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Charged amino acid residues in the amino terminus
of gap junction forming proteins (connexins) form
part, if not all, of the transjunctional voltage sensor of
gap junction channels and play a fundamental role in
ion permeation. Results from studies of the voltage
dependence of N-terminal mutants predict that resi-
dues 1-10 of Group | connexins lie within the channel
pore and that the N-terminus forms the channel vesti-
bule by the creation of a turn initiated by the con-
served G12 residue. Here we report that intercellular
channels containing mutations of G12 in Cx32 to resi-
dues that are likely to interfere with flexibility of this
locus (G12S, G12Y, and G12V) do not express junc-
tional currents, whereas a connexin containing a pro-
line residue at G12 (Cx32G12P), which is expected to
maintain a structure similar to that of the G12 locus,
forms nearly wild-type channels. We have solved the
structure of an N-terminal peptide of Cx26 (MD-
WGTLQSILGGVNK) using 'H 2D NMR. The peptide
contains two structured domains connected by a flex-
ible hinge (domain-hinge-domain motif) that would
allow the placement of the amino terminus within the
channel pore. Residues 1-10 adopt a helical conforma-
tion and line the channel entrance while residues
12-15 form an open turn. Overall, there is good agree-
ment between the structural and dynamic features of
the N-terminal peptide provided by NMR and the func-
tional studies of the voltage dependence of channels
formed by wild-type and N-terminal mutations. © 2000
Academic Press
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Gap junctions are intercellular channels that are
formed by the interaction of two hemichannels, or con-
nexons, expressed in apposed cells. Each hemichannel
is composed of six protein subunits, connexins, ar-
ranged in a hexagonal pattern around a large central
pore (1, 2) that is estimated to be 67 A in radius (3, 4).
Connexins are encoded by a gene family of at least 16
members, which have been divided into two groups
based on primary amino acid sequence homology (see
5, 6). The accepted membrane topology of connexins
identifies four transmembrane segments (TM1-TM4),
three intracellular regions including the N-terminus, a
cytoplasmic loop (CL)? connecting TM2 with TM3, and
the C-terminus. Two extracellular loops, E1 and E2,
connect TM1 with TM2 and TM3 with TM4, respec-
tively. Noncovalent interactions among the extracellu-
lar loops of two apposed hemichannels lead to the as-
sembly of the complete intercellular channel (7).

Recent electron cryomicroscopy and image analysis
of frozen hydrated two-dimensional gap junction chan-
nel crystals achieved at better than 7-A resolution
show four a-helical transmembrane segments orga-
nized in two concentric rings around the channel axis
(8, 9). Two transmembrane segments within each
hemichannel appear to contribute to the formation of
the channel lining. A bent helix, probably TM2, lines
the portion of the channel pore located toward the
intercellular gap (9, 10) while a straight helix, probably
TM1, lines the portion of the channel pore located
toward the cytoplasmic side of the hemichannel (3, 11).
The study provided little direct information regarding
the structure of the three intracellular domains, as
these were either removed to facilitate image analysis
(in the case of the C-terminus) or resolved structures
could not be ascribed to specific regions of the primary

? Abbreviations used: CL, cytoplasmic loop; RMSD, root-mean-
square difference.
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sequence. In addition, there are few high-resolution
structures of membrane proteins because it is difficult
to obtain crystals of sufficient quality for X-ray crystal-
lography. The structure of the amino terminus of gap
junctions is of particular interest, as it plays a major
role in voltage-dependent gating and is a determinant
of ion permeation in Cx32 and Cx26 and presumably
other Group | connexins (12, 13, Purnick et al., in press,
Biophys. J). We have proposed that the inherent flexibil-
ity of a conserved glycine residue (G12) in Group |
connexins permits the formation of a turn that creates
a channel vestibule by positioning the N-terminal
amino acids within the channel pore (12, 13). Glycine
has the smallest side chain and can assume conforma-
tions that would be forbidden by close contacts for other
amino acids with bulkier side chains. Therefore, glycine
is more flexible than other residues and is often found in
areas of backbone that need to move or hinge (14).

