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pH-induced closure of connexin43 (Cx43) channels
involves interaction of the Cx43 carboxyl-terminal
(Cx43CT) with a separate “receptor” domain. The recep-
tor location and structure and whether the interaction
is directly intramolecular are unknown. Here we show
resonant mirror technology, enzyme-linked sorbent as-
says, and nuclear magnetic resonance (NMR) experi-
ments demonstrating pH-dependent binding of Cx43CT
to region 119-144 of Cx43 (Cx43L2), which we propose is
the receptor. NMR showed that acidification induced
a-helical order in Cx43L2, whereas only a minor modifi-
cation in Cx43CT structure was detected. These data
provide the first demonstration of chemically induced
structural order and binding between cytoplasmic con-
nexin domains.

Connexins are integral membrane proteins that oligomerize
to form intercellular channels called gap junctions. These chan-
nels provide diffusional intercellular exchange of ions and
small molecules, allowing individual cell events to synchronize
into functional responses of an entire organ. It is the current
view that gap junctions are not passive pores but dynamic
filters that regulate traffic of molecular messages in time and
space through a variety of intermolecular interactions (see, e.g.
Refs. 1-5).

Intracellular pH is one of the most generic regulators of
intercellular communication. Intracellular acidification leads
to closure of gap junctions in all native tissues and exogenous
expression systems tested (6—8), including channels formed of
Cx43, the most abundant gap junction protein in brain and
heart. The study of pH-dependent regulation of gap junctions
becomes more relevant given that intracellular acidification is
a major consequence of tissue ischemia. Acidification-induced
uncoupling (also referred to as “pH gating”) has an impact on
the preservation of tissue surrounding the ischemic area, both
in heart and brain (9, 10) and may be a key substrate for
life-threatening arrhythmias during myocardial infarction (9).

Previous studies showed that pH gating of Cx43 results from
the interaction of the carboxyl-terminal domain, acting as a
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gating particle, with a separate region of the protein affiliated
with the pore, acting as the “receptor” (11). These data led to
the suggestion that pH regulation of Cx43 follows a “ball-and-
chain” model of gating (11, 12). Additional studies showed that
the model also applies to Cx43 regulation by insulin, insulin-
like growth factor-1, and v-src (13, 14). Yet no conclusive evi-
dence has been presented for a direct intramolecular associa-
tion between regions of Cx43. Moreover, the location and
structure of the receptor for the gating particle remains to be
identified.

Here we used mirror resonance (MR),! enzyme-linked sor-
bent assays (ELSA), and nuclear magnetic resonance (NMR) to
characterize molecular events associated with chemical regu-
lation of Cx43. We demonstrate pH-dependent binding between
two intracellular regions of the molecule: the carboxyl-terminal
domain (Cx43CT) and the second half of the cytoplasmic loop
(Cx43L2). Furthermore, we show that acidification induces
a-helical structure in the Cx43L2 peptide, concurrent with
protonation of histidines in the L2 sequence. In contrast, we
detected only minor modifications in the structure of Cx43CT
as a function of pH. This is the first evidence of organized
secondary structure in an intracellular connexin domain con-
sequent to a chemical stimulus and the first demonstration of
direct intramolecular binding in a connexin molecule. We hy-
pothesize that this interaction represents part of the structural
foundation for the ball-and-chain model of chemical gating.
Our data may offer a starting point for the design of molecules
that could interfere with the chemical regulation of Cx43
channels.

EXPERIMENTAL PROCEDURES
Production of Purified Recombinant Cx43CT

Cloning of the Cx43CT Fragment—The carboxyl-terminal domain of
rat Cx43 (rCx43) was cloned, using the polymerase chain reaction, into
the bacterial expression vector pGEX-6P-2 (Amersham Biosciences).
This vector contains the coding region of glutathione S-transferase
(GST) fused to the cleavage site for human rhinovirus 3C protease (see
below). The template was produced as previously described (15). To
clone the Cx43CT domain, the following primers were used: forward,
GAA GGA TCC ATG AGC GAT CCT TAC CAC GCC; and reverse, GCT
TGA ATT CCA AGC CGG TTT AAA TCT CC.

Expression of Recombinant GST-Cx43CT—pGEX-6P-2 plasmids con-
taining the GST-Cx43CT insert were transformed into BL-21-compe-
tent bacterial cells. Bacteria in LB broth were induced with 0.5 mMm
isopropyl-1-thio-B-D-galactopyranoside for 3—4 h; bacteria were then

! The abbreviations used are: MR, mirror resonance; ELISA, enzyme-
linked immunosorbent assay; ELSA, enzyme-linked sorbent assay;
GST, glutathione S-transferase; Fmoc, N-(9-fluorenyl)methoxycar-
bonyl; PBS, phosphate-buffered saline; Cx43, connexin43; Cx43CT,
Cx43 carboxyl-terminal; BSA, bovine serum albumin; TOCSY, total
correlation spectroscopy; NOESY, nuclear Overhauser effect spectros-
copy; HSQC, heteronuclear single quantum coherence; DQF-COSY,
double-quantum-filtered correlation spectroscopy.
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washed in phosphate-buffered saline (PBS) at pH 7.4 and pelleted by
centrifugation (3000 rpm, 20 min). Bacterial pellets were bathed (20
ml/liter of culture) in PBS containing 1 mm dithiothreitol, 100 ug of
DNase, and 800 ul of a 25X stock of a protease inhibitor mixture
(“Complete,” Roche Molecular Biochemicals) and sonicated on ice three
times for 20 s. The lysate was cleared by centrifugation (20 min, 12,000
rpm; 4 °C), and the presence of the fusion protein was confirmed by
SDS-PAGE.

