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A novel sequence-analysis technique for detecting correlated amino acid
positions in intermediate-size protein families (50-100 sequences) was
developed, and applied to study voltage-dependent gating of potassium
channels. Most contemporary methods for detecting amino acid corre-
lations within proteins use very large sets of data, typically comprising
hundreds or thousands of evolutionarily related sequences, to overcome
the relatively low signal-to-noise ratio in the analysis of co-variations
between pairs of amino acid positions. Such methods are impractical for
voltage-gated potassium (Kv) channels and for many other protein
families that have not yet been sequenced to that extent. Here, we used a
phylogenetic reconstruction of paralogous Kv channels to follow the
evolutionary history of every pair of amino acid positions within this
family, thus increasing detection accuracy of correlated amino acids
relative to contemporary methods. In addition, we used a bootstrapping
procedure to eliminate correlations that were statistically insignificant.
These and other measures allowed us to increase the method’s sensitivity,
and opened the way to reliable identification of correlated positions even
in intermediate-size protein families. Principal-component analysis
applied to the set of correlated amino acid positions in Kv channels
detected a network of inter-correlated residues, a large fraction of which
were identified as gating-sensitive upon mutation. Mapping the network
of correlated residues onto the 3D structure of the Kv channel from
Aeropyrum pernix disclosed correlations between residues in the voltage-
sensor paddle and the pore region, including regions that are involved in
the gating transition. We discuss these findings with respect to the
evolutionary constraints acting on the channel’s various domains. The
software is available on our website http://ashtoret.tau.ac.il/~sarel/
CorrMut.html
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each monomer consists of six hydrophobic
stretches (S1-56).*” The S1-S4 region comprises a

Introduction

Many potassium channels are gated in response
to changes in transmembrane voltage.'”®> This
form of gating underlies the production of action
potentials: electrical impulses that run across the
cell membrane, allowing neurons, for example, to
transmit signals over their lengths.* Voltage-gated
potassium (Kv) channels are tetramers,” where

Abbreviation used: Kv, voltage-gated potassium.
E-mail address of the corresponding author:
bental@ashtoret.tau.ac.il

voltage-sensing domain, in which the 54 segment
is thought to be the voltage-sensor element,®’
whereas the S5-56 regions from the four channel
subunits form a central pore. This pore domain
contains, in addition to the outer (S5) and inner
(56) helices, the pore helix, and the selectivity filter,
which are responsible for the channel’s high pot-
assium selectivity and throughput' (Figure 1(a)).
Comparison of the three-dimensional pore struc-
tures of K* channels in the closed' and open"
states revealed significant structural rearrangement

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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Figure 1. Stereo images of a monomer of the voltage-dependent potassium channel from Aeropyrum pernix (KvAP)."”
a, The trace model is color-coded according to evolutionary conservation,® with burgundy through turquoise, indicat-
ing conserved through variable residues (see color bar). Potassium ions are shown as orange spheres. The selectivity
filter, S4 and parts of the inner helix are highly conserved, whereas the outer helix and S3b are more variable. The
arrow indicates the direction of motion of the voltage sensor during the opening transition from a membrane-exposed
to an extracellular-exposed orientation according to MacKinnon and co-workers’ model.'"* b, The S3b—54 segment is
colored red, the outer helix green, and the inner helix blue. The position of the Gly220 gating hinge' is marked with
a green sphere. A cluster of highly inter-correlated positions is indicated by magenta stick models. The cluster includes
the following residues, where the pairwise alignment of the positions with the sequence of the Shaker channel® is indi-
cated in parentheses: Ile18 (Tyr219) and Asp20 (Glu221) on S1; Leul03 (Thr326), His109 (Ala332) and Alalll (Glu334)
on S3b; Met158 (Ile405), Val161 (Val408) on the outer helix; Ala186 (Ala432) on the pore helix; Pro207 (Val453), Ala223
(Thr469), Leu224 (Ile470), Lys237 (Tyr483), Val240 (His486) and Glu242 (Glu488) on the inner helix. Glu242 (not
shown) is missing from the KvAP structure. Table 1 lists some of the correlations connecting this cluster. The Figure
was generated using MOLSCRIPT® and rendered with Raster3D.%

at the pore upon opening. The opening transition
involves a large kink in the inner helix around a
highly conserved Gly residue, which serves as a
gating hinge. This bending allows the movement

of the inner helices that leads to the disassembly
of the activation gate (Figure 1b)." These confor-
mational changes are mostly restricted to the intra-
cellular portion of the channel (Figure la). The
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region spanning the highly conserved selectivity
filter remains, for the most part, rigid during
gating.'""?

Studies by MacKinnon and co-workers of the
voltage-dependent  potassium channel from
Aeropyrum  pernix  (KvAP) revealed several
unexpected findings."*'* In contrast to earlier
models that identified S4 as the major voltage-
sensing element, they found that the S3 segment
contains two helices (S3a and S3b), where the S3b
helix and the N-terminal portion of the S4 helix
form a tight helix hairpin, which they termed the
voltage-sensor paddle.”® Secondly, their results
indicated that the paddle moves approximately
20 A across much of the membrane span in
response to the changes in transmembrane
voltage' (Figure 1a). On the basis of these findings,
MacKinnon and co-workers proposed that channel
opening occurs via coupling of the voltage-sensor
paddle’s movement to that of the outer helix."
According to this proposition (Figure 1la), this
movement, in turn, induces conformational
changes in the inner helix" that open the energeti-
cally more stable closed structure.'

