Computational Investigation of

Selected Protein Families

Thesis submitted for the degree

"Doctor of Philosophy"

By Meytal Landau

Submitted to the Senate of Tel-Aviv University
December, 2007



The work was carried out under the

supervision of Prof. Nir Ben-Tal



Acknowledgements

My deepest gratitude goes to Prof. Nir Ben-Tal, who has been much more
than an admirable supervisor. Thank you for your empathy, patience,
generosity and your willingness to share your remarkable knowledge and
wisdom. I most appreciate the way you always encouraged me to follow my

own visions.

Many thanks to my lab members: Adva Suez, Dalit Shental, Fabian Glaser,
Gilad Wainreb, Guy Nimrod, Maya Schushan, Uri Ron, Yanay Ofran, Yariv
Barkan, additional and former members of the Ben-Tal group, for the
wonderful experience of working together.

Special thanks to Sarel Fleishman for his enormous help, priceless insights

and great friendship.

I am grateful for having the opportunity to work with Prof. Uri Seligsohn,
Dr. Ariella Zivelin, Dr. Nurit Rosenberg and the other "coagulation people".
It has been tremendously fruitful and also a lot of fun.

I also appreciate the invaluable and enjoyable collaboration with Prof. Etana

Padan (The Hebrew University).

I wish to express my gratitude and love to my family: my brilliant husband,
Arik, for being who he is, my dear parents, Uri and Edith, for their love
and support, my sister Sarai for her deep observations, and my family-in-
law, Jenoy, Ricu, Henit, Avner, Roy and Noa for the warm welcome into

their lives.

This work is dedicated with
love to my life partner Arik

and my son Daniel.



Table of Contents

SYNOPSIS

INTRODUCTION

Chapter 1: Dynamic Equilibrium between Multiple Active and

Inactive Conformations Explains Regulation and Oncgenic

Mutations in ErbB Receptors 6
Abstract 6
1. Introduction 7
2. Mechanism of Regulation in the ErbB Family 11
2.1. Regulation by Dimerization 11
2.2. Regulation by the Intracellular Domain 12
2.2.1. The Inactive State 13
2.2.2 The Active State 17
2.3. Regulation by the Cytoplasmic Juxtamembrane Domain 17
2.4. Regulation by the TM Domain 18
2.5. Regulation by the Extracellular Domain 19
2.6. Interactions within the Intracellular Domains Affeagamnd-Binding
Affinity 21
3. A Multilayered Model for the Regulation of EGFR Activity 22
4. Are all ErbBs Regulated in the Same Way? 23
4.1. Regulation of the Ligand-less ErbB2 via the ExtracaliDlomain 24
4.2. Regulation of the Kinase-Dead ErbB3 via its TM Domain 24
4.3. Regulation by the Intracellular Domain 25




4.3.1. Loss of Intramolecular Regulation in ErbB3 25

4.3.2. Negative Regulation of All ErbBs by an Inactivedoéllular

Dimer 25
4.3.3. Functional and Structural Asymmetry of the ActiteteS 26
5. Role of the ErbB Family in Pathologies 28

5.1. ErbBs and Cancer 28
5.1.1. Missense Mutations in the Regulatory Activation Loop 29
5.1.2. Mutations in the Phosphate-Binding (P)-Loop 31
5.1.3. Mutations at the Interface of the Active AsynmineDimer 33
5.1.4. Mutation in theC-helix and its Surrounding Regions 33

5.1.5. Mutations Found in Tumor Cells that have not been ydyZedin

Vitro 38
6. Methods 40
6.1. Evolutionary Conservation Analysis of the ErbB Family 40
6.2. Structure Prediction and Analyses 40
7. Tables 41
7.1. Table 1 41
7.2. Table 2 47

Chapter 2: Model Structure of the Na'/H" Exchanger 1:

Functional and Clinical Implications 60

Abstract 60
1. Introduction 61
2. Results 64

2.1. EcNhaA and Eukaryotic Kiid* Exchangers Share a Similar Fold 64



2.2. Predicting the Topology of NHE1 64

2.2.1. Use of Multiple Approaches to Align the TM Domain§NéfE1 and

EcNhaA 64

2.2.2. TM Helix Assignment 65
2.3. Building the 3D model of NHE1 67
2.4. Assessment of the 3D Model 67

2.4.1. The 3D Model of NHE1 is Compatible with Evolutionary @ouation
Analyses of NYH* Exchangers 67

2.4.2. The NHE1 Model Structure is Consistent with the Pesltigide
Rule 69

2.4.3. The NHE1 Model Structure is Consistent with Mutagsr@sidies 70

2.5. NHE1 and EcNhaA Share a Similar Inhibitor-binding Site 71

2.6. Comparison between Novel and Previously Suggested NHE1ofogmol 74

3. Discussion 75

3.1. Functional Implications of the Model: Similarity to EcCNhaA 76

3.1.1. The TM4 and TM11 Assembly Lays the Core of an Adttmg-Access

Mechanism 76
3.1.2. TM2 Shapes the Path of Cation Transport 77
3.1.3. Residues in TM5 Serve as the Cation-Binding Site 77

3.1.4. Is TM5 Responsible for the Different StoichiometineScNhaA and
NHE1? /8

3.1.5. Titratable Residues, Unique to NHE1, Putativelplved in lon-

translocation 78
3.1.6. TM8 Plays a Role in NHE1 Activity 79
3.2. A Putative Exchange Mechanism in NHE1 79
4. Concluding Remarks 80

5. Methods 81




5.1. Classification and Nomenclature of N4 transporters

5.1.1. NHE1 and EcNhaA Belong to Two Different Protein Fasi
5.1.2. NHE1 and EcNhaA Belong to the Same Superfamily of

Transporters

81

81

5.2. Evolutionary Conservation Analysis of the NhaA/N& Antiporter Family 82

5.3. Evolutionary Conservation Analysis of NHE1-related/NaExchangers 82

81

5.4. Identifying the Fold of Eukaryotic Ki&l* Exchangers 83

5.5. Pairwise Sequence Alignment between Human NHE1 andacNh 83

5.6. Homology Modeling 84

5.7. Experimental Procedure 84

5.8. Figures 84
6. Tables 85

6.1. Table 1 85

6.2. Table 2 95

6.3. Table 3 99
CONCLUDING REMARKS 100
REFERENCES 101
APPENDIX | 118
APPENDIX I 123
APPENDIX IlI 135
=3P 138




SYNOPSIS

The main objective of my doctoral research has been to iecasunderstanding of the
molecular details of the regulatory mechanisms of proteins that kégy roles in
physiological processes and diseases. To achieve that goalsetl on protein structures,
and integrated data from biochemical and clinical studies aaithputational analyses that |
performed on these proteins based on their evolutionary history andcqathesinical
properties. Specifically, | pursued the mechanistic understandingheoffunction and
regulation of two transmembrane protein families, namely theB Eamily and N&H*
exchangers. Both families are involved in devastating human dg&seasl advancing our

knowledge of their activation is of high clinical importance.

My earliest interest was in shedding some light on the molecetaration of the ErbB
family. Tyrosine kinase receptors of the ErbB family péagignificant role in vital cellular
processes and in various cancers. These receptors are unique lanaseg in that their
activation is independent of their phosphorylation state. Moreovefirsherystal structure
of the kinase domain of ErbB1, the first member to be disedvthat is also known as the
epidermal growth factor receptor (EGFR), showed that all eltsrege ready for catalysis in
the un-phosphorylated state. Thus, the available data raised aardag@aadox, since it was
well known that the EGFR is not constitutively active. Consedyiehthad sought an
alternative regulation mechanism. My working hypothesis was tthede receptors are
regulated by another mechanism intrinsic to the intracellldamain, which is
phosphorylation-independent. My results indicated that the C-terciamaain of the EGFR
serves as a down-regulator of the catalytic activity viaalicontacts with the kinase domain.
Recent publications substantiated my findings by experimentaisnea

Since the publication of my results, abundant data, including struahdeiochemical
studies, has been accumulated. Base of this informatiooemtitg summarized a model that
includes multiple layers of regulation on EGFR activity imgbs& its different structural
domains, and their mutual control. The model provides an explanatibe, mblecular level,
for the effects of cancer-causing ErbB mutations, and suggestgeatherapeutic venue for

ErbB-related cancer.

Similar to the ErbB family, the N#H" exchangers raise interesting questions regarding

structure-function relationships within transmembrane proteins eTjpregeins transport Na



and H ions across the membrane and play a key role in maintainingacdibrheostasis and
in pathological conditions such as cancer and heart disease#te@®dpnsive mutagenesis
studies, the molecular details of the cation-exchange meaharis still obscure, largely
because the structure of these transporters is unknown. Howevetg dagous technical

difficulties with the expression and purification of these protetreppears that we are still
years away from structure determination.

The structure of the N&H™ antiporter fromEscherichia coli(EcNhaA) was recently
determined using X-ray crystallography. This unique structure opehedwhy for
understanding structure-function relation in human transporters. Bcldhd eukaryotic
Na'/H" exchangers appear to share similar functions and architeatude therefore used
that crystal structure to model the structure of the humaiHRaexchanger isoform 1
(NHE1). Modeling was extremely challenging because the seqidemtgy of these proteins
is about 10%, well below the cutoff point for reliable compsaeatinodeling. | therefore
combined the outcome of several fold-recognition and sequence-atigtooks with manual
interventions. My model structure was validated according tmws criteria, such as the
evolutionary conservation profile and mutagenesis data.

The model structure is especially valuable when used to guidbdrical experiments.
Accordingly, | established collaboration with Prof. Etana Pgddme Hebrew University),
who was involved in the determination of the EcNhaA structurecifigly, in my model,
amino acids that participate in the binding of clinically-impottNHE1-inhibitors are found
in close proximity to each other in the structure, even though d@heyscattered on the
primary sequence. This provided important support to the model andlaigedame to infer
the location of the binding-site of inhibitors within the EcNhartuaure. The prediction was
validated by site-directed mutagenesis done by Katia Herz dhdesupervision of Etana
Padan. This result strongly supported my motivation to predictithetsre of NHEL on the
basis of the crystal structure of the prokaryotic protein.

| further point out that the two transporters share a simdtorc-exchange mechanism.
This allowed me to infer mechanistic insights availableHergrokaryotic protein in order to
further our understanding of the mechanism of NHEL1 activity. ,Thirdegrated empirical
data and the new structural model to suggest an alternatingsas®chanism of the Mal*

exchange in molecular detail.



INTRODUCTION

My main drive in research has been the investigation of functiomegudiatory mechanisms
of proteins in molecular details. Such information is imperatWen trying to accurately
control and intervene with cellular processes, e.g., in pathaloginditions. Understanding
protein mechanisms at the molecular level require structu@inmation, such as via X-ray
crystallography [1]. Nevertheless, obtaining 3-dimensional (3Rictures is not enough,
mainly since they typically display a static view, while pios are dynamic entities, and
conformational changes are a part of their regulation and &cfRjit Consequently, my
research approach was to exploit available 3D-structures ontputationally predict them,
and to complement the structural information with sequence, pmgtgeand biophysical
analyses in order to better understand their structure-functiatioredhips. | then integrated
the computational information with available biochemical and gemletia to shed light on
the regulatory mechanisms. Specifically, my doctoral diasen focused on the
investigation of two transmembrane protein families, narttedyErbB family (described in
chapter 1) and the Nid"™ exchanger family (described in chapter 2).

My particular research makes use of the available algasituma biological databases in
order to address biological problems and to guide hypothesis-drivenregpesi A primary
approach that | utilized in my investigation of protein familiess the examination of their
evolutionary conservation. The main idea is that key amino acadsath important for the
maintenance of the structure and function of a protein evolve slawy, are more
evolutionary  conserved than unessential residues. The  ConSurf  server

(http://consurf.tau.ac.jfiis a web-based tool developed in the laboratory of Prof. Nir Bén-Ta

in collaboration with Dr. Tal Pupko (Tel-Aviv University) [3]. o@Surf calculates
conservation scores for each amino-acid site, based on the phylogeteions between
homologous sequences as well as by a specified stochastic sproteamino-acid

replacements [4]. The evolutionary conservation scores are thappe the 3D-structure of
proteins, which are visualized using a user-friendly interfdcevas involved in the
integration of new features into ConSurf to further improveatt®uracy of the calculations,
which has lead to the publication of ConSurf version 3.0 [5] (Lantdaal.2005)Nucleic

Acids Researcl33, W299-302; the manuscript is attached as Appendix I). My ralkisn

project was to correlate between computation and biology. | exdntirgeimplications of
modifications in the computational methods and algorithms implememt€dnSurf on the

analyses of biological systems. In addition, | was respongiblsetting the parameters used



in these algorithms that would best describe the evolutionary rvatisa profile of protein
families.

Evolutionary conservation analyses provide valuable information and beay
applications; for example, in the identification of functionaityportant residues within a
sequence, such as residues that participates in enzymadigsisat ligand-binding and
protein-protein interactions [3]. The evolutionary conservation yaeal are especially
valuable when combined with structural information. For examesdues that are part of a
functional site, as a ligand-binding site or a catalytic pocist, often scattered on the
primary sequence. Thus, projection of the evolutionary conservatiopsenahto the 3D-
structure, as applied by the ConSurf server, could reveal sedspatches that point to the
location of functional sites [6]. This information is valualila, instance, to the structural
genomic project by inferring function form structures [7].

Evolutionary conservation analyses also aid genetic studies métldiscrimination of
damaging vs. neutral mutations, which typically involve the switisin of conserved vs.
variable residues, respectively [8]. When structural inforonat available, calculation of the
solvent-exposed surface area [9] for each mutated residue comjdethe conservation
analysis. For instance, a conserved and buried residue is ofteriantdor maintaining the
structural fold, while a conserved and exposed residue is offenafonal importance [10].
In case the mutated residue is evolutionary variable and swkgosed, the substitution is
most likely to be neutral. Such analyses aid in the exaramalfi many mutations found in
patients and in the understanding of their molecular effectlamdat relevancy, including in
my own study described in chapter 1 (Landau and Ben-Tal (ZBBB}reviews on cancer
1785(1) 12-31), and in my other studies that are not a part of thextdion [11-19].

It is noteworthy that the evolutionary conservation profile isctlyedependent on the set
of homologous sequences used for the calculations [3]. For exampig, imvestigation of
the tyrosine kinase receptors of the ErbB family, describexthapter 1, | compared between
evolutionary conservation analyses that were based on a senubers of the ErbB family
vs. a larger set of various kinases. This comparison higatigépecific residues and regions
that are unique to the ErbB family among other kinases. Accordibglysing different sets
of homologous sequences, it is possible to reveal specifis. t@xplicitly, | examined
specific patches on the surface of kinases as potentialfgit@sotein-protein interactions.
My evolutionary conservation analyses pointed out that these patehesigue to members

of the ErbB family among other kinases. This result was oefi by the examination of the



physicochemical properties of the patches in the ErbBs anden kittases [20] (Landau et.
al. (2004)Structurel2, 2265-2275; the manuscript is attached as Appendix ).

Protein 3D-structures played a significant role in my examinatibrfunction and
regulation mechanisms of transmembrane proteins. Unfortunadaly, to experimental
difficulties, we are still far beyond an inclusive structuletermination of the transmembrane
domain of proteins, especially from eukaryotes. As a redthipugh they comprise 15-30%
of the eukaryotic genome, only 1% of the structurally determineceipsoire membranal
[21]. Consequently, computational tools are most valuable resotiocebtain structural
insights for these proteins [21]. For instance, in my work ofiHNaexchangers (Landau et al.
(2007)JBC 282(52) 37854-63), described in chapter 2, | have predicted the (Bfbustr of
the human N&H"* exchanger isoform 1 (NHE1) using homology modeling tools [22] based
on a structure of a functional homolog frdgscherichia coli[23]. In addition, evolutionary
conservation analyses had also been shown valuable to predict pnoteiares [21, 24-26].
Generally, residues that are important for maintaining proteuctares are expected to be
highly conserved within protein families sharing a similar fo®pecifically in helical
transmembrane protein, as NHE1, the strategic and conseoadthihs within the structure
are the interfaces between the transmembrane helices, iastdntthe evolutionary variable
residues facing the membrane lipids or the ones located on therextraranal loops [21, 27,
28]. Accordingly, evolutionary conservation analyses have also beploited to validate
model structures [29]. Indeed, such analyses have played d coleii the validation of my
proposed structure of NHE1.

Overall, my dissertation demonstrates the significant dartton of applying
computational tools for the comprehensive understanding of proteirnamems and
particularly to guide hypothesis-driven experiments. Most promientfound that the
integration of data from various computational approaches, alohggaihering the relevant
experimental information, is extremely valuable to raise et®df regulations for protein

families.



Chapter 1. Dynamic Equilibrium between Multiple Active
and Inactive Conformations Explains Regulation and

Oncogenic Mutations in ErbB Receptors

This chapter is based on two published manuscripts (Landalu @004)Structurel?2,
2265-2275; Landau and Ben-Tal (20@BA-reviews on cancer785(1) 12-31)

Abstract

The ErbB growth factor receptor family members are keyegotain vital physiological and
pathological processes. Like other receptor tyrosine kinases,EthBs are type |
transmembrane proteins. In recent years the crystal strsictirghe extracellular and
intracellular domains of some ErbBs have been determined.egrated the available
structural information with phylogenetic, biochemical, biophysicaenetic, and
computational data into a suggested model for the regulation ehdton of these
receptors. According to the model, regulation is maintained by andgnaquilibrium
between monomeric and dimeric states in various conformatiolmngAthis dynamic
equilibrium, variations in the points of interactions within theelis alter the activation state
and ligand-binding affinitiesThe active state was recently shown to be associated with an
asymmetric dimer of the kinase domains. That finding enableth rekicidate, in molecular
terms, the directionality observed in the activation procésErioB heterodimers; it can
explain, for example, the preferential activation of EroBZHyB1 over activation of ErbB1
by ErbB2. Sequence alterations that reverse this directiotedityto aberrant signaling and
cancer. My model also offers molecular interpretations of tfezte of various oncogenic

alterations that interfere with the regulatory mechanism.



1. Introduction

The four ErbB growth factor receptors are members of one of the ruastious protein
families in cancer research, also known as the HER yaiBibB1, the first member to be
discovered, is also known as the epidermal growth factor red@&#R). The ErbB family
is ubiquitously distributed throughout the animal kingdom [30], and @aysssential role in
vital cellular processes such as proliferation, differetiatmigration, and apoptosis [31, 32]
as well as in various pathologies [33].

The ErbBs belong to the receptor tyrosine kinase (RTK) supdatyf@34], all of which
are type | transmembrane (TM) proteins that are actiiatddnding of extracellular ligands,
such as the epidermal growth factor (EGF). Structurally tbeysist of an N-terminal
extracellular ligand-binding domain, a single TM spamg a large intracellular domain that
includes the catalytic kinase domain and a regulatory C+t@trdomain (Fig. 1). Activation
of the ErbBs induces phosphorylation of tyrosine residues thaveaet! in the receptor's
intracellular domain and serve as docking sites for otheripsotdereby allowing transfer of
the signal into the cell. The complex signaling network of the KRifKgeneral, and of the
EGFR family in particular, has been the focus of intenségearch (see e.g., [32, 35]).

Interestingly, the second family member, ErbB2, lacks #pmacity to bind ligands, and
the third, ErbB3, has an inactive kinase [32]. Both are neslegh vital to embryonic
development, as are the EGFR and the fourth family memberAEfiis apparent paradox
is explained by the fact that the basic functional uniténsignaling of the ErbB family, as in
other RTKSs, is a dimer. Thus, ErbB2 and ErbB3 operate by combinthgotiher ErbBs to
form heterodimers [32]. Phosphorylation of ErbB3 by its partnedsléa a specific and
unique signaling pathway, explaining the significance of ErbB3 despiteing catalytically
defective.

The ErbBs mediate an essential cellular signaling networkeqoesitly, their activation
is subject to several layers of regulatory control [2]. In wosk, | focused on the molecular
details of the regulatory mechanisms that operate witl@rEitoB proteins. The regulatory
role played by the extracellular and TM domains of the ErbBs been extensively
discussed. In contrast, most aspects of the regulatory menfsalucated in the intracellular
domain have only recently been elucidated. Here | discuss thdew®hopments and suggest
a model of EGFR regulation, presented in Fig. 1, which integthie multiple layers of
control imposed by the various structural elements of this prdtpnopose a mechanism of

dynamic equilibrium, which is manifested by interconversions beatwekfferent



conformations of the receptor in the ligand-free state. Bindingigaindl disrupts this

equilibrium and invokes a consecutive process that triggersadoti. In the second section
of this chapter, | explain the regulation imposed within and &éetwthe receptor's different
domains, and this leads me to formulate the thermodynamic masnped in Fig. 1 and
summarized in section 3. Differences and similarities gulegory mechanisms among the
various ErbBs are elaborated in section 4. In the fifth aecby referring to my regulatory
model and an evolutionary conservation analysis of ErbBs from vapegges, | predict the

molecular effect of cancer-causing mutations in the ErbBs.d ti@t the mechanisms of

regulation of the EGFR might depend on the cell type anddlge f the cell cycle [36].
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Fig. 1: Regulation of the EGFR

The EGFR is represented by its main structural elemeatsely the extracellular part, the TM domain, and the
intracellular part comprising the kinase and C-terminal alom Location of the membrane is marked by the
brown bar.Panel A presents a scheme of the regulatory mechanism maintbin@derconversion between
multiple forms. | note that all forms in the ligand-freatstare in dynamic equilibrium with one another. Two
monomers of the EGFR are displayed, colored yellow and pipleel Bdisplays a ribbon representation of
crystal structures available for specific domains of thé=EGThe fragmentary structures are schematically
combined here to illustrate the entire receptor in adeaformations that correspond to panel A. Regions for
which a crystal structure is not available are depicteddashed curves. The crystal structures of the
extracellular domain are colored according to its subdomaims (&d, Il in cyan, Il in green and IV in
magenta; for the dimer in form 'e', one of the monomera warker shades for clarity). The EGF ligand is
represented by gray space-filled atoms. The TM helicescdoeed in two shades of gray. The kinase domains
are colored in yellow and purple as in panel A. A fragmesthfthe C-terminal domain that is available in the
crystal structure is displayed as a tube, colored in darker slodiee color of the kinase domain on the same
monomer.

The ligand-free state is characterized by interconversion betweay different conformations, while the
scheme in panel A depicts only representative forms. Ih Ipainels, form 'a' stands for a monomeric
conformation in which the kinase domain is inactive (residu€s-%4; PDB entry — 2gs7; [37]). Form 'b'
illustrates a dimeric form demonstrating the formation of antivedéntracellular complex (residues 672-995;
PDB entry — 1m17; [38]), and an inactive TM complex (therdmates were taken from [39]). The extracellular
domains in forms 'a-b' are predicted to alternate kmiwtethered and extended conformations that are
embodied by an abstract conformation in panel A. The drgstacture of the extracellular domain (forms 'a-b'
in panel B) depicts only the tethered conformation in thentigfeee state (residues 2-614; PDB entry — 1YY9;
[40]). Forms 'a-b', in which the extracellular domains aeagted, are predicted to have a relatively low
ligand-binding affinity.

Based on experimental data (see main text) | predicted thatt@cellular asymmetric dimer is one
component of the high-affinity state. Forms 'c—d' displaynaeric conformation in which contact formation is
mediated by the TM, the extracellular, and the intracaildbmains. In these forms the extracellular domains
assume an extended conformation allowing contact, whitikely to significantly increase the binding affinity
of the receptors for the ligand. No structural inforiorais available for such conformations of the extracellular
domains, which are probably transient. The intracellulamasstric dimer is comprised of activating (yellow)
and activated (purple) monomers, which can potentially swit@ntations (as illustrated in forms 'e-f'). The
equilibrium between forms 'a’, 'b' and 'c' is dependartheir inherent stability, while conversion to form 'd' is
dependent on an unknown external factor that is depicteccgrapolygon. | emphasize that the conformation
assumed by form 'd' is entirely hypothetical.

Binding of the growth-factor ligands, depicted by greenlowa panel A (or gray spheres in panel B),
induces conformational changes in the extracellular domaiokjding exposure of the 'dimerization arm’
illustrated in forms 'e—f'. The ligand-bound extracellular doméiesidues 2-512; PDB entry - 1IVO; [41]) are
in extended conformation, and allow contact formation betvwtbe two monomers. In this ligand-activated state

the TM complex assumes the active conformation (thedowetes were taken from [39]). The kinase domains

10



within the intracellular asymmetric dimer (residues 669-967B RDtry — 2gs6; [37]) can potentially switch
orientations, such that the activating and activated moroewechange roles (forms 'e—f'; panel B illustrates

only the structure corresponding to form 'e’).

2. Mechanism of Regulation in the ErbB Family

The general scheme of the activation mechanism in RTKsviesddinding of ligand to the
extracellular domain, which leads to dimerization of the recefabowed by structural
changes and phosphorylation of tyrosine residues in its intracellularitlof34].
Accumulating new evidence has resulted in fundamental extensionsaalifications to the

above basic mechanism in the ErbBs. These modificationssangsded here.

2.1. Regulation by Dimerization

The ErbBs were shown to be clustered in the membrane, and randimiors that could
lead to the formation of dimers and other oligomers are theredoydikely to occur [36, 42,
43]. As a result, it is anticipated that an additionaktagf regulation is needed in order to
prevent activation induced by random dimerization. For examplefothgation of stable
inactive dimers or oligomers could serve as a mechafasrthe required control. Studies
have indeed shown that although dimerization (which requires spatiamniyokietween two
ErbBs) is a necessary step toward ligand-induced activatioh, gogimity is not in itself
sufficient to promote activation [36, 44-49].

Because the RTKs are multi-domain proteins, the term 'dintienzahould be used with
caution, i.e., with implicit relevance to the location of ratgion. As an example, mediation
of contacts by the extracellular domain does not necessarily thagthe intracellular kinase
domains directly interact, and vice versa. The location of cbfdaamation between the two
subunits has crucial implications for the activation state ofdbeptor (see Fig. 1).

As mentioned above, numerous studies have shown that the EGFR caligbordi
independent dimers, or 'pre-dimers' [44-51]. These dimers are pyrobablive [36, 44, 50].
However, the nature of the specific interface within the dsnaketected in those studies has
yet to befully elucidated. There are indications that all ErbBs displagnligindependent
contact formation between their TM domains [47]. In addition, tierevidence that the
cytoplasmic domain [44], and even more specifically, the kimksnain [45], are necessary
for the formation of at least some of these ligand-independesetslim

Binding of EGF to the pre-dimers on the cell surface displays migtier affinity than to
the monomers [51] (see section )2.% was suggested that pre-dimer formation helps

facilitate the formation of active dimers, which is notited by diffusion along the plasma
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membrane, even at low EGF concentrations [51]. Moreover,ecingt of ErbBs in the
membrane probably contributes to a rapid spread of the signal threcggtars that are not
bound to the ligand, but are activated by their adjacent aditivers [36].

2.2. Regulation by the Intracellular Domain

The kinase domain, which is located in the intracellular domsithe catalytic unit in all
RTKs. It is comprised of two subdomains, known as the N-terniiMdland the C-terminal
(C-) lobes (Fig. 2). The phosphate donor (ATP), as well as ubstrate designated for
phosphorylation, bind in a cleft flanked by the two lobes. The ATReld in position by a
phosphate-binding loop (P-loop), which is located at the N-lobe. Theratigbist positioned
near the ATP's phosphates by the 'activation loop' located i@-tbbe. In most RTKs the
activation loop assumes a closed conformation in the inactive, stereby preventing
substrate binding. Activation involves conformational changes and phospiuorydd the
activation loop [2, 52, 53]. These events are coupled to a contun@ement of another
regulatory element, thaC-helix located in the N-lobe, into a final conformation that is
catalytically competent. The actual catalytic procesgeidormed by the highly conserved
catalytic loop in the base of the active site locatethénG-lobe. Catalysis requires that all of
the above regulatory elements are positioned in the proper spatrsgement.

Until recently, it was thought that the constant state okitese domain of the EGFR and
other ErbBs is the active conformation. This assumption wsedban structural data, which
showed that although the activation loop is not phosphorylated, all cfgbkatory elements
of the EGFR's kinase domain are ready for catalysis [B&t structure concurred with
previous biochemical data showing that activation of the ErbBlyamindependent of their
phosphorylated state [54]. Subsequently, when the crystal stradttire EGFR in complex
with the large inhibitor GW572016 was determined, a putativeiimaconformation of the
kinase domain was observed. It was suspected, howevetithabhformation was induced
by the bulky inhibitor [20, 37, 55].

In contrast to the supposedly constant active conformation, biochesaia showed that
the EGFR is not constantly active in cell membranes [34&ddd aberrant conditions (such
as mutations in the EGFR) that lead to ligand-independent gativaxe known to be related
to cancer. Thus, the phosphorylation-independent activation of the E33ERs well as the
lack of conformational regulation observed in the first crystalicture [38], prompted

investigators to seek regulatory elements that govern thieitiohi of the EGFR within the
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intracellular domain [20, 37, 56], including my own study [20] (thewnsaript is attached as
Appendix ).

Fig. 2: Regulatory Elements in the Kinase Domain

The kinase domain of the EGFR (residues 685-957) is depictegkeiioa ribbon representation, in its inactive
(A) (PDB entry — 1gs7; [37]) and acti{B) (PDB entry — 2gs6 ; [37]) conformations. Regions that are not
ordered in the crystal structures are depicted by daéhesl Regulatory elements are depicted by different
colors: the activation loop (residues 831-852) in green,ofbéhelix (residues 729-745) in brown, the
phosphate-binding loop (residues 695-700) in cyan, and the cafalytic(residues 812-818) in purple. In
panel B, the catalytic residue Asp813 (in purple) and the ATR@peptide conjugate (colored by atom type:
carbon in white, nitrogen in blue, oxygen in red, phospirabrange, and sulphur in yellow) are displayed in a
balls-and-sticks representation.