Purification of Cx43CT—To purify Cx43CT, bacterial lysate (20 ml)
was incubated with 2 ml of glutathione-Sepharose 4B beads (Amersham
Biosciences) at 4 °C for 2 h while gently rocking. The beads were then
washed with PBS, incubated with PBS containing 2 mMm ATP and 10 mMm
MgCl, for 20 min at 37 °C (to remove a bacterial contaminant), and then
washed again (4X) with PBS. To cleave the Cx43CT from the GST, the
beads were incubated overnight at 4 °C with 160 units of PreScission
Protease (a commercially available (Amersham Biosciences) fusion pro-
tein consisting of GST and the human rhinovirus 3C protease). The
recombinant product after cleavage from GST contained the sequence
255-382 of rCx43 preceded by four additional amino acids (GPLG). The
eluate was cleared by centrifugation (3000 rpm, 1 h, 4 °C) through an
Amicon Centriplus 50 (Millipore). The filtrate was collected and then
passed through an Amicon Centriplus 10 filter (3000 rpm, 2 h at 4 °C).
The retentate, containing the purified Cx43CT, was resuspended in a
solution of 10 mm Tris, 40 mm KCI, and 1 mMm dithiothreitol at pH 7.5.

Protein concentrations were measured using a commercial kit (Bio-Rad
DC Protein Assay). Protein purity was assessed by the characteristics of
a Coomassie Blue-stained band in a protein gel, and in two separate cases,
by mass spectrometry (matrix-assisted laser desorption ionization). In all
evaluations, Cx43CT protein was found to be ~90% pure.

Production of >N-Labeled Cx43CT—Bacteria were grown as indi-
cated above, but in a minimal medium containing 100 mm KH,PO,, 70
mM KOH, 18 mm FeSO,-7TH,0, 300 mM glucose, 1 mm MgSO,, 1.48 um
thiamine, 100 ug/ml ampicillin, and 0.75 mg/ml **NH,CI.

Peptide Synthesis

A series of synthetic peptides corresponding to specific sequences of
intracellular domains of Cx43 were tested for their association with
Cx43CT and, in one case (peptide Cx43L2; see below) to determine
secondary structure. Sequences were chosen in part based on predic-
tions of a-helical secondary structure using the structure prediction
neural net program, Pred2Ary (16). The names, primary sequences, and
amino acid locations in the Cx43 sequence are listed below in Table 1.
All peptides were synthesized to >95% purity at the Laboratory for
Macromolecular Analysis at the Albert Einstein College of Medicine.
The syntheses were carried out using Fmoc chemistry on an Applied
Biosystems 430A automated peptide synthesizer. Biotinylation of
Cx43L2 was accomplished by N-terminal linkage of activated Biotin
(Aldrich, St. Louis, MO) using Fmoc-e-aminocaproic acid (Bachem, Tor-
rance, CA). The samples were purified by high-performance liquid
chromatography, and purity was assessed by electron ionization mass
spectrometry. Peptides were diluted in PBS buffer containing 0.1%
Tween 20 (PBST), and the pH was adjusted using small volumes of
concentrated HCl or NaOH as appropriate. Purified calmodulin was
purchased from a commercial vendor (Sigma) and also tested by MR for
its ability to bind to Cx43CT.

Mirror Resonance

Mirror resonance (MR) experiments were performed using an IAsys
apparatus as described previously (17-19). Cx43CT was covalently
bound to carboxymethyl dextran-coated cuvettes using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide-HCI (EDC) and N-hydroxysuccin-
imide (NHS) according to the manufacturer’s instructions (Affinity
Sensors, Cambridge, England); total cuvette area was 16 mm? and
density of matrix-bound Cx43CT was about 5 ng/mm? (calculated from
the response obtained during binding, assuming an equivalence of 163
arc-seconds per nanogram per mm? (17)). Ligates (peptides) were added
to the cuvettes in PBST and were removed by a 3-min exposure to 10
mM HCI. Control experiments were conducted to determine the binding
of the peptide to the matrix itself. For this purpose, a carboxymethyl-
dextran cuvette was activated with EDC/NHS in the same manner used
to covalently bind Cx43CT (31), except in this case no Cx43CT was
included in the mixture. We refer to this as a “blank” cuvette. An
average “blank trace” was calculated from three separate experiments
in which the change in resonance elicited by a given concentration of a
ligate to the blank cuvette was recorded. Blank traces were subtracted
from those obtained using a Cx43CT-coated cuvette to determine the
binding that was specific to the ligand-ligate interaction.
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MR data were acquired and analyzed using the IAsys software pack-
age (17). Changes in resonance were recorded for the first 15 min after
peptide addition and fit by exponential functions; steady-state re-
sponses (arc-seconds) were measured or projected from initial rates. All
data measurements ignored the first two points acquired after addition
(or washout) of the peptide, because those were considered to be subject
to artifactual effects due to changes in the refractive index of the
solution (17-19).

