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A C� Model for the Transmembrane � Helices
of Gap Junction Intercellular Channels

that gap junctions play in coordinating tissue and organ
physiology, e.g., in the heart, ear, skin, and pancreas,
has been increasingly recognized (Harris, 2001). A num-
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ber of genetic conditions in humans and mouse mod-George S. Wise Faculty of Life Sciences
els involving the skin, neurodegenerative and develop-Tel-Aviv University
mental diseases, and most cases of nonsyndromicRamat Aviv, 69978
hereditary deafness have been attributed to mutationsIsrael
in connexins (reviewed by Kelsell et al., 2001).2 Department of Molecular Biophysics and Biochemistry

We previously used electron cryomicroscopy (cryo-Yale University
EM) and image analysis to solve the structure of a re-P.O. Box 208024
combinant gap junction channel formed by a C-terminalNew Haven, Connecticut 06520
truncation mutant of Cx43. The three-dimensional (3D)3 Department of Cell Biology
density map at 7.5 Å in-plane resolution revealed theThe Scripps Research Institute
close packing of 24 � helices within each connexon10550 North Torrey Pines Road
(Unger et al., 1999). Since publication of the originalLa Jolla, California 92037
map, improvements in the data analysis have allowed4 Division of Cardiovascular Diseases
calculation of a map with 5.7 Å in-plane and 19.8 ÅScripps Clinic
vertical resolution. Each of the helices is clearly resolved10666 North Torrey Pines Road
from its neighbors in the TM domain, and the helices’La Jolla, California 92037
centers of gravity are also discernible, allowing accurate
determination of the helix positions, tilt, and azimuthal
angles. However, even in this improved map, connectingSummary
loops remained largely undefined either because of limi-
tations in the vertical resolution (in the nonhelical struc-Gap junction channels connect the cytoplasms of ap-
ture of extracellular loops) or disorder (in the cyto-posed cells via an intercellular conduit formed by the
plasmic domains). This precluded direct assignment ofend-to-end docking of two hexameric hemichannels
the helices in the map to the TM domains in the connexincalled connexons. We used electron cryomicroscopy
sequence. Consequently, the molecular basis for ionicto derive a three-dimensional density map at 5.7 Å in-
conduction, channel permeability, and gating propertiesplane and 19.8 Å vertical resolution, allowing us to
among the various connexin isoforms could not be in-identify the positions and tilt angles for the 24 � helices
ferred directly from the cryo-EM map (Harris, 2001).within each hemichannel. The four hydrophobic seg-

However, there is a large body of biochemical andments in connexin sequences were assigned to the �
biophysical evidence (reviewed by Harris, 2001) thathelices in the map based on biochemical and phyloge-
provides insight into the TM boundaries for M1–M4 andnetic data. Analyses of evolutionary conservation and
subunit topology (Bennett et al., 1994) and the identitiescompensatory mutations in connexin evolution identi-
of the pore-lining helices (Kronengold et al., 2003; Sker-fied the packing interfaces between the helices. The
rett et al., 2002; Zhou et al., 1997). We used these datafinal model, which specifies the coordinates of C�

to assign the TM segments M1–M4 to the helices ob-atoms in the transmembrane domain, provides a struc-
served in the cryo-EM map (Unger et al., 1999). We thentural basis for understanding the different physiological
combined the helix positions, tilt, and azimuthal angleseffects of almost 30 mutations and polymorphisms in
from the improved cryo-EM map with computational

terms of structural deformations at the interfaces be-
methods for the analysis of evolutionary conservation

tween helices, revealing an intimate connection be- and hydrophobicity of amino acid residues (Fleishman
tween molecular structure and disease. et al., 2004b) to generate a C� trace model of the 24

helices in the connexon. Even though the cryo-EM map
Introduction corresponds to Cx43, our analysis was based on the

human Cx32 sequence since there is a wealth of bio-
A gap junction channel is formed by the end-to-end chemical, mutational, and genetic data for this isoform.
docking of two hexameric hemichannels or connexons Modeling Cx32 on the basis of the Cx43 structure is
(Kumar and Gilula, 1996). Each hexamer is formed by justified because the two proteins exhibit 50% sequence
six connexin subunits (Cascio et al., 1995) that are com- identity in the predicted TM residues of M1–M4 (Yeager
posed of four hydrophobic transmembrane (TM) seg- and Gilula, 1992). Moreover, various connexins assem-
ments designated M1–M4 from the N- to the C terminus ble to form heteromeric connexons (Harris, 2001). It is
(Milks et al., 1988). The intercellular pore of gap junction therefore very likely that connexins share a common
channels is roughly 15 Å in diameter and allows transport architecture, at least in the TM domain. Consequently,
of cytoplasmic secondary messengers, thereby mediat- the model we describe should serve as a template for
ing signaling and ion current flow between neighboring other connexins.
cells. Over the past several decades, the important role Our approach followed that used by Baldwin et al.