2.2.1. The Inactive State

In a recent study by John Kuriyan and his co-workers it was showthéhkinase domain of
the EGFR indeed also possesses an inherently inactive confminjafi]. Those authors
suggested that the constitutive active conformation of the EfBRRwas seen in the first
crystal structure [38] was induced by intermolecular contadtirwihe crystal. A mutation

in the kinase domain that disrupted such contacts led to the idatiifi@and determination
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of an inactive kinase conformation [37], which was very simib the GW572016-bound
structure [55].

The inactive conformation of the EGFR resembles those of ytaplasmic tyrosine
kinase Src and the serine/threonine cyclin-dependent kinasessj@8H. In this state the
aC-helix, together with the loop preceding it, forms contactth whe N-terminus of the
activation loop, combining this threesome in an inactive confoomdkig. 2A). Consequent
displacement of thexC-helix and the activation loop prevents the proper positioning of
catalytically important elements (Fig. 2B). Any interferenwith the packing of the
activation loop against theC-helix and its preceding loop, caused for example by mutations,
would lead to increased auto-kinase activity and cell transfttom [57]. These mutations

will be discussed in section 5.

The C-terminal domain serves as an auto-inhibitor via direct contaitisthe kinase domain

within a dimer

By and large, ErbB signaling and part of its regulation are neztligiia the C-terminal
domain. Following activation, phosphorylated tyrosines on the Ctatrdomain serve as
docking sites for the subsequent proteins in the signaling dmsaa well as for regulatory
proteins that control processes such as internalization and degng@2, 33, 58]. | recently
suggested that a fragment from the C-terminal domain of theRE@&#mMediately following
the kinase domain, serves as an inherent auto-inhibitor of ¢bptoe via its direct contacts
with the kinase domain [20].

The structures of the intracellular domain of the EGFR containkih@se domain
(residues 672-957; amino-acid numbers throughout the text are baseduon BEGER) and
a fragment from the C-terminal domain (residues 958-995) [37, 38, 6bbrding to my
earlier analyses, the kinase domain of the EGFR displaysstiface patches of positive
electrostatic potential, one in the N-lobe and the other in tlodb&;-both located on the back
side of the active site [20]. On the other hand, the C-tainfiagment that is present in the
structure (residues 979-995) is highly negatively charged.

The structures of the wild-type (wt) EGFR kinase domain reveatrystallographic
symmetric dimer in which contacts between the two kinase doma@meetiated by the two
C-terminal fragments (Fig. 3) [37, 38]. Within this dimeacle kinase domain contacts the
two C-terminal fragments via its two positively chargedaste patches. In addition to this
charge complementarity, my previous analyses showed that the-agasssible surface

areas between each kinase domain and the two C-terminal fresymethis complex are
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extremely large (1419A and 1048A for the N- and C-lobe interfacepectvely) [20].
Moreover, although the two kinase domains in the complex barelyantiractly, they are
connected via the C-terminal fragments through a network of sdlgesiand hydrogen
bonds [20]. Overall, this complex appears to be extremely staidetherefore has the
potential to prevent ligand-independent activation induced by random tsontaalso
observed that one of the phosphorylation sites on the C-terminal m¢fya®92) is buried
within the complex and is inaccessible to phosphorylation [20]. Thepsedulated that this

complex represents an inactive form of the receptor (forim Fig. 1).

R752

Fig. 3: The Symmetric Inactive Dimer of the Kinase Domai

Within the inactive symmetric crystallographic dimer, et between the two kinase domains (residues
672-966; depicted in yellow and light purple ribbon representatemesmediated by their following two C-
terminal fragments (residues 982-964, depicted as space-filets &nd colored in darker shadeghsf color

of the kinase domain on the same monomer). Residues dindee domain that are in contact with the C-
terminal fragment, and whose replacement was implicatedighteeed basal activity (Lys828 and 11€942) or
was found in cancer cells (Arg752), are depicted as spaed-fitbms. Coordinates were taken from PDB entry
—1gs2 [37].
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In accordance with the above model supporting the role of thendad domain as an
auto-inhibitor of the EGFR, variations in the C-terminal domai naturally occurring
retroviral oncogene variants (v-ErbB) are associated witignaant diseases because of their
increased rate of auto-phosphorylation [59-65]. More specificaligineered deletions or
mutations in the C-terminal fragment in contact with the kindsmain in the crystal
structure display heightened catalytic activity [37, 58]. Suctatians are predicted to cause
destabilization of the inhibitory interactions between the kigagethe C-terminal domains,
promoting activation [20]. Furthermore, specific replacemeftfowr negatively charged
residues on the C-terminal fragment (residues 979-982) by thair guplivalents resulted in
higher auto-kinase activity and partial transforming phenotype [B@pting the role of
charge complementarity in the inhibition by the C-terminal dom&arrespondingly,
substitution of alanine for the positively charged Lys828 (K828A).clwiparticipates in
intramolecular interactions with the C-terminal domain (RY. resulted in higher basal
activity of the receptor [37]. Interestingly, this residwtigipates in the above mentioned
polar network of interactions that mediates the contacts witlénsymmetric dimer [20].
These results indicate that the C-terminal domain indeectipat® in inhibition via direct
interactions with the kinase domain.

It was previously suggested that the monomeric inactive statieeokinase domain is
stabilized by direct contacts between the kinase and the atdrdomains [55]. However,
in-vitro experiments, conducted using a truncated form of the intméreliomain of the
EGFR (residues 672-998) at a low concentration that mimics the neoicoform of the
receptor, showed that the catalytic activity of the kinase donsanot altered by further
truncation of the C-terminal fragment (residues 965-998) [37]. Thisiemphat the C-
terminal fragment does not participate in stabilizing the monienesictive conformation.
On the other hand, at a high concentration of the EGFR dinasponds to the concentration
at which dimers are formed, truncation of the C-terminayrfrants greatly increased the
inherent activity of the kinase domain [37]. Evidently, thereftive,effect of the C-terminal
fragment is manifested only when the EGFR forms dimers, sforeling to my earlier
suggestion [20]. Interestingly, a mutation (I1942E) in a residue hywhaccording to the
symmetric crystal dimer, contacts the C-terminal fraginoé the adjacent monomer (Fig. 3),
led to higher basal activity of the receptor [37], supportingbibogical relevance of this
dimer and its role in auto-inhibition.

Overall, the inactive state of the EGFR probably involvemtracellular dimer that might

resemble the symmetric dimer seen in crystals, as kesteg This crystallographic complex,
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however, evidently does not play a role in the active stateyations in residues located on
its interfaces did not alter the ligand-induced kinase agtfithe EGFR [37].

2.2.2 The Active State

The exact conformation of the active state of the inthaleel domain, after eluding
investigators for years, was finally revealed by John Kuriyah lés co-workers [37]. The
crystal lattice of the EGFR includes, in addition to the symimdtmer discussed in section
2.2.1, an asymmetric dimer [37, 38]. Through a series of amepsive and elegant
experiments, Kuriyan and his co-workers showed that this asynondétrer represents the
active form of the intracellular domain, in which one kinastvates its partner [37] (forms
'e—f'in Fig. 1).

This asymmetric dimer closely resembles the complex betwgelnA and activated
CDK2 [37] in which cyclinA serves as an activator of CDK2 [@6]the asymmetric dimer
of the EGFR, one kinase maintains contact with its partner thritneg8-lobe in a way that
mimics the role of cyclinA. Thus, by analogy, | refer to itths 'activating’ monomer (the
yellow kinase in form 'e' in Fig. 1). The second kinase, whichddhma dimeric interface via
its N-lobe, mimics CDK2, and | therefore refer to it as ‘#aivated’ monomer (the purple
kinase in form 'e' in Fig. 1). Interaction via the N-lobe letmislisplacement of all the

regulatory elements into the catalytically active confdioma

2.3. Regulation by the Cytoplasmic Juxtamembrane Domain

The region immediately following the TM domains, termed the jugtabrane (JM) domain
(residues 645-672), might also play a role in regulation [56, 67 A68EGFR mutant that
sustained a deletion of the JM segment (residues 645-657) disglayiéar basal activity to
that of the wt EGFR, but lost its ability to interact wiahsecond EGFR molecule and to
undergo ligand-induced phosphorylation [67]. Accordingly, this region can beterpt®
play a role in the active dimeric state, but not in autobitibn.

The JM segment carries a positive net charge and wasdfesefggested to bind to the
negatively charged inner leaflet of the membrane [56].as further suggested that binding
of the negatively charged €#almodulin complex would repel the JM domain from the
membrane, with subsequent possible rearrangement of the kinasea dabmain active state
[56, 68]. Initial activation of the EGFR leads to a transiincrease in the cellular level of
free C&", thereby activating the &4almodulin compleX56, 68]. Taken together, therefore,
these studies suggested that binding of thfé/€dmodulin complex to the JM domain might
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serve to amplify the initial signal by subsequently actigatiarge numbers of additional
receptors.

2.4. Regulation by the TM Domain

The TM domain of the ErbBs is more than a passive peptide ancliberrgceptors to the
membrane; it also serves as an additional layer of regulfB]. The ErbB TM domain has
an inherent tendency to associate in the membrane in twoediffearms that are mediated
by two different dimerization motifs [39, 47]. Based on energy clemations, earlier
computational analysis assigned these dimerization motifs inZEwdBhe inactive (form 'b’
in Fig. 1) and active (forms 'c—f' in Fig. 1) states andgeated that the TM dimers could
switch between these two states by rotating through 120° ineav-$ike motion [39, 69].
This and other studies suggested a rotation-coupled activation mauohianwhich ligand
binding induces a rotational change in the TM helices from theiveatd the active
conformation [39, 70]. The change in conformation is translatexd redrientation of the
intracellular kinase domains, leading to activation (Fig.[2Q, 39, 48, 49, 70]. This
molecular-switch model provided an explanation, at the moleculat, lear known ErbB2
mutants or naturally occurring variants [39]. For example, thegemic mutation in the rat
ErbB2 (Neu, which is located within one of the dimerization motifs, wesdicted to induce
a shift toward the active conformation and hence towards enhactedtian [39]. The
observed existence of oncogenic mutations in the TM domain furtpposs a regulatory
role for this domain [39].

It is interesting to note that in the predicted inactive cordion, the TM-segments
interact through the dimerization motif located at the C-teahpart of the helix, resulting in
close proximity of its intracellular ends (~9A), as illustchin form 'b' in Fig. 1. Rotation to
the active state, mediated by the N-terminal dimerizationfrffotims 'c—f' in Fig. 1), would
impose a larger distance (~19A) between the cytoplasmic ehdBese helices [39].
Correspondingly, the N-termini of the putatively inactive iretadar dimer are much closer
to each other (~20A; form 'b' in Fig. 1B) than in the actisygvametric dimer (~50A; form ‘e’
in Fig. 1B). In addition, switching of the TM domains to theivactstate brings their
extracellular ends closer to one another, which corresponds to oncofrihmg extracellular
domains, and brings them closer to contact formation (forms %-Fig. 1). Thus, in
accordance with the rotation-coupled activation mechanism, thandé between the
cytoplasmic and extracellular ends of the TM heliedlsws leverage that controls the

positions of the intracellular and extracellular domains, ey .
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2.5. Regulation by the Extracellular Domain

In recent years, a growing body of structural information hasdesuibstantial progress in
understanding the mechanisms of ErbB regulation by their extiacelomains. The ligand-
free structures of the extracellular domains of EGFR [40], BrpR], and ErbB4 [72]
display a tethered auto-inhibited state, while the EGR&amdl-bound extracellular domain
[41, 73] shows an extended conformation that allows contact formattaeen two subunits
(Fig. 1B). Interestingly, the 'orphan’ (ligand-less) receptbBE resembles the ligand-bound
active conformation of the EGFR [74, 75].

The role of the extracellular domain in regulation of the ErleBsjuding ErbB2, is to
impose a ligand-mediated activation [36, 76]. Correspondingly, ttioncaf the extracellular
domain, as seen in viral ErbB variants that are relatexhtogenic transformation, leads to
ligand-independent activation of the receptors [61]. These findiisys suggest that other
domains, namely the TM and intracellular parts, possess areilegility to interact and to
become activated.

The structure of the extracellular domain has been describedetail in a few
comprehensive reviews (e.g., [76, 77]). In brief, it cong®ri®ur subdomains, termed |-V
(Fig. 1B). In the inactive conformation, subdomains Il and IVratdeto lock the structure of
the extracellular domains of ErbB-1, -3, and -4 in a tetheredtipelly inactive conformation
[78] (forms 'a—b' in Fig 1B). Biochemical experiments indicht@vever, that other elements
in the extracellular domain are probably also involved in the autbiidmn [35, 79]; thus,
the available structures do not yet provide the whole story otivation [36]. In the
extended dimeric ligand-bound conformation, each growth-factor-ligaimdls one
extracellular domain through subdomains | and Ill [41, 73] (form 'eign IB). Contacts
between the two EGFR extracellular domains are mediated bgl¢he receptors, mainly by
a loop (the 'dimerization arm’) in subdomain Il [41]. Mutationghis loop prevent ligand-
induced activation [41, 73].

Measurements of the binding affinity of EGF to its receptonted to the existence of two
different EGFR populations on the cell surface, each with its lm&nd-binding affinity [36,
76]. It was proposed that 92-95% of the receptors exhibit low-affimitging, with a Kd of
approximately 6-12 nM. These receptors were predicted to assumethied conformation
of the extracellular domain, in which the two subdomains responsiblmdking contact
with the ligand are far apart, allowing the ligand to make coméitt only one of two
interfaces [71, 76, 78]. Some 2-5% of the receptors were proposeadt&Gi- with high

affinity, with a Kd below 0.1 nM, and these were considered to asdine extended
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conformation that brings the two ligand-binding subdomains closer [51,7G,1,78].
However, mathematical models describing the kinetics efantions between EGF and its
receptor showed that there is no direct correlation betweerdhformations seen in the
crystal structures and the two different binding-affinity populatif8®. Recent findings
suggested that the low-affinity population actually corresponds noemasemble of
conformations that are related to interconversion between tiexedtand the extended forms
of the extracellular domain [35]. Conformation of the high-affinfiate is less well
characterized, and are thought to involve additional elemeartls,as other proteins [81, 82]
(form 'd' in Fig. 1A) as well as cell-regulatory mecharsissuch as endocytosis and
degradation [80]. Moreover, the high-affinity binding is totallpeedent on specific regions
within the intracellular domains [35, 82, 83] (see also sr@i6.).

Overall, it seems that the low- and high-affinity binding modesich appear
macroscopically as two distinct populations that do not interadherarepresent
interconversion between multiple conformations [82]. Some of tlceséormations are
presented in the dynamic equilibrium presented in Fig. 1, wherefeem displays its own
distinctive binding affinity and specific probability, based on itdherent stability.
Conformations that display lower affinity for the ligand are pbbpamore stable
energetically than the higher-affinity conformations; this would @&rplthe above
macroscopic estimation that the binding affinity of 92-95% of tbeeptors is low.
Nevertheless, the ligand preferably traps the less stableaffigity conformations. In the
high-affinity state, the specific orientation of the TM amdracellular domains probably
triggers contact formation between the monomers' extracellulaaidser{forms 'c—d' in Fig.
1A), although not necessarily in exactly the same manner dseitigand-bound dimer
(forms 'e—f' in Fig. 1A) [84]. Accordingly, a recent single-ewile analysis of EGF binding
on the surface of living cells predicted that the macroscomb-&ifinity population is
represented by pre-dimers, which bind EGF at a rate two orderagdfitude higher than that
of binding by the monomeric receptor [51].

As a result of ligand binding the formation of contacts betweentwlo monomers is
further stabilized, thereby shifting the equilibrium toward liband-activated state [51, 76]
(forms 'e—f' in Fig. 1A). Recent findings predicted the fdioraof a kinetic intermediate
following binding of the first EGF and prior to binding of the second [®hls, binding of
one EGF to the pre-dimer probably induces allosteric conformatitiaaiges that enhance

the binding of the second EGF, hence displaying positive coopgrfiy].
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Somatic or engineered alterations in the extracellular domainpogentially shift the
equilibrium (depicted in Fig. 1) by thermodynamically staliligior destabilizing specific
forms, thereby modifying the macroscopically measured ligand-bindiffigity. For
example, interference with the tethered conformation by mutationsgd lead to a higher
average of the low-affinity binding mode, probably by shifting eleilibrium toward the
extended conformations [71, 78]. On the other hand, alterations inntieeizition interface
in the extracellular domain could destabilize contact formationvaaken the interaction
between the EGFR and EGF, eventually lowering the inhereding affinity [79].

2.6. Interactions within the Intracellular Domains Affect Ligand-Binding Affinity

As mentioned in section 2.5, the macroscopically measured fovinamode of binding of
ligand to the EGFR is actually an average of the bindinghiaés of few different
conformations that undergo interconversion. Interestingly, this avdaading affinity could
be modulated by intracellular elements, probably through shifts betveggormations in the
equilibrium scheme. For example, deletion of a fragment frben @-terminal domain
(residues 984-996) resulted in an increase in the average bindinty affithie low-affinity
mode by approximately threefold [83]. A similar effect was reggbfor a Y992E mutation
within this region [82]. The same C-terminal fragment medittie putatively inactive dimer
(Fig. 3) discussed in section 2.2.1. | previously suggestedéletion of this fragment would
destabilize the dimer [20] (form 'b' in Fig. 1), allowing mateundant ligand-independent
formation of the asymmetric intracellular dimer (formsd'cth Fig. 1A), which displays
high-affinity binding. Overall, the effects of the mutatiansuld result, on average, in higher
binding affinity [82, 83].

The macroscopically measured high-affinity mode, representing 2nbfo of the
receptors, probably reflects thermodynamically unstable highitgiffconformations that
undergo interconversion with the more stable low-affinity formslu& to the conformations
of the high-affinity state comes from engineered alteratiorisd receptors, where truncation
of the entire intracellular domain resulted in the compless bf high-affinity binding [35,
85]. More specifically, two regions were described as qadily crucial for high-affinity
binding, namely the segment comprising residues 921 to 940, andttb8 i@sidues at the
C-terminal end of the protein. Deletion of either of themgians completely abolishes the
high-affinity binding mode [83 , 85]. It was suggested that ther@uml end of the
intracellular domain might comprise a binding site for exteregllators that stabilize a

high-affinity state [82] (form 'd" in Fig. 1A). Deletion of shregion would prevent the
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formation of this high-affinity form. Interestingly, | note ththe other segment related to
high-affinity binding (residues 921-940) comprises a large part ofnteeface within the
active dimer. That finding led me to suspect that at lemshe of the high-affinity
conformations could be correlated with fleemation of the active asymmetric intracellular
dimer, as represented by forms 'c—d' in Fig. 1A. | suggesd#iation of this region might
disrupt the active intracellular dimer, thereby shifting theadyic equilibrium toward lower-
affinity forms. This model raises a question: does part ohtge-affinity class (form 'c' in
Fig. 1A) represent a ligand-independent active state thditrbig responsible for the basal
activity of the receptor?

It should be emphasized that the high-affinity state is stijl pabrly understood and that
not all of the experimental results obtained to date irfigid can be satisfactorily explained.
Accordingly, the high-affinity forms presented in Fig. 1 are miownal, and probably

represent only a fraction of the conformations comprising the dffyhity state.

3. A Multilayered Model for the Regulation of EGFR Activity
Research on EGFR regulation recently reached a criticag,séagwhich the accumulated
experimental data and models are converging in support of a unifigthmsm of receptor
activation. In this scheme, each of the domains in the E@RRtitutes an additional level in
the regulatory mechanism. In the ligand-free state the reseptoft between multiple
monomeric and pre-dimeric forms. In the monomeric form, theskirdomain assumes an
inherently inactive conformation that prevents catalytic &@gtifform 'a’ in Fig. 1). In the
dimeric form, the TM helical segments preferentially iat¢ through the dimerization motif
located at the C-terminal part of the helix, resultinglimse proximity of the intracellular
ends to one another, but a substantial distance between the tacebuxkar ends (form 'b' in
Fig. 1). In this conformation the two intracellular domains raate with one another, for
example they form the inactive crystallographic dimer in Wwhite N-termini are close to
each other while the extracellular domains are separated. dithisric conformation is
catalytically inactive. In both the monomeric and the dimeractive states (forms 'a-b' in
Fig. 1) the extracellular domain might assume either tedherextended conformations that
undergo interconversion, each displaying its distinctive affioitgthe growth factor ligands.
A small energy barrier separates the stable inactive foom the less stable active form
of the TM dimer, mediated by the C- and the N-terminal motéspectively [39]. Thus, |

assume that, while in the ligand-free state, the activediriver could be populated to some
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extent in which the cytoplasmic ends of the monomers areéat and the extracellular ends
are close together (forms 'c—d' in Fig. 1A). This would leadestabilization of the inactive
intracellular dimer, prompting the formation of the activgnametric intracellular dimer in
which the N-termini are distant from one another, and hence possibignsient activation
of the receptor (form 'c' in Fig. 1A). This state could ab®o stabilized by binding of
regulatory proteins (form 'd" in Fig. 1A). At the same tirttee close proximity of the
extracellular ends of the TM segments would lead to contact fiemMmdetween the
extracellular domains. These conformations would typify the highigffligand-binding
mode.

Overall, the ligand-free state is characterized miapsally by dynamic equilibrium
between different conformations (forms 'a—-d' in Fig. 1). Becdhbselow-affinity forms
(‘a—b") possess greater thermodynamic stability than the affigity forms (‘c—d’), the
equilibrium results in what is macroscopically measured asga lpopulation of receptors
displaying a low-affinity binding mode. On the other hand, recephaisassume the high-
affinity forms (‘c—d") are responsible for what appears maogpisally as a small population
of high-affinity receptors.

Although contact formation between the extracellular domains irligaed-free state
(forms 'c—d' in Fig. 1A) induces high-affinity binding, these foro® not necessarily
resemble the ligand-bound dimers (forms 'e—f' in Fig. 1A) [B#ding of the growth factor
ligand stabilizes an active extracellular domain dimer (degidby exposure of the
dimerization arm in forms 'e—f' in Fig. 1). This in turnbslaes the active conformation of
the TM helical pair that promotes stable formation of thevadtitracellular dimer. Because
this intracellular dimer is asymmetric, it could presumatdy composed of two possible
monomeric orientations (forms 'e—f' in Fig. 1). Overall, &wiilibrium is strongly shifted

toward the catalytically active state.

4. Are all ErbBs Regulated in the Same Way?

The ErbB family is ubiquitously distributed throughout the animaf@&om. There are four
family members in vertebrates, whereas invertebrates lale one. The first gene
duplication, in the early divergence of the vertebrates, rgeetw the ErbB1/ErbB2 and
ErbB3/ErbB4 precursors, each of which underwent a second gene duplieatoh to
generate the four receptors present in vertebrates [30uriihae sequence of each of these

four isoforms dictates their particular regulation and signalingiéSexamples are described

23



below. The presence of only one ErbB isoform in invertebratesemfiiat most aspects of
its regulatory mechanisms differ from those in vertebra8j. [Thus, | focus on the
evolutionary conservation of ErbBs in species that diverged dfeegéneration of four

isoforms.

4.1. Regulation of the Ligand-less ErbB2 via the ExtracellulaDomain

ErbB2 is uniqgue among the ErbBs in that it lacks the layer of iybiegulation, which is
provided by the extracellular domain and imposes ligand-inducedatiotiv Ligand-free
ErbB2 assumes the extended, otherwise ligand-bound conformation BGH#R [74, 75].
Accordingly, the extracellular domain of ErbB2 exhibits sequeaci&ations in residues that
participate in inter-subdomain interactions stabilizing theetetd conformation and which
are conserveth ErbB-1, -3 and -4. Moreover, ErbB2 undergoes additional inter-subdomain
interactions that mimic ligand-mediated contacts in the othbBE Correspondingly,
conserved residues that participate in ligand binding in othEB<Eare replaced in ErbB2 by
residues that can participate in the inter-subdomain interactitgjs Regardless of the
constantly extended conformation of its extracellular domain, ZrdBes not show a
tendency to form homodimers. This might be due to electrostgiidsien by negative
charges on the predicted interface [76]. Nevertheless, ErfiiBReitly forms heterodimers
with other ErbBs [86]. Like ErbB2, ErbB3 is also reluctant to fdramodimers, even in
response to its ligand, neuregulin [87]. Nevertheless, neureagalilly induces the formation
of the most prevalent and highly efficient ErbB3-ErbB2 heterodif86].

4.2. Regulation of the Kinase-Dead ErbB3 via its TM Domain

As mentioned above, the TM segments of most ErbBs display tweridation motifs and it
was suggested that they correspond to the active and vmactinformations [39].
Interestingly, the kinase-dead ErbB@ntains only the dimerization motif that corresponds to
the active state according to this suggestion [39]. Thus, Erb&ddémers that contain
ErbB3 have probably lost the layer of negative regulation imposeldebyNM domains and
hence more readily favor the active conformation. Togethédr thé loss of regulation in the
extracellular domain of ErbB2, this could explain the observation EieB2-ErbB3

heterodimers are extremely potent [86].
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4.3. Regulation by the Intracellular Domain

4.3.1. Loss of Intramolecular Regulation in ErbB3

The monomeric inherent inactive conformation of the kinase domatiabigized by packing
of the activation loop against theC-helix and its preceding loop [37], for example via
contacts between residues 1le735 and Leu837 and between Met742 and Leg33B)(Ai
is interesting to note that these residues, which are putaimpbytant for the packing, show
some variation in ErbB3 (Fig. 4C), whereas they are conseraezhca other ErbBs.
Mutations in these positions have also been found to correlate aiitpnancy, presumably
because of destabilization of the active state; this isusted further in section 5.1.1.
Overall, my structural and sequence analyses suggest thatatteefewer constraints on
stabilization of the inherent inactive conformation of the lendemain of ErbB3 than of
other ErbBs. This observation is consistent with the reptatédof intramolecular activity in
the kinase-dead ErbB3 [86]. Nevertheless, one have to take irdordthe activation of
another ErbB member by heterodimerization with ErbB3. Accordiragygdescribed below,
the regulation imposed by intermolecular interactions (e.g., ofimétion of an inactive

intracellular dimer) is still maintained in ErbB3.

4.3.2. Negative Regulation of All ErbBs by an Inactive Intracelllar Dimer

The symmetric and presumably inactive crystallographic EGiRRer (Fig. 3) shows charge
complementarity between the kinase and the C-terminal domaitkeainterfaces, as
described in section 2.2.1. The positively charged residues ointéréaces in the kinase
domain are highly conserved in all four ErbBs. Accordingly, myiptes analyses, based on
predicted structures, demonstrated that all of the human Erbplaydisositively charged
patches at the corresponding regions [20]. Evolutionary conservatnatyses and
electrostatic calculations show that those interfaces areononon to other tyrosine kinases
[20]. In addition, the C-terminal fragment in contact with Kmease domain in the crystal
structure in all ErbBs contains mostly negatively chargsilues, even though the entire C-
terminal domain is not generally conserved [30]. This implieat the electrostatic
complementarity between the kinase domain and the C-termigaiérg might be important

for controlling the activity of homo- and heterodimers in thererigrbB family.

25



Ligand-Free State I;Igand-Actlwated State

Fig. 4: Destabilizing Mutations in Regulatory Regions

The kinase domain of the EGFR (residues 685-957) is depicted/éllow ribbon representation. Regulatory
elements are depicted by different colors: the activdtiop (residues 831-852) in green, tt@ helix (residues
729-745) in brown, the phosphate-binding loop (residues 695-70@&im and the catalytic loop (residues
812-818) in purple. A disordered region within the activation lisodepicted by a dashed curve. Residues
shown by mutagenesis to be crucial for stabilizing therafit inactive conformation of the kinase domain of
the EGFR are depicted as space-filled atqiys Active kinase domain of the EGFR (PDB entry — 2gs6;)[37]
(B) Inactive kinase domain of the EGFR (PDB entry — 1gs7)[8Z) Model of the catalytically inactive kinase
domain of ErbB3(D) Scheme illustrating alterations of the regulatory model (shiowrig. 1A) by mutations,
e.g., in residues 1le735, Met742, Leu834, and Leu83Tictware shown in panels A-B. The mutations
(indicated by red stars) cause destabilization of the inhémactive conformation, leading to the formation of
an active kinase domain whose phosphorylation is indepentiéimé éigand or intermolecular contacts (form
a*). Binding of ligand induces formation of the active dirfferms e*—f*) that can potentially phosphorylate in

transand hence further increase the rate of auto-phosphorylation.

4.3.3. Functional and Structural Asymmetry of the Active Stag
The active state of the intracellular domain is charaadrlzy formation of an asymmetric
dimer of the kinase domains, in which one monomer activatesottiner [37]. It was

previously shown that ErbB heterodimers could phosphorylateais i.e., that the active
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monomer could phosphorylate its neighbor within the dimer, as for examile apparent
phosphorylation of the kinase-dead ErbB3 by its partner [32]. Phosphamylat both
kinases would necessitate a switch between the orientatidms fd subunits (illustrated by
the transition between forms 'e' and 'f' in Fig. 1A). Tinectural asymmetry implies that at
any given time only one of the kinases is catalytically actrepresented by the purple
kinase in form 'e' in Fig. 1) and can phosphorylate the C-terrdioalain of its partner,
namely the activating monomer (represented by the yellow kimaserm 'e' in Fig. 1).
Interestingly, some ErbB heterodimers show preference forfdimeation of a specific

orientation within the asymmetric dimer, as discusseddutiblow.