Concentration-dependence curves were best-fit by single-exponential
functions, as predicted by first-rate order kinetics (17, 18). Conse-
quently, dissociation constants (K,,) were estimated from the concen-
tration of the peptide that elicited a response of one-half the maximal
amplitude (17, 18).

Enzyme-linked Sorbent Assay

We developed a colorimetric method, modeled after the “ELISA”
technique (enzyme-linked immunosorbent assay), to assess the inter-
action between Cx43CT and the Cx43L2 peptide. We refer to this
method as “ELSA” (enzyme-linked sorbent assay). Briefly, Purified
Cx43CT (either 50 or 100 ng/ul in PBS at pH 7.4) was added to
individual wells of an Immulon-1B plate (100 ul per well). Bovine serum
albumin (1%, pH 7.4) was used as control. The plates were incubated at
2-8 °C overnight to allow for adsorption of the ligand (Cx43CT or BSA).
Plates were then blocked with 200 ul of 1% BSA diluted in PBS (pH 7.4)
and incubated at 2—-8 °C overnight. After block, plates were washed
with 200 ul of PBS and 0.05% Tween 20 (PBST) at either pH 6.5 or 7.4
and a PBST solution containing various concentrations of a biotiny-
lated-Cx43L2 synthetic peptide was added to each well (100 ul per well,
pH 6.5 or 7.4). The peptide-containing solution was allowed to interact
with the ligand for 2 h. At the end of the incubation time the wells were
washed (PBST, pH was held constant) and then 100 ng of horseradish
peroxidase-conjugated streptavidin (Pierce Endogen, Rockford, IL) di-
luted in PBST at pH 6.5 or 7.4 were added for 1 h. After another wash
step, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) substrate
(100 pl, Rockland Immunochemicals, Gilbertsville, PA) was applied and
incubated at room temperature for 30 min. Optical density (OD) was
measured at A,,; on a VMAX plate reader (Molecular Devices). The OD
value was interpreted as directly indicative of the Cx43L2 concentra-
tion non-covalently bound to the ligand.

NMR Spectroscopy

NMR experiments (two-dimensional proton DQF-COSY (20), TOCSY
(21), and NOESY (22)) were performed on a Bruker DRX-600 spectrom-
eter at 7 °C. Cx43L2 concentrations were ~2 mM for each experiment.
NMR data were acquired with 4096 complex ¢, points and 256 ¢, points.
Mixing times of 125 and 300 ms were used for the two-dimensional
NOESY spectra, and a mixing time of 100 ms was used for TOCSY
spectra. Water suppression was achieved by using WATERGATE (23).

Cx43L2 Ca and CB chemical shifts were analyzed utilizing natural
abundance *C in a '"H'®*C HSQC (24). HSQC data were acquired with
2048 complex ¢, points and 160 complex ¢; points. Spectral widths of
proton and carbon resonances were 8,389 and 12,070 Hz, respectively.
The number of scans per ¢; increment was 256.

Hydrogen bonds were identified based on temperature dependence
studies (25). The amide proton chemical shifts were followed from 7 °C
to 37 °C. Any amide proton that shifted less than 5.0 ppb/K was con-
sidered likely to be hydrogen bonded.

Gradient-enhanced two-dimensional "H**N HSQC experiments (26)
were used to observe all backbone amide resonances in '°N-labeled
Cx43CT. Data were acquired with 1024 complex points in the direct
dimension and 64 complex points in the indirect dimension. Sweep
widths were 8389 Hz in the proton dimension and 2432 Hz in the
nitrogen dimension. Amide proton-amide proton NOEs were observed
in two-dimensional **N NOESY-HSQC spectra (26) collected with 512
and 2048 complex points, for ¢; (H) and ¢, (HN) time domains, and a
mixing time of 125 ms.

Translational diffusion coefficients were measured by a bipolar pulse
pair longitudinal-eddy-current delay experiment (27). The pK, values of
the histidine side chains were determined from one-dimensional proton
spectra collected on a Bruker DRX-300 spectrometer at 27 °C. A total of
128 scans was collected into a 16K data block using a sweep width of
6173 Hz for the titration spectra. Lyophilized Cx43L2 peptide was
dissolved in 0.6 ml of D,O PBS buffer for a final concentration of 1 mm.
The pH of the solution was adjusted by the addition of either 10 mm
NaOD or DCI. The pH values quoted indicate pH measurements of the
D, 0 solutions uncorrected for the deuterium isotope effect on the glass
(28).
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TABLE I
Cx43 peptides used and their sequence
Peptide Cx43 position Cx43 domain Amino acid sequence
Cx43NT 1-23 Amino terminus MGDWSALGKLLDKVQAYSTAGGK
Cx43L1 95-114 First half of cytoplasmic loop HVFYVMRKEEKLNKKEEELK
Cx43L2 119-144 Second half of cytoplasmic loop DGVNVEMHLKQIEIKKFKYGIEEHGK
Cx43-271 271-287 Fragment of carboxyl terminus CSSPTAPLSPMSPPGYK
Cx43-336 336-350 Fragment of carboxyl terminus DFPDDNQNAKKVAAG
Cx43-346 346-360 Fragment of carboxyl terminus KVAAGHELQPLAIVD
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0 2 4 6 8 1'0 12 14 16 in Table I), binding was observed only to a peptide correspond-
Time (min) ing to the second half of the cytoplasmic loop (Cx43L2). A

