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Abstract

\oltage is an important physiologic regulator of channels formed by the connexin gene family.
Connexins are unique among ion channels in that both plasma membrane inserted hemichannels
(undocked hemichannels) and intercellular channels (aggregates of which form gap junctions)
have important physiological roles. The hemichannel is the fundamental unit of gap junction
voltage-gating. Each hemichannel displays two distinct voltage-gating mechanisms that are
primarily sensitive to a voltage gradient formed along the length of the channel pore (the
transjunctional voltage) rather than sensitivity to the absolute membrane potential (V, or Vi.o).
These transjunctional voltage dependent processes have been termed Vj- or fast-gating and loop-
or slow-gating. Understanding the mechanism of voltage-gating, defined as the sequence of
voltage-driven transitions that connect open and closed states, first and foremost requires atomic
resolution models of the end states. Although ion channels formed by connexins were among the
first to be characterized structurally by electron microscopy and x-ray diffraction in the early
1980’s, subsequent progress has been slow. Much of the current understanding of the structure-
function relations of connexin channels is based on two crystal structures of Cx26 gap junction
channels. Refinement of crystal structure by all-atom molecular dynamics and incorporation of
charge changing protein modifications has resulted in an atomic model of the open state that
arguably corresponds to the physiologic open state. Obtaining validated atomic models of voltage-
dependent closed states is more challenging, as there are currently no methods to solve protein
structure while a stable voltage gradient is applied across the length of an oriented channel. It is
widely believed that the best approach to solve the atomic structure of a voltage-gated closed ion
channel is to apply different but complementary experimental and computational methods and to
use the resulting information to derive a consensus atomic structure that is then subjected to
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rigorous validation. In this paper, we summarize our efforts to obtain and validate atomic models
of the open and voltage-driven closed states of undocked connexin hemichannels.

Introduction

Connexins are channel forming, tetraspan membrane proteins with intracellular N- and C-
termini. In humans, connexin proteins are encoded by a twenty-one-member gene family
divided into 5 phylogenetic subclasses that differ substantially in their primary amino acid
sequences [1]. Six connexin subunits assemble to form hemichannels (also termed
connexons), which in turn form intercellular channels by the head to head docking of two
hemichannels located in closely apposed plasma membranes. Intercellular channels
assemble to form morphologically distinct plaques, first termed the “nexus” [2] and
subsequently, the “gap junction” [3, 4]. Connexin channels are large pore channels that
provide a direct pathway for intercellular electrical and chemical signaling in nearly all
tissues. Connexin channels are unique in that plasma membrane inserted undocked
hemichannels are also operational and have important physiologic and pathologic roles.

The role of gap junctions in development and organ system physiology has been established
by studies of mouse knockouts of connexin genes primarily by Klaus Willecke and co-
workers (e.g. [5-8]), and by investigations of inherited connexin diseases. At present,
mutations mapping to 10 connexin genes are known to cause at least 13 human diseases [9,
10]. Structure-function studies of Cx26 and Cx32 disease mutations have been particularly
informative, in part due to the large numbers of mutations identified in affected individuals.
More than 300 different missense Cx32 mutations causing X-linked Charcot-Marie-Tooth
(CMTX) and more than 200 Cx26 mutations that cause non-syndromic deafness and
syndromic deafness associated with skin disease have been described. Given the large
number of mutations, it is perhaps not surprising these mutations cover a significant
percentage of the coding region; indeed missense mutations have been recovered at most
Cx32 residues [11]. Most of these connexin mutations cause disease by “loss of function”,
which can occur by diverse mechanisms including; assembly defects, failure to traffic to the
plasma membrane, failure to dock, altered functional properties including decreased or
absence of permeability to second messengers and other signaling molecules. Shifts in
voltage-dependence cause loss of function when the channel is closed at voltages where it
should be open [10].

Many undocked connexin hemichannels also operate as voltage-gated, moderately cation
selective channels in the plasma membrane, although some have low open probability and
do not appear to contribute substantially to total membrane currents [12]. The operation of
undocked hemichannels is often inferred by the intracellular accumulation of membrane
impermeant dyes (e.g. ethidium bromide) measured over the course of minutes [13]. Despite
their low open probability, it has become widely accepted that undocked hemichannels have
important physiological and pathological roles [14], including autocrine/paracrine signaling
mediated by ATP release [15]. Regulated opening of undocked hemichannels in excitable
cells can alter membrane potential to modulate excitability and electrical signaling [16-20].
Closure of undocked hemichannels is strongly favored at the resting potential of most cells
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by the so-called loop- or slow-gating mechanism. Although the loop-gating mechanism is
not dependent on the presence of divalent cations (voltage-gating transitions are observed in
divalent cation free solutions), it is modulated physiologically by Ca?* and Mg?* [21, 22].
Channel opening is favored with low concentrations of Ca2* and voltage-dependence is
shifted rightward with increased Ca2* [21]. Consequently, undocked hemichannels have the
potential to function as calcium sensors, analogous to the function of the phylogenetically
related neuronal CALHM1 (Calcium Homeostasis Modulator 1) channel where channel
open probability also increases with decreases in extracellular Ca2* [23, 24]. The resulting
depolarization will move the resting membrane potential closer to threshold, increasing
excitability.

