b)) during the step marked as (1)
in Figure 4(a). Due to the in-plane symmetry, this
transition results in a structure identical with the
original model rotated by 180° with respect to the in-
plane axis of symmetry; the two symmetry-related
structures are shown on both sides of the chemical
equilibrium in Figure 4(b). To analyze the details of
this transition, it is useful to divide the model
structure into three subunits: (1) M1, M2 and M3
(monomer A); (2) M1′, M2′ and M3′ (monomer B);
and (3) M4 and M4′.
Helices M1–M3 from monomer A are virtually

superimposable on M1′–M3′ of monomer B,
except for the kink in M3, suggesting that M1–
M3 move as one unit during the transition
described in Figure 4(b). The two M4 helices are
seen to make minimal movements with respect to
one another during the transition, suggesting that
they are stable as a helix pair. Indeed, the cryo-EM
and model structures show this pair to be closely
packed with glycine residues (positions 90 and 97)
lining the interhelix interface, which can stabilize
helix packing.50 By contrast, the interfaces between
helices M3 and M4 are small in both monomers in
comparison to any of the other pairs of interacting
helices in the structure (Figure 4(b)). It therefore
comes as no surprise that the most significant
conformational change that occurs during the
transition can be localized to the contact region
between M3 and M4, with the crossing angles
between these helices changing by approximately
20° around the in-plane axis of symmetry in order
to switch the M3-M4 packing from that observed
in monomer A to that observed in monomer B,
and vice versa. The kinking and straightening of the
two M3 helices and a small translation of the M1-
M3 helices in both monomers with respect to the
M4 helices, coupled to the movement of the TPP+

molecule perpendicular to the membrane plane
would then complete the transition. Thus,
although residues on M4 have so far not been
recognized as important for substrate binding and
translocation (Table 1), this putative mechanism
suggests a crucial role for M4 in stabilizing the
dimer interface during the translocation process.
The short M3-M4 loop, consisting of six residues in
the SMR family, would hold the two parts of the
structure together in the face of these relative
motions. It is interesting to note in this connection
that recent results have suggested a role for the
M4 helix in mediating the formation of SMR
tetramers.49

The sum of these conformational changes would
alternately open the substrate-translocation chamber
to the cytoplasmic and periplasmic media, allowing
substrate to bind in the cytoplasmic-facing confor-
mation, and then to be replaced by protons when the
protein faces the periplasm (Figure 4(a)). Interest-
ingly, this mechanism suggests that the periplasmic-
and cytoplasmic-facing conformations of substrate-
bound EmrE are essentially identical, and would
thus require a single substrate-binding mode to be
optimized structurally, which would then by sym-
metry be reproduced in both cytoplasmic-facing and
periplasmic-facing conformations. Currently, there
are only two conformations of EmrE (Figure 4(a), the
upper panels) for which we have structural informa-
tion (Figure 4(b)),7,8 and the structure of further
transport intermediates (i.e. Figure 4(a), lower panel)
will be essential to identify conformational changes
that occur during the transport cycle. However, the
availability of our model will now allow the design
of specific experiments, such as using site-specific
spin labels to monitor movements in EmrE during
the transport cycle.
Discussion

The suggestion of dual topology of EmrE,7 and
the recent support for this from global-topology
analyses,30,31 were the key for the successful
modeling of EmrE presented here. The presence
of 2-fold quasi-symmetry between the monomers
of the EmrE dimer within the plane of the
membrane (Figure 1(b)) implied an antiparallel
orientation of the EmrE monomers. Our previous
modeling attempts (not described), which were
not guided by the in-plane pseudo 2-fold axis,
were unsuccessful in providing explanations for
the biochemical and biophysical observations on
EmrE. In contrast, our model with the monomers in
an antiparallel orientation explains virtually all the
biochemical and biophysical data. Themodelmakes
many predictions about the structure of EmrE that
will provide a platform for further experimental
work, such as the identification of other residues in
the translocation pathway that have not yet been
studied (Table 1), and residues that may be
important inmediating helix packing, and therefore
could be involved in the conformational changes.
The suggestion of oppositely oriented monomers

in EmrE has been made only recently,7 and is
reinforced by global topology analysis of bacterial
proteins,30,31 but, so far, mechanistic advantages of
dual topology have not been proposed. Themechan-
ism of translocation that we invoked above suggests
a potential advantage. That is, if the cytoplasmic-
facing and periplasmic-facing conformations of
substrate-bound EmrE are essentially identical,
then only one mode of substrate binding should be
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devised by evolution, which would be replicated as
two conformations, one facing the cytoplasm and
another facing the periplasm. This might also
provide partial solution to a long-standing puzzle
in SMR research; namely, how these small proteins
consisting of roughly 100 amino acid residues can
catalyze the coupled translocation of substrate and
protons,3 a feat that is accomplished in other
antiporter families, such as the major-facilitator
family, by much larger proteins.51 Thus, inverted
topology might be a parsimonious evolutionary
solution to the problem of vectorial transport. In
this connection, it is interesting to note that two of the
five proteins identified as having the dual-topology
architecture are from the SMR family (the others
have not been fully characterized mechanistically),
and a sixth case of dual topology was identified
involving two homologous proteins (YdgE and
YdgF), which are also SMR members that are likely
to have arisen from a gene-duplication event.30

Although much of the biochemical and biophysi-
cal data gathered on EmrE are in harmony with the
model structure, there are one or two pieces of data
that are not in agreement. The topology of the
protein is clearly the most important point of
disagreement, because dual topology provided the
basis for the model structure reported here and for
the suggested mechanism of substrate translocation;
ultimately, if inverted topology for EmrE is incorrect,
then so is the model. We have found that dual
topology provides the most satisfactory model for
EmrE, but Ninio et al.32 predict, on the basis of
labeling data, that the monomers have identical
topology, conflictingwith other lines of experimental
data that suggest inverted topology for EmrE;30,31

the reasons for this discrepancy among different
lines of experimental data are unclear. The possible
conflicts of our EmrE model with the cross-linking
data46 have been discussed above. The difficulties
inherent in the structural interpretations of cross-
linking data on dynamic structures are well known,
because even rarely sampled conformations might
elicit crosslinks, as was underscored recently in the
case of lactose permease.48

Despite many years of structural studies of the
SMR transporter EmrE, an atomic-resolution struc-
ture of this representative protein that can explain
much of the biochemical and structural data has not
emerged. Here, we have used phylogenetic analysis
combined with constraints obtained from a cryo-EM
structure of EmrE and some biochemical experi-
ments in order to produce a model structure
specifying the approximate positions of individual
amino acid residues for EmrE and its homologues.
Although this model was constrained only by some
biophysical data on EmrE, it is encouraging that the
model is capable of accounting for so much of the
biochemistry. By revealing the locations of indivi-
dual amino acid residues in the membrane-span-
ning regions, the model can be used in order to plan
and interpret experiments aimed at deciphering the
molecular details of the substrate-translocation
mechanism in EmrE and its homologues.
Methods

Sequence data

An initial alignment of a few tens of EmrE homologues
was constructed using CLUSTALW.52 On the basis of this
alignment, we then constructed a hidden Markov model
(HMM),53 which was then calibrated and used to search
SWISSPROT and TrEMBL54 for additional sequence
homologues. Sequences showing over 90% identity with
other sequences in the set were removed to obtain 98
sequences, which were then aligned†.52 Conservation
scores were then computed for each amino acid position
using the ConSeq server and the Rate4Site algorithm.55,56

The sequence alignment was inspected to identify hydro-
phobic stretches that correspond to the hydrophobic cores
of the helices in forming the TM domain. Starting from the
secondary structure assignment derived from NMR,6 we
manually modified the N and C termini of each hydro-
phobic domain so that the longest stretches of hydro-
phobic residues would be aligned. The following
segments of EmrEwere used as the hydrophobic stretches:
TM1, 4–21; TM2, 34–52; TM3, 58–80; TM4, 87–104. The
conservation scores and the hydrophobic segments are
shown in Figure 1(b).

Conformation scoring function

The method for conformational search was as
described.23 In brief, this scoring function favors the
burial of evolutionarily conserved amino acid positions
in the protein core and the exposure of variable positions
to the lipid, without biasing helix orientations according
to experimentally derived data. Conformations that
expose charged amino acids to the lipid milieu are
penalized (in EmrE, this applies only to M1 due to
position Glu14). The following scoring function is used to
score each conformation:

Score ¼
X

i

ð2ðBi � 1=2ÞðHi � CiÞÞ ð1Þ

where Bi quantifies the extent of burial of amino acid
residue i in the protein core.39,57 It assumes values of 0 to 1,
with 1 signifying complete burial against another helix,
and 0 signifying complete exposure to the lipid or the pore
lumen. The function is computed by iterating over all of the
helices in the structure other than the one on which i is
located, and taking into account distance from, and
orientation of i with respect to each of these helices. Bi is
then taken as the maximum of the values calculated for
each of the helices.23,39 Thus, high values of Bi imply that i
is in close contact with another helix, whereas low values
indicate that it is not interacting with any of the helices.
The Ci values are the normalized evolutionary-rate

scores assigned by Rate4Site.55,56 High-through-low
values of Ci are assigned to variable-through-conserved
positions, respectively. Hi is the free energy of transfer
from water to lipid of amino acid i according to the Kessel
and Ben-Tal scale.58 Hi values are taken into account only
if they are greater than 7 kcal/mol, and only for residues i
that are exposed to the membrane, i.e. for which the burial
scores Bi are less than 0.5. Thus, the hydrophobicity scale

http:////ashtoret.tau.ac.il/(sarel/EmrE.html
http:////ashtoret.tau.ac.il/(sarel/EmrE.html
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serves as a significant penalty on the exposure of the most
polar residues to the membrane environment.

Conformational search

Canonical Cα-trace models of eight α-helices were
constructed according to the helix axes parameters
derived from helical models that were made to fit the
cryo-EM structure, and their geometric centers were
placed at the hypothetical membrane midplane. The
amino acid identities of positions in the hydrophobic
segments M1–M4 were assigned to the relevant positions
on these helices.
Each helix was rotated around its principal axis

independently, in 5° steps, and its optimal orientation
was derived. Then, the optimal orientations of all helices
were superimposed to yield the optimal conformation of
the entire complex.

Data Base accession number

The cryo-EM structure is available from the EM data
bank with accession code 1087‡. The coordinates of the
model structure of a dimer of EmrE containing backbone
atoms has been deposited in the PDB with accession
number 2i68.
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Has the code for protein translocation
been broken?
Dalit Shental-Bechor*, Sarel J. Fleishman* and Nir Ben-Tal

Department of Biochemistry, George S. Wise Faculty of Life Sciences, Tel-Aviv University, 69978 Ramat Aviv, Israel
Polypeptides chains are segregated by the translocon

channel into secreted or membrane-inserted proteins.

Recent reports claim that an in vivo systemhas been used

to break the ‘amino acid code’ used by translocons to

make the determination of protein type (i.e. secreted or

membrane-inserted). However, the experimental setup

used in these studies could have confused the derivation

of this code, in particular for polar amino acids. These

residues are likely to undergo stabilizing interactionswith

other protein components in the experiment, shielding

them from direct contact with the inhospitable

membrane. Hence, it is our view that the ‘code’ for protein

translocationhasnot yetbeendecipheredand that further

experiments are required for teasing apart the various

energetic factors contributing to protein translocation.
Introduction

Co-translational translocation is the process by which
ribosomes that are attached to the endoplasmic reticulum
(ER) extrude proteins through the translocon channel,
giving rise to two different classes of proteins: those that
are secreted or inserted into cellular membranes [1]. This
crucial classification process is conducted on the basis of
the sequence of the translated protein, which has led to the
expectation that a ‘sequence code’ exists. If identified, this
‘code’ could be used to explain and predict which proteins
would eventually reside within the membrane and which
would be secreted into the ER lumen (and subsequently
transported to various cellular compartments or expelled
from the cell) [2]. This assumption was the foundation for
several hydrophobicity scales (a ranking of the 20 amino
acids according to their polarity), which were computed
either from physical principles or from experiments that
quantitatively compare the equilibrium distribution of
amino acid residues in hydrophobic and hydrophilic media
[3–8]. Such scales have been extremely useful, and have
remained the principal means for identifying trans-
membrane (TM) segments in protein sequences for more
than two decades [9].
An in vivo system for probing the energetics

of translocation

Recently, Hessa et al. [10] carried out a series of
experiments designed to decipher, for the first time, the
Corresponding author: Ben-Tal, N. (nirb@tauex.tau.ac.il).
* Authors contributed equally.
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translocation sequence code using an in vivo system
containing ER membranes, ribosomes and the translocon
channel – an approach that is far more realistic than the
simple model systems previously employed. The experi-
mental procedure is based on the use of an artificially
designed variant of the leader peptidase (Lep) protein from
Escherichia coli. This protein includes two endogenous
TM helices (TM1 and TM2) and a soluble domain (P2)
(Figure 1a). Using Lep as a host, an additional sequence
segment (termed H) was engineered as a probe down-
stream of TM2 so that the equilibrium concentrations of
the inserted versus the translocated H could be measured
in vitro [10]. The procedure is attractive because of the
clarity of the experimental readout, in addition to its
simplicity, even though it addresses a highly complicated
physiological system.

Hessa et al. [10] proceeded to read the ‘sequence code’ by
translating the equilibrium concentrations of secreted and
inserted Lep that contained various H probe segments into
free-energy differences between the two states, inserted
and translocated (Figure 1a). However, this treatment
implicitly postulates two crucial, albeit unproven, thermo-
dynamic assumptions: (i) that the H segment forms the
same secondary structure, presumably an a-helix, in both
the translocated and inserted states; and (ii) that the H
segment is isolated from other protein components and
contacts only the lipid molecules. Deviations from helicity
or association with other protein components would mean
that more thermodynamic states would need to be
considered and that energetic contributions other than
direct peptide–membrane interactions were involved,
thus confounding the derivation of a hydrophobicity scale
(Box 1).

In our opinion, the experimental setup used by Hessa
et al. [10] cannot discriminate between the effects of the
interactions of H with the membrane (hydrophobicity) and
with TM1 and TM2, which are specific for the Lep host.
Rather than the two thermodynamic states suggested by
Hessa et al. [10] (Figure 1a), we believe that the H
segment resides in at least five different states (Figure 1b),
three corresponding to the classification of membrane-
inserted [Figure 1b(i–iii)] and two to that of translocated
[Figure 1b(iv–v)]. The inserted states differ from one
another in the extent to which they expose the sidechains
or backbone of their H segments to the lipid milieu. In the
conformation in which the H segment is separate from the
remainder of the TM domain [Figure 1b(i)], all of its
sidechains are exposed to the lipid and its backbone is
Opinion TRENDS in Biochemical Sciences Vol.xx No.xx Monthxxxx
. doi:10.1016/j.tibs.2006.02.002
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Figure 1. Schematic representation of the thermodynamic states associated with the in vivo system for probing the energetics of transloca tion. Hessa et al. [10] modified the

leader peptidase (Lep) protein to include a probe H segment. Thus, the protein included two endogenous TM domains (TM1 and TM2), an extramembrane domain (P2) and

the engineered H segment with two glycosylation sites on each end (Y). Glycosylation takes place only in the luminal side of the membrane, such that the inserted and

translocated states can be differentiated from each other by the number of glycosylations that took place. (a) Following the suggestion of Hessa et al. [10], the translocation

process can be described as a chemical equilibrium between two states – inserted and translocated. (b) Inserted Lepmight assume a conformation in which the H segment is

isolated from the remainder of the TM domain (i). However, other conformations, in which H is packed against TM1 and TM2 and interacts specifically with their sidechains

and backbones (ii) or one in which H deviates from a-helicity [red rectangle in (i) versus diamond in (iii)] are also feasible. In the studies by Hessa et al. [10,16], it is impossible

to distinguish between these three different thermodynamic states because all of them would be denoted as ‘inserted Lep’. Similar confusion will arise between the two

translocated states [(iv) and (v)], which differ from one another in the conformation of H.

Box 1. The thermodynamic interpretationof the experimental

results of Hessa et al.

Hessaet al. [10] engineered aprobeHsegmentflankedby twoN-linked

glycosylation sites (see Figure 1 in the main text). Glycosylation took

place only on the luminal side of the microsomes that were generated

in theexperiment, so the extent of Lepglycosylation is indicative of the

state of the H segment. That is, inserted and translocated H are

associated with singly and doubly glycosylated Lep, respectively. The

proportion of singly (f1g) and doubly (f2g) glycosylated Lep were

measured in vitrousingSDS-PAGE (sodiumdodecyl sulfate polyacryl-

amide gel electrophoresis) gels, and an ‘apparent equilibrium

constant’ was assigned to their ratio according to equation 1.

Kapp Z
f1g

f2g
(Eqn 1)

The results were represented by converting Kapp into apparent

free energy according to the conventional thermodynamic

definition: DGappZKRTlnKapp, where R is the gas constant, T is

the absolute temperature and ln is the natural logarithm. We

contend that, in these experiments, H can be in an ensemble of at

least five rather than two states (see Figure 1b in the main text)

and that, therefore, it is overly simplistic to describe the

equilibrium between inserted and translocated H using the

DGapp formula used by Hessa et al. [10].
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maintained in an a-helical conformation. This is the only
inserted state postulated by Hessa et al. [10]. But
conformations in which H interacts with TM1 and TM2
shielding some of the sidechains of H from lipid
[Figure 1b(ii)] or in which H deviates from a-helicity
[Figure 1b(iii)], are also possible. Similarly, Hessa et al.
[10] acknowledge the conformation in which an a-helical H
segment is translocated [Figure 1b(iv)], but they ignore
the fact that a non-helical conformation of the translo-
cated H is also likely [Figure 1b(v)].