Fic. 1. Binding determined by mirror resonance of a peptide
corresponding to the second half of the cytoplasmic loop (L2) to
the carboxyl-terminal (CT) domain of Cx43. A, mirror resonance
traces obtained after adding 0.1 mm L2 at pH 6.5 to a cuvette where
recombinant Cx43CT had been immobilized (trace labeled “L2+CT”)
to a cuvette in the absence of Cx43CT (trace labeled “L2+blank”) and
the difference between these responses (trace labeled “(L2+CT)-
(L2+blank)”). Note that the subtraction of nonspecific binding removes
a slow component comprising about 25% of the total response. At lower
peptide concentrations, nonspecific binding was minimal. B, pH de-
pendence of Cx43L2-Cx43CT binding. The red trace is the same as the
subtracted trace in panel A (pH 6.5). The blue trace shows the binding
at pH 7.4 of 0.1 mMm Cx43L2 to the immobilized Cx43CT.

Proton chemical shifts were referenced directly to internal 3-(trim-
ethylsilyl)propionic acid. Nitrogen referencing was calculated indirectly
from the proton referencing (29). All NMR spectra were processed using
NMRPip (30), and data were analyzed using NMRView (31).

Model structures were calculated by torsion angle dynamics using
the program Dyana (32). NOE cross-peaks classified as strong, medium,
and weak were converted into distance restraints of 1.8-2.5, 1.8-3.5,
and 1.8-5.5 A, respectively. Torsion angle restraints were obtained
from chemical shift analysis using the TALOS program (33). Hydrogen
bonds were imposed as two distance restraints (H-O distance 1.9-2.3 A
and N-O distance of 2.4-3.0 A). The 10 best minimized structures were
evaluated using AQUA and PROCHECK-NMR (34).

RESULTS
Mirror Resonance: Selective Binding of the Cx43L2
Peptide to the Recombinant Cx43CT Protein

We used mirror resonance to test whether Cx43CT binds in
a pH-dependent manner to other intracellular regions of Cx43.
Recombinant Cx43CT was covalently bound to a carboxy-
methyl dextran matrix on the surface of a sensor chip, and
exposed to various synthetic peptides that correspond to differ-

representative trace from experiments applying the highest
peptide concentration tested (0.1 mMm) is presented in Fig. 1A
(trace labeled “L2 + CT?”). The plot depicts the amplitude of the
resonance signal (in arc-seconds) as a function of time. The pH
of the solvent for that experiment was 6.5. At such high peptide
concentration, but not detectable for concentrations < 50 uMm,
binding was also detected when peptide Cx43L2 was added to
a blank cuvette at the same concentration and pH used in the
Cx43CT cuvette, indicating nonspecific binding of Cx43L2 to
the matrix. Yet, the amplitude of the binding was much smaller
and the rate significantly slower than when the cuvette was
coated with Cx43CT. The average blank trace (three separate
experiments) for this particular Cx43L2 concentration at pH
6.5 is shown in Fig. 1A (trace labeled “L2 + blank”; see “Ex-
perimental Procedures” for further details). The nonspecific
component of the binding was subtracted from the binding
recorded when Cx43L2 was added to the Cx43CT-coated cu-
vette. As shown by the trace labeled “(L2 + CT) — (L2 + blank)”
in Fig. 1A, the subtraction eliminated a slow component that
was not specific to the interaction of Cx43L2 with Cx43CT.

To examine the pH dependence of the association, the
Cx43L2-Cx43CT binding experiment was repeated at pH 7.4.
Representative subtracted traces are shown in Fig. 1B. Clearly,
increasing solvent pH to 7.4 caused a significant reduction in
the amplitude of the response. The peptide concentration was
100 uMm for both experiments. These data suggest that low pH
increases the binding affinity of the Cx43L2 peptide for
Cx43CT. It is worth noting that all other peptides tested and
the recombinant Ca?" binding protein calmodulin also failed to
bind to Cx43CT when the reaction was conducted at a pH of 7.4
(data not shown).

A plot correlating the concentration of Cx43L2 to the ampli-



pH-dependent Structure and Binding of Cx43 Domains

3

36709

Bl.Z—

Fic. 3. Concentration dependence Y . H65
of Cx43L2-Cx43CT binding at pH 7.4 i 197 T »
(red lines) and 6.5 (blue lines) deter- g 03] £ osd
mined by an enzyme-linked sorbent 0o 0
assay (ELSA). The concentration of =) 0.6 pH 74 - 06 pH 74
Cx43CT in the solution used to coat the s s
wells was either 50 ng/ul (A) or 100 ng/ul g 0.4 2 04+
(B). All data points were best-fit (least - 2:"
squares) by monoexponential functions. < g2 n2
Dissociation constant (K,,)) values are pre- ¢