(1997) to predict the structure of the TM domain of verte-
brate rhodopsin based on a cryo-EM map at 9 Å in-*Correspondence: nirb@tauex.tau.ac.il
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Figure 1. Overlay of Cross-Sections of the
3D Density Map of One Connexon Derived by
Electron Cryocrystallography

Counting from the middle of the extracellular
gap and toward the observer, sections �14,
�18, and �24 (A) and �20, �24, �29,
and �34 (B) were used. The approximate
boundary between the membrane and the ex-
tracellular gap corresponds to section �8
(not shown). The vertical distance between
consecutive sections is 2 Å. Densities be-
longing to the same helices are represented
by the same base color, with the darkest and
lightest shades corresponding to densities

in sections �14 and �34, respectively. Helices were arbitrarily marked A–D and A� and B� (which are symmetry related to A and B) to provide
a reference for discussion. The position marked (0,0) was used to generate grid coordinates for the locations of helices A–D given in Table
1. The spacing between grid lines is 10 Å, and the map was contoured starting at 1.5� above the mean.

plane and 16.5 Å vertical resolution (Unger et al., 1997). shielded from the membrane lipids, we concluded that
section 29 was located close to the cytoplasmic bound-The model of rhodopsin was shown to be quite accurate

(Bourne and Meng, 2000) when compared to the subse- ary of the membrane. Densities past section 29 for helices
B, C, and D likely represented parts of the cytoplasmicquent high-resolution X-ray structure (3.2 Å rmsd) (Pal-

czewski et al., 2000). We have used a similar approach domains (N-tail, C-tail, and the M2-M3 cytoplasmic
loop).(Fleishman et al., 2004b), which relies on the assumption

that conserved amino acid residues preferentially pack There are 24 different assignments of the hydrophobic
domains M1–M4 to the four helices in the cryo-EM mapat helix-helix interfaces, whereas the positions that face

the lipid or the pore lumen are variable (Baldwin et al., (Nunn et al., 2001). At the outset, we stress that no
single helix assignment can be reconciled with all of the1997). In addition, it is unfavorable for charged residues

to face the lipid, except for the terminal helical turns, experimental data on connexins (Harris, 2001). This is
in part due to the channel’s plasticity and the heteroge-where charged positions may interact favorably with

the polar-headgroup region. Where conservation and neity of methods and connexin isoforms on which rele-
vant studies were based. Our approach has thereforehydrophobicity did not suffice to produce an unambigu-

ous conformation, we applied a computational tool for been to use primarily the cryo-EM map together with
data on hydrophobicity and evolutionary conservation.identifying pairs of positions that exhibit correlated evo-

lution, which is often associated with contact formation We relied on other experimental evidence to provide
support only in cases where there was substantialin the protein’s tertiary structure (Fleishman et al., 2004a;

Gobel et al., 1994). We thus computed a structure for agreement between different studies. With Figure 1 as
a reference, the following describes clues from differentthe entire TM domain of the gap junction hemichannel.
sources that were used to derive an assignment of heli-
ces A–D to the TM segments M1–M4 in the connexin se-Results
quences.

The substituted-cysteine accessibility method (SCAM)Helix Assignment
Analysis of superimposed cross-sections from the TM (Karlin and Akabas, 1998) demonstrated that specific

residues on M1 as well as in the N-terminal part of E1density of one connexon (Figure 1) revealed the follow-
ing helix tilts (Table 1): 9.1� (A), 15.6� (B), 27.5� (C), and are accessible for labeling by water-soluble sulfhydryl

reagents (Kronengold et al., 2003; Skerrett et al., 2002;29.2� (D). The contoured sections identified section 29
(second from the top in Figure 1B) as being the last Zhou et al., 1997). A detailed analysis showed that M3

was the major pore-lining helix (Skerrett et al., 2002).section of helix A that exhibited significant density.
Based on the necessity that the aqueous pore be Notably, both M1 and M3 contain several evolutionarily

Table 1. Estimated Axes of the TM � Helices

Tilt and Azimuthal Angles Positions

Helix � (�) φ (�) a14 (Å) b14 (Å) a24 (Å) b24 (Å)

A (blue) 9.1 0.0 2.4 24.8 2.4 28.8
B (green) 15.6 28.0 15.6 32.4 12.4 34.8
C (yellow) 27.5 90.0 23.2 27.6 11.6 21.6
D (red) 29.2 60.0 10.4 18.0 �0.8 18.0

Colors refer to Figure 1. Positions a14, b14, a24, and b24 were derived from the grid shown in Figure 1 using (0,0) as common origin. With �z
pointing towards the observer, sections 14 and 24 are located �28 Å and �48 Å from the center of the extracellular gap. The values for the
azimuthal angles (φ) were derived by centering orthogonal x,y-coordinate systems at the a14, b14 positions for each of the helices and
measuring the angles between the x-axis, oriented parallel to b, and the projected paths of the helices connecting the points (a14, b14) and
(a24, b24). Positive φ angles were measured counterclockwise from x in the direction of y. The values for the tilt angles (�) were measured
as the angle between the projected path of the helices and the z axis. The estimated axes assume that the � helices are straight.
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Figure 2. Connexin Architecture and Amino Acid Conservation