Syndromic Cx26 mutations (deafness with associated skin disease often lethal) are classified
as dominant gain of function mutations. They appear to result from dysregulation of Cx26
undocked hemichannels by voltage and/or in combination with extracellular calcium [25-
30]. In these mutations, undocked hemichannels are open in the plasma membrane when
they should be gated closed by the normal resting membrane potential and/or with
physiologic extracellular calcium. Maintaining the closed state of undocked hemichannels in
plasma membranes prior to intercellular channel formation appears to be a critical role for
voltage-gating. For example, the Cx32S85C CMT-X mutation has altered voltage-
dependence such that undocked hemichannels have increased open probability. It has been
proposed that this defect leads to loss of Schwann cells and development of Charcot-Marie-
Tooth disease [31].

It has long been known that gap junctions form electrical synapses in the central nervous
system and heart. Indeed, much of the interest in gap junctions in early years was driven by
study of electrical synapses [32, 33]. Today it is known that Cx36 (and it homologs, Cx35
and Cx34.7) form the majority of neuronal electrical synapses in vertebrates, while Cx43
forms the major population of cardiac gap junctions that function to synchronize contraction.
Electrical synapses among neurons in conjunction with extensively gap junction coupled
glial networks participate in the development, emergent properties and dynamic regulation
of neuronal networks [22, 34-42]. A recent Hodgkin-Huxley based computational study of
network dynamics has shown that the voltage-dependence of electrical synapses can
contribute to the dynamic properties of circuits, specifically the property of reverberation,
which may be important for the development of short-term memory and its consolidation
into long-term memory [39]. While electrical synapses formed by Cx36 are only weakly
voltage-dependent, their voltage-dependence increases markedly with increased
concentrations of intracellular Mg2* [22]. It has been suggested that Mg2* favors channel
entry into a “deep-closed” state and that entry into this state may also be responsible for the
observed low percentage of activatable channels in an electrical synapse. Changes in the
proportion of activatable channels in response to Mg2* may contribute to the reported
activity dependent plasticity in synaptic strength of electrical synapses [22, 43—-45]. Others
have proposed that phosphorylation [46] or channel turnover may be responsible [44]. A low
percentage of “functioning” channels has been reported for other gap junctions [47], leading
to the possibility that this property may be a common feature of all connexins channels.
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To summarize, voltage-dependent closure of connexin channels is not only required to
maintain cellular integrity prior to docking of plasma membrane inserted hemichannels to
form intercellular channels, but voltage-gating and its modulation by divalent cations also
appears to play a fundamental role in creating dynamic biological processes. The voltage-
dependence of intercellular channels can dynamically regulate the strength of electrical and
chemical coupling in response to changes in transjunctional voltage and can in principle play
arole in the dynamics of electrical signaling in neuronal networks. The regulation of
undocked hemichannel open probability by voltage can contribute to the regulation of
autocrine/paracrine signaling. Similarly, changes in open probability of undocked
hemichannels can modulate resting membrane potential and hence has the potential to alter
excitability.

Voltage regulation of connexin channel conductance — biophysical

considerations

Connexin channels display two fundamentally different voltage-dependent mechanisms, 1)
rectification of ionic currents through fully open channels and 2) voltage-dependent gating
that determines open probability as a function of voltage.

Current rectification is a single channel property in which channel conductance is a non-
linear function of voltage. For example, the heterotypic Cx26/Cx32 intercellular channel
forms a P-N junction (electrical diode) rather than an ohmic resistor, in which single channel
current is a linear function of voltage. The rectification is a consequence of asymmetry in the
magnitude and distribution of fixed charge along the length of the channel pore [48].

In contrast, voltage-dependent gating is a voltage-driven change in channel conformation
that regulates current by changing open probability. In the simplest case, the channel is an
on-off switch, i.e. an open and closed state. The critical point is that voltage performs work
on the channel, typically by changing the position of charged amino acids (the voltage
sensor) in response to changes in voltage, which in turn is coupled to other structural
changes that open or close the channel pore. Stated differently, the voltage sensor transduces
electrical energy (potential energy) into kinetic energy to effect a conformational change in
the channel molecule.

