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ABSTRACT Previous studies indicate that the carboxyl terminal of connexin43 (Cx43CT) is involved in fast transjunctional
voltage gating. Separate studies support the notion of an intramolecular association between Cx43CT and a region of the cyto-
plasmic loop (amino acids 119–144; referred to as ‘‘L2’’). Structural analysis of L2 shows two a-helical domains, each with a
histidine residue in its sequence (H126 and H142). Here, we determined the effect of H142 replacement by lysine, alanine, and
glutamate on the voltage gating of Cx43 channels. Mutation H142E led to a significant reduction in the frequency of occurrence of
the residual state and a prolongation of dwell open time. Macroscopically, there was a large reduction in the fast component of
voltage gating. These results resembled those observed for a mutant lacking the carboxyl terminal (CT) domain. NMR experiments
showed that mutation H142E significantly decreased the Cx43CT-L2 interaction and disrupted the secondary structure of L2.
Overall, our data support the hypothesis that fast voltage gating involves an intramolecular particle-receptor interaction between CT
and L2. Some of the structural constrains of fast voltage gating may be shared with those involved in the chemical gating of Cx43.

INTRODUCTION

Gap junction channels form a low-resistive pathway for the

passage of ions and small molecules between cells. These

channels are formed by oligomerization of a protein called

connexin. Each connexin subunit crosses the cell membrane

four times, thus yielding three intracellular domains: the

amino terminal (NT), the carboxyl terminal (CT), and a cyto-

plasmic loop (CL) that spans from the second to the third

transmembrane domains. The most abundant connexin mole-

cule in the heart is the 43-kD isotype, connexin43 (Cx43). It

is generally accepted that the CT region of Cx43 acts as a

regulatory domain. Like many other channel proteins, the

conducting properties of these channels can be regulated

both by chemical factors (1,2) as well as by voltage (3,4). In

this manuscript, we characterize the molecular mechanisms

mediating voltage gating of Cx43.

A voltage gradient applied between two Cx43-expressing

cells (Vj) leads to a corresponding flow of current across gap

junctions (Ij). Like most membrane channels, gap junctions

show voltage-dependent gating behavior. For Vj values

.;40 mV, junctional currents inactivate with a time course

that is best described by two time constants (‘‘fast’’ and

‘‘slow’’; see (3,4)). At the single channel level, the fast ex-

ponential component corresponds to the voltage-dependent

fast transitions between the open and the ‘‘residual’’ state

(4,5). In turn, the presence of a residual state explains the fact

that macroscopic junctional currents do not inactivate com-

pletely (i.e., junctional current does not reach zero for a long

pulse (4)). Previous studies have shown that truncation of the

Cx43CT domain eliminates fast voltage gating (3). Addi-

tional studies showed the corresponding loss of the residual

state upon CT truncation (4). Coexpression of the CT domain

with the truncated channel restored the residual conductive

state (4), supporting the idea that during fast voltage gating,

the CT may act as a gating particle that interacts with a sep-

arate region of the protein (a ‘‘receptor’’).

The location of the receptor within the primary sequence

of Cx43 remained elusive for some time. Recently, we

showed that the CT domain binds in vitro to a synthetic

peptide with a sequence corresponding to amino acids 119–

144 of Cx43 (i.e., the second half of CL, ‘‘L2’’; see (6)).

Structural analysis showed that the L2 peptide is conformed

as two a-helical domains separated by a poorly defined cen-

ter region (6). Single channel analysis revealed that the same

peptide, when presented in the patch pipette, interfered with

the occurrence of the residual state (7). These results led to

the suggestion that the L2 region of CL may represent the

receptor for the gating particle. However, further assessment

of this hypothesis using sequential deletions within the actual

Cx43 protein was complicated by the fact that modifications

in the CL region were associated with nonfunctional chan-

nels (8). Here, we have chosen to modify the primary se-

quence by site-directed substitutions in amino acid H142,

which is contained within the predicted regions of a-helicity
(6). Using a combination of voltage clamp, patch clamp, and
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NMR, we demonstrate that mutation H142E (histidine re-

placed by glutamate) has a functional consequence on fast

voltage gating comparable to that of CT truncation; in addi-

tion, this mutation severely disrupts the integrity of the sec-

ondary structure of L2 and drastically interferes with L2-CT

binding. Altogether, the data are consistent with the hypothesis

that an intramolecular interaction between the CT domain and

the L2 region is an essential component of fast voltage gating.

These results add to the elucidation of the molecular basis of

gating in gap junction channels.

MATERIAL AND METHODS

Site-directed mutagenesis

A variety of histidine mutant constructs were tested in this study.

Mutagenesis was carried out using the Quick Change Kit (Stratagene, La

Jolla, CA). All sequences were confirmed at the DNA sequencing facility at

SUNY-Syracuse.

Dual voltage clamp in Xenopus oocytes

Oocytes from Xenopus laevis were prepared as described (3). The in vitro

transcribed cRNA of Cx43WT or histidine mutants (0.5–1.0 mg/ml, 50 nl/

oocyte) was injected in combination with an antisense oligonucleotide

directed against Xenopus Cx38 mRNA (15 ng/oocyte) to block endogenous

expression (9). After removing the vitelline membrane, the oocytes were

placed in contact to allow the formation of intercellular channels. Macro-

scopic junctional current (Ij) flowing between paired oocytes was measured

using the dual two-electrode voltage clamp technique as previously de-

scribed (9). Data acquisition and analysis were performed using pCLAMP.