(A) The sequence of human Cx32 color-coded according to evolutionary conservation using the ConSeq server (Berezin et al., 2004), with
turquoise-through-maroon corresponding to variable-through-conserved positions (see color bar). The hydrophobic segments M1–M4 are
marked on the sequence.
(B) Membrane topology of Cx32. Acidic and basic amino acids in the TM domain are marked red and blue, respectively. The transmembrane
segments M1–M4 and the two extracellular loops E1 and E2 are indicated. Two aromatic residues are colored magenta. Numbers indicate
the positions of the extramembrane domain boundaries. Part of the C terminus was truncated.
(C) As indicated in the schematic model (left), four cross-sections evenly distributed within the membrane region of one connexon were
evaluated. The approximate total areas facing the aqueous pore (blue), the membrane lipid (yellow), and neighboring � helices (orange) were
estimated in each section for each of the four helices A–D. The orientations of the pie charts are arbitrary. As suggested in Figure 1, this
representation clearly reveals that only helices B and C have access to the aqueous pore. Furthermore, each of the helices has a characteristic
accessibility pattern that was used in combination with the conservation profile of (A) to assign each helix to a specific TM sequence (see text).

conserved charged residues (Figure 2A). The important at position 208 toward the cytoplasmic domain, which
is likely to be outside the hydrophobic core of the bilayerrole of M3 in lining the pore is also suggested by the

amphipathic pattern of its conserved polar and charged (Figure 2B).
Hence, without committing to the specific identitiesamino acids (Milks et al., 1988). In contrast, M2 is devoid

of any charges, and M4 contains a single Glu residue of the pore-lining helices, a generalized assignment for
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M1 and M3 could be made by assessing which of the versus conservation signal, with the variable residues
mapping to one helical face. Indeed, the optimal confor-helices in the structure had access to the aqueous pore.

From Figure 1, it was clear that only helices B and C mation placed all of the evolutionarily variable positions
of M3 and M4 in lumen- or lipid-exposed positions, re-lined the aqueous pore, which suggested that these

segments corresponded to M1 and M3. However, this spectively, whereas conserved faces were packed in-
side the protein core.first assignment step did not allow us to distinguish

between the two possible alternatives. Nevertheless, if In contrast to M3 and M4, the residues in M1 and M2
are homogeneously conserved (Figure 2A), so that theM1 and M3 corresponded to helices B and C, then it

followed that helices A and D corresponded to TM seg- orientations around their principal axes cannot be deter-
mined reliably on the basis of conservation alone. Corre-ments M2/M4 in the connexin sequence.

After division of the four TM segments into two groups lated amino acid evolution has been used previously to
identify interresidue contact (e.g., Gobel et al., 1994).(i.e., B/C � M1/M3 and A/D � M2/M4), the number of

options for a specific assignment could be limited by a The underlying assumption was that pairs of residues
that form contact undergo dependent evolution, i.e., acomparison of connexin amino acid sequences using an

approach similar to Baldwin’s analysis of the G protein substitution in one position would induce the other to
change in order to maintain the protein fold.coupled receptor family (Baldwin, 1993). Specifically,

residues in the lipid-facing positions of TM helices were To detect correlations, we applied a method that was
especially designed for treating intermediate-sized pro-the least conserved among the receptors. A similar anal-

ysis based on 60 connexin sequences (Berezin et al., tein families (50–100 sequences) (Fleishman et al.,
2004a) such as connexins. We identified five pairs of2004) showed that the relative conservation of the TM

segments was M2 	 M4 and M1 	 M3 (Figure 2A). correlations in the TM and juxtamembrane domains that
are connected by solid lines in Figure 4B. Positions inWe reasoned that evolutionary variability within the TM

segments indicated that amino acid residues in these the juxtamembrane domain (3 positions from the end
of the hydrophobic stretch at most) were assumed topositions were not very important for helix packing and

were therefore more likely to face the membrane lipid conform to �-helical ideality. Based on these correla-
tions we manually oriented helices M1 and M2 to obtainor the large pore lumen.

A specific helix assignment could then be made by a conformation in which each of the two positions of a
correlated pair would be in proximity (Figure 4B). Theassessing the extent to which the � helices in the struc-

ture had access to the lipid and the aqueous pore. correlations that pertained to helix M3 were in accor-
dance with the helix’s orientation around its principalCross-sections similar to those shown in Figure 1 were

chosen throughout the membrane-spanning part of one axis as determined above by the evolutionary conserva-
tion analysis. Moreover, the five pairs of correlationsconnexon (Figure 2C). In each cross-section, we esti-

mated what part of each of the helices faced the aque- were accommodated by the model, thus providing addi-
tional support for the model at various levels, includingous pore, packed against neighboring helices, or was

exposed to the lipid. Helix C was found to be more the TM-domain boundaries, helix assignment, and the
orientations of the helices around their principal axes.exposed to the aqueous pore than B. Hence, of the M1/

