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The Carboxyl Terminal Residues 220–283 Are Not Required for Voltage
Gating of a Chimeric Connexin32 Hemichannel
Taekyung Kwon,† Terry L. Dowd,‡ and Thaddeus A. Bargiello†*
†Dominic P. Purpura Department of Neuroscience, Albert Einstein College of Medicine, Bronx, New York; and ‡Department of Chemistry,
Brooklyn College of the City University of New York, Brooklyn, New York
ABSTRACT Connexin hemichannels display two distinct forms of voltage-dependent gating, corresponding to the operation of
Vj - or fast gates and loop- or slow gates. The carboxyl terminus (CT) of connexin 32 has been reported to be required for the
operation of the Vj (fast) gates, but this conclusion was inferred from the loss of a fast kinetic component in macroscopic currents
of CT-truncated intercellular channels elicited by transjunctional voltage. Such inferences are complicated by presence of both
fast and slow gates in each hemichannel and the serial head-to-head arrangement of these gates in the intercellular channel.
Examination of voltage gating in undocked hemichannels and Vj gate polarity reversal by a negative charge substitution (N2E) in
the amino terminal domain allow unequivocal separation of the two gating processes in a Cx32 chimera (Cx32*43E1). This
chimera expresses currents as an undocked hemichannel in Xenopus oocytes and provides a model system to study the
molecular determinants and mechanisms of Cx32 voltage gating. Here, we demonstrate that both Vj - and loop gates are oper-
ational in a truncation mutation that removes all but the first four CT residues (ACAR 219) of the Cx32*43E1 hemichannel. We
conclude that an operational Cx32 Vj (fast) gate does not require CT residues 220–283, as reported previously by others.
INTRODUCTION
All connexin hemichannels, whether docked to an apposed
hemichannel to form an intercellular channel (gap junction)
or unapposed in the plasma membrane (undocked hemi-
channel), display two distinct forms of voltage-dependent
gating; termed Vj- or fast gating and loop- or slow gating.
The two gating processes were initially defined by the
form of gating transitions observed in single-channel
records of an undocked Cx46 hemichannel (1). Vj- or fast
gating corresponds to transitions between the open and
distinct subconductance (residual) states that cannot be
further resolved within the time resolution of patch-clamp
recordings, hence the term fast gating. In contrast, loop-
or slow gating corresponds to a complex gating transition
that connects an open and a fully closed state through a
series of intermediate metastable conformations, giving
the appearance of a slow transition characterized by time
constants in the order of tens of milliseconds in single-chan-
nel records (1–4). In macroscopic recordings, the time con-
stant of Vj gating is faster and more sensitive to voltage than
loop gating, at least for some connexin channels (4).

The two processes can also be distinguished by their
gating polarity. In all undocked connexin hemichannels
examined to date, loop gate closure is favored with mem-
brane hyperpolarization, whereas the polarity of Vj (fast)
gate closure can be favored at either depolarizing or hyper-
polarizing membrane potentials in a connexin-specific
manner. For example, Vj (fast) gate closure of Cx26 and
Cx46 undocked hemichannels is favored at inside positive
potentials (depolarization from 0 mV) (1,2,5–7), whereas
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that of chimeric Cx32 (Cx32*43E1) and Cx43 hemichan-
nels is favored at inside negative potentials (hyperpolar-
ization from 0 mV) (4,5,7–10).

In intercellular channels, both gating processes are sensi-
tive to transjunctional voltage (Vj), which is defined as the
difference in the potential of the cytoplasms of the two
coupled cells (see Fig. 1 in Bukauskas and Verselis (4)). It
is well established that the sensitivity of intercellular chan-
nels to transjunctional voltage is an intrinsic hemichannel
property, in that each hemichannel contains both sets of
voltage sensors and gates that function autonomously, but
not necessarily independently when two hemichannels are
paired to form an intercellular channel. Because of the
head-to-head arrangement of the two hemichannels, the
voltage sensors and gates are oriented oppositely in each
hemichannel. Thus, polarizations that favor closure of a
given gate in one hemichannel will favor opening of this
gate in the apposed hemichannel (4,5). This feature may
complicate the study of the operation of the two gates in
hemichannels when they are paired to form intercellular
channels. The polarity of the closure of the Vj (fast) gates
can in some cases be inferred by comparisons of the conduc-
tance-voltage relations of intercellular channels in homo-
typic and heterotypic pairing configurations because of the
greater sensitivity of Vj gates to transjunctional voltage
(3,5). For example, in Cx32/Cx26 heterotypic intercellular
channels, closure of the Vj (fast) gates is favored when the
Cx32 side of the intercellular channel experiences a
relatively negative transjunctional voltage, whereas closure
of the Cx26 Vj (fast) gate is favored at relatively positive
transjunctional potentials (5). Historically, operation of the
Vj (fast) gates was termed ‘‘Vj gating’’, because the presence
of two gating mechanisms that are both sensitive to
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transjunctional voltage had not yet been established. In this
article, we use the term ‘‘Vj gating’’ to describe the operation
of the Vj (fast) gates and ‘‘loop gating’’ to describe the oper-
ation of loop (slow) gates.