Some of the key features of connexin channel voltage-dependence that underpin our
understanding of structure-function relations and mechanisms of voltage-gating are founded
on the early papers of Harris, Spray and Bennett [49, 50].

a. Intercellular connexin channels are typically sensitive to the relative voltage
difference between coupled cells, the transjunctional voltage, Vj, and most are
insensitive to the absolute membrane potential, Vy, or Vi (see [51] for a full
explanation). Sensitivity to only Vj has an immediate structure-function
consequence: the voltage-sensor must reside within the channel pore, as only in
this position can it sense only the voltage drop along the length of the channel
pore and not the voltage drop across the plasma membrane. Furthermore, when
the channel is fully closed, most of the voltage drop will occur across the
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permeability barrier, which blocks the channel pore. Consequently, charged
residues residing within the permeability barrier will be most sensitive to
changes in Vj and these will most likely serve as voltage sensors to confer
voltage-dependence to channel opening. In the case of undocked hemichannels,
membrane potential is effectively equivalent to Vj, so the voltage-dependence
measured in undocked hemichannels will be at least qualitatively identical to that
of hemichannels that comprises the intercellular channels (Because undocked
hemichannels are half the length of intercellular channels, the voltage drop will
differ). In contrast to connexin channels, an innexin channel expressed in
Drosophila salivary glands displays strong dependence on Vi, in addition to V;.
The interaction of the two gates and their structural implications is discussed in
[52, 53]. While some intercellular connexin channels are sensitive to Vj.q (V),
sensitivity is substantially weaker than that of some intercellular innexin
channels. Vy, dependence has been examined for Cx45 intercellular channels by
Barrio and coworkers and they conclude that the molecular determinants are
contained in each hemichannel [54]. The initial currents of Cx26 intercellular
channels also display weak Vij.q sensitivity in macroscopic recordings from
paired oocytes [48, 55]. While in most cases, rectification of initial currents
reflects single channel properties, the single channel I/V relation of Cx26
expressed in pairs of transfected cells is unexpectedly linear, suggesting that the
rectification of Cx26 initial currents may have a different molecular basis.

Because hemichannels dock as mirror images, transjunctional voltage that favors
closure of gates in one hemichannel of a homotypic intercellular channel will
favor opening of gates in the apposed hemichannel [56]. This feature, leads to a
property called “contingent gating” in which gates fully closed by voltage in one
hemichannel must open prior to closure of gates in the apposed hemichannel
when the polarity of applied Vj is reversed (see [51]). This indicates that the
hemichannel is the fundamental unit of voltage-gating, with each hemichannel
containing a voltage-sensor and gate. This does not mean that pairing of
hemichannels cannot modulate the expression of voltage-dependence, but rather
that docking of hemichannels does not “create” the voltage-dependent
mechanism per se.

Subsequent studies showed that each hemichannel has two distinct Vj-sensitive
voltage-gating mechanisms, termed loop-gating (or slow-gating) and Vj-gating
(or fast-gating) [57] and that both processes operate in intercellular channels [10]
as well as undocked hemichannels. In single channel records (Fig. 1), Vj-gating
events correspond to fast transitions between the open and at least 3 different
sub-conductance states (substates); loop-gating, as a series of small amplitude
transitions between multiple intermediate states that together give the appearance
of an event with a slow time course that fully closes the channel [57, 58]. In all
connexin channels examined to date, loop-gate closure is favored at inside
negative voltages. In contrast, closure of Vj-gates is connexin specific. In Cx32
hemichannels, closure of Vj-gates is favored when the cytoplasmic entrance to
the hemichannel is negative, in Cx26, closure of Vj-gates is favored when the
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cytoplasmic entrance is positive. In a heterotypic intercellular channel formed by
pairing Cx26 and Cx32 hemichannels, Vj-gates in both hemichannels close when
the Cx32 side is negative (because the Cx26 side will be positive). When the
Cx32 side is positive both Vj-gates open. In general, Vj-gates are more sensitive
to voltage than loop-gates, i.e. closure of V;j (fast)-gates is favored at smaller V;
(transjunctional voltage) than loop-gates. That explains why there is little or no
current relaxations observed in heterotypic Cx26/Cx32 intercellular channels at
voltages where the cytoplasmic side of either hemichannel is negative. Operation
of loop-gates can be inferred in the conductance-voltage relations of some
intercellular at large Vj’s (e.g. Cx32KE intercellular channel in [56]). Note that
because Vj-gating does not fully close a hemichannel, the applied voltage
gradient can be “sensed” by loop-gates even when Vj-gates are closed. Thus,
loop-gates can open and close when Vj-gates are closed. When loop-gates are
closed, opening of Vj-gates appears to be favored. This suggests that the Vj-gate
voltage sensor resides outside (towards the intracellular entrance of the loop-gate
permeability barrier in an intercellular channel), as closure of the loop-gate
collapses the voltage-gradient across the Vj-gate favoring opening of this gate.

