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Gap junctions form intercellular channels that mediate met-
abolic and electrical signaling between neighboring cells in a
tissue. Lack of an atomic resolution structure of the gap junction
has made it difficult to identify interactions that stabilize its
transmembrane domain. Using a recently computed model of
this domain,which specifies the locations of each amino acid,we
postulated the existence of several interactions and tested them
experimentally. We introduced mutations within the trans-
membrane domain of the gap junction-forming protein con-
nexin that were previously implicated in genetic diseases and
that apparently destabilized the gap junction, as evidenced here
by the absence of the protein from the sites of cell-cell apposi-
tion. The model structure helped identify positions on adjacent
helices where second-site mutations restored membrane local-
ization, revealing possible interactions between residue pairs.
We thus identified two putative salt bridges and one pair
involved in packing interactions in which one disease-causing
mutation suppressed the effects of another. These results seem
to reveal some of the physical forces that underlie the structural
stability of the gap junction transmembranedomain and suggest
that abrogation of such interactions bring about some of the
effects of disease-causing mutations.

Gap junction channels are formed by the docking of two
hemichannels or connexons from adjacent membranes (1).
Each connexon comprises six connexin subunits (2), proteins
which are encoded by �20 isoforms in the human genome (3).
All connexins contain four transmembrane (TM)4 segments
(M1–M4), whose N and C termini are located in the cytoplasm
(4). The channels are �15 Å in diameter at their narrowest
point (5), allowing the transport of ions and secondarymessen-
gers. They are expressed in nearly all vertebrate tissues and
perform critical functions in mediating cell-to-cell signaling
and metabolic coupling between apposed cells (6). Connexins

have been implicated in several diseases. For example, muta-
tions in the gene encoding connexin 32 (Cx32; gene symbol
GJB1) cause X-linked Charcot-Marie-Tooth disease, a com-
mon form of inherited motor and sensory neuropathy (7), and
mutations in the gene encoding connexin 26 (Cx26; gene sym-
bol GJB2) are responsible for a large proportion of cases of
severe to profound non-syndromic hearing loss (8).
The structure of the gap junction has been solved only at

intermediate resolution, revealing the approximate locations of
each of the�-helices comprising theTMdomain (5) but not the
locations of its constituent amino acids. As with many other
humanmembrane proteins that lack bacterial homologs, struc-
tural analyses of connexins have been impeded by the absence
of an atomic resolution structure (9). In particular, the effects of
disease-causing mutations on gap junction structural stability
have not been probed experimentally, and it has been difficult
to design and interpret biochemical experiments on the struc-
tural aspects of connexins relating to individual amino acid res-
idues. Instead, studies have focused on connexin domains (10–
13), and normally, pairwise relationships among residues have
not been detected other than by serendipity (14). However,
based on the intermediate resolution structure (5) and compu-
tational inferencemethods (15, 16), amodel of canonical�-hel-
ices corresponding to the M1–M4 segments, which specifies
the approximate positions of�-carbons in the TMdomain, was
recently proposed (see Fig. 1) (17). Because the TM domain of
connexins has been well conserved through evolution (17, 18),
this model structure may serve as a template for all connexin
isoforms, although the various isoforms are likely to exhibit
slightly different helix-packing interactions. Hence, by specify-
ing which residues are located in proximity to one another, the
model can serve as a basis on which to formulate explicit
hypotheses on interactions between amino acid positions.
We have studied several hypotheses of interactions between

residue pairs by probing the localization of mutated human
Cx26 and Cx32 that were C-terminally fused to green fluores-
cent protein (GFP) and expressed in HeLa cells that do not
express endogenous connexins (19). Connexin trafficking to
and insertion into the plasma membrane is dependent on sev-
eral factors and processes, among them is the proper folding
and oligomerization of the protein (20); substantial disruption
of the protein stability could therefore result in mislocalized
protein. We introduced single and double mutations into the
connexin TM domain. A destabilizing mutation would show
aberrant localization outside the plasma membrane. However,
a carefully chosen second-site mutation could stabilize the
mutated protein and retrieve the wild-type localization at the
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sites of cell-cell apposition. This procedure is similar in spirit to
the double-mutant cycle (21) and to second-site suppression
assays (22). In all of these analyses, if the phenotypic effects of
one mutation are found to depend on whether or not the other
is mutated as well, this will indicate that the two amino acid
sites interact (23). It should be noted that these experimental
assays cannot, on their own, distinguish betweendirect physical
interactions of a pair of positions and indirect interactions
mediated via other residues (24).However, themodel structure,
although approximate, helped us to constrain the possible
explanations. Based on the results of the mutation analyses, we
identified the most likely justification for the observed pheno-
types by computing approximate models of the side chains of
interacting residues. We thus detected, for the first time, inter-
actions that apparently stabilize contacts between TM helices
in connexins; abrogation of these interactions leads to aberrant
phenotype and disease.