The opposite polarity of the Vj (fast) gates in Cx32 and
Cx26 hemichannels maps to a difference in the charge of
the second amino acid in the N-terminal domain (NT, resi-
dues 1–22). The negative charge, D2, in Cx26 results in pos-
itive gating polarity, i.e., closure of the gate at positive
potentials in undocked hemichannels and closure of the
gate in the hemichannel that experiences a relatively posi-
tive transjunctional voltage in intercellular channels. The
neutral residue, N2, in Cx32 results in negative gating polar-
ity (5). The substitution of a negative charge at the second,
fourth, or fifth residues in Cx32 and its chimera Cx32*43E1
reverses gating polarity from closure at inside negative
potentials to closure at inside positive potentials, as demon-
strated in both macroscopic and single-channel recordings
(5,7,8,11,12). Neutral and positive charge substitutions of
residue D2 reverse the Cx26 Vj gating polarity (5). Further-
more, heteromeric undocked Cx32*43E1 hemichannels
containing a single-polarity reversing subunit display bipo-
lar Vj gating in single-channel recordings (12). Together,
these results suggest that N-termini of Cx26 and Cx32 hemi-
channels contain at least a portion of the Vj gate voltage
sensor and that closure results from conformational changes
in individual connexin subunits rather than by a cooperative
(concerted) mechanism involving all six hemichannel sub-
units (12).

Two different molecular mechanisms have been proposed
to explain Vj (fast) gating (reviewed in Bargiello et al. (3)
and González et al. (13)):

The first mechanism, termed the ‘‘plug’’ model, was pro-
posed by Oshima et al (14) and Maeda et al. (15). In this
model, the permeability barrier is formed solely by chang-
ing the position of the N-terminus of Cx26 hemichannels
within the channel vestibule.

The second mechanism, termed the ‘‘particle-receptor’’
or ‘‘ball-and-chain’’ model, was proposed for Vj (fast)
gating of Cx43 and Cx40 hemichannels. This model pro-
poses that an interaction between a region in the C-termi-
nus, or CT (which is the particle, consisting of residues
265–276 in Cx43), and a region in the cytoplasmic loop,
or L2 (which is the receptor, consisting of residues 119–
144 in Cx43), mediates the fast gating process. Overall,
the particle-receptor voltage gating model parallels that pro-
posed to explain pH gating of Cx43 by Lewandowski et al.
(16), in that both involve the same protein domains.
Although it should be noted that at the single-channel level,
pH gating involves slow transitions like those observed in
voltage-dependent slow gating and not fast gating. The rela-
tion between slow gating events elicited by pH and voltage
has not been established, although it has been proposed that
they may arise by the same molecular mechanism (4).
Notably however, pH gating of Cx46 undocked hemichan-
nels appears to differ from that reported for Cx43 gap junc-
tions (17).

The Cx43 particle-receptor model is based on the
following observations:

1. Fast gating is lost in a Cx43-CT truncation at residue 258
(18,19).

2. Addition of EGFP to the C-terminus of Cx43 appears to
abolish fast gating transitions in single-channel record-
ings (4,10).

3. Fast gating is restored by addition of the Cx43-CT as a
separate protein fragment (18).

4. Fast gating is abolished by addition of the L2 peptide
(20) to the wild-type channel, presumably by binding
to the intact CT.

5. Fast gating is attenuated by mutation of residue H142
located within the L2 region (21).

Furthermore, molecular interactions between regions of the
CTand L2 segment were identified by NMR studies of Cx43
and Cx40 peptides (21–24).