d. The presence of two gates in each hemichannel, complicates study of voltage-
gating in intercellular channels. Fortunately, several connexins form conductive
undocked hemichannels allowing unequivocal separation of the two gating
processes. These include rat Cx46, Cx50 and human Cx26. We utilize a chimeric
construct, Cx32*43EL1, first described by Dahl [59] in which the first
extracellular loop (E1) of Cx32, residues 41-70, is replaced with that of Cx43.
This undocked hemichannel recapitulates the essential features of wild-type
Cx32 voltage-dependence [58] and indeed most of our understanding of the
molecular determinants and mechanisms of voltage-gating are derived from its
study [60]. Of particular significance is the ability to manipulate Vj-gating
polarity to allow unambiguous separation of Vj-gating from loop-gating.
Substitution of negatively charged residues at N2, T4, or G5 reverses Vj-gating
polarity [56, 58, 61] to favor closure at inside positive voltages while loop-gate
closure at inside negative potentials is unchanged [58, 61, 62]. Unlike other
channels, negative charge substitutions at these positions reverse Vj-gating
polarity without causing large shifts in channel voltage-dependence including
that of loop-gating (e.g. Cx26D2N [48]). Thus, the open and closed states of
N2E hemichannels should be comparable to those of wild-type. It should be
noted that study of Cx32*43E1 intercellular channels in paired oocytes is
technically challenging as a consequence of gating of undocked hemichannels in
the non-junctional membrane during recording (see [58]). Remarkably,
Cx32*43E1 intercellular channels may have some dependence on V,, but this
may be due to the activity of undocked hemichannels as discussed in [58] rather
than an intrinsic property of the intercellular channel.

The major advance in understanding the structure-function relations of connexin channels
followed the solution of the atomic structure of Cx26 hemichannels by Maeda et al, [63] and
more recently by Bennett et al. [64]. Knowledge of atomic structure guides interpretation of
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studies of connexin mutations, many of which cause disease, and allows application of
computational methods to probe structure-function relations /n sifico. The challenge with the
later approach is to design experimental tests of function that test the mechanisms and
relations predicted by computation.

Understanding the sequence of voltage-driven molecular conformation linking open and
closed states requires validated atomic models of the end states. Validation that an atomic
model corresponds to that of the physiologic native channel state is challenging, and requires
application of experimental and computational methods. An advantage of ion channel
research is that methods have been and continue to be developed that allow computation of
channel properties from atomic structure. These include gating charge, changes in AAG
(FEP/MD) [65-69] and ion permeation, at least for large pore ion channels [70, 71]. In the
following sections, we summarize attempts to obtain and validate open and loop-gate closed
atomic models.

Open state atomic models: Cx26 Undocked hemichannels

Current atomic models of the open state of connexin channels are based on the X-ray
crystallographic structure of Cx26 intercellular channels; PDB ID: 2ZW3 at 3.5 A [63]. A
more recent structure, PDB ID: 5ERA at 3.8 A [64] has not been used to date, but will be of
value, as it provides another initial structure for refinement and analyses by all atom MD
simulations comparable to those described below for 2ZW3.

Maeda et al., [63] suggested that although incomplete, the structure of 2ZW3 represented the
open state of the Cx26 intercellular channel, as a continuous large diameter aqueous pore
was evident. Furthermore, the close correspondence among residues that lined the Cx26
channel pore in the crystal with that of ratCx46 and Cx32*43E1 hemichannels inferred from
accessibility of substituted cysteines to thiol modifying reagents [72—75] supported the view
that the Cx26 crystal structure corresponded to the open state. However, the crystal structure
did not include the coordinates of the N-terminal methionine (Met1), whose inclusion would
reduce the pore diameter, nor of the side chains of residues K15, S17, and S19 contained in
the N terminus (NT) and residues forming the cytoplasmic loop (CL; residues 110-124) and
C terminus (residues 218-226) domains. While the undefined region of the CL is not pore
lining, its proximity to the pore entrance could influence ion permeation by its effects on
surface charge.

We tested whether the crystal structure represented that of the physiologic open state by
application of grand canonical Monte Carlo Brownian Dynamics (GCMC/BD). The system
is illustrated in Fig. 2G. This method provides a means to compute the expected current-
voltage relation of the atomic structure of the undocked hemichannel and compare it to
experimental data obtained under identical ionic conditions. The GCMC/BD algorithm was
developed by Roux, Im, and co-workers for study of permeation in large pore diameter ion
channels [70, 71, 76] and validated by demonstrating correspondence of ionic permeation
calculated by GCMC/BD and long duration MD simulation of atomic models of VDAC and
other channels to experimental values [77, 78]. lon flux through large pore ion channels has
been determined accurately by GCMC/BD computation [76, 78, 79]. Protein-ion interactions
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are explicitly defined in GCMC/BD. lon mobilities within the channel pore, which are
critical to obtaining correct values of conductance, are determined either ab initio by
methods detailed in Noskov et al [79] or by all atom MD simulation for small segments of
the channels pore as described in [77]. There is no “curve-fitting” by adjusting ion mobility
to obtain correct conductance. A significant advantage of GCMC/BD is that the method is
rapid, current-voltage relations are obtained within days rather than weeks or longer with all-
atom MD. GCMC/BD has several intrinsic limitations, including a rigid channel, and an
implicit solvent and membrane bilayer and is not applicable to determine ion permeation
through small pore ion channels such as K* channels, which require close range interactions
between the ion and channel pore to create the remarkable ability to discriminate among
small metal cations.