M3 pore-lining pair, the highly conserved M1 most likely
corresponded to B, and M3 to the major pore-lining helix Structural Features
C. A similar analysis showed that helix D was more It is difficult to provide a detailed structural interpretation
exposed to the lipid environment than was helix A (Fig- of the model at this resolution since the computed struc-
ure 2C). Therefore, of the M2/M4 lipid-exposed pair, ture does not contain information regarding side chain
the conserved M2 most likely corresponded to the more conformations. Moreover, we estimate that the orienta-
buried helix A, and M4 to the lipid-exposed helix D. In- tions of the helices around their principal axes may vary
terestingly, the evolutionary conservation of M3 showed by up to 40�. Nevertheless, even at this level of uncer-
a decrease in the central part of the bilayer (Figure 2A), tainty, it is possible to provide a rough description of
which coincided with an increase in the exposure of the factors that stabilize the structure.
helix C to the pore lumen (Figure 2C). Similarly, the con- The lipid-exposed residues of M2 and M4 are mostly
servation of M4 decreased toward the cytoplasmic side, hydrophobic. In fact, these helices are devoid of charged
correlating with an increase in its exposure to the mem- amino acids, except for Glu208 on M4 (Figures 2B and
brane. 5A). This residue is just two amino acid positions from

the C-terminal end of the hydrophobic segment and is
located in the protein core, toward the cytoplasmic sideHelix Orientations

Canonical � helices were constructed based on the pa- of the protein. Hence, it is not exposed to the membrane
environment and, due to the tilt of helix M4, might berameters defined in Table 1 (Figure 3). A starting C�

model for the 24 � helices in the hexameric connexon surrounded by water from the cytoplasm. Position Arg22
on M1 faces the protein core on the cytoplasmic sidewas built using the assignment M1 � B, M2 � A, M3 �

C, and M4 � D. We used an exhaustive search and of the protein (Figure 5B). Likely, this position “snorkels”
(von Heijne, 1996) to the cytoplasmic side of the lipidscoring function to sample the rotational orientation of

each of the helices around their principal axes, while bilayer according to the positive-inside rule (von Heijne,
1989). Another possibility is that Glu208 and Arg22,maintaining 6-fold symmetry around the channel axis

(Fleishman et al., 2004b). This search yielded the optimal which are oriented toward one another, form a salt
bridge.conformation shown in Figure 4A. It is evident that heli-

ces M3 and M4 show a very clear evolutionary variability Most of the charged residues in M1 and M3 are posi-
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Figure 3. Fit of Canonical � Helices to the Cryo-EM Density Map of the Gap Junction Channel

Top and side views of one connexon showing the fit of canonical � helices (gold) to the cryo-EM density map of Cx43 (blue), according to
the helix-axis parameters provided in Table 1. The left and right pairs are wall-eyed and cross-eyed stereo views, respectively.

tioned where they could extend their side chains into about two-thirds of the way from the cytoplasmic to
the extracellular ends of the TM domain (Figure 5B).the pore lumen (Figure 5B). Arg142 and Glu146 on M3

are only partly pore lining, and interact in part with helix Charged residues in the extracellular loops have been
shown to be determinants of charge selectivity in gapM1, in register with Arg32 of M1. Possibly, the two

charged positions of M3, which are one helical turn junctions (Trexler et al., 2000). It is possible that this
polar belt plays a secondary role in charge selectivity.above each other, form a salt bridge. Being roughly in

register with one another, the three charged positions Roughly in register with one another, a number of
conserved polar residues are found throughout the pro-form a thin (4–5 Å) polar belt around the pore lumen

Figure 4. A Model for the Structure of the
Gap Junction Connexon

(A) Conservation is color-coded as in Figure
2A. Helices were rotated around their princi-
pal axes and evaluated according to a scoring
function that (1) favors the burial of conserved
and charged amino acids in the protein inte-
rior and (2) the exposure of variable positions
to the pore lumen or the lipid. Hydrophobic
segments M3 and M4 show a clear conserva-
tion signal, with a well-defined variable face.
Yellow spheres indicate putative specificity
determinants, all of which map to pore-lining
positions, where they may modulate perme-
ability and conductance. Significantly, speci-
ficity determinants span five helical turns on
the M3 segment in support of its role as the
major pore-lining helix.
(B) M1 and M2 are almost homogeneously
conserved (Figures 2A and 4A) and were ori-
ented using a method for the detection of cor-
related positions (Fleishman et al., 2004a).
Positions in the juxtamembrane domain

(three positions from the end of the hydrophobic stretch at most) were assumed to extend the � helix (colored magenta). Correlated positions
are connected by solid lines. The three correlated pairs of positions on M1 and M2 were assumed to interact, so the helices were rotated
manually for these positions to be roughly in proximity. The orientation of M3 around its principal axis was determined solely on the basis of
evolutionary conservation (Figure 4A), but the two pairs of correlations between positions on M3 and M2 are congruent with the orientation
of M3, serving as partial verification of this helix’s orientation around its principal axis. A sixth correlation between Gln99 (M2) and Val210
(M4) could not be reconciled with the model.
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Figure 5. Structural Features of the TM Domain of the Gap Junction Connexon