Revilla et al. (19) reported that truncations of Cx32 at res-
idue 220 (but see Materials and Methods) altered the time
constants of channel closure reducing a fast component of
voltage gating in macroscopic recordings of intercellular
Cx32 channels elicited by transjunctional voltage. They in-
terpreted the kinetic change to indicate the loss of the Vj

(fast) gate and concluded that the CT of Cx32, like that of
Cx43, was critical to the expression of Vj (fast) gating. In
their interpretation, the remaining current relaxation was
ascribed to closure of the loop (slow) gates, but the loss of
Vj (fast) gates and persistence loop (slow) gates were not
confirmed by single-channel recordings.

Here, we reexamine this conclusion by examining
voltage-dependent gating of a chimeric hemichannel
Cx32*43E1, in which the first extracellular loop of Cx32
residues 41–70 is replaced with that of Cx43 and the CT
is truncated to residue 219 by insertion of a stop codon in
place of residue 220. Our past studies have demonstrated
that the chimera is a good model system for studying the
mechanisms of Cx32 voltage gating (reviewed in Bargiello
and co-workers (3,25)). Notably, the intracellular domains,
the CT, CL, and NT, which have been implicated in Vj

gating, are identical to that of Cx32. It is well established
that N2E, T4D, and G5D substitutions reverse the polarity
of the Vj gates so that it is opposite to the polarity of loop-
gate closure in both macroscopic and single-channel record-
ings of Cx32 intercellular channels and in macroscopic and
single-channel recordings of undocked Cx32*43E1 hemi-
channels (3,8,11,12). This allows unequivocal discrimina-
tion of the two gating mechanisms in the undocked
hemichannel. Significantly, because the voltage sensors of
both gates respond only to the component of applied voltage
that is oriented across the length of the intercellular channel
pore (the transjunctional voltage, Vj) and not to changes in
absolute membrane potential (Vm), the relevant parameter
Biophysical Journal 105(6) 1376–1382
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is the electric field within or close to the aqueous channel
pore. Because the orientation of this field will be the same
when voltage is applied to either an intercellular or an un-
docked hemichannel, the response of undocked hemi-
channels to voltage will report the operation of the same
voltage-dependent gates as that of hemichannels when
they are paired to form intercellular channels. For these rea-
sons, comparison of macroscopic recordings of Cx32*43E1
and Cx32*434E1 N2E undocked hemichannels provide an
unequivocal means to determine the role of the Cx32 CT
in Vj (fast) gating.

We report that both Vj (fast) gates and loop (slow) gates
are operational in Cx32*43E1 N2E 219-stop undocked
hemichannels.
MATERIALS AND METHODS

Molecular biology

Mutations of Cx32*43E1 were produced with the QuikChange II Site-

Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) and

sequenced in entirety. Introduction of a stop codon at position 220 results

in truncation of the C-terminus at residue 219. The terminal sequence be-

comes ACAR219, which is identical to that described by Revilla et al.

(19), although these authors refer to the mutation as the ‘‘220 stop’’. How-

ever, their construct did not introduce a stop codon at 220. This may add an

additional sequence encoded by the vector to the Cx32 C-terminus (19)

after residue 219, following DNA linearization with an unspecified restric-

tion enzyme in the vector linker that precedes in vitro RNA synthesis.
Expression in oocytes

DNA clones were linearized with a unique HindIII site in the linker of the

pGEM 7zf vector (Promega, Madison, WI). RNAwas synthesized from this

DNA template with the mESSAGE mACHINE T7 promoter kit (Ambion/

Life Technologies, Invitrogen, Carlsbad, CA) and purified using a MEGA-

clear kit (Ambion/Life Technologies, Invitrogen). A quantity of 100 nL of

purified RNA (~5 ng/nL) was injected into each Xenopus oocyte (Xenopus-

1, Dexter, MI). Oocytes were cultured in media containing 100 NaCl mM,

1 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 0.01 mM EDTA, and 10 mM

HEPES, pH 7.6 at 16�C. When necessary, oocytes were preinjected with

30 nL of an antisense phosphorothioate oligonucleotide (0.3 pmol/nL) com-

plimentary to Xenopus Cx38 (26,27). This antisense oligonucleotide re-

duces expression of endogenous Cx38 hemichannel oocyte currents

within 24 h. Notably, expression of Cx32*43E 219 stop and Cx32*43E1

N2E 219 stop hemichannels requires injection of large amounts of RNA,

and expression is typically observed after 1–3 days, unlike most

Cx32*43E1 constructs, which express membrane currents within 12–24

h. The difference in onset of expression may reflect reductions in hemichan-

nel assembly or trafficking as discussed by Revilla et al. (19).
Electrophysiological recording

