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K,1.2 is a potassium channel protein whose electrophysiological properties, including an oxygen sensing response, are
modulated by auxiliary beta subunits. The beta subunits are homologous to oxidoreductases, supporting a hypothesis
that the coupling of the two subunits helps connect the redox state of the cell to the electrical activity of the membrane.
However the exact mechanism of the coupling has not been discovered to-date.

We apply evolutionary correlation analysis to infer previously unknown components of the interaction network
regulating the response to hypoxia of the K 1.2/B, complex. Briefly, evolutionary correlation analysis involves finding
correlated amino acid substitutions in functionally equivalent proteins (for both subunits) across a range of species. The
method thus depends on a reliable method of inferring functionally equivalent (orthologous) proteins in different spe-
cies, which method we describe in a paper recently published in PLoS ONE. One key finding is the characterization of a
network of motif interactions between the o and the 3 subunits. By significance testing, we show that the likelihood of
the correlations shown in the K| 1.2- two interaction motifs arising by chance is less than 0.0003, which shows that the
correlations are statistically highly significant. We therefore believe that the correlations are likely to be biologically rel-
evant. Other major findings are correlations between specific motifs in the K 1.2-, complex and motifs in other proteins
such as RACK1 and Eif3s6ip, which in turn are connected to the hypoxia response. Our paper combines this correlation
with the literature evidence on potassium channel inactivation and hypoxia response to identify specific motifs to serve
as experimental targets for studies focused on this response.

This work aims to add to our general understanding of two major issues in ion channel science: (1) how multi-pro-
tein complexes including ion channels function in coordinated fashion and (2) how ion channels mediate the conversa-
tion between the intracellular and extracellular environments. We also aim to apply to ion channel science the prin-
ciple that domain-domain interactions in proteins can be inferred from correlation of amino-acid substitutions in sets of

functionally equivalent proteins.

Introduction

Voltage gated potassium channels (K,) are a large and diverse
family' of ion channels that allow selective permeation of
potassium ions at specific transmembrane voltages. K 1.2 is a
Shaker-like channel that works as a delayed rectifier, to bring
the membrane potential back to its resting state after an action
potential. The recently solved crystal structure of the K, 1.2-B,
complex” reveals a homo-tetrameric structure. Each K 1.2 o sub-
unit has 6 transmembrane helices (S1-S6) with the S1-S4 form-
ing the voltage sensing apparatus, and the S5-S6 helices along
with the pore helix, forming part of the pore region responsible
for permeation of K* ions. Many ion channels, and in particu-
lar voltage-gated potassium channels, have auxiliary subunits
attached to them that can modulate their electrophysiological
parameters.” The B subunits are one type of cytoplasmic aux-
iliary subunit that can modulate the inactivation kinetics of K|,
channels.® At least 3 types of B subunits have been identified, B,,
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B,, B, each of which may have multiple isoforms.* These beta
subunits also tetramerize like the K 1.2 o subunits and attach to
the corresponding o subunits via the T1 domain. The 3 subunits
are homologous to aldo-keto reductases and have the typical
TIM-barrel fold that is characteristic of this family. The crystal
structure of the K, 1.2-B, complex also has a NADP* co-factor
bound to the 3, subunit. It was found that the binding of NADP*
could influence potassium channel trafficking’ Differential
binding of the reduced and oxidized forms also had effects on the
degree of inactivation of the K, o subunits.®” Since K J3, does
not have the long N-terminal ball and chain region that inacti-
vates K, channels,® the exact functional advantage of K 1.2-,
complexation is still to be resolved. Both K, 1.2 and the B sub-

units have been shown to be important for oxygen sensing.>*'

In addition, hypoxia can cause inactivation of K 1.2 channels.”"
Given the large number of combinatorial possibilities of K -
complexation, experimental exploration will be greatly aided by

computational techniques that can pinpoint interaction sites and
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functionally relevant regions for further analysis. In this paper,
we explore the evolutionary coupling between the two subunits
with a view to understanding their overall functional coupling.

Evolutionary correlation or co-evolution between proteins
has been explored both at the sequence level and at the whole
genome level. Phylogenetic profiling'? assumes that the presence/
absence of proteins in genomes will be correlated if they have co-
evolved to maintain an interaction. Phylogenetic congruency® is
an extension of the phylogenetic profiling technique, but at the
level of sequences, rather than the presence/absence alone. The
underlying premise is again that of correlated evolution, whereby
mutations that occur in one protein of an interacting pair would
cause correlated mutations in its interacting partner, with a view
to preserving the interaction. The correlations are detected by
comparing the sequence evolution of both proteins across several
species. Since sequences are represented by symbols instead of
numbers, the comparison is done using distance matrices that
accompany the construction of phylogenetic trees.

One of the early applications of this method was for the ligand-
receptor systems.'* The technique was benchmarked with domain
interactions in PGK (phosphoglycerate kinase). Pazos et al.”®
extended the technique to genome-wide identification of protein
interaction networks. Kim et al. extended the technique to study-
ing the list of all structural domain interactions in the PDB using
PSIMAP.S In most of the analyses carried out using the phylo-
genetic congruency technique, a significant level of background
correlation was found to exist even between proteins that were not
functionally related. This background correlation was attributed
to speciation. This means that differences in sequence between
human and chimp for two different proteins might simply arise
due to species wide pressures for humans and chimps. Several
attempts have been made to subtract the effect of the “speciation-
vector”.'”"® There was a decrease in false positives, but in some
of the techniques, the proportion of false negatives increased. A
recent effort” attempted to identify protein interactions using the
mirror-tree approach on a genome-wide scale. Rather than subtract
speciation vectors, they used the idea of higher-order correlations
and partial correlations to extract highly specific interactions. The
overall accuracy was very high, making coevolution a strong can-
didate for identifying genome wide protein interaction networks.

There are several techniques that predict domain-domain
interactions from a given protein network. Since our analysis is
limited to two proteins, we shall not cover those methods here;
the interested reader is referred to a recent review on this topic.”
We also limit our discussion to sequence based techniques; a good
review of structure-based techniques can be found in Aloy et al.?’
Early studies®' used the Interpro* databases to learn which of the
domain/motif pair combinations were more frequent in interact-
ing proteins than expected by chance. The studies were aimed at
providing an interaction screen to reduce the experimental search
space of all interacting pairs. Several other techniques® have built
on these ideas with sophisticated algorithms; most depend on
PFAM or InterPro domains and test their accuracy with experi-
mentally predicted interactions.

1'24

Kim et al.* took a different approach to inferring domain

interactions. They applied the idea of phylogenetic profiles to
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protein domains instead of whole proteins. Their technique
could pick up functional links previously missed by the original
phylogenetic profiling technique. They extended this approach?®
to studying correlations at the residue level, and identified poten-
tial interacting residues that were contiguous in sequence space
and could correspond to domain-domain interactions. Their
system successfully predicted domain interactions in chemotaxis
proteins in E. coli and the proteins involved in regulation of the
high-affinity potassium transport AT Pase. Jothi et al.* extended
the technique (RCDP—Relative coevolution of domain pairs)
and predicted known interactions in iPFAM? with an accuracy
of approx. 65% as compared to 55% accuracy of randomized pre-
dictions. In a subsequent paper,?® they attempted to remove back-
ground correlations using entropy thresholds in addition to the
previously mentioned speciation subtraction techniques. They
hypothesized that in regions of low entropy, coevolution result-
ing from preservation of function was less likely to be saturated
with species divergence. The entropy reduction step (ERS) was
an input to the speciation subtraction and was useful in decreas-
ing false positives.