The time courses of Ij transitions were fitted to exponential relations with R,
0.999 using Clampfit (pCLAMP). The time course of decay of the junctional

current was best described by the sum of two exponentials:

Ij ¼ Afast e
�t=t1 1Aslow e

�t=t2 1Ar;

where the constants Afast and Aslow represent the amplitude of the junctional

current contributed by the fast and slow components, respectively, at time¼
0 and Ar is the steady-state value of current at time ¼ 30 s. To evaluate

transjunctional voltage dependence of gap junctions, the junctional con-

ductance steady-state values (Gjss) obtained by using pulses of 30-s duration

were normalized relative to the conductance value for brief Vj prepulses

(10 mV). The averaged Gjss/Vj relationship for each polarity of Vj, based on

the assumption that each polarity of Vj affected a single gap junction hemi-

channel, was fit to a Boltzmann relation of the form (10) Gjss ¼ f(Gjmax �
Gjmin)/(1 1 exp[A(Vj � Vo)])g 1 Gjmin, which applies to a two-state system

with the energy difference between states linearly dependent on voltage.

Although not all channels may meet these assumptions (see Results), this

analysis still provides useful parameters for comparing the behavior of

mutant channels versus wild-type. The Gjmax is the maximal conductance,

Gjmin is the residual conductance at large Vj, Vo is the transjunctional voltage

at which Gjss ¼ (Gjmax � Gjmin)/2, and A (A ¼ nq/kT) is a constant that

expresses the voltage sensitivity. Fits were made by treating Gjmax, Gjmin, A,

and Vo as free parameters. Constants were estimated from an iterative mini-

mization (least-squares) of the difference between the data and the calculated

fit point (SigmaPlot; Jandel Scientific, Chicago, IL). Student’s t-test (P ,
0.05) was used for statistical analysis.

Dual patch clamp

Patch clamp experiments were conducted in communication-deficient

murine neuroblastoma cells (N2a) transiently transfected with cDNA for

Cx43WT or the corresponding histidine mutants (0.25 mg of internal

ribosome entry site plasmid DNA coding eGFP; Quiagen, Valencia, CA).

The cells were cultured in Dulbecco’s modified Eagle’s medium with 10%

fetal bovine serum (7). For recording of Cx43 channels, cells were placed on

the stage of an inverted microscope equipped for epifluorescence (Nikon

Diaphoto200, filter: 520–560 nm; Nikon, Tokyo, Japan). eGFP-positive cell

pairs were visualized by the emitted fluorescence (520–560 nm) after

excitation with monochromatic light (495 nm) and targeted for electrophys-

iological analysis. The dual whole-cell voltage clamp technique was used to

record gap junction currents. Both cells in the pair (cell1 and cell2) were

independently voltage clamped at the same holding potential (�40 mV). The

prejunctional cell (cell1) was stepped to 120 mV, creating a potential

difference across the junction (Vj) of160 mV during repetitive 10�30-s steps.

Patch pipettes were filled with a solution containing cesium (in mM: 130 CsCl;

0.5 CaCl2; 10 HEPES; 10 EGTA; 2.0 Na2ATP; 3.0 MgATP; pH 7.2).

Pipette resistance was 3.0�5.0 MV. During recording, cells were kept

at room temperature in a cesium-containing solution (in mM: 160 NaCl;

10 CsCl; 2.0 CaCl2; 0.6 MgCl2; 10 HEPES; pH 7.4). Octanol was used to

decrease macroscopic conductance and resolve single channel events. The con-

centration of octanol was titrated during the experiment (maximum, 2.0 mM)

to maintain a level of uncoupling where only one or two channels remained

active. Unitary currents were filtered at 0.1 kHz (�3 db, four-pole Bessel

filter, LPF202; Warner Instrument, Hamden, CT) and digitally sampled at

2 kHz (7). Traces of junctional currents were acquired and analyzed using

the Clampex software (pClamp version 8.0, Axon Instruments, Union City,

CA). Single channel events were manually measured to determine unitary

conductance (driving force¼160 mV) and open time. Only events within a

range of 25 pA from the baseline that lasted 20 ms or more (to reduce

filtering artifacts) were included in the events histogram. All single channel

data (open times as well as conductance values) were obtained from traces

where only one or, at the most, two channels were active. This allowed us to

define a nonconductive (‘‘closed’’) state by the absence of junctional current

in the presence of a voltage gradient. In turn, the level at which Ij ¼ 0 was

defined by the level of holding current delivered by the second amplifier

when Vj ¼ 0. Histograms were constructed using Origin (version 7.0;

Microcal, Northampton, MA).