Methods are described in Tang et al. (28). The bath solution contained

100 mM cesium methanesulfonate, 10 mM HEPES, pH 7.6, and 0, 1.8,

and 5 mM MgCl2, as indicated. Deionized water with a resistance of 18

MU cm (Milli-Q water; Millipore, Billerica, MA) was used in solution

preparation to minimize the presence of contaminating heavy metals.

Recording pipette solutions contained 3 M CsCl and 10 mM HEPES,

pH 7.6. Pipette resistances were between 0.1 and 0.25 MU. A separate

ground chamber containing 3 M CsCl was connected to the bath chamber
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with an agar bridge containing 3 M CsCl. Membrane currents were re-

corded with a CA-1B high-performance oocyte clamp (Dagan Instruments,

Minneapolis, MN) at room temperature. Currents were digitized at a sam-

pling frequency of 5 kHz and filtered at 100 Hz with a low-pass Bessel filter

for presentation.
RESULTS AND DISCUSSION

We have previously reported by single-channel and macro-
scopic recordings of intercellular homotypic and heterotyp-
ic channels that negative charge substitutions at the second
locus reverse the polarity of the Vj gates of Cx32 hemi-
channels and its chimera Cx32*43E1 (5,7,11,12). In un-
docked Cx32*43E1 hemichannels, closure of both Vj

(fast) and loop (slow) gates are favored at inside negative
potentials (membrane hyperpolarization from 0 mV) and
both Vj- and loop-gating events are observed in single-
channel recordings at these potentials. The Cx32*434E1
hemichannel resides in the open state, with membrane de-
polarization more positive than �20 mV (12,28). In
Cx32*43E1 N2E hemichannels, the polarity of the Vj gates
is reversed such that channel closure is observed at inside
positive potentials R30 mV (membrane depolarization
from 0 mV) in single-channel records. The polarity of
loop-gate closure is unchanged by the N2E mutation. In
macroscopic recordings, loop-gate closure corresponds to
current relaxations observed with hyperpolarization more
negative than �30 mV. Single-channel studies of undocked
Cx32*43E1 N2E hemichannels confirm that these macro-
scopic current relaxations correspond to Vj (fast)-gating
events with depolarization and loop (slow)-gating events
with hyperpolarization (12).

Fig. 1 shows macroscopic currents elicited by membrane
polarizations of Xenopus oocytes expressing Cx32*43E1
219 stop (Fig. 1 A) and Cx32*43E1 N2E 219 stop (Fig. 1
B) in bath solutions containing 0, 1.8, and 5 mM MgCl2
from a holding potential of 0 mV. The records shown for
each mutation were obtained from the same oocyte after
exchange of the external bath solution to change [Mg2þ].
In all cases, oocytes were first recorded in 1.8 mMMg2þ fol-
lowed by 0 and then 5 mM Mg2þ. The results are represen-
tative of records obtained for 10 Cx32*43E1 219 stop and
>20 Cx32*43E1 N2E 219 stop oocytes, recorded in one
or more external Mg2þ concentrations.

As expected (Fig. 1 A), current relaxations for
Cx32*43E1 219 stop hemichannels are only observed
with membrane hyperpolarization, consistent with the nega-
tive polarity of both Vj (fast) and loop (slow) gates previ-
ously reported for full-length Cx32*43E1 undocked
hemichannels (12,28). The relative insensitivity of current
relaxations at hyperpolarizing potentials in 0 Mg2þ (left
panel) most likely reflects a series-resistance problem re-
sulting from high Cx32*43E1 expression in this oocyte
(>20 mA at �100 mV). In oocytes with less expression
(<10 mA at �100 mV), current relaxations are substantially
more sensitive to voltage with current relaxations evident at