In addition to the above domain-based methods, several
techniques have been developed to identify coevolving residues
between and within proteins.?” Notably, Mintseris et al.?° studied
obligate and transient interactions and concluded that the substi-
tution rate at the interfaces of obligate interaction partners were
slower and thus showed good correlations, while the residues at
the interfaces of transient interactions had much more plasticity
and evolved at too rapid a rate to leave evidence of correlated
mutations. Studies involving intra-protein residue correlation
focused primarily on predicting structural contacts within the

1% introduced a continuous

protein.®# Recently, Yeang et a
time Markov process model of sequence coevolution and showed
that coevolving residues were not only involved in functionally
linked domains; they were also spatially coupled. Almost all of
the above-mentioned methods have had different approaches to
computing the datasets used in the correlation analysis. Each
method uses a set of heuristics to allow for uncertainties in their
methodology as well as in the validation datasets. A critical
review by Halperin et al.** found that the method of evolution-
ary correlation was useful in predicting intramolecular contacts,
but with present techniques would not generally be useful for
prediction of intermolecular contacts, except for specific cases.
One limiting factor cited was the inability to identify a substan-
tial number of truly orthologous protein sequence pairs in mul-
tiple species for each potential interacting pair. In our paper, we
have attempted to overcome that limitation by application of our
MoLFunCs method for identification of functional counterparts
across multiple organisms. The mirror-tree method that we adopt
in our analysis, requires orthologs of the proteins being investi-
gated across multiple species. In a previous paper,® we described
a technique to extract the Most Likely Functional Counterparts
(MoLFunCs) of a protein from a set of species. The MoLFunC
is analogous to the concept of ortholog, but works at the protein
level in contrast to the gene level and aims to address the issue of
picking the right isoform of the protein being investigated. This
is especially relevant for biophysical studies where tissue-specific
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splice variants might have both subtle changes in their sequences
and consequently their function as well. The MoLFunCs algo-
rithm resulted in a sufficiently large and diverse sample size for
the coevolution analysis.

Our determination of MoLFunCs is based on the idea of
“authority”—the term refers to the degree of confidence in the
annotation of a protein’s function. The K, 1.2 and the B, from rat
were chosen as the authorities due to the availability of their crys-
tal structure.? We are interested in the following primary goals:

(1)  Develop a protocol to accurately identify the motif pairs
that mediate the physical connection between two interacting
proteins.

(2) Identify functionally relevant long-range correlations
between motif pairs in the two proteins.

(3) Identify emergent properties of the correlation network
and analyze them in the context of known functionality of the
protein complex.

The rest of the paper describes the methodology of extracting
motifs, computing correlations between motifs, estimating the
significance of the correlations and a detailed analysis of the cor-
relations that we hope will shed some light on the overall func-
tionality of the K,1.2-, complex.

Results

Highly correlated motif pairs. Table 1 shows the 30 motif pairs
between K 1.2 and B, that exhibit the most highly correlated
evolution of the 491*359 total potential motif pairs. The bold
entries show 10 motif pairs that are proximal in the 3D structure
while the italicized entries show 20 that are not proximal. The
strong correlation of motif pairs in structural proximity serves to
validate the method, since it is clear that evolutionary change in
these areas must be correlated. We note that the K 1.2 motifs in
the structurally relevant pairs are in the T1 region of the chan-
nel.? The strong correlation of some motif pairs that are distant
from each other suggests that both regions are subject to some
common adaptive pressure.

Recall/precision analysis. Figure 1 shows the precision (see
Methods for definition) at the standard recall levels for the
method applied with respect to the structurally relevant (i.e.,
most proximal) set of motif pairs (as defined in Methods).
The significance tests for this figure correspond to Case la (see
Methods for definition). It is clear that precision falls rapidly as
recall increases for all the measures used; i.e., a higher fraction of
the motif pairs recalled are not structurally relevant. The rapid
fall of precision indicates the accumulation of “structural false
positives”; i.e., apparently highly correlated motif pairs that are
not in regions of strong spatial interaction. It should be noted
that designation as a “false positive” does not necessarily mean
that the high correlation is either accidental or artifactual. Since
the correlations are so strong as to be unlikely to arise acciden-
tally, the more likely interpretation is that the two regions are
participating in a coordinated response to the same evolutionary
pressure. Note that it is not to be expected that all of the struc-
turally relevant motif pairs will score equally highly, since only
a subset of them represent actual structural arrangements of the
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Table 1. Table listing the highly correlated motifs between 3, and K 1.2
sorted in decreasing order of correlation values

Beta2 Beta2 K 1.2 K 1.2 Correlation
motif motif motif motif p-value
start end start end score
229 237 63 71 0.9907 0.0002
229 237 62 70 0.9902 0.0002
158 166 377 385 0.9901 0.0002
158 166 378 386 0.9897 0.0002
158 166 379 387 0.9897 0.0002
158 166 380 388 0.9897 0.0002
233 241 62 70 0.989 0.0002
235 243 64 72 0.9882 0.0002
157 165 376 384 0.9865 0.0002
234 242 62 70 0.9865 0.0002
233 241 63 71 0.986 0.0002
157 165 377 385 0.9857 0.0002
159 167 382 390 0.9853 0.0002
159 167 383 391 0.9853 0.0002
226 234 382 390 0.9845 0.0002
226 234 383 391 0.9845 0.0002
159 167 378 386 0.9838 0.0002
159 167 379 387 0.9838 0.0002
159 167 380 388 0.9838 0.0002
158 166 376 384 0.9835 0.0002
226 234 375 383 0.9833 0.0002
234 242 63 71 0.9832 0.0002
233 241 64 72 0.9832 0.0002
50 58 384 392 0.9827 0.0003
331 339 378 386 0.9825 0.0003
331 339 379 387 0.9825 0.0003
331 339 380 388 0.9825 0.0003
230 238 62 70 0.9825 0.0003
231 239 62 70 0.9825 0.0003
331 339 377 385 0.9822 0.0003

Bold indicates true positives and italics indicate “structural false
positives”.

interacting surfaces. Therefore, getting even one of the relevant
pairs as the highest correlated pair, can be considered a successful
validation of the method. By this logic, we need to consider pri-
marily the precision at 0% recall, which is really an extrapolated
precision. The overall precision at 0% recall is 100% and six of
the top eleven hits are structurally relevant (Table 1). Although
structural false positives accumulate quickly as one goes lower
down the list of descending correlations, the relatively high hits
are not distributed randomly across the sequences, but rather are
clustered around a few regions in both proteins. We shall investi-
gate these high-scoring pairs in the next section. Figure 2 shows
these clustered pairs of interacting regions on the 3D structure.
Figure 3 describes our results for Case 16 (see Methods for
definition), in which we start with a motif on one protein and
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motif pairs. As discussed in the text, each motif is a gapless 9-mer.

Figure 1. Precision Recall curve. Query is two proteins that may interact (pair shown is K 1.2 and 3,) and the results are a sorted list of highly correlated

predict the interacting motifs on the other protein. All the motifs
used as queries are extracted from Table 2. In Figure 3A, we
see an image with the horizontal axis representing the starting
residue position of a K 1.2 motif used as query, the vertical axis
represents the percent recall and the grayscale intensity represents
the percent precision; the values corresponding to the grayscale
level is given on the right. The K,1.2 motifs represented in this
figure are in the region where the surfaces of the two proteins
physically come together. We can see that for all the K 1.2 motifs
shown, we are able to retrieve the interacting motifs from the
B, subunit with 100 percent precision for several levels of recall.
Similarly, Figure 3B represents the performance of our method
with respect to B, motifs as query. As with the Figure 3A motifs,
these motifs are in the region where the surfaces of the two pro-
teins physically come together. Again, (except for the first two
motifs), we get a high level of precision for several recall levels.
Overall, we can conclude that coevolution analysis is acceptably
good at predicting interacting sites on proteins. In the next few
sections, we shall take a closer look at the “false positives” and
“possible false negatives” and assess their significance in the con-
text of biophysical knowledge of the K 1.2-, complex.
C-terminus docking and the major “false positive” in Table
1. A recent paper suggested, based on electron microscopy, that
the C-terminus of K 1.2, which was not resolved fully in the
3D structure,” could interact with a region on the B, subunit.’®
Figure 4A shows the tetramer with all subunits as visualized from
the X-ray structure. The proposed region of B, that interacts with
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the C-terminus is also shown. It is seen that the X-ray structure
does not contain the putative interacting partner in K, 1.2. In
addition to the lack of structure, there are gaps in the alignments
near the C-terminus of K 1.2, which prevent us from seeking
direct correlations that might correspond to the interaction seen
in 36.%° However, projecting from our correlation analysis (Table
1) onto Figure 4A, we see that a very high-scoring B, region
(157-167) is also in the proposed [, interaction region reported
by Sokolova et al.*® Our correlation suggests that the 157-167
region of the 3, strongly interacts with the 375-388 region of the
o subunit (Fig. 2B), which is a loop connecting the selectivity
filter to the extracellular end of the inner helix S6. We suggest
that their interaction is related to their physical connection to
the opposite ends of the inner helix S6, which is the part of the
permeation pathway that moves during opening and closing of
the channel. This raises the issue of whether the gating of the
channel in the B,-K, 1.2 complex could involve motions involv-
ing both the C-terminus and the B, subunit.