Production of recombinant protein

Recombinant Cx43CT was produced as previously described (6). Briefly,

cDNA derived from rat Cx43 was inserted into pGEX-6P-2 (Amersham,

Buckinghamshire, UK) and expressed in Escherichia coli (BL-21). The
resultant GST-fusion protein was cleaved from the glutathione-S-transferase

(GST) PreScission Protease (Amersham Biosciences). The recombinant

product after cleavage from GST contained the sequence 255–382 of rCx43

preceded by four additional amino acids (GPLG). Protein concentration was

measured using the Bio-Rad (Hercules, CA) DC Protein Assay. Protein purity

was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

NMR spectroscopy

NMR experiments (two-dimensional proton 2H double quantum-filtered

(DQF)-correlation spectroscopy (COSY), total correlation spectroscopy

(TOCSY), and Nuclear Overhauser Effect Spectroscopy (NOESY) and the

one-dimensional proton translational diffusion) were performed on a Varian

(Palo Alto, CA) INOVA-600 spectrometer using an H cryoprobe at 7�C as

previously described (6). Briefly, for each experiment, Cx43L2H142E was

dissolved in 0.3 ml of a 10:1 phosphate buffer saline (PBS) buffer/D2O

solution at a final concentration of 0.8 mM. The DQF-COSY, TOCSY, and

NOESY experiments were acquired with 1024 complex t2 points and 512

complex t1 points. Mixing times of 50, 150, and 300 ms were used for the

NOESY spectra, and a mixing time of 80 ms was used for the TOCSY

spectra. Water suppression was achieved by usingWATERGATE. Translation

diffusion coefficients were measured by a water-sLED experiment which in-

cludes water-selective pulses to suppress the intense solvent signal, combined
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with an additional interval (longitudinal eddy current delay) that allows the

transient perturbations to disappear. A total of 128 scans was collected into a

64-K data block using a sweep width of 8510 Hz. Proton chemical shifts

were referenced directly to the water. Cx43L2H142E carbon a and b chemical

shifts were analyzed utilizing the natural abundance of 13C in a 1H13C

HSQC. The 1H13C HSQC data were acquired with 1024 complex t2 points

and 160 complex t1 points. Spectral widths of proton and carbon resonances

were 10,000 and 21,118 Hz, respectively. The number of scan per t1 was 256.

RESULTS

Voltage dependence of H142 mutants

Previous studies have shown that truncation of the CT

domain (hence elimination of the putative gating particle) is

associated with the loss of fast voltage gating (3). Given the

previous demonstration of an association between Cx43CT

and the L2 region of Cx43 (6), we assessed whether L2

mutations could also affect voltage gating. Histidine at posi-

tion 142 (H142) was the focus of these studies, given pre-

vious observations showing that this residue is of critical

importance for the structural preservation of the region (6).

The differences of voltage gating imposed by the H142 mu-

tations were quantified in terms of kinetic properties and

steady-state Gj/Vj relationships by forming hybrid junctions

comprised of wild-type and mutated hemichannels in the sys-

tem of Xenopus oocyte pairs. Results were compared to those

obtained from homologous wild-type Cx43 channels. As shown

by the top traces in Fig. 1 A, junctional currents flowing

through homomeric wild-type channels decreased in response

to transjunctional voltage gradients .40 mV (positive or

negative), with progressively larger and faster reductions at

larger Vjs. Ij inactivation in homologous wild-type channels

FIGURE 1 Voltage gating of H142 mutants. Differ-

ences of voltage gating imposed by the H142 mutations

were analyzed in Xenopus oocyte pairs by forming hybrid

junctions composed of wild-type and mutated hemi-

channels and homotypic wild-type junctions as control.

(A) Sample records of junctional currents (Ij) evoked by Vj

pulses of 6100 mV in 20-mV increments and of 30-s

duration. Positive and negative Vj polarities are defined as

relative depolarization and hyperpolarization of the cell

expressing the wild-type hemichannels, which induced up-

ward and downward Ijs, respectively. Junctional currents

of homotypic wild-type channels decreased in response to

positive and negative Vj . 40 mV, with progressively

greater and faster reductions at larger Vjs. The Ij decays
showed an initial closing of large amplitude and fast

kinetics (arrowhead) and a second component of smaller

amplitude with a slower time course observable for longer

pulses (arrow). Note that the gating behavior attributable

to H142A and H142E hemichannels (i.e., the outward

currents) showed, respectively, a mild and pronounced

reduction of the fast component of junctional currents

(arrowhead) and a progressively larger slow Ij inactivation

(arrow). (B) Kinetic properties. The current decays induced

for Vj ¼ 1100 mV in A were well fitted by biexponential

relations (t1 1 t2). For comparison, the relative amplitude

of fast (t1, in blue) and slow (t2, in red) inactivations are

represented. The fast component of inactivation was sig-

nificantly more prominent than the slow component for

wild-type and H142K currents, whereas both components

were of similar amplitude for H142A and, for H142E, the

slow inactivation predominated. Mean values of time con-

stants (mean6 SE) were t1¼ 4176 182 ms and t2¼ 8.76
1.3 s for wild-type, t1¼ 3376 253ms and t2¼ 10.86 1.8 s

for H142K, t1¼ 534 6 325 ms and t2 ¼ 8.1 6 2.1 s for

H142A, and t1¼ 643 6 271 ms and t2 ¼ 7.6 6 1.9 s for

H142E.
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was best described as the sum of two exponential functions

(see Fig. 1 B, top). The first component (blue trace in Fig.