During the gating transition, at least three
charged arginine residues per subunit in the
tetramer cross the membrane'®"® (Figure 1la).
Contrary to previous models of activation (sum-
marized by Bezanilla,") the KvAP model argues
that these charges move mostly in an unshielded
manner through the hydrophobic membrane
environment.”"* This conclusion* is astonishing
from a thermodynamic point of view because of
the prohibitive cost in desolvation free energy®
associated with the transfer from water to lipid of
at least a dozen charged arginine residues per
channel.™

Following MacKinnon and co-workers” new
view of voltage dependence, several studies have
been devoted to test its validity.’ > The model
has been criticized* for its reliance on a structure
that may not be physiologically relevant owing to
possible artefacts originating from co-crystalliza-
tion with Fab fragments that may have distorted
its conformation.”?* Studies on the Shaker homo-
logue of KvAP provided evidence that residues
within 54 are in close proximity to residues at the
extracellular part of the outer helix, in apparent
contradiction to the KvAP model.?"*® In addition,
it was shown that S3b does not move significantly
in response to changes in the transmembrane
voltage,* and based on accessibility studies using
the homologous Kv2.1, it was suggested” that

) S4
Shaker 318 IAIIPYFITLATVVAEEEDTLNLPKAPVSPODKSSNQOAMSLAILRVIRLVRVFRIFKL 375

the motion of the voltage sensor is not as large as
that implied by MacKinnon and co-workers."* On
the basis of these results, an alternative model of
the gating transition has been proposed* that is
coherent with the previous view, in which
the voltage sensor, which is comprised solely of
S4, is encapsulated within a proteinaceous
environment. This model further argues that
the channel’s conformational changes upon
gating are of smaller magnitude, when compared
to that suggested on the basis of experiments on
KvAP*

Nevertheless, relatively large conformational
changes are anticipated in both gating models.'***
Such large changes make it exceedingly difficult to
plan and interpret mutation and accessibility
studies aimed at uncovering conformational
substates.!#?1222426 Hor instance, it is difficult to
control whether the modifications introduced in
these studies trap the molecule in physiologically
relevant states. The fact that some of these recent
studies were performed on the Shaker homologue
of KvAP>#?** which contains a long segment
between S3 and S4 that is missing in the KvAP
structure’ (Figure 2), adds another layer of
complexity.

Here, we study the inter-domain relationships in
Kv channels from an evolutionary perspective. We
found a network of inter-correlated amino acid
positions, which cluster in functionally important
regions when mapped on the KvAP structure.
Specifically we show that residues on S3b, which
forms part of the voltage sensor according to the
KVAP structure'' (Figure 1), but not according to
alternative models,* are coupled to pore residues
distributed in the vicinity of the activation gate
and the gating-hinge position. These regions
experience major structural rearrangements upon
pore opening.'"®

Phylogeny-based Detection of
Correlations

In silico analysis of correlated mutations has been
used to identify positions that are implicated in
contact formation or allosteric regulation and con-
formational changes in large protein families.””~*
The underlying assumption in these studies was
that functional or structural associations between
a pair of positions force a coherent change in their
amino acid identities during evolution. In other
words, substitution of one position would induce

Figure 2. A multiple-sequence

Shab 513 LAILPYFVSLFLLEINKN-============-, ATDOFODVRRVVOVFRIMRILRVLKL 556 alignment showing the S3b-S4 seg-
Shaw 270 IATLSFYIDLVLOREAS------=======-==- HLEN--ADILEFFSIIRIMRLFKL 308 ment of a few divergent sequences
KQT1 204 IVVVASMVVLCVGSKGH----—--=-=-====-=———== VFATSATRGIRFLOILRMLEV 241 f Kv ch ls. Residues that

Kv6.1 307 VAILPYYI!LLVDGAAAGRR---KPGAG----~ NSYLDKVGLVLRVLRALRILYVMRL 356 Of Kv channels. kesidues that were
KvAP 95 PALVPAGLLALIEGHLAG-----=-=-============-= LGLFRLVRLLRFLRILLI 131 identified as part of the cluster of

inter-correlated  positions  are
shaded. The 5S4 segment is

relatively conserved, whereas S3b, which contains the three correlated positions, is highly variable. The two helices

are connected by a linker of variable length.
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the other to undergo a compensatory change in
order to maintain the structural or functional
relationships between the two positions.

Detection of co-variation in amino acid positions
within proteins, when combined with experi-
mental data, may indicate what differences are
necessary for modifying function. For instance, all
isoforms of Kv channels are known to have the
same ion selectivity and permeation characteristics,
yet they show differences in terms of voltage sensi-
tivity and closing and opening kinetics. Such
changes might be reflected in variations in the
amino acid sequences of the family. Since multiple
positions are involved in determining these traits,
such sequence variations should occur con-
comitantly in the relevant locations.