An examination of the 3D structure (Fig. 4A) suggests that
if we postulated that both the C-terminus and the N-terminus
of K 1.2 were associated with the same monomer of 3,, the path
of the C-terminus of K| /1.2 to the proposed docking site in the
associated B, subunit would be sterically hindered by the presence
of the T1 region. The extent of hindrance is even more marked if
we consider the movement of the C-terminus between the open
structure and the putative closed structure (Fig. 4B) from the
Rosetta models.”” On the other hand, we note that the end of S6
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Figure 2. The top 30 most correlated pairs can be grouped by merging overlapping motifs in each protein into five sets of highly correlated re-

gions between K| 1.2 and j3,. These regions are shown on the structure. (A) Region corresponding to the interaction interface in K, 1.2 (62-72) and b,
(229-243). (B) B, region (157-167) and K 1.2 (376-391). (C) B, region (226-234) and K 1.2 (375-391). (D) B, region (50-58) and K 1.2 (384-392). E) b, region
(331-339) and K|1.2 (377-388).
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Figure 3. Image of
Precision levels for
various recall levels
and motifs used as
queries. The x-axis
represents the start-
ing point of motif
used as query (to the
correlation engine
that identifies the
interacting partners),
the y-axis represents
the 11 standard recall
levels (in percentage)
and the grayscale
level corresponding
to each cell repre-
sents the precision at
a specific recall level
for the specific motif.
The grayscale level
code, representing
degree of precision, is
shown on the right of
the image. (A) K, 1.2
motifs as queries. (B)
B, motifs as queries.
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Goal 2 - Recall (%) vs. relevant Kv1.2 motifs a query, grayscale map indicates
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in the structure seems to point toward the adjacent B, monomer.
In Figure 4A, Bz monomer Bl, is attached to K, 1.2 monomer K1,
whose C-terminus is annotated. The B, monomer ), is attached
to K 1.2 monomer K2, whose C-terminus and points away from
the docking site on . Based on our argument, the N-terminus of
K1 interacts with B1 while the C-terminus of K1 interacts with .

Figure 4C shows a schematic depicting the putative inter-
monomer docking. This figure suggests that during gating the
“attachment points” between the K 1.2 and B, remain fixed
and that the [, rotates. Since experimentally the K 1.2 can
gate without the presence of the [3,,°*% and since the voltage
sensor is contained in the K 1.2, we postulate that in ordinary
voltage-dependent gating, the movement of the B, follows the
gating, rather than driving it. However, the coupling to the B,
provides a mechanism for other factors to modulate the gating.
The open and closed structures of the K 1.2 channel from the
Rosetta model (Fig. 4B) suggest that the C-terminus of K 1.2
moves inward toward the pore during channel closing while the
N-terminus also has a slight movement, possibly in a direction
counter to that of the C-terminus region. The circular arrows in
Figure 4C suggest a rotation of the entire 3, unit during gating,
with the C-terminus of the K,1.2 moving towards the center of
the complex on closing, and towards the periphery of the com-
plex on opening. We note that the 157-167 regions in different
monomers of B, are likely to come close to each other upon rota-
tion to the closed state (Fig. 6). Specifically, a glutamate in this
region, from each monomer, is likely to face the pore upon rota-
tion. We also note that movement of the B, implies movement of
the T1 region of the K 1.2 during gating, which has been postu-
lated previously.*” Assuming a rigid connection between T1 and
the B, a rotation to the T1 domain would force buried polar resi-
dues toward the channel axis, including a completely conserved
glutamate. This tetrameric glutamate site is reminiscent of the
postulated selectivity filter for calcium channels.” In this case
we suggest that these glutamates provide an attractive interacting
site for calcium ions, explaining the role of calcium ions in facili-
tating slow inactivation in the K 1.2-B, complex.*> We note that
the above picture depends on the hypothesis that the interface
between the K| 1.2 and B, is unchanged during gating, a view
supported by the correlation between the K 1.2 region 62-72
and the B, region 229-243. There are a number of structural
experiments that might be devised to test the above hypothesis.
One would be structure determination in high calcium, to test
the hypothesis that the calcium inactivated structure involves a
cage of glutamates as suggested above. Also, structure determina-
tion has been achieved for another potassium channel mutated to
stabilize the voltage sensor at different configurations. Perhaps
this approach could be extended to understand the interaction
across the K, 1.2-B, complex during gating.

While the rotation as a unit suggested in Figure 4C is concep-
tually the simplest motion to postulate for 3, it is possible that 3,
changes conformation in some more complex manner. We note
that the interaction between K 1.2 and B, is “polarized”,* in that
the N-terminal region of the K| 1.2 interacts with the C-terminal
core of B, and the C-terminal region of K 1.2 interacts with the
N-terminal core of B,. Therefore, a relative motion of the N and
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Table 2. The motifs possibly involved in interaction on the K 1.2 and 3,
subunits

Starting and ending residue
positions (K 1.2 subunit)

Starting and ending residue
positions (Beta subunit)

61-69 227-235
62-70 228-236
63-71 229-237
64-72 230-238
65-73 231-239
66-74 232-240
67-75 233-241
68-76 234-242
69-77 235-243

These form part of the Structurally Relevant Set. Starting and Ending
positions of motifs are shown.

C-termini of K 1.2 during gating could imply a relative motion
between the N-terminal region and the C-terminal region of 3,
which could occur via a hinge region that might lie in-between.
This hinge will be discussed in more detail later in this paper.
The 197-209 region of B,—a possible false negative. Motifs
in the 197-209 region of B, (Fig. 5A) are close to the K 1.2 inter-
action interface, and indeed are structurally close to two different
K 1.2 monomers, but show only weak correlation to the motifs
physically close to them in K 1.2. Since the motifs are close to each
other, we hypothesize that the strongest interactions that govern
the composition of this region are between different monomers
of B,. Figure 5B shows in detail the spatial relationships between
these motifs in different 3, monomers. An almost fully conserved
phenylalanine at position 205 serves as a marker. The only other
residue that appears at 205 is a tyrosine, so the aromatic property
at 205 is fully conserved. It can be seen that the motifs in question
are part of helices that point almost directly at each other from
adjacent B, monomers. The direction of the helices is such as to
create a strong electronegative region that might, in vivo, contain
an ion. It might also be that the conserved phenylalanine can
provide a stabilizing ring stacking environment when the channel
is closed. (In Fig. 5B, the phenylalanines are not stacked, but that
represents the open structure only). Pi-ring stacking could lend
considerable stabilization to the closed state.** Another pos-
sibility is the likelihood of a cation-pi interaction with positive
ions that might be found in that region, especially since the helix
dipole of motif 197-205 is pointed toward the channel axis; this
makes it highly attractive to positive charges (possibly K* ions).
Interestingly, in our autocorrelation analysis of the 3, subunit
(Suppl. S3), the motifs starting from 202 through 212 are highly
correlated not with other motifs within 3,, but only with each
other. We cannot determine if these high correlations are because
of contiguity in sequence space or because they come together
in 3D space from different monomers. On the other hand, these
motifs do show fairly strong correlation with motifs in the pore
region (Complete correlation results, as shown in Suppl. mate-
rial Dataset S1). We note that the same rotation of both the T1
and the B, can produce negative charge concentration near the
channel axis. Overall, there is a high likelihood of a positive ion
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Figure 4. Interaction of K 1.2 C-terminus with f,. (A) Figure showing the tetrameric protein with both K 1.2 and 8,. The relevant regions shown are:
the possible docking site for the K, 1.2 CG-terminus (based on a visual comparison with Fig. 7 and reviewed in ref. 36), the 157-motif that is close to this
docking site and is one of the B, regions in Table 1, the end of the C-terminus for the K 1.2 monomer (numbered 2), the end of the C-terminus of the
adjacent K 1.2 monomer (numbered 1). K, 1.2 monomer 1 is attached to the 8, monomer 1. Our hypothesis is that the K| 1.2 C-term from monomer 1

docks with the adjacent BZ monomer 2 at the indicated docking site. (B) Open and closed structure of the K, 1.2 subunit (tetrameric) from the Rosetta
models. The view is from the intra-cellular side. The central region represents the S6 helices from the 4 monomers and the distant helices represent
the S1 helices from the 4 monomers. The shadowed helices represent the closed state while the solid helices represent the open state. The direction
of arrows indicates the overall movement of the S6 and S1 helices in going from the open to the closed state. The figure was constructed by superim-
posing the structure in both states, with the selectivity filter serving as a reference. (C) Schematic showing the proposed interaction points between
K,1.2 and B, and the rotation scheme associated with K 1.2 movement during gating. Shown is the view from the extra-cellular region. The large
circle represents the Bz subunit. The circle with anticlockwise arrows represents the S1 helix (attached to the N-terminus) and the circle with clockwise

arrows represents the S6 helix (attached to the C-terminus). The straight lines represent the connections to the appropriate 3, monomer. The figure
represents the open state, the direction of the arrows show the direction of rotation for each region upon channel closing.