1 B) was of larger relative magnitude and faster kinetics than

the second component of inactivation (red trace in Fig. 1 B).
On average, the corresponding time constants for currents

elicited by 1100 mV Vj pulses were 417 6 182 ms (t1) and
8.7 6 1.3 s (t2) (N ¼ 6) with a ratio of amplitudes between

the fast and slow components of threefold. Note that, as pre-

viously reported (3,11), the time course of current decay and

the steady-state Gj/Vj relationships were somewhat asym-

metrical depending on the polarity of Vj (see also Fig. 2 B).
The formation of hybrid junctions comprised of wild-type

and mutated hemichannels allowed us to characterize the

effect of H142 substitutions on Cx43 voltage gating. Cur-

rents closing for relative negativities on the cytoplasmic side

of H142A and H142E clearly showed a reduction in the

amplitude of the fast component when compared to that

observed in Cx43WT for the same Vj polarity. The effect was

more pronounced in the case of H142E but observable in the

H142A mutation (see Fig. 1). Indeed, kinetic analysis of

the currents elicited by 1100 mV Vj pulses showed that the

time course of inactivation of H142E currents was best de-

scribed by a double exponential but, in contrast to the behavior

of wild-type currents, in this case the slow component was

the one with the largest relative magnitude (see bottom plot of
Fig. 1 B).
It has been previously reported that the contribution of the

fast component to the time course of current inactivation is

dependent on Vj (3). A similar result was observed for all

H142 mutations tested. Moreover, as shown in Fig. 2 A, the

ratio of magnitudes of the slow versus fast components (ratio

Aslow/Afast) was higher for H142E and, to a lesser degree, for

H142A than for wild-type channels at all voltages tested.

These changes in kinetics caused a shift of steady-state Gj/Vj

relationships toward lower voltages. As shown in Fig. 2 B,
relative negativity on the H142E side was associated with a

decrease in the junctional conductance measured at steady-

state (Gjss), for Vj values of 60, 80, and 100 mV. A similar

though less drastic reduction was observed in the case of

H142A. The minimum Gj (Gjmin) value of Boltzmann fits

decreased from 0.24 in the wild-type to 0.13 and 0.16 for

H142E and H142A hemichannels, respectively. The region

of the Gj/Vj curve attributable to H142K hemichannels did

not diverge significantly from that of Cx43WT. The Gj/Vj

behavior of wild-type hemichannels in the hybrid junctions

overlapped with that of their homomeric wild-type junctions,

indicating that the characteristics of voltage gating were little

affected by its association with mutant hemichannels and

that the fast and slow Vj gates of both mutant and wild-type

hemichannels closed for the relative negativity of Vj (Figs. 1,

A and B, and 2 B).

Effect of H142 mutants on Cx43
channel properties

Mutation H142E caused an important reduction in the

amplitude of the fast component of current inactivation. This

was reminiscent of what we observed after truncation of the

CT domain of Cx43 (3). In that case, single channel analysis

demonstrated that the loss of fast voltage gating coincided

FIGURE 2 Ratio of amplitudes between the

slow and fast components of inactivation (A) and

of the steady-state Gj values versus voltage (B) of

hybrid wild-type-H142 mutant junctions and

homomeric wild-type junctions. Positive and neg-

ative Vj polarities in hybrid channels are defined as

relative depolarization and hyperpolarization of the

cell expressing Cx43WT. (A) The time course of

junctional current decays induced for Vjs followed

a biexponential relation with a fast and slow

component (indicated as t1 and t2 in Fig. 1 B)

and the mean ratio of slow/fast amplitudes (mean6
SE) decreased for increasing Vj. Note that the

mutation H142E caused a large reduction in the

amplitude of fast gating in the whole range of

voltage explored. (B) Steady-state values of Gj

were measured at the end of the 30-s pulses. The

averaged Gj/Vj relationships were well described

by a single Boltzmann relation for each polarity

of Vj. The Boltzmann parameters of homomeric

wild-type junction (d) wereGjmin¼ 0.36, A¼ 0.10

mV�1, Vo¼�65.7 mV for negative Vj andGjmin¼
0.24, A ¼ 0.07 mV�1, Vo ¼ 158.5 mV for positive Vj; of hybrid RCx43wt-H142K junction (e) were Gjmin ¼ 0.36, A ¼ 0.11 mV�1, Vo ¼ �62.3 mV for

negative Vj and Gjmin ¼ 0.29, A ¼ 0.08 mV�1, Vo ¼157.6 mV for positive Vj; of hybrid RCx43wt-H142A junction (D) were Gjmin ¼ 0.42, A ¼ 0.11 mV�1,

Vo ¼�66.9 mV for negative Vj and Gjmin ¼ 0.16, A¼ 0.07 mV�1, Vo ¼156.6 mV for positive Vj; and of hybrid RCx43wt-H142E junction (s) were Gjmin ¼
0.42, A ¼ 0.11 mV�1, Vo ¼ �68.1 mV for negative Vj and Gjmin ¼ 0.13, A ¼ 0.07 mV�1, Vo ¼ 151.1 mV for positive Vj. In A and B, each point represents

mean values (mean6 SE) of six pairs with,5 mS levels of electrical coupling. Asterisks indicate significant differences relative to wild-type (t-test, P, 0.05).
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with a loss of the residual state and a prolongation of the

mean open time (MOT) (see (4)). Here we report that similar

results were observed in the case of the H142E mutation. We

have analyzed the behavior of unitary currents from

homologous H142E channels and compared it with that of

wild-type. Fig. 3 shows the results. A single channel trace

obtained from a pair of N2a cells expressing homologous

Cx43 wild-type channels is shown on the top of Fig. 3 A. Vj

was 60 mV. An all-points histogram is shown at the right of

the trace. Transitions between three states—closed (C), open

(O), and residual (r)—are apparent. An all-events histogram,

generated by measuring the amplitude of the current tran-

sitions between states, is presented in the bottom panel. The

data are best described by two Gaussian functions (N ¼ 5,

n¼ 383; where N is the number of cell pairs and n represents
the number of events): one, centered at 80.7 pS, results from

the transitions occurring between open and residual states

(O-R). The other, centered at 104.5 pS, is consequent to

the measurement of transitions between the open and closed

states (O-C).