The kinase-dead ErbB3 favors the role of activating monomer

In heterodimers that include ErbB3, only one direction of interactiowhich ErbB3 is the
activating subunit, is functionally productive. Evolutionary consemwatinalysis of the
ErbBs suggests that the interface of the activating monombaimwihie asymmetric dimer
(yellow kinase in form 'e' in Fig. 1) is conserved among all fodoBs. In contrast, most
residues comprising the interface of the activated monomer (ginalse in form ‘e’ in Fig.
1) are conserved only in ErbB-1, -2, and -4, while ErbB3 shows sequemzgions.

Presumably, therefore, an interface in which ErbB3 assumes tiiompad the activated

subunit is energetically less stable.

ErbB2 favors the role of activating monomer within EGFR-ErbB2#oelimers

Generally speakingerbB2 requires a catalytically active EGFR for its slgmgp both in
normal and in cancerous conditions [88, 89]. Within EGFR-ErbB2 dinersEGFR is
mostly found in the position of the active monomer (purple kinaserin fe' in Fig. 1) that
phosphorylates the C-terminal domain of ErbB2 (yellow kinase in ferin Fig. 1), leading
to cellular signaling that is specific to ErbB2. Accordingignal transduction mediated by
ErbB2 is blocked by the EGFR-specific kinase inhibitor gebt{®i0, 91].

ErbB2, uniquely among ErbBs, possesses an additional layeguétien, mediated by
molecular chaperones (primarily Hsp90) that normally help tolg@lihe receptor on the
cell surface [92]. Hsp90 binds to ErbB2 and restrains ErbB-smgndly limiting its
formation of heterodimers with other ErbBs, which would requiresthigping of Hsp90
[92]. Binding of Hsp90 to ErbB2 is mediated through the loop that followa@hkelix, and
specifically within residues Gly776-Ser783 [92]. | noted that thggoreis located close to
the asymmetric active dimer's interface, which is conteidbuty the N-lobe of the activated

monomer (purple kinase in form 'e" in Fig. 1). Accordingly, | ssgtfeat binding of Hsp90
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prevents the formation of active dimers in which ErbB2 is tie'ea monomer. This would
lead to the preferential formation of EGFR-ErbB2 heterodintevghich EGFR is activated
by ErbB2 and phosphorylates it, as reflected in the empiricaltsedescribed above. It is
interesting to note that alteration in the Hsp90-binding loop, as@ntain oncogenic mutant
discussed in section 5.1.4, changes the normal orientatidin WHGFR-ErbB2 dimers.
Binding of Hsp90 to the active dimerization interface also ides/an explanation at the
molecular level of the reluctance of ErbB2 to form homodimers.

Overall, the above findings elegantly manifest the asymymiat the ErbBs' function
within heterodimers and its importance for normal signaling. Tnistional asymmetry can
now be clarified by the structural asymmetry of the actisgesbbserved by Kuriyan and co-
workers [37].

5. Role of the ErbB Family in Pathologies

Aberrant activation of the ErbBs has been described mostlglation to cancer [31, 93].
However, activation of the EGFR was found to be related al&alhey lesions, and ErbB4
and its ligand neuregulin-1 are involved in the pathogenesis of scheriv@hioreover, both
EGFR and ErbB2 bind to and are activated by viruses and bactaréh & a requirement
for the pathogens' biological activity [33]. All of the abovebBassociated pathological
processes require activation of the receptors. DeficiencyrbBEwould be extremely
damaging and even lethal to the developing embryo, which is presumvaplyt is not

observed clinically.

5.1. ErbBs and Cancer

EGFR is highly expressed in many cases of non-small cell lamcees (NSCLC) (88—99%)
[94], head and neck cancers (80%) [95], and gliomas (40%), assvell some pancreatic
and breast tumors [32, 96]. Amplification and over-expression of Erb®2 been

demonstrated in 20-25% of breast cancers and also occur, albmiteatfrequencies, in

lung, pancreatic, colon, endometrial and ovarian cancers [32,A8¢brdingly, the ErbB

family has become an attractive target for anticarieapy [98].

Regardless of its frequent involvement in cancers, over-espieEGFR is still dependent
on its ligand, EGF, for activation [57, 99]; over-expression s$elfitis not prognostic of
survival in NSCLC [94]. Correspondingly, regardless of thehhigrcentage of EGFR
involvement in NSCLC, only a small fraction of patients berfedim treatment with specific
EGFR kinase inhibitors. Mutations were recently detected in ties&idomain of the EGFR
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in these patients [100, 101], and proved to be oncogenic, i.e., éagecthe receptor's basal
kinase activity [57, 94, 99, 102, 103]. | suggest that thesenfysdare related to the fact that
random contact formation, induced by over-expression, is not by itgétfient to provoke
activation, although, statistically speaking, it probably ineeeathe amount of active
receptors within the cell. More prominent effects on adtwatre probably displayed by
mutations that have the potential to alter the inherent gctfithe receptor or to shift the
dynamic equilibrium in Fig. 1 toward the active state.

Numerous mutations in ErbB family members have been detectedhor tissues. For
example, mutations in EGFR were found to occur in approximately @0Rng cancers
[104]. Mutations in ErbB2 have been reported in lung cancers, althaugivex rates than
EGFR mutations (1-4%) [97, 105-111], as well as in gastric, caédrand breast cancers
[109]. The mutations found in the EGFR and ErbB2 appear to be mutxelliswe, as they
have never been found together in individual tumors or cell lines [108, 112].
Interestingly, most of the alterations found in ErbB2 overlap w#ithanalogous structural
regions of those found in the EGFR [97], suggesting that they ardidfuzic [105].
Correspondingly, some of the prevalent mutations in EGFR and ErbB2 Iheme
experimentally examined and found to be oncogenic (these mutatetistad in Table 1).
However, the functional effect of rarer alterations dlisin Table 2) is less clear [105].
Recently, mutations in ErbB4 were also detected in NSCL@jelsas in gastric, colorectal
and breast carcinomas, although at lower frequencies (1-3%) thatiamsitin the EGFR
[111].

In the following sections | use the regulation model shown inIAgo suggest molecular
interpretations, based on structural and evolutionary consideratibtise effect of known
cancer-causing mutations. | use the same framework to pthdigossible effects of other
ErbB mutations found in cancer cells that have not been chazadtexperimentally (listed
in Table 2).

5.1.1. Missense Mutations in the Regulatory Activation Loop

In the inactive state of the EGFR, the activation loopidues 831-852) is packed against
the aC-helix (residues 729-745) and its preceding loop (residues 723-728) suchethat
elements needed for catalysis are misplaced (Fig. 2)abkzation of the packing will cause
a shift toward the activated state of the kinase domaich 8n effect is indeed predicted for
the oncogenic mutations L834R, which represents 41-43% of the mutatiomsinancers,
and for L837Q (L858R and L861Q in pre-mature EGFR numbering, respgrfied, 112].
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L834R and L837Q are located on the activation loop and participate in hydrophobic
interactions with thexC-helix in the inactive conformation (Fig. 4B), while in thetige
conformation they are quite exposed to the solvent (Fig. 4A). Corresgbndnutations in
these residues lead to a ligand-independent activation [57, 94099103], probably via
destabilization of the inactive monomeric state. In accordairiite chnical findings, both
EGFR mutants are more sensitive than the wt to inhibition byifep&mnase inhibitors,
which preferentially bind to the active conformation of the kird@®ain [94, 99-103]. This
further suggests that the mutants preferentially assuneactive conformation. Furthermore,
neither L834R nor L837Q appears to impair the maximal response t¢5E{GFEnplying that
the conformation of the mutants' kinase domain could be fully cempfor catalysis.

The ligand-free state of the EGFR is characterized by inteecsion between several
conformations, each displaying a different binding affinity fa gnowth factors (Fig. 1A).
Because the lower-affinity conformations are probably more etieathe stable than the
higher-affinity conformations, macroscopic measurements of biraffirgties point to large
and small populations of low- and high-affinity receptors, respegtivas discussed in
section 2.5. | previously noted that alterations in EGFR campally affect the overall
activity and ligand-binding affinity of the receptor by interferenwith the dynamic
equilibrium depicted in Fig. 1. Mutations such as L834R and L837Q, whitalikze the
inactive monomeric conformation of the kinase domain, are expéxtediluce monomers
having ligand-independent, catalytically competent kinase domhatsare sufficient to
transduce signals (form a* in Fig. 4D). In addition, the L834R timutadisplays
approximately twofold higher affinity for EGF in what was nwsmopically measured as the
low-affinity binding mode [57]. Microscopically, this mutation probabhifts the dynamic
equilibrium in the ligand-free state toward higher-affinitynist Nevertheless, the EGFR
mutants could not entirely mimic the ligand-bound active state bedanding of the ligand
further increased auto-phosphorylation of the receptor [57]. Thig lkewtentis probably
related to further stabilization of active dimers by the bindihghe ligand; these dimers
could phosphorylate itrans (forms 'e—f' in Figs. 1A and 4D).

Interestingly, similarly to the EGFR, other kinases als@ldi®d substitutions in the
positions corresponding to Leu834 and Leu837 (Table 1). Overall, the leigheficy of
mutations in these two positions points to their crucial importdoceregulation. A
reasonable assumption is that EGFR alterations that dezgathiéi inherent inactive state of
the kinase domain are likely to be oncogenic. Correspondingly,interesting to note that

mutations in additional residues that contribute to packing of ¢tigation loop in the
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inactive state, for example 1735A and M742A located orutnelix (Fig. 4B), show robust
elevated basal activity vitro, although they were not detectable in tumor cells [57].

The importance of the mutation-bearing residues is reflectedimlthe pattern of their
substitution during evolution of the ErbB family. Leu837 is conserved &gdrophobic
residue, mostly leucine. However, similarly to the L837Q mufaund in human tumors,
two oncogenic viral variants of the EGFR also display replaocerby glutamine in this
position, further pointing to a correlation between mutations srésidue and malignancy.
Its neighbor, Leu834, is totally conserved in all catalyticadiijva ErbBs, indicative of its
importantrole. However, this position is substituted to valine or isdlee in the kinase-dead
ErbB3 (Val855 in human ErbB3; Fig. 4C). Similarly, the positionsesponding to 1le735
and Met742, which display other activating mutations mentioned ahovenique to ErbB3.
Specifically, Met742 is conserved as methionine in all ErbBsemxtor ErbB3 in some
species that contain isoleucine or valine (1le763 in human ErbBg3;4€E). In addition,
whereas the catalytically active ErbBs display large réyhdobic residues (such as
phenylalanine, methionine, leucine, and isoleucine) in the positimesponding to Ile735,
this position in the kinase-dead ErbB3 is occupied by valinepalex residue (Val756 in
human ErbB3; Fig 4C). It is interesting to note that this posi@iso occupied by valine in
two oncogenic variants of EGFR found in spiketXilphophorus xiphidiugnand southern
platyfish Xiphophorus maculatesygelating this substitution to the unstable inactive state.
Overall, ErbB3 displays fewer hydrophobic contacts betweenGhieelix and the activation
loop than the other ErbBs. For example, the contacts betwé@b lend Leu837 as well as
between Met742 and Leu834 within the EGFR (Fig. 4B) are lost in EXBRB 4C).
Together, these findings lead me to suggest that the inamfiviermation of the kinase
domain of ErbB3 is less stable than in the other ErbBs isofcants,that it might even

assume a constantly active conformation.

5.1.2. Mutations in the Phosphate-Binding (P)-Loop

G695S (G719S in the pre-mature EGFR numbering) is another mutatbrdidplays
heightened basal activity and is found in cancer patient9fB A9, 103]. Gly695 is the first
glycine in the G-X-G-X-X-G motif in the P-loop of the kinademain, which determines the
position of ATP during catalysis (Fig. 5), and accordingly is caegkin the ErbBs as well
as in other tyrosine kinases. Nevertheless, the G695S mudiaigsnnot impair the maximal
response to EGF, and thus allows the proper positioning of thiyticatlements to be

preserved [57]. The P-loop does not display noticeable conformatbaabes between the
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active and inactive conformations of the kinase domain. Thus, tnasbro residues in the
activation loop and theC-helix, Gly695 does not appear to participate in stabilizing the
inactive conformation. The mutation might exert an effect byctyreinfluencing the
phosphate transfer reaction via lowering of the dissociationofa#dP (as well as that of
ATP-analog inhibitors). Accordingly, G695S is more sensitive thanwit EGFR to ATP-
analog EGFR kinase inhibitors [99, 103]. However, because the inkildisplay higher
affinity for the active conformation, G695S is probably lessiseado the inhibitors than
the L834R and L837Q mutations that induce a ligand-independent aative ©verall, |
expect the G695S mutation to increase the catalytic efficidngynot to interfere with the
dynamic equilibrium in the model of Fig. 1. Experimentalutessindeed show that G695S
does not alter the binding affinity for the ligand [57].

Fig. 5: Mutations in the Phosphate-Binding Loop
The kinase domain of the EGFR (residues 685-957) is depittad/éllow ribbon representation. Regulatory

elements are depicted by different colors: the activatiop (residues 831-852) in green, tt@-helix (residues
729-745) in brown, the phosphate-binding loop (residues 695-70G8)am and the catalytic loop (residues
812-818) in purple. Position 695 is displayed in a balls-aicsstepresentatiorfA) The wt EGFR (PDB entry
—2gs6 ; [37])(B) Model of the G695S mutant found in cancer cells.
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5.1.3. Mutations at the Interface of the Active Asymmetid Dimer

Substitutions of alanine or glycine for Glu685 (709 in the pre-matufeRE@mMbering) have
been reported in lung cancers [113, 114]. Like the other missenséomsit&=2685G also
shows increased basal auto-phosphorylation and a heightened sensiti#iGFR kinase
inhibitors such as gefitinib [94]. Interestingly, Glu685 is lodad@ the N-lobe of the EGFR
as part of the interface on the activated monomer withingymmmetric dimer (purple kinase
in Fig. 6). This interface is important for activation of ttegalytically active ErbBs, but is
irrelevant for the kinase-dead ErbB3 [37], as discussed tioset3.3. Accordingly, Glu685
is conserved within the catalytically active ErbBs, but nosame species of ErbB3. |
suggest that the E685G mutation might further stabilize the fammaf the active dimer by
shifting the dynamic equilibrium model of EGFR towards the adtvms (e.g. form 'c' in
Fig. 1A), leading to an increase in basal activity. Anothersipdgy is that within
heterodimers comprising EGFR, mutations at the interfacehtmipange the native
orientation of the monomers by altering the roles of the aotiy and the activated
monomers (see section 4). The resulting modification in sigmadtection could also lead to

oncogenic transformation (for an example see section 5.1.4).

Fig. 6: Mutation at the Interface of the
Intracellular Active Dimer "t 1
. . . . . == "'Fh‘}

The asymmetric active dimer of the kinase domain : " = L
(colored yellow and purple) of the EGFR (residues y
. . . [ _IF' ; | L L -.{:1
685-967; PDB entry — 1m17; [38]) is depicted in a | | | | ﬁ;@%ﬂ et

ribbon representation. Glu685, located on the /%"

activated monomer (in light purple), is depicted as &
red sphere. This residue is substituted in some canclﬂ;_

cells.

5.1.4. Mutation in theaC-helix and its Surrounding Regions

EGFRExon19deletions in the N-terminus of th€-helix and its preceding loop

In addition to the missense mutations discussed above, other oncegeatons in the
EGFR correspond to different deletions within residues 722-73xam19 As with the

former mutations, when test@dvitro such deletions show increased basal activity compared

to wt EGFR [57, 94, 99, 102], as well as higher sensitivity@®E kinase inhibitors [94, 99,
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100, 102]. The region displaying the deletions constitutes the loopdprgdbeaC-helix and
its N-terminus, which participate in interactions with theivation loop in the inactive
conformation (Fig. 7A). The crystal structure of the inactbamformation of the kinase
domain [37] indeed displays pronounced rigidity in this region, in contoaite marked
flexibility observed in the active conformation [37, 38]. Thus, sudétidas are predicted to
lead to destabilization of the inactive conformation of thedeérdomain and to an increase in
basal activity, similarly to the L834R and L837Q mutations digunligs section 5.1.1.

| note that although the deletions destabilize inhibitory interagtibesmaximal catalytic
activity was diminished [57], probably because #t@helix is involved in mediating the
active intracellular dimer (Fig. 7C). Accordingly, ti723-P729insS mutant (a 723-729
deletion together with insertion of a serine residue) was shiovatolish the high-affinity
binding mode and reduce the low-affinity binding mode by twofold [57] ¢se&on 2.5 for
discussion of ligand-binding affinity). This corresponds to destabdizaof the active
intracellular dimer constituting the high-affinity form®iins ‘c—d' in Fig. 1A), and results in

a general shift toward lower-affinity states.
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Inactive Kinase

| Active Dimer

Fig. 7: Deletions inExon19 in the EGFR

(A-B) The kinase domain of the EGFR (residues 685-957), in thévied8) (PDB entry — 1gs7; [37]) and
active(B) (PDB entry — 2gs6 ; [37]) conformations, is depicted in [boweribbon representation. Regulatory
elements are depicted by different colors: the activatiop (cesidues 831-852) in green, the C-terminus of the
aC-helix (residues 736—-745) in brown, the phosphate-binding loog(es695—-700) in cyan, and the catalytic
loop (residues 812-818) in purple. The region showing deletiooaricer cells (residues 722-735; displayed in
a balls-and-sticks representation) is colored red. Residues somgpthie activation loop are also displayed in a
balls-and-sticks representation. Interactions between the refgbovirgy deletions in cancer cells (red) and the
activation loop (green) in the inactive state (A) are noti@#B) The asymmetric dimer of the kinase domains
(the monomers are colored yellow and light purple) of the EGF(res 685-957; PDB entry- 1m17; [38]) is
depicted in a ribbon representation. The region showing deletioancer cells (residues 722-735) is colored

red in the activated (purple) monomer.
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Insertions ofexon 20in the loop following theC-helix
Exon 20insertions have been detected both in the EGFR and in ErbB2, amdhesvn to be

activating alterations. They are discussed in the followaxjions.

Exon20 insertions within the EGFR destabilize the inactiverdime

In contrast to the EGFR alterations discussed abovexth@0insertion mutations have not
been reported in the group of clinical responders to EGFR kinase ambiliNevertheless,
they were detected in few recent large-scale studids 95, 113, 114], and reportedly
account for 3.7-5% of the mutations in lung cancers [104, 112]. Tediors were detected
in the C-terminus of theC-helix and the region following it, within residues 744-749. One
such insertion, D746insNPG, i.e., insertion of residues Asn-Prof@lgwing Asp746
(Asp770 in pre-mature EGFR numbering), was testedtro and showed heightened basal
activity [99]. In contrast to the previously discussed mutationsraadcordance with clinical
findings, this insertion mutant was remarkably insensitivehto EGFR kinase inhibitors
gefitinib and erlotinib; it was more sensitive, however, gatiment with the irreversible
inhibitor CL-387,785 [99], which is covalently bound to EGFR in resididé3 [115].

The region following the.C-helix forms an exposed loop on the kinase domain. This loop
displays similar orientations in the active and inactive staad is not predicted to play a
role in stabilizing the monomeric inactive state. Nevertiselé@sis located close to the
interface of the symmetric, putatively inactive, crysigdaphic dimer of the kinase domain
(see section 2.2.1), facing the equivalent loop from the secon@meon(Fig. 8). My
prediction of the structure of the D746insNPG alteration showed sldsteeen insertions
within the symmetric dimer (Fig. 8), possibly leading to ae#ization of the inactive form
(form 'b" in Fig. 1), and prompting activation by increasing tlaetfon of receptors in the

active form. The mechanism leading to insensitivity to théitdrs is not yet clear.

Fig. 8: Insertions in Exon20 in the EGFR
The intracellular symmetric inactive dimer (PDI A e = ¥

. . . . ;&'{.Uw = M
entry — 1ml7; [38]) is depicted in a ribbol it ¥ ]
representation. The two kinase domains are colo s ;

yellow and light purple and their following C-termina {

fragments are depicted as orange and purple tul
respectively.(A) wt EGFR; Asp746 is depicted in
space-filled atoms(B) Model of the EGFR D746insNPG mutant. Residues conmgrishis insertion are

D7 4GinsMNPG

depicted as space-filled atoms. Clashes within the inadiimer, resulting from the insertion, are noticeable.
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Exon20 insertions in ErbB2 alter orientation within EGHRbB2 heterodimers

The most prevalent ErbB2 alterations found to date in canceraceligisertions iexon20
These insertions were found within residues 774-783 of ErbB2, correspdodiagidues
742-751 of the EGFR [95, 97, 105-107, 110, 116]. The most common of thersgiaiis,
G776insYVMA, was recently shown to exhibit a more potent auto-d¢atalgtivity than wt
ErbB2 [91]. Interestingly, this insertion is located within biveding site of Hsp90 [92].

In section 4.3 | discussed functional asymmetry within EGFR-ErbBterodimers,
wherein ErbB2 is preferentially the activating monomer and ma&etact with the EGFR
via its C-lobe (the yellow kinase in form 'e' in Fig. IneTEGFR in turn takes on the role of
activated monomer and phosphorylates ErbB2, leading to specific signstluction. This
orientation is probably imposed by binding of Hsp90 to the dimerizatiorfanéeon the N-
lobe of ErbB2 [92] (see section 4.3.2). Alterations in the Hsp90 rignktiop, as in the
G776insYVMA mutant, probably prevent the binding of Hsp90 and enable EdbiBftact
with the EGFR via its N-lobe. As a result, ErbB2 preferdigtiassumes the role of the
activated monomer (the purple kinase in form 'e' in Fig. 1).eSpandingly, experiments
have shown that in contrast to wt ErbB2, the G776insYVMA mutant phodptes its
heterodimeric partner EGFR in a manner that does not requiralgticatly active EGFR.
Accordingly, in contrast to the situation wt dimers, this activation was blocked by direct
ErbB2 inhibitors such as trastuzumab, lapatinib, and CI-1033, but nbelyGFR-specific
kinase inhibitors erlotinib or gefitinib [91]. In addition, binding of Hsp@8trains cellular
signaling by ErbB2 [92], indicating that the kinase activity le# tnsertion mutant is more
potent than that of the wt [91].

| note that an additional contribution prompting formation of thévaatimer by the
mutation might be related to destabilization of the inadtimeer, as in the case ekon20
insertions within the EGFR. Interestingly, heterodimers constfuthe EGFR and the
G776insYVMA ErbB2 mutant do not respond to ligand binding, and do not require tcontac
formation between their extracellular domains [91]. It sedkadyl that the association of
ErbB2 via its N-lobe to the EGFR's C-lobe is energeticsiiiple and that, together with a
probable loss of control by the inactive dimer, it could prefeatytoccur via random
contacts. Under normal conditions, this interaction is prevengdlyrby binding of Hsp90

to the dimerization interface and the formation of an imadadimer.
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The S744l mutation at the C-terminus of ékkhelix
Another residue that undergoes substitution in tumor cells is Seotéded at the C-terminal
end of thenC-helix. Compared to the wt, the S7441 mutant displays heightersadl kinase

activity and greater sensitivity to EGFR kinase inhibitorshsag gefitinib [94]. In contrast to
mutations in the activation loop and ti€-helix, which are buried inside the hydrophobic
core and thereby stabilize the inactive conformation, Ser74dlasively exposed to the
solvent. The effect, therefore, is probably not related toab#igation of the inherent
inactive conformation.

Ser744 is conserved in ErbBs except for ErbB2, in which a glyesidue occupies this
position (Gly776 in human ErbB2). This region in ErbB2 indeed displays tio@eiaibility,
found in the ErbBs, to bind Hsp90 [92]. Interestingly, an equivalent GTaéation in
ErbB2 was found in gastric tumors [97]. The equivalent locationthe@EGFR-S774G and
ErbB2-G776S mutations might point to a common molecular effect. Bethissposition is
close to the interfaces of the active dimer, the mutatigghihdontribute to alteration of the
native orientation within active asymmetric heterodimassin the ErbB2Zxon20insertions

discussed above.

5.1.5. Mutations Found in Tumor Cells that have not been yetnalyzedIn Vitro

A large set of mutations has been found to exist in tumor ceftigsel occurring more
frequently have been analyzed vitro for their effects on kinase activity, as discussed in
sections 5.1.1-5.1.4. The oncogenic nature of other mutations &GRR, ErbB2, and
ErbB4 has not yet been established. Based on the structurabrscat these residues and
their evolutionary conservation patterns within the ErbB fanhibffer (Table 2) a prediction
as to the nature of their substitutions, i.e., whether ikéylito be damaging or neutral. Some

examples are provided below.

The R752C mutation in the EGFR is predicted to be damaging

R752C (residue 776 in the pre-mature EGFR numbering) was founceasral snutation to
L834R in patients with lung tumors sensitive to the EGFR kinaséiiahierlotinib [101].
Arg752 is conserved in ErbBs and is located at the interfackeeofymmetric, putatively
inactive crystallographic dimer (Fig. 3). This residue, whglkednnected by a salt bridge to
Asp990 located on the C-terminal domain, plays a role in the petarork stabilizing the
dimer (see section 2.2.1). Thus, this mutation is predictedatb tke destabilization of the

inactive dimeric state. Interestingly, a mutation in theresponding residue of ErbB4
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(R782Q) [111] was also reported in cancer cells, supporting my aseantpat these

mutations are indeed oncogenic.

The L723F mutation in the EGFR is predicted to be damaging

The L723F mutatiorfresidue 747 in the pre-mature EGFR numbering) is observed in lung
cancers [117]. Residue Leu723 is located in the loop precedingthelix, at the beginning
of theexonl19deletions found in cancer patients, and is in contact with theatioti loop in
the inactive state, i.e., with residues Leu834, Leu837, and Leu888 QF Leu723 is
conserved in all the ErbBs except the kinase-dead ErbB3, chwihis position is occupied
by isoleucine, and which probably exhibits a constant active conformatitime kinase
domain (see section 5.1.1). In view of its conservation pa#ach structural location, |
predict that the Leu723 mutation might participate in destaingjitihe inactive state of the
kinase domain, similarly to thexonl19deletions and other missense mutations inci@ie
helix and activation loop. Interestingly, the corresponding residi&hB2 (Leu755) also
displays substitutions in cancer cells [97, 107, 110], suggedimigthese mutations are

indeed oncogenic.

Fig. 9: A Predicted Oncogenic Mutation )
The kinase domain of the EGFR (residues 685-957) in

inactive conformation (PDB entry — 1gs7; [37]) is depidtec

yellow ribbon representation. Regulatory elements are depir
by different colors: the activation loop (residues 831-852)
green, thexC-helix (residues 729-745) in brown, the phospha
binding loop (residues 695-700) in cyan, and the catalytic Ic
(residues 812-818) in purple. The disordered region in the cry
structures is depicted by a dashed line. Leu723, which was fc
to be mutated in cancer cells, is depicted in space-filleths. In

this inactive conformation Leu723 interacts with Leu83

Leu837, and Leu838 on the activation loop (depicted in gr
space-filled atoms). | predict that the L723F substitutioddda

destabilization of the inactive conformation.

The N857S mutation in ErbB2 is predicted to be neutral
The ErbB2 N857S mutant (corresponding to GIn825 in EGFR) was reportedavagan
tumor [97]. A model of ErbB2 predicted that Asn857 is located in a ¢oofne back side of

the catalytic site and is exposed to the solvent. This positionsséeelutionary variation in
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ErbBs. Based on analyses of evolutionary conservation and strdotatibn, | predict that

substitution of the mutation N857S is neutral in its effect.

6. Methods

6.1. Evolutionary Conservation Analysis of the ErbB Family

Sequences of the kinase domain of ErbB isoforms from various speeie collected from
the UNIPROT database [118] and the NR database from NCBI, BSRBLAST [119]. The
resulting 306 sequences were aligned using MUSCLE [120]. Fraginenteedundant
sequences were removed from the alignment. In addition, sequanaats and mutants
were discarded, along with proteins sequenced by a whole-genomenshaiggct, because
they are viewed as preliminary data. The resulting multiplgusnce alignment (MSA)
contained 48 sequences of ErbBs from vertebrates and invertebraeesinvertebrate
sequences were removed, and an MSA of 36 ErbBs from vereljaaie viruses) was used
to calculated evolutionary conservation scores using a Bayesighodnd121l] as

implemented in the ConSurf web-server (http://consurf.tall)d8li

6.2. Structure Prediction and Analyses

The structures of the kinase domains of ErbB2, ErbB3, and mdtamd in cancer cells
were modeled on the basis of the structure of the kinase daftia EGFR (PDB entry —
1m17; [38]) using the NEST program [22] with default parameiEns. solvent-accessible
area was calculated using the SURFV program with a probeespheadius 1.4 A and

default parameters [9].
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7. Tables

7.1. Table 1: Oncogenic mutations in EGFR and ErbB2, founth cancer

cells and characterized in vitro

Functional and

Mutation Cited Experimental Structural Notes
Report Results ch e
aracterization
EGFR Alterations
Missense Mutations in the EGFR
E685X Mutations Mutations in Glu685 Glu685 is located on
(E709X) in Glu685 increased the basal the interface of the
X= were activity of the EGFR active asymmetric
[A,G,K,H] reported in and its sensitivity to dimer, and is
lung cancer EGFR kinase predicted to stabilize a
[113, 117]. inhibitors [94]. specific active dimeric
form or change the
E685H was native interactions
found as a between the activated
second and activating
mutation to monomers within the
LeuB834 or dimer.
to Gly695
[114].
G695X Mutations Mutations in Gly695 Gly695 is the first Mutations in
(G719X) in Gly695 increased the basal glycine within the Gly695
X=(A,C,S, were and EGF-induced GXGXXG motif in represent
D) reported in activity of the the phosphate-binding | 3%—-4% of
lung cancer EGFR, its oncogenic | loop (P-loop). The mutations in
[95, 100, potential at the mutation might exert lung cancers
117, 122]. cellular level, and its its effect by directly [104, 112].
sensitivity to EGFR influencing the Of patient

kinase inhibitors [57,
94, 99, 102, 103].