entering the central pore (formed by the B, monomers) from the
cytoplasmic side (in the open state) and stabilizing the rotated
conformation. This could contribute to a form of inactivation,
which might involve the K| 1.2 pore region as well. Slow inactiva-
tion and the slow recovery from inactivation? could involve the
coupling of conformational changes between K 1.2 and f3, and
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the presence of a stabilizing cation. These results also support the
idea of a closed-inactivated state as proposed in recent work.*
The authors of this work suggest that K 1.2 shows minimal or
no inactivation in the absence of the beta subunits. They further
outline a series of residues*® that could be important in the slow
inactivation of K 1.2. In our alignment, all of these residues are
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completely conserved and hence invisible to evolutionary | A
correlation analysis; however most of these residues are
near to, or in the, pore region. Our hypothesis is that the
coupling with the 3, subunit can induce slow inactiva-
tion in the overall complex by the mechanisms outlined
above. We hypothesize that the inter-monomer coupling
of K, 1.2 and B,, by allowing for cooperativity, can accel-
erate the long time scale that might be required for such a
large-scale conformational change. We note that coopera-
tivity has been implicated in potassium channel gating.”

The 226-234 region of B,. The 226-234 motif in
B, has major overlap with the B, motifs that are part of
the structurally relevant motif pairs (Table 2). Note that
these structurally relevant motif pairs define the structural
interface between the N-terminus of the K1.2 and the 3,
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subunit. As discussed previously, we saw that the 3, region
that is likely to form the interface with the C-terminus of
the K, 1.2 has a strong correlation with the 375-388 pore
region from K 1.2. From Table 1 we see that the 226-234
region of B, is also very strongly correlated with the pore
region motifs starting at 376,382 and 383 in the K 1.2
subunit (Fig. 2C). In the context of elucidation of the con-
trol network, the full import of Figure 2 is that there are
two types of functional domains in the B, protein. One is
critical for the complexation with K 1.2 and thart is 229—
243, which has coevolved with K| 1.2 6272 to preserve
the favorable contact, as shown in Figure 2A. The other
type of functional domain has to do with the function of
B, as an oxidoreductase, which is functionally (although
not directly by structural contact) correlated with the
extracellular end of K| 1.2, as shown in Figure 2B-E.
Further analysis, summarized in Figure 9, will indicate
that this second interaction is effected by phosphoryla-
tion mediated by Protein Kinase-C and Tyrosine Kinase.

The partial overlap of two types of functional domain, as
B, 229-243 (Fig. 2A and complexation function) and J3,
226-234 (Fig. 2C, oxidoreductase function), is unusual
but not unknown. For example it is well established that
the activation and degradation domains overlap in some

Figure 5. (A) Monomer structure showing the “possible false negative”, the
197-207 region in B,. For reference, the interaction regions of K 1.2 and 3, are
also shown. (B) Phenylalanines at position 205 in the beta monomers. An inward
anticlockwise rotation will bring the rings close to each other. View is from the
extra-cellular end.

transcription factors.>

Possible hinge motions in [3,. From the 3D structure,
we can see that parts of the B, interaction interface and the 197-
205 region of B, lie on the same plane. It is possible that rather
than an entire rotation of the 3, subunit, these regions move rela-
tive to each other, e.g., a tilt of the 197-205 region toward the 3,
interaction interface. Such a tilt would bring the phenylalanine
rings almost parallel to the channel axis and line them up like
hoops, in a circular fashion across monomers. However, any rela-
tive motion between these regions requires a hinge to be present.
Since B, belongs to a family of aldo-keto reductases, we compared
the sequence to AKR1B1—an aldo-keto reductase where putative
hinge regions were identified.' Our sequence alignment (Dataset
S2) showed that the hinge regions of AKR1B1 that are implicated
in the binding of the cofactor correspond to the 258278 region
of B,. This region is far away from the K| 1.2 interaction interface.
We further examined the B, structure for hinges using the online

www.landesbioscience.com

hinge prediction program from the Database of Macromolecular
Motions.”* We found that the most likely hinge region surrounds a
completely conserved proline at 210 that lies between the 197-205
motif and the B, interaction interface and below the plane of those
regions (Fig. 7). This could explain a possible relative motion of
the two regions. The attractiveness of the hypothesis suggested
by such a relative motion is that it provides a possible connection
between voltage-dependent gating by K 1.2 and the binding and
release of messenger molecules, such as NADPH, by [, (as the
conformational change of B, resulting from gating would no lon-
ger provide an effective binding pocket for NADPH/NADP*) >
Other “structural false positives”. The final set of “structural
false positives” (correlations without obvious structural sig-
nificance) is the correlations of the B, motif 331-339 (Fig. 2E),
with the K 1.2 pore region and the B, motif 50-58 (Fig. 2D)
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Figure 6. The 157-167 region from each monomer. An anticlockwise ro-
tation will bring these regions from each monomer close to each other.
View is from the extra-cellular end.

Beta2 (Most likely Hinge region)

Figure 7. Hinge prediction by HingeMaster for the 3, subunit. The loca-
tion of the most probable hinge is shown.

with the K 1.2 pore region. The motif starting at 50 includes
residue 56 that is proximal to the NADP* molecule as shown
in the B, structure.”® Residue 333 in [, was shown to be critical
for NADPH binding.** Therefore we suggest that this set of cor-
relations may be relevant in the context of the proposed coupling
between the redox state of the cell and the electrical activity of
the membrane.>

Emergent properties of the correlation network. In addition
to computing correlations between the K, 1.2 and B, motifs, we
also carried out an autocorrelation analysis of the K 1.2 motifs
and the B, motif sets. The correlation matrices can be interpreted
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as a graph, where nodes represent B, and K 1.2 motifs with
interconnecting edges, the edge weights corresponding to the
degree of correlation.

Without imposing cutoffs on edge weights, our network will
be very dense and it will become hard to analyze its properties.
For our analysis, we imposed a cutoff of 0.9 for correlations
between proteins and 0.95 for intra-protein correlation. Since
full-length protein alignments were shown to have a correlation
we chose a threshold value of 0.9 for
the motif level correlation, as motifs are expected to be a more

score of 0.8 to interact,"

appropriate interaction site and therefore have a higher degree of
evolutionary coupling. (The full-length sequence correlation of
K, 1.2 and B, was ~0.84). We also imposed a p-value cutoff of
0.05. This makes the network more manageable. In continuing
our analogy with the Internet, we decided to streamline the net-
work by adding directionality to the edges. Note that correlation
is a symmetric property; however our p-value analysis when cen-
tered on a motif; is directional. That is to say that motif A might
interact with motif B significantly, but the converse may not be
true. This would be the case if motif B were promiscuous or non-
specific. Sorting the correlations for each motif and taking only
the highest correlations will also achieve directionality. Thus, for
each node, we identified the motif that it was most correlated
to (within significance level), both on the same protein and on
the interacting partner. This represents the outgoing edge for the
node. It is possible that there are several outgoing edges for each
node with same degree of correlation; we retain all of these in our
analysis. Similarly, each node can have several incoming edges.
Borrowing from Internet terminology,” we call nodes with a high
degree of incoming links as authorities. Intuitively, the biological
relevance of authority is that a mutation in that region would
necessitate changes in a large number of motifs that are function-
ally coupled to it. Datasets S3-S4 contains autocorrelation results
for K,1.2 and B, respectively. Datasets S5-S8 contains authority
analysis for K 1.2 w.r.t B, K 1.2 wrt K 1.2, B, w.r.t K 1.2 and
B, w.r.t B, respectively.