We perceive that the main flaw in the interpretation of
experimental results by Hessa et al. [10] is that it is
unlikely to apply to other TM proteins because the
conformation in which H interacts directly with TM1
and TM2 [Figure 1b(ii)], which was not considered by
Hessa et al., is specific for Lep; therefore, the generality of
the scale derived by Hessa et al. [10] requires substantia-
tion. For example, among the inserted states, the
conformation for membrane-inserted H considered by
Hessa et al. [Figure 1b(i)] is likely to dominate in Lep
variants with hydrophobic H segments because the
interactions with the hydrophobic lipids are probably at
least as favourable as the interactions with protein for
such segments. However, as the polarity of H increases,
www.sciencedirect.com
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Figure 2.Amino acid sequences of the two transmembrane spans (TM1 and TM2) of

Lep (SWISSPROT entry P00803). These segments contain several polar residues,

which could form contacts with other polar residues on the probe H segment,

shielding them from the hydrophobic membrane environment. Because the

interactions of H with TM1 and TM2 are likely to be specific for Lep, they would

alter its insertion propensity in a way that does not solely reveal the interactions of

H with membrane and would, thus, limit the generality of the hydrophobicity scale

derived by Hessa et al. [10]. Grey, aromatic residues; green, hydrophobic residues;

yellow, small polar residues; red, negatively charged glutamic acid.
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Figure 3. Amino acid sequence of the S4 segment of the voltage sensor of the KvAP

channel. The sequence of S4 is mostly hydrophobic but four arginines (blue), at

least three of which are charged, occupy conserved positions in the sequence.

These charges could interact favourably with polar groups on TM1 and TM2 in a

conformation schematically represented in Figure 1b(ii). Such interactions would

stabilize the inserted conformation of S4, which would therefore not be exposed

completely to membrane. Grey, aromatic residues; green, hydrophobic residues;

yellow, small polar residues; blue, positively charged arginine residues.
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the conformation in which H interacts with TM1 and TM2
[Figure 1b(ii)] is likely to become the more populated state
because of the known tendency of highly polar or charged
residues (e.g. asparagine and glutamic acid) to drive the
packing of their host helix against the polar backbone and
sidechains of other TM helices [5,11–15]. The TM1 and
TM2 segments of Lep contain one titratable (glutamic
acid) and several residues that are small and polar (e.g.
glycine and serine) (Figure 2), which would enable the
other polar residues on the H segment to be shielded from
the inhospitable membrane environment. If this confor-
mation dominates [Figure 1b(ii)], then changing the
position of the polar residues in the H segment would
alter the stability of the protein in the membrane as a
result of the interactions between H and the endogenous
TM1 and TM2 of Lep. Indeed, the results reported by
Hessa et al. [10,16] revealed that such positional
dependence is observed for H segments that contain
highly polar or charged residues. Moreover, the simple
additivity of contributions to stability observed for apolar
and mildly polar residues (e.g. leucine and serine,
respectively) breaks down with the introduction of highly
polar residues. One way to explain positional dependence
and deviations from additivity, which is not refuted by
Hessa et al., is that the polar helices introduced into Lep
as H segments formed stabilizing interactions with the
endogenous TM helices of Lep. The expectation that the
conformation in which H interacts with TM1 and TM2
[Figure 1b(ii)] dominates in H segments that contain
charged residues might also explain the low values of
DGapp penalties obtained by Hessa et al. [10] (Box 1) for
the transfer of such residues from translocated to inserted
states relative to other hydrophobicity scales [5,6,8].
Furthermore, although the original Lep protein is
monomeric in membranes [17], it is not clear whether
the Lep variants containing the more polar H segments
oligomerize. If so, the equilibrium between inserted and
secreted Lep would comprise many more states than the
five suggested here (Figure 1b).
Membrane insertion of the S4 segment of voltage-gated

KC channels

The limitations described here apply equally to the use of
engineered Lep for studying the partitioning of natural
TM segments. For instance, the same experimental
www.sciencedirect.com
framework has been used to study the free energy of
transfer between translocated and inserted states of the
S4 segment [16], which constitutes the core voltage-
sensing element in the voltage-gated KC channel from
Aeropyrum pernix (KvAP) [18]. This 19-residue segment is
a hydrophobic cation consisting mostly of highly hydro-
phobic residues interspersed with four arginines at
conserved positions (Figure 3), of which at least three
are charged [19]. Until recently, it was anticipated –
mainly on energetic grounds – that the S4 segment is
packed against the other TM helices of the KC channel
because of its high polarity [20]. By contrast, the first
structure of the KvAP channel, which was crystallized in
the absence of lipid, showed S4 to be exposed to the
membrane [21]. This finding elicited considerable con-
troversy. Hessa et al. [10] found that the net polarity of S4
was at the threshold that would enable its efficient
insertion into the membrane, supporting the view that it
is exposed to lipid.

To provide a thermodynamic explanation to the
conclusion drawn by Hessa et al. [10] that isolated S4
could insert efficiently into membranes, Freites et al. [22]
conducted molecular-dynamics simulations of an inserted
a-helical segment bearing the S4 sequence, which was
placed in a TM orientation and surrounded by lipid on all
sides in isolation from other protein components. On the
basis of these simulations, they suggested that the S4
segment is stabilized in a TM orientation despite its high
polarity owing to contacts formed between the arginine
sidechains on S4 and the phosphate headgroups andwater
molecules. These contacts can form according to the
simulations because, in the immediate vicinity of S4, the
thickness of the hydrocarbon core of the membrane
shrinks from a steady-state width of w30 Å [3] (Figure 4)
to a mere 10 Å, which is considerably thinner than a lipid
monolayer (Figure 4). In particular, Freites et al. [22]
noted that one of the lipids assumes a conformation that
spans the entire membrane in the region of S4, further
demonstrating the enormous distortion of the membrane
in these simulations. We note that a conservative estimate
of the energetic penalty of such a large contraction of the
membrane lipids that considers only the effects of
dihedral-angle strains would be 12 kcal molK1 [5,23].
Furthermore, a snapshot provided by Freites et al. [22]
reveals that, for some of the lipids, the distortion is so
large that their aliphatic chains form contacts with water
molecules. Taken together, the strains to the aliphatic
chains and the solvation penalty on direct contacts
between polar and aliphatic groups that were observed

http://www.sciencedirect.com


Figure 4. An equilibrated membrane bilayer composed of dimyristoylphosphocho-

line molecules embedded in water. Cyan, aliphatic chains; gold, phosphates in the

headgroups; red, oxygen atoms in water. The bar shows the approximate span of

the aliphatic chains in Ångstroms, with an approximation of the membrane mid-

plane marked by 0. The hydrophobic core of each leaflet of the bilayer spans 15 Å.

The membrane hydrophobic core fluctuates by a few Ångstroms around an

equilibrium width of 30 Å.
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in these simulations make membrane contraction an
unlikely explanation for efficient insertion of S4.

The suggestion that a TM orientation for S4 is
stabilized by such large-scale membrane distortion is
made even more implausible in view of biophysical studies
of model TM segments [5,24]. The experimental data
collected on many different peptides show that the
membrane width might decrease by several Ångstroms
to better match the hydrophobic length of a peptide, but
that peptides with hydrophobic lengths that are consider-
ably shorter than the width of the hydrocarbon region of
the bilayer (as in S4) do not partition into the membrane
but, instead, reside on the membrane surface. Although
S4 was not directly targeted by these experiments, the
data provide an indication that the membrane would not
undergo contraction of 20 Å (as suggested by Freites et al.
[22]) to stabilize the inserted conformation of S4. Similar
to our criticism of the results on themembrane insertion of
polar residues [10], a more likely explanation for the
observed tendency of S4 towards membrane insertion in
the experimental setup of Hessa et al. is that S4 forms
stabilizing contacts with the endogenous TM1 and TM2 of
Lep, and that lipid contraction has a much smaller role
than suggested by the simulations of Freites et al. [22]. In
this respect, it is notable that a more recent structure of
the voltage-gated KC channel, which was crystallized in
the presence of lipids and is therefore considered a more
faithful representation of the physiological structure than
the previous crystal structure, showed that two of the four
arginines in S4 are buried at a helix–helix interface where
they are partially shielded from the inhospitable lipid
environment [25].
www.sciencedirect.com
Concluding remarks

We have raised several points that question the validity of
deriving thermodynamic quantities for the interactions
between amino acids and peptides with membranes using
the in vivo system of Hessa et al. [10]. The key problems
are the lack of experimental controls for the a-helicity of
the H segment and, most importantly, whether H
associates directly with membranes without forming
stabilizing contacts with other protein components in the
system. To address these issues, it still needs to be shown
that: (i) physical contacts are not formed between H and
the two endogenous TM segments of Lep and that
engineered Lep does not oligomerize (this could be
achieved using fluorescence-labelling techniques [26], for
example); and (ii) that the H segment retains its secondary
structure (presumably an a-helix) in both the inserted and
the translocated states for substitutions of all 20 amino
acids. The generality of the scale derived from the results
of the study [10] could also be validated by using hosts
other than the Lep protein to observe that the same
thermodynamic quantities are obtained. The partitioning
of isolated S4 segment from KvAP could also be monitored
using solid-state NMR [24].

It should be appreciated that Hessa et al. [10] have
focused on a highly complicated physiological system
comprising a plethora of different proteins, which is
subject to a complex environment that includes water,
protein and membrane. The experimental setup devised
by these authors certainly represents a major step
towards probing the energetics of protein translocation
within a physiologically relevant framework, and could
prove useful in future studies of protein–protein inter-
actions within the membrane. However, the readout from
this system probably reflects a mixture of hydrophobicity
and various contributions stemming from interactions
with the host protein Lep, especially for the more polar
segments tested. Building on this setup, more exper-
iments will be needed before it can be safely concluded
that ‘the fundamental code used by the translocon to select
polypeptide segments for insertion as TM helices has been
broken’ [27].
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Transmembrane (TM) proteins constitute 15–30% of the

genome, but !1% of the structures in the Protein Data

Bank. This discrepancy is disturbing, and emphasizes

that structure determination of TM proteins remains

challenging. The challenge is greatest for proteins from

eukaryotes, the structures of which remain intractable

despite tremendous advances that have been made

towards structure determination of bacterial TM pro-

teins. Notably, O50% of the membrane protein families

in eukaryotes lack bacterial homologs. Therefore, it is

conceivable that many more years will elapse before

high-resolution structures of eukaryotic TM proteins

emerge. Until then, integrated approaches that

combine biochemical and computational analyses with

low-resolution structures are likely to have increasingly

important roles in providing frameworks for the

mechanistic understanding of membrane-protein struc-

ture and function.
Introduction

It is estimated that transmembrane (TM) proteins
constitute w15–30% of eukaryotic genomes [1–4]. Owing
to their strategic localization at the interfaces between the
interior and exterior of the cell and between cellular
compartments, membrane proteins have pivotal roles in
many cellular processes, including cell-to-cell signaling
events, solute transport and cellular organization. For this
reason, membrane proteins are by far the most attractive
targets for drug discovery. Despite their importance,
however, only a few distinct folds of TM proteins have
been solved to date by high-resolution methods such as
X-ray crystallography [5] and nuclear magnetic resonance
(NMR) [6]; therefore, TM protein structures constitute
!1% of the entries in the Protein Data Bank (PDB).
Disturbingly, only two of the current entries represent a
membrane protein from human origin [7,8], whereas the
majority of entries are of bacterial membrane proteins
(Figure 1).

Part of the reason why progress has been faster for
bacterial membrane proteins stems from the fact that they
can more easily be expressed in large quantities in
bacterial hosts, and that they lack many of the post-
translational modifications that potentially complicate
Corresponding author: Ben-Tal, N. (nirb@tauex.tau.ac.il).
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crystallization. Moreover, the fast pace at which bacterial
genomes are sequenced provides an almost unlimited
repertoire of target proteins including homologs from
thermophilic bacteria that are often more stable during
detergent solubilization, purification and crystallization.
By contrast, eukaryotic membrane proteins are more
difficult to express than their bacterial homologs, are
subject to post-translational modifications and, often, only
few candidate genes are available for screens to identify
the ideal target protein. It thus comes as no surprise that,
over the past few years, efforts have been focused on
identifying bacterial homologs of eukaryotic membrane
proteins, and pursuing their structure determination by
‘brute-force’ approaches, sometimes using thousands of
combinations of homologs of the protein and different
crystallization conditions [9]. This strategy has begun to
bear fruit (Figure 1) and, indeed, the recent growth in
novel TM-protein structures was estimated to be expo-
nential, as it is for soluble proteins, suggesting that, over
the next few years, many new structures will emerge [5].
However, this growth has not been steady over the years
and, more importantly, has been restricted mostly to TM
proteins from bacteria; the pace of discovery of novel TM
proteins from eukaryotes, however, has remained low
(Figure 1). Notably, the use of bacterial homologs for
eukaryotic TM proteins does not represent the ultimate
solution because many eukaryotic membrane proteins do
not have bacterial homologs. In fact, a search in the
Pfam-A database of protein families [10] shows that only
47% of the eukaryotic TM protein families have bacterial
or archaeal homologs.

In an attempt to overcome the problem of there being
such a large proportion of eukaryotic proteins for which
direct structure determination is likely to have to wait
many years, data-based modeling approaches were
developed that rely on inferences derived from biochemi-
cal, computational, evolutionary and intermediate-resol-
ution structural methods. Here, we focus on the methods
that have been used to model helical membrane proteins
before their experimental structure determination at high
resolution. Notably, helical proteins are the dominant
class of TM proteins in eukaryotes and in bacterial inner
membranes. We also delineate potentially productive
venues for future research. We will not deal with
comparative or homology modeling applied to TM proteins
(but see recent reviews [11,12]).
Review TRENDS in Biochemical Sciences Vol.xx No.xx Monthxxxx
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Figure 1. Number of new helical membrane-protein folds solved in recent years. Tremendous progress has been made over the past few years in crystallization of TM

proteins from bacteria, although the growth in the discovery of novel structures has not been steady. Moreover, crystallization of eukaryotic TM proteins still lags far behind,

and only a handful of structures have been obtained. The entry for 2005 includes structures up to and including November 2005.

Figure 2. Evolutionary conservation can aid the orientation of TM helices.

Evolutionary conservation is projected on the bacteriorhodopsin structure viewed

from the direction vertical to the membrane plane, showing that the core of the

protein (within the yellow ellipse) is more conserved than its periphery.

Conservation was computed using the ConSurf webserver (http://consurf.tau.ac.

il) [66].
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Architecture of helical TM proteins

A simple rule that has guided many of the approaches to
modeling helical TM proteins is the two-stage model of
folding [13]. According to this model, hydrophobic
segments are first inserted into the plasma membrane in
the form of helices, which engage the polar carbonyl and
amide groups on the backbone of the peptide chain
through hydrogen bonds, and shield them from the
hydrophobic lipid bilayer. Next, these helices associate
with one another to shape the tertiary structure of the
protein. One of the implications of the two-stage model for
computational modeling is that each of the hydrophobic
segments comprising the TM domain can be approximated
as an energetically stable canonical a helix, the polar
backbone and N and C termini of which are shielded from
the membrane environment. Hence, TM-protein-structure
prediction can concentrate on the relative configurations
of preformed a helices. This constraint considerably
reduces the number of degrees of freedom that must be
explored computationally.

This quite simple picture of TM-protein architecture
was supported by the first few membrane proteins to be
solved [14–17] (e.g. that shown in Figure 2). Moreover, the
extramembrane loops are short in these proteins, dicta-
ting that consecutive domains in the sequence are
proximal in the 3D structure [18]. However, this simplistic
picture collapsed when the first ion-channel structures
revealed that helices need not span the entire width of the
bilayer [19], and can be extremely long and highly tilted
with respect to the membrane normal [20] (Figure 3a,b).
Recent transporter structures have also shown marked
deviations from a helicity; it has been suggested that these
deviations have a role in the conformational changes
underlying transporter functions by destabilizing the
structures [21] (Figure 3c). All of these structural features
are still beyond what can be reliably predicted by
www.sciencedirect.com
computational methods, raising the question of how
many membrane domains might have gone unnoticed by
contemporary methods for the detection of TM spans [22].
More importantly, however, the observation that not all
consecutive hydrophobic domains form physical contacts
[19,20] heralded the end of naı̈ve modeling of TM proteins,
and underscored the importance of a joint experimental–
computational approach to structure prediction. Over the
past several years, two sources of experimental data have
proven valuable in aiding most modeling exercises of
membrane proteins: low-resolution structures obtained by
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Figure 3. Recent structures reveal many discrepancies from the view that TM helices are canonical and span the entire lipid bilayer. (a) For clarity, only three of the four

monomers comprising the KC ion channel are shown [19]. Blue cylinders represent the pore helix, which spans only half of the membrane width. (b) A monomer of the ClK

channel [20]. The blue cylinders represent the locations of helices B and J, which are highly tilted with respect to the membrane normal and comprisew35 amino acids each.

(c) Structure of the transporter lac permease [21]. Some of the helices are kinked. Orange spheres represent a lactose analog. (d) Structure of the aquaporin 1 water channel

[7]. Blue and red cylinders represent two half helices that meet at the mid-point of the membrane. (EC, extracellular.)
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cryo-electron microscopy (cryo-EM) and mutational
analyses of structure–function relationships.

Cryo-EM of 2D crystals of TM proteins

In contrast to the difficulties usually experienced in
obtaining 3D crystals of TM proteins, in some cases,
membrane proteins readily form 2D arrays in the
membrane (e.g. bacteriorhodopsin [23], photosystem II
[24], the gap junction [25], the bacterial translocon complex
secYEG [26] and the bacterial multidrug-resistance
transporter EmrE [27]). Added advantages of 2D
crystals are that they mimic the native environment of
the protein more closely than 3D crystals do, including
interactions with the surrounding lipid molecules, which
sometimes have important roles in determining the
physiological structure [28]. For instance, substantial
differences were observed between the cryo-EM map of
EmrE [27] and a structure of the protein derived from X-ray
analysis of 3D crystals [29]. Another demonstration of the
importance of maintaining a membrane-like environment
is provided by the differences between two recent X-ray
structures of the voltage-gated KC channel [30,31], one
of which was crystallized in the presence of lipids. In
addition, it is sometimes possible to induce crystal
formation in 2D, even when the proteins are dispersed in
the membrane [32], and small and poorly ordered crystals
can be used to derive data in the 5–10-Å resolution range
thanks to digital-image-processing protocols that enable
crystals to be corrected for translational disorder
[14,33,34].