FIGURE 1 Current-voltage relations of Cx32*43E1 hemichannels trun-

cated at residue 219. (A) Cx32*43E1 219 stop. Current traces evoked by

sequential membrane polarizations ranging from þ50 to �100 mV in

10 mV increments from a holding potential of 0 mV. (B) Cx32*43E1

N2E 219 stop. Current traces evoked by sequential membrane polarizations

in 10 mV increments from a holding potential of 0 mV ranging fromþ50 to

�120 mV. In all cases, currents were normalized to a 500-ms, 10-mV pre-

pulse. The slowing of the time course of current relaxations in Cx32*43E1

N2E 219 stop evoked by hyperpolarization to �80 and �90 mV in 1.8 and

5 mM Mg2þ results from the transient activation of an endogenous oocyte

current. Transient activation of another endogenous slowly developing out-

ward current is observed in some but not all current traces evoked by depo-

larization (for example: the current trace evoked by 50 mV in Cx32*43E1

219 stop and by 30 mV in Cx32*43E1 N2E 219 stop in 1.8 Mg2þ and the

current traces evoked by 30 and 40 mV in 5 mM Mg2þ. These endogenous
currents are not observed in all oocytes.

FIGURE 2 Representative current-voltage relations of Cx32*43E1 N2E

219 stop and Cx32*43E1 N2E undocked hemichannels in bath solutions

containing 0 Mg2þ. Current traces were evoked by sequential membrane

polarizations ranging from þ50 mV to �40 mV in 10-mV increments

from a holding potential of 0 mVand normalized to a 500-ms, 10-mV pre-

pulse. Current relaxations elicited by membrane depolarization to 40 and

50 mV correspond to operation of Vj (fast) gates. The time constants for cur-

rent relaxations, fitted to two exponentials, are similar for both channels. At

50 mV: t1¼ 0.88 s and t2¼ 0.19 s for the 219 stop channel; t1¼ 1.29 s and

t2 ¼ 0.33 s for the full-length channel. At 40 mV: t1 ¼ 4.62 s and t2 ¼
0.35 s for the 219 stop channel; t1 ¼ 4.17 s and t2 ¼ 0.33 s for the full-

length channel.
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voltages more negative than �50 mV (not shown). The
increased sensitivity of membrane currents to voltage at
higher [Mg2þ] is consistent with the reports that divalent
cations stabilize the loop-gate closed state but not the Vj-
closed state of Cx46 channels (29). A recent report (30) sug-
gests that divalent cations may also destabilize the open
state of Cx26 undocked hemichannels. Both stabilization
of closed states and/or destabilization of open states by diva-
lent cations will result in faster closing time constants with
increasing concentrations of divalent cations.

The relaxation of currents at depolarizing potentials
R30 mV observed in the records for Cx32*43E1 N2E 219
stop (Fig. 1 B) correspond to closure of Vj (fast) gates, as
shown previously for full-length Cx32*43E1 N2E undocked
hemichannels, indicating that the Vj (fast) gates are opera-
tional when the CT is shortened to four residues. Thus, the
differences in the voltage-dependences of current relaxa-
tions of Cx32*43E1 219 stop and Cx32*43E1 N2E 219
stop at hyperpolarizing (negative) potentials are consistent
with the operation of both gates in Cx32*43E1 hemichan-
nels and operation of only the loop gates in Cx32*43E1
N2E hemichannels at hyperpolarizing potentials.
The results shown in Fig. 1 also indicate that the reversal
of the polarity of Vj (fast) gates is independent of external
[Mg2þ] and that loop gating does not arise from Mg2þ

block, as reported for Cx37 (31). The time constants of cur-
rent relaxations corresponding to loop gating of Cx32*43E1
N2E hemichannels progressively shorten with increasing
[Mg2þ]. For example, the macroscopic current relaxation
at �70 mV for the oocyte shown in Fig. 2 B is well fitted
by two exponentials with time constants ~6.46 and 0.83 s
(0 Mg2þ): 4.19 and 0.55 (1.8 mM Mg2þ), and 4.07 and
0.52 (5 mMMg2þ), respectively. The onset of current relax-
ations also occurs at smaller potentials as [Mg2þ] is
increased: �40 mV in 0 Mg2þ compared to �20 mV in
1.8 and 5 mM Mg2þ. Interestingly, the loop gates of
Cx32*43E1 N2E hemichannels appear to be less sensitive
to extracellular [Mg2þ] than are Cx26, Cx46, and Cx38
hemichannels (29,30,32). The relative insensitivity of
Cx32*43E1 undocked hemichannels to divalent cations
contrasts with that of Xenopus Cx38 hemichannels. This dif-
ferential sensitivity allows confirmation of the absence or
low levels of endogenous Cx38 currents in the recordings
shown in Fig. 1.