1 0.0+ 1 1 . - T T T T T T T
sented in Table II. n z P % 5 0 : 10 15 0
[Cx43L2] (pM) [Cx43L2] (pM)
TaBLE II TaBLE IIT
K, values of Cx43CT-Cx43L2 binding determined by ELSA Translation diffusion coefficient
pH Kp® Kpb Cx43L2 Cx43CT (Cx43L2/Cx43CT
i pH 5.8 pH 8.0 pH 5.8 pH 8.0 pH 5.8 pH 8.0
6.5 15 1.2 D, X 1075 cm?/s
74 48 5.0 A 145 1.24 D 0.37 0.40 A 0.59 1.62

Wells were coated with a solution containing either: * 50 ng/ul or B 1.37 1.40 B 0.56 1.45
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tude of the binding is shown in Fig. 2. The data points were
calculated from the exponential best-fits of subtracted traces
recorded at a pH of 6.5 (red line and symbols) or 7.4 (blue line
and symbols). The K, value of the Cx43CT-Cx43L2 interaction
at a pH 6.5, estimated from the concentration-dependence
curve of the subtracted traces, was 24 um. The amplitude of the
binding curve at pH 7.4 was too small to be properly fit; there-
fore, K, values for the binding at pH 7.4 could not be calculated
under these conditions. Altogether, the results demonstrate
selective, pH-dependent, and concentration-dependent binding
between the carboxyl-terminal domain and the second half of
the cytoplasmic loop of Cx43.

Cx43L2-Cx43CT Binding Determined by the
ELSA Method

Binding of Cx43CT to Cx43L2 was also demonstrated using
an ELISA-like binding assay (see “Experimental Procedures™).
Concentration-dependence curves are shown in Fig. 3. Panels A
and B correspond to data obtained from plates coated with
Cx43CT at a concentration of 50 and 100 ng/ul, respectively. In
both plots, the abscissas indicate the concentration of Cx43L2
added to the plate, and the ordinates correspond to the extent
of binding. The data points depict the averages of three sepa-
rate experiments, each in duplicate. Bars indicate the standard
error of the mean. Closed circles represent data obtained when
the binding assay was performed at pH 6.5, and open circles
correspond to values obtained at pH 7.4. Consistent with our
results using mirror resonance, the amplitude of the binding
increased when the pH of the solvent was reduced. To facilitate
comparisons, all experimental values were normalized to the
magnitude of the asymptote describing the binding of Cx43L2
to Cx43CT at pH 6.5. Data points were best-fit by single-
exponential functions. The monoexponential increase in the
amplitude of the binding as a function of ligate concentration
suggested that this interaction could be described by first-rate
order kinetics (36). Accordingly, we determined the dissociation
constant (K;,) from the concentration of the ligate that corre-
sponded to 50% of maximum binding. Values are presented in
Table II. No sizable difference was detected as a function of the
concentration of Cx43CT used to coat the plates, further con-
firming the applicability of first-rate order kinetics. The K,
value was decreased 3- to 4-fold when the experiment was
performed at low pH. No significant binding was detected when
BSA (75 ng/ul) was used as ligate, neither was binding ob-

served when Cx43L2 was added to plates not coated, or coated
with BSA (data not shown). These results confirm the pH
dependence of Cx43CT-Cx43L2 binding obtained by MR and
indicate that acidification of the solvent increases the binding
affinity of Cx43L2 for the CT domain.

Nuclear Magnetic Resonance

Translational Diffusion Analysis—pH-dependent binding of
Cx43L2 to Cx43CT was independently confirmed by transla-
tional diffusion analysis using NMR. This technique character-
izes the diffusion coefficient (D) of a given molecule within a
pulsed magnetic field gradient, based on the size of the molec-
ular complex (27). Spectra were obtained from samples contain-
ing either Cx43L2 (1.0 mm), Cx43CT (1.0 mm), or both (0.5 mm
of Cx43L2 and 0.5 mm of Cx43CT). The samples were in PBS
and buffered at a pH of either 8.0 or 5.8. These pH values were
chosen, because they fall within the asymptotes of the titration
curve of Cx43L2 (see below). Three specific non-overlapping
resonances of Cx43L2 were followed both in the absence and in
the presence of Cx43CT. Data from those resonances are la-
beled A, B, and C in Table III. The diffusion coefficient obtained
from a Cx43CT resonance (labeled D) is shown for comparison.
The low diffusion rate measured experimentally for Cx43CT
suggests that this molecule either adopts an extended confor-
mation or oligomerizes. No pH-dependent differences in mobil-
ity were detected for either Cx43CT or Cx43L2 alone. The
Cx43L2 diffusion coefficient decreased in the presence of
Cx43CT at low pH. However, at pH 8.0, the Cx43L2 diffusion
coefficient in the presence of Cx43CT was similar to that of
Cx43L2 alone. These results indicate that Cx43L2 binds, in a
pH-dependent manner, to Cx43CT, and are consistent with
those obtained using both ELSA and MR. In the context of the
particle-receptor hypothesis for pH gating (11), these results
lead to the suggestion that the second half of the cytoplasmic
loop contains at least part of the receptor for the Cx43CT gating
particle.

pH-dependent Cx43CT Structure—Intermolecular binding
often requires a structural rearrangement of the molecules
involved. We therefore performed NMR experiments to test
whether acidification caused a change in the secondary struc-
tures of either fragment. Gradient-enhanced two-dimensional
H'5N HSQC experiments (26) were used to observe all back-
bone amide resonances in '°N-labeled Cx43CT dissolved in
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Fic. 4. "H'N HSQC of the carboxyl-terminal domain of rat Connexin43 (Cx43CT). The spectra were recorded using 1.0 mm Cx43CT in

PBS buffer at 7 °C buffered to pH 8.0 (red) or 5.8 (black).