EXPERIMENTAL PROCEDURES

In general, we followed the experimental procedures pre-
sented in Ref. 37.
Cloning—Genomic DNA of each of the genes, GJB2 (Cx26)

and GJB1 (Cx32), was double-digested with HindIII and KpnI
and cloned into a pEGFP-N1 expression vector (Clontech, Palo
Alto, CA).
Mutant Connexin Expression Constructs—Mutations were

introduced into the open reading frame of human GJB1 and
GJB2 genomic DNA (subcloned into a pEGFP plasmid) by PCR
site-directed mutagenesis using the QuikChange kit (Strat-
agene, La Jolla, CA). DNA extracted from single colonies was
sequenced at the Tel-Aviv University Sequencing Unit (Faculty
of Life Sciences) using the ABI 377 DNA sequencer (PE Biosys-
tems, Foster City, CA). ADNA template of one singlemutation
of each set ofmutationswas usedwith themutagenic primers of
the second mutation in the same set to generate the double
mutants.
Cell Cultures and Transfections—Communication-deficient

HeLa cells, which do not express endogenous connexins, were
kindly provided by Prof. David Kelsell (University of London).
The cells were grown in low-glucose Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal-calf serum, anti-
biotics (100�l/ml penicillin/streptomycin), and glutamine (290
�l/ml) in a humidified atmosphere containing 5%CO2 at 37 °C.
The cells were plated onto six-well plates on coverslips and
incubated for 24 h to 60–70% confluence.
HeLa cells were transiently transfected using Lipofectamine

2000 (Invitrogen) according to the manufacturer’s instructions
withmodifications. The amount of reagent was reduced by half
and incubated mixed with an equal volume of Neowater (Do-
Coop Technologies, Or Yehuda, Israel) for 5 min at room tem-
perature. This mixture and plasmid DNA were incubated sep-
arately in OptiMEM for 5 min and combined for another 20
min at room temperature. HeLa cells (60–70% confluence)
were washed with OptiMEM and incubated with the combined
Lipofectamine/plasmid DNA solution at 37 °C. After five
hours, the transfection medium was removed from the cells to
prevent toxicity, and cells were incubated in medium without
antibiotics overnight.

Cellular Localization—Cells were fixed with either 4%
paraformaldehyde for 20 min or with 100% ethanol (�20 °C)
for 5 min and mounted on slides using Gel Mount (Biomeda,
Foster City, CA). A comparison of the phenotypes using either
fixation agent revealed no observable differences (data not
shown). The data presented in the paper are based on
paraformaldehyde as the fixation agent, aswas done, e.g. in Refs.
14 and 37. Slideswere observed through a Leica TCS SP2AOBS
confocal microscope. For each of the fluorescence images
shown here, we examined the phase-contrast image to identify
the regions of apposition between cells. The phase-contrast and
fluorescence images are available as supplemental data.
Structural Modeling—The template structure of the TM

domain of the gap junction, comprising Cx32 monomers (Pro-
tein Data Bank code 1txh) (17), was used as a starting point.
Backbone atoms were added to this model using the Biopoly-
mer module of the InsightII program (Accelrys, San Diego,
CA). The sequences of Cx26 and Cx32 were aligned (17) to
generate a model of the gap junction formed by Cx26 mono-
mers. Side chains were then added to both structures using
default parameters. Steric clashes were ignored at this stage.
The rotameric states of Lys-22 (Cx26), Arg-32, and Arg-142
(Cx32) were examined manually, and rotamers were selected
thatminimized distances from the putative salt bridge partners,
while also minimizing steric clashes with other parts of the
protein.

FIGURE 1. Overall organization of the gap junction TM domain in one
of two apposed membranes viewed from the cytoplasm of one cell
looking toward the gap. Six connexin subunits are organized around a
central pore. The model structure (Protein Data Bank code 1txh) (17) reports
only the positions of �-carbons, assuming that each TM segment forms a
canonical �-helix. The model guided the mutation analyses by suggesting
which residues form physical interactions. Amino acid positions that were
mutated in Cx26 (top) and Cx32 (bottom) are indicated by spheres. Blue and
red spheres represent the positions of positively and negatively charged
amino acids, respectively; yellow spheres represent polar residues. One-letter
codes for the amino acids are shown: E, Glu; K, Lys; N, Asn; R, Arg; and S, Ser.
This and all other molecular representations were generated using MOL-
SCRIPT (38) and rendered with Raster3D (39).
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RESULTS