Figure 8A and C show the authority profiles in terms of
incoming edges for K 1.2 and B, respectively, for both the intra-
protein autocorrelation (continuous line) and the inter-protein
cross-correlation (dotted line). The authority profile for a protein
is the graph of the number of other motifs that find a given motif
(along the X-axis) as the highest correlated. For inter-protein cor-
relation (dotted line in Fig. 8A), the most authoritative region in
K, 1.2 is the motif starting at 376, which is the linker between
the selectivity filter and the extra-cellular end of S6. A closer
examination reveals that if we collapse all the overlapping regions
in the neighborhood, then the region whose starting points
range from 375-384 are highly authoritative (Fig. 8B). In the
B, subunit’s inter-protein authority profile (Fig. 8C and dotted
line), the highest authorities are motifs starting at 50, 141 and
235 (Fig. 8B). If we collapse overlapping regions, these regions
remain separately, highly authoritative. The region around 235 is
the B, interaction interface. As discussed earlier, the motif start-
ing at 50 includes residue 56 that is proximal to the NADP+
molecule as shown in the B, structure.® The motif starting at
141 is pointing toward the cytoplasm. Although there is no clear
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Figure 8. (A) Authority profile—number of incoming edges for K 1.2 from the inter-protein correlation (blue/dotted line) and the autocorrelation
analysis (red/continuous line). (B) Authorities from the inter-protein correlation projected on to the 3D structure for both K,1.2 and Bz. (C) Authority
profile—number of incoming edges for B, from the intra-protein correlation (blue/dotted line) and the autocorrelation analysis (red/continuous line).
(D) Authorities from the intra-protein correlation projected on to the 3D structure for both K 1.2 and j3,.

evidence in the literature on its function, we observe that there
are some glutamates that stick out from this region and could
possibly be charged. These negative charges could facilitate entry
of cations into the channel from the cytoplasm. The 141-149
motif is examined later in this paper.

The authorities from the autocorrelation analysis for 3, and
K 1.2 are quite different from the authorities from the inter-pro-
tein analysis. This implies that the evolutionary coupling within
proteins and across proteins are different, presumably because
intra-protein correlation includes a component focused on pre-
serving a stable structure in addition to functional significance
and relaying allosteric activity throughout the protein. In the 3,
protein, the authoritative region is the 314-motif (Fig. 8C, red/
continuous line and D). This does not seem to have an imme-
diate function, nor has it been implicated in cofactor binding.

www.landesbioscience.com
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We looked at the incoming edges to motifs in this region and
its immediate neighborhood. Most of the links are from the B,
interface region. Interestingly, most of the outgoing links from
the 314-region is also pointing to the B3, interface region. There
must be a degree of structural coupling as these regions are some-
what close by in the 3D structure; more experiments need to be
carried out to verify this connection. The authorities in the K 1.2
autocorrelation (Fig. 8A, red/continuous line and D) reveal an
interesting story. Regions 150 and 151 that have about 26 incom-
ing edges are in the cytoplasmic region just before the start of S1.
This region might play a role in the movement of K* ions through
side-portals,? but precision in thinking about this is limited by
lack of structural data from this region. Regions from 288-318
and 320-339 also show a high degree of incoming links. These
include the voltage sensor S4 region, the S4-S5 linker and the
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lower half of the S5 helix. Region 372 is the selectivity filter
region. The region from 402-418 is the lower part of S6 that
forms the gate. All these regions are extremely important for the
overall functionality of the channel and their identification as
authorities suggests that evolutionary pressure at these regions
necessitate the coevolution of the rest of the structure. The turret
region, which lies between the end of S5 and the pore helix, does
not show very high correlations either within the K 1.2 subunit
or with the B, subunit motifs. This is not surprising as the turret

5 to coevolve with

regions are also under evolutionary pressure
toxins that are known to bind these regions and disrupt channel
function. In this case, however the coevolution is to avoid bind-
ing to the toxins, rather than to preserve the interaction.

We notice that regions that are proximal across monomers in
both K 1.2 and B, are not highly correlated with each other. The
only exceptions are the pore regions and the 204-regions that are
close to themselves from other monomers. Some of the motifs
that are very close to each other at the inter-monomer interface
of the B, subunits do not show the strongest correlations either.
For example, the motif centered on residue 132 is very close
to the motif centered on residue 46, yet there is weak correla-
tion between them. These regions however show a high degree
of conservation. We hypothesize that evolutionary correlation
within and between proteins will tend to be more prominent in
regions whose primary function is to mediate coordinated func-
tion, while strong conservation will tend to be more prominent in
regions whose primary function is to confer structural stability.””
These two functions are not completely orthogonal; it may be
that conservation to achieve a stable foundation will be followed
by correlated substitutions to allow for functional variability. In
this regard, note that the interface regions of the K 1.2 and the
B,» which are highly correlated, are important not just for struc-
tural stability, but can also function as allosteric communicators.
In the family of potassium channels, a large number of channels
are expected to have the Shaker-like fold and yet they have varia-
tions in their overall functionalities. This hypothesis has been
explored under the theme of stability promoting evolvability, as
shown in cytochrome P450 proteins.’®

We have also done analysis on correlation of the K 1.2 and B3,
with other proteins implicated in interactions with Shaker potas-
sium channel protein complex. The results of this analysis are
summarized in Figure 9. Some of the components of Figure 9
should be regarded as speculative; i.e., the weight of the evidence
plus our analysis supports the relationships shown but in some
cases the evidence is suggestive rather than conclusive and invites
further experimental and computational confirmation. The steps
in the analysis are described in the Methods Section and repeated
in outline as follows: We picked particular proteins to identify
MoLFunCs, based on their having a definitive annotation. Then,
we picked from that group proteins to subject to correlation anal-
ysis based on having the same species distribution of MoLFunCs
as K 1.2 and B,. We selected random motifs from this set of
proteins and computed correlations between all the K 1.2 and
B, motifs and this set of randomly selected motifs. These cor-
relations provided a baseline for assessing the significance of the
inferred B,-K 1.2 interactions.
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In the course of analyzing those results we observed that the
141-motif in B, (score ~0.96) and an N terminus region in K 1.2
(score ~0.93), are both highly correlated to a G-protein beta sub-
unit homolog. The homolog—GN L1, also called RACKI, is
known to be an adaptor protein for Protein Kinase-C (PKC).”
Our computed correlation between RACK1 and K 1.2 and B,
appears as a diamond with the text “SC” in Figure 9. Both PKC®
and RACKL®" have been implicated in the cellular response to
hypoxia, which makes these correlations relevant in the context
of the fact that K 1.2/K -B complexes have been found to have
oxygen-sensing mechanisms.”'’ Yet another protein that we found
B, 141-motif to be highly correlated (score ~0.96) to is a transla-
tion initiation factor interacting protein (Eif3s6ip). In addition,
we found that the region on K 1.2 that correlates with RACK1
also correlates with Eif3s6ip (score ~0.97). Eif3 can interact with

Eif2 ¢, which has been implicated in hypoxia response;*®

one
of the early events in this response is the phosphorylation and
inhibition of this factor. These correlations between the Eif3s6ip
on the one hand and B, and K,,1.2 are shown as diamonds with
the text “SC” in Figure 9.

Both K 1.2 and B, interact with kinases and the K - inter-
action itself is influenced by phosphorylation.®® Specifically, B,
subunits are known to be phosphorylated by PKCs.”® (Shown
as a diamond with text “P” in Fig. 9). There is evidence that
G-protein-coupled receptors in general and the muscarinic
acetylcholine receptor in particular, can interact with tyrosine
kinases that are involved in modulation of K 1.2 activity.®”
Specifically, the C-terminus of K| 1.2 has been implicated in this
response.” It has been shown that tyrosine kinase and PKC have
a combined inhibitory effect on K 1.3 currents.”® This chain of
interactions is shown as diamonds with text “A” for activation,
“P” for phosphorylation and “CS” for current suppression, in
Figure 9. Although this combined effect has not been specifically
reported for K 1.2 (which is also a delayed rectifier like K, 1.3),
the inhibition of K 1.2 current by tyrosine kinases was studied in
the context of downstream effects of the M1 muscarinic acetyl-
choline receptor.”” It is known that M1 muscarinic acetylcholine
receptors can activate both PKCs and tyrosine kinases through
second messengers.®”’"”> The observed inhibitory effect of K 1.2
by tyrosine kinases® in this context, could be due to the presence
of activated PKCs as well, and will be in agreement with the com-
bined inhibitory effect observed for K 1.3. Interestingly, RACK1
can also function as an adaptor for tyrosine kinases.”” From the
totality of these observations, we infer it as likely that K 1.2 and
K, 1.3 have common interaction modes with tyrosine kinase and
PKC and that the data on both can be federated with respect
to this particular interaction. We indicate that on Figure 9 by
connecting K 1.2 and K 1.3 with a rectangular shape.