A key problem in identifying correlations in
amino acid positions along multiply aligned
sequences of a protein family is the difficulty in
distinguishing co-variation (signal) from noise.
Therefore, contemporary methods for identifying
correlations often rely on very large multiple-
sequence alignments of homologous proteins
(typically hundreds or thousands of sequences) in
order to obtain good signal-to-noise ratios.**~* In
the case of the Kv channel family, however, only a
few tens of protein sequences have been
discovered. Such paucity of homologous protein
sequences is typical for many protein families.
Nevertheless, a collection of sequences that is suffi-
ciently heterogeneous in terms of functions and
sequences can be constructed by the inclusion of
various Kv paralogues (see Materials and
Methods). We present a novel method for detecting
co-varying amino acid positions that is applicable
for the analysis of intermediate-size protein
families (50-100 sequences) that are sufficiently
heterogeneous. The method is similar to that of
Shindyalov et al?® in that it is based on phylo-
genetic reconstruction rather than on multiple-
sequence alignment alone.

Generally speaking, by tracing the evolutionary
pathway for every pair of amino acid positions
within the protein, it is possible to substantially
increase detection accuracy. As a first step in the
analysis, we reconstruct the evolutionary history
of the protein family by inferring the sequences of
hypothetical (now-extinct) ancestral proteins of
the family.*® The phylogenetic tree (Figure 3)
together with the set of reconstructed and con-
temporary sequences specify the evolutionary
pathway that has generated the protein family as
we observe it today, where each branch connects
evolutionarily close sequences. By following the
reconstructed pathway, we trace the changes that
occurred at each evolutionary step for every
position, thus reducing the errors that arise when
comparing sequences that are phylogenetically
distant.

Many contemporary methods for detecting
correlations employ a simplistic amino acid substi-
tution scheme, whereby all changes are treated
equally.®*3°%* Since we consider the changes that

occurred at each position in subsequent evolution-
ary steps, we can employ a substitution matrix
that reflects the subtleties of amino acid replace-
ments in proteins more realistically, e.g. a Val for
Ile change would be considered of smaller magni-
tude than a Gly for Trp substitution. That is, in
each evolutionary step, represented by a branch
on the phylogenetic tree, the changes in amino
acid identities are measured. The correlations
between changes in different positions of the align-
ment can then be calculated in a straightforward
manner. We note that the method does not con-
sider back mutations or multiple mutations in a
single branch.

Here, we used the Miyata matrix,*® which
provides a measure for the physicochemical
differences between amino acids. The advantages
of using a phylogenetic tree are hence twofold:
first, only changes that occurred at the same
evolutionary interval are compared; and second,
we may discriminate between small and large
amino acid substitutions. Thus, the method not
only detects the positions that change concurrently,
but also identifies those that undergo changes of
similar magnitude during evolution. We note that
the Miyata®™ substitution matrix may be replaced
by other substitution schemes, such as the Dayhoff
matrix that was derived from the observed substi-
tution frequencies in homologous proteins.*

The difficulty in detecting correlations in inter-
mediate-size protein families is compounded by
the uneven sampling or bias of homologues in
sequence space. In many cases there is an over-
representation of particular families of sequences,
while others are under-represented. Thus, high
correlations might simply be the result of a lack of
variability in the given collection of sequences. To
decrease bias in the set of sequences, we manually
removed those that shared high homology in the
S1-56 segments with others.

The phylogenetic tree of the Kv family demon-
strates that in the current selection of sequences,
bias resulting from lack of variability is rather low
(Figure 3). The majority of the sequences are from
mammals; however, by including many para-
logous sequences we were able to gain sequence
variability. Following the computation of the
phylogenetic tree and the reconstruction of ances-
tral sequences,* we eliminated from the alignment
all positions showing relatively low entropy or
information content,” which is a measure of the
heterogeneity of amino acid identities in a given
position of the alignment. This step is applied to
avoid the detection of pairs of positions that
changed a small number of times in the family’s
evolutionary history. We also eliminated positions
exhibiting at least one gap in the multiple-sequence
alignment because of the unreliability of ancestral-
sequence reconstruction at such sites.**

To further reduce the possibility of errors due to
bias, we derived confidence intervals for the corre-
lation coefficients using bootstrap sampling.*®
Briefly, bootstrapping randomly generated samples
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Figure 3. The phylogenetic tree used in this study, displaying at the terminal nodes one-letter codes for residues
aligned with positions Leul03 (left) and Alalll (right) on the KvAP sequence. The two correlated positions are located
on the S3b helix, which forms part of the voltage sensor according to the KVAP structures" (Figure 1). The
phylogenetic tree was computed® on the basis of the multiple-sequence alignment of 50 voltage-gated potassium
channel sequences, and was used throughout the analysis (see Materials and Methods).
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of phylogenetic branches. On each sample, the cor-
relation coefficients of the changes occurring in each
pair of positions were computed. Thus, we obtained
a set of correlation coefficients for each pair of pos-
itions, on which we computed the average value as
well as the confidence interval. We then eliminated
correlations that were statistically insignificant. By
applying the bootstrapping procedure on our data
set we also rejected those correlations that were
highly dependent on a particular subset of phylo-
genetic branches, thus reducing the possibility that
the evolutionary pattern in certain parts of the tree
would have a dominant effect.