(A) Polar and charged amino acid residues in the protein interior. The polar residues (yellow spheres) are roughly in register and could be
involved in the formation of a network of hydrogen bonds that would stabilize interhelical contacts.
(B) Acidic and basic residues in the protein interior and facing the pore lumen are indicated by red and blue spheres, respectively. Arg22 is
near the boundary of the hydrophobic domain and could be accessible to the cytoplasmic side of the membrane (von Heijne, 1989). Glu208
also resides at this boundary and is likely to be exposed to the cytoplasm. The pore-lining charged residues form a slender (4–5 Å) belt of
charge around the pore lumen. None of the charged residues is exposed to the membrane.
(C) Aromatic residues on M3 and M4 are shown as purple spheres. The two Phe positions on M4 coincide with the position of a protrusion
of density on helix D in the cryo-EM map (Unger et al., 1999). Stacked aromatic residues have been shown to generate such protrusions of
density (Henderson et al., 1990). The clustering of aromatic residues from M3 and M4 could stabilize interhelical contacts. Furthermore, the
ridge of aromatic residues on M3 could serve to shield the water-filled pore from the lipids in this region of the protein structure, in which
helices are not tightly packed.

tein core (yellow spheres in Figure 5A). An attractive showed a thickening of density corresponding to
Phe153 and Phe156 in helix E (data not shown). Althoughhypothesis is that these residues form a hydrogen bond-

ing network to stabilize interhelical contacts. This could aromatic residues are present in all four TM segments
of connexins, only M4 contains two conserved Phe resi-explain why many of these positions are intolerant to

substitution; even fairly conservative mutations at these dues near the extracellular side of the bilayer (positions
190 and 193) that occupy the same helical face (magentapositions have been implicated in disease. We note,

however, that no terms in the scoring function used to circles in Figure 2B). In contrast, helix M2 contains only
one aromatic residue (Trp77) in its extracellular part.orient the helices around their principal axes favored a

particular hydrogen bonding pattern among amino acid While it is not an ultimate proof, the interpretation of the
shoulder of density on helix D provides independentresidues (Fleishman et al., 2004b).

Significantly, the criteria used for orienting M3 and support for the assignment of helix D to M4 and the
orientation of this helix around its principal axis.M4, i.e., evolutionary conservation and hydrophobicity

(Fleishman et al., 2004b), did not take into account in-
teractions among aromatic residues. Nevertheless, a Specificity Determinants

Gap junction channels manifest very little ionic selectiv-prominent structural feature of the model is the cluster-
ing of five conserved Phe residues near the extracellular ity and yet do show differences in ionic preferences

between different connexin isoforms. Based on this be-side of the bilayer between helices M3 and M4 (Figure
5C), which may stabilize interhelical contacts. There is havior, one would expect that pore-lining residues would

vary among different types of connexins (paralogs) butalso a ridge of aromatic residues on M3 that extends
almost without interruption between the extracellular be conserved for identical connexins in different species

(orthologs) (Harris, 2001). Such positions are termedand the intracellular ends of the channel, from Trp133
on the cytoplasmic side to Phe149 on the extracellular specificity determinants, as their identities determine

the specific functional behavior of the given channel.side of the bilayer (Figure 5C). Notably, the density map
shows that helices C (M3) and B� (M1) are separated We analyzed the connexin sequences to identify puta-

tive specificity determinants. Connexins of similar func-by a relatively large distance (Figure 1). This ridge of
aromatic residues could shield the water-filled pore from tions in different species (orthologs) are the products of

speciation events, whereas those with different func-the lipid.
It is also notable that the previous (Unger et al., 1999) tions (paralogs) arise from gene duplication (Graur and

Li, 1999). It is therefore expected that orthologous se-and current cryo-EM maps show a relatively large “shoul-
der” of density on helix D toward the extracellular side quences would cluster in the termini of the phylogenetic

tree, whereas the events leading to paralogy would beof the gap junction channel. Such protrusions of density
can arise from stacked aromatic residues in intermedi- reflected in deeper nodes. Thus, using a phylogenetic

tree (Yang, 1997) and reconstructed ancestral se-ate-resolution maps (Henderson et al., 1990). A map of
bacteriorhodopsin that we computed at the resolution of quences (Schmidt et al., 2002), we automatically traced

the evolutionary history of each amino acid position inthe gap junction map (5.7 Å in-plane and 19.8 Å vertical)
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Figure 6. The Distribution of Disease-Causing and Benign Polymorphisms in the Gap Junction Model

(A) The model provides an explanation for the differential effects of mutations that cause nonsyndromic hereditary deafness, erythrokeratoder-
mia variabilis (EKV), and polymorphisms in the TM domain. Physicochemically conservative disease-causing mutations (e.g., Val for Ile) were
colored red, and radical polymorphisms (e.g., Ser for Tyr) were colored green. As expected, conservative disease-causing mutations all map
to structurally dense regions of the protein, whereas the radical polymorphisms map to more spacious regions.
(B) Similarly, 11 of 13 conservative Charcot-Marie-Tooth (Fischbeck et al., 1999) causing mutations (red spheres) map to structurally packed
regions, whereas only two such mutations (orange spheres) map to pore-lining or lipid-exposed helix faces.

search of those that exhibited relatively minor evolution- ysis of all 13 mild substitutions of Cx32 causing Charcot-
Marie-Tooth (CMT) neuropathy (Fischbeck et al., 1999)ary differences in the branches separating terminal

nodes and large differences in the inner branches (see (Figure 6B) reveals a similar pattern, with only two dis-
ease-causing mutations (orange) mapping to spaciousExperimental Procedures).