These results are consistent with those extensively de-

scribed in the literature (4,5,7,12). As an estimate of the

fraction of transitions that would be related to fast gating, we

calculated the integral of the O-C Gaussian function and di-

vided it by the amplitude of the integral of the O-R function.

The resulting ratio was 1.73. Similar calculations from

recordings of H142K and H142A channels yielded ratios of

1.26 and 4.43, respectively. This trend correlated well with

that obtained from the measurements of the amplitude of the

fast and slow components of inactivation at time zero (see

Fig. 2 A). Indeed, in both cases, the ratio decreased slightly

consequent to the H142K mutation, and increased signifi-

cantly when the same residue was substituted with alanine.

Furthermore, in contrast to what was observed in wild-type

channels, H142E channel transitions were characterized by

the loss of the residual state (Fig. 3 B, top), and the resulting

all-events histogram, depicted in the bottom panel of Fig. 3

B, showed a single Gaussian function in the 75–125 pS range

(mean value 105.7 pS; N¼ 4, n¼ 339). Data from wild-type

channels are shown by the superimposed red dotted line, for

comparison.

Additional, very sporadic events of low amplitude were

observed, yielding a small cluster of events centered around

50 pS. Moreover, in contrast with the wild-type channel,

which showed short residence times in the open state, H142E

channels showed a significant prolongation of the MOT. A

quantitative analysis is presented in Fig. 4. Panels A–E depict

the histograms of dwell open time recorded from wild-type,

M257 (i.e., a Cx43 mutant lacking most of the CT domain;

see (4)), and mutants H142E, H142K, and H142A, re-

spectively. The plots illustrate that MOT for H142E (2.167

6 0.148 s (mean 6 SE); N ¼ 7, n ¼ 276; see Fig. 4 C) was
significantly prolonged when compared to that of Cx43WT

(0.1376 0.026 s; N ¼ 4, n¼ 148; Fig. 4 A; see also (4)) and
similar to (or even longer than) that of M257 (1.6046 0.150 s;

N ¼ 3, n ¼ 194; Fig. 4 B; see also (4)). In contrast, MOT for

H142K channels was similar to that of wild-type (0.173 6
0.010 s; N ¼ 5, n ¼ 450; see Fig. 4 D), and a slight pro-

longation was observed for the case of H142A mutant

FIGURE 3 Single channel activity recorded from Cx43-transfected N2a

cell pairs. (A) Top: recording of gap junction channel activity obtained from

N2a cells expressing wild-type Cx43. All-points histogram shown at the

right. Dotted lines represent current levels for the open (O), closed (C), and

residual (r) states. Pulse duration: 10 s. Transjunctional voltage: 160 mV.

Pulse applied every 20 s. Bottom: Histogram of amplitude of conductance

transitions recorded from Cx43 wild-type channels. The histogram was best

described by two Gaussian functions, centered at 80.7 pS and 104.5 pS,

corresponding to the transitions between open and residual and open and

closed states, respectively (N¼ 5, n¼ 383). Data as in Shibayama et al. (22).

(B) Top: Junctional current recording obtained from a pair of N2a cells

expressing mutant H142E. Only open and closed states were apparent.

Bottom: Histogram of amplitude of conductance transitions obtained from

H142E-expressing cells. The red dotted line depicts the position of the

Gaussian functions describing the histogram obtained from wild-type

channels (data in panel A). The cluster of data points corresponding to the

residual open transitions in wild-type channels was noticeably absent after

the H142E mutation. The histogram was centered at 105.7 pS (N ¼ 4,

n¼ 339). A small peak at 49.6 pS was formed by very low frequency events

(n ¼ 43). This peak was not observed in recordings from cells expressing

wild-type channels.
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channels (0.221 6 0.010 s; N ¼ 3, n ¼ 331; see Fig. 4 E).
Channel conductance sublevels in the case of the two latter

constructs were unaffected by the mutation. Overall, the

single channel analysis yielded results consistent with the

notion that mutation H142E caused the loss of the fast gating

component of current inactivation.

Binding of Cx43CT to L2: effect of the
H142E mutation

The results outlined above are consistent with those previ-

ously obtained after truncation of the Cx43CT domain (4).

Based on a ‘‘particle-receptor’’ model of fast voltage gating

(3,4), we used translational diffusion analysis to assess the

effect of mutation H142E on the interaction between the

CT domain (the presumed ‘‘gating particle’’; see (1)) and

the putative receptor (region 119–144 of Cx43; dubbed

‘‘L2’’; see (6)). Translational diffusion evaluates the mobil-

ity of a protein, or a protein complex, within a magnetic field.