We detected a large set of correlated positions,
which we then subjected to principal-components
analysis® in order to identify amino acid networks,
in which all residues are highly inter-correlated.
This filtering step also provided a means for
reducing the effects of spurious correlations.

Results

A network of inter-correlated residues
mediates channel opening

Overall, 158 correlations between pairs of amino
acids were identified that met the requirements of
high mean Pearson correlation coefficients
(r>0.5), and for which the lower confidence
boundary, measured by bootstrapping, was judged
to be statistically significant (10w > 0.15). The list
of correlations shows the amino acid positions to
be heterogeneous, with some positions being
linked to many, and others to just a few. To identify
networks of highly inter-correlated positions
within this list, we used principal-components
analysis.*” Several distinct sets of highly inter-
correlated positions were identified. Figure 1b
shows a mapping of one such set that was identi-
fied as the most significant cluster of correlated
positions, on the KvAP structure. This cluster of
14 positions is linked by 50 significant correlations
according to the above criteria; some of the pos-
itions, which were identified in this cluster, were
associated with all of the others. Representative
correlations are listed in Table 1. It may be seen
that most of the inter-correlated residues are in the
pore domain. However, several others were
identified in the voltage-sensing paddle.

Ten out of 14 positions in the cluster of highly
inter-correlated positions were previously tested
in scanning-mutagenesis studies for their effects
on voltage-dependent gating of the Shaker homo-
logue of KvAP. Tryptophan-scanning mutagenesis
showed that mutations of Shaker positions aligned
with Leul03 and His109 on the S3b helix,** and
Met158, Vall61l, Ala223 and Leu224 of the pore
region*’ caused high-impact changes in gating
transitions (Figure 1b). For these mutants, the
voltage-activation relations were dramatically
different compared to that of the wild-type channel
(effects on the stability of the closed versus the open

Table 1. A list of representative pairs of correlated
positions involving the S3b and S4 segment,' activation
gate (C terminus of the inner helix*) and the gating-
hinge region" (surrounding Gly220, shown as a green
sphere in Figure 1b)

S3b-54 inter-correlations

Leul03 His109 0.53 (0.27, 0.74)
Leul03 Alalll 0.59 (0.34, 0.77)
Glu108 Gly114 0.50 (0.17, 0.74)
Leull3 Leull8 0.58 (0.23, 0.87)
S3b-outer helix

Leul03 Vall6l 0.50 (0.24, 0.75)
His109 Vall61 0.55 (0.20, 0.77)
Leull0 Alal40 0.58 (0.15, 0.83)
Leul10 Asp143 0.51 (0.19, 0.73)
Alalll Vall61 0.66 (0.34, 0.86)
S3b-gate

Leul03 Glu242 0.69 (0.46, 0.84)
His109 Val240 0.57 (0.28, 0.79)
Alalll Val240 0.56 (0.22, 0.83)
Alalll Glu242 0.71 (0.42, 0.90)

Gate-gating hinge region

Met158 Lys237 0.66 (0.31, 0.91)
Vall61 Val240 0.58 (0.19, 0.83)
Alal186 Val240 0.53 (0.20, 0.79)
Ala223 Lys237 0.64 (0.35, 0.91)
Ala223 Val240 0.55 (0.18, 0.81)

Inter-correlations in the gating hinge region

Met158 Ala223 0.59 (0.27, 0.90)

Met158 Leu224 0.71 (0.36, 0.91)
Vall61 Ala223 0.58 (0.16, 0.89)
Vall61 Leu224 0.79 (0.51, 0.91)
Ala186 Leu224 0.74 (0.49, 0.94)
Pro207 Ala223 0.56 (0.30, 0.80)
Pro207 Leu224 0.55 (0.26, 0.73)

The trimmed means in the 95% confidence interval of corre-
lations (r), which were calculated from 400 bootstrapping
samples, are indicated and the 95% confidence interval is par-
enthesized (see Materials and Methods).

states). An alanine scan showed that Lys237 is
another gating-sensitive residue, but mutations of
three positions, including Alal86, Pro207 and
Val240, that are part of the cluster on the inner
helix did not alter the gating equilibrium."” Thus,
seven out of the ten positions tested experimentally
have large effects on channel-gating transitions,
implying that this network of correlated amino
acids may have a functional role in the voltage-
induced conformational changes that lead to
channel opening.