In this paper, we show that the substitution of G12
with proline does not perturb the function of the gap
junction channel. This finding supports the structural
model, as it is known that a proline residue is able to
form a turn in a polypeptide chain (14). The model is
further supported by the observed failure of channels
to express junctional currents when amino acids that
are likely to disrupt a turn (Ser, Tyr, and Val) are
substituted for G12. We further examine the model by
solving the high-resolution structure of a Cx26 N-ter-
minal peptide (MDWGTLQSILGGVNK) by ‘H 2D
NMR techniques. The peptide contains two structured
domains connected by a flexible hinge that could posi-
tion the first 10 amino acids within the channel pore.

MATERIALS AND METHODS

Peptide synthesis. The Cx26 N-terminal peptide (MD-
WGTLQSILGGVNK) was synthesized at the Laboratory for Macro-
molecular Analysis at Albert Einstein College of Medicine. The syn-
thesis method was by Fmoc chemistry using an Applied Biosystems
430A automated peptide synthesizer (15). The sample was purified
by HPLC and confirmed by electron ionization spectrometry. The
peptide was dissolved in 150 mM KCI in 10% *H,0/90% H,O (pH 7.0)
at a concentration of 4.0 mM with 150 uM 3-(trimethylsilyl)propionic
acid as a chemical shift reference.

'H 2D NMR. All NMR spectra were collected on a Bruker DRX
600-MHz spectrometer at 283 K. Water suppression in all 2D exper-
iments was accomplished with the double gradient echo method of
Hwang and Shaka (16). The data were processed and analyzed using
nmrDraw (17). All proton resonances were assigned, by standard
procedures (18), using DQF-COSY and both short (16 ms) and long
(75 ms) mixing time TOCSY experiments, using 512 TPPI (19)
phase-cycled t1 increments. Proton—proton distance constraints
were obtained from a 250-ms mixing time NOESY experiment. Spin
diffusion was not expected for a peptide of this size (15 amino acids)
nor was any evidence of spin diffusion observed. The intensity of the
NOESY cross peaks was classified into very strong (2.5 A), strong
(3.0 A), medium (4.0 A), and weak (5.0 A) ranges by calibration with
known intraresidue distances. Irrelevant intraresidue and sequen-
tial distance constraints were deleted within the program DYANA
(20). Forty initial structural models were calculated by simulated
annealing using torsion angle dynamics as implemented in the pro-
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TABLE 1

Sequence Alignment of Representative Group | Connexins

Connexin Species 1 11 21
Cx26 Rat MDWGTLQSIL GGVNKHSTSI GK
Cx26 Sheep MDWSALQTIL GGVNKHSTSI GK
Cx30 Xenopus MNWAGLYAIL SGVNRHSTSI GR
Cx30 Mouse MDWGTLHTVI GGVNKHSTSI GK
Cx30.3 Mouse MNWGFLQGIL SGVNKYSTAL GR
Cx31 Human MDWKTLQALL SGVNKYSTAF GR
Cx31 gallus MDWGALQTIL GGVNKHSTSI GK
Cx31 Mouse MDWKKLQDLL SGVNQYSTAF GF
Cx31.1 Mouse MNWSVFEGLL SGVNKYSTAF GF
Cx32 Rat MNWTGLYTLL SGVNRHSTSI GK
Conserved M W GVN ST G

Note. Conserved hydrophobic residues are shaded in gray.

gram DYANA (20). The 20 structures that gave the lowest value for
the DYANA target function were refined by a simulated annealing
protocol using the program OPAL (21) to give the final 15 structures
that best fit the NMR data.