Given that the diffusion rate of a molecule is dependent

on its mass (among other variables), molecular complexes

and the proportion of bound versus unbound molecules can

be estimated from the rate of mobility of the individual

components. Table 1 shows the diffusion rates observed

for the H142E peptide in the absence (column labeled

‘‘Cx43L2(H142E)’’) and in the presence of Cx43CT

(column labeled ‘‘Cx43L2(H142E)/Cx43CT’’). Two individ-

ual resonance peaks were followed, based on our previous

studies on CT-L2 binding (6). To test whether binding in

vitro is facilitated by acidification of the solvent (as happens

for the ‘‘wild-type’’ L2 sequence; see (6)), the experiment

was conducted at pH 5.8 and results compared to those ob-

tained at pH 7.5. As shown in the table, a decrease in dif-

fusion rate was observed at low pH, but only after addition of

the CT molecule. However, this decrease was significantly

less than the one previously observed for the wild-type

sequence (see Table III ‘‘Cx43L2/Cx43CT’’ in Duffy et al.

(6)). Estimation of the proportion of bound versus unbound

molecules indicated that, after mutation H142E, only 20% of

the L2 molecules were in a complex. In contrast, under the

same experimental conditions, 80% of the wild-type L2 se-

quence was bound to CT (6). These results indicate that the

H142E mutation significantly prevented the association be-

tween these two protein fragments. As a next step, we deter-

mined the effect of the mutation on the secondary structure

of the L2 region.

Modification of the secondary structure of L2
consequent to mutation H142E

We have previously defined the secondary structure of the

L2 peptide and found it to be organized as two a-helical
regions separated by an area of random coil (6). Our previous

studies provided the bases for the solution of the structural

order of L2 after mutation H142E. The 10 conformers that

FIGURE 4 Dwell time histograms of channel

activity recorded from N2a cells transiently trans-

fected with cDNA coding for Cx43WT (A),

Cx43M257 (B), Cx43H142E (C), Cx43H142K (D),
and Cx43H142A (E). H142E showed significantly

prolonged open time (MOT ¼ 2.1676 0.148 s; N ¼
7, n ¼ 276) when compared to Cx43WT (MOT ¼
0.137 6 0.026 s; N ¼ 4, n ¼ 148). MOT recorded

from M257 channels was 1.604 6 0.150 s (N ¼ 3,

n ¼ 194). Panels D and E depict open time his-

tograms for two additional mutations, H142K

(0.173 6 0.010 s; N ¼ 5, n ¼ 450) and H142A

(0.2216 0.010 s; N¼ 3, n¼ 331), respectively. The

insets show a diagram of Cx43 topology, indicating

the position of amino acid 142 (green circle; panels
C–E).

TABLE 1 Diffusion experiment in H142E

Cx43L2(H142E) Cx43L2(H142E)/Cx43CT

pH 7.5 Peak 1 0.86 0.88

Peak 2 0.87 0.87

pH 5.8 Peak 1 0.87* 0.79

Peak 2 0.86 0.76

Translational diffusion of Cx43L2-H142E in the absence (‘‘Cx43L2

(H142E)’’) and in the presence of Cx43CT (‘‘Cx43L2(H142E)/

Cx43CT’’). The decreased diffusion rate after Cx43CT addition (pH 5.8)

indicates that ;20% of the molecules are bound. Previous studies showed

that;80% of the Cx43L2-WT peptide binds to Cx43CT (6). The data show

that mutation H142E significantly decreased the CT-L2 interaction.

*Diffusion coefficient 3 10�6cm2/s.
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best represent the structure of the H142E peptide are pre-

sented in Fig. 5 A. Only a small area of convergence,

covering amino acids 125–128, was found. The lowest en-

ergy structures for the wild-type L2 peptide and for the

H142E peptide are presented in Fig. 5, B and C, respectively
(amino acids H126 and H142 are indicated in bold). Clearly,
the H142E mutation disrupted the structural order in the

second a-helix (H142E mutation is indicated in red in Fig. 5
C), leaving only a small, loose helical turn around the H126

region. These results suggest that the reduced ability of

peptide H142E (negative charge) to form a molecular

complex with CT may be consequent to the disruption in

its secondary structure.

DISCUSSION

We have characterized the effect of lysine, alanine, and

glutamate substitutions at position H142 on the unitary prop-

erties and voltage gating characteristics of Cx43 channels.

Our results show that mutation H142E modified the voltage

gating behavior of Cx43 in a manner similar to that observed

after truncation of the CT domain (see (4)) or after con-

catenation of aequorin (13) or eGFP to the carboxyl end of

Cx43 (14). The data show a concomitant modification in the

secondary structure of an H142E-L2 peptide and a signif-

icant reduction in the ability of this peptide to bind Cx43CT.

Our results indicate that amino acid H142 is part of a Cx43

region involved in the fast voltage gating process, perhaps

as a component of a ‘‘receptor’’ for the CT domain. Before

expanding on the interpretation of our results, some technical

aspects of the study need to be considered.

Technical considerations

Our NMR studies support the contention that the CT binds

to the L2 region and that this binding is affected by mutation

H142E. Though the results obtained from patch clamp

studies are consistent with the in vitro data, we recognize that

the behavior of a recombinant protein in solution may differ

from that of the native protein in the cellular environment.

This concern applies to all in vitro studies, particularly those

where protein structures are solved, given the extreme condi-

tions that are often necessary for protein isolation, ordering,

and/or crystallization (see, e.g., (6,15–17)). Particularly worth

noting in this regard is the fact that the NMR experiments

were conducted at a pH of 5.8, given that lowering the pH of

the solvent significantly increases the structural order of L2

and the binding affinity of the L2 peptide for CT. Whether

the cellular environment facilitates the organization of the

structure even at the normal pH of the cell is likely, but re-

mains to be determined.