Prior to computing 1/V relations with GCMC/BD, it was necessary to complete the crystal
structure to include all missing and incomplete residues in order to determine all possible
amino acid — ion interactions. A main concern was the absence of Met1 in the crystal
structure, as this residue is expected to have a major impact on pore diameter (Fig. 2A-C).
We first computed current/voltage relations with GCMC/BD for two atomic models that
included or excluded the Metl (Fig. 2D and E) and compared these to experimental traces.
Significantly, the current-voltage relations of Cx26 undocked hemichannel models computed
with and without Met1 deviated substantially from those observed experimentally. The
physiologic current-voltage relation of human Cx26 undocked hemichannels typically
displays a slight outward rectification, with a slope conductance of ~ 210 pS when single
channel recordings are performed in symmetric 100 mM KCI (Fig. 2F) [80]. The
conductance is reported to be somewhat larger, ~ 340 pS in 140 mM KCI [27]. Both
computed current-voltage relations displayed marked inward rectification, such that the
channels were impermeant at small inside negative potentials and at all positive potentials
(Fig. 2D and E). The observed steep inward rectification of ionic currents is characteristic of
an electrical diode or P-N junction, where positive and negative charges are segregated
across the length of the channel. The 2ZW3 crystal structure shows this feature: the
intracellular entrance of Cx26 channel crystal has a net positive potential = 40 kT/e, whereas
the extracellular half of the pore has a net negative potential < 40 kT/e. Thus, the formation
of inward rectifying P/N junction is expected for the crystal structure based on this
separation of charge.

GCMC/BD also predicts that the modeled channels would be ideally anion selective in 100
mM symmetric KCI (determined from the ratio of predicted K* and CI~ current). This
differs substantially from experimental reports of slight cation selectivity for Cx26
intercellular channels, Px/Pc) ~ 2.6 based on permeability ratios [81]. Undocked Cx26
hemichannels, in the inside-out recording configuration and a 140:10 mM salt gradient, have
a Pk/Pc) ~ 3.8 (Tang and Bargiello, unpublished). Note that ion selectivity of a P/N junction
depends on the experimental method employed to measure it, particularly the orientation of
the ionic gradient with respect to the orientation of fixed charged; a consequence of
differential charge screening [73, 82].

The discrepancies in I/V relations, conductance and charge selectivity strongly suggest that
the crystal structure does not correspond to the physiologic open state. Consequently, we
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first refined the completed structure by all-atom MD simulations in an explicit solvent and
POPC membrane system. Briefly, the completed undocked hemichannel structure was
equilibrated in NAMD at 310 K using NP,AT dynamics. All system trajectories, which
included total energy, surface tension, membrane thickness and channel RMSD reached
equilibrium within 140 ns. Order parameters indicated that POPC remained in the disordered
liquid state throughout the simulation. Following equilibration, four independent replica
production stage MD simulations, each 20 ns in duration, were performed to increase the
probability that the simulation represented the conformational space of the system.
Trajectories were calculated from protein structures obtained every 2-fs. The positions of
atoms in each time step in the four production stage simulations were averaged and the
atomic structure with the smallest RMSD from this average was identified and selected for
investigation with GCMC/BD. The structure was termed the “average equilibrated structure”
and represents the average of all structures sampled during the four 20-ns production-phase
simulations. As expected, the MD equilibration relaxed the crystal structure, eliminating the
constriction at Met1, which reduced pore diameter to ~ 6 A in the completed crystal (Fig.
2C). The extracellular half of the channel becomes narrowest region of the channel pore with
a diameter of 12-14 A. Packing of the TM helices was relaxed, but their overall topology
and orientation was unchanged with equilibration. There was little change in predicted pore
lining residues (supplementary information in [80]).

However, ion permeation computed with GCMC/BD for the average equilibrated structure
continued to deviate from experimental, with I/V relations displaying inward rather than
slight outward rectification, reduced slope conductance at 0 mV, and moderate anion rather
than cation selectivity in 100 mM symmetric KCI [80].