However, cryo-EM of 2D crystals usually produces
structures at limited resolutions (typically, O4.5 Å in the
plane of the membrane) so that individual amino-acid
sidechains are not visible and, often, flexible loops and
extramembranous domains are unresolved owing to lack
of crystallographic order. Moreover, the resolution in the
direction vertical to the lipid bilayer is worse than the in-
plane resolution. This reduced resolution entails an
uncertainty regarding the actual length of each helical
segment, and might obscure the helical register. The lower
vertical resolution might also limit the detection of helices
that do not span the entire bilayer. In the case of
www.sciencedirect.com
the aquaporin-1 water channel for instance, an initial
map at 6-Å in-plane resolution [35] did not reveal the
surprising architecture of the channel, whereby two half-
helices meet midway through the membrane (Figure 3d):
misleadingly, these half-helices seemed to be one. A
subsequent cryo-EM map at 4.5-Å resolution uncovered
the two half-helices [36], and enabled a combination of
sequence-based methods to be used to predict a model
structure [37,38], which was found to be in agreement
with the subsequently solved high-resolution structure
[7]. The initially incorrect interpretation underscores the
importance of improving resolution even marginally
within the intermediate-resolution range to ascertain
the general architecture of the protein.

Despite these shortcomings of intermediate-resolution
maps, the fact that they provide an overall description of
the protein architecture and the approximate packing of
TM helices tremendously reduces the degrees of freedom
for conformational search and the extent of uncertainty in
constructing model structures. In fact, by assuming that
ideal a helices occupy the locations observed in the map,
the conformation search for the backbone positions can be
limited to identifying the native-state orientation of each
helix around its principal axis [39].

Building on this realization, and using further con-
straints obtained from multiple-sequence alignments and
biochemical data (Box 1), Baldwin et al. [40] pioneered a
structure-based modeling approach to derive the first
model of the G-protein-coupled receptor (GPCR) rhodop-
sin based on a structure at 7-Å in-plane resolution [41].
Although rough, this model served as a template for
modeling other GPCRs, which then provided a framework
for interpreting the effects of mutations in the context of
the receptor structure (see, for example, Refs [42,43]).
Three years later, the first high-resolution structure of
rhodopsin was solved by X-ray crystallography of 3D
crystals [44], and showed that the previous model
approximated the native-state structure to within 3.2-Å
root-mean-square deviation. The orientations of all of the
helices were predicted quite accurately by Baldwin et al.
[40], and the main structural differences were due to
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Box 1. Combinations of methods used in TM-protein-structure prediction

Many of the modeling applications for TM-protein structures have

used at least some of the data sources and analyses shown in Figure I

[37,40,47,67]. For many TM proteins, sufficient biochemical and

biophysical data are available, specifying, for example, which

sequence segments form helices [54] and make contact with other

helices [48]. These data can be used to predict or verify the model. By

contrast, cryo-EM maps at resolutions that enable the helix-packing

arrangement to be discerned (typically better than 10 Å) have so far

been obtained for only a few TM proteins, but more are expected to

follow. The last two stages of modeling, in which modeling is refined

by direct experimentation, have not yet been implemented in structure

prediction of TM proteins. Generating atomic-resolution models (final

step in Figure I) is complicated by the fact that even minor differences

from the native-state structure often result in energetically unfavorable

steric clashes and the abrogation of favorable polar bonds [68].

Because the positions of the backbone atoms inferred in the former

steps of the flowchart are, at best, approximations of the native-state

structure [39], conformational searching must also explore backbone

degrees of freedom. Nevertheless, atomic resolution could consider-

ably increase the quality and utility of TM-protein-structure prediction.
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Figure I. A flowchart for the modeling of TM-protein structures. Various sources of experimental and computational information are often integrated to model TM

proteins. The last two stages (green) have, so far, not been implemented in TM-protein structural modeling.

Figure 4. Comparison of the hypothetical and high-resolution structures of

rhodopsin. The crystal and the hypothetical structures of rhodopsin are super-

imposed (yellow and green, respectively). The hypothetical structure was modeled

on the basis on an electron-density map at 7-Å in-plane resolution [40]. The two

structures deviate by 3.2-Å root-mean-square. Spheres are included to aid

identification of identical positions in the hypothetical and crystal structures. The

orientations of all of the helices are similar, and the main differences are in the

locations of the helices within the plane of the membrane, particularly in the kinked

helices F and G.
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deviations in the positioning of the kinked helices
(Figure 4).

The successful combination of cryo-EM and compu-
tational methods for the modeling of rhodopsin served as a
basis for developing automatic tools for modeling based on
phylogenetic analysis (Box 2) and intermediate-resolution
structures [39,45]. These methods were then used to
predict the structure of the TM domain of the gap junction,
which is a channel that connects neighboring cells in a
tissue, and lacks bacterial homologs [46]. A map of the gap
junction was solved initially at a resolution of 7.5 Å in the
membrane plane [25], and was subsequently improved to
5.7 Å [47]. The intermediate-resolution structure revealed
a large pore (w15-Å diameter at the point of constriction),
and clearly distinguished the four helices (M1–M4) that
comprise each of the six gap-junction forming connexin
monomers [25]. Because the intermediate-resolution map
did not reveal the connectivities between the TM helices,
the four hydrophobic segments in connexin sequences
(M1–M4) were assigned to the four helices seen in the
structure based on a combination of experimental and
computational data. Subsequently, the four helices were
oriented using evolutionary conservation and evolutiona-
rily correlated mutations (Box 2; Figure 5).

Using this combination of approaches and data sources,
a 5.7-Å resolution map (in-plane resolution), evolutionary
conservation and correlated mutations, the final model
structure predicted previously undetected interactions
between pairs of polar residues in the structure. The
model also suggested a molecular cause for almost 30
disease-related mutations. Although not taken into
account during modeling, most of these mutations were
revealed as mapping to structurally packed regions of the
helix bundle, whereas two physico-chemically radical
polymorphisms localized to the more spacious regions of
the structure facing the lipid or the pore lumen [47]
www.sciencedirect.com
(Figure 5). Although it is clearly a model, it seems
worthwhile to point out that the gap junction is an
example of a eukaryotic membrane protein, the inter-
mediate-resolution structure of which has not been
superseded by a high-resolution crystal structure even
six years after its original publication. Given the
difficulties in obtaining well-ordered 3D crystals of
eukaryotic membrane proteins, it seems likely that more
cases are to follow, emphasizing why structure-based
modeling is important and how it can help to generate a
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Box 2. Phylogenetic analysis used in TM-protein-structure

prediction

Phylogenetic inference, and particularly conservation analysis, has

found many applications in TM-protein-structure prediction

[37,40,47]. Based on a multiple-sequence alignment of homologs

of the target protein, individual amino-acid positions that show a low

degree of sequence variation are considered important for protein

structure or function [64], and are placed at strategic locations in the

model structure, for example, at the interfaces between helices.

Conversely, variable positions are considered to be unimportant,

and are placed in lipid-facing positions. This type of sequence-based

analysis is analogous to a large-scale mutagenesis scan conducted

by evolution. To further refine the role of individual sidechain

contributions, determination of evolutionarily co-varying sites can

provide clues for contacts between positions. That is, if two positions

form contact in 3D space, then a substitution in one site could be

compensated by a substitution in the other. In this sense,

determination of co-varying sites by any of several methods (see,

for example, Refs [45,69]) can be regarded as an in-silico second-site

suppression screen.
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framework for planning and interpreting
biochemical studies.
Biochemical and biophysical assays provide restraints

for modeling

Mutagenesis and cross-linking assays have long been used
to probe structure–function relationships in TM proteins,
Figure 5. The model structure of the gap junction TM domain. The model structure is view

[47]. Evolutionary conservation is color-coded on the structure according to the key. The

within the bundle core are shown as red spheres; physico-chemically mild mutations tha

chemically radical polymorphisms are shown as green spheres. Almost all of the m

polymorphisms face the lipid or the pore lumen [47].

www.sciencedirect.com
where high-resolution structures were not available (for
reviews see Refs [46,48,49]) (Box 1). One aspect in which
these techniques can aid modeling is validation because
models make specific predictions regarding physical
contacts between pairs of residues. Mutation analyses
can also be used in the earlier stages of modeling. For
instance, they have been used to identify the packing
interfaces between helices [50] and the positions of pore-
lining residues in channels [51], and cross-linking data
have been used to constrain distances between pairs of
positions [52]. Biochemical and biophysical analyses can
also be used to assign the hydrophobic domains in the
protein sequence to the helices seen in low-resolution
structures [47,53], and to identify the secondary structure
and tilt angles of the helices with respect to the membrane
normal [54]. However, a major pitfall – which has obscured
structural interpretation of some of these data – is the fact
that mutagenesis assays cannot be used to discriminate
between direct and indirect effects on helix association.

Glycophorin A (GpA), which is a small and extensively
characterized bitopic protein that forms homodimers in
the plasma membrane [55], is a good example to illustrate
this problem. Much work has been conducted by Engel-
man and co-workers to explore the determinants of
stability in GpA dimerization, and to gain insights into
the process of helix association in the membrane.
ed from the cytoplasm of one cell looking in the direction vertical to the membrane

positions of physico-chemically mild mutations that cause diseases and are packed

t are not packed within the bundle core are shown as orange spheres; and physico-

ild disease-causing mutations pack inside the bundle core, whereas the radical
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Systematic mutagenesis work by Lemmon et al. [50]
identified a short sequence motif consisting of two glycine
residues (Gly79 and Gly83), in which even physico-
chemically mild substitutions abrogated dimerization. It
was suggested that two glycine residues, which are small
and polar, separated by three residues in the amino-acid
sequence (Gly-Xaa-Xaa-Xaa-Gly) facilitate a closer
approach of the two interacting a helices. It was later
found that the Gly-Xaa-Xaa-Xaa-Gly motif can drive the
dimerization of hydrophobic segments [56], and that it is
statistically over-represented in TM sequences [57]. This
and other sequence motifs were shown to have structural
and functional roles in various TM proteins [58].

Although the role of the two glycine residues in the
dimerization of GpA was deduced correctly from the
mutagenesis assays, the same assays initially led to
wrong conclusions with regard to Thr87 [50]. This position
was also shown to be crucial for dimerization, and two
different structural models based on molecular-dynamics-
simulated annealing were suggested that supported the
important roles of this triad of residues in dimerization
[59,60]. One model consisted of an asymmetric right-
handed supercoil [59]; the other model, suggested four
years later, showed symmetric right-handed packing of
the two helices [60]. The models agreed that the two
glycine residues mediate much of the inter-helix contact.
However, whereas Thr87 made a direct contribution to
helix association in the earlier model by forming an
inter-helical hydrogen bond, the residue stabilized the
interface indirectly in the later model by forming an intra-
helical hydrogen bond. The structure of GpA solved
subsequently by NMR [8] supported the latter model
(Figure 6). It is interesting to note that, because mutation
analyses alone cannot discriminate between these two
types of contributions to helix interaction, the interpret-
ation of the experimental results led initially to the
acceptance of an incorrect model [59].

A major problem with molecular dynamics (which was
used in the prediction of GpA [59,60]) is that it is
computationally demanding, essentially restricting its
application to small homo-oligomers. A different approach
for predicting the structures of pairs of TM helices was
Figure 6. NMR Structure of GpA [8]. The two glycine amino acids enable the helices

to pack tightly. In the view rotated by 408 (right), the intra-helical hydrogen bond

between Thr87 and Gly83 is marked with a solid line.

www.sciencedirect.com
recently suggested that is based, in essence, on an
integration of the experimental data on the stability of
TM oligomers [61]. Studies of model TM proteins such as
GpA highlighted the important role of small and polar
sidechains in mediating inter-helix contacts [56–58].
Thus, a simple scoring function was suggested that
favored contact formation between such residues, and
penalized contacts mediated by large residues. The
scoring function can discriminate between decoys and
the conformations of several native-state pairs of tightly
packed helices with known structures, including GpA.
Using this function, it has been found that the TM
domains of the receptor tyrosine kinase ErbB2 could
exist in two stable alternative conformations [62], which is
in agreement with in vitro studies [63]. These results were
used to suggest a model of activation for this receptor that
is coupled to a switch between the two conformations of
the TM domain. However, a major drawback of this
method [61] is that it assumes that the pairs of helices
under study are closely packed (!9-Å separation between
the principal axes of the helices), thus, in effect,
precluding its applicability to most polytopic proteins [61].

Recently, a different modeling strategy, based on a
combination of biochemical and biophysical data, was
applied to the lac-permease [53]. This 12-membrane-
spanning bacterial protein catalyzes the stoichiometric
transport of galactosides with a proton across the
membrane. The transporter was extensively investigated
using a combination of single-site mutagenesis, double-
cysteine mutants, second-site suppressors and biophysical
methods [48]. In modeling, the data on the membrane-
spanning segments were interpreted as constraints that
approximate helical structures, and other experimental
results were employed to provide 99 long-range con-
straints (between residues that are not sequence neigh-
bors). Several other constraints were derived from data
about the residues that participate in the binding of
ligand. These distance constraints were then used in
modeling the protein structure based on algorithms that
are employed in NMR studies [53]. Once the structure was
solved at atomic resolution by X-ray crystallography of 3D
crystals [21] (Figure 3c), it was possible to compare it to
the model. The comparison revealed many global dis-
crepancies but also confirmed many local interactions (e.g.
residues that interact directly with sugar and positions of
residues involved in proton translocation). A closer look at
the constraints derived from the cross-linking exper-
iments [52] showed that the distances implied by these
data agreed with the crystal structure on the compact side
of the protein that faces the periplasm (Figure 3c).
However, many of the constraints in the cytoplasmic-
facing part of the protein consistently underestimated the
distances seen in the crystal structure by w10 Å [64].

Two main reasons were suggested for the discrepancies
between the model and the crystal structure [21]: (i) the
transporter is a dynamic structure with alternating
cytoplasmic- and periplasmic-facing conformations, and,
consequently, results from the mutation and cross-linking
analyses reflect a superposition of several conformational
sub-states; (ii) using disulfide-bond formation as an
indication for inter-residue proximity tends to
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underestimate the distances in the native state because
the conformational changes of the protein bring into
proximity residue pairs that might nevertheless be distal
in the native structure. It is interesting to note that the
cross-linking results indicated a model structure for the
alternative periplasmic-facing conformation based on
rotation of part of the structure with respect to the other
[64]. In this alternative conformation, many of the
experimental constraints in the periplasmic domain
were consistent with the structure.
Concluding remarks

Structure determination of eukaryotic membrane proteins
remains too slow to sustain hypothesis-driven experimen-
tation aimed at understanding structure–function
relationships in integral membrane proteins. Here, we
have given examples for how mutational and compu-
tational techniques can be used to overcome this bottle-
neck by exploiting the information that is contained in
intermediate-resolution structures obtained by cryo-EM.
Although none of the techniques in isolation can provide
anything more than clues, the sum of the different
approaches yields insights into the structures of the
targeted proteins at the level of individual amino-acid
residues. Undoubtedly, as more intermediate-resolution
structures emerge in the future, modeling techniques will
be further refined and might be extended to
include modeling of sidechains and non-canonical struc-
tures (Box 1) such as bulges and kinks [65]. Such
refinements and extensions are likely to become crucial
in the field of TM-protein structural studies, and will
present researchers with a treasure trove of testable
hypotheses to gain mechanistic insights into the function
of integral membrane proteins.
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Progress in structure prediction of a-helical
membrane proteins
Sarel J Fleishman and Nir Ben-Tal
Transmembrane (TM) proteins comprise 20–30% of the

genome but, because of experimental difficulties, they

represent less than 1% of the Protein Data Bank. The dearth of

membrane protein structures makes computational prediction

a potentially important means of obtaining novel structures.

Recent advances in computational methods have been

combined with experimental data to constrain the modeling of

three-dimensional structures. Furthermore, threading and ab

initio modeling approaches that were effective for soluble

proteins have been applied to TM domains. Surprisingly,

experimental structures, proteomic analyses and

bioinformatics have revealed unexpected architectures that

counter long-held views on TM protein structure and stability.

Future computational and experimental studies aimed at

understanding the thermodynamic and evolutionary bases of

these architectural details will greatly enhance predictive

capabilities.
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Introduction
Transmembrane (TM) proteins comprise�20-30% of the

genome [1,2] and are involved in many crucial cellular

processes, such as cell-to-cell signaling, metabolite trans-

port and energy production. Solving the structures of

these proteins is therefore imperative for clear mechan-

istic understanding of central processes in physiology.

However, despite recent advances in production of TM

protein crystals, membrane protein structures are difficult

to obtain and comprise less than 1% of the entries in the

Protein Data Bank (PDB) [3].

Comparative- or homology-based approaches to structure

prediction have been immensely successful with soluble

proteins [4]. These methods require a homologous pro-

tein, for which a structure has been solved. Because of this
Current Opinion in Structural Biology 2006, 16:496–504
requirement, homology modeling has been most useful

for the few TM protein families, for which at least one

member has been crystallized. A recent analysis of homol-

ogy-modeling accuracy for membrane proteins has shown

that the protocols that are successful in comparative

modeling of soluble proteins reach similar achievements

for membrane proteins [5�]. However, because at present

only few representative atomic-resolution structures of

TM protein families are available, homology modeling

cannot serve as a general purpose approach for structural

modeling. In this review, we will therefore focus on

recent advances in structure prediction that do not rely

on homology to solve structures (subject covered in

[6,7�]).

Membrane protein folding can be conceptually decom-

posed into two consecutive steps: folding of the indivi-

dual hydrophobic segments into helices followed by helix

association (Figure 1) [8]. Accordingly, the problem of

predicting the structure of a-helical TM proteins has

been approached by breaking it down into the following

steps: (i) delineating the boundaries of the TM segments,

each of which will assume a helical conformation; (ii)

determining the topology of the protein (i.e. which extra-

membrane segments reside inside the cytoplasm and,

conversely, which segments reside outside the cell);

and (iii) predicting the tertiary conformation of the pro-

tein (i.e. the way in which the helices are packed with

respect to one another). The past few years have seen

considerable advances in all of these steps. In this review,

we will describe some of these advances and emphasize

the discovery of novel features of TM protein folds that

bear on the goal of structure prediction.