Our conclusions are supported by experimental data ob-

tained in different systems. A quantitative correlation between

the different data sets is limited by the restrictions of each

experimental model and by their differences. However, semi-

quantitative correlates between the data obtained by NMR

spectroscopy and the changes in gating behavior at single

channel and macroscopic current levels can be noted. Indeed,

we estimate that only 20% of L2 molecules carrying the

H142E mutation bind to Cx43CT (Table 1); this represents a

significant decrease from the 80% reported when studying

the wild-type L2 sequence (6). These data are consistent with

the large reduction in the amplitude of the fast component

of wild-type inactivation from ;75% (wild-type) to ;30%

(H142E) at Vj gradients of 100 mV (Fig. 1 B), and from

;35% for wild-type to ,3% for H142E at moderate Vj

gradients (60 mV) (Fig. 2 A). The latter, in turn, is also con-

sistent with the virtual disappearance of the residual state

observed at the single channel level (Fig. 3 B).
Although the quantitative links between one data set and

the other are limited, the coincidence of results supports a

cohesive hypothesis. Indeed, our data show that the change

in time course and voltage dependence of the macroscopic

current coincides (albeit in a different cell system) with a

significant increase in open time and the loss of the residual

state at the single channel level. Similarly, the changes in

FIGURE 5 Solution structure of Cx43L2-142E (amino acids 119–144).

The peptide was diluted in PBS buffer (pH 5.8) and maintained at 7�C. (A)
Backbone traces of the 10 Cx43L2 mutant peptide (H142E) NMR con-

formers that best represent the structure are aligned by superimposing the

backbone atoms of residues M125–K128 (labeled in bold). (B) Cx43L2 has

two a-helical domains, each containing a histidine residue (positions 126

and 142). (C) Cx43L2-H142E. The mutated histidine residue (H142E) was

labeled as red. The H142E substitution not only disrupted the folding of the

second a-helix, but also influenced the number of residues involved in

forming the first a -helix. Helical regions for the lowest energy structure are

indicated in color (red/yellow). Histidine residues in L2 (H126 and H142)

are indicated in bold in panels B and C.
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single channel and macroscopic currents observed coincide

with the loss of the CT-L2 interaction, as seen by transla-

tional diffusion, and the loss of the latter coincides with a

structural modification in L2 (as shown by NMR). Alto-

gether, these events seem hardly independent from one

another. Rather, we speculate that one affects, even if only

partially, the other. Although we do not have the ability to

make quantitative correlates, this work presents, for the first

time to our knowledge, a coincidence of results that together

lend support to the hypothesis that the intramolecular inter-

action of the CT domain with the L2 region is one of the

structural features responsible for fast voltage gating of Cx43

channels. Yet, we acknowledge that the findings in one sys-

tem may only partially explain the results in another, and

other factors, undefined by our data, may be involved.

Fast voltage gating and the
particle-receptor hypothesis

In 1999, Revilla et al. used the Xenopus oocyte system to

characterize the voltage gating behavior of a mutant of Cx43

lacking most of the CT domain (mutant ‘‘M257’’) (3). Their

results showed that CT truncation led to a loss of the fast

component of current inactivation, as well as a decrease in

Gjmin. The authors concluded that CT truncation caused the

disappearance of the fast component of Cx43 voltage gating.

The single channel behavior of M257 channels expressed in

mammalian cells was later assessed by Moreno et al. (4). The

data showed that truncation of the CT domain caused the loss

of the residual state, a prolongation of MOT, and a decrease

in the rate of transition, thus concurring with the notion that

the Cx43CT truncation associates with the loss of fast volt-

age gating. Furthermore, Moreno et al. (4) showed that co-

expression of the CT domain as a separate fragment restored

the presence of low-conductance states in truncated Cx43

channels. Overall, those results led to the hypothesis that fast

voltage gating results, at least in part, from the interaction

between the CT domain acting as a gating particle and a

separate region of the protein acting as a receptor. This

particle-receptor model is similar to that proposed by us for

chemical gating of Cx43 (6,7,15).

Separate studies aimed at locating the position of the

receptor for the chemical gate pointed to a region of the

second half of CL contained between amino acids 119 and

144 (region ‘‘L2’’ (6)). The possibility that this region may

also be involved in fast voltage gating was explored in a

previous study (7). A peptide corresponding to the L2 se-

quence was diluted in the patch pipette solution, and single

Cx43 channel events were recorded. The results showed that

the presence of the L2 peptide decreased the frequency of

transitions into or out of the residual state. The data were

consistent with the notion that the L2 region acted as the

receptor for the gating particle. Accordingly, the free L2

peptide would bind to the CT and competitively inhibit the

interaction of CT with the native receptor. This hypothesis

awaited confirmation by site-directed mutagenesis of the

pertinent region. However, those experiments were compli-

cated by the fact that deletions within the region yielded

nonfunctional channels (8). In this study, we have circum-

vented that limitation by using point mutations in an amino

acid thought to be critical for proper folding (6). Moreover,

we have taken advantage of previous knowledge on the

secondary structure of L2 and applied a combination of patch

clamp and NMR techniques to further show that structural

preservation of the L2 region, and its ability to bind CT,

coincide with the presence of fast voltage gating. The results

presented in this work show a coincidence of results that can

be coherently explained under a single hypothesis. Further-

more, the data are consistent with previous evidence from

our laboratories (6,7,15) and in general support the idea of

fast voltage gating as a particle-receptor interaction involv-

ing the association of the CT domain with the L2 region

of Cx43.