From a structural point of view, if indeed the
cluster of inter-correlated residues comprises
mostly gating-sensitive positions, we would expect
these residues to occupy pore regions that are
involved in the conformational changes during
channel gating. The inter-correlated residues dis-
tributed at the intracellular end of the inner helix
lie roughly two helical turns below the channel’s
activation gate, which opens to grant potassium
ions entry into the channel during the gating
transition*** (Table 1; Figure 1b). The gate itself,
which consists of a relatively conserved Pro-X-Pro
sequence motif (Shaker positions 473-475), likely
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forms a bend and adds flexibility to the intra-
cellular part of the S6 segment, which is important
for the opening transition.** The five positions in
the extracellular region are all within 10 A of a
mostly conserved glycine (Gly220 in KvAP (green
sphere in Figure 1b)).''® This position serves as
the gating hinge during pore opening, where a
bend occurs in the inner helix." This co-variance
can be rationalized by assuming that substitutions
in one region of the pore domain can be compen-
sated for by mutations in the other. An alternative
interpretation is that in order to modify existing
function or to gain a new one, both regions have
changed in evolution concomitantly. Since the set
of sequences used in the current study consisted
of many different paralogous sequences (Figure 3),
where each may have slightly different character-
istics of voltage sensing and gating kinetics, it is
tempting to adopt the latter explanation.

The distribution pattern of inter-correlated
residues on the pore domain, determined by the
correlated-mutations analysis is in very good
agreement with an energetics analysis of pore
opening performed for the Shaker Kv channel.”® In
that study as well, gating-sensitive positions at the
pore were found to cluster at the activation gate of
the channel and at the region just extracellular to
the glycine gating-hinge residue. The particular
pairs that were identified in that study' were not
highlighted in our analysis because of the fact that
residues at some of the positions that were
analyzed experimentally are highly conserved.

From a structural perspective, it appears
unexpected that many of the positions identified
in this cluster are distant in 3D space, and yet are
inter-correlated. However, this result is in line
with experimental data on the Shaker channel pore
that demonstrated, by using double-mutant cycle
analysis,” that gating-sensitive positions at the
pore are energetically coupled to each other even
at distances as large as 15 A.'" Such long-range
energetic couplings betweens residue pairs are
indicative of large tertiary or quaternary confor-
mational changes® as was indeed verified upon
comparison of the closed (KcsA'?) and open
(MthK") pore channel structures.

The amino acid correlations detected here and
their distribution pattern on the pore imply that
during the evolutionary process, the activation
gate and the gating hinge regions of the channel
have accumulated substitutions in order to assume
slightly different gating characteristics. Since the
correlated positions occur mostly in regions that
mediate inter-helical contacts, where extensive
packing interactions occur, their substitution from
one channel to another may increase or decrease
the thermodynamic stability of the closed versus
the open states of the channel. Such changes in the
packing interfaces of regions that experience con-
formational changes during gating are expected to
alter the gating kinetics.

Another interesting result in our analysis is the
finding that several of the highly correlated

residues occupy positions on the S3b helix, and
co-vary with the pore domain residues that affect
channel gating (Figure 1b; Table 1). This co-vari-
ation implies that S3b affects the opening tran-
sition, along with the activation gate and gating
hinge regions. An important role for S3b in affect-
ing the gating transition makes sense in the light
of the KvAP structure, which shows that the
helices S3b and S4 form one structural unit (a
“paddle”).”> Moreover, electrophysiological assays
demonstrated that the two helices move together
between membrane and extracellular exposures in
response to transmembrane voltage changes.'* This
result is also in agreement with alanine and trypto-
phan-scanning mutagenesis analyses, which showed
that some positions on S3b are gating-sensitive.***
On the other hand, a recent accessibility study
showed that the Shaker channel’s S3b segment is
externally exposed in both open and closed channel
states, thereby contradicting the notion that S3b and
S4 move as one structural unit.*

Other residues in this cluster of correlated pos-
itions are less readily explained within the context
of a network of positions that are involved in the
gating transition. One of these positions is Pro207
at the N-terminal end of the inner helix. Mutation
of the Shaker position that is aligned with Pro207
to either alanine®™ or tryptophan* did not alter
channel gating significantly, thus making it
unlikely that this position is involved in the gating
transition. Two other positions in the cluster, Ile18
and Asp20, which are located N-terminal to SI,
have not been tested experimentally. Indeed, it is
difficult to imagine a role for these residues in
gating according to the KvAP structure (Figure 1),
but it is very likely that the structure does not
represent the physiological position of S1, whose
N-terminal part is intracellular."**** It would be
interesting to experimentally test whether and
how this segment is coupled to the opening
transition.

Sensitivity of the analysis to the phylogenetic
inference method and to the amino acid
substitution matrix

Using neighbor-joining

To gauge the results’ sensitivity to the particular
phylogenetic inference methods used here, we
also computed the phylogenetic tree using the
neighbor-joining algorithm.*” This method, when
compared to the maximum-likelihood program
Tree-Puzzle™ is computationally less intensive, but
is less robust, in particular when analyzing a very
divergent sequence set. Aside from this step, all
others used to compute correlations and to derive
the cluster of highly inter-correlated positions
were the same as elaborated in Materials and
Methods.