Identification of TM a-helices in the protein
sequence
Early attempts for predicting the locations in the

sequence of membrane-integral segments were based

on the notion that a sequence segment would partition

into the membrane if it were sufficiently long and hydro-

phobic. Starting with the method of Kyte and Doolittle

[9], various algorithms for detecting membrane-

embedded sequence segments were proposed on the

basis of experimental and computational data. At the core

of these methods lies a hydrophobicity scale that assigns

to each amino acid residue a score that can be roughly

interpreted as the free energy of its transfer from

hydrophilic to hydrophobic media, corresponding to its

insertion probability into the membrane. The typical

approach would then be to search the sequence for a

sufficiently hydrophobic stretch of residues comprising
www.sciencedirect.com
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Figure 1

TM protein folding can be thought to proceed in two stages [8]: the

folding of individual TM segments into helices (top) followed by helix

packing (bottom). The topology of the protein is often determined by the

positive-inside rule [17], with the cytoplasmic loops tending to be

enriched by positively charged residues in comparison with the

extracellular loops.

Figure 2

The potassium channel [13] is one of the several structures of membrane

proteins that show structural ‘irregularities’, such as half helices (blue)

and re-entrant loops. These irregularities cannot be identified from the

sequence by current methods [12]. For clarity, only three out of four of

the subunits comprising the potassium channel are shown. Figure

generated with MolScript [70] and rendered with Raster3d [71]. Figure

reproduced with permission from [37].
approximately 20 amino acids, which is the minimal

length necessary for an a-helix to traverse the 30 Å

hydrophobic core of the membrane [10].

During the 90s, there was a departure from physicochemi-

cally based approaches to methods that rely on statistical

inference, such as hidden Markov models, support vector

machines and neural nets, all of which make use of the

existing knowledge on the partitioning of particular

sequence segments to the membrane. These methods

appeared at first to be superior to the simple hydropho-

bicity-based methods, with success rates of 90% and

above [1]. However, a fundamental difficulty in the

validation of statistical methods is to obtain sufficiently

disparate datasets for training and validation. Indeed,

when Rost and co-workers recently revisited the problem

of TM sequence prediction [11] using datasets that were

carefully constructed with the aim of decreasing redun-

dancy, they found that the success of the statistical

approaches was overrated, and they in fact achieved

results that were not much better than those that were

obtained by some of the hydrophobicity-based methods.

In this respect it is important to emphasize that an overlap

of only three amino acids between the predicted and

observed helices is considered sufficient for being an

accurate prediction [11]. Thus, in a recent survey it

was demonstrated that, on average, the best-performing

prediction methods were in error by a little more than two

turns at the helix termini [12]. Because most structural

modeling approaches rely on the correct identification of

the helical segments in the sequence (see below), these

large errors are likely to propagate in subsequent model-

ing stages, requiring manual intervention. A more alarm-

ing conclusion made in this survey concerned the
www.sciencedirect.com
inability of current prediction methods to identify ‘irre-

gular’ structures, such as half helices and re-entrant loops,

as those seen in the structure of the potassium channel

(Figure 2) [13] and the aquaporin family [14]. Hopefully,

with the likely increase in the number of proteins exhi-

biting such irregularities over the next few years, some

unifying principles will emerge from their sequences,

enabling prediction of these features.

Recently, the hydrophobicity-based approach to detect-

ing membrane-embedded segments was given another

boost from the experimental studies by von Heijne and

co-workers [15��]. The authors reported a series of experi-

ments that attempted to obtain a hydrophobicity scale

using an experimental setup that is far closer to the

physiological system than previous experimental reports,

including the translocon protein-conducting channel and

membranes from the endoplasmic reticulum (ER). Con-

cerns were raised regarding the possibility that some of

the measured partitioning energies encompass contribu-

tions from interactions between the probe sequence

segments and other protein components in the system,

thus limiting the generality of the scale produced by these

measurements [16�]. Nevertheless, this experimental
Current Opinion in Structural Biology 2006, 16:496–504
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approach is promising, raising hope that the prediction of

the location of TM helices in the sequence of membrane

proteins will eventually be based on algorithms that

account for the various factors that affect protein translo-

cation in biological systems.

Topology
Determining the topology of a membrane protein is a

crucial preliminary step to modeling its structure as it

constrains the way individual TM segments could associ-

ate within the membrane, as well as subunits within

complexes. The positive-inside rule (i.e. the observation

that the segments in the cytoplasmic loops and the TM

segments that are adjacent to the cytoplasm are often

enriched in the positively charged lysine (K) and arginine

(R) residues when compared with the extracellular loops

(Figure 1) [17]) has remained the most powerful tool for

predicting the topology of a protein from its sequence for

almost two decades. The factors contributing to the

(K + R) bias are under intense study, and it is still unclear

whether the bias originates from properties of the trans-

locon [18] or the cytoplasmic membrane [19], but a recent

statistical survey of 107 genomes reconfirmed the validity

of this empirical rule [20]. The (K + R) bias can serve as a

rule for predicting topology, by requiring that more

positively charged residues face the cytoplasm [1].

Recently, von Heijne and co-workers have conducted a

whole-proteome experimental analysis of the topology of

TM proteins in the Escherichia coli inner membrane [21��].
They used two reporter proteins that were linked to the

C-terminus of each putative membrane-integral protein

in E. coli. One of these reporters is only active in the

cytoplasm, whereas the other is exclusively activated in

the periplasm. By measuring the activities of the repor-

ters, the authors assigned the topology of 601 out of 700

predicted TM proteins in the E. coli genome. Comparing

these data to the predictions of a widely used algorithm

that is based on a hidden Markov model called TMHMM

[2], the authors found that roughly 80% of the predictions

were in accord with the experimentally determined topol-

ogies. This correlation shows that the major aspects

affecting protein topology are captured by contemporary

computational methods, but that these still have signifi-

cant room for improvement. These experimental results

can serve as a much-needed large-scale benchmark for

validation and comparison of future topology prediction

algorithms.

The vast majority of proteins in von Heijne and co-

workers’ analysis exhibited unique topology [21��],
whereby their C-terminus was found to be either cyto-

plasmic or periplasmic. However, for five out of 601

proteins both reporters were activated, implying that

for each of these five proteins, some of the protein copies

inserted with one topology, and the others with the

reverse topology [21��,22]. The five proteins with dual
Current Opinion in Structural Biology 2006, 16:496–504
topology are relatively small in size, comprising �100

amino acid residues and are predicted to contain four TM

domains. Furthermore, as expected, all five exhibit very

small (K + R) biases. For at least one of these proteins, the

prototypical small multidrug resistance antiporter EmrE,

the suggestion of dual topology was already made in the

past on the basis of structural data and the lack of clear

(K + R) bias [23]. Nevertheless, it is important to note

that a previous study based on a different biochemical

assay reported a unique topology for this protein [24].

This conflict between two lines of experimental evidence

still needs to be resolved, but the suggestion that some

TM proteins insert with opposite topology has significant

implications for understanding structures and functions of

these proteins.

Threading and ab initio structure prediction
On the one hand, integral membrane proteins exhibit

much higher uniformity of secondary structure (mostly a-

helical bundles) than soluble proteins, and are highly

constrained in their conformations because of the pre-

sence of the membrane [25]. It could therefore be

expected that ab initio structure prediction, whereby

the protein structure is predicted without resorting to

homology with other proteins or to experimental data,

should be a more feasible goal for TM than for soluble

proteins. On the other hand, as sampling significant

portions of conformation space remains a very challenging

aspect of ab initio structure prediction [26], success in

soluble protein structure prediction has been restricted to

small proteins, consisting of approximately 80 amino acid

residues [27]. Membrane proteins are usually much lar-

ger; for instance, visual rhodopsin, which serves as a

prototype for the large family of 7-TM GPCRs, consists

of more than 300 amino acid residues.

Two similar methods, MembStruk [28–31] and PRE-

DICT [32,33], were specifically tailored to predict the

structures of GPCRs on the basis of physicochemical

principles. For both methods, a full-atom model of the

GPCR is automatically obtained, based on the amino acid

sequence of the protein alone. In the first step, the

boundaries of the seven TM helices are predicted by

means of hydrophobicity scales. A preliminary (tentative)

coarse-grained model of the packing of these helices into

a compact and closed structure is constructed, and various

conformations in the vicinity of this state are sampled at

random, favoring conformations in which hydrophobic

residues face the lipid. Full-atom models of the TM

domains of these structures are built and subjected to

several cycles of optimization using molecular dynamics

(MD) simulations. The outcome is a full-atom model of

the entire protein, including the extra-membrane loops.

The methods produced 3D models of bovine rhodopsin,

the only GPCR structure available in the PDB, with�3 Å

root-mean-square deviation (RMSD) from the native

structure in the TM region. Further validation of this
www.sciencedirect.com
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approach includes in silico docking of known drug-like

compounds to the receptors. Model structures of several

GPCRs, including the b2 adrenergic [30] and D2 dopa-

mine [28] receptors, were built this way and used success-

fully for drug design [32]. This suggests that important

structural aspects of the ligand-binding site were accu-

rately captured by these methods. However, it was not

shown unambiguously that the remainder of the structure

is correct too.

Another potentially promising approach utilizes the two-

step TASSER method that threads the sequence on parts

of solved protein structures, and then refines the resulting

template [34�]. Validation on a set of 38 nonhomologous

TM protein structures yielded 17 structures for which the

RMSD to native was less than 6.5 Å, but many others with

RMSD to native greater than 10 Å. When applied to

predicting the structure of bovine rhodopsin, TASSER

produced a model with a low 2.1 Å RMSD from native on

the Ca coordinates of the TM domain. Subsequently, the

method was applied to model the structures of most of the

�900 human GPCRs, and a few of these models were

examined and appeared to be consistent with the avail-

able experimental data. It is important to note that

although the method’s success in modeling rhodopsin

is promising, only a few other GPCRs showed substantial

similarity (>30% sequence identity) to bovine rhodopsin

[7,34�], and it is therefore uncertain that the other models

are as faithful to the native state as the model of rho-

dopsin. Also, it is not known yet whether TASSER’s

GPCR models are likely to be closer to the receptors’

inactive or active form, the latter of which is pharmaceu-

tically more interesting [7]. Nevertheless, the models

generated by TASSER might provide an important

resource for probing structure–function relationships in

this important class of receptors, as many of the current

approaches to modeling GPCR structures rely on homol-

ogy to bovine rhodopsin [6], despite the low sequence

identity.

Recently, the Rosetta algorithm for structure prediction,

which has been successful in the free-modeling category

of the community-wide experiment on critical assessment

of structure prediction (CASP) [35], was adopted and

implemented for TM protein structures [36�]. Inter-resi-

due contact potentials were derived from a set of solved

protein structures, and enriched with their sequence

homologues. Validation on a set of solved TM protein

structures showed that the performance of this imple-

mentation of Rosetta (below 4 Å for 51–145 of the super-

imposed residues) is comparable to that of Rosetta for

soluble proteins in the same size range. Although full-

atom prediction was shown to produce significant

improvements in prediction accuracy of soluble proteins

[27], it was not tested in this implementation of Rosetta,

partly because of the prohibitive computational load

associated with full-atom prediction for large proteins.
www.sciencedirect.com
Structure prediction based on experimental
constraints
One potential venue for obtaining novel structures, which

has been explored by several groups in recent years, is the

exploitation of functional and low-resolution structural

data on TM proteins to constrain models [37�]. Such data

could involve site-specific mutagenesis, chemical cross-

linking, intermediate-resolution structures and biophysi-

cal data, such as NMR, EPR and FTIR. These

heterogeneous data are interpreted as constraints on

the positions of individual amino acid residues or on

the structural relationships among them. For instance,

positions that are intolerant to substitution are likely to be

packed inside the protein core, and positions that cross-

link are likely to be vicinal. In addition to these experi-

mental data, the modeling methods assume that the

hydrophobic sequence segments form a-helices that tra-

verse the membrane.

The pioneering work of Herzyk and Hubbard [38]

employing such disparate data sources produced very

promising results, with a model of bacteriorhodopsin

matching the native-state structure by a low 1.87 Å

RMSD. However, further modeling attempts that relied

primarily on mutation and crosslinking data demonstrated

that it is difficult to interpret many of these data in a

structurally unequivocal way [37�]. Recent implementa-

tions of this approach have therefore relied on more

limited data sources. For instance, a method was sug-

gested recently that employs data that can be interpreted

as distance constraints between amino acid residues from

EPR, FTIR and chemical crosslinking [39]. Models con-

sisting of a-helices were sampled using a Monte Carlo

strategy. The conformations were scored according to the

extent to which they satisfied the experimental distance

constraints and structural parameters derived from a set of

solved TM proteins, including preferred helix-packing

angles and distances, pairwise amino acid contact prefer-

ences and overall structural compactness. Encouragingly,

this method was shown to produce a model of rhodopsin,

which was 3.2 Å RMSD from the native-state structure,

based on only 27 experimentally derived distance con-

straints (taken from published studies), demonstrating

that it might be possible to obtain close-to-native models

of large membrane proteins on the basis of a limited set of

experimental constraints.

Several groups have recently suggested methods that

employ data from cryo-electron microscopy (cryo-EM)

intermediate-resolution structures, together with data on

hydrophobicity, evolutionary patterns and the lengths of

the loops that connect neighboring TM segments [37�].
For several proteins, cryo-EM structures are available at

in-plane resolutions of 5–10 Å (e.g. the gap junction [40]

and EmrE [23]). At this resolution, it is impossible to

either position individual amino acid residues, or even

unambiguously identify the assignment of TM segments
Current Opinion in Structural Biology 2006, 16:496–504
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to the helices observed in the cryo-EM structure. Hence,

structure prediction based on cryo-EM is typically com-

prised of helix assignment, followed by orientation of the

helices around their principal axes.

To solve the helix assignment problem, various studies

used biochemical data on the functional roles of indivi-

dual TM segments [41,42]. A complementary approach

relies on the fact that some of the loops that connect TM

helices are quite short (less than eight amino acid resi-

dues). Such short loops constrain the distance between

the helix termini that they connect. Based on this con-

straint, an algorithm was recently suggested, which, for a

given cryo-EM structure and the lengths of each of the

interconnecting loops, scans all possible assignments

(potentially n! permutations, where n is the number of

helices in the map), and ranks them by their compatibility

with the cryo-EM structure [43]. The performance of the

algorithm was found to be sensitive to the exact delinea-

tion of the helix start and end points, which are difficult to

predict with accuracy. Another proposed method that

suffers less from such sensitivity ranks each TM sequence

segment according to its overall hydrophobicity and evo-

lutionary conservation [44]. Highly conserved and hydro-

philic segments were ranked as helices that are likely to

be buried within the protein core, and more variable and

hydrophilic segments were assigned to lipid-exposed

positions.

Once the helix assignment problem is solved for a given

protein, canonical a-helices are constructed to fit the data

in the cryo-EM map, and are rotated around their princi-

pal axes to identify the native state conformation. Follow-

ing the work of Baldwin et al. [45] on the prediction of the

structure of the TM domain of rhodopsin based on its

cryo-EM structure and sequence analysis, recently two

similar methods [46,47] were independently suggested. It

was shown that the cores of many TM protein structures

are much more evolutionarily conserved than their per-

ipheries, and tend to pack the most polar residues [48].

These observations can be framed as predictive rules,

according to which orientations that pack conserved and

hydrophilic positions in the helix bundle are more favored

than others. One of the methods generates only Ca

models [47], whereas the other adds sidechains and uses

manual refinements and minimization to generate full-

atom models [46]. It should be noted, however, that often

the energy landscape for full-atom models is extremely

rugged and even 1 Å differences in the atom positions

from the native-state structure can result in large energy

penalties [26]; thus, it still remains to be seen whether the

addition of sidechains improves the resulting models.

The two methods were applied to intermediate-resolu-

tion structures of TM proteins, for which atomic-resolu-

tion data were not available: the oxalate transporter OxlT

[46] and the gap junction [49��]. Because the evolution-

ary-conservation pattern on two of the helices of the gap-
Current Opinion in Structural Biology 2006, 16:496–504
junction forming protein, connexin, was not informative

enough to constrain their orientations, another sequence

analysis method [50] was employed that identified corre-

lated amino acid positions, thus predicting which pairs of

amino acid residues could interact. Part of the attractive-

ness of an approach to structure prediction, which uses

information from sequences and cryo-EM structures, lies

in the fact that it does not necessarily rely on large

amounts of previously published functional data. Hence,

it is possible to subsequently use these data for validation.

In the modeling of the gap junction TM domain, for

instance, it was shown that, although the model was not

constrained by clinical data, it placed almost 30 disease-

causing but physicochemically mild mutations in the core

of the helix bundle, where they would disrupt folding,

whereas two physicochemically radical polymorphisms

were placed in more spacious regions of the protein

structure [49��]. Similarly, the model structure of OxlT

placed residues that were found to crosslink in experi-

mental assays in proximal positions [46].

Kinks in TM proteins are known to have important

functional roles [51,52] but, until recently, could not be

predicted from sequence information. Recently, it was

shown that, in many cases where a kink is present in a TM

protein structure, prolines are observed in the multiple-

sequence alignment, even if the solved protein structure

does not contain a proline at that position [53�]. The

direction and magnitude of the kink might also be pre-

dicted from local sequence features [54]. Accordingly, it

might be possible to model kinks where these have been

observed in low-resolution structures, as in EmrE [23], or

to bias the ab initio predictions to produce kinks and, thus,

generate more native-like models.

Computational validation of structures
Recently, a small number of atomic resolution structures

of membrane-integral proteins were suggested to repre-

sent conformations that are distorted with respect to the

native-state structure [55,56]. Atomic resolution struc-

tures inspire a large amount of (usually very productive)

work aimed at understanding structure–function relation-

ships. Conversely, physiologically irrelevant structures

might cause much work to be done in vain, on top of

supplying a wrong view of the protein. Usually, the

ultimate test for the physiological relevance of a structure

is its compatibility with carefully crafted biochemical and

biophysical analysis. However, such analyses are often

difficult to conduct. Because some of the computational

analyses described above can be used to predict the

structures of membrane-integral proteins, it is reasonable

to expect that they might provide grounds for doubting

structures that have not been sufficiently supported by

biochemical data. As an example of this approach,

Figure 3 shows two structures of the bacterial multidrug

resistance protein EmrE obtained by X-ray crystallogra-

phy at 3.8 Å and 3.7 Å resolution [57,58]. Both structures
www.sciencedirect.com



Structure prediction of a-helical membrane proteins Fleishman and Ben-Tal 501

Figure 3

Two recently solved structures of homodimers of the multidrug

resistance protein EmrE from E. coli are shown, which are incompatible

with the observation that amino acid residues at the core of many

membrane-integral proteins tend to be evolutionarily conserved,

whereas those on the periphery are variable. (a) The structure of

substrate-bound EmrE [58] exhibits highly variable residues on helix

M2 forming tight contacts with M3, whereas highly conserved positions

on M1, M2, M3, M3’ and M4’ are exposed to lipid. The substrate

tetraphenylphosphonium molecule is shown in space-fill mode, with

the phosphate colored in yellow, and carbon atoms in green. The

structure is viewed perpendicular to the proposed membrane plane.