A Salt Bridge between theM1 andM3 Pore-lining Helices—A
region of the model structure that showed particular promise for
this approach was the interface between the M1 and M3 pore-
lininghelices,where a triadof chargedpositions (Arg-32,Arg-142,
andGlu-146 ofCx32) is located (Fig. 1). These three positions (the
first two occupied by basic residues and the last by an acidic resi-

due) are highly conserved throughout
all connexins. In theory, the Arg and
Glu residues, which are reciprocally
charged and are near the water-filled
pore lumen, could be involved in sta-
bilizing electrostatic interactions; it
has been estimated that salt bridges
embedded in water can add nearly 1
kcal/mol to protein stability (25, 26).
We investigated the possible exist-

ence of an interaction between
Arg-32 and Glu-146 by reversing the
charges of these positions singly and
doubly in Cx32 (Fig. 2A) (Table 1).
Both single mutants, R32E and
E146R, were localized outside the
plasma membrane, which might be
indicative of protein misfolding.
Interestingly, a similar charge-revers-
ing mutation, E146K in Cx32, was
implicated in Charcot-Marie-Tooth
disease (27). Remarkably, the double
mutant R32E/E146R, which re-estab-
lishes charge complementarity
between M1 andM3, restored mem-
brane localization.Thecompensation
suggests that the two residues inter-
act. Given the model structure, it is
likely that this interaction involves a
salt bridge that stabilizes the interface
betweenM1 andM3 (Fig. 1).
We also investigated the existence

of an alternative interaction between
Arg-142 and Glu-146. Here too, both
single mutants were mislocalized.
Despite the proximity between posi-
tions 142 and 146, however, the
R142E/E146R double mutant did not
elicit wild-type localization.
To explain this pattern of pheno-

types, we examined the connexin
model structure and explored the
possible rotameric states (i.e. confor-
mations) of the side chains of Arg-32,
Arg-142, and Glu-146 (Fig. 2B). One
of the rotamers of Arg-32 complied
with the formation of an interhelical
salt bridge with Glu-146. By contrast,
none of the potential rotameric states
of the side chain of Arg-142 could
interact with Glu-146 without gener-

ating steric clashes with other parts of the protein. Hence, guided
by themutation assays,modelingof the side chains providedputa-
tive mechanistic explanations of the observed localization pheno-
types.However, it should be borne inmind that this explanation is
based on the model that the localization assay is attempting to
support and that correctmodelingof side chains is highly sensitive
to the accuracy of the C-� model structure (28).

FIGURE 2. A, charged amino acids at the interface between the pore-lining helices M1 and M3 of Cx32 were
mutated singly and doubly. Localization assays show that the two single charge reversals are mislocalized (top).
The R32E/E146R double mutant restores membrane localization (yellow arrows), indicating that these positions
interact. Pictures were taken by confocal microscopy. For each field, three images were taken: phase contrast,
to show the boundaries of the cells, green fluorescence, to show the expression of the connexin-GFP chimera
protein and a merge of the two, to verify the localization of gap junction plaques in the plasma membrane in
points of cell-cell apposition. The phase-contrast and fluorescence images for all figures presented in the
manuscript are available as supplemental data. B, the modeled side chains suggest that only the paired resi-
dues Arg-32/Glu-146 could form a salt bridge without invoking severe steric clashes, as shown by the localiza-
tion assays. Because the localization assays (A) did not detect interactions between Arg-142 and other residues,
this modeled side chain (shown on the right) should be considered as speculative.
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Although wild-type connexins are membrane-localized, our
images show fluorescence also outside the membrane, even in
wild-type connexin (e.g. Fig. 1). Localization of wild-type con-
nexins outside the membrane, in addition to the existence of
gap junction plaques, have been observed in other studies
involving overexpressed connexins, and it has been suggested
that the cytoplasmic fraction of the protein is at least in part
localized in aggresomes (29). The important point to notice
from the perspective of the current study is that, along with the
localization of some of the protein in the cytoplasm, wild-type
and doubly mutated connexins are localized in the plasma
membrane, whereas the single mutants are not.
A Salt Bridge at the Intercellular Part of the TM Domain—