Site-directed mutagenesis, RNA synthesis, and oocyte injection.
Site-directed point mutations were constructed by utilizing oligonu-
cleotide primers and the polymerase chain reaction. Mutated frag-
ments were inserted into wild-type Cx32 cloned into the plasmid
vector pGEM7zf+ (Promega), using an engineered Sall site up-
stream of the initiation codon of Cx32 and either one of the two
unique restriction sites, Pstl or EcoO109l, located within the coding
region. The DNA segments containing the PCR-based mutations
were sequenced in their entirety. RNA was transcribed in vitro from
linearized plasmid templates as described in Rubin et al. (22). For
expression of cloned connexins in Xenopus oocytes, approximately 50
nl of 1 ng/nl RNA was coinjected with 0.2 pmol/ul of the phosphoro-
thioate antisense oligonucleotide 5'-GGT TTA GTA ATT CCC ATC
CTG CCATGT TTC-3'. This oligonucleotide is complementary to the
5’ end of endogenous Xenopus Cx38 and blocks all endogenous cou-
pling between oocyte pairs that is attributable to Cx38 within 72 h
(22, 23).

Electrophysiological recording of intercellular channels in pairs of
Xenopus oocytes. Oocytes were devitellinized and paired 12-36 h
after RNA injection. Junctional currents were evident within 4-12 h
of pairing and were recorded using a dual-voltage clamp with glass
electrodes containing 1 M KCl solutions. Coupled oocytes had similar
resting potentials that ranged between —30 and —60 mV, depending
on the cell pair. Cells were voltage clamped to their resting potential,
resulting in a V; = 0 mV. A family of junctional currents was
generated by first applying a brief prepulse of =20 mV (which was
used subsequently to normalize junctional currents) and then by
applying a transjunctional voltage of =5-120 mV in steps of 5- or
10-mV increments. Each step applied was followed by an interpulse
interval of 90 s. Currents were digitized at two rates, at 256 Hz for
2 s and then 28 Hz for the remaining 28 s, to allow for increased
accuracy in measuring initial currents. Initial and steady-state con-
ductances were obtained from the exponential fitting of I;.

RESULTS

Table I presents a sequence alignment of the first 22
amino acid residues of six members representative of
22 sequenced Group | or B-connexins. In addition to the
N-terminal methionine, seven residues (W3, G12, V13,
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N14, S17, T18, and G21) are conserved among all
Group | connexins. Amino acids at residues 6, 9, 10,
and 19 are always hydrophobic whereas those at the
remaining 10 positions are generally hydrophilic. Sec-
ondary structure analysis algorithms (Chou—-Fasman
and Garnier—Osguthorpe—Robson) predict that there
are favorable conditions for a turn to exist around
residue G12 in all Group | connexins. A turn in the
vicinity of G12 is also consistent with the results of
studies of the voltage dependence of Cx32 and Cx26
channels. (12, 13, 24; Purnick et al., in press, Biophys.
J). Thus, it is likely that the structure of the N-termi-
nus is similar in all Group | connexins.

Mutations of the G12 Residue

To further examine the possibility that a turn exists
in the vicinity of the G12 residue, this locus in Cx32
was mutated to residues, Val, Tyr, and Ser, that are
expected to perturb the flexibility of the N-terminus.
Mutations that interfere with the formation of a turn
in this region are expected to significantly affect the
conductance—voltage relations of the resulting chan-
nels since this region contains part, if not all, of the
transjunctional voltage sensor and also plays a role in
ion permeation. G12V and G12Y are expected to have
the greatest functional effect, as the bulk of their side
chains should substantially alter the flexibility of the
G12 locus, while G12S is expected to have less of an
effect (14). Substitution of the glycine with proline at
position 12 is expected to maintain the structure and
flexibility of the N-terminus (10).