PBS at various pH values. Fig. 4 shows the cross-peaks ob-
tained at pH 8.0 (red) and at pH 5.8 (black). The wide disper-
sion of cross-peaks in the spectra indicates that at both pH
values there was a degree of structural order within the mole-
cule. However, acidification caused only a minor shift in a
number of peaks, suggesting that the structure of the Cx43CT
was not substantially modified by the pH of the solvent within
the range tested.

pH-dependent Conformational Change of Cx43L2—Acidifica-
tion had a dramatic effect on the structural organization of the
Cx43L2 peptide, as shown by the 'H NOESY spectra presented
in Fig. 5. Nuclear Overhauser effect spectroscopy (NOESY)
identifies specific through-space polarization transfers and
therefore offers a view of the type and extent of structural order
present in the protein. The absence of through-space transfers
is indicative of lack of organized structure and correlates with

a NOESY spectrum that does not depart away from the diag-
onal line. Clearly, a drop in the pH from 8.0 (panel A) to 5.8
(panel B) induced a large increase in the number of inter-
residue cross-peaks (i.e. contours that can be detected off of the
diagonal). Numbers 1-26 in panel B identify the signals from
amino acids 119 to 144 of Cx43. These data indicated through-
space interactions consistent with the formation of secondary
(a-helical) structure in response to acidification. We therefore
pursued a detailed structural analysis of Cx43L2 at low pH.
Titration of Histidine Side Chains—pH-dependent changes
in the structure and/or function of a protein result from proto-
nation of amino acid side chains. The range of pH values
associated with increased Cx43CT-Cx43L2 binding (Fig. 1), as
well as the range of pH values corresponding to Cx43 pH gating
(11, 35) was near the pK, value for histidine residues (36). We
therefore tested whether the effect of acidification on Cx43CT-
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Fic. 5. Amide proton region from a 83t
two-dimensional "H'H NOESY of the ’é‘ ’
Cx43L2 peptide at 7 °C for pH values a.

8.0 (A) and 5.8 (B). The Cx43L2 peptide = 84¢
numbers 1-26 correspond to the Cx43 se- an)
quence numbers 119-144. 85}

871

8.8

8.0

8.1

8.8 8.6

Cx43L2 binding could be associated with the protonation of
histidines in Cx43L2. Fig. 6A shows the 'H NMR spectra of
Cx43L2 dissolved in D,O at various pH values. Protonation or
deprotonation changes the charge of a side chain and, conse-
quently, the electron density surrounding the nuclei. As a
result, a change in the chemical shift would be observed. Thus,
a pH-induced shift in the position of a peak is reflective of a
change in the protonation state of the amino acid associated
with that particular peak. Acidification of the solvent led to a
progressive change in chemical shift of two particular peaks in
the spectra, corresponding to the C-2 ring protons from His!2¢
and His'*2. A plot of chemical shift as a function of pH is
presented in panel B. The observed pK, values were 6.83 for
His'?® and 6.79 for His'*2. The data demonstrate that acidifi-
cation of the solvent leads to protonation of two specific side
chains of the peptide. The result supports the notion that
histidine protonation is a step in the conformational change
associated with low pH and in the acidification-induced closure
of the gap junction channel (37-39).

Cx43L2 Amino Acid Assignments and Secondary Structure—
Amino acid spin systems and their sequential assignments
were identified by DQF-COSY, TOCSY, and NOESY spectra.
As noted above, NOE interactions reflect transfers of magne-
tization through space. Furthermore, quantitative information
on the distances between backbone protons can be derived from
the intensities of the cross-peaks. From those distances, infer-
ences on spatial constraints can be made. A summary of the
various backbone NOE interactions obtained from Cx43L2 at
pH 5.8 is depicted in Fig. 7. To facilitate the presentation of the
data, cross-peak intensities are represented by the thickness of
the horizontal line. We identified transfers between amide
protons (NN), between protons associated with the alpha or
beta carbons and the amide protons (aN, BN) and transfers
between alpha and beta carbon protons («af3). These transfers
were detected between a given amino acid (i) and another
residue downstream (1. .. 4). Unresolved assignments due to
spectral overlap are depicted by gray bars. The data show a
break in backbone connectivities between amino acids Lys!?®
and Gly'®®. Outside that intermediate area, the overall pattern
was consistent with a modestly stable helical structure. The
predominant regions of helical structure are noted by the black

3.4
H (ppm)

8.2 8.0

a8

a6

pKa His126 = 6.83

84

Ppm

21 pKa His142 = 6.79

78

Th

Fic. 6. pH titration of Cx43L2 histidine side chains as detected
by 300 MHz 'H NMR (8.9-7.5 ppm) at 25 °C. The 'H NMR spectra at
various pHs (fop) and the corresponding pH titration curve (below) were
fitted to the equation, 8 = 8,;, + (80 — Smin(1 + 10PHPKe) where § =
chemical shift. The triangles and squares represent the chemical shifts
of the His'?® and His'*? C-2 ring protons.