The charged residues of another pair, Lys-22 (M1) andGlu-209
(M4) of Cx26, face one another in the model structure, poten-
tially forming a salt bridge (Fig. 1). These positions are con-
served throughout the connexin family to basic and acidic iden-
tities, respectively. Mutations in both positions of the
homologous Cx32 were implicated in Charcot-Marie-Tooth
disease (30, 31). Our results show that, in Cx26, the single
mutant E209R is mislocalized (Fig. 3A), similar to the disease-
causing mutation to Lys in the homologous Cx32 (30). By con-
trast, K22E was properly localized in the plasma membrane
(Table 1). The double mutant K22E/E209R rescued the aber-
rant localization phenotype of E209R and restored wild-type
localization in the plasma membrane, suggesting that the two
positions interact probably through an interhelical salt bridge.
However, the normal localization of K22E, where no salt bridge
can be formed, suggests that additional forces contribute to
stabilization of this region. We did not detect similar compen-
sation when testing this double mutant in Cx32 (data not
shown), possibly because of subtle sequence and structure dif-
ferences between these isoforms (Lys-22 inCx26 is alignedwith
Arg-22 in Cx32). It is nevertheless very likely that the overall
structure and salt bridge interactions present in Cx26 are also
present in Cx32 (17, 18). It should be noted that, although com-
pensation is a sign of physical interaction, lack of compensation

(as in Cx32) does not necessarily indicate that the residues are
remote (discussed in Refs. 32 and 33).
Further examination of the model structure in light of the

results of the localization assay revealedone choiceof rotamers for
the modeled side chains of Lys-22 and Glu-209, where the car-

FIGURE 3. A, localization assays of wild-type, singly mutated, and doubly
mutated Cx26 fused to GFP and expressed in HeLa cells. The single mutants
E209R and K22E are cytoplasm- and membrane-localized, respectively. The
mutation K22E suppresses the aberrant phenotype of E209R, indicating that
the two positions interact. B, Lys-22 (M1) and Glu-209 (M4) of Cx26 may form
a salt bridge. The two positions are located on the cytoplasmic boundary of
the presumed hydrophobic core of the membrane and may thus be embed-
ded in water or in the vicinity of the polar headgroups. The distance between
the modeled amino and carboxyl moieties is �5 Å.

TABLE 1
Frequency of coupled cells transfected with wild-type and mutated
connexins
Means and S.D. for each connexin were computed on the basis of three separate
experiments and normalized to the levels in the wildtype. For each entry at least 250
transfected cells were counted. Transfection efficiencies in each case were at least
40%. All mutants that showed any coupling (�0%) were statistically indistinguish-
able on a two-sided t-test from the coupling levels in their respective wildtype
protein (� � 5%). NA, not applicable.

Frequency of coupled pairs S.D.
Cx32 constructs
Wild type 1 0.06
R32E 0 NA
R142E 0 NA
E146R 0 NA
R142E/E146R 0 NA
R32E/E146R 0.97 0.11

Cx26 construct
Wild type 1 0.21
K22E 0.75 0.27
E209K 0 NA
K22E/E209K 0.55 0.39
N206S 1.13 0.11
S139N 0 NA
N206S/S139N 1.15 0.09
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boxyl and amino moieties of the side chains could point toward
one another and are roughly 4–5 Å apart (Fig. 3B). The two posi-
tions are located at the end of the presumed hydrophobic core of
the membrane on the cytoplasmic side (Fig. 1) and thus are likely
to be exposed to the polar headgroups and the water in this envi-
ronment. Embedded in water, this salt bridge is also expected to
have stabilizing energetic effects on the folding of the protein (25,
26). It is instructive that themodel structureprovides a framework
for understanding why one of the single mutants has deleterious
effects on stability, whereas the other does not (Fig. 3A). The
E209R mutation not only replaces the charge in this position but
also adds to the side chain length, destabilizing the structure by
bringing apositive charge fromposition209 into the vicinity of the
endogenous positively charged Lys-22 as well as by adding the
potential for forming steric clashes. The compensating K22E
mutation places two negative charges in the same region. How-
ever, because of the significant length difference between the side
chains of Lys and Glu, the charges are more distant from one
another in comparison to the distance between these residues in
the wild type, reducing the effects of same-charge repulsion. By
contrast, the above-mentioned Arg3Glu mutations in positions
32 and 142 did not show wild-type localization (Fig. 2A). The
model offers an explanation for this difference in phenotypes as
well. Whereas the interface between Arg-32 and Glu-146 on the

pore-lining helices M1 and M3 is
quite tight (Fig. 2B), increasing the
effects of same-charge repulsion, the
interface betweenM1 andM4, where
positions Lys-22 and Glu-209 are
located, is less tight (Fig. 3B).
One Disease-causing Mutation