Representative current traces and conductance—volt-
age relations of heterotypic pairings of Cx32G12P with
Cx32 and Cx26 are shown in Fig. 1. A slight asymme-
try is apparent in both the initial and steady-state
conductance—voltage relations of Cx32G12P/Cx32
junctions (Fig. 1A). Steady-state junctional conduc-
tance decreases at high transjunctional voltages of ei-
ther polarity to a minimal conductance, G, ~ 0.3. The
value of G, is similar to that reported for homotypic
Cx32 pairings (12, 23) and is indicative of channel
closure to substates by a form of gap junction voltage
dependence termed V; gating (see 24). The initial and
steady-state conductance—voltage relations of the het-
erotypic Cx32G12P/Cx26 are asymmetric (Fig. 1B) like
that of the wild-type Cx26/Cx32 heterotypic junction.
The initial conductance—voltage relation of the
Cx32G12P/Cx26 junction is somewhat steeper than
that of the Cx32/Cx26 junction, rectifying fourfold
rather than threefold over a =120-mV range of V;. The
voltage dependence of initial currents reflects the rec-
tification of open channel currents (13, 25). Homomeric
hemichannels formed by Cx32G12V, G12Y, or G12S do
not express junctional currents in either homotypic or

183

heterotypic pairings with Cx32 and Cx26 when oocytes
are injected with 50 nl of 1 ng/nl RNA.

'H 1D NMR of an N-Terminal Peptide

The 'H 1D NMR spectra of the Cx26 peptide (MD-
WGTLQSILGGVNK) exhibited well-resolved lines and
no significant change in linewidth or chemical shift for
peptide concentrations ranging from 0.1 to 4.5 mM.
This suggests that in the concentration range tested
there is no peptide aggregation and that the peptide is
monomeric.

Most small peptides in solution are an ensemble of
rapidly interconverting conformations (26). Structural
information obtained from NMR is a population-
weighted average over all conformations in the ensem-
ble. The presence of strong d.(i, i + 1) NOE connec-
tivities over an extended region of the peptide indicates
a significant population of conformers in the extended
chain or random coil forms. Consecutive, intense d (i,
i + 1) NOE connectivities over a range of residues
indicate a significant population of conformers contain-
ing turns or helices.

Representative ‘H 2D NMR spectra from the NH-aH
region as well as from the NH-aliphatic proton region
are shown in Fig. 2. A summary of NOEs for the pep-
tide is shown in Fig. 3A. Moderately strong d(i, i +
1) NOE connectivities between residues 2-10 are ob-
served. Lower intensity dg(i, i + 1), d(i, i + 3),
de(i, i + 3), and d(i, i + 4) NOE connectivities are
shown for the same residues. Representative, d (i,
i + 3), and d(i, i + 4) NOEs are shown in the
NH-aH region of Fig. 2A. This pattern of NOEs indi-
cates a significant population of folded conformers with
helical characteristics. In addition, d (i, i + 1) NOE
connectivities are shown for the same group of resi-
dues. This suggests that extended-chain forms are also
present in the conformational ensemble. The peptide
contains no longer range NOEs from residues 11-15.
The last four residues, G12—K15, are characterized by
dn(i, T+ 1), dgy(i, i + 1), and weaker dy(i, i + 2)
NOE connectivities. A representative NOE connectiv-
ity is shown between 13ValyCH,-15LysNH in Fig. 2B.
This NOE pattern is usually found in turnlike struc-
tures. Figure 3B shows the number of meaningful in-
traresidue, sequential, and medium to long range
NOEs found for each residue in the peptide. It can be
seen that medium-range NOEs exist along the entire
length of the peptide.

Secondary shifts for CaH resonances are consistent
with the NOE results (Fig. 3C). The CaH secondary
shift is the difference between the CaH chemical shift
in a random coil (18) and the measured shift. A group
of resonances exhibiting upfield CaH secondary shifts
of 0.15-0.6 ppm is indicative of a helical conformation,
with the lower values indicating greater flexibility (27).
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FIG.1. Conductance-voltage relations and representative traces of junctional currents obtained in pairs of Xenopus oocytes. (A) Cx32G12P/
Cx32 heterotypic junctions. (B) Cx32G12P/Cx26 heterotypic junctions. V; corresponds to the voltage applied to the cell expressing the
hemichannel appearing on the right side of the channel designation. Filled symbols represent initial conductances and open symbols

represent steady-state conductances.