It has also been shown that potassium channel phosphory-
lation could influence the rate of C-type inactivation.”* We
found that one of the highest correlations of the RACK1 pro-
tein with the K* channel is in the K 1.2 interaction interface,
which we indicate with a diamond with text “SC” in Figure
9. We note that RACK1 would not have direct access to the
K 1.2 interaction interface due to complexation of K 1.2 with
B,. In the absence of accessibility to these sites, phosphorylation
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of B, residues by protein kinases could provide modulation of
inactivation kinetics (indicated by a diamond with text “P” on
Fig. 9). It is also possible that B, provides the docking site for
the RACKI protein and promotes phosphorylation of the K 1.2
C-term residues. This possibility is indicated by a diamond
with text “P” from the tyrosine kinase to the K 1.2 C-terminus
in Figure 9. Although it is not immediately evident from the
existing (incomplete) structure, due to lack of resolution in that
region, the K| 1.2 C-terminus could be somewhat proximal to
the B, 141-149 motif, with sufficient room for both adaptor
protein and kinase. We postulate that the region around and
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including motif 141-149 could be a binding site for molecules
that couple signaling events with electrical activity and that
the overall coupling of the K 1.2-B, complex is significant for
hypoxic response. Indeed, it has been suggested that the oxygen
sensing apparatus of the potassium channels might be mediated
through redox sensors in the cytoplasm.” The fact that the B,
subunit is homologous to oxidoreductases, has a NADP+ bound
in the crystal structure and has catalytic activity as demonstrated
recently,’® points to such a mechanism. Recent work’’” has iden-
tified NADPH (bound tightly to the ) as being the primary
species (as opposed to NADP*) responsible for inactivation of
K, channels. The paper’ referred to K| 1.5-B, , interactions and
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suggested that the observed inactivation might be mediated by
the N-terminus of B, which is not present in [3,. However the
finding s still consistent with the proposed rotation of the 3, sub-
unit in our earlier discussion. Recall that the rotation can cause
high electron density at the center of the pore, which argues for
the possibility of a positive ion there. A positive ion acts as an
electron sink. It is likely that the NADP*, which is electron defi-
cient, might not provide the extra stability for the interaction at
the center of the pore, whereas the electron rich NADPH can
provide extra stability. This might be a cause for the inactiva-
tion to be weaker or absent when NADP* is bound as opposed to
NADPH. The mechanistic view presented here is very relevant to
the role of the K| 1.2-B, as oxygen sensors. In the hypoxic state,
NADPH (reduced state) is likely to be the dominant species. It
is possible that the RACK1 and the kinases interacting with the
K 1.2 and B, subunits might facilitate structural rearrangements
(using the hinge) allowing for NADP*/NADPH exchange, thus
ensuring that the bound species is the reduced form (NADPH)
to inactivate the channel. The positive ion that we think is most
likely involved in inhibition of K 1.2, is Ca®*. Post et al.**
that release of calcium from intracellular stores can contribute

showed

directly to inhibition of K, 1.2 current under hypoxic condi-
tions. This fits in with our hypothesis that Ca?* might act as the
molecular wrench that helps inactivate the current by interacting
with the electronegative pore region created by the rotation of B,
which creates a structural motif similar to the EEEE motif pos-
tulated in the selectivity filter of calcium channels.* Recent work
on the interaction of NADPH with B, suggested that the mode
of conversion of NADPH to NADP* might be catalysis.”” This
might be the mode of recovery from inactivation as well when the
cell responds to hypoxia.

Finally, we consider the impact on cell homeostasis of a
reduction in resting potassium permeability according to the
pump-leak model for cell osmoregulation.”® According to that
model, inhibition of the K channel will conserve energy in the
short term, by reducing the passive ionic fluxes across the mem-
brane and therefore also reducing the rate of active transport
necessary to balance the passive leak. Thus potassium channel
inhibition seems a useful component of the cellular response to
temporary hypoxia. However the model also shows that a reduc-
tion in resting potassium permeability will cause deleterious cell
swelling in the long term, with the rate of cell swelling being
dependent on the permeability to chloride ions. Consistent with
the pump-leak model, the chloride channel blocker DIDS res-

cues cultured neuronal cells from hypoxia-induced damage.”
Discussion

We conclude that the evolutionary correlation analysis is very
useful in uncovering functional coupling between and within
proteins. Such coupling is not limited to structurally proximal
motifs, but is also prominent among distant motifs participating
in a distinct physiological response. We identified several regions
that have not been experimentally probed; these could be critical
not only for the K 1.2-B, interaction, but also couple signaling
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events and cellular response to stress conditions such as hypoxia,
to the electrical activity of the cell. We also proposed a series of
conformational changes in the complex that might accompany
channel opening/closing and identified regions that would be
affected by these changes. We believe that more structural studies
and experiments are needed to fully elucidate the overall coupling
of K 1.2 and B,; the analysis presented here serves as a useful
starting point for focused exploration of specific regions in this
system and other K. -3 complexes.

A possible avenue for future exploration would be to look at
the rates of evolution at the interface vis-a-vis the rest of the pro-
tein. Hub proteins would provide a good test bed for such analysis
as they can bind to several other proteins at different sites and it
would be interesting to identify the degree to which coevolution
at an interface propagates through the structure, especially in
light of multiple competitive evolutionary pressures. In principle,
the analysis of interacting motifs could be applied to simulation
studies focused on binding/docking of proteins. The algorithm
could be biased by potentials derived from the correlation scores,
thus decreasing the search space and achieving complexation
faster. A similar use of this strategy is in folding proteins or pre-
dicting 3-D structure, wherein the bias in potentials comes from
the correlations inherent in the structure itself. There is some
precedence to this idea; Ranganathan and coworkers® used the
correlation scores to design new proteins that had the same fold
as the proteins from which the analysis was derived.

We have tried to follow a discovery-driven approach and
let the emergent patterns in the data relate the story. The only
phylogenetic techniques that we use are implicit in the theory
of substitution matrices and the alignment techniques. One of
the limitations of our method is that it ignores gapped motifs.
For example, in this paper, we did not consider a region in the 3,
N-terminus that is known to be essential for tetramerization,*!
because of the gaps in the alignment in this region. A thorough
calibration of correlations in gapped regions and their relevance
to function would provide a more complete picture of evolution-
ary correlation between proteins. Note that we did not use any
substitution matrix in determining the distance; we counted
either identities or differences. Although the chemical nature of
substitutions would be relevant in proximal motifs, consideration
of substitution matrices for distant motifs might be less critical
as they do not directly interact. On the other hand, the use of
substitution matrices might help distinguish between structural
and functional coupling. Moreover, benchmarking across differ-
ent substitution matrices in the context of correlated evolution
might provide a basis to reevaluate some of the matrices.