Mutations showed
no evidence of
impairing the
maximal EGF
response or altering
the binding affinity
for EGF [57].

We note that the
effects were seen
only with stable

phosphate transfer
reaction via lowering
the dissociation rates
of ATP (and of ATP-
analog inhibitors).
Accordingly, G695S
is more sensitive than
the wt EGFR to ATP-
analog EGFR kinase
inhibitors [99, 103].
However, probably
because the inhibitors
display higher affinity
for the active

who sustained
this mutation,
56%
responded to
treatment
with EGFR
kinase
inhibitor

[104].

A mutation in
the
corresponding
residue in the
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expressions of the
mutant.

conformation, G695S
is less sensitive to the

B-raf Ser/Thr
kinase

inhibitors than the (Gly463) was
L834R and L837Q detected in
mutations that induce cancer cells
a ligand-independent and was
active form. oncogenic in
vitro [123].
S744] S744| was Compared to the wt Ser744 is located at The
(S768I) reported in S744l displayed the C-terminus of the corresponding
lung cancer increased basal aC-helix. Because this | residue in
[95, 101]. kinase activity and position is close to the || ErbB2
greater sensitivity to interface of the active (Gly766) also
S744| was EGFR kinase dimer, the effect of the ||undergoes
also inhibitors such as mutation may be substitutions
reported as gefitinib [94]. related to alteration in in cancer cells
a second the native orientation [97],
mutation to within active suggesting
G719C/S asymmetric hetero- that these
[113]. dimers. mutations are
indeed
oncogenic.
L834X L834R was L834R increased L834R is located on L834R
(L858X) reported in basal and EGF- the activation loop. It accounts for
X =[R,M] lung cancer induced activity of is predicted to cause 41%-43% of
[95, 100, the EGFR, its destabilization of the the mutations
101, 106, oncogenic potential inactive conformation in lung
113, 117, at the cellular level, of the kinase domain. cancers [104,
122]. and its sensitivity to 112].
EGFR kinase Of the patient
L834M inhibitors [57, 94, who sustained
was 99, 102, 103]. this mutation,
reported in 71%
lung cancer L834R did not responded to
[117]. appear to impair the treatment
maximal EGF with EGFR
response. However, kinase
its affinity for EGF inhibitor
in the low-affinity [104].
binding mode was
twofold greater than A mutation in
that of the w{57]. the

We note that the
effects were seen
only with stable
expressions of the
mutants.

corresponding
residue in the
B-raf Ser/Thr
kinase
(Leu596) was
detected in
cancer cells
and was
oncogenic in
vitro [123].
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L837Q
(L861Q)

L837Q was
reported in
lung cancer
[100, 106,
113, 117].

L837Q increased the
basal and EGF-
induced activity of
the EGFR, its
oncogenic potential
at the cellular level,
and its sensitivity to
EGFR kinase
inhibitors [57, 94].

L837Q did not
appear to impair the
maximal EGF
response [57].

L837Q is located on

the activation loop. It
is predicted to cause
destabilization of the
inactive conformation
of the kinase domain.

The
corresponding
residue in
ErbB2
(Leu869) also
undergoes
substitutions
in cancer cells
[109],
suggesting
that this
mutations are
indeed
oncogenic.

Also,
mutations in
the
corresponding
positions in
the B-raf
Ser/Thr
kinase
(Val599), the
murine
(D814V)
[124] and
human
(D816V/H)
[125] c-Kit
tyrosine
kinase, and
the C-fms
tyrosine
kinase
(D802V)
[126] were
detected in
cancer cells
and were
oncogenic in-
vitro [123,
124, 126].
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In-Frame Deletions inExon19 in the EGFR

AET722-A726 Reported The deletions The deletions in Exonl9deletion
(AE746-A75 in lung increased the basal exonl9are located accounts for
0) cancer [95, and EGF-induced in the loop 44%-48% of
100, 101, activity of the preceding the.C- mutations in
113, 114, EGFR, its oncogenic helix and its N- lung cancers
122]. potential at the terminus. [104, 112].
cellular level, and its They are predicted Of the patient
sensitivity to EGFR to cause sustaining these
kinase inhibitors [57, destabilization of deletions, 84%
94, 99, 102]. the inactive responded to
conformation of treatment with
AL723-P729insS the kinase domain. EGFR kinase
andAS728-1735 However, the inhibitor [104].
showed substantially || deletions would
reduced maximal also compromise
levels of EGF- both the
AL723-S728 Reported induced auto- catalytically
(AL747-ST75 in lung phosphorylation competent
2) cancer [57]. conformation of
[101]. thedkirr]1a§e domgin
and the interactions
AL723-P729 Reported We note that the within the active
nsS in lung effects were seen intracellular dimer
(AL747-P75 cancer ly with stable leading to reduced
3insS) [100]. only witt eading
expressions of the ligand-induced
mutants. activity.
AL723-E725 Reported
_A726P in lung
(AL747-E74 cancer
9 _A750P) [99].
AS728-1735 Reported
(AS752-1759 in lung
) cancer
[114, 122].

In-Frame Insertions/Duplications in Exon20 in the EGFR
D746insNPG Reported The insertion The insertions in Overallexon20
(D770insNP in lung increased the basal exon20are located insertions
G) cancer activity of the in the loop account for

[94]. EGFR. following theaC- 3.7%-5% of the
This mutant was helix. This loop is alterations in
remarkably located close to the lung cancers
insensitive to interface of the [104, 112].
gefitinib and symmetric,

erlotinib. Consistent
with this result, all
three lung

putatively inactive
crystallographic
dimer of the kinase
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adenocarcinoma
patients with known
exon20insertion
mutants of EGFR
failed to show a
clinical response to
treatment. However,
the mutant was
sensitive to
treatment with an
irreversible inhibitor,
CL-387,785[99].

domain, facing the
equivalent loop
from the second
monomer. The
insertions are
predicted to cause
destabilization of
the inactive form.
The mechanism
causing
insensitivity to the
inhibitors is not yet
clear.

ErbB2 Alteratipns

n-frame Inse

rtions/Duplications in Exon20 in ErbB2

G776insYV
MA
(Ser744 in
the EGFR).

Insertions
following
residue
Gly776
were
reported in
cancer
cells [91,
105, 107,
110, 116].

G776insYVMA
showed more potent
autocatalytic activity
than wt ErbB2 [91].

Heterodimers
constituting the
EGFR and the
G776insYVMA
ErbB2 mutant did
not respond to ligand
binding; moreover,
they did not require
contact formation
between their
extracellular
domains [91].

These insertions
are located within
the binding site of
Hsp90 [92], and
close to the
interface of the
asymmetric active
dimer of the kinase
domain.

Binding of Hsp90
restrains the
activity of ErbB2,
probably because
of interference with
formation of the
asymmetric active
dimer in which
ErbB2 contacts the
second monomer
via its N-lobe.

The alterations
probably affect the
active dimeric
state. Specifically,
they alter the native
orientation of the
monomers within
the heterodimer
such that, in
contrast to the wt
dimer, ErbB2 is the

The most
prevalent ErbB2
alterations found
to date in cancer
cells are
insertions in
exon20 These
insertions were
detected within
residues
774-783 of
ErbB2, which
correspond to
residues
742-751 of the
EGFR [95, 97,
105-107, 110,
116].
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activated monomer
that phosphorylates
the EGFR.

Table 1: Alterations in EGFR are classified into three groups: migsenatations,
exonl9deletions, anéxon20insertions. Alterations in ErbB2 comprise only an insertion
in exon20 Positions of the mutations in the mature EGFR are indicat@ulering in
pre-mature EGFR is in parenthesis). For the mutation in Erif2 corresponding

residue in the mature EGFR is indicated in parenthesis.
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7.2. Table 2: Mutations in EGFR, ErbB2, and ErbB4, dete@d in cancer
cells but not yet characterized in-vitro.

Cited Functional and
Mutation Structural Predicted Effects
Report o
Characterization
EGFR Alterations

Missense Mutations in the EGFR

G700S (G724S)

Reported in lung
cancer [117].

Gly700 is located on the
P-loop within the glycine-
rich motif. It is conserved
in ErbB and tyrosine
kinases in general.

G700S is predicted to
display a similar effect to
that of the G695X
mutation, which increases
catalytic activity. The
mutation might enhance
catalysis.

We note that the
corresponding position in
the B-Raf Ser/Thr kinase
(G468A) was also found to
be mutated in cancer cells
[123].

E710K (E734K)

Reported in lung
cancer [117].

Glu710 is located close to
the interface within the
active asymmetric dimer
contributed by the N-lobe.
This residue could be
involved in a salt-bridge

with the second monomer.

This position is conserved
as aspartate or glutamate
residues in ErbBs from
vertebrates.

E710K could have an
effect on the active dimeric
state.

L723F (L747F)

Reported in lung
cancer [117].

Leu723 is located at the
loop preceding theC-
helix, at the beginning of
manyexonl9deletions
found in cancer patients.
It forms contacts with the
activation loop in the
inactive state and with the
aC-helix in the active

The mutation might be
involved in destabilization
of the inactive state of the
kinase domain, like the
exonl9deletions and other
missense mutations in the
aC-helix and activation
loop.

We note thathe
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state.

Leu723 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays isoleucine in this
position.

corresponding residue in
ErbB2 (Leu755) also
undergoes substitutions in
cancer, suggesting that
these mutations are indeed
oncogenic.

The exceptional residue
occupying this position in
ErbB3 might point to a less
stable inactive state of the
kinase domain in ErbB3.

R724P (R748P)

Reported in lung
cancer by [117].

Arg724 is located on the
loop preceding theC-
helix. However, its side
chain faces the solvent
and does not participate in
the inactive hydrophobic
packing of the kinase
domain.

It is not conserved in the
ErbBs, not even within
the same ErbBs in
different species.

Predicted to be
polymorphic, according to
the evolutionary
conservation analysis and
structural location.

V745X (V769X)
X =M, L]

V745L was
reported together
with S744l
(S768l) on the
same sequence
[114].

V745M was
reported together
with an in-frame
deletion in
exonl9%n the
same sequence
[113].

Val745 is located at the
end of thexC-helix, but
does not participate in the
packing with the
activation loop in the
inactive state.

Conserved as a
hydrophobic residue
within the ErbBs, mostly
as valine, leucine, and few
methionine residues.

Because this residue is
located in a regulatory
element the mutation
might be damaging,
although the mild nature of
the substations weakens
this prediction.

Nevertheless, the fact that
the corresponding residue
in ErbB2 (Val777)
undergoes similar
substitutions in cancer
cells points to the
oncogenic nature of these
mutations.

H749R (H773R)

H749R was
reported together
with W731Stop
in patients who
did not respond
to EGFR kinase
inhibitors. [113].

The position
corresponding to H749R
in ErbBs from vertebrates
is occupied by histidine or
tyrosine. It is also
conserved in tyrosine
kinases as histidine,
tyrosine, or asparagine
residues.

It is substituted for

Because of its conservation
pattern in tyrosine kinases
and ErbBs, and its close
proximity to an essential
residue, this mutation is
predicted to be damaging.
However, the nature of the
effect is not yet known.
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arginine in an oncogenic
viral EGFR variant.

His749 is located spatially
close to Lys799, which
was shown to be essential
for EGFR function [37].

R752C (R776C)

R752C was
reported as a
second mutation
to L834 or
G695X [101,
114].

Arg752 is located on the
interface of the
symmetric, putatively
inactive dimer. It is
conserved in ErbBs from
vertebrates.

R752C might participate in
destabilization of the
inactive dimeric
conformation, leading to
heightened basal activity.

We note that the
corresponding residue in
ErbB4 also undergoes
substitution in cancer cells,
suggesting that these
mutations are indeed
oncogenic.

Q763R (Q787R)

Reported in lung
cancer [117].

GIn763 is conserved in
ErbBs from vertebrates
and is buried within the
protein in both the active
and the inactive
conformations.

Because of its conservation
pattern in ErbBs and its
structural location, Q763R
is predicted to be
damaging. However, the
nature of the effect is not
yet known.

T766M (T790M)

Reported in lung
cancer [117].

Thr766 is located in the
ATP-binding pocket, and
contacts the ATP-analog
in the crystal structure
[38]. Itis conserved in
ErbBs from vertebrates.

T766M is responsible for
at least half of the acquired
resistance to EGFR kinase
inhibitors such as gefitinib
and erlotinib.

Substitution of a bulkier
residue, such as
methionine, for threonine
is thought to sterically
hinder the binding of these
drugs (reviewed in [104]).

A mutation in the
corresponding residue in
the ABLL1 tyrosine kinase
(T315I) is also related to
an acquired resistance in
ABL1, (reviewed in
[104)).
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L809V (L833V) L80O9V was Leu809 is located close to || L809V might participate in
reported in lung the activation loop and destabilization of the
cancer [117]. aC-helix in the inactive hydrophobic packing in the

conformation, and inactive conformation of
L809V was also contacts Phe832 from the | the kinase domain.
reported as a conserved DFG motif
second mutation [127]. The exceptional residue
to H811L [113]. occupying this position in
Leu809 is conserved as a || ErbB3 might point to a less
leucine residue in all stable inactive state of the
ErbBs except ErbB3, kinase domain in ErbB3.
which displays
methionine in this
position. A methionine in
this position is also
displayed by a viral
variant of the EGFR.
V810L (V834L) V810L was Val810 interacts with The mutation might

reported in lung
cancer [117].

residues from the
conserved catalytic loop
(residues 811-813). In the
inactive conformation it is
packed directly against
Arg812.

Val810 is largely
conserved in ErbBs.

stabilize the active state of
the catalytic loop in the
kinase domain.

We note that the
corresponding residue in
ErbB2 (Val842) also
undergoes substitution in
cancer cells, suggesting
that these mutations are
indeed oncogenic.

H811L (H835L)

H811L was
reported in lung
cancer [101].

His811 is a part of the
conserved catalytic loop
(residues 811-813;
Asp813 is the proton
acceptor catalytic
residue).

His811 is totally
conserved in ErbBs and
tyrosine kinases.

The evolutionary
conservation and location
of His811 suggest that
mutation in this position
would be damaging.
However, the nature of the
effect is not yet known.

L814V (L838V)

L814V was
reported in lung
cancer as a
second mutation
to L834R [113].

Leu814 follows the
conserved catalytic loop
(residues 811-813).

Leu814 is conserved in
ErbBs and is completely
buried within the protein.

Because of the
conservation pattern and
structural location of this
residue, the mutation is
predicted to be damaging.
However, the nature of the
effect is not yet known.

A815T (A839T)

A815T was
reported in lung
cancer [113].

Ala815 follows the
conserved catalytic loop
(residues 811-813).

Because of the
conservation pattern and
structural location of this
residue, the mutation is

50




Ala815 is conserved in
ErbBs and is completely
buried within the protein.

predicted to be damaging.
However, the nature of the
effect is not yet known.

K822R (K846R)

K822R was
reported in lung
cancer [113].

Lys822 is located on the
interface of the
crystallographic
symmetric dimer involved
in the polar network
within the complex.

Lys822 is conserved in
ErbBs from vertebrates.

K822R might lead to
destabilization of the
inactive dimer.

GB849E (G873E)

G849E was
reported in lung
cancer [117].

Gly849 is located on the
activation loop.

Gly849 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays a glutamate
residue in this position (as
in the mutant).

G849E might lead to
destabilization of the
inactive state of the kinase
domain.

Glutamate was previously
shown to mimic a
phosphate in the activation
loop, leading to activation.

In-Frame Deletians inExon19 in the EGF

R

A722-727 insA
(A746-751insA)

Reported with
V769M [113].

A722-727 insl
(A746-751insl)

Reported by
[101].

A722-728 insV
(A746-752insV)

Reported by
[95].

A722-728 insD
(A746-752insD)

Reported by
[113].

A723-726insP
(A747-750insP)

Reported by
[114].

A723-727
(A747-751)

Reported by
[113, 114].

A723-727insS
(A747-751insS)

Reported by
[100].

A723-728
(A747-752)

Reported by
[101, 114].

Theexonl9deletions are
located in the loop
preceding theC-helix
and in its N-terminus.

Exon19deletion accounts
for 44%-48% of mutations
in lung cancers [104, 112].
Of the patient sustaining
these deletions, 84%
respond to treatment with
EGFR kinase inhibitors
[104].

These deletions are
predicted to have a similar
effect to those tested in
vitro (such a\L723-
P729insS), which show
increased basal activity
and enhanced transforming
potential [57], probably
because of destabilization
of the inactive
conformation of the kinase
domain.
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A723-728insQ
(A747-752insQ)

Reported by
[101].

A723-729insS
(A747-753insS)

Reported by
[100].

720insKIPVAI Reported by Located on $-strand in This is an unexpected
(744insKIPVALI) [114]. the N-lobe. insertion inexonl19 The
effect of this mutation
could not be predicted.
In-Frame Insertions/Duplications in Exon20 in the EGFR
D737insEAFQ Reported by Theexon20insertions are Exon20insertions
(D761insEAFQ) [113, 114]. located in the C-terminus constitute 3.7%-5% of
of theaC-helix and its alterations in lung cancers
A743insTLA Reported by following loop. (104, 112].
(A767insTLA) [114]. Exon20insertions, like the
wt EGFR, are sensitive to
DUp744-746 Reported by EGFR kinase inhibitors

(Dup768-770)

[95].

V745insASV Reported by
(769insASV) [114].
D746insNPG Reported by
(D770insNPG) [94].
D746GinsY Reported by
(D770GinsY) [114].
Dup747-749 Reported by

(Dup771-773)

[95].

[104].

All of these insertion are
predicted to show
increased basal activity
and enhanced transforming
potential, similar to the
D746insNPG alteration
tested in vitro [99].
Nevertheless, the
molecular effects of these
insertions might differ,
depending on their exact
location. For example,
insertions C-terminal to
residue 746 are predicted
to interfere with the
interface of the symmetric,
putatively inactive dimer.
On the other hand,
insertions located at the C-
terminus of thexC-helix
might participate in
destabilization of the
inactive state of the kinase
domain. Alternatively,
because theC-helix
constitutes the interface of
the active dimer, these
insertions might have an
effect dimer formation.
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ErbB2 Alterations

Missence Mutations in ErbB2

K724N
(Lys692 in the
EGFR)

K724N was
reported in
gastric cancers
[109].

A model of ErbB2, based
on the EGFR, predicted
that Lys724 is exposed to
the surface and is located
close to the interface of
the symmetric putatively
inactive dimer.

Lys724 is conserved in
ErbBs from vertebrates.

Lys724 might be important
in the electrostatic
complementarity between
the kinase and the C-
terminal domains within
the symmetric dimer.
Therefore, the mutation
might lead to
destabilization of the
inactive dimeric state.

T733l
(Thr701 in the
EGFR)

T733l was
reported in
gastric cancers
[109].

Thr733 is located within
the glycine-rich motif on
the P-loop. It is conserved

in ErbBs from vertebrates.

T733l might affect the
phosphate transfer
reaction.

L755X

X=[P, ]
(Leu723 in the
EGFR)

L755P was
reported in lung
cancer [95, 97,
107].

L755Swas
reported in

gastric and breast
cancers [109].

A model of ErbB2, based
on the EGFR, predicted
that Leu755 is located at
the loop preceding the
aC-helix.

Leu755 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays isoleucine in this
position.

The corresponding
position to ErbB2's L755

in the EGFR is L723,
which was also detected in
cancer cells. (See above
for analysis of this
position.)

D769H
(Asp737 in the
EGFR)

D769H was
reported in lung
and gastric
cancers [108,
109].

A model of ErbB2, based
on the EGFR, predicted
that Asp769 is located at
theaC-helix, on the
interface of the
asymmetric dimer. The
residue faces toward the
solvent, not toward the
hydrophobic packing with
the activation loop.

Asp769 is conserved in
ErbBs from vertebrates.

D769H is predicted to
affect formation of the
active dimer.

V773A
(Val741 in the
EGFR)

V773A was
reported in
carcinoma of the
head and neck
[128].

A model of ErbB2, based
on the EGFR, predicted
that Val773 is located in
the aC-helix, facing
toward the protein. It is
buried in the active

Because of its location on
a regulatory element and
its unique pattern of
substitution, we predict
that Val773 is functionally
important and that its
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conformation, contacting
a conserved motif at the
N-terminus of the
activation loop.

Val773 is conserved as a
valine residue in the
EGFR and ErbB2 and as
an isoleucine residue in
ErbB4. In ErbB3 the
corresponding position is
mostly occupied by
alanine (or serine in two
fish orthologs).

substitution could be
damaging. Howevethe
nature of the effect of the
substitution is not yet
known.

G776S
(Ser744 in the
EGFR)

G776S was
reported in
gastric tumors
[97].

A model of ErbB2, based
on the EGFR, predicted
that Gly776 is located at
the C-terminus of theC-
helix.

The position
corresponding to ErbB2's
Gly766 in the EGFR is
Ser744, which was also
found to be mutated in
cancer celland was
shownto increase the basal
activity of the receptor.
(See Tablel for analysis of
this position.)

V777X

X=[L, M]
(val745 in the
EGFR)

V777L was
reported in lung,
colorectal and
gastric cancers
[107, 109].

V777M was
reported in
colorectal
cancers [109].

A model of ErbB2, based
on the EGFR, predicted
that Val777 is located at
the end of theC-helix.

The position
corresponding to ErbB2's
Val777 in the EGFR is
Val745, which was also
detected in cancer cells.
(See above for analysis of
this position.)

Q799P
(GIn767 in the
EGFR)

Q799P was
reported in
gastric cancer
[109].

A model of ErbB2, based
on the EGFR, predicted
that GIn799 is located on
the interface of the
symmetric putatively
inactive dimer, contacts
the C-terminal domain,
and participates in the
polar network of
interactions across the
dimer.

GIn799 is conserved in
ErbBs as a glutamine
residue.

Q799P is predicted to lead
to destabilization of the
inactive dimeric state.
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Vv842I
(Val810 in the
EGFR)

V842| was
reported in
colorectal cancer
[109].

A model of ErbB2, based
on the EGFR, predicted
that the location of
Val842 is close to the
conserved catalytic loop.

The position

corresponding to ErbB2's
Val842 in the EGFR is
Val810, which was also
detected in cancer cells.
(See above for the analysis
of this position.)

N857S
(GIn825 in the
EGFR).

N857S was
reported in an
ovarian tumor
[97].

A model of ErbB2, based
on the EGFR, predicted
that Asn857 is located on
a loop on the back side of
the catalytic site and is
exposed to the solvent.

Asn857 is not conserved
in ErbBs.

Based on the evolutionary
conservation analysis and
its structural location,
N857S is predicted to be a
neutral mutation.

L869Q
(Leud37 in the
EGFR)

L869Q was
reported in
gastric cancer
[109].

A model of ErbB2, based
on the EGFR, predicted
that Leu869 is located on
the activation loop.

The position

corresponding to ErbB2's
Leu869 in the EGFR is
Leu837, which was also
detected in cancer cells and
was shown to increase the
basal activity of the
receptor. (See above for
the analysis.)

R896C
(His864 in the
EGFR)

R896C Was
reported in breast
cancer [109].

A model of ErbB2, based
on the EGFR, predicted
that Arg896 is located on
a loop and is exposed to
the surface.

This residue is not
conserved in ErbBs, but is
evolutionarily variable.

Based on the conservation
analysis and its structural
location, this mutation is
predicted to be neutral in
its effect.

E914K
(Glu882 in the
EGFR)

E914K was
reported in
glioblastoma
[97].

A model of ErbB2, based
on the EGFR, predicted
that Glu914 is located on
a helix in the C-lobe. It is
relatively buried in a
hydrophobic environment,
yet participates in forming
an H-bond with the
nitrogen of W856.

Glu914 is conserved in
ErbBs.

Based on the evolutionary
conservation analysis this
mutation is predicted to be
damaging; however, the
nature of the effect is not
yet known.
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In-frame Insertions/Duplications in Exon20 in ErbB2

774insAYVM (742

Reported in lung

in the EGFR) cancer [97, 116].

775insYVMA (743 Reported in lung

in EGFR) cancer [106].

G776XinsC G776VinsC was

(744 in EGFR) reported in lung
cancer [95].

X =L, V] G776LinsC was

reported in lung
cancer [105,
116].

776-779insYVMA
(S744-N747 in
EGFR)

Reported in lung
cancer [105,
107].

779-781ins VGS
(747-749 in EGFR)

Reported in lung
cancer [97].

781-783insGSP
(749-751 in EGFR)

Reported in lung
cancer [105].

The insertions are located
on the C-terminus of the
aC-helix and its following
loop and are close to the
interface of the symmetric
dimer.

All of these insertion are
predicted to increase the
basal activity and enhance
transforming potential,
similar to the
G776insYVMA ErbB2
mutant [91] and the
D746insNPG EGFR
mutant [99] tested in vitro.
Nevertheless, the
molecular effects of these
insertions might vary.

The loop following thexC-
helix in ErbB2 is known to
bind Hsp90, which plays a
role in restraining the
activity of ErbB2,

probably due to
interference with formation
of the asymmetric active
dimer in which ErbB2
contacts the second
monomer va its N-lobe.
The alterations might have
an effect on the active
dimeric state.On the other
hand, the two insertions
that are located following
residue 778 in ErbB2 (746
in the EGFR) might
participate in
destabilization of the
inactive dimeric state.
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ErbB4 Alterations

Missense Mutations

V7211
(le691 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Val721 is located on the
interface of the
symmetric, putatively
inactive dimer, close to
Aspl012 (Glu981 in the
EGFR) from the C-
terminal domain.

Val721 is conserved as a
hydrophobic residue in
ErbBs from vertebrates. It
is substituted for an
aspartate residue in two
oncogenic EGFRs from
southern platyfish
(Xiphophorus maculates)
and spiketail platyfish
(Xiphophorus xiphidium)

This mutation is predicted
to lead to destabilization of
the inactive dimeric state,
although this prediction is
weakened by the mild
nature of the mutations.

A773S
(Ala743 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Ala773 is located on the
aC-helix, on the interface
of the asymmetric active
dimer. It faces outward,
contacting 11€949 (lle917
in the EGFR) from the
second monomer.

Ala773 is conserved in all
ErbBs except for ErbB3
orthologs that contain a
glycine residue.

It is predicted to affect the
formation of the active
dimeric state.

The exceptional residue
occupying this position in
ErbB3 might be related to
the fact that ErbB3
probably does not form
asymmetric heterodimers
via its N-lobe (thereby
acting as the activated
monomer). Therefore,
there is no evolutionary
constraint in this position
within ErbB3 orthologs, as
opposed to the catalytically
active ErbBs. This further
indicates that the mutation
in this residue in ErbB4
might have an effect on
functionality.
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R782Q
(Arg752 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Arg782 is located on the
interface of the
symmetric, putatively
inactive dimer.

The position
corresponding to ErbB4's
Arg782 in the EGFR is
Arg752, which was also
detected in cancer cells.
(See above for analysis of
this position.)

E810K
(Glu780 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Glu810 is located on the
surface of the protein,
where it is exposed to the
solvent.

GluB10 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays a glutamine
residue in this position.
This position is also
substituted for glutamine
in oncogenic EGFRs from
southern platyfistX.
maculatu} and spiketail
platyfish (X. xiphidiun).

Because of the unique
conservation pattern of this
position in the ErbBs, we
predict that the mutation is
damaging and will lead to
enhanced activation.

P854Q
(Pro824 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Pro854 is located on the
surface of the kinase
domain; close to the
interface with the C-
terminal domain. The
proline residue causes a
turnin the structure
between tw-strands.

Pro854 is conserved in all
ErbBs from vertebrates,
except for ErbB3 from
fish, which contain an
aspartate residue in this
position.

Because of the unique
conservation pattern of this
position in the ErbBs and
its structural location, we
predict that the mutation is
damaging and will lead to
enhanced activation.

D861Y
(Asp831 in the
EGFR)

Reported by
[111].

Asp861 is part of the
conserved DFG motif
[127] at the N-terminus of
the activation loop and is
crucial for catalysis.

Asp861 is conserved in

Because of the pattern of
conservation and the
structural location of this
residue, the mutation is
predicted to be damaging.
However, the nature of the
effect is not yet known.
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ErbBs and in tyrosine
kinases in general.

E872K
(Glu842 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Glu872 is located on the
activation loop.

Glu872 is conserved as a
glutamate or aspartate
residue in ErbBs from
vertebrates.

Because of the pattern of
conservation and the
structural location of this
residue, we predict that the
mutation is damaging.
However, the nature of the
effect is not yet known.

T926M
(Ala896 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Thr926 is located on the
surface of the protein, and
is exposed to the solvent.

Thr926 is not conserved
in ErbBs.

Based on the conservation
analysis and the structural
location of this residue, the
mutation is predicted to be
neutral.