Figure 3C shows that for the Cx26 peptide, secondary
shifts for residues 3—7 have values ranging from 0.13 to
0.25, which is indicative of a flexible helical region. The
values approach the random coil values for the rest of
the peptide, indicating a less structured, more flexible
region.

The temperature coefficients are shown for the
amide protons in Fig. 3D and are also consistent with
the NOE and secondary chemical shift data. The
extent to which a temperature coefficient for an
amide proton is lowered from the solvent-exposed
value of 8 X 107° ppm K™ is a measure of the degree

of protection from the solvent and thus of the popu-
lation of folded conformers (28, 29). Temperature
coefficients of less than 6 X 10°° ppm K™ are sug-
gestive of hydrogen bonding (29). In Fig. 3D the
temperature coefficients for the Cx26 peptide show
somewhat reduced values of ~6.2 X 10 ° ppm K™ for
residues G4-S8. This indicates some degree of sol-
vent protection and a population of folded conform-
ers within the population weighted average. A low
value of 5 X 10°° ppm K ™' was measured for the
amide proton of G12, which suggests that this proton
may be involved in a hydrogen bond.
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FIG. 2. Sections of the *H 2D NOESY spectrum showing the NH-aH region (A) as well as the NH-aliphatic region (B). Representative d (i,
i + 3) and d (i, i + 4) NOEs within the helical segment can be seen in A and a representative 13ValyCH;-15LysNH NOE connectivity,

found within the C-terminal open turn, can be seen in B.

A total of 92 meaningful distance constraints ob-
tained by the NOESY experiments were used as input
to calculate structures with the programs DYANA and
OPAL. The structural statistics for the 15 converged
structures and atomic root-mean-square differences
(RMSDs) are given in Table Il. Deviations from ideal-
ized covalent geometry are small and the van der
Waals energy is negative, indicating no distortions and
bad contacts exist in the converged structures. In the
Ramachandran plot, the dihedral angles for 95% of all
residues in the final 15 converged structures fall in
either the most favorable or additionally allowed re-
gions.

The 15 structures that best fit the NMR data are
shown in Fig. 4. Superposition of the backbone atoms
for residues 1-15 for all structures gives an RMSD
value of 1.497 A (Fig. 4A). The helical characteristics
can be observed for residues 2-10; however, the C-
terminal end shows turns oriented in different direc-
tions which cannot be superimposed for all 15 residues.
Superposition of the backbone atoms along residues
1-13 for all 15 structures gives an RMSD of 0.934 A
(Fig. 4B). Again, the helical characteristics can clearly
be seen for residues 2-10, with residues 2—6 being
more helical and residues 7—10 more flexible. The back-
bone angles (¢, ) calculated from the 15 structures
deviate from ideal angles defining an «-helix (¢ =
—60°, ¢y = —60°). For this reason, we classify the region
from residues 2 to 10 as having helical characteristics.
A second structural domain is observed when the back-
bone atoms of residues 11-15 or 12-15 are superim-
posed. Superposition of residues 11-15 gives an RMSD