We identified five putative specificity determinants on regions of the protein structure. A list of all of the muta-
tions shown in Figure 6 is available upon request andM1 and M3, all of which are pore lining as expected

(yellow spheres in Figure 4A). Notably, the putative spec- at http://ashtoret.tau.ac.il/�sarel/GJ.html.
ificity determinants on M3, the major pore-lining helix,
span five helical turns from the cytoplasmic end of the Discussion
channel, up to roughly two-thirds of the way toward
the extracellular side of the bilayer. Since pore-lining Determining the positions of amino acid residues in

the gap junction channel has defied experimental ap-positions are expected to specify the different conduc-
tance and permeability traits of connexins (Harris, 2001), proaches for many years. In part, this is due to the

complicated organization of gap junctions when com-these results serve as independent verification of our
model and predict which residues have important ef- pared to other membrane channels whose structures

have been solved. That is, gap junction channels arefects on channel properties.
composed of two connexons in separate membranes
and can form different channel varieties depending onThe Locations of Mutations and Polymorphisms

To see whether the model can provide insight on the the types of connexins that are associated within a con-
nexon.molecular basis for the effects of mutations that have

been reported clinically, we analyzed mutations related We used a cryo-EM map of the gap junction channel
(Figure 1) to guide the positioning of model � helices into skin, deafness, and developmental diseases that

are documented in the Connexin-Deafness Homepage the membrane (Figure 3). The four hydrophobic seg-
ments M1–M4 in the connexin sequence were assigned(http://www.crg.es/deafness). The logic underlying our

analysis is that mild substitutions such as Val for Ile will to the helices according to biochemical and evolutionary
evidence. The orientation of each of the helices aroundcause disease only if they occur in regions of the protein

that are structurally well packed. Similarly, radical sub- its principal axis was then computed by analyses of
evolutionarily conserved (Figure 4A) and correlatedstitutions such as Ser for Tyr will only be tolerated if

they occur in structurally spacious regions. amino acid substitutions (Figure 4B). The resultant con-
formation placed positions that we identified as specific-Figure 6A displays the structure of the gap junction

hemichannel with all 11 physicochemically conservative ity determinants in pore-lining locations, as expected
(Figure 4A).substitutions of Cx26 causing nonsyndromic deafness

and erythrokeratodermia variabilis (EKV) in red, and the We note that the validity of the model is entirely contin-
gent on the assignment of the hydrophobic segments,two radical but benign substitutions (polymorphisms) in

green. Strikingly, all mutations indeed map to structur- M1–M4, to the helices A–D in the cryo-EM map (that is,
A � M2, B � M1, C � M3, and D � M4). While no singleally packed regions, whereas both polymorphisms map

to either the pore region or the lipid-exposed face. Anal- assignment is completely in harmony with all available
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biochemical evidence (Harris, 2001), the assignment we in the protein interior, result in disease. Given the striking
compatibility of data on mutations and polymorphismshave used is compatible with a large body of data.

Several different lines of evidence have converged with the model, it appears that the effects of a significant
fraction of disease-causing mutations in the TM domainin the computation and verification of the model. The

agreement between these methods is encouraging, but may be explained quite simply in terms of deformations
of local structure at the interfaces between helices.the model should be treated only as an approximation.

In fact, there are some inherent inaccuracies in the mod- Without a model that explicitly defined amino acid
positions, it has been difficult previously to plan rationaleling. For instance, the effective resolution of the cryo-

EM map perpendicular to the membrane plane is only biochemical experiments. Many studies tested connexin
chimeras by swapping large segments from various iso-19.8 Å, thereby precluding accurate vertical positioning

of the helices. However, the helices are all relatively forms (e.g., Hu and Dahl, 1999; Oh et al., 2000; Trexler
et al., 2000). While such approaches have providedshort, and their tilt angles are fairly small (Table 1).