In-Fr

ame Insertions/Duplications in Exon20 in

ErbB4

G802insGGC
(Gly772 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Gly802 is located on a
strand preceding the first
helix in the C-lobe, in
contact with the ATP
analog [38].

Gly802 is conserved in
ErbBs and is also largely
conserved in tyrosine
kinases in general.

Gly802 might be important
for ligand binding and for
catalysis. The insertion is
predicted to be damaging,
but the nature of the effect
is not yet known.

Table 2: Alterations in EGFR are classified into three groups: missenatations,

exonl9 deletions, andexon20 insertions. Alterations in ErbB2 and ErbB4 include

missense mutations arekon20insertions. For alterations in EGFR, positions of the

mutations in the mature EGFR are indicated (numbering in pre-en&GFR is in

parenthesis). For mutations in ErbB2 and ErbB4, the correspondidgeaesithe mature

EGFR is indicated in parenthesis.

59




Chapter 2: Model Structure of the Na/H" Exchanger 1:

Functional and Clinical Implications

This chapter is based on a published manuscript (Landau €08I7)(JBC 282(52)
37854-63)

Abstract

Eukaryotic N&/H" exchangers are transmembrane proteins that are vital fatace
homeostasis and play key roles in pathological conditions suctaragrcand heart
diseases. Using the crystal structure of thé/INaantiporter fromEscherichia coli

(EcNhaA) as a template, | predicted the 3-dimensional struofutlee human NaH"

exchanger 1 (NHE1). Modeling was particularly challenging becatiske extremely
low sequence identity between these proteins, but the modeltst is supported by
evolutionary conservation analysis and empirical data. It al&aled the location of the
binding site of NHE inhibitors; which my colleagues and | \atkdl by conducting
mutagenesis studies with EcNhaA and its specific inhibitor 2@perimidine. The
model structure features a cluster of titratable residuesathatvolutionarily conserved
and are located in a conserved region in the center of the mambsuggest that they
are involved in the cation binding and translocation. | also suggesypothetical

alternating-access mechanism that involves conformational ebang
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1. Introduction

Sodium/hydrogen transporters are ubiquitous transmembrane (TM) prittairiransport
Na" and H ions across the membrane, and are therefore imperativetdbrcellular
processes such as regulation of cellular pH, cell volume, andiopasition [129]. The
mammalian N&H* exchanger (NHE) family of transporters includes nine isoforms
(NHE1 through NHE9), of which NHE1 is the most widely expresdeallowing
allosteric activatioy intracellular acidification, NHE1 exchanges extracelliNaF for
intracellular H with Na":H" stoichiometry of 1:1 [130]. NHE1 is inhibited by amiloride
and its derivatives and by benzoyl guanidium compounds such as carifizigle
Structurally, NHEL1 is predicted to include two distinct domainEMaN-terminal region
of ~500 amino acids that is involved in ion translocation and drug remgnénd a
cytoplasmic regulatory C-terminal domain of neaB0 residues [131, 132]. The
cytoplasmic domain includes thé Bensor and also serves to mediate regulation by other
molecules or ions.

NHEL1 is associated with many pathological conditions thatideckcancer as well as
heart, vascular, gastric, and kidney diseases [129, 130]. For exathel activity of
NHEL is primarily involved in the damage inflicted on the homayocardium during
and following a myocardial infarction, and accordingly, NHE1 inhikiteere shown to
be beneficial during ischemia and reperfusion [129]. In addition, Npi&ls a role in
tumor growth by reversing the pH gradient in malignant cellshenomenon known as
‘malignant acidosis’, which is a key step in oncogenic transdition [129]. Therefore,
NHEL1 inhibitors can potentially serve as anti-cancer driigs][

NhaA, the main N&H" antiporter inEscherichia coliEcNhaA), is indispensable for
bacterial growth in alkaline pH (in the presence of)Nand for adaptation to high
salinity [133]. EcNhaA is an electrogenic antiporter extracting Nd ion from the cell
in return for inward current of two protons following cellular alkation [133]. The
function of EcNhaA is specifically inhibited by 2-aminoperimidif#), a guanidine-
containing naphthalene derivative with some similarity to thHEN inhibitor amiloride
[134]. The 3-dimensional (3D) structure of EcCNhaA was recentigraened, and found
to comprise 12 TM segments [23].

The bacterial EcNhaA and eukaryotic N exchangers play similar roles in
controlling pH and electrolyte homeostasis, and have been sugtestete a common

ancestor and a similar structural fold [129, 135]. Thus, my workympthesis was that

61



EcNhaA can be utilized as a template to predict the strucfuhe TM domain of NHEL.
However, the proteins share very low sequence identity of about df@d4it is not a
simple matter to align their sequences and to predict thewstuaft NHE1 based on that
of EcNhaA [136]. In this study, by using a fold-recognition approadhtained a 3D
model of NHE1. Notably, the membrane topology of this model streictiffers from the
one that was suggested on the basis of hydrophobicity scales arideycessibility
analysis [137]. Reasons for the differences are discussed.bel

My model of NHE1, which is supported by both phylogenetic and empidiat,
incorporates the binding pocket of clinically important NHE inbitsit This allowed me
to locate the binding site of the AP inhibitor within the EcNIsriucture by site-directed
mutagenesis. Finally, the integration of empirical data wheh new structural model
allowed me to suggest an alternating-access mechanism of fiid” Nexchange in

molecular detail (Fig. 1A).
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Fig. 1. A Suggested NaH" Exchange Mechanism of NHE1

(A) State 1 represents an inactive conformation, and the exchgdge(states 2-5) illustrates putative
conformational changes in the TM domain that follow activatity cellular acidification. The cycle
involves dynamic equilibrium between conformations 2 arid #hich the cation-binding site is accessible
to the cytoplasm, and conformations 3 and 4, in whicls accessible to the extracellular matrix. The
changes are mediated by the TM4-TM11 assembly and lsayraolve rotation of TM8 and exposure of
Ser351 to the extracellular funnel (indicated in states 34and@he cycle allows the transport of cations
across the membrane via an alternating-access mechanismel2,dawv pH promotes the entrance of a
proton to the cytoplasmic funnel, probably attracted by the@@ti262, and the protonation of Asp267.
The low pH also induces conformational changes, leadirgetoransfer of the proton from the cytoplasmic
funnel to the extracellular funnel (state 3). In accordance Wwéhchemical gradient of both cations, the
proton is exchanged for sodium ion in the extracellularrimaperhaps via Ser351 (state 4). Finally,
movements to the alternative conformation (state 5), alloeiseéplacement of sodium by a proton at the
cytoplasmic side (state 2), again in accordance with themiclaé gradients. The continuance of the cycle
is controlled by cellular pH.

(B) The model structure of the TM domain of NHE1 in the inactioeformation of state 1 viewed from
the membrane. The intracellular side is facing upward. TM eatgrthat are important for function are
represented by the colored ribbons. Other segments are repdebgrd gray trace. TM1 was omitted for
clarity. Residues involved in the cation transport path anesepted by space-filled atoms. The funnels

laying the transport path are indicated by dashed lines.

2. Results

2.1. EcNhaA and Eukaryotic Nd/H™ Exchangers Share a Similar Fold

Using the sequence of NHEL1 as a target, | detected Ecldbale closest homologue
according to the fold-recognition FFASO3 server [138]. This finditrgngthened my

working hypothesis that the TM domains of the two exchangers sisarglar fold.
2.2 Predicting the Topology of NHE1

2.2.1 Use of Multiple Approaches to Align the TM Domains dNHE1 and EcNhaA

The sequence identity between EcNhaA and human NHEL is only ~T#4d, was

unable to align their sequences using standard methods (data not shbemefore used
several state-of-the-art approaches to construct alignmemtsjntegrated the results.
First, | extracted the pairwise alignment between NHE1 arNhBA, which displays
12.4% sequence identity, from a multiple-sequence alignment of aotkaansporters

from the Pfam database [139]. Two additional pairwise alignsn&ere calculated using
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the FFASO03 [138] and HMAP [140] servers, which display 9.2% and 18et§tence
identity, respectively.

2.2.2. TM Helix Assignment

| used each of the above alignments to assign the boundaries ™M $2gments (TM1
through TM12) of NHE1, based on corresponding segments of the crystlise of
EcNhaA. Fig. 2 exemplifies the significant similarity beémemost of the TM segments
predicted by the Pfam, FFAS03, and HMAP alignments. Using thatiite process
described below, | predicted the final membrane topology (higkligint yellow in Fig. 2
and illustrated in Fig. 3A).

Initially, the three different alignments were manually adjdgo reduce gaps in the
TM helices of EcNhaA, and used to build 3D models of NHE1. The mhasimilarity
between the different alignment methods appeared to be in thetipredicthe TM6 and
TM7 segments. The model structures provided additional infosmadliiat was used to
favor a specific assignment and improve it further; model sres that were favored
were those with least polar residues facing the lipid bile§ech considerations favored
adaptation of the Pfam assignment of TM6; they were not helpdwever, in assigning
TM7, for which | therefore used information from a multiple-sequeslggnment of
homologous eukaryotic NAH* exchangers. Because TM helices are expected not to
include insertions and deletions of amino acids [136], | favoredgkignment of TM7 to
gap free region, as predicted by the FFASO3 and HMAP alignnbemiteot by Pfam.
Similar reasoning led me to reject the assignment of tee TM segment to residues
103-127—-although that was the assignment predicted by all three methogds (Fi
2)—because this segment is highly variable and includes manyiomsesind deletions.
In contrast, the next segment (residues 129-150), which was preduiydtgdrophobicity
analysis [137] to be a TM segment, is devoid of gaps. Integhgtithe conservation
pattern in this region is compatible with the periodicity ohelix, i.e., a conserved
residue appears at every fourth position, resulting in a caetémiical face (Fig. 3A).

Accordingly, this was the region to which | assigned TM1.
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Fig. 2: The TM Segments in the NHE1 Sequence

The segments in NHEL that correspond to the TM helices in EgNisapredicted by the different methods
discussed in the main text, are underlined on the sequencEEf esidues 1-540) as follows: Pfam's
prediction in red, FFASO3 in green and HMAP in blue. The boundafige d'M segments as previously

predicted [137], as well as their numbering, are indicated lok tildes and Roman numerals, respectively.
The segment predicted by Wakabayashi and co-workers [1®4 itttra-membranal is also indicated. The
final helix assignment proposed here is highlight in yellow drel numbering of the TM helices is

indicated by the orange Roman numerals. The overall consensusehethe methods is evident. The

reasons for the selection of the location of TM1 are discussthé imain text.
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2.3. Building the 3D model of NHE1

The above helix assignment of NHE1 was used to refine ih@iga alignment between
NHE1l and EcNhaA in the TM regions. The final pairwise alignindisplays 10.6%
sequence identity  (The alignment is available at my  website
http://bioinfo.tau.ac.il/~meytal/index_files/INHE/EcNhaA NHElgament.do§. A 3D

model of NHE1 was subsequently constructed on the basis of ifpsnaiht and the

EcNhaA template.
2.4. Assessment of the 3D Model

2.4.1. The 3D Model of NHE1 is Compatible with Evolutionary Coservation
Analyses of Na/H" Exchangers
In helical proteins, evolutionarily conserved amino acids areailpitocated in strategic
regions at the interfaces between the TM segments, véheegmble residues face the
membrane lipids. The extra-membranal loops are also enrichetiable amino acids
[21, 27, 28]. Accordingly, analyses of evolutionary conservatiove Haeen used to
predict the structures of membrane proteins [24-26, 141]. They dao been exploited
to validate model structures [21], as in the present study.

| projected the conservation scores calculated on the baske d@lignment of 94
sequences comprising the bacterial NhaA'/N& antiporter family on the crystal
structure of EcNhaA [23] (Figs. 3Ba and 3Bb). As expectedntbst highly conserved
residues are at the inter-helix interfaces within the Thlore while the most variable
residues are located in the periphery; where they fackpidemembrane and populate
the extra-membranal loops. Reassuringly, a very similaenpatvas observed for my
model structure of NHE1 (Figs. 3Bc and 3Bd). The results, médaising an alignment
of 305 Nd/H" exchangers related to NHE1, strongly support my NHE1 rstdetture.

Interestingly, a cluster of titratable residues (Figs. &#d 4B), all evolutionarily
conserved (Figs. 4C and 4D), is located within the conserved rcdhe icenter of the
membrane in each of the structures. Titratable residuegeayerare in the membrane,
presumably because of the large desolvation free energy dsdogigh their transfer
from the aqueous phase into the membrane [142, 143]. Their prese¢heenembrane is
often associated with function [144]. These titratable residwgre indeed shown to be
essential for the activity of both transporters [151-153], and arguabl involved in

conformational changes and cation translocation (see Discussiorig. 1).
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Crystal Structure of EcNhaA 3D-Model of NHE1

Fig. 3: Evolutionary Conservation Profiles of EcNhaA and NHE1

(A) The novel membrane-topology of NHE1 (residues 126-505) thatdestidiere. The residues are
colored according to their conservation-grades using the cotbing bar, with turquoise-through-maroon
indicating variable-through-conserved. The start and eriduesf each of the TM segments is marked in
bold font and numbered. Residues that are located wathe helical face are situated on the same column
(every fourth position). It is noteworthy that TM4 and TMdnwind to form extended peptides within the
helices. The results of the substituted cysteine accessduilalysis [137] are projected on the topology as
follows: residues that are accessible to the intra- or egtralar medium are marked with green and red
circles, respectively. The thick black circles markdess that are completely inaccessible.

(B) The evolutionary conservation profiles of EcNhaA (leftd NHE1 (right) are projected on the crystal
structure and 3D-model, respectively. The intracellulde & facing upward. The amino-acids are colored
by their conservation-grades using the color-coding bar, as inT¢Al was omitted from the picture for
clarity. (b & c) Ribbon models of EcNhaA and NHE1 viewed from the membréhe. TM segments are
numbered(a & d) The most variable (score 1) and conserved (score 9) essate displayed by space-
filled atoms. The compatibility of the NHE1 model struetwith the phylogenetic profile is evident: The
protein core is conserved while the periphery is variablejthsEcNhaA.
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Crystal Structure of EcNhaA 3D-Model of NHE1
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Fig. 4: Titratable Residues in the NHE1 and EcNhaA Transpokrs

A side-view of the crystal structure of EcNhaA [23] & C) and my model structure of NHEB & D),
which are displayed in a ribbon representation with the intrdaeltegion in the upward direction. TM1
and the extra-membranal loops were omitted for clafitye horizontal green lines mark the approximate
boundaries of the hydrocarbon region of the membrane. In patil the transporters are colored gray,
and the locations of theaCatoms of the titratable residues are depicted as sph&he red spheres
correspond to aspartate and glutamate residues, and the bhggntoes and lysines. In panels-D the
amino-acids are colored by their conservation-grades usingtbeanding bar, with turquoise-through-
maroon indicating variable-through-conserved. Again, the imtsitof the @ atoms of the titratable
residues are depicted by spheres. It is evident that a cehtséér of titratable residues is located in the
conserved protein core, suggesting that it plays importantifural roles in the transporters.

2.4.2. The NHE1 Model Structure is Consistent with the &sitive-Inside Rule

Gunnar von Heijne and his co-workers showed that the topology of thenagmity of
TM proteins is such that amino acid positions at the intracekulds are enriched in the
positively charged residues, lysine and arginine, relativéagoektracellular side [143,
145]. This observation, termed the positive-inside rule, can bd ts predict and
evaluate the topology of membrane proteins. Analysis of the NBB1model

(incorporating residues 126-505) revealed 12 lysine/arginine residues @yidp&smic
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side and only 3 lysine residues on the extracellular side (Fig.F& reference, EcNhaA
includes 16 lysine/arginine residues on the cytoplasmic side andtfte aextracellular
side [23].

2.4.3. The NHE1 Model Structure is Consistent with Mutagessis Studies

Classical genetic and biochemical experiments and site—dirsutejenesis studies of
eukaryotic N&H" exchangers (listed in Tables 1 & 2) have yielded abundant data,
which, for simplicity, | divided into two main groups: residues thed essential for
function vs. those that are unessential. Residues were causidssential if their
replacement resulted in loss or change of function (e.g., iondcation and pH-
regulation), or if they were shown to be involved in binding oftiitbrs.

When these mutagenesis data are projected on the NHE1 modgiretritccan be
seen that most of the residues defined as essential foityaatie located in the core of
the TM domain (Fig. 5), which is consistent with their role innm@aning the architecture
and function of the transporter. On the other hand, most of theamiizd residues face
the membrane or are located in the extra-membranal loops.sSemtial residue, Ser351,
unexpectedly faces the membrane lipids, and its functionalaretevwill be discussed
below. Residues that participate in pH regulation, and thusateedellular signals, are

located both on a cytoplasmic loop and within the protein core.

Mutagenesis studies point to 14 residues whose replacemens dlffectensitivity of
NHEL1 to its inhibitors (Table 1). Some of these mutations do nottaffe’ affinity,
implying thatthe inhibitor-binding site is physically distinct and suggesting that
inhibitors induce allosteric regulation [146]. | focused on residues evheglacement
significantly alters sensitivity to NHE inhibitors (i.day more than 10-fold), and which
are likely to be directly involved in the binding. Specificaftyytagenesis implies that the
binding site incorporates residues Phel61, Phel62 and Leul63, all locE2, iand a
second region comprising Gly352 of TM8 and Glu346 on its preceding logp FFi
Table 1). These two regions are located close to each otimey model, and Leul63
(TM2) is in direct contact with Glu346 and Gly352 (Fig. 5). Moreovwes, binding site is
situated at the extracellular side of NHE1, in accordanitk the location of the
inhibitors [147]. All in all, my NHE1 model structure is in eleat agreement with the

mutagenesis data.
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Fig. 5: Mutagenesis Studies in Eukaryotic N¥H" Exchangers

The 3D model-structure of NHE1 is displayed with gray ribbod the residues that were mutated are
presented using space-filled atoms using colors to represent the etgatioutcome: Residues that were
implicated in ion-translocation (P167, P168, S235, D238, P2284AL255, 257, V259, F260, G261,
E262, N266, D267, 1270, S351, E391, C421 and Y454) are colored red, residues thatvareed in pH
regulation (R180, R327, E330, R440, G455 and G456) in magenta, resitopssing the NHE-inhibitors
binding-site (F161, F162, L163, E346 and G352) in green, and unetsesiiaes (C133, Q157, P178,
E184, C212, E248, H250, L254, H256, S263, V269, V271, F322, HEZ250), N370, S387, S388, S390,
T392, S401, T402, S406, N410, K438, K443, C477, Q495 and R500) in y@todetails see Tables 1 &
2). Residues involved in the binding of the NHE inhibitors, all as Ser351 and loop 6-7 are labeled.
These elements are discussed in the main text.

(A) A top view from the cytoplasmic side of the membramg. A side view parallel to the membrane
whereas the intracellular side is facing upward; the TM satpn@re numberedC) A view from the

extracellular side.

2.5. NHE1 and EcNhaA Share a Similar Inhibitor-Binding $te

Mutations that alter the binding affinity of the NHE inhibitorsrevéocated in equivalent
positions in a few eukaryotic NHE isoforms, implying that éhesoforms share a
common binding site (Tables 1 & 2). Thus, | assumed by extrapoldtaintlie AP
inhibitor of EcNhaA binds to an equivalent location on EcNhaA. Acogigj my
colleagues and | designed seven mutations in residues located Anam®l TM8 of
EcNhaA, and Katia Herz (under the supervision of Etana Padanjredthe sensitivity
of their N& or Li*/H" activity to AP inhibition (Table 3; Fig. 6). The N&l* antiport
activity was measured in everted membrane vesicléatesbfrom EP432 transformed
with the plasmids encoding the various mutations. EP432 lacks tmasome-encoded
antiporters (EcNhaA and EcNhaB) and expresses only the EcNhaa#ntgafrom a
plasmid. Addition of the respiratory substrate, lactate, hiesdé membrane vesicles

(downward-facing arrow in Fig. 6) resulted in generationApH, as monitored by
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guenching of the fluorescence of acridine orange, a fluorescent girapdd. Addition
of either N4 or Li* to the reaction mixture (upward-facing arrow in Fig. 6) inghthe
Na' or Li*/H" antiport activity, as monitored by dequenching of the fluorescé&®432
transformed with plasmid pAXH [148]) or the vector plasmid pBR322eskas positive
and negative controls, respectively. To determine thetedfeAP on the antiport activity,
Katia Hertz added the inhibitor at various concentrations befddéng lactate. The half-
maximum inhibitory concentration (kg) of AP was determined as described [134].

Amino acid residues whose mutation changed the sensitivity to ARt bgast
threefold relative to the wild-type were considered to belied in or affect the AP
binding site. Specifically, mutations W62C, F72C, G76C and H225Reeknd effect on
inhibition by AP; the 1G value was very similar to that of the wild type (tM). N64C
and F71C mutations increased the sensitivity of thé INa not of the Li antiport
activity to AP inhibition; the 16 values of AP for these mutants were M and 0.3
uM, respectively. In contrast, N64C and H225Q decreased theiggnsit the Li* but
not of the N& antiport activity to AP inhibition; the I§gvalues of AP for these mutants
were 17uM and 7.8uM, compared to 2.4M for the wild type.

The above results support our conjectured location of binding of thahitor on
EcNhaA. We cannot yet explain why the substitution of Cys for N64Faddincreased
the sensitivity of the Nabut not of the Li antiport activity to AP whereas similar
mutations in N64 and in H225 decreased the sensitivity of théuti not of the Na
antiport activity. We can only speculate that the binding sitelsi'ofind N4 differ in
size, as suggested previously [149] and as predicted from fleeedif sizes of these

hydrated cations.
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Fig. 6: The Binding Site of the AP Inhibitor of EcCNhaA

(A) The effect of AP inhibition on the antiporter activity of BeM mutants compared to wild-type. The
results obtained for the F71C and N64C mutations showing thé drastic AP effect, are displayed.
Everted membrane vesicles were isolated from EP432 cellssskmgewild-type NhaA or the indicated
mutants, and the Né&d* or Li*/H* antiporter activity was measured at pH 7.5. At the ooéte reaction,
membranes were added first and then Tris D-lactate (2 prld the fluorescent quenchin@)(was
recorded until a steady state levelAgfH (100% quenching) was reached. NaCl or LiCl, at the indicated
concentrations, was then addedl @nd the new steady state of fluorescence obtained (dddpgnafter
each addition was monitored. Where indicated, AP, at theatedicconcentrations, was addedl (o the
reaction mixture following the addition of the membmn€&he experiments were repeated at least three
times with practically identical results. Calculatedq{S shown for each experiment.

(B) The crystal structure of EcNhaA [23] is displayed in a giblgon representation. Space-filled atoms
represent residues that were examined for their involveimei® binding (Table 1). Residues that play a
role in mediating AP inhibition (Asn64, Phe71 and His225)catered green, while naive residues (Trp62,
Phe72 and Gly76) are colored yellow.

2.6. Comparison between Novel and Previously SuggestedHEL

Topologies

My model, which was derived from sequence alignments with &ifunat homologue,

presents a novel topology. A previously suggested topology, which wsed ban

hydrophobicity scales [137] (Fig. 2), was assessed by substitystgines for 83 of
NHE1's residues and determining the accessibility of theseitstdustcysteines to
cysteine-directed reagents from outside and inside thel&l].[That analysis (Fig. 3A)
yielded conflicting results in two regions, where accesgibtido both sides of the
membrane was apparent in adjacent residues. The authorstedgtyed such regions
could be inserted into the membrane and might play a role inaosldcation. | believe
that this is indeed the case in one of these regions, which imadgl is located at the
end of TM2 (see Discussion). The second region, located in the loopedre TM6 and

TM7, might play a role in pH regulation (Table 1 and Fig. 5).

Both of the predicted topologies assigned the location of the N- aedn@it of
NHE1l inside the cytoplasm, in accordance with the topology of EcNhad
experimental evidence [131, 132]. However, whereas the filssdgment in my model
begins at residue Vall29, Wakabayashi and co-workers predictedadaiional
segments at the preceding N-terminal end (Fig. 2). Thermdinal segment of NHE1 was

suggested to serve as a signal sequence [150], and consigtigmttifat suggestion my
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evolutionary conservation analysis disclosed that this regienfiitst ~110 residues) is
highly variable among N#H" exchangers, and in some of them is even missing.
Chymotryptic cleavage of the N-terminal region (residues ~1-18)wing expression

of NHEL, indeed had little effect on transport activity [132].

As shown in Fig. 2, although the suggested topology [137] contained twap Tt
segments at the N-terminus, the next six predicted TM hedieedap with my model.
Similarly, within the two topologies the last three helicesncidie (Fig. 2). The
remaining three segments (TM7-TM9) differ between the topolo@id and TM8 in
my model are predicted to be short (14 residues) relative to lilee stgments (19-27
residues). In contrast, the ninth TM segment predicted by Waashiagnd co-workers is
of normal length, and encompasses roughly these two short TM segnidns
assignment is presumably due to the constant size of the wihdbwe used in common
hydropathy plots.

The intracellular region that follows TM8 in my model unexpegteiiplays residues
that are accessible to external reagents, followed by irgEbtesesidues (TM9) and then
again by residues accessible to external reagents (theedxiierdoop between TM9 and
TM10). Wakabayashi and co-workers resolved this inconsistencysignasy an intra-
membrane span instead of a transmembranal one (Fig. 2). Asmatmbrane span in
this region was also suggested for frabidopsis thalianaNa'/H* exchangeisoform 1
(AtNHX1) [150]. Alternatively, it is possible that the intelular loop between TM8 and
TM9 participates in ion translocation and is therefore addes® external reagents. My

model structure is consistent with the latter possibility.

3. Discussion

Technical difficulties in experimental determination of the rbeme topology and 3D
structure of NHE1 prompted me to use computational tools to préesisgtructure based
on the crystal structure of the prokaryotic EcNhaA antiporter. #hisot a simple
undertaking because of the extremely low sequence identity betiestwo proteins,
and necessitated manual integration of the results of various cmpat tools. The
resulting NHE1 model structure is supported by evolutionary consamvatialysis and
empirical data, as elaborated in Results, suggesting tiegurésents a fair approximation
of the real structure of this protein. In addition, with the hélmy colleagues, | located
the binding site for inhibitors in both NHE1 and EcNhaA. The findingttretNHE1 and
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EcNhaA transporters, from human and bacteria, respectisielyre a common binding
site for inhibitors provides strong support for my contention that thet@R@ture of the
former can be based on the crystal structure of the,latempite their low sequence

similarity.

3.1. Functional Implications of the Model: Similarity to EcCNhaA

The most notably conserved helices in both NHE1 and EcNhaA are TMR, TM5,

TM8, and TM11, all located in the protein core (Fig. 3). | ssggoelow that the
similarity in conservation patterns of the two proteins, as agthe equivalent locations
of functionally important sites within them (Fig. 4), indicdteat they share similar

transport mechanisms.

3.1.1. The TM4 and TM11 Assembly Lays the Core of an AlternatmAccess
Mechanism

EcNhaA includes an assembly of the TM4 and TM11 segments, both unwindiogn
extended peptides in the center of the helix, which crossahehin the middle of the
membrane [23]. These irregular structures form dipoles thatstabilized by two
titratable residues located on TM4 (Asp133) and TM10 (Lys300) [28$.(BA and 4C).
Their positions are conserved in bacterial NhaA/N& antiporters as aspartate and
lysine residues respectively, and were shown to be esdentadtivity [151-153]. In the
NHE1 model structure the corresponding positions include, respectihelyessential
Asp238 (Table 2) and Arg425, (Fig. 4B), which are highly conserved amNétil-
related N&H" exchangers (Fig. 4D) as aspartate and arginine residugsctiesly, and
can also compensate for the helix dipoles. In addition, the regialicied to unwind
within TM11 in NHE1 contains two essential and conserved glycisidues (Table 1).
Glycines are not favored in helical structures, and their presenthis region of the
model structure might facilitate unwinding of the TM11 helix. Anotbenserved and
potentially charged residue, Arg458, is located on TM11 of NHEfs(EB and 4D). Its
mutations to cysteine abolishes expression of NHEL [137], ingpiyat it is structurally
important.

EcNhaA displays two funnels that were suggested to lay thedosgort path [23].
One funnel, open to the cytoplasm, is formed by the cytoplasmis paTM2, TM4,
TM5, and TM9. The other, open to the periplasm, is formed by thplgmmic parts of
TM2, TM8, and TM11. Both funnels are blocked in the middle of teenbrane near the
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TM4-TM11 assembly, and do not form a continuous pore [23]. Hunte and coworkers
suggested that conformational changes following pH activation présurabow two
alternating conformations of the cation-binding site at the botibthe funnels. They
pointed out that the TM4-TM11 assembly might lay the core oflteenating-access
mechanism, as the extended peptides in the middle of the nreardord their dipoles are
eminently capable of subtle and rapid conformational changesponge to activation
[23].

| suggest that the TM4-TM11 assembly plays a similar role ilENHecause of its
high conservation and the clustering of essential residues witege segments, both
critical factors in maintaining the structure, ion-transporttionaspecificity and

selectivity, and pH regulation of eukaryotic W& exchangers (Tables 1 & 2).