value of 0.854 A (Fig. 4C). G12—-K15 form a loose turn,
which is not observed when residues 1-15 are super-
imposed. This indicates that there are two structured
domains in the peptide, which are not correlated with
each other. There is a turn at the C-terminal end and
residues 1-10 maintain the helical characteristics but
are not confined to a fixed orientation with respect to
the turn. The (¢, ) backbone angles for residues 12—-15
deviate from angles expected for B turns; however, in
some of the structures, residues 12-15 do meet the
criteria for an open turn since the distance between
G12 Ca and K15 Ca is less than 5.7 A (30).
Side-chain hydrophobic interactions (31, 32), salt
bridge formation (33), and hydrogen bonds (29) have
been found to stabilize peptide structures. A significant
number of NOEs were observed for the Cx26 peptide
between side chains of M1 and W3 as well as L6 and
W3, indicating close contact. Examination of the struc-
ture indicates packing of these hydrophobic amino acid
side chains, which could have a stabilizing effect on the
helical-like turns. The G12 amide proton was found to
have a low temperature coefficient of 5 X 10 ° ppm K™
and a few of the structures show a hydrogen bond
acceptor at L10 CO. This may provide some stabiliza-
tion for the region between L10 and G12 as well as
partially stabilize the turn at G12—-K15. The open turn
at the C-terminus is flexible, with no evidence of hy-
drogen bonding between K15 NH and G12 CO. Popu-
lations of turn conformations are often observed with-
out significant hydrogen bonding (30, 34) and NOEs
were observed between V13 and K15 protons (i.e., Figs.
2 and 3B), indicating proximity of these two residues
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(A) Diagram summarizing near-neighbor NOEs. The interpretation of the NOEs for secondary structural analysis is given in the

text. (B) Number of meaningful intraresidue (white), sequential (light gray), and medium-to-long range (dark gray) NOE constraints per
residue. (C) Plot of secondary shifts for the CHa resonance for all residues in the peptide. (D) Plot of temperature coefficients for the NH

protons in each residue.

for a significant population of conformers in this con-
formation.

Molecular Model of the Channel Vestibule

The conformer with the lowest free energy was cho-
sen to create the model of the channel vestibule illus-
trated in Fig. 5. The chimeric structure was created by
combining the structure of the N-terminus of Cx26
solved by NMR (red) and a molecular model of the Cx26
TM1 helix (blue). Six of these structures were arranged
to form a model vestibule.

DISCUSSION

We have previously reported that the charge of the
second amino acid residue determines the polarity of
transjunctional voltage dependence (V;-gating) of
hemichannels formed by Cx32 and Cx26. Based on this
and other results, we proposed that this residue lies

within the channel pore, where it can sense the tran-
sjunctional electric field (12, 13). In Purnick et al. (in
press, Biophys. J) we report that negative charges of
neutral amino acids at the 5th, 8th, 9th, and 10th posi-
tions can reverse the polarity of V-gating of Cx32
hemichannels, while a negative charge at the 11th resi-
due does not appear to alter Vj-gating polarity. These
findings suggest that the first 10 amino acid residues lie
within the channel pore. Interestingly, negative charge
substitutions of the 8th, 10th, and presumably the 9th
residues result in hemichannels that display bipolar V;-
gating; that is, the channels can close in response to
either polarity of applied V;. The simplest explanation for
these findings is that the N-terminus of Group | connex-
ins can adopt at least two different open conformations.
In one conformation, the 8th, 9th, and 10th residues lie
outside the transjunctional electric field, while in another
conformation, the first 10 amino acid residues lie within
the transjunctional electric field. In this model, residue
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TABLE 11

Values for 15 converged

Structural statistics structures
Total constraints 92
Intraresidue 23
Sequential 25
Medium range 41
Long range 3
Largest distance constraint 0.37
violation (A)
RMSD

Backbone (A) 1.497 (residues 1-15),
0.934 (residues 1-13),
0.854 (residues
11-15)

2.116 (residues 1-15),
1.171 (residues 1-13),
1.756 (residues
11-15)

Heavy atoms (A)

Deviations from idealized geometry
Bonds (A)
Angles (deg)
van der Waals energy (kcal/mol)

0.007 = 0.0008
2.14 £ 0.28
—31.41

11 and more upstream residues would always lie outside
the field, as would be expected if the N-terminal segment
contained a turn in this region.