The time constants of current relaxations resulting only
from Vj gating at 50 mV in 0 Mg2þ for the N2E truncation
mutant are similar to those of the full-length N2E channel:

t1¼ 0.73 s5 0.24, t2¼ 0.15 s5 0.06, n¼ 12; and t1¼
0.66 s5 0.31, t2¼ 0.13 s5 0.06, n¼ 8, respectively
(p ¼ 0.56 for t1, Student’s two-tailed t-test).

Similarly, the time constants at 40 mV for the N2E trunca-
tion mutation and full-length N2E channels are:
Biophysical Journal 105(6) 1376–1382



FIGURE 3 Atomic models of the open state of Cx32*43E1 N2E and

Cx26 hemichannels after equilibration by all-atom molecular dynamics

simulations. (A) Side view showing two opposite subunits of Cx32*43E1

N2E residues 1–216. (B) Bottom view of six subunits of Cx32*43E1

N2E residues 1–216. (Red) Residues 108–122 that correspond to the CL;

(blue) residue 216. The atomic model was created in the programMODEL-

LER (http://salilab.org/modeller/) using the Cx26 crystal structure as tem-

plate and equilibrated by all-atom MD simulation in a fully hydrated POPC

membrane by the Anton supercomputer (D. E. Shaw Research, New York)

for 400 ns. The structure shown is that which corresponds most closely

(smallest RMSD) to the average position of all atoms determined for last

100 ns of the MD simulation. We call this the ‘‘average equilibrated struc-

ture’’. (C) Side view, showing two opposite subunits of Cx26 residues

1–219. (D) Bottom view of six subunits of Cx26 residues 1–219. (Red) Res-

idues 109–123 are the CL; (blue) residues 216–219 correspond to a compa-

rable truncation of the Cx26 CT as examined in this study; (orange)

residues 220–226 correspond to full-length Cx26.
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t1 ¼ 3.27 s5 1.44, t2 ¼ 0.40 s5 0.14, n¼ 14; and t1¼
3.30 s 5 1.28, t2 ¼ 0.43 s 5 0.13, n ¼ 10, respec-
tively (p ¼ 0.96 for t1, Student’s two-tailed t-test).

Representative current traces of full-length Cx32*43E1
N2E and Cx32*43E1 N2E 219 stop are shown in Fig. 2.
The similarity of time constants suggests that the truncation
does not substantially alter the relative free energy differ-
ence between the open and Vj-closed state(s) of
Cx32*43E1 N2E 291 stop and full-length Cx32*43E1
N2E hemichannels at 40 and 50 mV.

We conclude that CT sequence distal to residue 219 (i.e.,
residues 220–283) is not required for Vj gating of the
Cx32*43E1 219 stop and, by extension, the Cx32 219
stop hemichannels.

It is possible that the Cx32 channel examined by Revilla
et al. (19) contains an unspecified number of nonconnexin
amino acids added to the CT after residue 219 and that addi-
tion of these residues may have altered or prevented the
operation of the Vj gate. This possibility arises from the
report that addition of GFP to the CTof Cx43 appears to pre-
vent the operation of the Vj (fast) gate of Cx43 hemichan-
nels, presumably by interfering with the ability of the CT
to interact with the receptor contained within the CL
(4,10). Given that undocked Cx32*43E1 N2E hemichannels
truncated at residue 247 also display Vj gating (not shown)
and that the CTs of Cx43, Cx26, and Cx32 are largely un-
structured (15,24,33), it seems unlikely that the apparent
loss of Vj gating reported by Revilla et al. (19) results
from the addition of a few nonconnexin residues to the
end of residue 219, as these are unlikely to interfere with
a possible CT-CL interaction similar to that produced by
GFP attachment to the CT of Cx43.