The list of pairs of positions showing high
(r=0.5) and significant (114, = 0.15) correlations
detected using the neighbor-joining tree was
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approximately half the one obtained by using the
phylogenetic tree of maximum-likelihood. The fact
that a smaller number of correlations were found
to be statistically significant indicates that the
analysis based on the neighbor-joining tree was
noisier than that of the maximume-likelihood tree.
Based on the neighbor-joining tree, the most sig-
nificant network of correlated positions included
the six amino acid residues on the voltage sensor
and the activation-gate region that were detected
also using the tree of maximume-likelihood. How-
ever, the cluster of five positions surrounding the
gating-hinge Gly220 was missing. This result
indicates that while an analysis based on a
neighbor-joining tree retrieves some of the most
significant correlations, the results based on the
maximume-likelihood tree are more sensitive, as is
indeed expected.

The amino acid replacement matrix

Many existing approaches for the detection of
correlated positions within protein families treat
all amino acid substitutions in the same way, i.e.
without differentiating among small and large
changes.®®** In contrast to these methods, we
have employed the Miyata substitution matrix,*
which assigns small values to physicochemically
moderate substitutions such as Val for Ile, and
large values to drastic substitutions such as Gly
for Trp. To test whether the use of the Miyata
matrix increases the method’s sensitivity, we
replaced the Miyata matrix with a binary substi-
tution matrix, in which every change in amino
acid identity is given a value of 1, whereas no
change is assigned a value of 0. Based on the
phylogenetic tree and ancestral-sequence recon-
struction of maximum likelihood, we computed
the correlations among amino acids using this
binary matrix.

The list of high (r=0.5) and significant
(row = 0.15) correlations was larger by more than
60% in the case of the binary matrix than when
using the Miyata matrix.*®> Many of the pairs of
positions showed very similar correlation coeffi-
cients and smaller confidence intervals, reflecting
the lower discriminating strength of the binary
substitution matrix. Importantly, whereas in the
case of the Miyata matrix more than 50% of the cor-
relations were deemed statistically insignificant
using the bootstrap criterion 15w = 0.15, none of
the correlations using the binary matrix was
rejected on this basis. We conclude that, at least in
cases in which relatively small sets of sequences
are analyzed, a physicochemical substitution
matrix is preferable.

Discussion

Recently, an alternative model for channel gating
was suggested for voltage-dependent potassium
channels based on biochemical, electrophysiologi-

cal, and structural studies.®'* In addition, it has
been shown that the pore opening transition
involves coupled interactions in different regions
of the pore domain.'”! In view of the alternative
models of channel opening, we set out to investi-
gate whether residues outside the pore are also
coupled to regions that are important for the gating
transition. We did so by examining inter-domain
relationships from an evolutionary perspective.

We developed a novel method that identifies
evolutionarily co-varying amino acid positions in
intermediate-size protein families, and applied it
to study voltage-dependent potassium channels.
One of the method’s strengths is its use of phylo-
genetic inference, allowing the algorithm to trace
the evolutionary pathway for every pair of
positions in the protein family. Various measures
have been employed to limit the effects of bias in
sequence space and of errors in ancestral-sequence
reconstruction.

Despite the method’s enhanced sensitivity, it
cannot be used reliably to detect correlations
within a family represented by a very small
sequence set. The actual boundary, below which
the method’s dependability is too low, cannot be
determined a priori as it is contingent on a variety
of factors. However, a critical element to a reliable
analysis is that the collection of homologues spans
as much as possible of the function and sequence
space of the protein family. This may be achieved
by the inclusion of a variety of paralogues. The
family of Kv channels comprises many paralogues
(see Materials and Methods), providing the necess-
ary functional and sequence variability.

The Kv channel family provided this study with
a wealth of experimental data for validation and
for advancing hypotheses that may not be avail-
able in families that are less well characterized. To
interpret an analysis of correlations in such cases,
it is possible to employ the standards used in the
study of double-mutant cycles, where a coupling
between positions that are proximal is deemed a
consequence of physical contact, whereas the
coupling of distant positions is a result of allostery
(e.g. Yifrach & Mackinnon').

Of the cluster of highly inter-correlated positions
detected here, a large fraction (seven of ten) were
also identified in mutagenesis studies as being
gating-sensitive,'>***' providing support for the
method’s capabilities in identifying functionally
related positions. For comparison, Miller and
co-workers found roughly 50% of the positions in
the S1, S2, and S3 segments to be sensitive to sub-
stitution by tryptophan.**** The fraction of highly
inter-correlated positions that were found to be
gating-sensitive should be considered an under-
statement, since two out of the three positions that
were presumably identified erroneously as corre-
lated were only tested using an alanine scan,
which is relatively stringent.'”” Notably, as has
been observed before, gating-sensitive positions
do not necessarily map to evolutionarily conserved
regions of the protein, e.g. the S3b segment®
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(Figure 1b). It has therefore been difficult to
identify such positions without the use of large-
scale scanning mutagenesis experiments. Thus, an
analysis of evolutionarily correlated mutations
may provide a means to focus experimental efforts.

Analysis of double-mutant cycles provides a
direct means to test the functional implications of
evolutionarily  detected  couplings between
positions.*** Our results agree well with experi-
mental findings on gating of Kv channels that
show that the regions encompassing the glycine
gating hinge on the inner helix and the activation
gate in the intracellular part of the channel are
energetically coupled in the context of the gating
transition.”” The correlations indicate that the
energetic coupling between positions in the
pore domain is also reflected by the positions’
co-variation in the Kv family’s evolution.