(b) Similarly, the structure of EmrE without bound substrate [57] locates

highly variable residues in the tight interface formed between M2 and

M2’, and highly conserved residues on M1, M4, M1’, M3’, and M4’ in

lipid exposed positions. The incompatibility between the conservation

pattern and the burial of amino acid residues parallels the observation

that both structures have many features that are in contradiction with

biochemical data on EmrE [61]. Evolutionary conservation was

computed using a multiple-sequence alignment of 99 small multidrug

resistance proteins with the ConSurf webserver [72]. Figure generated

with MolScript [70] and rendered with Raster3d [71].

www.sciencedirect.com
are clearly at odds with the observation made on many

TM protein structures that evolutionarily conserved posi-

tions tend to be packed in the core of the a-helix bundle,

whereas the variable residues face the lipid environment

[46,47,59,60]. The discrepancy between the conservation

pattern and the packing of residues parallels an analysis,

reported in this issue of Current Opinion in Structural
Biology [61], that compares these structures with the

known biochemical and biophysical data on EmrE, con-

cluding that they most likely do not represent the phy-

siological native state of the protein.

Future directions
In recent years, computational methods have been imple-

mented for the prediction of TM protein structures.

However, the roles of different energetic factors in con-

tributing to TM protein folding are still poorly under-

stood [25,62] and therefore difficult to predict. For

instance, it was proposed that in low-dielectric environ-

ments polar bonds would make a large contribution to

protein stability [10]. Indeed, in engineered systems,

hydrogen bonds were shown to drive the interaction

between TM helices [63,64], but recent measurements

of the strengths of polar interactions in membrane pro-

teins have yielded smaller magnitudes [65,66] than antici-

pated by computations on ideal hydrogen bonds [67,68].

Based on these and other measurements of the energetics

of helix association in the membrane, it has been sug-

gested that the primary contribution to helix interactions

in the membrane comes from van der Waals packing and

originates from buried surface area as in soluble proteins

[69��]. This suggestion, which requires additional experi-

mental support, is crucial because it implies that the

major factors that are currently embodied in ab initio
methods for structure prediction in soluble proteins, such

as steric packing [27], might be equally useful in mem-

brane-integral proteins. It is likely that the relative con-

tributions of polar and van der Waals interactions to

membrane protein stability will continue to be a matter

of intense experimental investigation over the next few

years, and that the lessons learned from these studies will

be incorporated into the force fields of ab initio and

threading algorithms for membrane proteins [34�,36�].
The use of these lessons could reduce, in part, the need

for deriving pairwise contact potentials from the small

number of solved TM protein structures.

One impediment on the way to the application of ab initio
techniques to membrane proteins is the fact that these

proteins are very large in comparison with soluble pro-

teins, to which these methods were successfully applied,

thus making full-atom prediction impractical [36�]. How-

ever, as modeling approaches that make use of experi-

mental information, such as cryo-EM low-resolution

structures and distance constraints, have been clearly

successful in identifying near-native although coarse-

grained conformations of TM proteins [38,39,45–47], a
Current Opinion in Structural Biology 2006, 16:496–504
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synergy might be attainable from combining these meth-

ods with full-atom predictions. This would result in

reliable atomic models at a computationally feasible cost.

With the advent of new structures and the application of

novel biochemical assays to membrane-integral proteins,

the last few years have seen a large increase in the

qualitative understanding of TM protein folds. This

improved understanding has gone hand-in-hand with

more sophisticated prediction and modeling attempts.

Undoubtedly, the new structures and structure–function

analyses that will be conducted over the next few years

will teach us many lessons on the possible architectures of

TM proteins and their governing thermodynamic princi-

ples, further increasing our predictive capabilities.

Update
Recently, the Rosetta membrane methodology [36�] was

adapted and applied to study the voltage-induced con-

formational changes in the voltage-dependent potassium

(Kv) channels [73]. Open and closed conformations were

computed for the eukaryotic Kv1.2 channel and for the

bacterial KvAP on the basis of the published methodol-

ogy, the homology to X-ray structures of these channels

and several experimental constraints. The computed

open conformation of Kv1.2 was close to its crystal struc-

ture, thus serving as partial validation for the approach.

Interestingly, the results suggest that the conformational

changes in the voltage-sensor domain of the bacterial

protein are larger than the changes in Kv1.2, which could

explain the large inconsistencies between functional stu-

dies of the bacterial and eukaryotic channels.
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Discussion

The last five years have seen a tremendous increase in the pace of structure 

determination of TM proteins (M11:Fleishman et al., 2006). However, this increase

has not been consistent (see Figure 1 of Introduction), and the rate of structure 

determination of membrane proteins lags far behind that of soluble proteins. Most 

importantly, only a handful of TM-protein structures from eukaryotes have been 

determined so far. These persisting challenges provide the motivation for the 

methodological developments in TM-protein structure prediction over the last few 

years (reviewed in M12:Fleishman and Ben-Tal, 2006). Many insights into the 

stability and the folding process of TM proteins have been obtained over the course of 

the past few years (reviewed in M12:Fleishman and Ben-Tal, 2006). However, these 

insights have not yet been translated to significant improvements in ab-initio

predictions, where the structure of the protein is predicted solely on the basis of its 

amino-acid sequence. This lag between qualitative understanding and prediction 

capabilities might stem from the difficulties in inferring general principles from the 

few available TM-protein structures, and might be alleviated as structures accumulate. 

Although ab-initio structure prediction remains an important long-term goal, the fact 

that this class of methods have still not been shown to yield close-to-native models

(Pellegrini-Calace et al., 2003; Yarov-Yarovoy et al., 2006) strongly implies that in

order to generate reliable models one must still make extensive use of experimental 

data (M11:Fleishman et al., 2006).

The main objective of the work that is the subject of this dissertation has been 

the development and implementation of tools that would be capable of producing

reliable model structures that can be used to plan and interpret experiments on 
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structure-function relationships in TM proteins. Hence, much of the work has focused 

on developing methodologies that have proven useful and accurate in the past, such as 

the use of evolutionary conservation to guide the orientation of membrane-spanning

α-helices (M4:Fleishman et al., 2004) and the detection of correlated substitutions in 

the evolutionary history of protein families to constrain distances between amino-acid 

positions (M5:Fleishman et al., 2004). I have studied three specific cases that 

represent three broad functional classes in TM proteins: the receptor tyrosine kinase 

(RTK) ErbB2 (M1:Fleishman et al., 2002), the gap-junction intercellular channel

(M7:Fleishman et al., 2004), and the small multidrug resistance transporter EmrE

(M9:Fleishman et al., 2006). Hence, taken as a whole, this dissertation demonstrates

the general applicability of the bioinformatics-based structure-prediction tools 

developed here to diverse classes of TM proteins. This approach does not provide new 

insights on the protein-folding process, and cannot be used in large-scale structure 

prediction. However, in contrast to most ab-initio methods, which produce models of 

TM proteins that are still too remote from the native state to be useful for motivating 

experiments (Pellegrini-Calace et al., 2003; Yarov-Yarovoy et al., 2006), the 

bioinformatics-based approach has generated models that have a good correspondence 

with biochemical data as well as with high-resolution structures (Baldwin et al., 1997; 

M4:Fleishman et al., 2004). In all of our reports on structural models (M9:Fleishman 

et al., 2006; M1:Fleishman et al., 2002; M7:Fleishman et al., 2004), we have 

formulated specific hypotheses that can be tested experimentally in order to validate 

the models and to gain additional mechanistic understanding. To demonstrate how 

these models can be used to inspire structure-function studies, we have collaborated 

with experimentalists to produce the first data on interactions that stabilize the TM 

domain of the gap junction intercellular channel (M8:Fleishman et al., 2006).
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The modeling approach reported here treats the membrane-spanning segments 

as canonical α-helices, in spite of the fact that significant deviations from α-helicity 

have been observed in membrane-protein structures (see Figure 4 of Introduction) and 

linked to important mechanistic features (Abramson et al., 2003; Ubarretxena-

Belandia and Engelman, 2001). Although there are no general methods that can 

predict these deviations (M11:Fleishman et al., 2006), studies of TM-protein folds and 

the factors that produce deviations from helicity can engender some improvements in 

the quality of the resultant models. In this connection, a recent bioinformatics analysis

has shown that the locations of kinks within TM α-helices, might be predictable from

sequence features (Yohannan et al., 2004). This demonstration has helped us to 

position a kink in the model structure of EmrE, and thus to produce a structurally 

more realistic model (M9:Fleishman et al., 2006).

An important aspect that is lacking in the methods reported in this dissertation

is the prediction of locations of sidechain atoms. Reliable modeling of sidechain 

atoms will be a significant advance because it will allow careful inspection of the 

physicochemical soundness of the models and provide a framework for direct analysis 

of the factors that stabilize the protein structure, such as packing and polar 

interactions. Since bioinformatics-based methods produce near-native models 

(Baldwin et al., 1997; M4:Fleishman et al., 2004), it might be expected that they 

would serve as a convenient platform for full-atom modeling using energy 

minimization. Although this notion has been explored recently, it has not been shown 

whether the resultant full-atom models are more accurate than the preliminary Cα-

trace models, on which they were based (Beuming and Weinstein, 2004). It should be 

borne in mind that due to the roughness of the energy landscape of protein 

conformations even a 1Ǻ RMS difference in the atom positions from the energetically 
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optimal conformation might engender very high energies (Schueler-Furman et al., 

2005); since the bioinformatics-based models vary by 1-3Ǻ from the native state

(M4:Fleishman et al., 2004), adding full atoms to the Cα-trace models is not a trivial 

undertaking. Considering all of the above, one reasonable route in order to improve 

the quality of the structural models, which has not been tested so far, is to employ the 

ab-initio approach (Yarov-Yarovoy et al., 2006) to search for full-atom models

around the conformations predicted by the bioinformatics-based method 

(M12:Fleishman and Ben-Tal, 2006). This proposition makes use of the strengths of 

both approaches, and is likely to result in reliable full-atom models at computationally 

reasonable costs, which is one of the most important goals of the structural biology of 

membrane proteins.
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A Novel Scoring Function for Predicting the
Conformations of Tightly Packed Pairs of
Transmembrane a-Helices

Sarel J. Fleishman and Nir Ben-Tal*

Department of Biochemistry
George S. Wise Faculty of Life
Sciences, Tel-Aviv University
69978 Ramat-Aviv, Israel

Pairs of helices in transmembrane (TM) proteins are often tightly packed.
We present a scoring function and a computational methodology for pre-
dicting the tertiary fold of a pair of a-helices such that its chances of
being tightly packed are maximized. Since the number of TM protein
structures solved to date is small, it seems unlikely that a reliable scoring
function derived statistically from the known set of TM protein structures
will be available in the near future. We therefore constructed a scoring
function based on the qualitative insights gained in the past two decades
from the solved structures of TM and soluble proteins. In brief, we reward
the formation of contacts between small amino acid residues such as Gly,
Cys, and Ser, that are known to promote dimerization of helices, and
penalize the burial of large amino acid residues such as Arg and Trp. As
a case study, we show that our method predicts the native structure of
the TM homodimer glycophorin A (GpA) to be, in essence, at the global
score optimum. In addition, by correlating our results with empirical
point mutations on this homodimer, we demonstrate that our method
can be a helpful adjunct to mutation analysis. We present a data set of
canonical a-helices from the solved structures of TM proteins and provide
a set of programs for analyzing it (http://ashtoret.tau.ac.il/~sarel). From
this data set we derived 11 helix pairs, and conducted searches around
their native states as a further test of our method. Approximately 73% of
our predictions showed a reasonable fit (RMS deviation ,2 Å) with the
native structures compared to the success rate of 8% expected by chance.
The search method we employ is less effective for helix pairs that are
connected via short loops (,20 amino acid residues), indicating that
short loops may play an important role in determining the conformation
of a-helices in TM proteins.
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Keywords: empirical energy function; ridges into grooves; transmembrane
helices database; tight packing; structure prediction*Corresponding author

Introduction

Transmembrane (TM) proteins are crucial
mediators of cell-to-cell signaling and of transport
processes. This makes them attractive targets
for drug discovery as well as for improving our
understanding of cellular processes. Despite their
importance, however, only about a dozen distinct
folds of TM proteins have been solved to date by
such high-resolution methods as crystallography

and NMR. Attempts to determine the structure of
this class of proteins by these methods are
hampered seriously by technical problems related
to their purification and crystallization. It would
therefore be advantageous if these technical diffi-
culties could be bypassed, and the structure of
these proteins inferred by computational means.

Because the number of TM proteins whose
structures have been solved at high resolution is
small, an energy-like contact potential cannot be
constructed by straightforward statistical means.
Our approach has been to construct a quasi-energy
scoring function based on qualitative analyses of
TM protein structures carried out over the past
decade. We hope that this work may be used also
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as an evaluation of the current level of under-
standing of the factors driving helix association in
TM proteins.1

Structure prediction in soluble proteins by
computational methods is considered extremely
difficult, largely because of the variety of possible
folds, which implies a vast number of degrees of
freedom. In contrast, TM proteins may be grouped
into two classes, the a-helix bundle and the
b-barrel. This considerably reduces the number of
degrees of freedom that determine the structures
of these proteins. Here, we concern ourselves only
with the a-helix bundle class, which is the only
one known to inhabit the plasma membrane.

According to the widely accepted two-stage
model,2 the first step in TM protein folding is the
insertion into the membrane of the TM domains
as a-helices. Only in the second stage do these
helices associate to form helix bundles. (For recent
reviews of this and other thermodynamic models
of membrane protein folding, see Popot &
Engelman3 and White & Wimley.4)

One of the implications of the two-stage model is
that, overall, the stability of individual TM
domains is independent of that of other domains.
Hence, prediction of TM protein structure may
begin with prediction of TM helix locations on
amino acid sequences. The past few years have
seen much progress in computational methods
devised for this purpose.5 Algorithms for deter-
mining the topology of these segments in the
membrane, i.e. for establishing whether the N
terminus is inside or outside the cell, have been
successful.6 There is room for improvement in the
understanding of this stage of protein folding, but
essentially it has been well explored. Here, we
reduce the problem of TM protein structure predic-
tion to the problem of predicting the correct
packing of rigid a-helices. Deviations from ideal
a-helicity, such as kinking and uncoiling, are
indeed encountered in TM proteins, and are
known to have functional importance.7 However,
since there are no known methods for predicting
these phenomena from sequences, we do not
address them here.

Some early attempts were made to predict helix
orientations in relation to each other by using the
hydrophobic moment concept.8,9 However, in view
of the hydrophobic nature of the membrane, the
hydrophobic driving force is probably less impor-
tant in this medium than in soluble proteins, and
the hydrophobic moment has proved to be of
limited use in TM structure prediction.10,11 The
main driving force for the folding process is thus
considered to be the efficient packing of helices.12

Attempts have been made to predict the
structure of specific TM proteins.13 –20 For high-
resolution structure prediction of pairs of TM
a-helices Adams et al.18 developed a method based
on molecular dynamics, utilizing data derived
from mutational analyses. Briggs et al.19 extended
this method by using phylogenetic data instead of
mutational analyses. Pappu et al.20 showed that

the computational load associated with searches
in conformational space, using models in atomic
detail, may be reduced considerably by the use
of a potential-smoothing technique. They demon-
strated the competence of the approach by success-
fully retrieving the structure of glycophorin A
(GpA). Based on their experience, we explore
the possibility of reducing the computational
burden further by using low resolution from the
outset. This allows us to carry out an exhaustive
search of conformational space, and it enables
us to systematically test the method on many
examples.

The number of solved TM protein structures is
relatively small, and the factors driving helix
association in the membrane are still poorly
understood.1 Nevertheless, several studies have
offered substantial qualitative insight into TM
helix–helix dimerization. It was shown that TM
helices are at least as tightly packed as helices of
soluble proteins, and that small residues (Ala and
Gly) and small hydroxyl-containing residues
(Ser and Thr) are often buried deeply in TM
proteins.12,21 An important role was ascribed to
Gly in mediating helix–helix contacts in TM
proteins.22,23 In an attempt to overcome some of
the limitations that are inherent in the analysis of
residue propensities in TM proteins because of the
small number of solved TM protein structures,
Senes et al.24 carried out a statistically more exten-
sive study on the sequences of TM proteins. Their
results reinforce the conclusions of the qualitative
studies, and suggest that TM helix interactions
are often mediated by b-branched amino acid resi-
dues (Ile and Val) and, to a lesser extent, by the
g-branched amino acid residue Leu.

Lemmon & Engelman25 offer an explanation for
these dimerization-related phenomena in terms of
the so-called lipophobic effect. They argue that the
presence of small residues on the face of the helix
leads to the formation of cavities, should the helix
interact with the “cylindrical” lipid chains. Cavity
formation is considered costly in terms of energy.
On the other hand, these cavities may be elimi-
nated by another helix with an accommodating
pattern of large and small residues. The
b-branched amino acids are thought to be prefer-
able for dimerization because their rotamers are
constrained within the context of an a-helix.26 This
reduces the entropy loss that usually accompanies
the association of protein parts.