3.1.2. TM2 Shapes the Path of Cation Transport

TM2 contributes to the formation of the two funnels that are steges lay the path for
cation transport [23, 153] (Fig. 1B). The crystal structurEafhaA shows a bending of
the TM2 helix that is probably important for its structural rotgedestingly, the TM2
segment in my NHE1 model structure contains two proline residue$gPand Pro168;
Fig. 1B), both of which are essential (Table 1), and an additfnedl78 located at the
cytoplasmic end. Proline-rich segments correspond to irreguleahstructures [142],
and the assignment of this helix nicely fits its structugatires and supports my model
structure. In this respect, it is noteworthy that a peptidé ¢orresponds to TM2 in my
model (previously known as TM4), and which was studied using high-resolNiVIR
spectroscopy, displayed irregular structural properties [154}abyvine location of TM2
in my model structure, in combination with the mutagenesis datavisg that
substitutions of residues located on this segmesilt in a nearly inactive protein in
many cases (Tables 1 & 2), implying that this segment mighthla cation-transport

path, as suggested [154].

3.1.3. Residues in TM5 Serve as the Cation-Binding Site

TM5 is located spatially close to TM4 and TM11 and displays excefliiohagh
evolutionary conservation, mainly in residues facing the TM4-TMsskmbly, both in
EcNhaA and NHEL1 (Fig. 3). Extensive mutagenesis within TM5HEN demonstrated
its importance for expression and targeting to the membrane [d4fjcordance with its

strategic location in the protein core in my model.
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In EcNhaA, this helix includes two titratable residues, Aspl63/spl64 (Fig. 4A
and 4C). These residues, which are located in the middle oim#émbrane, are
evolutionarily conserved in the bacterial NhnaA'MH antiporters as aspartate residues,
are essential, and are considered to be the cation-binding sittb33According to my
model structure, the corresponding residues in NHE1 are Asn266 and Asp267,
respectively. These residues are highly conserved as asparginaspartate residues,
respectively, within the family of NHE1-related Md" exchangers. Asp267 is located at
the bottom of the cytoplasmic funnel (Fig. 1B) and, by conjectar@volved in cation
binding; a negativeharge at this position is indeed crucial for function [146], and even a
mild substitution abolishes the activities of NHE1 and issydnvomologue sod2 (Tables
1&2).

3.1.4. Is TM5 Responsible for the Different Stoichiometes in EcNhaA and NHE1?

| postulate that replacement of the negatively charged AsplB8NhaA by the neutral
residue Asn266 from NHE1 is important for the observed difference ahHN
stoichiometry between these two transporters (1:2 in EcNhaA andnl1NHEL).
According to my hypothesis, Aspl164 in EcNhaA or Asp267 in NHEl semwes t
alternately bind Naor H" (Fig. 1). On the other hand, Asp163 in EcNhaA binds the
second proton, while its equivalent in NHERAsn266—does not participate in cation
binding. Nevertheless, because Asn266 is conserved, essentig (Mja and facing
adjacent helices, | suggest that it might be of structurnabitance. Further mutations in
these residues in both EcNhaA and NHE1 are likely to shed sohteofigtheir role in

determining the NaH" stoichiometry of the transporters.

3.1.5. Titratable Residues, Unique to NHE1, Putatively Inveked in lon-
translocation
Besides Asn266 and Asp267 discussed above, another acidic residues,imdifdely
Glu262, was also shown to be crucial for the function of NHE1 and it ieenologue,
sod2 (Tables 1 & 2). This residue is fully conserved as glutanmaNHE1-related
Na'/H* exchangers, and its proximity to the cytoplasm (Fig. 4B and 4D)stgjthat it
might attract protons following cellular acidification (Fig. 1A)

Glu391 (TM9), which faces the cytoplasmic funnel, spatialbgelto the TM4-TM11
assembly (Fig. 4B and 4D), might play a role in the ion-traasion pathway. This

position is conserved in NHE1-related "M4" exchangers, where it is largely occupied
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by glutamate but also by either asparagine or glutamine. itttiost of glutamine for
Glu391 in NHE1 significantly reduced activity but did not abolish &€ 1), implying
that this residue is important in NHE1 but is not the main binsiieg

Overall, a cluster of three conserved acidic residues (GluRg§#267, and Glu391) is
located within the core of NHE1 (Fig. 4B and 4D), and | suggettitttiacilitates the
binding and translocation of the cations in this transporter, whé&sa®67, located at

the bottom of the cytoplasmic funnel, serves as the maionchinding site (Fig. 1).

3.1.6. TM8 Plays a Role in NHE1 Activity

TMS8 is highly conserved both among the bacterial NhaA/Haantiporters and among
NHE1-related N&H" exchangers (Fig. 3). Within this short helix, it is espegiall
noteworthy that His225 in EcNhaA and its equivalent Ser351 in NHE1 $Figlespite
their conservation and polarity, face the membrane. This obmervest especially
interesting in view of the demonstration by mutagenesis amalyisat different
substitutions in His225 shift activity to more acidic pH (H225R)toomore alkaline pH
(H225D), or abolish the activity of ECNhaA completely (H225A33, 155]. Rotation of
TM8 by approximately 180° would place the side-chains of His225 Nh&A&, and of
Ser351 in NHEL, in the external funnel. | therefore suggest ttataton of these
transporters involves rotation of TM8 around its axis, such tmeset residues can
participate in cation transport (Fig. 1).

Ser351 in NHE1 and its adjacent neighbor Gly352, which is esséTdiale 1), are
both highly conserved in NHE1-related " exchangers, mostly as serine and glycine
residues. Interestingly, my evolutionary conservation analysewesl substitutions of
aspartate residues for both Ser351 and Gly352 in a fungi-specific ofagiasma
membrane NdH" exchangers. The aspartate pair was shown to be importantifatyac
in several of these transporters (Table 2). The unique idariftthese residues implies a
specific trait that is attributed to fungi exchangers, égnediating cation transport, and

supports the importance of TM8 for activity.

3.2. A Putative Exchange Mechanism in NHE1

The scheme in Fig. 1A summarizes the suggested alternatiegsamechanism for
Na'/H* exchange in NHE, and Fig. 1B highlights the location of the nesidues that
are implicated in the exchange. Overall, the mechanismghwimvolves consecutive

transformations between pairs of conformations that are aticdleequilibrium, is
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driven by the concentration gradients of sodium or protons acrogsehwrane. The
cation-transport path is formed by two discontinuous funnels comprisEMaf TM4,

TM5, and TM9 at the cytoplasmic side and TM2, TM8 and TM11 atettieacellular

side. Upon activation by intracellular acidification, a profowssibly attracted by Glu262
(TM5), enters the cytoplasmic funnel and binds to Asp267 (TM5) ldcattéhe bottom
of the funnel (state 2 in Fig. 1A). Conformational changes, indbgetie TM4-TM11

assembly, which might include rotation of TM8 by approximately 18@n shield the
proton from the cytoplasm. Alternatively, an external path now opmetietextracellular
matrix (state 3 in Fig. 1A), which is enriched with sodium.sédium ion can now
compete with the proton for binding to the extracellular site, possibljiated by Ser351
(TM8) (state 4 in Fig. 1A). Binding of sodium favors the movententhe alternative
conformation, which shields the sodium cation from the extracelfo&rix and opens
the path to the cytoplasm (state 5 in Fig. 1A). The sodium canlibereleased and
replaced by a proton, again in accordance with the chemicalegtaal these cations

(state 2 in Fig. 1A), and the cycle continues.
4. Concluding remarks

My model structure of NHE1 is supported by phylogenetic and publighedieal data
available for NHE1 and other eukaryotic W& exchangers, specifically pertaining to
the protein core (TM2, TM4, TM5, TM8, and TM11). These censafjments are
evolutionarily conserved and include essential residues in thelN&tl EcNhaA
transporters. Moreover, both transporters display a clustatratable residues in the
center of the conserved protein core (Fig. 4) that are éms€rables 1 & 2) and are
presumably involved in conformational changes and cation translocatiars, Ty
colleagues and | are fairly confident of the correctness afngel structure of the core
of the NHEL1 transporter.

On the other hand, | note that the location of the peripfiddasegments TM1, TM3,
TM6, TM7, TM9, TM10, and TM12 in the model structure might be appnext, and
that the conformations of the extra-membranal loops aretitentddditional structural
data, e.g., from high-resolution cryo-EM and X-ray crystallographg needed in order
to further our knowledge of these regions. Nevertheless, the sresiulthis study
demonstrated that even a model structure, particularly whegrameel with experimental

data, can be used to propose testable hypotheses that wilatalfinshed light on
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function and regulatory mechanisms. They might also pave thetavstructure-based
drug design, yielding additional NHE1 inhibitors of clinical bigne

5. Methods

5.1. Classification and Nomenclature of NaH" transporters

5.1.1. NHE1 and EcNhaA Belong to Two Different Protein Farfies

NHEL is a part of the CPA family
TCDB (http://www.tcdb.org/tcdh)/is a database that classifies transport proteins [156]. In

this database, membrane proteins that transport monovalent catiexshange for protons
belong to the CPA (Cation:Proton Antiporter (TC#2.A.37)) superfaniiB6]. They are
roughly assigned to three families: CPA1 (TC#2.A.36), CPA2 (TCRZ)Aand the Na
transporting carboxylic acid decarboxylase (NaT-DC) family#3.®.1).

The CPA1 and CPAZ2 families contain exchangers from bacteciaaea, and eukaryotes.
Members of the CPA1 family mostly catalyze "Nl exchange, although some might also
transport LT or even C¥ instead of N&[156]. The CPAL family includes the functionally
characterized mammalian ME" exchanger (NHE) isoforms, also referred to as the solute
carrier 9A (SLC9A) by the HUGO nomenclature [157]

(http://www.gene.ucl.ac.uk/nomenclatyreand the plant and yeast NHX transporters.

Members of the CPA2 family catalyze botiVK" and N&/H" antiport, as well as Kuniport,
and include the KefB/KefC Kefflux proteins ofE. colithat are responsible for glutathione-
gated K efflux [156]. Members of the NaT-DC family are so far kmoto contain only
bacterial proteins. They export Nlsom the cell using the energy from decarboxylation of a
carboxylic acid substrate.

EcNhaA is a part of the NhaA N&i* antiporter family

EcNhaA (the main N#H™ antiporter inEscherichia coli is classified in TCDB as a unique
family called the NhaA NaH" antiporter (NhaA) family (TC#2.A.33).

5.1.2. NHE1 and EcNhaA Belong to the Same Superfamily of Trapsrters

Pfam is a comprehensive database for protein domains and farRil@ein families that
have arisen frona single evolutionary origin are clustered in clans. The CAd CPA2
families (that include NHE1), the *Kiransporter (Trk) family and the NhaA family (that

include EcNhaA) are classified into one Pfam clan (the BFPAglan) along with proteins
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that are involved in sodium transport and other proteins of unknown functioh Pfaén
divides this clan into 10 different families. The sodium/hydrogrchanger family (Pfam
accession no. PF00999) includes proteins from the CPAl and CPA2 TambiBes.
EcNhaA belongs to a different Pfam family, the’ Mt antiporter 1 family (Pfam accession

no. PF06965), which includes only bacterial proteins.

5.2. Evolutionary Conservation Analysis of the NhaA N&aH™ Antiporter
Family
The Pfam [139] alignment for the NhaA ™" antiporter 1 family (Pfam accession no.
PF06965), comprising 198 sequences, was taken as the irital ls@mologous sequences.
Redundant (>95% sequence identity) and fragmented sequences weeledis This
intermediate multiple sequence alignment (MSA) of 136 sequenassed to generate a
Hidden Markov Model [159], which was subsequently utilized to colle@mologous
sequences from the UNIPROT database [118]. Full-length sequehtigese proteins were
aligned using the MUSCLE program [120]. The N- and C-terminaltipasi of the
alignments were then cut to fit the sequence of EcNhaA (resitit®38) (SwissProt entry:
NHAA_ECOLI). Redundant (>95% sequence identity) and fragmentpaesees, sequence
variants, and mutants were discarded. Also discarded werinzahat were sequenced by
the Whole-genome Shotgun (WGS) project and are therefore considguealiminary data.
The resultant MSA contained 94 sequences of bacterial proteins.

Based on the 94-sequence MSA, evolutionary conservation scoresalriated using a
Bayesian method [121] and projected onto the 3D structure of ECKPRB entry 1ZCD;
[23]) using the ConSurf web server (http://consurf.tau.ac.il/) [5].

5.3. Evolutionary Conservation Analysis of NHE1-Related N#H"

Exchangers

The ConSeq web server (http://conseq.bioinfo.tau.ac.il/) [E3 wsed to generate an initial
alignment of N&H" exchangers as follows. Human NHEL (residues 105-505) (SwissProt
entry: SL9A1 HUMAN) was used as a query sequence to collect bgoud sequences
from the UNIPROT database [118] using PSI-BLAST [119]. Thelteg 216 sequences
were aligned using MUSCLE [120] with default parameters. Redun@d@% sequence
identity) and fragmented sequences were discarded. Theardsuliermediate MSA of 151
sequences was used to generate a Hidden Markov Model [159], whickubsaquently

utilized to collect remote homologous sequences from the UNIP&@dbase [118] that
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were aligned using MUSCLE [120]. From the 516 hits found, redund&%s%>sequence
identity) and fragmented sequences, sequence variants, and snwéat discarded along
with sequences that included irregular characters or oneswtrat sequenced by WGS
project. | then limited the boundaries of the MSA to positions spmeding to residues
126-505 of NHE1, which corresponds to my 3D model of NHE1 described in tinetewai
The final alignment of 305 proteins from all kingdoms was exatusd Nd/H* exchangers
related to NHE1 and highly reliable to infposition-specific evolutionary information for
this transporter.

Based on the 305-sequence MSA, evolutionary conservation scoresaierated using
a Bayesian method [121], and, using the ConSurf web-server /gutsurf.tau.ac.il/) [5],
were projected onto the 3D model of NHE1 described below.

5.4. Identifying the Fold of Eukaryotic Na'/H* Exchangers

Neither the search performed with PSI-BLAST nor the Hidden MaModel built for
NHE1-related N¥H" exchangers could detect sequences from the prokaryotic NnaANa
antiporter family, probably because of low sequence similafiterefore, to detect those
protein structures most likely to possess a similar fold to tfiatukaryotic N&H"
exchangers, | used profile-to-profile alignments implementethenFFAS03 server [138].
The sequences of both human NHE1 (SwissProt entry: SL9A1 HUNBXN) the yeast
Na'/H" transporter sod2 (SwissProt entry: NAH_SCHPO) were used asesjuéri both

cases, EcNhaA was the closest homologue whose 3D struckun@ns.

5.5. Pairwise Sequence Alignment between Human NHE1 afatNhaA
Generally, and in particular when the sequence homology isthewse of MSAs to deduce
a particular alignment between two sequences produces a rearataaesult than the use of
a simple pairwise alignment [22, 140, 160]. Moreover, it wwasviously shown that
construction of alignments using sequence profiles and Hidden Markov Ma86]sresults
in a more accurate match than using standard sequence-basedeati) [160-163]. The
Pfam database [139] provides state-of-the-art Hidden Markov Muabeld alignments for
protein domains that are predicted to arise feosingle evolutionary origin, referred to as
clans [158]. | therefore used the Pfam's MSA for the clan ceingriboth EcNhaA and
NHE1, and extracted 107 sequences including the bacterial Nn&A Nmtiporter 1 family
(22 sequences including EcNhaA) and the CPA’Haexchanger family (85 sequences

including NHE1). The alignment was also recalculated using MUES[PRO0] to provide an
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additional alignment method, thereby substantiating the alignmeattigacy. Two pairwise
sequence alignment between human NHE1 (SwissProt entry: SL9A1_INY Al EcNhaA
(SwissProt entry: NHAA _ECOLI) were directly deduced from M&As constructed by
Pfam orMUSCLE, as described above. Gaps in corresponding positionselarieated.
Because both alignments yielded similar results, | made nbefuttse of the MUSCLE
alignment.

The FFASO03 server applies profile-to-profile alignments and aréaldgnition algorithm
to detect and align structurally determined proteins to a givguesee [138]. As mentioned
above, this method detected EcNhaA as the closest strugtdeairmined homologue to
NHEL. | therefore used the resulting sequence alignment betwesa proteins as an
additional pairwise alignment.

The HMAP server [140] offers an additional state-of-the-pgra@ach, which | used to
calculate the alignment between NHE1l and EcNhaA. HMAPhdstafor ‘hybrid
multidimensional alignment of profiles'. This approach combinésrmation on sequence
and structure (including secondary and tertiary structures) in omdealign remote
homologous sequences as accurately as possible [140, 161, 162]. NuiBan(SwissProt
entry: SL9A1 HUMAN) was used as the query sequence and EcNhaB éRDy: 1ZCD
[23]) as the template structure with default parameters nergee an additional pairwise

alignment.

5.6. Homology Modeling

Modeling of the structure of NHE1 (SwissProt entry: SL9A1_HUMAM)gidues 126-
505, was based on the template structure of EcNhaA (PDB en@i;1]23]), using the
homology modeling program NEST [22] with default parameters.fiflaé model was

based on the pairwise alignments constructed as desamibieel Results.

5.7. Experimental Procedure

The procedures carried out by Katia Herz (under the supervisi@taof Padan) are

described in Appendix III.

5.8. Figures

Figs. 1B, 3B, 4, 5 and 6B were drawn with PyMol (DeLano, WIbhe PyMOL
Molecular Graphics System (2002) Delano Scientific, San Gar@a, USA.
http://www.pymol.org.
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6. Tables
6.1. Table 1. Published Mutations in Human NHE1

Mutations | Structural | Conservation | Equivalent | Notes Citation
in Human | Location (1-9: Residue in
NHE1 Variable-to- EcNhaA

Conserved)

NHE/EcNhaA

Putatively Essential Residues

Gly148 Loopl-2 1/3 Ser31 Moderately important fgr[164]
(examined inhibitor binding.
in the rat
NHE1 - G148A - reduced
residue sensitivityto EIPA by 3-
G152) fold.
Prol153+ Loopl-2 2/1 Gly36+ Moderately important for | [164]
Prol54 3/1 Trp36 inhibitor binding.
(examined
in the rat P153S/P154F — reduced
NHE1 — sensitivityto EIPA by 7-
Prol57+) fold.
Pro158)
Phel61 T™2 718 lle63 Important for activity and| [154, 165]
(examined also for inhibitor binding.
also for the Suggested as a pore-lining
hamster residue.
NHE1 -
F165) F161Y — increases the K
for amiloride by 40-fold
and reduces the Na
transport rate by 3- to 4-
fold.
The effect was also shown
for F161Y+F164Y
(substitutions as in
NHE4).
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Phel62

+lle169
+lle170

™2

™2

7/9

9/9
8/9

Asn64

Phe71+
Phe72

Important for transport
and inhibitor binding.

F162S — dramatic
decrease in affinity for
cariporide and amiloride
by 1550- and 150-fold,
respectively. The mutant
also reduces the affinity
for sodium.

F162S together with
1169S or 1170T —

Normal cation-binding
(reversion phenotype), by
still interference with the
inhibition by cariporide.

F162S/1169S/1170T triple
mutant — the affinity to
sodium is as for wt
(reversion phenotype),
low affinity to cariporide,
and a 4- to 5-fold increas
in its Km for lithium.

1169S+I170T —
Interference with ion-
translocation, but no
effect on inhibition by
cariporide.

1169S alone — No effect.
1170T alone — No effect.

—

1%}

[166]

Leul63

(examined
also for the
hamster
NHE1 —
L167)

™2

5/9

Asp65

Important for inhibitor
binding.

L163F — reduces the
effectiveness of EIPA ang
MPA to block transport
by ~30-fold, and that of
amiloride by 3-fold.

Note: the corresponding
residue to NHE1's Leul6
in rabbit NHE2 (Leul43)
is also involved in
amiloride binding [167].

]

[164, 165]

Prol67

™2

8/8

Ala69

Important for activity.

P167G/C - abolishes NH
activity.

P167A - markedly
decreases activity.
P167G/C/A- expressed a
lower levels compared to

[

[168]

86




wt, and a significant
portion of P167G and
P167C is retained
intracellularly.

Pro168

T™M2

7/5

Val70

Important for activity.

P168A/C - abolishes
activity.

P168G - markedly
decreases activity.

P168 G/C/A -expressed 4
levels similar to wt and
targeted to the plasma
membrane.

[168]

At

Glyl74

T™M2

8/9

Gly76

Moderately important for
inhibitor binding.

G174S — shows 3.3-fold
decrease in amiloride
affinity.

G174D - shows 4-fold
decrease in amiloride
affinity.

G174A - no change is
amiloride affinity.

[147]

Leul63+
Glyl74

™2

5/9
8/9

Asp65+
Gly76

Important for inhibitor
binding.

L163F/G174S double
mutant — as active as the
wt, but reduced affinity
for sodium and for
amiloride and its
derivatives compared to
that of the wt.

Each of them alone does
not affect N4 affinity.

[165]

Argl180

T™M2

5/9

Glugd2

Important for allosteric
regulation.

R180K - reduces
sensitivity to intracellular
protons.

[169]

lle251

Loop 4-5

8/8

Vall148

Moderately important fa
inhibitor binding.

1251A — more resistant to
EMD87580 by 3-fold
compared to wt.

r[146]

Leu255

TMS

7/8

Leul52

Important for activity an
moderately important for
inhibitor binding.

L255A - more sensitive td

d[146]

EMD87580 by 2.5-fold.

87




Also show direct effects
on activity.

lle257 TM5 716 lle154 Important for activity. [146]
I1257A - shows direct
effectson activity.

Val259 TM5 8/9 Leul56 Important for activity. [146]
V259A — shows direct
effectson activity.

Phe260 TM5 8/6 Met157 Important for activity. | [146]
F260A — shows direct
effectson activity.

Gly261 TM5 9/8 Alal58 Important for activity. [146]
G261A - shows direct
effectson activity.

Glu262 TM5 9/8 Leul59 Important for activity. | [144, 146,

171]

E262Q - abolishes
activity.

E262D - reduces activity
(less than 25% of that of

the wt) and also decreases

affinity for Li*. The
substitution of aspartate
for glutamate, with its
smaller side, chain may
reduce the ability of the
protein to coordinate the
smaller lithium ion, while
still allowing for
coordination of the larger
Na' ion.

E262D/Q - expressed an
targeted to the plasma
membrane.

E262] - abolishes
activity; the nature of the
defect was not
investigated.

E262A - low expression
and majoeffects on
targeting (found
principally in intracellular
compartments). However
even after correcting for
targetingand expression,
the corrected activity of
Glu262 was only 52%f
control levels, indicating
there was still a
significantdefect in the

Na'/H* exchanger
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activity.

Note: the residue that
corresponds to E262 in
the sod2 transporter from
Schizosaccharomyces
pombe(fission yeast)
(Glul173) is also critical
for activity [170].

Leu265

TM5

8/7

lle162

Moderately important fo
inhibitor binding.

L265A — more sensitive
to EMD87580 by 10-fold.

F [146]

Asn266

TMS

9/9

Aspl63

Important for activity.
N266A — shows direct
effectson activity.

[146]

Asp267

TMS

9/9

Asp164

Important for activity.

D267N - no activity.
D267E — active.

Note: the residue that
corresponds to E262 in
the sod2 transporter from
Schizosaccharomyces
pombe(fission yeast)
(Aspl78) is also critical
for activity [172].

[144, 146]

Thr270

TM5

8/9

Alal67

Important for activity.

T270A - shows direct
effectson activity.

[146]

Val272

TM5

9/4

lle169

Moderately important fo
inhibitor binding.

V272A - more resistant td
EMD87580 by 5-fold.
The mutant also shows
reduced expression with
no effect on activity.

r [146]

Leu273

TMS

7/8

llel70

Moderately important fo
inhibitor binding.

L273A — shows reduced
expression, but after
correction for protein
expression, its activity
was greater thahat of
controls. Also shows
increased resistance to
EMD87580 by 2.5 fold.

r[146]

Arg327

Loop 6-7

4-

Gap(204-

Important for pH

[169]
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205)

regulation.

R327E - significantly
shifts the pH set point of
NHEZ1 to the acidic side.
R327K — no effect.

Arg330

Loop6-7

6/-

Gap (204-
205)

Important for allosteric
regulation.

E330M - reduces
sensitivity to intracellular
protons.

R330Q — no effect.

[169]

Glu346
(examined
also in the
rat NHE1 —
E350)

Loop 7-8

717

Leu220

Important for activity an
for inhibitor binding.

E346Q —reduces
sensitivity to amiloride
and EIPA by 20and 127-
fold, respectively, and
also reduces the transpof
rate.

E346/D/N - reduces
sensitivity to EIPA by
~500- and ~60-fold,
respectively, and also

reduces the transport rate.

E346D - also reduces th
affinity for sodium.

This residue has no effec
on pH regulation.

d[164, 173]

—

D

His349

T™M8

5/9

Gly223

Moderately important fo
inhibitor binding.

H349Y/F — increases
sensitivity to amiloride by
~2-fold.

H349G/L - reduces
sensitivity to amiloride by
~2-fold.

H349S (mimics NHE3) —
practically no effects on
amiloride sensitivity
H349G/L/Y/FIS — all as
active as the wt, with
similar affinities for the
cations.

F[174]

Gly352
(examined
in the rat
NHE1 —
G356)

T™M8

8/8

Ala226

Important for activity ang
inhibitor binding.

G356A - reduces the

apparent half-maximal
inhibition of NHE1 by

amiloride, EIPA and

[164]
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HOEG694 by ~5-, 32-, and
342-fold, respectively.

G352S - decreases EIPA
sensitivity by 72-fold.
G352D - decreases EIP4
sensitivity by 33-fold.

G352S/L/ID/K —
significantly reduces
transport.

This residue has no effec
on pH regulation.

Note: the corresponding
residue in NHE3 (A305)
is also involved in
amiloride binding [164].
Also, the corresponding
residue inC. albicans
Cnhlp (Asp267) [175]5.
cerevisiaeNhalp
(Asp267) [176],
Schizosaccharomyces
pombe(Asp267) [170,
172], and
Zygosaccharomyces
rouxii Sod2-22p (Asp266
[177] are crucial for
function.

\

Leul63+
Gly352
(examined
in rat NHE1
L167+
G356)

™2
T™M8

5/9
8/8

Asp65
Ala226

Involved in inhibitor-
binding.

L163F/G352A — shows
164-fold lower affinity for
EIPA compared to wt.

[164]

Glu391

T™M9

9/7

Leu264

Important for activity.

E391Q — activity is
greatly reduced, but not
abolished.

E391D - active.

Note: the corresponding
residue in

In theSaccharomyces
cerevisiaeNhx1 (Glu355)
is also important for
activity [178].

[144]

Cys421

TM10

6/9

Leu296

Important for activity.

C421S - small decrease
in activity, located in the
plasma membrane.

[179]

Arg440

Loop10-11

4/6

Lys315

Important for pH

regulation.

[180]
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R440C/D/E/H/L — shift
the pH set point of NHE1
to the acidic side with no
effect on ion
translocation.

Gly455

TM11

8/7

Cys335

Important for pH
regulation.

G455C/Q/T/V - shift the
pH set point of NHE1 to
the alkaline side with no
effect on ion
translocation. The shift
grows larger as the
residue becomes bulkier,
suggesting a steric
hindrance.

[180]

Gly456

T™M11

9/9

Gly336

Important for pH
regulation.

G456C - shifts the pH se
point of NHE1 to the
alkaline side with no
eaffect on ion
translocation.

[180]

Putatively N

pnessential

Residues

Cys8

N-terminal

Essential for localization
nonessential for function

C8R/S - intracellular
localization (Golgi).
However, small amounts
of antiporter that reach th
membrane are active.

[179]

Asn75

N-terminal

Glycosylation site.
N75D — active as the wt.

[181]

Cys113

N-terminal

C113S - as active as th
WT, located in the plasma
membrane.

2 [179]

His120

N-terminal

H120G - as active as th
wt.

5 [171, 174]

Cys133

™1

7/5

llel6

C133S - as active as th
WT, located in the plasmd
membrane.

2 [179]

Prol178

T™M2

7/9

Lys80

P178A — as active as th
wt, located in the plasma
membrane, expressed at
levels similar to wt.

° [168]
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Glu184

Loop 2-3

4/9

Glys6

E184H -

Note: Mutation in the

corresponding position in
sod2 (His98) also failed tq
change activity [172, 182]

[169]

Cys212

Loop 3-4

Gap(116-
117)

C212S - as active as the
wt. Located in the plasma
membrane.

[179]

Asp238

™4

9/9

D133

D238N - as active as the[144]

wt.

Note: the corresponding
residue in the sod2
transporter from
Schizosaccharomyces
pombe(fission yeast)
(Aspl145) is critical for
activity [170, 172].

Pro239

™4

9/9

1134

P239A - as active as the [144]

wt.

Note: the corresponding
residue in the Sod2-22
transporter from
Zygosaccharomyces roux
(Pro145) is critical for
activity [183].

Glu248

™4

6/8

Leul4d3

E248Q — as active as wt

[169]

His250

Loop4-5

5/7

Argl4a7

Preliminary data suggesg
that it is not involved in
exchanger function.

t[171, 174]

Leu254

TM5

6/7

Alal51

L254A — shows reduced
expression but no effect o
activity.

[146]

His256

TM5

6/9

Lys153

H256A — shows reduced
expression but no effect o
activity.

[146]

Ser263

TM5

9/9

Alal160

S263A - as active as th
wt.

5 [144]

Val269

TM5

8/7

Gly166

V269A — active.

[146]

Val271

TM5

8/9

lle168

V271A - shows reduced
expression but no effect o
activity.

[146]
N

His325

Loop6-7

4-

Gap(204-
205)

H325C - as active as the

[171, 184]

Wwt.
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Ser359 T™M8 716 Val233 S359A - as active as the [144]
wit.

Asn370 Loop 8-9 6/1 His243 N370D — as active as the[181]
wit.