bars above the Cx43L2 sequence. These regions are in the

amino and carboxyl ends of the sequence, where hydrogen

bonds (noted by solid circles) were observed.
Three-dimensional Structure of Cx43L2 at Low pH—Struc-
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Fic. 7. Summary of NMR restraints derived for the Cx43L2
peptide. The filled circles indicate hydrogen bonding determined from
variable temperature experiments. The horizontal lines identify back-
bone NOEs with thicknesses indicating approximate cross-peak inten-
sity. The black bars above the Cx43L2 sequence indicate the regions of
helical structure. The gray bars represent unresolved assignments due
to spectral overlap.

ture calculations by torsion angle dynamics led to the family of
structures shown in Fig. 8 (A and B). The structures were
superimposed using the backbone coordinates from Asn!Z2-
GIn'?® and Lys'®%-Gly'*3, not including a poorly defined back-
bone region (Xaa'®°-Xaa'%®) in the central section. Altogether,
85 restraints were intra-residue, 62 were short range, and 14
were medium range. The total root mean square deviations for
these alignments were 0.2 and 0.3 A, respectively. The struc-
tural models fit the NMR data well, with no violations of
experimental distance restraints greater than 0.4 A. A sche-
matic representation of the structure, including the position of
the imidazole rings in His'?® and His'*2, is shown in Fig. 8C.
Interestingly, the two regions with stronger helical character-
istics contain the histidines that may present the binding site
for the interaction of Cx43L2 to Cx43CT.

DISCUSSION

The results in this report represent the first demonstration
of direct intramolecular binding between cytoplasmic domains
of a connexin molecule, and the first evidence of structural
modifications of a connexin domain in response to a chemical
regulator of junctional communication. The data support and
greatly expand the ball-and-chain model for chemical gating of
Cx43 (11, 40) and emphasize the potential importance of his-
tidine protonation in pH gating (37, 39). These results open the
door for further structural analysis of the Cx43CT and Cx43L2
fragments. Before discussing the implications of our findings,
some technical limitations need to be considered.

Technical Limitations—All of the studies reported here were
conducted with synthetic peptides and recombinant proteins
diluted in a saline buffer at either room or low temperature.
The conditions of the reaction are therefore far from those
present when a connexin molecule oligomerizes into a func-
tional gap junction in a mammalian cell. Indeed, the folding of
the different protein domains and their ability to bind may be
affected by environmental conditions such as ionic strength,
temperature, and proximity to the membrane lipids. Moreover,
protein folding and binding could be limited by steric con-
straints imposed by the covalent association of the binding
elements with the rest of the connexin sequence. The non-
covalent associations of the CT domain with other partner
molecules (e.g. ZO-1 (1), v-src (2, 14), B-catenin (4), caveolin
(41), p120-catenin (5)) could also affect intramolecular binding.
Finally, the possibility of accessory proteins involved in Cx43
folding, although never documented, cannot be discarded.
Thus, as in any molecular study conducted in vitro (including
structural determinations (42)), direct extrapolation between
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FiG. 8. Solution structure of the Cx43L2 peptide in PBS buffer
pH 5.8 at 7 °C. Backbone traces of the 10 Cx43L2 peptide NMR con-
formers that best represent the structure are aligned by superimposing
the backbone atoms (bold) of residues 122N-129Q (A) and 136K-143G
(B). Panel C illustrates the helical regions (red/yellow) for the lowest
energy Cx43L2 structure. The Cx43L2 sequence is labeled, and the
amino acids comprising the a-helix are red. The histidine side chains
are blue. All images were produced using MOLMOL (55).

the data presented in this report and the mechanisms of chem-
ical gating of Cx43 needs to be done with caution. However, it
is worth noting that: (a) There are a number of examples in the
literature showing that two molecular domains that bind in
living cells also bind as separate fragments in vitro (43, 44). (b)
A recombinant Cx43CT protein maintains its ability to react in
vitro with molecular partners that are biologically active in
intact cells (45, 46). (¢) Studies in Xenopus oocytes, as well as in
mammalian cells, show that a free Cx43CT domain interacts
with a separate region of the connexin molecule (11, 47, 48)
and, in oocytes at least, it does so in a pH-dependent manner.
These similarities of function between two systems are consist-
ent with the possibility that the Cx43CT-Cx43L2 interaction
observed in vitro also occurs in endogenous channels and me-
diates the pH gating process. Further experiments will assess
whether strategies designed to interfere with CT-L2 binding
would also prevent pH gating of gap junctions in living cells.