Recently, Senes et al.27 showed that hydrogen
bonding, with Ca acting as hydrogen donor, may
be an important factor in driving helix–helix
association in TM proteins. Their analysis provides
a thermodynamic justification for the important
role of amino acid residues with small side-chains
(Ala, Gly, Ser and Thr) in mediating helix–helix
dimerization; their small volume makes the
backbone atoms more accessible. Recent work has
shown that hydrogen bonds between polar side-
chains, e.g. Asn–Asn, play a significant role in
stabilizing helix association in model TM
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proteins.28 – 30 Hydrogen bonds have also been
found among side-chains in solved TM protein
structures.31

In a preliminary study, we examined whether
the burial of amino acid residues that are
frequently observed at helix–helix interfaces may
by itself provide a criterion for determining the
native-state packing of two helices. We found that
this criterion leads, in almost all cases, to the
formation of helix dimers with their principal axes
essentially parallel with each other, so that the
crossing angle between the two helices is negli-
gible. This contrasts with the findings in many
solved TM structures, which show a preference
for different crossing angles,32 and predominantly
for a crossing angle of approximately þ208.

We therefore employed the “ridges-into-
grooves” structural motif described by Chothia et
al.,33 which is typical for tightly packed helix pairs,
e.g. GpA (Figure 1). Chothia et al. argue that
a-helices are not smooth cylinders, as their side-
chains form protrusions on the face of the helix.
Residues that are separated by one, three or four
residues on the sequence may form continuous

ridges on the face of the helix. These ridges are
separated by grooves. In order to maximize the
hydrophobic surface area making contact between
these side-chains, and to minimize cavities, a
ridge on one helix may be inserted into a groove
on the face of another. For example, a conformation
in which a ridge formed by residues separated by
four amino acid residues in the sequence of one
helix is associated with a ridge separated by three
amino acid residues in the sequence of another
helix is called 4–3 class packing. Analysis of this
model had helped explain why certain crossing
angles predominate in the packing of helices.33

Recently, Bowie34 and Walther et al.35 showed
that in the case of globular proteins, much of the
preference for the packing angles predicted by the
ridges-into-grooves model is actually a result of
statistical bias. Their results demonstrate that
when the packing-angle propensities are normal-
ized, the preference for these packing angles is not
as pronounced as expected from the ridges-into-
grooves model alone.33 Nevertheless, the case of
TM helices is different, since the area mediating
contact between the helices in TM proteins is
usually larger than that in globular proteins.34

Therefore, steric packing is likely to play a more
important role in determining the structure of
these proteins.34 We stress that in tightly packed
helices (defined here as helices in which the dis-
tance between the principal axes is less than 9 Å),
steric packing is likely to play an important role.
This is because the very short distance between
the principal axes of the helices essentially compels
the side-chains in the contact region on one helix
to be accommodated by the grooves of the other
helix.

Our method in constructing the scoring function
for discriminating conformations that would allow
tight packing from those that would not was to
formulate the qualitative insights pertaining to
solved TM protein structures, as presented above,
in a quantitative manner. We then tested this
formulation against a selection of helix pairs from
the solved structures of membrane proteins.

Here, we present our scoring function for contact
between TM helices. As a case study, we examine
the TM homodimer GpA, and discuss at length
our computational results on this protein in the
light of empirical mutation analyses36 and its struc-
ture determination.26,37 We present our results of
searches for optimal structures of 11 TM helix
pairs derived from TM proteins of known
structure.

The Proposed Model

Our aim in this work was to construct a scoring
function to distinguish conformations that allow
tight packing of a pair of helices from confor-
mations that impede such packing. The helices are
reduced to their Ca trace. Our function attaches a
score based on the amino acid composition of the

Figure 1. Stereo view of the TM segment of the human
homodimer GpA in its native state (PDB code: 1afo).
Only the first model of the collection of NMR structures
is displayed. One monomer is presented in all-atom
CPK rendering and the other shows only the backbone
atoms. The light-colored residues on the CPK rendering
show the pattern of two ridges on the face of a monomer.
The ridge on the right-hand side is formed by the side-
chains of Ile76, Val80 and Val84. Gly79 and Gly83 on the
other monomer pack against this ridge, allowing for
close interactions among backbone atoms. The ridge on
the left-hand side is not continuous due to the presence
of Gly79 and Gly83. The monomer represented by
backbone atoms is colored differentially according to
the burial scores of the residues; blue signifies residues
that are not buried in the other monomer, green indicates
intermediately buried residues, and red indicates resi-
dues that are well buried. The burial score of an amino
acid residue is computed according to the distance and
the angular orientation of the Ca and the axis of the
other helix (see Methods). The two helices are packed
against each other at a crossing angle of about 2408. On
the right is a portion of the amino acid sequence of
GpA’s TM domain in one-letter code, colored according
to the burial scores B. Large letters signify residues that
mediate contact. Note that the middle part of the
sequence contains the GxxxG motif.24
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helices and the space coordinates of their Ca atoms
to each conformation of two helices. The function
is defined such that its minima are associated with
tightly packed conformations. For tightly packed
pairs of helices, one of these minima should be the
native state.

Our approach in computing the score of a given
conformation of helices is to maximize the number
of contacts between residues that promote helix
interactions and to penalize the burial of large
amino acid residues. We score any conformation
of a given pair of helices as the sum of two terms:
a negative term contributing to the score for con-
tact between pairs of residues known to promote
close-packing among helices, and a positive term
penalizing the burial of large residues in the
interface. The optimal score is thus expected to be
a global minimum:

Score ¼
X

ðBi þ BjÞMði;jÞ þ 10
X

Bl : ði; jÞ [ P; l [ L

ð1Þ

where P is the set of all pairs of residues forming
contact in a given conformation, and B i and Bj are
approximations of the burial of the two residues i
and j forming that contact between two different
helices, as described in Methods. Values for B
range from 0, signifying no burial, to 1, signifying
complete burial (Figure 1). L is the set of all amino
acid residues l with large side-chains (Arg, His,
Lys, Met, Phe, Trp and Tyr) that appear on either
helix, and are well buried in the interface between
the helices (B l $ 0.9). We penalize the burial of
large residues only if they are buried to a large
extent in the interface; in other cases, large residues
may often assume accommodating conformers,
and not form steric hindrances.

M (i,j) is the maximal score contributed by each
pair of amino acid residues when mediating
contact between a pair of helices (Table 1). To
determine these contributions we considered four
classes of amino acid residues: Gly; the small
residues (Ala, Cys and Ser); the b-branched resi-
dues (Ile, Thr and Val); and residues with
constrained side-chains (the g-branched residues
Asn and Leu, and Pro). In the absence of a direct
statistical method to calculate the relative contri-
bution of each pair of residues to the formation of
contacts among helices, we used only four values
(0, 2 1

4 , 2 1
2 and 21) to reflect the relative

contribution of each pair to dimer formation.
These values are a crude approximation of the
qualitative data available in the literature and pre-
sented in Introduction. Thus, since Gly–Gly and
Gly–Val contacts have been shown to be favorable
for promoting helix contact formation,23,24,26,38,39

their respective classes contribute substantially to
the overall score.

It was recently suggested that the Ca–H· · ·O
hydrogen bond27 is a driving force for TM helix
contact formation. By promoting contacts between
Gly and small residues such as Ala and Cys, as
well as contacts between Gly and the hydroxyl-
containing amino acid residues Ser and Thr, the
scoring function favors contacts between the Ca

atom of Gly to either the backbone or side-chain
hydrogen-bond acceptors. Interhelical hydrogen
bonds among polar side-chains were recently
shown to strongly promote association of model
helices in the membrane.1,28 – 30 Though our scoring
function is concerned mainly with tight packing of
helix pairs, some of the reported hydrogen-bond
interactions are included implicitly, e.g. Ser–Ser,
and Ser–Thr. Contacts among residues that do not
belong to any of the above mentioned classes
make no contribution to the overall score.

Results

Glycophorin A

The TM protein on which we have focused most
attention as a representative of tightly packed TM
proteins is the human GpA.40 GpA is a monotopic
sialoglycoprotein, which is abundant as a homo-
dimer in erythrocyte membranes (Figure 1). In
the past decade, the relationship of its amino acid
composition to its dimerization characteristics
has been scrutinized by a combination of muta-
tional36,38,41 and computational analyses.42,43

Recently, its structure was solved both in micelles26

and in membrane bilayers.37 The structure con-
forms to many of the conclusions derived by the
mutational analyses. The essential elements of the
dimerization of GpA are interactions between Gly
and Val residues. Apart from that, the two helices
form the ridges-into-grooves class 4–4 packing
motif.33 Because the movement of the two helices
comprising the homodimer is not constrained by

Table 1. The maximum score that can be contributed to the total conformational score by a pair of contacting residues

Gly b-Branched (I,T,V) Small (A,C,S) Constrained (L,N,P) Others

Gly 21 21 21/2 21/4 0
b-Branched (I,T,V) 21 0 21/2 0 0
Small (A,C,S) 21/2 21/2 21/2 0 0
Constrained (L,N,P) 21/4 0 0 0 0
Others 0 0 0 0 0

Residues are grouped according to their steric characteristics, and reported in the one-letter code. I, Ile; T, Thr; V, Val; A, Ala; C, Cys;
S, Ser; N, Asn; L, Leu; P, Pro. The category Others includes all other amino acids, which contribute zero to the total score. The values
reflect the structural analyses described in Introduction.
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an interconnecting loop, the helices may be con-
sidered free to sample any configuration. This
protein is therefore a particularly suitable example
on which to test our scoring function.

The native-state conformation of GpA is
situated at a global score optimum

The fact that GpA is a homodimer guarantees
that its helices will form a nearly symmetrical
tertiary structure.44 By enforcing symmetry, we
substantially diminish the number of degrees of
freedom examined in our search method to three:
the crossing angle (C); one rotational degree of
freedom around the axes of the helices (a); and
one translation (x) (Figure 2). This allows us to use
an extensive search range and obtain a fine
resolution.

Using InsightII/Biopolymer (Accelrys, San
Diego), we constructed an approximation of the
Ca trace of GpA as a homodimer composed of two
ideal a-helices. We explored the scoring function
for this structure using a high-resolution “score
surface” (in analogy with the commonly used
term potential surface) in a cross-section, such that
x is set at its value in the native state (Figure 3).
The local minimum shown in Figure 3 at a ¼ 08;

Figure 2. Six degrees of freedom are associated with
each helix pair: Three rotational degrees of freedom are
indicated in the Figure (a and b represent rotations of
the helices around their principal axes; C represents the
pair’s crossing angle). a and b were set arbitrarily to
zero in the native-state conformation. Three translational
degrees of freedom set the geometric center of one helix
with respect to the other, corresponding to the inter-
helical distance (y), the height of one helix with respect
to the other (z), and a sliding movement of one helix
across the face of the other (x). In all our analyses, y was
restricted to the value in the native-state conformation
of the helix pair. The large arrows mark the principal
axes of the helices. For homodimers such as GpA (Figure
1), we may assume that the structure is symmetrical and
therefore force a ¼ b; and z ¼ 0:

Figure 3. “Score surface” for the homodimeric TM protein GpA around its native state. The structure used for gener-
ating this surface is based on two ideal a-helices. The surface was generated by fixing x at its value in the native-state
conformation (3.88 Å). While enforcing symmetry (a ¼ b; see Figure 2), the crossing angle C and the rotation around
each monomer’s principal axes were modulated. The ranges and step sizes used are: a in the range of 21808 to 1508
with 2.58 step size; and C in the range of 2608 to 808 with 1.58 step size. Note that the native state26 (a ¼ 08; C ¼ 408)
is situated in a score well. The score peaks are associated with the burial of large amino acid residues in the interface.
The landscape, as expected, is discontinuous. It is noteworthy, however, that the discontinuity is not very great, and
that using a rather coarse step size of 108 for a and 58 for C should suffice to capture its major features.
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C ¼ 408 is also the global minimum. Its RMS
deviation from the native structure of GpA is
1.41 Å, indicating that ideal a-helices may be used
in case the secondary structure is not known with
certainty.

It is notable that the region around the minimum
in Figure 3 seems to be distinct and large. The
scoring function is expected to be discontinuous,
but the score surface demonstrates that it is not
extremely so, and that searching with a rather
coarse resolution (step sizes of 108 for a and 58 for
C) would probably not miss the major features of
the score surface. We also conducted a search
based on the GpA protein database (PDB) structure
(1afo)26 without enforcing symmetry. This resulted
in a near-symmetrical structure with an RMS
deviation of less than 0.9 Å from the native-state
structure (Table 2).

We examined the effect of modulating y, repre-
senting the distance between the helices’ axes of
symmetry, on the optimal structure and its score
(Table 3). In general, increasing y results in a less
favorable score. These results can be grouped into
three categories on the basis of similarity between
the optimal conformations: those obtained for
interhelical distances between 6 and 7.5 Å; those
between 7.5 and 8 Å; and those between 8 and
9 Å. This indicates that in the cases where the
interhelical distance is not known with certainty,
configuration space can be searched at two or
three distinct interhelical distances, e.g. below
7.5 Å and above 8 Å.

Computational results correlate with empirical
mutation analysis

We proceeded to determine whether our method
could distinguish mutations that hinder dimer
formation from those that do not. For this purpose,
we analyzed all 106 non-redundant non-polar
point mutations carried out by Lemmon et al.36 On
the assumption that the mutant GpA monomers
form an ideal a-helical secondary structure, we
built a Ca trace model for these structures using
InsightII/Biopolymer (Accelrys, San Diego). By
treating only symmetric conformations, we
reduced the number of degrees of freedom to
three, as described above. This decrease in the
number of degrees of freedom allowed us to carry
out a fine-grained search of the structures across
much of the conformation space. The search ranges
and step sizes are specified in Figure 4.

Figure 4 shows a comparison of our results with
the mutation analysis conducted by Lemmon et
al.36 We define as a disruption to dimer formation
any change in the score of the optimal structure or
any deviation of its configuration relative to the
optimal structure obtained for the wild-type
sequence. Lemmon et al.36 classify their empirical
results according to four categories based on the
ability of the point mutants to form dimers as
well as the wild-type, in significant quantity, in
detectable quantity, and no dimer formation. For

the purposes of this comparison, we group the
classes defined by Lemmon et al.36 as same as wild
type and in significant quantity (categories 1 and
2, respectively, in Figure 4), and compare them to
our dimer formation class. The other two classes
defined by Lemmon et al.36 are compared to our
dimer disruption category. It should be noted that
our treatment does not allow us to make the dis-
tinction made by empirical mutation analyses
with regard to the extent of dimer formation.

Our results show a positive correlation with
those of Lemmon et al.36 ðr2 ¼ 0:201Þ: Significantly,
the characteristic mutation Gly83Ala, which
abolishes dimer formation in vitro,36 is also
disruptive according to our analysis†.

A database of helix pairs

To examine whether our method could dis-
tinguish the native-state conformation of pairs of
helices from near-native conformations, we
analyzed 11 helix pairs chosen from various TM
proteins according to automatic procedures as
elaborated in Methods (Table 2). The helix pairs
were used as they appear in the PDB, i.e. with
their deviations from a-helix ideality maintained.
We used a five-dimensional lattice to map the con-
formation space around the native state of each
helix pair chosen (Figure 2). The search ranges
and step sizes are specified in Table 2.

Our use of a lattice places considerable limi-
tations on the conformation space examined and
hence on the range of expected RMS deviation
values. We therefore compared the RMS deviation
values we obtained for the set of 11 helix pairs to
a set of randomly generated structures (Figure 5).
We constructed the random set of structures by
generating 2000 conformations of the helix pair 1,7
of bacteriorhodopsin (PDB code: 1c3w) throughout
the range defined in Table 2 of the five-dimensional
lattice with uniform probability. We then calculated
the RMS deviation of each of these structures from
the helix pair’s native-state conformation.

The results presented in Figure 5 indicate that
our method yields optimal structures that are
close to the native state (,2 Å RMS deviation) in
73% of the cases, as opposed to 8% expected by
chance. In some cases (marked with an asterisk)
the optimal results are at the end of the search
range, and may therefore be underestimates of the
real RMS deviation. We did not conduct searches
across a larger part of the conformation space,
because we treat a helix pair independently of the
contacts it forms with other helices. In reality, TM
helices in polytopic proteins often form contacts
with more than one helix.21 Such contacts constrain
the helix pair from exploring conformations that
are far from its native state.

† For supplementary material, see: http://ashtoret.tau.
ac.il/~sarel
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Table 2. Results of a search around the native state conformation of 11 helix pairs sorted according to the RMS deviation of the optimal structure from the native-state
structure

Number of interhelical contacts

PDB code Helices RMS deviation (Å)
Native state crossing

angle (deg.)
Interhelical
distance (Å) Dx (Å) Dz (Å) a (deg.) b (deg.) C (deg.) Optimal score

True
positives

False
negatives

False
positives

1afo 1, 2 0.89 240 7.4 20.50 0.00 220 220 245.5 212.63 8 0 0
1fx8 2, 11 0.90 226 7.2 0.00 21.50 20 0 231.5 28.66 8 0 0
1eul 31, 36 1.65 246 6.4 21.00 21.00 30 240 238.5 210.06 6 3 0
1eul 5, 12 1.65 24 8.2 21.50 22.00 20 230 14 23.62 4 0 0
1occa 108, 131 1.70 24 7.1 23.00 0.00 40 220 31.5 26.12 6 0 3
1occa 32, 54 1.80 14 8.5 1.00 21.50 20 260 10.5 23.97 4 3 1
1c3wa 1, 7 1.88 26 8.9 3.00 21.50 30 60 21 24.12 4 2 3
1bl8a 10, 12 1.93 13 8.6 23.00 2.50 210 60 10.5 24.46 4 2 5
1qlaa 1, 8 2.27 23 8.7 21.50 2.00 0 260 0 22.56 2 2 2
1occa 45, 47 2.88 7 7.6 2.50 22.50 60 60 17.5 23.89 2 4 2
1fx8a 9, 15 5.22 241 6.5 0.50 21.00 60 220 56 29.51 2 2 5

For each pair of helices, the interhelical distance was maintained at the value in the native-state conformation and the five other degrees of freedom were modulated. Dx and Dz describe the
change in the x and z values in the optimal conformation relative to the native-state conformation. x, z, a, b, and C are the degrees of freedom defined for the search in Figure 2. x and z were modu-
lated between 23 and 3 Å with a step size of 0.5 Å; a, b were modulated between 260 and 608 with a step size of 108; and C was modulated between 277 and 778 with a step size of 3.58. It should
be noted that the crossing angles (C) of the optimal structures are near their native-state values almost throughout the dataset. The native and predicted structures were also compared visually to
determine the number of predicted true positive, false positive and false negative residue contacts. Figure 5 shows a distribution of the RMS deviation values reported here.

a Structures whose optimal results are at the ends of the search range. The RMS deviations reported for these structures should be regarded as underestimates.