We fully explored only one protein pair in this work; we
envisage that the technique can be extended to whole proteome
analysis as well. An evolutionary correlation technique has been
applied at the full-protein sequence level rather than the motif
level to the E. coli genome® and the results were very promis-
ing. In addition to indicating the promise of the evolutionary
correlation technique, our results also validate the earlier pro-
cedure® of collecting the Most Likely Functional Counterparts
(MoLFunCs) of the proteins being investigated.
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Species
Rattus_norvegicus
Mus_musculus
Homo_sapiens
Canis_familiaris
Equus_caballus
Macaca_mulatta
Bos_taurus
Monodelphis_domestica
Ornithorhynchus_anatinus
Gallus_gallus
Xenopus_laevis
Xenopus_tropicalis
Gasterosteus_aculeatus
Oryzias_latipes
Danio_rerio
Ciona_intestinalis
Ciona_savignyi
Drosophila_melanogaster
Apis_mellifera
Tribolium_castaneum

Aedes_aegypti

Table 3. MoLFunCs for 3, and K 1.2 used as input to the correlation analysis

K 1.2 MoLFunCs
NP_037102.1
NP_032443.2
NP_004965.1

ENSCAFP00000029266
XP_001496518.1
XP_001101557.1

XP_588328.1

XP_001372701.1

XP_001508339.1
NP_989794.1

NP_001079222.1

ENSXETP00000038520
ENSGACP00000006912
ENSORLP00000008061
XP_691312.1
ENSCINP0O0000007870
ENSCSAVP00000011900
CG12348-PE
XP_391895.2
XP_968511.1
AAEL000242-PA

Beta2 MoLFunCs
NP_059000.1
NP_034728.2
NP_003627.1
XP_858333.1

XP_001497164.1
XP_001090173.1
NP_001014405.1
ENSMODP00000019659
ENSOANP00000013127
XP_001232971.1
NP_001083842.1
ENSXETP00000006332
ENSGACP00000002211
ENSORLP00000005422
XP_001334335.1
ENSCINPO0000005438
ENSCSAVP00000017319
NP_511104.3
XP_624840.1
XP_970125.1
AAEL006650-PA

Methods

Defining the sample sets. The MoLFunCs were determined as
described in a previous paper.”® Since the correlation analysis of
motifs is based on the alignments of the MoLFunCs, we removed
species that either caused gaps in functionally relevant regions or
caused gaps in regions that would otherwise be well aligned. The
final list of species and MoLFunCs for B, and K,,1.2 is shown in
Table 3. We aligned both sets using the MUSCLE®" program.
This alignment forms the input for the motif extraction and the
correlation analysis steps. Datasets S9 and S10 contain the K /1.2
and B, alignments, respectively.

Extracting relevant motifs. We are concerned with find-
ing correlations between motifs rather than the entire protein
sequences. One technique of finding motifs is through standard
motif databases such as PFAM or Interpro and structural data-
bases such as SCOP and CDD.* However, it is highly likely that
the motifs found using these resources would be associated with
the primary function of the protein such as “K* selectivity filter”
or “Voltage sensor domain”. The interaction information might
not be present unless the domain is a generic binding domain like
the PDZ-domain or has been specifically studied experimentally.
We choose a brute-force approach to identify all possible relevant
motifs in the protein sequence. In the simplest case, a sliding win-
dow of appropriate size is iteratively sampled from each protein
sequence giving a total of (L - Winlen + 1) motifs, where L is the
length of the sequence and Winlen is the window size. Our choice
of window size was based on two factors. First, for every residue
involved in an interaction, we wish to maximize the likelihood

of finding at least one more interface residue in the neighboring
sequence space in either direction. Ofran et al.** reported that
70% of proteins had an interface residue within four residues of
another interface residue. Applying this principle in both direc-
tions from an interface residue, we get a window size of nine.
Second, we argue that evolutionary pressure that acts on a residue
would involve at least a marginal rearrangement of the local struc-
ture. Therefore, an ideal window size would be the maximum
length along the protein polymer chain that would be affected
by a mutation at a certain position. The same window size can be
inferred by reference to knowledge-based potentials developed for
protein structure prediction.®? These potentials describe probabil-
ity density functions (pdfs) for structural fragments that have been
successfully employed to assess and refine protein structures. The
pdfs are described for five residues, (n & 4); thus the net structural
impact of a particular residue will be on neighboring 4 residues in
each direction, giving a total of nine residues. Remarkably, both
arguments agree on a window size of nine residues. Therefore, our
length for the sliding window strategy is fixed to nine.

Since our arguments are based on protein sequences rather
than alignments, we need to extract the windows from the
sequence, which in this case is the authority protein sequence
for both the K 1.2 and the B, subunit from rat. For every win-
dow, the corresponding positions in the alignment are identified
and the sub-alignment is extracted. Note here that the align-
ment contains gaps; therefore each sub-alignment might have
a length greater than nine. Since we chose to ignore gapped
motifs in the present study, this did not pose a problem for our
analysis. Following this procedure, we got 491 motif alignments

www.landesbioscience.com Channels 369



. .

.

MYPESTTGS

MYPRST---emeemmmeme e e TGS
MYPEST-===mmemmmmmem———————— TGS
s S —— TGS
MYPBST--==cecmcceccccccccaasn TGS
MYPBST--~ccmcmcmnnccnccannas TGS
MYPEST----emmmmmemem———————— TGS
MYPBST----eeeemmemmemee————— TGS
MYPEST-— === mmm e e TGS
TV ) R —— ™S
MYPEST---mememcmcmcacee————— ™S
MYPEST -==TDS
TYSESI--mmmmemememe e eemme RSO
L34 L) G PR—— RSO
PIMRSMS~=-=--cccemmecccccanax RST

Y ] AGN
SYPPPG--cmcmcemmemem e n e nae, AGS
e TGN

1 10 20 30
MYPESTTGSPARLSLRQTGSPGMIYSTRYGSPKRQLQFYRNL
MYPESTTGS Window 1
YPESTYGEP Window 2
PESTTGSPA Window 3

FARLSREE o w10

PARLSLRQT
PARLSLRQT
PARLSLRQT
PARLSLRQT
PARLSLRQT
PARLSLRQT
PARLSLRQT
PARLSLRQT

PARLSLROQT
PARLSLRQT
DPQGLNQPAA
DQGLHQPPT
DPDRLNRQHA

PLPLPLPQS
HSSMEDDDY
PATREQRQL
NNNDHISED

Figure 10. The Sliding Window strategy. Shown is a extract from the 3, sequence and a few sample sliding windows. The sub-alignments correspond-
ing to window 1 and window 10 are also shown. The numbers above the topmost sequence indicates residue position.

for K, 1.2 and 359 for B,. The sliding window protocol is illus-
trated in Figure 10.

Distance/similarity assessment. The next step is defining a
distance/similarity measure between sequences. For each sub-
alignment extracted from the main alignments of K, 1.2 and B3, we
computed a distance matrix using CLUSTALW** using the default
settings, that essentially computes distance as a fraction of mis-
matches. The actual identity of the amino acids in both sequences
is not important for this distance calculation. The strategy is simi-
lar to Jothi et al.*® wherein we obtain a N x N upper triangular
matrix of distances/similarities between sequences; each row or
column corresponding to a MoLFunC from a species (total species
= N). The matrix is converted to a vector with N x (N - 1)/2 entries
that serves as the input for the correlation analysis. Since we had
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21 species common to K 1.2 and [3,, we obtained 491 vectors for
K, 1.2 and 359 for B, each of length 210; i.e., 21 x (21 - 1)/2.
Correlation analysis. We then computed correlations between
all the distance vectors (motifs) of K 1.2 with all the distance vec-
tors (motifs) of B,, using Pearson’s correlation coefficient, which
gives the linear correlation between a pair of distance vectors.
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Almost all of the mirror-tree based techniques implemented
previously used this measure to infer interactions; we adopted
the same measure for the sake of consistency. The correlation
analysis resulted in a 491 x 359 matrix of correlations. In the fol-
lowing section, we describe our method for significance testing of
correlations. The correlation was computed using the “corrcoef”
function in MATLAB.

Significance testing. The standard procedure for significance
testing has been bootstrapping with random shuffling of both
sequence vectors or the original sequences in the alignment."
The shuffling is repeated 10°~10° times and a z score or p-value
is computed from the distribution, for the correlation matrix.
Another technique of assessing significance for multiple motif
pairs in two proteins has been to repeatedly sample random pairs
and compute the correlations.” The p value of each pairing can
be computed from the distribution. Yet another method that has
been employed is the construction of artificial sequences and
evolving them along a phylogenetic tree based on an evolution-
ary model.?? Certain global properties of each sequence such as
amino acid composition are maintained in this process.

The random shuffling of sequences is especially useful in
assessing if the original pairing was the right pairing. So if we have
several ligand-receptor pairs as in Ramani et al.¥ the hypothesis
is that each ligand is paired up with the appropriate receptor. In
our case we have established the pairing by our previously cited
methodology of determining MoLFunCs and postulating that
the respective MoLFunCs of the rat K, 1.2 and rat B, will inter-
act with each other in all other species. So the random shuffling
technique is not directly applicable to our problem. Further, we
believe that the random sampling of possible domain pairs might
contribute to heavy re-sampling of the data set, as previously
suggested in CAPS,* which includes a correction for multiple
testing. Nevertheless, it is advantageous to use a large sample of
motif pairs beyond the pairs whose correlations are being inves-
tigated. Model-generated sequences are inherently dependent on
the model. In our work, we have tried not to assume any spe-
cific evolutionary model and our analysis is dependent only on
correlations in the raw data. The only dependence is on substitu-
tion matrices that have an implicit dependence on evolutionary
models. Wherever possible, we prefer to evaluate our significance
with real sequences, as they most certainly reflect the evolutionary
patterns across species.