The observed inward rectification and anion selectivity indicate that distribution of fixed
charge on the channel surface and within the pore was incorrect both in the crystal and
average equilibrated structure. A potential solution to the problem came from studies of
Locke et al. [83] who showed, with tandem mass spectroscopy (MS/MS), that human Cx26
expressed in transfected HeLa cells was subject to several charge-changing co- and post-
translational modifications. Amino acid modifications included neutralization of the positive
charge of Met1 by N-terminal acetylation and acetylation of positively charged lysine
residues at the cytoplasmic entrance, including the 15th, 102nd, 103rd, 105th, 108th, 112th,
and 116th loci. These residues contribute to the positive potential observed in the
intracellular half of the 2ZW3 crystal structure and their neutralization should change the
degree of current rectification and reduce anion selectivity. Locke et al. also reported that
glutamic acid residues, E42 and E47 may be modified by -y-carboxyglutamation. This would
add negative charge near the center of the channel, which would increase the magnitude of
charge separation in the P/N junction if positive charges at the intracellular entrance were
not neutralized. The addition of negative charge would increase rectification (causing further
deviation from experimental) and decrease anion selectivity (as required for it to agree with
experimental).

However, it is important to keep in mind that carboxyglutamation was not confirmed by
tandem MS and the fraction of Cx26 peptides modified was not determined. Furthermore, it
is not clear given the location of these residues in the central region of the channel pore,
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(which would coincide with the central region of a transmembrane domain immediately
following connexin insertion the ER prior to channel assembly), whether these glutamic acid
residues would be accessible to modification by -y-glutamyl carboxylase; a polytypic ER
membrane protein. In contrast, N-terminal acetylation is co-translational and would occur
prior to translocation from the translocon into the ER. Similarly, most cytoplasmic lysines
are expected to be accessible to enzymatic modification following incorporation into the ER,
downstream compartments and in the plasma membrane. The positions of modified residues
in the structure of the completed crystal structure channel are shown in Fig. 2H.

In Kwon et al. 2012 [80], we presented an extensive study of the effect of these charge
modifications, individually and in combination on ion permeation. We reported that the 1/\V
relation of the average equilibrated structure computed with GCMC/BD perfectly matched
experimental results when the N-terminal Met1 residue and lysine residues were neutralized.
Neutralization of Met 1 appeared to be key, as neutralization of lysines alone resulted in
channels displaying inward rectification and anion selectivity. The perfect correspondence of
channels with neutralized positive charges is shown in Fig. 2I. Notably, there is close
agreement between predicted charge selectivity (Pk/Pc| ~ 4.6) computed with GCMC/BD
and that observed experimentally (Pk/Pc| ~ 3.8). Note, the difference in experimental
conditions from computational is expected to contribute to the observed difference.
Experimental charge selectivity was determined by measurement of reversal potential of an
excised inside-out patch in a 10:140 mM KCI gradient, whereas computed charge selectivity
by the ratio of cation to anion flux in symmetric 100 mM KCI. Differences in ion
concentration would change the degree of charge screening. Charges exposed to low ionic
strength solutions will have larger effects on reversal potential than charges exposed to high
ionic strength solutions as shown by Oh et al., [73] for Cx32*43E1 undocked hemichannels
with and without negative charge substitutions at the 2", 51, and 8t positions in the N-
terminus.

While combinations of positive charge neutralizations and increased negative charge by
carboxyglutamations produced I/V relations similar to some experimental 1/V relations of
Cx26 undocked hemichannels, these channels were predicted to be almost perfectly cation
selective, deviating markedly from experimental determinations. Carboxyglutamation alone
resulted in channels predicted to be cation selective with inward rectifying 1/V relations.
Consequently, we conclude that carboxyglutamation is unlikely to be a significant
physiologically relevant post-translation modification.

Significantly, no charge modifications of crystal or completed crystal structure produced 1/\V
relations that bore any resemblance to experiment (Kwon et al., supplemental information
[84]). We concluded that the average equilibrated structure obtained after MD simulations
more closely represents the open Cx26 hemichannel structure than does the crystal structure,
and that co- and post-translational modifications of Cx26 hemichannels are likely to play an
important physiological role by defining the conductance and ion selectivity of Cx26
channels. We subsequently (Kwon and Bargiello, unpublished) redid the Cx26 MD
simulation with acetylated residues defined explicitly by their CHARMM parameters. The
resulting equilibrated structure did not differ substantially from that reported in Kwon et al.
[80].
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Open state models of Cx32*43E1 hemichannels

Because much of our understanding of the mechanisms of connexin voltage-gating is based
on studies of the Cx32*43E1 hemichannel, it was important to obtain and validate and
atomic model of its open state. Fortunately, Cx32*43E1 shares 83% sequence homology and
65% sequence identity with human Cx26 (excluding their C-termini). The high degree of
sequence homology increases the likelihood that homology modeling of Cx32*43E1 based
on Cx26 crystal structure will provide a reasonably accurate initial structure that following
refinement by all-atom MD will closely correspond to the physiologic open state. (It should
be noted that this may not be true for all connexins, as some, for example Cx36, have little
sequence homology to Cx26. Consequently, direct solutions of Cx36 and other connexin
channels are required rather than reliance on homology modelling to guide and interpret
structure-function relations).