It is noteworthy that the success of our method
is not restricted to a particular packing class.
Most helix pairs examined in Table 2 are packed
according to the 4–3 class packing,33 which is
more prevalent in TM proteins.32 Nevertheless,

our method shows considerable success with
these as well as with pairs packed in the 4–4
packing class.33

We also tested a subset of helix pairs whose
interhelical distance is beyond the 9 Å range,

Table 3. Search results for the structure of glycophorin A (GpA) at different interhelical distances (y)

The parameters, their search ranges, and step sizes are defined as in Table 1. The scoring function simply increases with the inter-
helical distance. Note that the structures obtained throughout the range of 6.44–7.44 Å are essentially similar; as are the structures
between 7.94 Å and 8.44 Å.

Figure 4. Comparison of computational and empirical results for 106 non-polar point mutations of GpA. The
mutations are classified according to four groups, in keeping with the results reported by Lemmon et al.36 Mutations
in group 1 dimerized as well as the wild-type; those in group 2 dimerized significantly; group 3 mutants dimerized
in detectable amounts; and group 4 mutations showed no detectable dimerization. Inset: a Table showing the corre-
lation between the experimental results reported by Lemmon et al.36 (horizontal) and our computational results
(vertical). The correlation coefficient r 2 for these data is 0.201. Significantly, our computational results found only a
small percentage (,10%) of mutations in classes 1 and 2 to be disruptive, whereas a large percentage (.50%) of the
mutations in classes 3 and 4 were predicted to be disruptive. The search ranges and step sizes used with each mutant
were C in the range of 275 to 758 with a step size of 38. The rotation around the principal axes ða ¼ bÞ was carried out
throughout the range 0 to 3608 with a step size of 58. x was searched in the range of 215 to 15 Å with a step size of
0.5 Å.
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but our results in those cases were much poorer
(data not shown). We conclude that the interactions
captured by this method are related more closely to
those of tightly packed helix pairs.

Discussion

This work had two related goals. The first was to
demonstrate the value of a simple rule; small
residues go inside, for structure prediction in
membrane proteins. To this effect, we used the
rule in a simple though exhaustive search method
and tested it in 11 carefully chosen TM helix pairs
found in the dataset of 11 membrane proteins of
known structure (see Methods). As discussed
below, the results demonstrated the predictive
power of this simple rule. However, they also
showed that certain problems in the current
implementation of the methodology need to be
resolved for it to be potent in structure prediction
in polytopic TM proteins. The second goal was to
demonstrate the predictive power of the current
methodology for tightly packed TM proteins such
as GpA.

Ideally, a method for predicting the packing of
TM helices would be based on calculating the free
energy change occurring upon helix association

(DGass). A step in this direction was recently taken
by MacKenzie et al.45 who used the data of
Lemmon et al.36 concerning the effect of point
mutations on the dimerization of GpA to construct
an energy-like function for predicting the effects of
mutations on dimerization of GpA.

The approach we use here to derive the score
function differs from that used by MacKenzie
et al.45 in some important respects. It is much
humbler, in that it is aimed at discriminating only
those conformations of helix pairs in TM proteins
that are tightly packed from those that are not. At
the same time, it is more ambitious, in that it is
derived from general structural considerations,
and should therefore be applicable, in principle, to
all tightly packed TM helix pairs. The scoring
function of Table 1, which constitutes the basis of
our method, is a rudimentary construction reflect-
ing contemporary knowledge of tightly packed
TM helices; essentially no attempt was made to fit
the values to improve the predictions. As antici-
pated, our results (Figure 4) do not correlate with
the data of Lemmon et al.36 as well as do the results
of MacKenzie et al.45 (r2 ¼ 0:201 and r2 ¼ 0:760;
respectively). We were encouraged to note, how-
ever, that the optimal structure of GpA obtained
in our calculations was within less than 1 Å RMS
deviation from the native structure (Table 2).

Figure 5. Distribution of RMS deviation values for the search results in Table 4 compared to a random set of
structures. Dark bars indicate the distribution of RMS deviation values of a selection of 11 helix pairs to their native-
state conformations. Light bars indicate the distribution of RMS deviation values expected by chance (see the text).
The expected values were normalized according to the number of helix pairs. Note that 73% of the optimal structures
obtained are within 2 Å of the native-state conformation in contrast to the expected value of approximately 8%.
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To demonstrate the general applicability of our
approach, i.e. the predictive power of the simple
rule small residues go inside, we compiled a data-
set of 11 helix pairs from TM proteins whose 3D
structure is known (Table 2). Since we do not
consider the current methodology suitable for
structure prediction in polytopic TM proteins, we
used the known 3D structure of each helix rather
than using the corresponding canonical a-helix.
The RMS deviations between the optimal and
native structures (Table 2) thus reflect purely the
quality of the score function, rather than a mixture
of the score function with deviations from
ideal a-helicity. Our calculations produced confor-
mations that agreed with the known structures
significantly better than expected by chance alone
(Figure 5). However, a detailed analysis of the
success rate is inherently complicated. It is possible
that interactions that are not taken into account in
our method, such as interactions with other helices,
determine the stability of a particular helix pair
within the context of the intact protein. In any
event, these carefully chosen helix pairs represent
only 28% of tightly-packed (distance of 9 Å or less
between the principal axes of the helices) helix
pairs in the TM proteins in our database, and
approximately 10% of all helix pairs forming
significant contact in the membrane (see Methods).
This illustrates the restricted range of helix pairs
our method can currently tackle.

Further complications in analyzing the success
rate in Figure 5 arise from the search method we
used. Our goal here was to demonstrate the
potential use of the scoring function in TM protein
structure predictions. Therefore, we did not treat
a-helices that deviate markedly from ideality, e.g.
pronounced kinks. These deviations may eliminate
certain conformations and allow others. Our
method is further limited by the fact that we do
not model the interconnecting loops. Short loops
place a considerable constraint on the confor-
mation space that a pair of helices may explore.
This restriction is therefore an important con-
sideration in structure prediction. In the data set
presented in Table 2 we included only helix pairs
that are at least 20 residues apart from each other
(thus excluding approximately 40% of relevant
helix pairs from our analysis). Because of the
constraints imposed by short loops on the confor-
mations available for a helix pair to explore, the
excluded pairs are capable, at least in principle, of
exploring a rather restricted range in conformation
space. The success rate indeed dropped signifi-
cantly when helix pairs connected by shorter
loops were analyzed also (data not shown).
Relaxing these two limitations by using a more
sophisticated search methodology may make it
possible to study many more helix pairs.

To avoid introducing steric constraints into our
calculations, we maintained the distance (y)
between the principal axes of the helices at its
value in the native state. Obviously, when de novo
prediction of tertiary structure is attempted, y

would also need to be modulated. Our results for
the modulation of y (Table 3) indicate, however,
that when de novo prediction is attempted, it may
be possible to set y at two or three different values
and obtain different optimal structures. In any
case, by using a more detailed model, in which
each residue is represented as two or three inter-
action sites, these limitations may be eliminated
altogether.

The overall picture emerging from studies of
TM helix dimers is that the specific factors driving
contact formation among helices are qualitatively
different in various ranges of interhelical distance.
Eilers et al.46 recently showed that the distribution
of pairwise contacts between helices separated by
large distances is different from that of tightly
packed pairs of helices. As an example, inter-
actions among aromatic residues, which are
known to stabilize contact between some helix
pairs,47 are unlikely to occur in the dimerization
region of helix pairs whose axes are separated by
short distances, whereas backbone–backbone
interactions are not possible when the interhelical
distance is large. Other types of contacts that
stabilize and specify TM protein structure may
emerge in the future.1 Thus, the scoring function
presented in Table 1 may be considered as a basis
for improvement as more knowledge about these
factors accumulates.

Overall, despite the simplicity of our approach,
the results demonstrate that it captures the salient
features driving association between tightly
packed TM helices. Significantly, the approach we
employed uses a lower resolution than that of
other methods for TM structure prediction.18 – 20

However, in GpA, which is so far the only case in
which direct comparison between the different
approaches is possible, our results are comparable
with those obtained by other methods. In our
opinion this shows, above all, that the efforts to
develop predictive tools for the tertiary structure
of proteins can harness the knowledge derived
from structural analyses of proteins in a straight-
forward manner. Furthermore, the lower compu-
tational burden associated with such low-
resolution computations allows us to treat
asymmetric helix pairs.

In conclusion, while our approach appears to
capture at least certain aspects of tight packing
between TM helices, many changes need to be
introduced for our method to be robust in TM
protein structure prediction. Nevertheless, the
results indicate that the method can be used for
structure predictions of TM dimers that resemble
GpA, where the limitations described above are of
secondary importance. One important class of
proteins for which this is the case is the receptor
tyrosine kinases (RTK).48 It is well known that a
critical step in the activation of these receptors
is dimerization, and recent evidence has indi-
cated that at least in some cases, e.g. ErbB2
(HER2), this dimerization is mediated by a specific
interface on its TM domain.49 Significantly, the
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Sternberg–Gullick motif,50 which is believed to
promote dimerization of TM domains in RTKs, is
similar in its general features to the GxxxG motif
driving the dimerization of GpA.24 Recently, Men-
drola et al.51 showed in vivo that the TM domains
of ErbB receptors dimerize in cell membranes, and
that the Sternberg–Gullick motifs are mediators of
this dimerization. Our initial calculations on the
TM domains of ErbB homo- and heterodimers
match these observations (unpublished results).

Methods

The search method

Conformation space

We used the coordinates of the Ca traces of the indi-
vidual helix pairs that were selected on the basis of the
criteria specified below. Different conformations were
examined by the scoring function defined in Equation
(1). As with any two-rigid-body system, any configu-
ration of two helices is defined completely in terms of
three translational and three rotational degrees of
freedom (Figure 2).

The computational load of the score calculations is
relatively low. We therefore used an exhaustive search
method rather than other search heuristics. The scoring
function is not suitable for modulation of the interhelical
distance (y); if the helices were brought closer together it
would simply increase the score of a favorable confor-
mation, regardless of steric clashes that would probably
form in reality. We therefore searched conformation
space, while maintaining the interhelical distance at the
value given by the native-state packing of the helices.
This reduces the number of degrees of freedom from six
to five. We therefore mapped configuration space onto a
five-dimensional lattice, such that each coordinate
defines a unique conformation of a helix pair.

Comparison of minima with the native state

We estimated the dissimilarity between the score
minima obtained and the conformation of the native
state by calculating the RMS deviation between the Ca

trace of the predicted conformation and that of the
native-state conformation using InsightII (Accerlrys, San
Diego). We compared by visual inspection the inter-
helical contacts formed in the native state conformation
with those formed in our predicted structure, and classi-
fied the latter as true positive, false negative, or false
positive contacts (Table 2). Comparison with the RMS
deviation measured between the native state and the
predicted structures reveals a good correlation between
the two criteria. It also shows that a cut-off RMS
deviation value of 2 Å constitutes a reasonable threshold,
below which the predicted structures fit well with those
of the native state.

Implementation

The search for the lowest score was implemented
in MatLab (MathWorks, Natick MA), using completely
vectorized code to improve performance, and run on
parallel Origin 2000 SGI processors. The main compu-
tational load is the determination of the score of a

conformation. This averaged approximately 14 ms per
conformation on each of the Origin 2000 processors.

Quantifying the burial of each amino acid residue

The score function defined in equation (1) is based on
quantification of the burial of amino acid residues that
mediate contact between the helices. In measuring the
extent of burial Bi of amino acid residue i we consider
two criteria. The first is the distance between the residue
and the principal axis of the other helix; the smaller the
distance, the more deeply buried the residue. The second
criterion is the orientation of the amino acid with respect
to the principal axis of the other helix. The more the
amino acid residue is directed towards the other helix,
the better its burial (Figure 1).

Formally, we consider two parameters: the distance Di

between amino acid residue i and the axis of the other
helix, and the angular orientation A i of amino acid
residue i with respect to the axis of the other helix. We
define the burial of an amino acid residue as the inter-
section of these two criteria:

Bi ¼ SðDiÞSðAiÞ ð2Þ

where S(Di) and S(A i) are transformations of the distance
and angular criteria as defined below.

The effect of increasing the distance or the angular
orientation of an amino acid residue on its burial is
quantified as a sigmoidal transformation. Clearly, the
burial of a residue at close contact and the correct orien-
tation are not much altered by small changes, as is the
burial of an amino acid residue that is poorly buried.
However, at a certain cut-off distance and orientation,
the extent of a residue’s burial changes rapidly.

We therefore use a sigmoidal relation of the form:

SðDiÞ ¼ 1

Di

t

� �p

þ1

ð3Þ

for the distance, and a similar expression for S(Ai).
The above sigmoidal function produces values

ranging from 0, signifying no burial, to 1, signifying
complete burial. It approaches unity for small values of
Di and zero for large Di. Note that SðDi ¼ tÞ is 0.5, and
that p controls the smoothness of the sigmoid, i.e. for
large p the function approaches the form of a step func-
tion, in which the step occurs at Di ¼ t: Thus, t and p
control the position of the threshold, where the function
assumes half-value, and the contour of the function,
respectively.

We used an ideal model of a helix pair, whose axes are
separated by approximately 7.5 Å, to examine different
parameter combinations. Thus, we found the parameter
values t ¼ 608 and p ¼ 4 to be suitable for transformation
of the angle Ai. For transformation of the distance, we
first subtract 4.3 Å from the value of D i calculated for
the distance between the amino acid residue and the
axis of the other helix. This value approximates the
smallest distance possible between an amino acid
residue and another helix (the radius of an a-helix to its
Ca atoms is 2.3 Å plus 2 Å for two exclusion radii), and
produces a value of 1 for S(Di) if the amino acid residue
is as close as possible to the axis of the other helix.
The parameter values chosen for the transformation
of the distance are t ¼ 2:5 �A and p ¼ 6: Thus the two
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transformations for amino acid i are:

SðDiÞ ¼ 1

Di24:3
2:5

� �6

þ1

ð4Þ

SðAiÞ ¼ 1

Ai

60

� �4

þ1

ð5Þ

where A i and D i are given in units of degrees and Å,
respectively.

It should be noted that Bi (equation (2)) is sensitive to
the choice of t and p values in these S relations. Thus,
changes in these parameters may lead to substantial
differences in the burial function, and hence in the
scoring function defined in equation (1).

Measuring the distance and angular orientation of each
residue with respect to the helix opposing it

To allow for some deviations from a-helical ideality,
we employed a method presented by Chothia et al.33 for
defining a local helical axis rather than the global one.
Local axes coincide with the actual curvature of the
helical axis. Due to local deformations, the curvature
may differ in places from that of the helix’s principal
axis. The local helical axis vi of residue i is defined as
the cross-product of the vectors Qi and Qiþ1:

vi ¼ Qi £ Qiþ1 ð6Þ

where:

Qi ¼ Ci þ Ciþ2 2 2Ciþ1 ð7Þ

and Ci is the position vector of the Ca of residue i. At the
helix terminus, the local axes are defined as extensions of
the last local axis calculated according to equation (6).

For each residue i we determine the space coordinates
of a point pi nearest to it on the helical axis, according to
the method of Walther et al.52 by calculating the geo-
metric center of four consecutive Ca coordinates around
i (Ci21 to Ciþ3). Points on the local axis in both termini of
the helix are calculated by extending a vector of length
1.5 Å, corresponding to the average helical rise, in the
direction of the local axis calculated for those termini, v,
defined in equation (6).

The distance Di between residue i and the axis of the
opposing helix is defined in our method as the distance
between i and the nearest point pj on the opposing helix’s
axis. The angular orientation of i (Ai) with respect to the
other helix is then measured as the residue’s orientation
with respect to pj. For a residue i, let us formally define
a set P of all the points on the axis of the helix opposing
residue i as defined above. The distance Di between resi-
due i and the axis of the opposing helix is defined as the
distance between this residue and a point pj [ P:

Di ¼ lCi 2 pjl ð8Þ

where pj, a point on the helix axis, is defined as:

pj ¼ min
p[P

ðlCi 2 pjlÞ ð9Þ

The angular orientation of residue i with respect to the
axis of the other helix is then defined as the angle formed
between two vectors: pi 2 Ci, a vector in the direction
assumed in space by residue i, and pj 2 pi, the vector
connecting residue i to the axis of the other helix.

Finding the dimerizing residues

An important implication of the ridges-into-grooves
structural motif is that contact between tightly packed
helices is mediated by amino acid residues that are
relatively close to each other on the sequence,33 i.e. the
residues forming contact are all contained in a stretch of
not longer than ten residues. This is corroborated, at
least partially, by the results of the experiments reported
by Mingarro et al.41 which showed that an insertion
mutation incorporating four Ala residues in the middle
of the dimerization motif of the human GpA does not
extend the length of its dimerization motif. We used this
implied condition as a criterion for deciding which resi-
dues actually form close contact. It is interesting to note
that without this criterion, the optimal structures
obtained by the method consist of helix pairs with their
principal axes parallel with each other (results not
shown). This is in accordance with the argument made
by Chothia et al.33 that the assumption that helices are
smooth cylinders leads to parallel orientations of helix
pairs as the most favorable conformation.

To find such a stretch of buried amino acid residues,
we examine windows of ten residues on the sequence of
each helix for all relatively buried amino acid residues
(Bi $ 0.2). Of these windows, we pick the one in which
the total burial of its residues is maximal. Formally, let us
define W as the set of all contiguous ten residue stretches
on each of the helices. We first look for w0 [ W such that:

w0 ¼ max
w[W

X
i[w : Bi$0:2

Bi

 !
ð10Þ

Then, the residues that form the contact between the
helices wcon are the residues within w0 whose burial score
Bi indicates that they are well buried (Bi $ 0.2):

wcon ¼ {i [ w0 : Bi $ 0:2} ð11Þ

We thus obtain two such sets of buried residues, one for
each helix in the pair.