The central feature of the proposed structural model
is that the inherent flexibility provided by the G12
residue would result in the formation of a turn that
positions the N-terminus within the channel pore. The
outcome of the mutational studies of the G12 residue
supports this hypothesis. Substitutions of the G12 res-
idue with amino acids, which are expected to reduce
the flexibility of the locus (Ser, Val, and Tyr), do not
allow the expression of junctional currents, whereas
the proline substitution, which is often found in turns
and is expected to maintain the flexibility of the hinge
region, forms intercellular channels that are character-
ized by nearly wild-type voltage dependence. This re-
sult suggests that the structure—function relation of
the N-terminus is not substantially perturbed by the
G12P mutation. The increase in rectification of initial
conductance of the heterotypic Cx32G12P/Cx26 junc-
tion can be explained by a change in the position of the
positively charged N-terminal methionine residue in
the transjunctional electric field (see 13).

The NMR data show that both residue 2 and residue
5 lie within the stable helical region and that residues
8-10 are located within the less stable helical region
closer to the flexible hinge. Figure 5 illustrates how
these residues may be positioned within the transjunc-
tional electric field by the domain—hinge—domain motif
that is adopted by the Cx26 peptide. A similar domain—
hinge—domain motif has been observed for antimicro-
bial peptides as well (35, 36). In the sacrotoxin IA
peptide (36), the flexibility between the two domains is
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due to the presence of glycine residues. A recent NMR
study of an isolated sodium channel inactivation gate
peptide (37) demonstrates that the peptide forms a
stable helical structure capped by an N-terminal turn
in H,O. Unstructured glycine- and proline-rich regions
flank the folded core of the peptide, which is consistent
with their proposed role as hinges in intact channels.

The wide range of dynamic structural conformations
(flexibility) evident in the NMR spectra of the Cx26
peptide hinge region might allow amino acids 8-10 to
lie either in or out of the electric field and thereby could
account for the presence of at least two open-channel
states. These multiple states might also result from
more “global” conformational changes that would alter
the radius of the channel pore (see Purnick et al., in
press, Biophys. J). The intrinsic flexibility of the N-
terminus may also explain the brief (1.5 ms) duration
channel closures reported by Oh et al. (24). These clo-
sures may be a result of a partial movement of the
N-terminal amino acids in and out of the electric field
or could be due to the rotational flexibility of the hinge
region about its helical axis.

For the most part, the model depicted in Fig. 5 illus-
trates how the first eight amino acids could lie in the
transjunctional electric field. While the conformer
shown in Fig. 5 is the one with lowest free energy in a
100 mM KCI solution, other conformers exist which
adopt a structure that would place the 11th residue
outside the channel vestibule while keeping the first 10
residues within the channel pore.

The Cx32G12S mutation is one of more than 100
Cx32 loss-of-function mutations that cause the
X-linked form of a hereditary neuropathy, Charcot—
Marie—Tooth disease (see 38). We report in this study
that substitutions of the G12 residue in Cx32 with
amino acids that are expected to reduce the flexibility
of the locus (Ser, Val, and Tyr) do not express junc-
tional currents. Deschenes et al. (39) have suggested
that the absence of the Cx32G12S expression at the cell
surface may be the result of improper membrane in-
sertion. If G12 were part of a signal sequence contained
in the N-terminus required for proper membrane in-
sertion, then all substitutions might be expected to
disrupt targeting of Cx32 to the membrane, irrespec-
tive of the functional attributes of the amino acid res-
idues. Our results suggest that ability of mutations to
express junctional currents is related to the bulk and
flexibility of the 12th residue. Furthermore, only 7 out
of 22 N-terminal residues are conserved in Group 1
connexins (Table 1), suggesting that if a signal se-
quence exists, it is highly degenerate. The existence of
an N-terminal specific signal sequence is not supported
by the robust expression of junctional currents that is
observed for Cx32 mutations at the 2nd, 5th, and 8th
positions (Purnick et al., in press, Biophys. J). We
suggest that N-terminal mutations that do not express
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FIG. 4. Structure of the Cx26 peptide. Superposition of the backbone atoms for the 15 lowest energy structures is shown. Superposition of
the backbone atoms for residues 1-15 is shown in A, 1-13 in B, and 11-15 in C.

junctional currents may alter the conformation of this quence. Alternatively, these mutations may allow the
region of the protein. This change in conformation may insertion of a hemichannel, which preferentially
interfere with membrane targeting or insertion by a adopts a closed conformation channel, into the mem-
mechanism unrelated to the action of a signal se- brane.