In order to estimate background distribution of possible
correlations, we extracted MoLFunCs for as many proteins as
possible from the authority genome, across all species under con-
sideration. To do this rigorously by the methods employed for
K 1.2 and B, would be an enormous calculation; so we simplified
the process. For the other proteins we only carried out the first
stage of BLAST searches starting from the authority and accepted
the resulting list of proteins as putative MoLFunCs. Thus there
were no iterations performed starting from the authority seed and
no refinement process was employed. Although this might not
be the most accurate representation of MoLFunCs, we hope that
the errors will only be marginal, as we will be sampling a large
population of motifs from these proteins. We note that the idea
of authority cannot be fully applied to all proteins, as several are
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not annotated properly and we do not have structures for many
of them. This does not compromise the identification of a set of
sequences from the 21 species as a group of MoLFunCs, but we
could not be sure what the function is. However, for the sake
of consistency and to prepare for a possible scenario wherein
we might actually take a closer look at this background data set
for interesting correlation patterns, we defined an approximate
notion of authority for these sequences. From the rat genome,
we extracted all proteins that did not have the keywords puza-
tive, possible or hypothetical in their definition line. The rest of
the sequences can be assumed to have some degree of functional
definition and thus can be assumed to be authoritative. The total
number of authoritative sequences obtained was 9192. Of these,
only 566 had MoLFunCs in all of the 21 species obtained for
K, 1.2 and B,. We refer to this set as the “Background Set”. The
MoLFunC sequences were extracted and aligned using MUSCLE
software.

There are two kinds of tests that we carry out—(1A) Assess
the overall specificity of the K 1.2-, interaction by assessing the
significance of correlations in the context of all possible motif
pair interactions in the proteome. (1B) Assess the specificity of a
particular motif-pair in the context of the interactions that each
of the motifs in the pair has with other motifs in the proteome.
The second case is more specific in that it attempts to separate
the less promiscuous motif from a given motif pair. This is espe-
cially relevant when we analyze the emergent properties of the
correlation network.

For the Case 1a, the null hypothesis states that the correlation
between motif pairs can be obtained by chance alone. If this is
true, any two randomly selected motifs from any two randomly
selected proteins are likely to be as highly correlated as the motif
pair under investigation. In order to test this hypothesis, we ran-
domly selected a protein and then randomly sampled a gapless
9-residue window from the Background Set of 566 proteins and
the K 1.2 and f, alignments. This was repeated 20,000 times.
The first motif was paired with the second, the third with the
fourth and so on. This gave us a motif-pairs sample of 10,000. We
refer to this set as the “Random Pairs Set”. We then computed cor-
relations between the 10,000 pairs using the same formula as in
the K 1.2-B, motif correlations. A significance matrix of 491*359
entries is computed; each row and column index of this matrix
can be mapped to the indices of the correlation matrix. The sig-
nificance of a motif pair (corresponding to a cell in the correlation
matrix) is simply the probability of obtaining a correlation equal
to or greater than the correlation between the mortifs. This is com-
puted as the number of motif pairs in the Random Pairs Set with
correlation equal to or higher than that of the motif pair under
consideration, divided by the total size of the sample (10,000).
After filtering the correlation matrix by ensuring that the corre-
sponding entry in the significance matrix is lesser than or equal to
a p-value threshold, there are 10,612 motif pairs in K,,1.2 and B,
that appear to be significantly correlated. The thirty highest scor-
ing matrix pairs are shown in Table 1. Further results and analysis
will be provided in the results and discussion sections.

For Case 1b, we are investigating the correlations of “a given
motif” with all other motifs from the interacting protein. The
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A Kvl.2 residue 69

Figure 11. (A) The closest residue pair between the two subunits,
residue 235 on the [52 subunit and residue 69 on the K| 1.2 subunit. (B)
The motifs possibly involved in interaction (as judged by structural
proximity), region 227-243 on the 3, subunit and region 61-77 on the
K,1.2 subunit.

null hypothesis again states that these correlations could have
been obtained by chance. This can be rephrased as: What is the
likelihood that the “given motif” would interact with a randomly
selected motif from the genome? We carried out a similar proce-
dure as before and extract random motifs from random proteins;
and repeat the process 10,000 times. We will refer to this set as the
“Random Motif Set”. A correlation vector was computed between
the “given motif” and all motifs in the Random Motif Set. We
call this the “Motif Background vector”. We then extracted the
vector of correlation values of “the given motif” with all motifs
from the interacting protein from the correlation matrix (in this
case it is the K ,1.2-, motif correlation matrix). We call this the
“Motif Interaction vector”. The significance of each cell in this vec-
tor was computed as the number of cells in the Motif Background
Vector with correlation equal to or higher than the value of the
cell in the Motif Interaction vector, divided by the total sample
size (10,000). We repeated this procedure for all motifs in both
sequences giving us a 491 x 359 significance matrix as before.
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The correlation analysis, the significance testing and plots
were carried out in MATLAB. The Background Set calculation
and the distance computations and the random motif list extrac-
tions were all carried out using Perl Scripts. The visual analysis of
structural details was carried out using Pymol software.?

Recall/precision analysis. Our methods have been inspired
from the field of Information Retrieval. The standard measures
for measuring success of a retrieval engine are Precision and
Recall. Recall measures the proportion of relevant documents (to
a query) that was retrieved by the engine in response to the query.
Precision measures the proportion of retrieved documents that
is relevant. High precision implies very few false positives; high
recall implies very few false negatives. The goal is to achieve high
precision and high recall, but that is seldom the case. A useful
graphical aid to analyze the performance of the retrieval engine/
algorithm is to plot precision at varying recall levels. The stan-
dard recall levels that are used range from 0% to 100%, with
an increment of 10%. Thus, there are 11 standard recall levels.
However, in some cases, our results may not have recall val-
ues corresponding to the standard recall levels, but rather may
have values in between them. In such cases, the precision at the
standard level is interpolated from the next highest recall level
beyond the standard. Thus, if there are recall levels of 33, 66 and
100%, the precision at recall levels 0, 10, 20 and 30% is equal to
the precision at recall level of 33%. Maintaining a high precision
at all levels of recall is an indicator of the power of the algorithm
in retrieving the most relevant documents among the top few in
the outpur list.

We analyzed the results for both goals of this paper using
these measures and graphs. For Case 1a, the query corresponds
to the protein pair; the output is a putative list of interacting
motif pairs. Since there are several combinations of motif pairs
between the two proteins, we used a cut-off for the significance
of motif-pair correlations. The resulting motif pairs were ranked
in the order of decreasing correlation values, analogous to the
documents relevant to a query being ranked in the decreasing
order of relevance. For Case 16, the query corresponds to a motif
from either protein and the results are the most likely interacting
motifs from the other protein. Again, we only chose pairs within
a significance cut-off and ranked the rest in order of decreasing
correlation values. We used several motifs as queries and calcu-
lated the precision for all the queries at each recall level. The
p value cutoff chosen was 0.05.

The most obvious criterion for relevance is structural prox-
imity; residues and motifs immediately adjacent to each other
must either be conserved or undergo correlated evolution to
maintain the interaction. We defined distances between motifs
in either protein as the minimum distance between the resi-
dues of the motif pair in the full octameric (four o-subunits
plus four beta-subunits) structure of the protein complex. The
distances at the residue level were computed as the average dis-
tance of all inter-atomic distances between the residues. Once
we had the closest residue pair between the two proteins, we
included all the motifs that contain the respective residue from
each protein. This should correspond to 9 motifs (due to the
choice of window size) from each protein, giving a total of 81
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possible interacting pairs as the list of relevant interactions to
e predicted. The residue pair that was found to be the closes
b dicted. Th d that found to be the closest

was residue 69 from K 1.2 and residue 235 from the B, subunit,
at a distance of 6.01 Angstroms. Figure 11A shows this residue

pair in the 3D structure. The list of motifs containing these
two residues from either protein is shown in Table 2 and Figure
11B highlights these motifs in the 3D structure. Discovering
any one of them among the very top hits would be a promising
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