Compensates for the Aberrant Local-
ization Phenotype of Another—
Another pair of residues, Ser-139
(M3) and Asn-206 (M4) of Cx26, is
particularly relevant because of its
involvement in a genetic disease (34,
35). Mutations in these two amino
acids also demonstrate a pattern of
localization phenotypes suggestive of
an interaction. Theoretically, interac-
tions between these polar positions
could result from hydrogen bonding
or stericpacking (Fig. 1).The localiza-
tion assays showed that the S139N
mutant was mislocalized, whereas
N206S exhibited wild-type localiza-
tion (Fig. 4A) (Table 1), although
altered voltage-gating properties in
this latter mutant have been reported
(36). Interestingly, both of these
mutations were implicated in non-
syndromic hearing loss (34, 35).
When this pair is doubly mutated,
however, one disease-causing muta-
tioncompensates for the effects of the
other, restoringwild-type localization
(Fig. 4A). Although the model sug-

gests that the tworesiduesareoriented towardoneanother (Figs. 1
and 4B), the modeled side chains do not appear to be in direct
contact (�6–7 Å apart). This is mainly because of a difference in
the register along the axis vertical to the plane of the membrane,
precluding the formation of a hydrogen bond. Hence, interpreta-
tion of the localization assay in light of themodel suggests that the
interaction between these residues results from packing with
intermediateaminoacidpositions (24).Whereas theS139Nmuta-
tion adds to the volume at the interface between helices M3 and
M4, resulting in mislocalization, the N206S mutation compen-
sates for this increased volume and restores membrane localiza-
tion in the double mutant.

DISCUSSION

Lack of an atomic resolution structure of the gap junction has
made it extremely difficult to conduct biochemical investiga-
tions within a consistent framework (9). Here, we used a model
based on an intermediate resolution structure (17) to formulate
testable hypotheses to uncover some of the physical forces
underlying the stability of the connexin TM domain at the
molecular level. When use of this model is coupled with care-
fully planned mutagenesis, competing structural explanations
may be resolved and mechanistic understanding improved.
Second-site suppression assays need to strike a fine balance

FIGURE 4. A, of the two mutations that cause deafness, S139N and N206S in Cx26, only the first is mislocalized.
The second mutation compensates for the effects of the first, restoring the wild-type localization. The wild-type
localization phenotype of Cx26 is shown in Fig. 3A. B, Ser-139 and Asn-206 of Cx26 are too far apart (roughly
6 –7 Å) to interact directly. They can, however, interact through other residues in their vicinity.
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between the dual goals of introducing a mutation radical
enough to elicit an aberrant phenotype, on the one hand, but
one that does not cripple the protein so completely as to pre-
clude its rescue by a second-site mutation, on the other hand.
Thus, two of the three sets of mutants targeted positions that
are situated in spacious regions of the model structure (Arg-32
and Glu-146 of Cx32; and Arg-22 and Glu-209 of Cx26), where
they are not expected to induce extensive changes to the pack-
ing of the helices. In these sets, we used radical charge-reversal
substitutions. In another set of mutants, involving positions
that are packed inside the core of the helix bundle (Ser-139 and
Asn-206 of Cx26), we tested substitutions that were physico-
chemically mild to reduce the chances that they would bring
forth global changes to the protein structure. In all of these sets,
clinical and some biochemical data suggested that the effects of
the mutations would be observable in our assays.
Based on compensation assays,we suggested atomicmodels for

several amino acid residues, thus refining the structural model of
the gap junctionTMdomain,which specified only the locations of
�-carbons (17). It is notable that, since the publication of the
intermediate resolution structure of the gap junction in 1999
(5), it has not been supplanted by an experimental atomic
resolution structure. Systematic compensation studies could
thus provide constraints that specify the nature of the inter-
actions between amino acid residues on apposed helices. In
particular, using experimental assays (13) such as electro-
physiology and dye-transfer, it may be possible to test muta-
tions that involve more subtle physicochemical changes than
those attempted here, including mutations that only change
the steric properties of the side chain, e.g. Val3 Ile. Based on
such studies, it might be possible to provide an atomic reso-
lution description of much of the connexin TM domain, cir-
cumventing, in part, the impediments to obtaining an exper-
imental atomic resolution structure (9).
Here, we have focused on connexin localization, and the

capacity of doubly mutated connexins to form functional gap
junctions that conduct ions, secondary messengers, metabo-
lites, etc., should also be examined. Intriguingly, the three sets
of compensatory mutations reported here indicate that elimi-
nation of specific interhelical contacts might be the cause of a
number of connexin-related genetic diseases. The fact that the
localization phenotype can be restored by second-site muta-
tions suggests that it might be possible to rescue the aberrant
localization of somemutated connexins by applying small mol-
ecules that stabilize the structure of the TM domain.
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