Ser387+ T™M9 716 Ala260+ S387A/S388A — as active| [144]

Ser388 6/6 Tyr261 as the wt.

Ser390 T™9 8/7 1le263 S390A — as active as the[144]
wit.

Thr392 T™M9 719 Pro265 T392V — as active as the [144]
wit.

Ser401 Loop9-10 715 Ser275 S401A — as active as thg¢144]
wit.

Thr402 Loop9-10 6/4 Leu276 T402V — as active as the[144]
wit.

Ser406 Loop9-10 1/2 Thr280 S406A — as active as thg144]
wit.

Asn410 Loop9-10 1/1 Thr285 N410D- as active as the[181]
wit.

Lys438 Loop 10-11 | 1/6 Arg313 K438E- as active as the [169]
wit.

Lys443 Loop 10-11 | 1/1 His318 K443E- as active as the [169]
wit.

Cys477 Loop 11-12| 6/2 D354 Essential for localizationf179]
nonessential for function.
C477S - intracellular
localization (Golgi).
However, small amounts
of antiporter that reach the
membrane are active.

Table 1 The mutations are divided into putatively essential and nonesseatg&gl Bhe
locations of the mutations on the predicted topology suggested irpapisr and their
corresponding numbers in EcNhaA are indicated. Conservation scareNHE1 and
EcNhaA are according to the ConSurf 1-9 (variable-to-conserved, szatulated using
305 NHE1-related N@H" exchanger homologous sequences or 94 bacterial NhaAiNa
antiporters, respectively, as described in Methods in ch@ptEMD87580 is an amiloride

analog. MPA: N-methyl-N-propylamiloride; EIPA: 54(-ethyl-N-isopropyl) amiloride.
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6.2. Table 2. Published Mutations in Eukaryotic N&H* Exchangers

Mutations | Structural | Conservation | Corresponding | Notes Citation
Location (1-9: Residue in
Variable-to- NHE1/EcNhaA
Conserved)
NHE/EcNhaA
Putatively Essential Residues
Leul43 T™M2 5/9 Leul63/Asp65 Important for inhibitgr [167]
In rabbit binding.
NHE2
(SL9A2_RA Note: the
BIT) corresponding positiomn
in NHEL1 is also
involved in amiloride
binding [165].
Thr141 T™4 8/7 Ser235 /Alal30 Important for activity. [185]
In
Zygosacchar T141S produces a
omyces broadened cation
rouxii Sod2- selectivity of the
22p antiporter for K, in
(QOUUT4 7 addition to N& and
YGRO) Li".
Aspl145 ™4 9/9 Asp238/ Important for activity. | [170, 172]
In Aspl133
Schizosacch Note: in NHE1,
aromyces mutation of D238N is
pombe not crucial for
(fission function [144].
yeast) sod2
(NAH_SCH
PO)
P145 T™4 9/9 Pro239/lle134 Important for activity} [183]
In
Zygosacchar P145S/T - decreases
omyces the antiporter transport
rouxii Sod2- activity for both N&
22p and Li", yet enables
(QoUUT4_z ZrSod2-22p to
YGRO) transport K.

P145D/K - abolishes
activity.

P145G - extremely
low activity for
exchanging Na

Note: the
corresponding
residues irs.
cerevisiaeNhal
antiporter (Pro146) ars
also critical for

7%
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function [183].
However, mutation in
the equivalent position
in NHE1(P239A) is
not crucial for activity
[144].

Serl50 T™4 8/8 Ala244/ Important for activity. | [185]
In Gly139
Zygosacchar S150T produces a
omyces broadened cation
rouxii Sod2- selectivity of the
22p antiporter for K, in
(QOUUT4 7 addition to N&d and
YGRO) Li™.
S150K/R — abolishes
activity.
S150V/D - no
significant change in
substrate specificity.
Glul73 T™M 5 9/8 Glu262/Leul59 Important for activity, [170]
In
Schizosacch
aromyces Note: the
pombe corresponding residue
(fission in NHE1 is also
yeast) sod2 crucial for function
(NAH_SCH [144].
PO)
Aspl78 T™M 5 9/9 Asp267/ Important for activity. | [172]
In Aspl64
Schizosacch Note: the
aromyces corresponding residue
pombe in NHEL1 is also
(fission crucial for function
yeast) sod2 [144].
(NAH_SCH
PO)
Asp241 loop 6-7 6/- lle326/gap Intermediate [176]
In importance for
Saccharomy activity.
ces
cerevisiae D241N - little effect
Nhalp on Na efflux but
(NAH1_YE significantly reduces
AST) K* efflux.

Note: the
corresponding residue
in sod2
Schizosaccharomyces
pombe(Asp241)
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displays intermediate
to insignificant
importance for the
function of the
transporter [170, 172,
182].

Asp265 T™M8 9/9 Ser351/His225 Important for activity. [177]

In

Zygosacchar D265V — not active.

omyces Note: the

rouxii Sod2- corresponding

22p residues irC. albicans

(QoUUT4_z Cnhlp (Asp266)

YGRO) [175], S. cerevisiae
Nhalp (Asp266) [176]
and
Schizosaccharomyces
pombe(Asp266) [170,
172] are also crucial
for function.

Asp266 T™M8 8/8 Gly352/ Important for activity. | [177]

In Ala226

Zygosacchar D266V — not active.

omyces

rouxii Sod2- Note: the

22p corresponding

(QoUUT4_z residues in rat NHE1

YGRO) (G356) and also in
NHE3 (A305) are
involved in amiloride
binding [164].
Also, the
corresponding
residues irC. albicans
Cnhlp (Asp267)
[175], S. cerevisiae
Nhalp (Asp267) [176]
and
Schizosaccharomyces
pombe(Asp267) [170,
172] are crucial for
function.

Glu355 T™M9 9/7 Glu391/Leu264 Important for activity} [178]

In the

Saccharomyc E355A — sever

es cerevisiae impairment of growth.

Nhx1 E355Q- partial

(NAH2_YE impairment of growth.

AST)
Note: the
corresponding residue
in NHE1 is also
important to activity
[144].

His367 ™ 11 77 Tyr454/Leu334 Important for activity| [172, 182]

In and pH regulation.
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Schizosacch

aromyces H367/A - not active.
pombe H367D - pH shift to
(fission more alkaline pH.
yeast) sod2
(NAH_SCH Note: the
PO) corresponding residue
in NHE1 is important
for cellular
localization [184].
Putatively Nonessential Resjdues
His67 T™M2 5/6 GIn157/Met59 Mutation does not | [182]
In significantly impair
Schizosacch proton translocation.
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)
His98 loop 2-3 4/9 Glu184/Gly86 Mutation does not | [172, 182]
In significantly impair
Schizosacch proton translocation.
aromyces
pombe Note: mutation in the
(fission corresponding position
yeast) sod2 in NHEL1 also fails to
(NAH_SCH change activity [169].
PO)
His233 loop 6-7 3/- Phe322/gap Mutation does not | [172, 182]
In significantly impair
Schizosacch proton translocation.
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)
His424 T™M12 9/8 GIn495/ Ser372 Mutation does not | [182]
In significantly impair
Schizosacch proton translocation.
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)
His429 T™M12 6/1 Arg500/ Mutation does not [182]
In Tyr377 significantly impair
Schizosacch proton translocation.
aromyces
pombe
(fission
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yeast) sod2
(NAH_SCH
PO)

Table 2 The mutations are divided into putatively essential and nonesseatg&gl Bhe
locations of the mutations on the corresponding positions in the f@@dopology suggested

in this paper for NHE1 and their corresponding numbers in EcNh&A iraticated.
Conservation scores are according to the ConSurf 1-9 (variabtmterved) scale,
calculated using 305 NHE1-related W4 exchanger homologous sequences or 94 bacterial
NhaA N&/H" antiporters, as described in Methods in chapter 2.

6.3. Table 3. AP sensitivity of ECNhaA mutants

tﬁgcl\jﬂ?aqlg‘; NaCl ICso (UM AP) | LiCl IC 5o (uM AP)
Wild-type 1.7 2.2
W62C TM2 1.2 1.5
F71C T™2 0.3 0.8*
F72C T™2 1.8 2.6
G76C T™2 1.6 1.2
N64C TM2 0.5 17
H225R ™8 1* 2.3
H225Q T™M8 0.8 7.8

Table 3: For calculation of the I§ values of AP inhibition, the activity of the antiporter in
percent dequenching (100% corresponds to the activity in the absend®) ofa& plotted
versus different AP concentration as previously described [134]. N&#H"™ or Li*/H*
antiporter activity was measured at various ion concentrationsa the apparemd, at the
pH of maximal activity (pH 8.5 or pH 7.5 *). igvalues of AP inhibition in mutants that are
different by more than 3-fold than wild-type are bolded.
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CONCLUDING REMARKS

During my doctoral work, | came to the understanding that using ardatgation approach
has the potential to go a long way in providing new framewoxks mechanistic
understanding of central processes in biology. Most prominently, altlgrappreciate the
significance of conducting computational studies that are coupled &vimemts. My work
has been focused on the examination of two transmembrane proteiegabuolih essential to
cellular functions and also play a role in terminal diseasesteldre, the understanding of
their regulatory mechanisms at the molecular level ipenative and directly related to
developing therapies.

My research on the ErbB family employed structural and phylogeaeélyses, integrated
with published experimental data, to explore the mechanism of EgbBlation at the
molecular level. This research presents a comprehensive vitwe aivailable data on these
proteins, which has now reached a crucial stage, where the egptirdata and models are
on the point of converging in support of a unified mechanism of recegtioaton. My
research also discusses the significance of this mechanismpatbological conditions.
Finally, | studied the molecular interpretationtbé effect of cancer-causing mutations and

their implication on therapy with the anti-ErbB drugs.

My work on the N&H" exchangers resulted in a model structure for NHE1. This model
provided a framework for integrating phylogenetic and biochendigta to suggest a scheme
for the ion-translocation mechanism at the molecular leiteis likely that my model
structure will lead to revision of the field, because it provitlee means for formulating
hypotheses and testing them empirically, e.g., by using mutatisnsloae by my
collaborators. It might also pave the way to structure-basedddsign of additional NHE1

inhibitors of clinical benefit.
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ABSTRACT

Key amino acid positions that are important for main-
taining the 3D structure of a protein and/or its func-
tion(s), e.g. catalytic activity, binding to ligand, DNA
or other proteins, are often under strong evolutionary
constraints. Thus, the biological importance of a
residue often correlates with its level of evolution-
ary conservation within the protein family. ConSurf
(http:/consurf.tau.ac.il/) is a web-based tool that
automatically calculates evolutionary conservation
scores and maps them on protein structures via a
user-friendly interface. Structurally and functionally
important regions in the protein typically appear as
patches of evolutionarily conserved residues that are
spatially close to each other. We present here version
3.0 of ConSurf. This new versionincludes an empirical
Bayesian method for scoring conservation, which is
more accurate than the maximum-likelihood method
that was used in the earlier release. Various additional
steps in the calculation can now be controlled by a
number of advanced options, thus further improving
the accuracy of the calculation. Moreover, ConSurf
version 3.0 also includes a measure of confidence
for the inferred amino acid conservation scores.

INTRODUCTION

The degree to which an amino acid position is recessive to
substitutions is strongly dependent on its structural and func-
tional importance. An amino acid that plays an essential role,
e.g. in enzymatic catalysis, is likely to remain unaltered in spite
of the random evolutionary drift. Hence, the level of evolution-
ary conservation is often indicative of the importance of the
position in maintaining the protein’s structure and/or function.

ConSurf is a web server for mapping the level of evolution-
ary conservation of each of the amino acid positions of a protein
onto its 3D structure (1). The conservation scores are calculated
based on the evolutionary relations among the protein and
its homologs and the probability of residue replacement as
reflected in amino acid substitution matrices (2,3). The scores
are subsequently translated into a discrete coloring scale that
is used to project them on a known 3D structure of one of the
homologous proteins. The server is implemented in a user-
friendly interface that enables scientists from the experimental
biology as well as the bioinformatics communities to explore
the evolutionary history of a protein of known 3D structure and
to identify structurally and functionally important positions.
We provide here a brief review of ConSurf with emphasis
on the new features that were added recently.

METHODS

A short description of the methodology is provided here and a
more detailed description is available at http://consurf.tau.ac.il/,
under ‘OVERVIEW’, ‘QUICK HELP’ and ‘FAQ’.

ConSurf protocol

A flow chart, describing the ConSurf protocol, is presented
in Figure 1. The minimal input requirement for ConSurf is a
four-letter PDB (4) code and the relevant chain identifier of
the query protein. Alternatively, a user-provided protein struc-
ture in the form of a PDB file can be uploaded. Using the 3D
structure of the query protein as an input, the following steps
are automatically carried out by ConSurf:

(i) The amino acid sequence is extracted from the PDB file.
(ii) Homologous sequences in the SWISS-PROT database (5)
are searched and collected using PSI-BLAST (6).
(iii) A multiple sequence alignment (MSA) of these sequences
is computed using CLUSTAL W (7).
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Figure 1. A flow chart of a ConSurf calculation.

(iv) A phylogenetic tree is reconstructed based on the MSA,
using the neighbor-joining algorithm (8) as implemented
in the Rate4Site program (3).

(v) Position-specific conservation scores are computed using
the empirical Bayesian (2) or maximum-likelihood (3)
algorithms.

(vi) The continuous conservation scores are divided into a dis-
crete scale of 9 grades for visualization purpose. Grade 1
contains the most variable positions and is colored tur-
quoise; grade 5 contains intermediately conserved posi-
tions and is colored white; and grade 9 contains the most
conserved positions and is colored maroon.

(vii) The nine-color conservation grades are projected onto the
3D structure of the query protein.

The sensitivity and selectivity of the search for homologous
proteins [step (ii) above] can be controlled by adjusting the
number of PSI-BLAST iterations, the PSI-BLAST E-value
cut-off and the maximum number of sequences extracted
from PSI-BLAST (6). As an alternative to this automatic
search, the server accepts a user-provided MSA. In such a
case, steps (ii) and (iii) in the outline protocol are skipped.

ConSurf outputs

After the calculation begins, ConSurf produces a status page
indicating the computation parameters along with the different
stages of the server activity. The main result of a ConSurf
calculation is under the link ‘View ConSurf Results with Pro-
tein Explorer’, which leads to the graphic visualization of the
query protein, color coded by conservation scores, through the
Protein Explorer interface (9). The continuous conservation
scores of each of the amino acid positions are available under
the link ‘Amino Acid Conservation Scores’, along with the
color grades and additional data. The script command for
viewing the 3D structure of the query protein, color coded
by conservation scores, is available under the link ‘RasMol
coloring script source’. This file can be downloaded and used
locally with the RasMol program (10), thus producing the

B2 314 5 5 70
Variable Conserved

Figure 2. A ConSurf analysis of the Kcsa potassium channel. The tetrameric
channel, which is viewed along the pore from the extracellular end, is presented
using a space-filled model. The amino acids are colored by their conservation
grades using the color-coding bar, with turquoise-through-maroon indicating
variable-through-conserved. Amino acid positions, for which the inferred
conservation level was assigned with low confidence, are marked with light
yellow. The potassium ion at the channel pore is colored green. Conservation
scores, which were calculated for one of the channel’s subunits, were projected
on the homotetrameric structure. The run was carried out using PDB code
1bI8 (11) and default ConSurf parameters. The picture was generated using
MOLSCRIPT (21) and Raster3D (26).

same color-coded scheme generated by the server. A PDB
file, in which the conservation scores are specified in the
temperature (B) factor field, can be downloaded through the
link: ‘The PDB file updated with the conservation scores in
the tempFactor field’. Thus, any 3D protein viewer, such as the
RasMol program (10), which is capable of presenting the B
factors, is suitable for mapping the conservation scores on the
structure.

The ConSurf output also includes links to the PSI-BLAST
results, the homologous sequences along with a link to their
SWISS-PROT entry page, the MSA and the phylogenetic tree
used in the calculation.

As an example, we provide in Figure 2 the main output of a
ConSurf run of the Kcsa potassium-channel (11), a transmem-
brane protein from Streptomyces Lividans. Kcsa is a homotet-
ramer with a 4-fold symmetry axis about its pore. The ConSurf
calculations demonstrate the high level of conservation of the
pore region as compared with the rest of the protein. The pore
architecture provides the unique stereochemistry which is
required for efficient and selective conduction of potassium
ions (11). The biological importance of this stereochemistry is
reflected by a strong evolutionary pressure to resist amino acid
replacements in the pore. In contrast, the regions that surround
the pore and face the extracellular matrix are highly variable.
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NEW ADDITIONS AND IMPROVEMENTS
IN ConSurf

An empirical Bayesian method to score conservation

The heart of the ConSurf server is the calculation of the con-
servation scores of each amino acid position. In the previous
version of the server, the maximum-likelihood method (3) was
used as the default option to this end. Recently, we showed
that an empirical Bayesian method can significantly improve
the accuracy of the estimated conservation scores (2). The
empirical Bayesian method is particularly superior to the
maximum-likelihood method when the number of homo-
logous sequences analyzed is small (2). The new method is
now integrated in ConSurf as the default option. The usage of
the maximum-likelihood method is still available under the
‘Method’ pull-down menu.

Estimation of the reliability of the inferred
conservation scores

An amino acid position that is conserved across all homo-
logous sequences will always be assigned with the highest
conservation grade. Yet, there is a difference if the conserva-
tion score is inferred based on a small MSA of, for example,
4 sequences, or based on a larger set of 30 sequences. Addi-
tionally, since the conservation calculation for positions with
a lot of gaps is based on a fewer number of sequences, the
conservation score for these positions will be less reliable
than positions that have no gaps. The reliability of the con-
servation computation is not only determined by the number
of sequences in each position but also by the evolutionary
distances between the sequences, the phylogenetic tree
topology and the evolutionary process.

One of the most important new features in ConSurf version
3.0 is the inclusion of a measure of the confidence of each
of the inferred position-specific conservation scores. The
measure is calculated using the empirical Bayesian method,
as explained in (12) and at http://consurf.tau.ac.il/ under
‘OVERVIEW’. In short, it is based on a confidence interval
that is defined by the lower and upper quartiles: the 25th and
75th percentiles of the inferred distribution of conservation
scores, respectively. It gives the 50% confidence interval and
also indicates the dispersion of each of the estimated scores.
The confidence interval is usually large in positions with a
small number of sequences, thus indicating a low level of
support in the inferred conservation scores for these positions.
When the number of sequences is large, the confidence inter-
val is small, and the point score estimates are more assured.
Amino acid positions, associated with confidence intervals
that are too large to be trustworthy, are marked in the output
files of the server and highlighted (in pale yellow) on the 3D
structure of the protein (Figure 2).

Models of amino acid substitutions

The inference of the evolutionary conservation scores relies
on a specified probabilistic model of amino acid replace-
ments (3). The JTT matrix (13) was used to this end in
the previous version of ConSurf. In version 3.0, we expanded
the utility of ConSurf to support additional models of sub-
stitution for nuclear DNA-encoded as well as non-nuclear
DNA-encoded proteins. The model of substitution can be
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chosen from the ‘Model of substitution for proteins’ pull-
down menu, which is available in the ‘Advance Options’
section of the ConSurf main interface. The JTT (13),
Dayhoff (14) and WAG (15) matrices are suitable for nuclear
DNA-encoded proteins. The WAG matrix has been inferred
from a large database of sequences comprising a broad range
of protein families, and is thus suitable for distantly related
amino acid sequences (15). The mtREV (16) and cpREV (17)
matrices are suitable for mitochondrial and chloroplast DNA-
encoded proteins, respectively. Examples that demonstrate
the influence of using the different matrices on the calcula-
tions are available at http://consurf.tau.ac.il/ under ‘OVER-
VIEW’. The differences between ConSurf calculations using
different matrices tend to be small but not negligible.

User-provided phylogenetic tree

A user-provided phylogenetic-tree (that should be consistent
with the MSA) may be supplied as an additional input. In this
case, steps (ii—iv) in the ‘ConSurf protocol’ (specified above)
are skipped. We note that the accuracy of the conservation
scores calculations relies on the correct reconstruction of the
phylogeny (18). Default ConSurf runs are carried out using
phylogenetic trees that are constructed with the neighbor-
joining algorithm. The new feature enables the users to supply
more accurate trees.

WORK UNDER DEVELOPMENT

We are currently integrating a few more enhancements
to ConSurf. At present, ConSurf uses the neighbor-joining
algorithm as a fast heuristic method to construct phylogenetic
trees. Notwithstanding, the more exhaustive maximum-
likelihood tree-reconstruction method is known to produce
more accurate phylogenetic trees (19), which should increase
the accuracy of the calculated conservation scores (18). We
will integrate the maximum-likelihood-based SEMPHY pro-
gram (20) into ConSurf. This program reconstructs phylogen-
etic trees dramatically faster than other maximum-likelihood
tree-reconstruction methods (20), and can thus be used with
little additional computational cost.

A computational tool will be developed, which will enable
a simultaneous online view of the phylogenetic tree while
analyzing the evolutionary profile of the protein. This inter-
active tool will allow the user to mark specific branches, which
will be used for in-depth ConSurf analyses. For example, the
selection of specific clades (sub-trees) may be used to define
sub-families. The examination of ConSurf analysis of sub-
families may reveal specific characters that are unique to
each of them.

The main output of ConSurf is the projection of the con-
servation scores on the 3D structure of the query protein. In
order to easily generate high-resolution color figures, we will
provide a script command for the MOLSCRIPT program (21)
as an additional output.

A planned enhancement to ConSurf will be the inclusion
of all the visualization results in the header of the PDB file.
The format that will be used to this end will allow an inter-
active offline view of the results using Protein Explorer on the
user machine, exactly as they appear online.
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CONCLUSIONS

ConSurf (1) is a web server that automatically calculates
evolutionary conservation scores for each amino acid position
and projects them onto the 3D structure of the protein. Evolu-
tionary trace (ET) (22,23) is a related web server that may
also be used to map conservation scores on the 3D structure.
However, the ET method (23), which was developed for the
identification of class-specific residues, is less accurate than
ConSurf for scoring conservation (3). This may explain why
biologically important regions that were detected using Con-
Surf were overlooked by the ET web server (1). (See http://
consurf.tau.ac.il/, under ‘OVERVIEW’ for details). Other
related web servers, such as MSA3D (9), ProtSkin (24) and
COLORADO3D (25), may also be used to present conserva-
tion scores on protein structures. These web servers use a
consensus approach to infer conservation, which is inferior
to methods, such as the ET and ConSurf’s maximum-
likelihood and empirical Bayesian that explicitly take into
account the phylogeny of the homologous sequences under
study (2,3). Moreover, all the above servers are not fully
automated as ConSurf and require a user-provided MSA.

The new version of ConSurf includes an improved algo-
rithm for scoring evolutionary conservation and provides an
index of confidence in the estimated scores. In addition, while
ConSurf is still easy to use with default options, expert users
can benefit from several advanced options that were added in
order to provide more control over the calculations and so to
increase the accuracy of the results.
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Summary

Tyrosine kinase receptors of the EGFR family play
a significant role in vital cellular processes and in
various cancers. EGFR members are unique among
kinases, as the regulatory elements of their kinase
domains are constitutively ready for catalysis. Never-
theless, the receptors are not constantly active. This
apparent paradox has prompted us to seek mecha-
nisms of regulation in EGFR’s cytoplasmic domain that
do not involve conformational changes of the kinase
domain. Our computational analyses, based on the
three-dimensional structure of EGFR’s kinase domain
suggest that direct contact between the kinase and
a segment from the C-terminal regulatory domains
inhibits enzymatic activity. EGFR activation would then
involve temporal dissociation of this stable complex,
for example, via ligand-induced contact formation
between the extracellular domains, leading to the re-
orientation of the transmembrane and intracellular
domains. The model provides an explanation at the
molecular level for the effects of several cancer-caus-
ing EGFR mutations.

Introduction

The epidermal growth factor receptor (EGFR) family of
receptor tyrosine kinases (RTKs), also known as ErbB
or HER, consists of four members, ErbB1, -2, -3, and -4
(Schlessinger, 2000). The receptors, which are activated
by some dozen ligands, including EGF and TGFa, play
an important role in the control of many fundamental
cellular processes (Schlessinger, 2000). Mutations and
overexpression of the ErbBs have been implicated in
malignant diseases such as carcinoma and glioblas-
toma and are linked with aggressive disease, resistance
to chemotherapy, and poor survival (Dancey, 2004). Ac-
cordingly, the ErbBs are attractive targets for anticancer
drugs (Cho et al., 2003; Yarden and Sliwkowski, 2001).
Structurally, the ErbBs consist of an N-terminal, extra-
cellular domain that is connected by a short transmem-
brane span to a tyrosine kinase domain, which is in turn
followed by a C-terminal domain.

In all RTKs, including the ErbBs, the active kinase
triggers a wide spectrum of crucial intracellular signaling
events (Schlessinger, 2000), and their catalytic activity
is encapsulated in multiple layers of regulation (Huse

*Correspondence: bental@ashtoret.tau.ac.il

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,
and -4 involves ligand-induced contact formation be-
tween the extracellular domains of different members
of the ErbB family to form homo- and heterodimers
(Schlessinger, 2000). Some studies have shown that,
without a ligand, EGFR exists mostly in a monomeric
form and that ligands induce its dimerization and activa-
tion (Yarden and Schlessinger, 1987). On the other hand,
recent studies have demonstrated that while required,
dimerization is not sufficient for activation and that in
the absence of a ligand, stable, inactive dimers exist in
a form in which contact between monomers involves
the transmembrane and intracellular domains (Biswas
et al., 1985; Gadella and Jovin, 1995; Moriki et al., 2001;
Yu et al., 2002). Experimental evidence (Cadena et al.,
1994), as well as the computational results presented
below, demonstrates that the C-terminal domain plays
a role in such contact formation.

In most tyrosine kinases (TKs) excluding the ErbBs,
an important means of regulation involves profound
structural changes along with transautophosphorylation
of the kinase domain (Schlessinger, 2000). In contrast,
the ErbB family is unique in that activation is indepen-
dent of its phosphorylation state (Gotoh et al., 1992). The
structure of the apo-EGFR kinase domain demonstrated
that its unphosphorylated conformation was, in es-
sence, identical to the phosphorylated conformations
of other TKs (Stamos et al., 2002).

Recently, a structure of the kinase domain of the EGFR
in complex with the inhibitor GW572016 (Lapatinib) was
determined (Wood et al., 2004). This structure shows
several differences, including different conformations of
the substrate and ATP binding sites (Wood et al., 2004),
from either the structure of the apo-EGFR or of EGFR
bound to the OSI-774 (Tarceva) inhibitor (Stamos et al.,
2002). The authors have suggested that these differ-
ences are due to the fact that the conformation seen in
the GW572016 bound kinase domain reflects an inactive
state that is accessible to the kinase domain under phys-
iological conditions. However, GW572016 is very bulky
in comparison to OSI-774. Thus, as the authors indi-
cated, another possibility is that the differences in the
structures are due to the inhibitor’s large size, which
forces a conformation that is far from native. That the
apo-EGFR kinase domain is seemingly in a constitutively
active conformation (Stamos et al., 2002) leads to an
apparent paradox, since it is well established that ErbBs
are not constitutively active (Schlessinger, 2000). Hence,
our working hypothesis, as presented in Figure 1, was
that ErbBs are regulated by another mechanism intrinsic
to the intracellular domain; one that is phosphorylation
independent.

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-
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The C-terminal domain, comprising 229 amino
acids, whose structure has not been deter-
mined, follows the kinase domain. Tyrosine
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_.r""'r._." residues (Y) known as the autophosphoryla-
i tion sites in the C-terminal domain are indi-
c 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).
The absence of clear regulation of ErbB2 activation
prompted us to propose a molecular mechanism for
rotation-coupled activation of this receptor (Fleishman
et al., 2002). Specifically, the transmembrane domain of
an ErbB2 homodimer may occupy one of two stable
conformations, corresponding to the active and inactive
states of the receptor. The switch between the two con-
formations, involving a rotation of the transmembrane
domain (Jiang and Hunter, 1999), induces the reorienta-
tion of the cytoplasmic domains within receptor dimers,
thus leading to transautophosphorylation and stimula-
tion of enzymatic activity. In this paper, we shall analyze
the implications of this mode of activation on the confor-
mation of the intracellular kinase domain.

The C-terminal domain plays a role in the internaliza-
tion and degradation of the EGFR (Chang et al., 1995)
and in EGFR’s regulation by other molecules (Huse and
Kuriyan, 2002). This domain also serves as a docking
site for protein modules that bind the phosphotyrosines
on the activated receptors (Schlessinger, 2000). In addi-
tion to these roles, the importance of the C-terminal
domain for proper functioning of the EGFR was pre-
viously noted on the basis of studies of viral and other
mutant EGFR members (Boerner et al., 2003; Chang et
al., 1995; Wedegaertner and Gill, 1992).

Naturally occurring retroviral oncogene variants (v-ErbB)
are an extracellular domain-truncated form of the EGFR
gene that affects cell growth, motility, and survival (Ga-
mett et al., 1986). These v-ErbB variants share striking
homology with mutants of the human EGFR members
that have been identified in gliomas and carcinomas
(Frederick et al., 2000). Truncation of the extracellular
domain is insufficient to manifest the transforming prop-
erties of the different v-ErbB variants; these properties
are probably related to amino acid replacements, inser-
tions, and deletions in the C-terminal domain (Boerner

et al., 2003; Massoglia et al., 1990; Riedel et al., 1987).
Variations in the C-terminal domain of ErbB receptors
are known to be responsible for the alterations in the
transforming potential and type of malignant diseases
due to the expression of v-ErbBs in affected cells (Ga-
mett et al., 1986; Pelley et al., 1989; Raines et al., 1988).
The increased substrate-phosphorylation capacity of
the C-terminally impaired EGFR is not attributed to
lesser degradation and internalization, but rather to an
enhanced rate of autophosphorylation (Robinson et al.,
1992), thus providing direct evidence for a relationship
between C-terminal domain impairment and increased
catalysis.