The Gjmin value of 0.13 obtained in the H142E channels is

similar to that previously reported for Cx43 channels in

which fast voltage gating was eliminated by truncation of the

CT domain (3,4) or by in-frame concatenation of aequorin or

eGFP proteins to the C-end of Cx43 (13,14). In the particular

case of H142E channels, we speculate that the junctional

current at steady-state may be the result of the prolonged

open time and perhaps a less stable closed state consequent

to the H142E mutation. Indeed, in Fig. 4 C, we show that the

open time for H142E channels is significantly prolonged,

with some openings lasting as long as 10 s. As such, these

openings could provide a lingering junctional current even

during long voltage pulses. In addition, during our record-

ing of H142E channels, we occasionally observed multiple

channel openings occurring late in the voltage step. It was

not possible to properly measure open probability under our

recording conditions, given the presence of octanol in the

recording solution. Yet, as a preliminary assessment, we de-

termined the fraction of time in which the channel was found

in the open state during the last second of the 10-s voltage

pulse. Data were collected from cells expressing wild-type

(100 voltage steps analyzed from four cell pairs) or H142E

channels (161 voltage steps analyzed from four cell pairs).

Our results showed that the percentage of time that the

channel dwelled in the open state during the last second of

recording increased, from 6.2% for the wild-type to 50.8%

for H142E channels. Overall, our data are consistent with the

idea that the H142E mutation renders the closed state

nonabsorbing, since the impairment in the CT-L2 interaction

could allow for the channel to reopen (or open for the first

time) even in the presence of transjunctional voltage. As

such, a late channel activity may contribute to the junctional

current recorded at steady state. Interestingly, prolonged

open time and a nonabsorbing inactivated state have been

shown to be responsible for the persistent plateau of sodium

inward current observed after some clinically relevant muta-

tions (18).
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It is important to note that MOT recorded from H142E

channels was longer than that observed from cells expressing

M257. These results suggest that H142E may have also

affected the properties of the slow gate, perhaps as an in-

direct consequence of the overall structural modification

caused by the mutation. However, the opposite hypothesis

(i.e., that the truncation of CT may cause a shortening of the

MOT corresponding to the slow gate) is also possible. Future

experiments will be directed at addressing these possibilities.

The vast majority of single channel events recorded from

H142E-expressing cells clustered around one main unitary

conductance. However, very occasionally, low-conductance

events were recorded (43 out of a total of 339 events; see Fig.

3 B). These channels were not recorded from cells expressing

the wild-type construct, thus suggesting that an alternative

(yet rare) state could be present after the H142 mutation.

However, the possibility that those channels may result from

the expression of other connexin protein, endogenous to the

N2a cell, though unlikely, cannot be completely discarded.

It is interesting to note that the mutation that effectively

prevented the residual state was the substitution of a basic

residue for the acidic counterpart (H to E). One possible

explanation for this result is that the interaction between the

CT domain and the L2 region is, at least in part, electrostatic;

in that case, H142K would be a relatively conserved

mutation, thus explaining the similarity between the results

obtained from H142K and those obtained from the wild-type

construct (Figs. 1, 2, and 4). Yet, our NMR results show that

the H to E substitution caused a significant disruption of the

secondary structure of L2. It is therefore not possible to

discern at this point to which extent the presence of the acidic

residue prevented the CT-L2 association by directly dis-

rupting an electrostatic interaction with a corresponding CT

region and to which extent the loss of binding is consequent

to an overall loss of structural order in the L2 region.

Other domains involved in fast voltage gating

Our studies suggest that the CT domain interacts with the L2

region to maintain the residual state. This interaction, how-

ever, is unlikely to be the only conformational rearrangement

responsible for the residual state. In fact, the studies con-

ducted in Cx32 channels have suggested that during Vj

gating the NT of the connexin molecule interacts with the

pore vestibule, effectively narrowing the pore and increasing

the charge density in the region (19,20). Interestingly, the

recent results of Bukauskas et al. suggest that a similar model

applies to the Cx43 channel (21). Our data complement these

results and focus on the possible mechanism by which the

CT domain participates in this process. In light of the studies

of Bukauskas et al. (21), one possibility could be that the CT

domain also interacts with the NT. Though this interaction

cannot be completely discarded, it seems unlikely given that

these domains do not bind to each other in isolation (6).

Another possibility is that the CT-L2 interaction stabilizes

the structure of the pore vestibule to then accommodate the

formation of the N-terminal-mediated ‘‘gating barrier’’. Fur-

ther studies will assess this or other alternative possibilities.

CONCLUSIONS

We have used a multi-disciplinary approach to characterize

the structural and functional consequences of the H142E

mutation of Cx43. The data are consistent with the hypoth-

esis that a particle (CT)-receptor (L2) interaction is part of

the fast voltage gating process of Cx43 channels. A similar

process has been proposed for the chemical gating of Cx43

channels. Whether H142E mutation, now known to disrupt

voltage gating, would alter the pH sensitivity of the channels

remains to be determined. Overall, our results support the

hypothesis that fast voltage gating reflects a particle-receptor

interaction which may represent a more general mode of

gating for Cx43 channels.
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