An open state model of the N2E Cx32*43E1 ACT hemichannel was constructed with
MODELLER [85-87] using the Cx26 crystal structure (PDB ID: 22W3) as template. Recall
that, the N2E substitution reverses the polarity of Vj-gating, from closure favored at inside
negative to inside positive potentials, and thereby allowing distinction of Vj-gating and loop-
gating in single channel and macroscopic recordings. As discussed below, this hemichannel
uniquely provides the means to establish state-dependence of metal bridging studies to
define the loop-gate closed state, and consequently we chose to model this hemichannel. The
C-terminus was truncated at residue 220. We reported that this truncation did not alter the
expression of either Vj-gating or loop-gating in Cx32*43E1 undocked hemichannels, and by
extension Cx32 channels [88]. The lowest energy model (the lowest DOPE score, i.e.
Discrete Optimized Protein Energy), of 500 models returned by MODELLER, was selected
and following equilibration, sampled by a 400 ns all-atom MD production stage simulation
in an explicit fully hydrated (100 mM KCI) POPC membrane using the specialized computer
ANTON [89, 90].

The pore lining sequence of the modeled hemichannel agrees well with demonstrated
accessibility of cysteine substitutions at positions 56, 50, 45, 38, 4, 8, 108 and 109 to
modification with thiol reactive reagents. The I/V relation of the average equilibrated N2E
Cx32*43E1 structure computed with GCMC/BD matches the experimentally determined 1/V
relation in symmetric 100 mM KCI [73]. As with the Cx26 hemichannel, the near perfect
correspondence required N-acetylation of Met 1 and acetylation of two pore lining lysine
residues (K103 and K104). Initial MS studies of affinity purified His-tagged Cx32 expressed
in insect cells demonstrated that Met 1 is modified by N-terminal acetylation (Bargiello,
unpublished). The final equilibrated model was obtained from MD simulation with the
acetylated state of these residues explicitly defined according to their CHARMM
parameters. The perfect correspondence of computed and experimental 1/V relations results
strongly support the view that the equilibrated structure corresponds to that of the
physiological open hemichannel. Similarly, there is close correspondence between the
computationally derived and experimental Px/Pc although as explained for Cx26 the values
are not directly comparable. The Pk/P¢) for inside-out patch recordings in a 100:10 KClI
gradient, ~ 13 [73], is almost identical to the Px/Pc) ~ 14.6 calculated from the ratio of K*
and ClI currents computed with GCMC/BD in 100 mM symmetric KCI. We conclude that the
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close correspondence of conductance, shape of the I/V relation and charge selectivity
indicates that the atomic model closely corresponds to the native physiologic state of the
N2E Cx32*43E1 undocked hemichannel.

Stabilization of the open state

Given the close correspondence between experimental and computed ion permeation, we
reasoned that atomic models of the open state were reasonable approximations of the native,
physiologic open state and that these open state structures may provide insight into changes
in conformation underlying voltage-gating. It is well established that inside-negative voltage
initiates loop-gate closure by destabilizing the open state [51, 60]. In the absence of applied
voltage, most if not all connexin channels reside exclusively in the open state, thus, voltage
must destabilize the open conformation. As reviewed in following sections, we demonstrated
that the loop-gate permeability barrier was formed by a large conformational change of a
segment of the channel pore, residues 41-50, termed the 31¢ helix [63] or parahelix [80, 91]
that reduces pore diameter from 15-20 A to < 4 A in Cx32*43E1 and Cx50 undocked
hemichannels [60, 74, 92]. Surprisingly, the parahelix is the most stable region of the Cx26
channel pore [80].

To understand where and how voltage acts to destabilize the parahelix in the open state, we
identified amino acid interactions that originate from the parahelix, as these are expected to
stabilize that region of the channel pore. Identified interactions included a large intra-subunit
van der Waals network and a dynamically correlated electrostatic network that extends
across subunits, such that the electrostatic interactions in one subunit are linked to the
parahelix in the adjacent subunit. These interactions are summarized in Fig. 3.

Briefly, the major van der Waals network emanating from parahelical residues, V43 and
W44 in Cx26 include primary interactions with A39, F69, 174, M163 and F191; secondary
interactions of these 5 residues with 135, L36, V38, A40, Y65, Y68, 171, W77, L79, Y158,
V182, and M195 (Fig 3E). Maeda et al. [63] were first to identify this network, but in many
cases contacts between residues resulted in highly unfavorable interaction energies
(Lennard-Jones potentials) in the crystal structure [93]. The MD simulation adjusted the
position of residues contained within the network, decreasing the free energy of the network
in the crystal structure from 1.6 kcal/mol/subunit to —26.9 kcal/mol/subunit. A significant
feature of the van der Waals network is that it extends across the bend at TM1/E1 border. A
change in the bend angle of TM1/E1 (Fig. 3A) is likely required to allow narrowing of the
intracellular entrance to the channel pore as implicated by metal bridging at 108C, 109C and
40C (see below).