Here, we propose a molecular model clarifying some
of the ambiguity regarding the role of the C-terminal
domain in ErbB regulation. According to the model (Fig-
ure 1), contact between the intracellular domains of the
EGFR within a dimer leads to receptor inactivation, while
ligand-induced contact between the extracellular do-
mains leads to rotation-coupled activation (Fleishman
et al., 2002; Jiang and Hunter, 1999; Moriki et al., 2001)
by destabilization of the intermonomer contacts in the
cytoplasmic domain. According to this scenario, interac-
tions between the intracellular domains regulate acti-
vation (Burgess et al., 2003; Chantry, 1995), and the
C-terminal domain acts as an inherent negative regula-
tor of the EGFR’s activity. This model offers a molecular
mechanism that underlies the tumorigenic activity of
EGFR mutants.

Results

Geometric Complementarity between the Kinase
and C-Terminal Domains

The crystal structure of the EGFR (Stamos et al., 2002)
(PDB entries Tm14 and 1m17) includes the kinase do-
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 (¢p) onto the molecular surface of the ki-
nase domain and the C-terminal fragment
that comprise the complex in (A); ¢ > 10 kT/e
is dark blue, ¢ = 0 is white, and ¢ < —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-
ture reveals six putative dimer forms (Stamos et al.,
2002). We focus here on the one with the largest inter-
subunit interface. In this complex, the kinase domain
was found as a symmetric homodimer (Figure 2A), in
which two copies of the fragment of the C-terminal do-
main mediate contact between the two kinase domains.
This dimer is also the only one in which the kinase do-
mains’ N termini are facing in the same direction, in
accordance with the physiological requirement that the
two domains connect to the membrane bilayer.

We calculated the water-accessible surface area of
the kinase domain alone and within the homodimeric
complex. Each kinase monomer contacts two C-ter-
minal fragments (Figure 2A). The water-accessible sur-
face areas of these interfaces are 1419 A2 and 1048 A2,
Thus, the total interface between each monomer of the
kinase domain and the C-terminal fragments is 2467 AZ,
and the interface within the entire complex is twice as
large, constituting a very large interface compared to
typical interprotein interfaces (Jones and Thornton,
1996).

Charge 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-
mains from other ErbBs, which were constructed by
using homology modeling, displayed similar positive
electrostatic potentials in the corresponding regions
(data not shown). The C-terminal fragment of all of the

ErbBs contained 8-10 acidic and no basic residues (Fig-
ure 3). These residues produced a highly negative elec-
trostatic potential (Figure 2C). Thus, the kinase domain
and the C-terminal fragments form complementary sur-
faces in terms of their electrostatic potential. The geo-
metric and charge complementarity (Figures 2B-2D),
together with the significant size of the interface (Figure
2A), are indicative of the stability of the complex and
suggest that it may be biologically meaningful.
Following the experiments of Chang et al. (1995) dis-
cussed below, we simultaneously substituted each of
the negatively charged residues 979-982 (DEED, Figure
3) in the C-terminal domain with its polar equivalent, i.e.,
D—N and E—Q. The mutated C-terminal fragment is
much less negatively charged than the native fragment
(Figure 4B), and this difference in charge obstructs its
electrostatic complementarity with the kinase domain
and presumably destabilizes the complex. We further
mutated the same positions to four positively charged
lysine residues (Figure 4C). Electrostatic analysis of the
mutated C-terminal fragment displayed a positive po-
tential at the N-terminal region of the fragment, which
would lead to its electrostatic repulsion from the kinase
domain. To test whether the charge complementarity is
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Figure 3. Abundance of Acidic Residues in the Fragment of the
C-Terminal Domain

The multiple sequence alignment of the C-terminal segments of the
four human members of the ErbB family. Each segment contains
between 8 and 10 acidic residues (marked in red).
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unique to ErbBs among TKs, we examined the electro-
static potentials of a few TKs of known structures as
described in the Supplemental Data (available with this
article online; Electrostatic calculations). These domains,
which were derived from remotely related proteins, dis-
play diverse electrostatic characteristics. In particular,
they do not share EGFR’s strong positive electrostatic
potential at the interface with the C-terminal fragments
(data not shown), suggesting that such electrostatic in-
teractions between the kinase and the C-terminal do-
mains are specific to the ErbBs.

A Network of lon Pairs and Hydrogen

Bonds at the Interface

Our analysis demonstrated that a network of salt bridges
and hydrogen bonds connects the two adjacent kinase
domains through the C-terminal fragments (Figure 5B).
We identified four charged residues within this network
that are involved in several interactions with neighboring

280
o

Figure 4. Electrostatic Analysis of Reported
and Novel Mutations in the EGFR C-Terminal
Fragment

A projection of the electrostatic potential (¢)
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.

residues and are buried at the interface of the EGFR
complex. Of these residues, two are positively charged
(Lys822 and Lys828 on the kinase domain) and two are
negatively charged (Asp988 and Asp990 on the C-ter-
minal fragment) (Figure 5B).

Polar networks, such as the one observed in the EGFR
interface (Figure 5B), significantly increase the stability
of complexes and contribute to the binding specificity
(Sheinerman et al., 2000). Therefore, mutations of charged
positions in the network would alter the stability of the
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 Asp988
and Asp990 to lysines altered the electrostatic surface
of the kinase domain and the C-terminal fragment, re-
spectively (Figure 6). Such mutations would impinge on
the formation of the EGFR complex and kinase acti-
vation.

The importance of the network for the stability of the

Figure 5. A Network of lon 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 Ca 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 Ca (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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Figure 6. Electrostatic Analysis of Novel Mutations in the EGFR Ki-
nase and C-Terminal Domains

A projection of the electrostatic potential (¢p) onto the molecular
surface of the kinase domain and the C-terminal fragment; the color
coding is as in Figures 2B-2D.

(A) The native kinase domain in the same orientation as in Fig-
ure 2D.

(B) The R822D/R828D double mutant EGFR kinase domain in the
same orientation as in (A).

(C) The native C-terminal fragment of the EGFR rotated 90° to the
left relative to its orientation in Figure 2C.

(D) The D988R/D990R double mutant C-terminal domain in the same
orientations as in (C).

complex can be tested experimentally by using the dou-
ble mutant cycle approach (Serrano et al., 1990). Briefly,
if the additive effects of mutating two residues sepa-
rately (e.g., Lys822—Asp and Asp990—Lys) is signifi-
cantly different from the effect of mutating the same
two residues simultaneously, then the two positions are
interdependent (Serrano et al., 1990), e.g., are involved
in a salt bridge. Based on our analysis of the network,
we suggest using a double mutant cycle, in which each
step involves mutating a pair of similarly charged resi-
dues in the EGFR interface, as specified above.

Model of C-Terminal Domain Regulation

of Kinase Activity

One of the phosphorylation sites of the C-terminal do-
main (Tyr992) is located on the fragment that forms con-
tact with the kinase domain and is therefore inaccessible
to phosphorylation in this conformation. The catalytic
sites in the kinase domains are facing away from each
other in the complex; therefore, transphosphorylation
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.
The EGFR participates in imperative cell processes and
ought to remain inactive under most physiological con-
ditions (Huse and Kuriyan, 2002). Therefore, its inactive
state should be very stable. Indeed, the complex in the
crystal structure of the EGFR appears to be stable,
based on the geometric and charge complementarity,
further supporting the notion that this complex is inac-
tive. It has been suggested that ligand-induced contact
formation of the extracellular domains would lead to

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
in vivo. Moreover, a mutant in which the four consecutive
acidic residues EEED were replaced by the polar seg-
ment QQQN showed higher autokinase activity and a
partial transformation phenotype. Since the two mutants
and normal receptors have similar rates of degradation,
the higher transforming ability of the mutants could not
be attributed to a longer half-life of the mutant receptor
(Chang et al., 1995). These data are consistent with our
results. The four acidic residues, which correspond to
the DEED segment (Asp979-Asp982) in the EGFR, are
located on the C-terminal fragment (Figure 3) that forms
contact with the kinase domain. Our analysis showed
that these positions contribute significantly to the nega-
tive electrostatic potential of the fragment (Figure 2),
and their substitution with polar residues reduces the
complementarity between the kinase and C-terminal do-
mains (Figure 4B), presumably destabilizing the inactive
complex.

Internal deletions of segments in the C-terminal do-
main of the EGFR have also been detected in naturally
occurring EGFR mutants, which display tumorigenic
properties. For example, an internal deletion of residues
959-1030 has been detected in EGFRs sequenced from
human glioblastomas (Boerner et al., 2003; Chang et al.,
1995; Frederick et al., 2000). Some viral ErbBs contain an
in-frame deletion of 139 residues within the intracellular
region, immediately following the kinase domain (Boerner
et al., 2003; Chang et al., 1995; Frederick et al., 2000).
This region contains the C-terminal fragment contacting
the kinase domain according to the X-ray structure
(Stamos et al., 2002). Our model suggests that the inter-
nal deletions in the C-terminal domain yield constitu-
tively active forms of EGFR by means of destabilization
of the inactive complex.

Evolutionary Conservation Analysis

The kinase domain of ErbB3 has no catalytic activity,
yet it dimerizes with other members of the ErbB family
to produce heterodimers with highly efficient catalytic
activity (Schlessinger, 2000). These distinct features are
manifested in the evolutionary-conservation analysis.
ErbB3’s kinase domain displays variations in the cata-
lytic site in comparison to other members of the ErbB
family, thus rendering it inactive. However, the interface
between the kinase domain and the C-terminal fragment
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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
between these positions (Fleishman et al., 2004b).

In order to look for particular positions that could play
a role in regulation, we analyzed the set of 121 multiply
aligned TKs of diverse families in search of pairs of
amino acid positions that might be evolutionarily corre-
lated (Fleishman et al., 2004b). The analysis revealed
152 pairs of correlated residues, among which we identi-
fied a network of 14 highly intercorrelated positions (Fig-
ure 7A and Table 1).

The kinase domain includes several regulatory ele-
ments, such as the aC helix and activation loop, which
play a role in allosteric regulation and are responsible
for conformational changes. These elements function
together to control activation, i.e., their movements are
concurrent and their conformations are mutually depen-
dent (Huse and Kuriyan, 2002). Our analysis showed
pairs of evolutionarily correlated positions in these
known regulatory elements. For example, Ala743, which
is located on the «C helix, is correlated with Gly849 of
the activation loop (Figure 7A).

The LVI segment (residues 955-957) of EGFR and its
equivalent segments in other ErbBs are necessary for
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
with Tyr740, which is located on the aC helix (Figure
7A). The association of the aC helix with a known dimer-
ization motif exemplifies interdomain relationships be-
tween regulatory elements in the ErbBs. Both of these

Figure 7. Evolutionarily Correlated and Specificity-Determining Amino
Acid Sites

The EGFR homodimeric complex (Stamos et al., 2002) as viewed
with an upward rotation of about 180° compared to Figure 2A. The
kinase domains, presented by using trace models, are colored light
purple and yellow, the C-terminal fragments are colored cyan, and
the inhibitor is shown as a purple space-filled model. The aC helix
(residues 729-744) and the activation loop (residues 831-852) are
colored green.

(A) The residues in the cluster of the most significant pairs of corre-
lated amino acid sites are displayed as space-filled models. Solid
pink lines connect a few of the pairs of correlated residues (high-
lighted in Table 1) in the EGFR homodimer. Correlations within the
kinase domain are demonstrated only on the left monomer, and
correlations between the kinase and the C-terminal domains are
demonstrated only on the upper interface. The correlations between
known regulatory elements, such as the aC helix and the activation
loop and the interface between the kinase domain and C-terminal
fragment, suggest that the latter may also be involved in regulation.
(B) The main specificity-determining residues are located on the aC
helix, the activation loop, the C-terminal fragment, and its interfaces
on the kinase. This suggests that the regulatory elements in the
EGFR had evolved specifically to stabilize the active conformation.
Concurrently, an alternative negative regulatory mechanism had
evolved in the form of the inactive complex between the kinase and
the C-terminal domains. The figures were made by using MOL-
SCRIPT (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).

domains are important for regulation (Huse and Kuriyan,
2002; Stamos et al., 2002); for example, mutations in
Leu955 or Tyr740 severely impaired the kinase activity
of the EGFR (Stamos et al., 2002; Walker et al., 1998).

Based on these results, we concluded that this net-
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Table 1. Correlated Pairs in the TK Family

Pairs of Correlated Positions

Correlation Coefficients

Ala726-Lys730
Ala726-Ser888
Ala726-Lys946
Lys730-Ser888
Tyr740-Tyr954
Tyr740-Leu955
Ala743-Asn792
Ala743-Gly849
Ala743-Ser888
Ala743-Lys889
Ala743-Val987
Asn792-Gly849
Asn792-Ser888
Gly849-Tyr954
Ser888-Lys946
Lys946-Asp950
Asp950-Tyr954
Asp950-Leu955
Tyr954-Leu955
Tyr954-Asp985
Tyr954-Val987
Asp985-Val987

0.65 (0.49, 0.78)
0.60 (0.34, 0.77)
0.45 (0.20, 0.64)
0.59 (0.37, 0.76)
0.45 (0.19, 0.67)
0.48 (0.21, 0.69)
0.50 (0.19, 0.76)
0.47 (0.18, 0.72)
0.45 (0.21, 0.69)
0.51 (0.14, 0.73)
0.54 (0.34, 0.72)
0.48 (0.26, 0.70)
0.50 (0.25, 0.72)
0.56 (0.29, 0.76)
0.61 (0.40, 0.78)
0.52 (0.31, 0.69)
0.48 (0.31, 0.65)
0.50 (0.26, 0.67)
0.54 (0.32, 0.72)
0.50 (0.30, 0.67)
0.52 (0.36, 0.67)
0.52 (0.36, 0.67)

A list of 22 pairwise correlations between positions comprising the
most significant cluster of correlated residues. The trimmed means
in the 95% confidence interval of correlations (r), which were calcu-
lated from 400 bootstrapping samples, are indicated, and the 95%
confidence interval is shown in parentheses (see the Supplemental
Data). The numbering of the positions is done according to the
EGFR sequence. The pairs of positions that are located on known
regulatory regions are highlighted in bold and are connected by
solid pink lines in Figure 7A.

work of correlations identified amino acids playing a
role in regulation. Interestingly, the same cluster also
displays correlations between residues mediating con-
tact between the kinase and C-terminal domains. Tyr954
is located on the kinase domain and contacts the
C-terminal fragment. This residue is in close proximity
to, and is highly correlated with, residues Asp985 and
Val987 of the C-terminal fragment (Figure 7A). Taken
together, these correlations consolidate our hypothesis
that the contact between the kinase and C-terminal do-
mains is biologically meaningful.

The same cluster of 14 highly intercorrelated positions
also includes correlations between positions at the inter-
face of the kinase domain and the C-terminal fragment
and known regulatory elements. For instance, Tyr954
located on this interface is correlated with Gly849 of the
activation loop, with Leu955 of the LVI segment, and
with Tyr740 of the «C helix (Figure 7A). This network of
correlations suggests that this interface is also involved
in regulation.

Val987 of the C-terminal fragment is correlated with
Ala743, which is located on the aC helix (Figure 7A). In
this context, it is important to note that the C-terminal
domain is a vital modulator of TKs’ activity (Jorissen et
al., 2003; Schlessinger, 2000), as was elaborated above.
For example, structure determination and mutagenesis
experiments have shown that the kinase domains of the
insulin, the Tie2, and the platelet-derived growth factor
B receptor (PDGFR) TKs are autoinhibited by their
C-terminal domains through direct contacts with the
kinase domain (Chiara et al., 2004; Noelle et al., 2000;

Shewchuk et al., 2000). Accordingly, evolutionary corre-
lation between the kinase and C-terminal domains is
expected to be general. The mechanism by which direct
contacts control activation may vary between the ki-
nases and could not be inferred from the evolutionary-
correlation analysis. We anticipate that in the ErbBs,
the direct contact between the kinase and C-terminal
domains regulates catalysis by the formation of the inac-
tive dimer shown in Figure 2A.

Specificity Determinants in Regulatory Regions
Although TKs share an identical catalytic mechanism,
each kinase family is regulated by various means, re-
sponds to different ligands, and activates diverse sub-
strates. It is anticipated that certain positions would
be responsible for these different traits, and would be
reflected in their patterns of substitution (Fleishman et
al., 2004a). Due to such differences in functions, these
positions are not expected to be strictly conserved in
evolution. Rather, they should be conserved among ki-
nases of similar functions in different species (orthologs),
and would differ in paralogs. Substitutions involving
these residues are presumably responsible for certain
alterations in the functions of the various families of the
TK superfamily.

We have identified some of these specificity-determin-
ing amino acid positions in a set of 121 multiply aligned
TKs. The main specificity-determining residues are pre-
sented in Figure 7B, and their locations are indicated
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 in
the polar network across the interface (Figure 5B).

Discussion

ErbBs are structurally unique among TKs, as all of the
catalytic elements in their kinase domains are ready for
phosphotransfer at all times (Stamos et al., 2002). Yet,
various functional assays show them not to be constitu-
tively active (Schlessinger, 2000). The absence of a cen-
tral regulatory module raises a fundamental dilemma,
namely, what prevents the receptors from being spuri-
ously activated? One possible mechanism is that changes
in the relative orientation of the subunits within a dimer
control activation, as suggested by the model of rota-
tion-coupled activation (Jiang and Hunter, 1999). Ac-
cording to this view, contact formation between the ex-
tracellular domains leads to reorientation in the
transmembrane domain, which is propagated into the
cytoplasm (Fleishman et al., 2002; Jiang and Hunter,
1999; Moriki et al., 2001). Thus, the reorientation of the
kinase domains vis-a-vis each other serves as a molecu-
lar switch that turns the kinase domains “on.” What
might be the mechanism by which this reorientation is
translated into kinase activation is not yet clear.
Understanding the molecular details of how the ErbB
proteins are regulated will most probably have to await
the emergence of a structure of the full-length receptor
in oligomeric complexes. The structures of parts of the
kinase and the extracellular domains available today
only provide a fragmentary view of the regulatory ele-
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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.

11e942 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.

11e957 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, 1899, S901, 1902, 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
for such regulation in the ErbB family; this model is
based on the available structures and is supported by
a large body of biochemical and physiological data.
The role of the C-terminal domain as a modulator of
kinase activity has been discussed extensively (Cadena
etal., 1994; Jorissen et al., 2003), especially in the v-ErbB
products (Boerner et al., 2003). Our results offer a model
of the molecular mechanism for this modulation (Figure
1). In the inactive state (Figure 1, left), the EGFR extracel-
lular domains assume a tethered structure (Ferguson et
al., 2003) that hinders contact formation between the
two subunits (Burgess et al., 2003). In this conformation,
the extracellular domains are connected to the trans-
membrane helices in their inactive state (Fleishman et
al., 2002), thereby maintaining the intracellular domains
as a stable, inactive dimer (Figure 2A). In this state, the
C-terminal domain is in contact with the kinase domain
and is inaccessible to downstream substrates (Cadena
etal., 1994). Ligand-induced activation of the EGFR (Fig-
ure 1, right) leads to conformational changes in the ex-
tracellular domains, allowing contact formation between
the two subunits (Ogiso et al., 2002), followed by a rota-
tion of the transmembrane helices toward their active
state (Fleishman et al., 2002; Jiang and Hunter, 1999;

Moriki et al., 2001). This switch in the orientation of the
transmembrane helices leads to the destabilization of
the inactive intracellular dimer. The C-terminal domain
detaches from the kinase domain and may undergo
phosphorylation, making the kinase accessible to its
substrates (Moriki et al., 2001).

The structure of the GW572016 bound EGFR com-
prises the kinase domain and part of the C-terminal
domain that is packed along the kinase domain. In this
structure, the C-terminal domain partly blocks the ATP
binding site (Wood et al., 2004), as in the inactive forms
of the myosin light chain kinase of the Ser/Thr kinase
family (Huse and Kuriyan, 2002) and the Tie2 RTK (Shew-
chuk et al., 2000). That the GW572016 bound EGFR
structure shows an inactive conformation that is not
primed for catalysis suggests that activation of the EGFR
involves conformational changes within the kinase do-
main, in contrast to the view that the kinase domain is
constitutively ready for phosphotransfer (Stamos et al.,
2002). We note, however, that the new structure sug-
gests an important role for the C-terminal domain in
stabilizing an inactive conformation of the kinase do-
main (Wood et al., 2004); this finding is in harmony with
the model of activation suggested here.

The proposed molecular model may explain the un-
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derlying molecular causes of malignancy mediated by
EGFRs that contain mutations in their C-terminal do-
main. According to the model, the transforming proper-
ties of these mutations (Boerner et al., 2003; Chang et
al., 1995; Frederick et al., 2000) are due to destabilization
of the inactive EGFR.

All TKs catalyze the same reaction, which is the trans-
fer of the y-phosphate of ATP to the hydroxyl group of
tyrosine. Indeed, the active conformation of the kinase
domain of most TKs is nearly identical. In contrast to
the uniform active conformation, TKs differ from each
other in their inactive conformations (Huse and Kuriyan,
2002). In some RTKs, as in the PDGFR family, the juxta-
membrane domain serves to block the active conforma-
tion. Autophosphorylation of tyrosine residues in highly
conserved juxtamembrane motifs, specific to each fam-
ily, relieves autoinhibition (Griffith et al., 2004). In the
case of the EGFR family, inhibition by the juxtamem-
brane domain is less likely, since there are no tyrosine
residues in the juxtamembrane segment that can be
phosphorylated.

Various regulatory mechanisms could play an impor-
tant role in ensuring the signaling specificity in the TK
superfamily. Accordingly, we suggest that certain amino
acid substitutions in regulatory elements were sustained
during evolution, leading to alterations in the regulatory
mechanisms. This hypothesis is supported by the analy-
sis of specificity determinants (Figure 7B). In the vast
majority of the TKs, kinase activity is regulated through
a change in the conformation of the activation loop and
a«C helix. Nevertheless, these regulatory regions un-
dergo different conformational changes in different iso-
forms, and their inactive conformations are stabilized
by fastidious means specific to each kinase family (Huse
and Kuriyan, 2002). The ErbBs are further exceptional
among TKs, in that the activation loop and «C helix are
constitutively stable in the active conformation (Stamos
et al., 2002). Our analysis of correlated mutations (Figure
7A) suggests that in order to complement the role of
these known regulatory elements in maintaining an ac-
tive conformation, other residues in ErbBs have evolved
to keep the enzyme dormant, as in the “inactive” com-
plex shown in Figure 2A.

We propose that members of the EGFR family utilize
the unique regulatory mechanism that is presented in
Figure 1. These receptors contain a long C-terminal do-
main that is involved in signal transmission inside the
cell and is also an inherent regulator of kinase activity
(Chang et al., 1995). Our results suggest that the com-
plex between the kinase and C-terminal domains of Fig-
ure 2A is stable and biologically significant, as indicated
by the large intersubunit interface, the electrostatic and
geometric complementarity between the C-terminal
segments and the kinases (Figures 2B-2D and 5), as
well as the evolutionary correlation between specified
amino acid sites (Figure 7A). This complex appears to
correspond to the basal, inactive form of the receptor,
as delineated above and in accordance with previous
experimental data (Boerner et al., 2003; Chang et al.,
1995). Although our computational analysis and the ex-
perimental data support the presence of an inactive
dimer (Yu et al.,, 2002) and the necessity of contact
between the kinase and C-terminal domains (Chang et
al., 1995), the biological relevance of the crystal dimer

has yet to be determined. The importance of the inter-
face between the kinase domain and the C-terminal
fragment for the regulation of EGFR activity can be
tested experimentally, as delineated in the section enti-
tled “A Network of lon Pairs and Hydrogen Bonds at the
Interface.”

Our model of EGFR’s regulation (Figure 1) and its
relevance to cancer could be further tested by examin-
ing the properties of a short peptide analog to the
C-terminal fragment. Such a peptide may have a regula-
tory effect on EGFR activation. For instance, in tumori-
genic cells, the short peptide may associate with the
kinase domain instead of the truncated C-terminal do-
main. This would stabilize the inactive configuration and
thereby thwart the constitutive activation of the mutant
receptor. Interestingly, a similar approach was applied
successfully in a recent study on the PDGFR, which is
also selfinhibited by direct contact with its C-terminal
domain (Chiara et al., 2004). In this work, the authors
showed that a soluble peptide, corresponding to the
inhibitory fragment in the PDGFR C-terminal domain,
delayed the activation of the receptor and inhibited the
enhanced kinase activity of a C-terminal truncated
PDGFR. Hence, the small peptide mimicked the role
of the C-terminal fragment in regulating kinase activity
(Chiara et al., 2004). It will be interesting to examine the
therapeutic properties of such a peptide in the case of
the EGFR.

Experimental Procedures

Biophysical and Structural Analysis

Electrostatic, solvent-accessible surface area calculations and ho-
mology modeling were carried out as described in the Supplemental
Data.

Collection of Sequence Homologs and Their Alignment

A multiple-sequence alignment (MSA) of homologous kinase do-
mains was produced by combining multiple-structure and sequence
alignments to obtain high-quality alignments as described by Al-
Lazikani et al. (2001) and in the Supplemental Data. This resulted
in an MSA of 121 homologous sequences comprising the kinase
domain and about 50 positions C-terminal to it (corresponding to
positions 683-998 of the EGFR). The MSA is shown in Supplemental
Figure S1 in the Supplemental Data.

Evolutionary Conservation

Evolutionary conservation scores were calculated by using the MSA
and Rate4Site’s maximum-likelihood algorithm (Pupko et al., 2002),
as implemented in the ConSurf web server (Glaser et al., 2003)
(http://consurf.tau.ac.il/).

Correlated Amino Acid Substitutions

Pairs of amino acids that appear to change concomitantly during
evolution within the TKs were detected by using the MSA and the
CorrMut algorithm (Fleishman et al., 2004b). The methodological
details are provided as Supplemental Data.

Specificity Determinants

Residues in the TK superfamily, which may be responsible for de-
termining specific characteristics in different kinase families, were
detected by using the MSA and the SpecDet algorithm (Fleishman
et al., 2004a). A description of the algorithm is provided as Supple-
mental Data.

Supplemental Data

Supplemental Data including analysis of the electrostatic potential
of representative TKs of known structure; solvent-accessible sur-
face area calculations and homology modeling of selected TKs;
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the MSA of the TK family; methodological details of the correlated
mutations analysis; and a description of the algorithm used for de-
tecting the specificity-determining residues are available at http://
www.structure.org/cgi/content/full/12/12/2265/DC1/.
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APPENDIX 1

Experimental Procedures (for Chapte 2) carried out by Katia Herz,

Under the Supervision of Etana Pdan (The HebrewUniversity).

Bacterial Strains and Culture Conditions

EP432 is anEscherichia coliK-12 derivative, which ismeBLid, AnhaAl::kan
AnhaBl:cat AlacZY, thrl [1]. Cells were grown either in L broth (LB) or in
modified L broth (LBK [2]).

Plasmids

Plasmid pAXH (previously called pYG103, pET20b (Novagen) derivative, encodes
His-tagged NhaA [3]. pCIAXH, a derivative of pAXH,encodes a His-tagged CL-
NhaA [3]. pCL-AXH2, a derivave of pCL-AXH, lacks a Bl site at position 3382
[4]. pCL-AXH3, a derivative of pCL-AXH2, @ntains a BstXI silent site at position
248 innhaA.

Site-Directed Mutagenesis

Site-directed mutagenesis was conductetbrting to a PCR-based protocol [5] or
Dpnl-mediated site-directed mutagenesig f@r Cys-replacement of W62C, F71C,
F72C and G76C and N64C, we used pCL-AX&$3a template. Mutations H225R and
H225C have been previously described [7].

Isolation of Membrane Vesicles and Assay of N&H™ Antiporter Activity

EP432 cells transformed with the relevaragphids were grown, and everted vesicles
were prepared and used to determine thé&HNaor Li*/H" antiporter activity as
described [8, 9]. Assay of antiportetigity was based on measurement of thé-ida

Li*-induced changes inpH, as measured by acridineange, a fluorescent probe of

ApH. The fluorescence assay was perfameith 2.5 ml of reaction mixture
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containing 56100 ng of membrane protein, 048V acridine orange, 150 mM KClI,

50 mM BTP, and 5 mM MgG| and the pH was titrateditiv HCI. After energization

with D-lactate (2 mM), quenching of thaifirescence was allowed to achieve a steady
state, and then Naor Li* was added. Reversal of the fluorescence level
(dequenching) indicates thptotons are exiting the sieles in antiport with Naor

Li*. As previously shown, the end level of dequenching provides a good estimate of
the antiporter activity [10] and the ionomcentration that yields half-maximal
dequenching gives a good estimate of the app&igrmf the antiporter [10, 11]. The
apparenKy for Li* of EcNhaA is 10-fold lower than that for N¢0.02 mM and 0.2

mM at pH 8.5, respectively). The NH" or Li*/H" antiporter activity was measured

with 5 times the concentration of the appatént
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	 Based on the 305-sequence MSA, evolutionary conservation scores were calculated using a Bayesian method [121], and, using the ConSurf web-server (http://consurf.tau.ac.il/) [5], were projected onto the 3D model of NHE1 described below. 
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