The correlations that we have identified extend
this coupling, and include the S3b segment as well
(Table 1, Figure 1b). The results imply that these
three functional elements of the channel are
evolutionarily coupled, suggesting that substi-
tutions in S3b would have an effect on channel
gating. It is interesting to note that the three
positions identified on S3b are all evolutionarily
variable (Figure 1). In fact, the segment’s hyper-
variability contrasts with the relatively high con-
servation of S4. Moreover, the two segments are
connected via a linker of variable length in
different paralogues (Figure 2).

It has been suggested that the low conservation
of the S3b helix implies lack of a functional con-
straint and is, therefore, an indication that its
structural association with S4 is not universal.**
Our analysis suggests that the functional constraint
is manifested in this case through the pattern of
substitutions of pairs of positions (Table 1), i.e.
through the inter-correlated amino acids detected.
This argument is strengthened by the observation
that many positions at the C-terminal part of the
S3b helix, where two of the highly inter-correlated
positions are located (Figure 1b), are gating-
sensitive in two different channel subtypes, despite
the segment’s sequence variability.*#~>*

The evolutionary advantage of residue substi-
tutions in important functional regions such as the
S3b part of the voltage-sensor paddle, the acti-
vation gate, and the region encompassing the
conserved gating hinge is clear. Modifications in
these regions would have significant effects on the
gating characteristics of the channel. For instance,
if S3b indeed forms part of the voltage sensor,' its
modification might alter the sensitivity of the
channel to changes in transmembrane voltage,
whereas substitutions in the gate and the region
surrounding the gating hinge might alter the
thermodynamic stability of the open or closed
states. Given that these effects are intertwined in
the sense that they all modulate the gating tran-
sition, the changes that are observed in amino acid
identities should be coupled as is evident through
correlated-mutation analysis.

In view of these conclusions, an interesting
experiment might be to identify what constitutes a
minimal set of mutations that alter the function of
a given Kv paralogue to obtain a channel with the
characteristics of another. That the domains of Kv
channels are at least grossly modular was exempli-
fied by an experiment, in which the voltage-sensor
segment (51-54) of the Shaker Kv channel was con-
nected to the voltage-insensitive pore domain from
KcSA to produce a voltage-sensitive chimera.®
Also, substitutions of just three hydrophobic
amino acid positions of the S4 segment of the
Shaw channel to the corresponding ones of the
Shaker member of the Kv family were enough to
switch the gating characteristics of the former
channel into those of the latter.”® The fact that the
S3b segment, the activation gate, and the region
encompassing the gating hinge are evolutionarily
coupled (Figure 1(b)) suggests that chimera that
include subsequences of these regions and parts of
the S4 segment from different channels might
indeed switch channel characteristics in a manner
that can be rationalized.

In summary, our results demonstrate that along
with conservation analysis, a study of correlated
mutations is an important part of phylogenetic
investigation. Often in such analyses, positions
that are not evolutionarily conserved are assumed
to have little functional role. Here, we show, how-
ever, that certain positions that are evolutionarily
variable or only show intermediate conservation
(e.g. residues His109 and Lys237 of the S3b and
activation-gate regions, respectively) are coupled
in a functionally meaningful way (Table 1;
Figure 1b). Hence, whereas the functional import-
ance of the 5S4 helix as the principal carrier of the
gating charge'”'® is immediately apparent from its
conservation profile (Figure 1la), the implied
importance of S3b in modulating voltage sensi-
tivity is evident only through its co-variation with
other domains that are relevant to gating.

On the basis of our results, we argue that the
architectural design of Kv channels, in terms of
evolutionary conservation, is two-tiered. The selec-
tivity filter and parts of the pore and inner helices
are all evolutionarily constrained to maintain the
channel’s hallmark features of selectivity and high
throughput''? (Figure 1la). 54 is also highly con-
served to maintain the nominal gating charge. In
contrast, the activation gate and parts of the outer
helix, the gating-hinge region, and the S3b helix,
all of which do not directly control ion selectivity
or carry the gating charge, are freer to accumulate
substitutions in order to change certain gating
characteristics. These substitutions are correlated,
reflecting the concerted effect of these domains on
the gating transition.

Kv channels show a large degree of modularity,
with the activation gate, gating hinge, selectivity
filter, and voltage sensor occupying different
regions of the protein. This modularity contrasts
with the apparently more “parsimonious” architec-
ture of the CIC chloride channel, in which the gate
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and selectivity filter inhabit the same region.”” The
evolutionary advantage of a modular architecture
is that it is possible to introduce modifications to
particular functions of the protein without under-
mining others. For instance, in Kv channels,
changes in voltage sensitivity or gating kinetics
upon the evolutionary pathway need not interfere
with the channel’s selectivity for potassium. With
respect to the Kv channel family, whose members
respond differently to a large spectrum of voltages,
this separation of functionally important regions
may have been a highly important evolutionary
force shaping the voltage-gated channel structure.