Finding the pairs of residues that mediate contact

We were interested in finding a set of pairs P of
residues, one from each of the wcon terms defined above,
that form contact between the two helices. Two residues
(i, j), such that i is located on one helix and j on the
other, are said to form contact if both are buried (i.e.
they are both members of the sets wcon defined above),
and the distance between i and j is not greater than
5.5 Å. This cut-off should be regarded as rather low,
since a choice of larger values, e.g. 6 Å, leads at times to
structures conforming to class 3–3 helix packing, which
were not identified using the assay described by Chothia
et al.33 Almost all contacts between residues in this 3–3
class conformation were relatively long-range (over 5.5 Å).

Construction of a database of helix pairs from
solved TM protein structures

To test the validity and the applicability of our scoring
function, we set up a dataset of helix pairs from the
solved structures of TM proteins. The dataset was con-
structed using tailor-made programs written in MatLab
(MathWorks, Natick MA) and Perl, which are available
from our website†, and can easily be modified to suit

† http://www.ashtoret.tau.ac.il/usarel
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other analytical needs besides those described here. We
applied strict criteria for the inclusion of pairs of helices
in our dataset. Briefly, we constructed an initial data set
of 39 non-redundant helix pairs, whose interhelical
distance is within the range of 6–9 Å. A further restric-
tion on this data set is that pairs of helices are excluded
if they are tilted against each other. This restriction is
imposed because the effective contact area made by
tilted helix pairs is usually rather small.33 Of these 39
pairs, ten were eliminated because one or both of the
helices did not conform to strict a-helicity; a further 14
pairs were eliminated because the pair constituted
sequence neighbors separated by fewer than 20
amino acid residues; and four more pairs were elimi-
nated after visual inspection because the interface
actually formed by the helices was judged to be small,
or produced by kinking and coiling of the helices. We
obtained a total of 11 helix pairs, which are presented in
Table 2.

Data

We obtained 11 structures of TM proteins from the
Protein Data Bank (PDB‡) (Table 4). The helical parts in
each protein were determined automatically according
to the data supplied in the PDB, where available, and
taken from the literature in the case of 1afo,26 for which
the data were not included in the PDB. All other parts
of the proteins were ignored.

Elimination of a-helices that are far from canonical

With the object of excluding from our analysis any
helices that deviate significantly from ideal a-helicity,
we determined the characteristic helical rise and radius
according to the structure of bovine cytochrome c oxi-
dase (PDB code 1occ). The average helix radius is 2.52 Å
ðs ¼ 0:14 �AÞ and the average helical rise is 1.56 Å ðs ¼
0:09 �AÞ: These values are comparable to those obtained
by Walther et al.52 For each helix, we also calculated the
global geometric center G and a vector in the direction
of its principal axis u.

The search method for optimal conformations is sensi-
tive to deviations from ideal a-helicity. We therefore
eliminated substantial deviations from a-helicity by
using a 99% confidence limit around the helical rise and
radius. Only helices whose rise and radius fell within
both limits were allowed into the subsequent analysis.

In addition, we wanted to guarantee that the helical rise
and radius were maintained throughout each helix.
We therefore selected only those helices in which the
standard deviations of the rise and radius did not exceed
twice the value of the standard deviation derived above
for that parameter.

Selection of pairs of helices making contact

Many of the PDB structures we analyzed contained
oligomers of the same subunit. To avoid redundancy,
we identified all duplicate helix pairs according to their
sequences, and eliminated them. In this way, we
obtained, for each protein structure, a non-redundant
set of helix pairs that are close to ideal a-helicity.
For each possible pair of helices in these sets, we calcu-
lated the points of closest approach and the distance
between their axes according to the method of Sunday†
(Figure 6).

We treat the axes of the helices as infinite lines in 3D
space. We know the coordinates of a point on each of
the axes (the helix’s geometric center G) and the direc-
tion of the helix axis (u). Let us mark the two geometric
centers as G1 and G2, and unit vectors in the direction of
their respective helical axes as u1 and u2. Let us also
mark A1 and A2, the respective points of closest
approach, which we seek. Then:

A1 ¼ G1 þ su1 and A2 ¼ G2 þ tu2 ð12Þ

where s and t are scalars. By definition, the line connect-
ing A1 and A2 is uniquely orthogonal to the two axes, i.e.:

u1wc ¼ 0 and u2wc ¼ 0 ð13Þ

where wc ¼ A1 2 A2: Another way of formulating wc is:

wc ¼ w0 þ su1 2 tu2 ð14Þ

where w0 ¼ G1 2 G2: Substituting equation (14) into the
two simultaneous equations defined in equation (13) we
obtain:

ðu1u1Þs 2 ðu1u2Þt ¼ 2u1w0; and

ðu2u1Þs 2 ðu2u2Þt ¼ 2u2w0

ð15Þ

Figure 6. A representation of the method used to find
the points of closest approach on two helical axes. G1

and G2 are the two helical geometric centers; u1 and u2

are two unit vectors pointing in the direction of the heli-
cal axes; A1 and A2 are the two points of closest approach
that we seek. The scheme is adapted from Sunday†.

Table 4. Proteins used in this work and their PDB
identifiers

Protein name PDB identifier

Bacteriorhodopsin 1c3w
Calcium ATPase 1eul
Cytochrome c oxidase 1occ
Fumarate reductase 1qla
Glycerol facilitator 1fx8
Glycophorin A 1afo
Light-harvesting complex II 1lgh
Mechanosensitive channel 1msl
Photosynthetic reaction center 1prc
Potassium channel 1bl8
Rhodopsin 1f88

‡ http://www.rcsb.org † http://geometryalgorithms.com
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For compactness, let us mark a ¼ u1u1; b ¼ u1u2; c ¼
u2u2; d ¼ u1w0 and e ¼ u2w0: We can solve equation
(15) for s and t:

s ¼
be 2 cd

ac 2 b2
and t ¼

ae 2 bd

ac 2 b2
ð16Þ

By substituting s and t obtained from equation (16) into
equation (12), we finally arrive at the points of closest
approach on both helices. In cases where the denomi-
nator ac 2 b 2 is zero, the two axes are parallel and the
distance between them is simply the distance between a
point on one axis and the other axis.

This method thus allows us to limit our dataset to
those helices whose distance does not exceed 9 Å. Apart
from divulging the distance between the principal axes
of the helices, this method allows us to determine
whether the points of closest approach (A1 and A2) fall
inside or outside the span of the helices. We regard
pairs whose points of closest approach fall outside the
helix span as tilted against each other, forming little if
any contact. These pairs are therefore automatically
eliminated from the list.

Contact-forming helices of TM proteins are often
sequence neighbors.32 In our initial set of 39 non-redun-
dant helix pairs with interhelical distance in the range
of 6–9 Å, we found 15 (38%) that are separated by
fewer than 20 amino acid residues. In a preliminary
study, we found that our method works considerably
better for pairs of helices that are separated by 20 or
more residues on the sequence. This is because short
loops do not allow the helix pair to explore conformation
space freely.52 We therefore removed from the subse-
quent analysis all pairs of helices that are connected via
such short loops.

The structures of all helix pairs were then inspected
visually to eliminate helices that were kinked, coiled, or
tilted against each other. Helices that exhibited consider-
able deviations from ideal a-helicity at their ends were
split manually or shrunk to produce a-helices closer to
the ideal.

To recapitulate: we automatically compiled a non-
redundant data set comprised of pairs of helices forming
close contact (6–9 Å) that do not deviate considerably
from a-helicity, are not tilted against each other, and are
separated by loops of 20 or more amino acid residues.
We then manually pruned those pairs whose helices
were tilted against each other. We also eliminated the
ends of helices that deviated from a-helicity.

Calculation of average helix parameters

We computed the average helix rise and radius for
each helix by an extension of the method described
above for determining the space coordinates of points
on the helical axis. For each helix, the average helical
rise was computed by taking the average of the distances
between subsequent points on the helical axis. The
average helical radius was computed by taking the
mean of the distances between the space coordinates Ci

of residue i and the point on the helical axis pi associated
with it. In helices that contained 20 or more amino acid
residues, we disregarded the three terminal residues at
both ends, where deviations from ideal a-helicity often
occur.
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Comment on “Network Motifs:
Simple Building Blocks of
Complex Networks” and

“Superfamilies of Evolved and
Designed Networks”

Recently, excitement has surrounded the ap-
plication of null-hypothesis approaches for
identifying evolutionary design principles in
biological, technological, and social networks
(1–13) and for classifying diverse networks
into distinctive superfamilies (2). Here, we
argue that the basic method suggested by
Milo et al. (1, 2) often has limitations in
identifying evolutionary design principles.

The technique is relevant for any network
that can be notated schematically as a direct-
ed graph of N nodes (for example, represent-
ing neurons) and a set of edges or links
between pairs of nodes (for example, synap-
tic connections). In particular, the approach is
able to identify unusually recurring “network
motifs”—patterns of interconnections among
a small number of nodes (typically three to
five) that are significantly more common in
real networks than expected by chance (1–
13). Overabundance is taken to mean that the
motifs are the manifestation of evolutionary
design principles favored by selection in bi-
ological or synthetic systems (1–8).

In statistical parlance, the basic method
[which has a long history in theoretical biol-
ogy (10–13)] tests a “random null hypothe-
sis” by statistically comparing the distribu-
tion of motifs in an observed network with
that found in a computer-generated ensemble
of appropriately randomized networks. Over
and above the realistic constraint that the
degree distribution of incoming and outgoing
links to every node must be maintained (14),
the edges in the randomized network are
connected between nodes completely at ran-
dom and without preference. Such random-
ized networks are considered null in that their
structure is generated by a process free of any
type of evolutionary selection acting on the
network’s constituent motifs. Rejection of the
null hypothesis has thus, in many studies,
been taken to represent evidence of function-
al constraints and design principles that have
shaped network architecture at the level of
the motifs through selection (1–13).

However, the method outlined above can
lead to the wrong interpretations if the under-
lying null hypothesis is not posed carefully.

For example, using this approach, Milo et al.
(1) identified several significant network mo-
tifs in the neural-connectivity map of the
nematode Caenorhabditis elegans. However,
in the case of C. elegans, neurons are spatial-
ly aggregated and connections among neu-
rons have a tendency to form in local clusters
(15). Two neighboring neurons have a greater
chance of forming a connection than two

distant neurons at opposite ends of the net-
work. This feature of local clustering, though,
is not reflected in the baseline randomized net-
works used by Milo et al. (1, 2), in which the
probability of two neurons connecting is com-
pletely independent of their relative positions in
the network (Fig. 1). The test is not null to this
form of localized aggregation and will thus
misclassify a completely random but spatially
clustered network as one that is nonrandom and
that has significant network motifs.

Analysis of a “toy network” (Fig. 1) illus-
trates what can go wrong. In this network, the
nodes are randomly connected preferentially
to nearby neighbors, but with a probability
that falls off for more distant neighbors (a
Gaussian distribution is used). Although the
toy network is built devoid of any rule select-
ing particular motifs for their functions, we
find that the same network motifs identified
by Milo et al. (1) for C. elegans are present,
and the random null hypothesis must be re-

jected (Fig. 1). Thus, the statis-
tically significant motifs found
in C. elegans (1) are more like-
ly to be the result of the inher-
ently localized partitioning of
the nematode’s connectivity
network than a property that
emerges from the action of evo-
lutionary forces selecting par-
ticular motifs for their specific
functions. It is not our goal in
this case to construct a model
that realistically captures the
distribution of motifs as found
in C. elegans, but merely to
explore the implications of
choosing an incomplete null
model. Having said that, it is
still somewhat surprising that
the simple “toy model” repro-
duces the distribution (signifi-
cance profile) of all three-node
motifs with reasonable realism.

Many biological and syn-
thetic networks, such as the
metabolic and transcription net-
works (9) and the World Wide
Web (16), are characterized by
a scale-free distribution of links
to every node. In scale-free net-
works, the probability of a node
having k connections obeys the
power law p(k)�k–� (with � �
2)—that is, most nodes have
few connections and a few
nodes have many connections.
It has been argued (16) that
some biological scale-free net-
works are generated by the rule
of preferential attachment, a

Fig. 1. (A) Construction of Gaussian “toy network.” We used a
30 by 30 grid of 900 nodes. Edges were added on the basis
that the probability P of two nodes being connected reduces
with the distance d between them. Thus, P(d1) � P(d2) when
d1 �d2. This feature will be present to some degree in neural
networks such as that of C. elegans (14). (B) Color-coded
probability P(d) of connecting to a node as a function of
distance for the Gaussian toy network. (C) Overrepresentation
of motif patterns in the Gaussian toy network. We focused on
three motif patterns (feedforward, bi-fan, and bi-parallel)
found in (1) to be significantly overrepresented in the C.
elegans neural map. The observed number of each motif, as
counted in the Gaussian toy network of (A), was compared
with the mean number of motifs counted in 2000 randomized
networks (14 ). For all three cases, the Z scores �Observed - Mean

Std. �
were larger than 2, signifying that the null hypothesis can be
rejected and all motifs are significantly overrepresented.
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rule that in itself does not include any type of
selection for or against particular motifs. We
have used two variants of the preferential-
attachment rule (17) to generate toy net-
works, and have then analyzed their motif
structure. Using the first variant, we find that
the feedforward loop (FFL, shown schemat-
ically in Fig. 1C) is always significantly over-
represented (�2� from the mean) compared
with the randomized null networks, which
implies that the motif has been favored by
evolution. In contrast, for the second vari-
ant, the FFL is significantly underrepre-
sented, which indicates that the motif has
been disfavored. As such, the actual pro-
cess by which a network is generated, even
if it is free of selection for or against
particular motif functions, can strongly bias
an analysis that seeks to determine the
quantitative significance of motifs.

Similar problems arise when applying the
approach to studying complex ecological
food webs (10–13). In these systems, each
node represents an organism, and an edge
between two organisms indicates that one
feeds on the other. Food webs are nonrandom
structures largely governed by trophic rela-
tionships; randomizing feeding links in a
food-web network and testing the random
null hypothesis serves at best only to trivially
prove this point. Unsurprisingly, Milo et al.
(1) find nonrandom overrepresented network
motifs that are consistent with simple trophic
relationships such as predator–prey–resource
interactions. From an ecological perspective,
little can be learned from rejecting the possi-
bility that the food web is random. It may be
worthwhile in the future to seek ways of
posing the null hypothesis in a more sophis-
ticated ecological framework (10–13).

In summary, for all of these examples, the
null hypothesis test suggested the involve-
ment of evolutionary design principles in
random toy networks that were generated
without the involvement of any fitness-based
selection process. The only possible resolu-
tion to this problem is to reformulate the test
in a manner that is able to identify functional
constraints and design principles in networks
and to discriminate them clearly from other
likely origins, such as spatial clustering.

There is no denying that the network ran-
domization approach has a certain charm in
facilitating diverse and multidisciplinary
cross-system comparisons in the search for
common universal network motifs, design
principles, and characteristics defining dis-
tinctive network superfamilies (1, 2). Indeed,
this approach has stimulated theoretical and
experimental work that has demonstrated the
utility of certain motifs in tasks such as in-
formation processing (18, 19). However, giv-
en the dangers sketched above, any cross-
system analysis may be very fragile and will
be prone to comparing network motifs that
are found to be statistically significant be-
cause of an ill-posed null hypothesis. More-
over, the method described in (2) forces a
common reference frame for comparing mo-
tif significance profiles (distribution and sig-
nificance of all possible motifs) of networks,
even if they are of different origins—for
example, neural networks, for which a null
model based on spatial clustering may be
justified, versus transcription networks, for
which such a null model would be unsuitable.
Thus, comparisons mediated through a com-
mon but inappropriate reference frame may
give the wrong impression that different net-
works are in fact similar with respect to their
motif significance profile. Clearly, these
techniques need to be developed further be-
fore design principles can be deduced with
confidence (20).
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תקציר

 מהמבנים 1%-אך פחות מ,  מהגנום15-30% מהווים ממבראנה-חוציחלבונים 

הפער הזה מדגיש עד כמה ). Protein Data Bank – PDB (ם חלבונימאגר הנתונים עלב

הקושי חמור ביותר בהקשר של . נליים בעיה קשהאמהווה פיתרון המבנה של חלבונים ממבר

 אף-על, פתירה-כמעט בלתימבנה נותרה בעיה שעבורם קביעת ה, חלבונים אאוקריוטים

שלמעלה , יש לציין. ההתקדמות הניכרת שנעשתה בקביעת המבנה של חלבונים בקטריאליים

כך , ממבראנליים מאאוקריוטים הם ללא הומולוגים בקטריליים-ממחצית מהחלבונים הטרנס

יים נלאממבר-ששנים רבות יחלפו עד אשר מספר ניכר של חלבונים טרנס, שסביר

המשלבות אנליזות ביוכימיות וחישוביות , גישות אינטגרטיביות, עד אז. מאאוקריוטים יפורסם

עם מידע מבני ברזולוציה בינונית יספקו מסגרות להבנה מכניסטית של מבנה ותפקוד של 

-חוציפיתחתי מספר שיטות לחיזוי מבנה בחלבונים , במסגרת זו. הנאממבר-חוציחלבונים 

. העושות שימוש באנליזה פילוגנטית ובמידע ביוכימי ומבני ברזולוציה בינונית, הנאממבר

השיטות החישוביות החדשות שפיתחתי במסגרת הדוקטורט ואשר שימשו לחיזוי מבנה כללו 

וכן זיהוי של , אנליזת שימור אבולוציוני לזיהוי של חומצות אמינו קבורות בליבת החלבון

בעזרת שיטות . ות אמינו כדי לאתר אינטראקציות בין עמדותקורלציות באבולוציה של חומצ

, תאית-התעלה הבין, ErbB2את המבנה ומנגנון הפעולה של הקולטן אלה ואחרות חקרתי 

gap junction , החיידקיוהאנטיפורטר EmrE . התאמה נמצאה, המקרים הללובכל 

, קוד החלבוניםשות לגבי תפוכן הגענו לתובנות חד, משמעותית בין מידע ניסיוני לבין המבנים

-בהתבסס על המודל של ה.  במחלות של שני החלבונים הראשוניםלרבות אודות תפקודם

gap junction ,אשר אומתו , הצענו מספר היפותזות על אינטראקציות בין חומצות אמינו

.ניסיונית
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