FIG. 5. Molecular model of a portion of a Cx26 hemichannel viewed from the cytoplasmic face. The structure contains the NMR-derived
structure of the first 15 amino acids of Cx26 attached to residues 16—42 (blue), which includes the first transmembrane domain. This figure
shows the axial projection viewed from the cytoplasmic surface of six subunits forming the channel vestibule. The conserved glycine residue
(G12) is shaded violet, the fifth residue is shaded yellow, and the eighth residue is shaded green. The helix formed by residues 2-10 forms
the channel vestibule.
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It is interesting to note that, in addition to G12S, the
mutations W3R and W3S result in CMT. The NMR
structure of the Cx26 peptide indicates that residues
M1, W3, and L6 are in close contact and it is likely that
the packing of these conserved hydrophobic residues
stabilizes the helical character of this portion of the
N-terminus. When mutated to a negative charge,
Cx32W3D does not express junctional currents. We
suggest that the polar nature of the W3 CMT muta-
tions may impair the stabilization of the helix that is
due to the packing of the hydrophobic residues and may
cause a conformational change that results in CMT (3).

Other mutations, V13M, N14K, R15Q,W, and H16P,
are known to result in CMT. The structure derived
from the NMR analysis of the closely related Cx26
peptide indicates that residues G12—-K15 form an open
turn and it is likely that CMTX mutations of residues
12-15 alter the structure of this turn or impair its
flexibility. While we have not examined the voltage
dependence of all mutations in this region, intercellu-
lar channels formed by R15Q and R15W exhibit large
shifts in their steady-state conductance—voltage rela-
tions, suggesting that they have a preference for the
closed conformation at voltages at which the wild-type
channel would be open (C. K. Abrams, personal com-
munication). Another negative-charge substitution,
Cx32L6D, also does not express junction currents, per-
haps by disrupting the hydrophobic packing of the
N-terminal region of the helix described above.

This paper shows that the N-terminal segment of
Cx26 has a defined structure in the absence of the
transmembrane helix and the membrane. While it is
likely that the structure of the N-terminus of Cx26 may
be influenced by interactions with other domains, no-
tably the cytoplasmic loop (13) and regions of the first
transmembrane domain, both the biophysical and
structural studies that are described in this paper and
in Purnick et al. (in press, Biophys. J), Verselis et al.
(12), and Oh et al. (13) indicate that the NMR-derived
solution structure of the Cx26 N-terminal peptide is
likely to be quite similar to its conformation in the
native channel. This result is perhaps not surprising as
the amino terminus of the native channel is expected to
reside in an aqueous environment similar to that used
in the determination of the NMR spectra. The exact
length of the N-terminal segment in the cytoplasm is
not known. A study of Cx32 from isolated intact liver
gap junctions demonstrated that residues 7-11 were
accessible to cleavage by proteinase A. (40). This result
is consistent with a structural model that places these
residues at or near the cytoplasmic surface of the gap
junction channel. It is thought that membrane proteins
extend from the membrane at amino acids with posi-
tively charged side chains, since these side chains
could serve as anchors to the membrane. In the N-
terminus of connexin proteins, these amino acids are
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located at positions 15 and 22. Lysine (residue 15) is
the C-terminus of the peptide in this study and it may
be that this is the shortest possible N-terminal seg-
ment extending into the cytoplasm. The structure of
the cytoplasmic loop of another transmembrane pro-
tein, rhodopsin, used similar NMR methods on a pep-
tide comprising 22 amino acid residues of the third
cytoplasmic loop and obtained a defined structure for
residues 7-22 (41). Our results suggest that high-res-
olution NMR-derived structures of isolated peptides in
conjunction with biophysical and molecular genetic
studies may be valuable in determining the structure
of protein domains that are not readily solved by other
means.
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