Materials and Methods
Data

We constructed an initial multiple-sequence alignment
of a few tens of sequences of Kv channels derived from
the SWISS-PROT database.® On the basis of this align-
ment, a hidden Markov model was then constructed,®
calibrated, and used to search for more Kv channel
sequences. From the final list of homologues we
removed sequences that showed very high homology to
others in the data set, and retained 50 mostly mam-
malian sequences with a few fly, frog, fish, and chicken
representatives. These consisted of Kv1.1-1.6, Kv2.1-2.2,
Kv3.1-3.4, Kv4.1-4.3, Kv5.1, Kv6.1-6.3, Kv9.1-9.3, Kv11.1,
the KQT members 1-5, the Drosophila melanogaster
sequences Shab, Shal, Shaker, and Shaw, and the KvAP
sequence.

All sequences except for KvAP were aligned using the
CLUSTAL W algorithm using default parameters,” and
KvAP was then added manually, based on its pairwise
alignment with the Shaker Kv channel.” Because the N
and C termini of the multiply aligned sequences con-
tained many gaps, thus reducing the alignment’s
reliability, the sequences were trimmed to produce a
core alignment consisting mostly of the transmembrane
S1-S6 segments. The final alignment contained the
positions corresponding to 138-505 of the Shaker Kv
channel.

Phylogenetic reconstruction

An unrooted phylogenetic tree was computed using
the maximume-likelihood method Tree-Puzzle,® using
eight Gamma rate categories, the Muller—Vingron
model of amino acid substitution, and default par-
ameters (Figure 3). An alternative tree was constructed
using the neighbor-joining method* based on Jukes-
Cantor distances. The ancestral (now-extinct) sequences
were reconstructed on the basis of both trees with the
maximum-likelihood program PAML* using marginal
reconstruction, eight Gamma rate categories, the JTT
substitution matrix, and default parameters. Positions in
the multiple-sequence alignment that exhibited one or
more gaps were discarded owing to the uncertainty in
sequence reconstruction at sites with insertion or
deletion.

To gauge the extent of change at each position during
the evolutionary process, we followed the phylogenetic
tree, and for each amino acid position and branch, the
differences in amino acid identities were converted to
physicochemical distances according to the Miyata sub-

stitution matrix.® Alternatively, we used a binary matrix,
where every change in amino acid identity was given an
equal weight of 1 and no change a value of 0.

Calculating entropy

We calculated the entropy (or information content),”
which is a measure of the heterogeneity of amino acid
identities, at each position in the alignment of extinct
and extant sequences according to 3i—1.20 — fp; In(f,.),
where f,; is the frequency of amino acid i at position p.
Positions showing entropy lower than 1.1 were elimi-
nated. Such positions were judged to be too conserved,
and therefore unlikely to contain enough information
for computing correlations.

Calculating correlations among residues

Pearson correlation coefficients (r) between the
physicochemical distances® of each pair of amino acid
positions were calculated by taking into account the
changes that occurred along all of the branches of the
phylogenetic tree. Hence, high correlations are expected
for pairs of positions, whose identities change at similar
physicochemical magnitudes and at the same evolution-
ary time. Pairs of positions with » < 0.5 were assumed
to be poorly correlated and were not further analyzed.

We used the bootstrap method® to obtain confidence
intervals for the correlation coefficient of every pair of
amino acid positions that were not rejected in previous
steps. Bootstrapping redrew 400 samples of branches
with replacements from the phylogenetic tree, i.e. pairs
of evolutionarily related proteins. For each such sample,
we calculated the Pearson correlation coefficient for all
the pairs of positions. For each pair of positions, these
400 correlation coefficients were then sorted numerically,
and the correlation coefficients at the lower (7},y) and
upper (fhigh) 2.5 percentiles were considered to be the
lower and upper 95% confidence boundaries. For each
pair of positions i, j the trimmed mean r;; of the corre-
lation coefficients in the 95% confidence interval was
also computed. Pairs of positions, whose lower 2.5% con-
fidence boundary was ri,w < 0.15 were rejected, as were
positions with trimmed means of correlation coefficients
Tij < 0.5.

As a further test of significance, we discarded pairs of
positions if one or both of the residues i in each pair
was found to have cov(i,i) =0 in at least 2.5% of the
bootstrap samples. This eliminated correlations that
were high simply because of homogeneous evolutionary
conservation in large parts of the phylogenetic tree.

Principal components analysis

In searching for networks of highly inter-correlated
amino acid positions, we subjected the complete set of
correlated pairs of positions to principal-components
analysis.®® We constructed a symmetric matrix of all of
the correlations identified in the study, where each
element i, j of the matrix corresponded to the trimmed
mean of correlations between positions i and j, r;;. Pairs
showing low (r;; < 0.5) or insignificant (114, < 0.15) cor-
relations were assigned a value of 0, and the diagonal
elements a value of 1. The matrix was decomposed into
eigenvalues and eigenvectors. The eigenvector associ-
ated with the eigenvalue of highest magnitude was
regarded as the most significant correlated network.
Position i was considered to be part of this cluster if
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‘Ei

| = 0.15, where ¢; corresponds to element i in the

eigenvector.

Availability

The programs used in this analysis are availablef.
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