Truncation at residue 219 reduces the length of the CT
from 67 to 4 amino acids. The four remaining amino acids
could have a maximal length of ~20 Å (4 � 5 Å) in an
extended conformation. Based on the Cx26 crystal structure
and a homology model of Cx32*43E1 N2E with the CT
truncated at 217 (Fig. 3, A and B), both of which were equil-
ibrated by all-atom molecular dynamics (MD) simulation in
a fully hydrated membrane environment, the distance be-
tween the end of CT of 219 stop and the intracellular
entrance of the channel pore will exceed 20 Å. This indi-
cates that the truncated CT could not cause Vj (fast) gating
by either serving as a particle that physically occludes the
open channel pore or by interacting with the first 12 residues
of the N-terminus when the channel resides in the open
state. Recall that the first 12 NT residues reside in the chan-
nel pore and may contain at least a part of the Vj-gate voltage
sensor. The same argument can be made for the CTof Cx26.
Fig. 3, C and D, shows the average equilibrated structure of
the Cx26 hemichannel after equilibration of the Cx26 crys-
tal by all-atom MD. The full-length Cx26 CT is also too
short to enter the open channel pore or to interact with the
first 12 residues of the N-terminus. Fig. 3, C and D, shows
Biophysical Journal 105(6) 1376–1382
close proximity between the Cx26 CT and CL in one sub-
unit, but the interaction is not stable, forming and breaking
over the course of the MD simulation (T. Kwon and T. A.
Bargiello, unpublished).

The computed I-V relation obtained with grand canonical
Monte Carlo Brownian dynamics (34,35) of the average
equilibrated structure matches experimental single-channel
data for both Cx26 (36) and Cx32*43E1 N2E hemichannels
(T. Kwon and T. A. Bargiello, unpublished) in symmetric
100 mM KCl. This finding strongly suggests that the struc-
tures shown correspond closely to the physiologic open state.

We cannot exclude the possibility that the remaining four
residues of the Cx32 CT, ACAR219, interact with a region of
the CL that is close to the CL/TM3 border. We do not
observe connexin hemichannel membrane currents in muta-
tions that further shorten the Cx32*43E1 CT to residue 217
(i.e., 218 stop, not shown). Revilla et al. (19) report the same
result for Cx32 intercellular channels. The particle-receptor
gating model proposed for Cx43 hemichannels can be

http://salilab.org/modeller/
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interpreted to suggest that voltage induces conformational
changes that include exposure of the L2 receptor in the
CL, and that this conformation is stabilized by low-affinity
binding of specific sequence contained in the CT (3). If this
mechanism is shared by all connexin hemichannels, then the
operation of the Vj (fast) gate in the CT truncations of
Cx32*43E1 can be explained if the four remaining CT
residues (ACAR219) are sufficient to interact with a region
of the CL near the TM3 border to stabilize the closed
conformation. Alternatively, it is possible that the conforma-
tion of the Cx32 Vj-closed state is stable in the absence of
interactions with the CT and thus, the CT would not be
required. Although this appears to be the most likely possi-
bility given the reduced length of the CT and the similarity
of the time constant of Vj (fast) gating in the truncated and
full-length channels, additional studies are required to deter-
mine if the four remaining residues play any role in the oper-
ation of the Vj (fast) gate.
CONCLUSIONS

Both Vj (fast) gates and loop (slow) gates operate in a trun-
cation mutation (219 stop), which removes all but four
amino acids of the CT of a Cx32 chimeric hemichannel
(Cx32*43E1). Thus, residues 220–283 are not required for
expression of Vj (fast) gating of Cx32*43E1 undocked hem-
ichannels and by extension from previous studies, also Cx32
hemichannels. The results contrast the conclusion reached
by Revilla et al. (19) that the CT of Cx32 distal to residue
219 contains a gating particle that plays an essential role
in establishing Vj (fast) gating. If the CTof Cx32 has a direct
role in establishing Vj (fast) gating, mediated by an interac-
tion between the CTand CL/TM3, then this interaction must
be restricted to the four amino-acid residues (ACAR219) that
remain after insertion of a stop codon at residue 220.
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13. González, D., J. M. Gómez-Hernández, and L. C. Barrio. 2007. Molec-
ular basis of voltage dependence of connexin channels: an integrative
appraisal. Prog. Biophys. Mol. Biol. 94:66–106.

14. Oshima, A., K. Tani, ., G. E. Sosinsky. 2007. Three-dimensional
structure of a human connexin26 gap junction channel reveals a plug
in the vestibule. Proc. Natl. Acad. Sci. USA. 104:10034–10039.

15. Maeda, S., S. Nakagawa, ., T. Tsukihara. 2009. Structure of the
connexin 26 gap junction channel at 3.5 Å resolution. Nature.
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