Hence, it is reasonable to position the geometric centers important insight into broad characteristics, such as
charge selectivity and channel permeability, they do notof the helices in the middle of the membrane-spanning

part of the cryo-EM map. We note that the correlated provide an understanding of fine structural and func-
tional details. In recent years, scanning mutagenesispairs of positions are roughly in register (Figure 4B), as

are the polar amino acids in the protein core (Figure and SCAM provided more detailed information (e.g.,
Kronengold et al., 2003; Skerrett et al., 2002; Zhou et5A), serving as support for the positions of the helices’

geometric centers. al., 1997). Nevertheless, without a detailed model, it has
not been possible to assess their reliability within oneAnother complication is that the limited resolution of

the cryo-EM map does not allow us to detect deviations consistent structural framework. Another difficulty in in-
terpreting results from SCAM analyses is that negativefrom �-helicity. Nevertheless, the fit of canonical � heli-

ces to the cryo-EM map is energetically reasonable results at particular positions (i.e., no labeling) cannot
be reliably associated with inaccessibility of these resi-(Nunn et al., 2001), and the map does not show any

kinks in the TM domain. For comparison, large kinks dues. As the labeling reaction depends very strongly on
the local environment, neighboring side chains mighthave been observed in the cryo-EM map of vertebrate

rhodopsin at 9 Å in-plane resolution, which still yielded obstruct accessibility to an otherwise pore-lining po-
sition.a correct assignment for the positions and orientations

of the helices (Baldwin et al., 1997). We cannot rule out The model we describe provides the first integration
of a large body of biochemical, mutational, structural,the existence of small kinks and bulges at this resolution

(Ri et al., 1999), but these would likely have only a local and computational data on the structure of gap junction
channels. The model should prove valuable for derivingeffect on the resultant model (Fleishman et al., 2004b).

The limited vertical resolution of the cryo-EM map testable hypotheses related to structure and function.
For instance, the model provides certain clues regardingalso does not reveal the connecting loops between the

TM helices, thus precluding the unambiguous assign- the factors that stabilize interhelical contacts and the
determinants of connexin oligomerization. Studies onment of the molecular boundary of each connexin sub-

unit. There are two reasonable subunit boundaries, en- the roles of the pore-lining positions in affecting channel
permeability and selectivity may also be focused withcompassing either the helices marked as ABCD or

A�B�CD in Figure 1. Certainly, more experiments are the help of the model, in particular to the residues that
we identified as putative specificity determinants (Figureneeded to distinguish these alternatives, and the model

provides a detailed structural template for testing these 4A). Moreover, the model can guide studies on the fold-
ing of individual connexins and their association to formpossibilities biochemically. Nevertheless, it is important

to note that this ambiguity regarding the connexin sub- connexons. A fascinating prediction of the model is that
the phenotypic effects of a disease-causing mutationunit boundary is independent of and does not adversely

affect the assignment of TM sequences to the helices on one helix can be rescued by a substitution on a
neighboring helix.in the cryo-EM map (i.e., A � M2, B � M1, C � M3, and

D � M4).
Experimental ProceduresWe are encouraged that the model provides an expla-

nation why substitutions at certain positions can lead
Electron Cryomicroscopy and Image Analysis

to disease (mutations), whereas in other positions, sub- Preparation of two-dimensional crystals, cryo-EM, and lattice
stitutions result in no apparent phenotype (polymor- straightening were performed as described before (Unger et al.,
phism). Helices M1 and M2 are considerably more sensi- 1999). A list that contained the data from 69 crystalline areas was

edited to exclude measurements where the sampling of reciprocaltive to mutations than M3 and M4, consistent with the
space was too sparse to allow a meaningful fit of lattice lines. Thetighter packing of M1 and M2 according to the model
final fit was limited to a maximum z* value of 0.065 Å�1 generating(Figure 6). The somewhat higher incidence of mild dis-
1734 unique structure factors compared to 1022 that were included

ease-causing mutations toward the cytoplasmic ends in the previous reconstruction (Unger et al., 1999). Using image data
of M1 and M2 coincides with a closer approach of these with signal-to-noise ratios 
1.8, the overall merging phase residual

for each crystal was �25� compared with the entire data set. Thetwo helices in this region. We note that sequence con-
3D map was computed using an inverse B factor of �350. Analysisservation alone is not as informative as the model in
of the point-spread function indicated a maximum in-plane resolu-identifying the portions of the sequences in which sub-
tion of 5.7 Å and a vertical resolution of 19.8 Å.stitutions would have deleterious consequences (Figure

6). That is, residues on M1 and M2 are all highly con- Sequence Data
served (Figure 2A), but only substitutions in relatively 60 connexin sequences were obtained from SWISS-PROT (Bairoch

and Apweiler, 2000) and aligned using CLUSTAL W (Thompson etnarrow segments on these helices, which are packed
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al., 1994) with default parameters. For each position in the alignment, of four helices comprising a single connexin were explored, and
applied to all 24 helices.evolutionary conservation was computed using the ConSeq server

(Figure 2A) (Berezin et al., 2004), and hydrophobicity using the Kes- Each helix was rotated around its principal axis independently,
in 5� steps, and its optimal orientation was derived. Then, the optimalsel and Ben-Tal scale (Kessel and Ben-Tal, 2002).