Some differences in the quantitative aspects of our results also
deserve consideration. In particular, the amplitude of the binding
at pH 7.4 was almost negligible in the case of the MR experiment,
although clearly detectable by ELSA. In addition, the K, values
recorded by ELSA for pH 6.5 were 10—20 times lower than those
determined by MR. The reasons for these discrepancies are un-
clear, but one important difference between the two methods is in
the way in which the Cx43CT is immobilized in the assays. For
MR, free amides are covalently linked to the matrix; for ELSA,
the ligand is adsorbed to the bottom of the well. It is likely that
the conformation of the protein and its ability to bind be affected
differently by its attachment to the dish. Regardless of these
quantitative differences, the results demonstrate pH-dependent
binding of the L2 peptide to the Cx43CT fragment, with dissoci-
ation constants in the micromolar range.
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Applicability of These Results to Other Connexin Isotypes—
Acidification-induced closure is a phenomenon common to all
gap junctions (including those in invertebrates); yet, significant
differences exist in the pH sensitivities and domain depend-
ence among the connexin family (8). Although the data pre-
sented in this report should be interpreted as relevant only to
Cx43 and not necessarily to other connexin isotypes, it is worth
noting that results from Peracchia’s laboratory indicate that
intramolecular as well as intermolecular interactions may be
involved in the regulation of Cx32 by pH (50). Further studies
will be necessary to address the structural characteristics that
make pH gating a phenomenon common to all connexin iso-
types. Our working hypothesis is that the functional domains
involved in pH regulation may be common to all connexins but
may share little homology in terms of primary sequence and
topological position within the sequence.

A Direct Role for Protons on pH Gating—One of the issues
that has been controversial through the years is whether pH
gating is a direct result of proton-protein interaction (37, 49), or
whether intermediary molecules are involved (50). The results
in this paper demonstrate a direct Cx43CT-Cx43L2 interaction
that is pH-dependent. In the particle-receptor model analogy,
this would suggest that the affinity of the particle for the
receptor increases solely as a consequence of increased proton
concentration, which may be important in short-term gating of
the channel. Yet, it is now clear that connexins do not stand
alone in the membrane but rather exist as central structures in
molecular complexes (or “nexus” (51)). Moreover, preliminary
evidence from our laboratories suggests that intracellular acid-
ification leads to binding of the SH3 domain of src to Cx43, and
consequent dissociation of Cx43 from ZO-1 (52). Other interac-
tions may also take place. Studies of Peracchia et al. (50) have
suggested that calmodulin may be involved in the regulation of
connexins by pH. We failed to detect a Cx43CT-calmodulin
interaction, but this may be due to limitations of the MR
method, the regions of Cx43 included in our construct, or the
possibility that the interaction with calmodulin may be indi-
rect. Overall, the entire pH-gating process may be complex,
consisting of both intra- and intermolecular interactions, and
the present results likely describe only one piece of the puzzle.

pH-dependent Change in Cx43L2 Conformation: Role for His-
tidine Residues?—NMR data show that acidification led to a
concomitant conformational change in the Cx43L2 peptide and
protonation of the histidine residues. Histidine protonation
may facilitate the stabilization of a secondary structure, per-
haps by interacting with negatively charged amino acid chains
in its vicinity. The results suggest that the Cx43L2 fragment
may act as a pH sensor to trigger channel closure (38). This
hypothesis will be addressed by future experiments testing the
pH sensitivity of Cx43 mutants where either one or both of the
histidines in the corresponding Cx43L2 sequence are modified.
Also, previous studies had indicated that a histidine not part of
Cx43L2 (His®®) might be involved in pH gating (39). Protona-
tion of His% may be part of the conformational change in the
loop structure that facilitates Cx43CT-Cx43L2 binding.

L2-CT Association and the “Ball-and-Chain” Hypothesis—
Our results represent the first demonstration of direct intramo-
lecular binding between cytoplasmic connexin domains. In the
context of the ball-and-chain hypothesis, we propose that the
L2 fragment is part of the receptor for the CT domain, which
acts as a gating particle. Moreover, we suggest that acidifica-
tion of the intracellular space is sensed by the histidines in the
Cx43L2 sequence. Protonation of these residues would lead to
the formation of a-helices. The pH-induced modifications in
secondary structure would increase the CT-L2 binding affinity
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with at least two fundamental consequences: to precipitate
channel closure and to modify the ability of the CT domain to
interact with other molecular partners. Under this scenario,
pH gating would also involve changes in the composition of the
molecular nexus. The nature of the intermolecular interactions
and their relevance to the actual process of acidification-in-
duced closure remain to be determined.

Toward a Structural Understanding of Cx43 Regulation—
With the exception of a recent report on the structure of the
amino-terminal of Cx26 (53), structural information on the
cytoplasmic domains of connexins is totally lacking. (Although
Unger et al. (42) recently described the structure of the pore-
forming region of Cx43, they achieved a clear view of the
channel through deletion of the carboxyl-terminal domain from
the Cx43 construct.) The results presented here are thus the
first demonstration of structural order in the carboxyl-terminal
and the cytoplasmic loop domains of a connexin molecule. The
crucial variable in our case for the study of the Cx43L2 frag-
ment has been the use of low pH. The structural study of
Cx43L2 reveals the presence of two short a-helices, stabilized
by hydrogen bonds. We speculate that those helices present the
interface for the binding of Cx43L2 to Cx43CT. Coil-coil inter-
actions between protein domains that are distant in primary
sequence have been shown for numerous proteins (54). Our
results lead to the exciting possibility of using NMR to resolve
the separate three-dimensional structure of the L2 fragment in
its CT-bound configuration. Additional studies will be directed
at identifying and localizing structural order in the CT domain
alone as well as bound to Cx43L2. These efforts will provide
essential information for an intimate understanding of the
molecular dynamics of connexin regulation.
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