The topology of Cx32 was determined experimentally (Milks et orientations of all helices were superimposed to yield the optimal
conformation of the entire complex.al., 1988). Definition of the N- and C termini of the four TM segments

(Bennett et al., 1994) was adjusted slightly to include hydrophobic
stretches that were as long as possible. That is, we eliminated Correlated Mutations

The multiple-sequence alignment of 60 connexin homologs waspositions from the hydrophobic segments’ termini that were occu-
pied by polar or charged amino acids in any of the sequences used to compute the phylogenetic tree of maximum-likelihood

(Schmidt et al., 2002). Subsequently, the most likely ancestral (now-in the multiple-sequence alignment of 60 homologs. The resulting
topology and boundaries of the hydrophobic stretches are shown extinct) sequences were inferred (Yang, 1997). We then identified

correlated positions in the TM domain of connexins (Fleishman et al.,in Figures 2A and 2B.
2004a) (Figure 4B). The informational-entropy threshold (Shannon,
1948), which is a measure of the heterogeneity of amino acid identi-Scoring Function
ties in a particular position in the alignment, was set to 1.1 in orderThe conformational search was performed using the scoring func-
to remove highly conserved positions. To obtain confidence inter-tion described by Fleishman et al. (2004b). In brief, this scoring
vals for each of the computed correlations, 400 bootstrap iterationsfunction favors the burial of evolutionarily conserved amino acid
(Bradley and Tibshirani, 1993) with replacement were conducted.positions in the protein core and the exposure of variable positions
The lower (rlow) and upper (rhigh) boundaries of the 95% confidenceto the lipid or the pore. Conformations that expose charged amino
interval were determined as the correlation coefficient at the 2.5acids to the lipid milieu are penalized. Since the gap junction pore is
and the 97.5 percentiles, respectively, and the trimmed mean (r ) ofrelatively large, pore-lining and lipid-exposed residues were treated
correlation coefficients was calculated. Pairs of positions showingequally as unburied positions, with no need for introducing modifica-
lower confidence boundaries of rlow � 0.1 were eliminated as weretions to the functions. However, since charged residues can be
pairs with trimmed means of r � 0.5.exposed to the lumen of the pore with no consequence on desolva-

tion energy, we abolished the penalty for exposure of charged posi-
Specificity Determinantstions on the pore-lining helices M1 and M3 (Figure 5B). Each confor-
The phylogenetic tree and ancestral-sequence reconstruction (seemation was scored according to the following equation:
Correlated Mutations, above) were used to detect putative specific-
ity determinants in the connexin family. Conserved positions in theScore � �

i
(2(Bi � 1⁄2)(Hi � Ci )), (1)

sequence alignment exhibiting information entropy (Shannon, 1948)
of less than 1.1 were eliminated. For each position in the alignment,where Bi quantifies the extent of burial of amino acid i in the protein
and in each phylogenetic branch, we measured the physicochemicalcore (Fleishman and Ben-Tal, 2002). It assumes values of 0 to 1; 1
distance between the amino acid identities occupying those posi-signifying complete burial against another helix, and 0 complete
tions using the Miyata substitution matrix (Miyata et al., 1979). Multi-exposure to the lipid or the pore lumen. The function is computed
ple and back substitutions in a single branch were not considered.by iterating over all of the helices in the structure other than the
Each node in the phylogenetic tree was assigned a “depth” value,one on which i is located, and taking into account i’s distance from,
which was an integer calculated as the minimal distance betweenand orientation with respect to, each of these helices. Bi is then
that node and any terminus, counting intervening nodes. Thus, thetaken as the maximum of the values calculated for each of the
termini were assigned depth values of 0, neighboring nodes valueshelices (Fleishman and Ben-Tal, 2002; Fleishman et al., 2004b). Thus,
of 1, etc.high values of Bi imply that i is in close contact with another helix,

For each amino acid position, we then computed the Pearsonwhereas low values indicate that it is not interacting with any of
correlation coefficient between physicochemical distances tra-the helices.
versed in each phylogenetic branch and the average depths of eachThe Ci values are the normalized evolutionary-rate scores as-
of the nodes that were connected by that particular branch. Hence,signed by Rate4Site (Figure 2A) (Berezin et al., 2004; Pupko et al.,
high correlation coefficients were associated with positions that2002). High-through-low values of Ci are assigned to variable-
exhibited relatively low variability among terminal nodes (orthologs)

through-conserved positions, respectively. Proline residues are ig-
and relatively high variability in deeper nodes (separating paralogs).

nored in calculating the conservation scores, as they are often con-
We conducted 400 bootstrap iterations with replacement (Bradley

served due to kinks they induce in the helix secondary structure
and Tibshirani, 1993), and calculated the trimmed mean of the 95%

rather than due to the formation of interhelical contacts (Baldwin et
confidence interval of these correlation values (r ). The lower (rlow)

al., 1997).
and upper (rhigh) bounds of the 95% confidence interval were deter-

Hi is the free energy of transfer from water to lipid of amino acid
mined as the correlation coefficient at the 2.5 and the 97.5 percen-

i according to the Kessel and Ben-Tal scale (Kessel and Ben-Tal, tiles, respectively. Positions showing lower confidence bounds of
2002). Hi values are taken into account only if they are greater than rlow � 0 were eliminated as were positions with trimmed means
7 kcal/mole, and only for residues i that are exposed to the mem- r � 0.1.
brane, i.e., for which the burial scores Bi are less than 0.5. Thus,
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