We used the same conceptual approach, to trace electrostatic interactions from charged
amino acids, contained within the parahelix. These include the conserved residues, D46 and
E47 as well as D50 and E42 although the latter are not highly conserved among connexins.
Two separate electrostatic networks were identified, but the one extending directly from D46
and E47 was most interesting. It included salt-bridge and hydrogen-bond formation among
subsets of residues in the group R75, R184, K188, E42, E187, and S72 (Fig. 3 B and C). (A
comparable electrostatic network is present in the atomic model of the N2E Cx32*43E1
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hemichannel (Fig. 3D)). Specific pairs of interactions of these residues, were shown to
undergo large fluctuations in properties over the course of production state simulations (Fig.
4). The significant feature of Cx26 network was uncovered by a multifactorial correlation
analyses of the trajectories of: 1) All the electrostatic and vdW interactions described in the
interaction lists provided in Kwon et al. [80] for the entire Cx26 hemichannel. 2) The pitch,
dihedral angles (¥'/®), and side-chain bond torsion angles of the parahelix. 3) The solvent
accessibility and pore-lining probability of all residues. 4) The TM1/E1 bend angle. 5) The
tilt angle (with respect to the membrane-normal) of the four transmembrane helices.
Significantly, the correlation analysis revealed that changes in the strength of electrostatic
interactions between specific residues in one subunit causes changes in the interactions that
determine the structure of the parahelix and TM1/ E1 bend angle in the adjacent subunit
(Fig. 4). Furthermore, changes in the dynamics of the electrostatic network were shown to
be coupled to the van der Waals network by demonstration that mutation of the 2 amino
acids (V43A and 174V) in the van der Waals network altered the dynamics of interactions in
the electrostatic network [93].

The direct coupling of dynamic interactions across subunits suggests that loop-gating is
concerted and cooperative. We propose that together the electrostatic and van der Waals
networks form the connexin voltage sensing domain (VSD). We hypothesize that voltage
initiates loop-gating by driving the reorganization of the electrostatic network (Fig. 3C and
D). Thus, gating charge will reflect breakage, reformation and repositioning of charge
interactions in a changing electric field. This differentiates the connexin loop-gate voltage
sensor from the canonical voltage sensor, exemplified by K* channels, where directional
movement of four highly conserved arginines through the electric field accounts for most of
the ~12-14 elementary gating charges. The MD simulations also show how reorganization
of VSD may also change the TM1/E1 bend angle to explain the observed changes in
conformation at the intracellular entrance. It remains to be seen if the diameter of the
channel entrance is strongly coupled to the conformation of the parahelix. The slow gating
transition, caused by sequential transitions through a series of substates, may correspond to
“ratcheting” of the parahelix through a series of quasi-stable intermediate conformations.

Conformation and atomic modelling of the loop-gate closed state with

distance constraints

A major challenge to the elucidation of the molecular mechanism of connexin voltage-gating
is obtaining and validating atomic models of the closed state. Currently, there are no
methods that allow direct structural solution of a wild-type channel residing in a native
voltage-gated closed state, as this would require application of a stable voltage-gradient
across a purified, correctly oriented channel in a lipid membrane during crystallization or
electron microscopy. While it may become possible to capture wild type channels in a
voltage-closed state by rapid freezing of channels reconstituted in liposomes in the presence
of an ionic gradient, the resulting atomic structure would still need to be validated to show
that it does in fact correspond to the physiologic, native closed state.
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As an alternative to direct solution of the channel in a voltage induced closed state, it may be
possible to take advantage of the possible similarity between the structure of channels closed
by voltage and chemical agents. It has been proposed that the closed state induced by Ca%*
and other divalent cations is equivalent to that of the closed state of voltage-dependent loop-
gating [94]. If correct, this would simplify solving the atomic structure of the voltage-
dependent closed state. Bennett et al. [64] solved the crystal structure of Cx26 gap junctions
in the presence and absence of 20 mM Ca2?* (PDB ID:5ER7). Remarkably, the Ca2* bound
structure displayed no major changes in pore diameter and overall channel conformation.
Rather, CaZ* was coordinated in the channel pore by formation of intersubunit salt bridges
involving residues E47, E42 and G45. Molecular dynamics simulations showed that bound
Ca?* formed an electrostatic barrier that significantly reduced permeability to cations but not
anions [64]. In contrast, Cd2*-thiolate metal bridging indicates that pore diameter of
Cx32*43E1 and Cx50 undocked hemichannels narrows from 15-20 to < 4 A in the same
region of the channel where Ca2* binds. This result suggests that the closed conformation of
voltage-dependent loop-gate closed state differs from that resulting from Ca2* binding.
However, further study of the loop-gate closed state is required because high Ca2* fully
abolishes conductance. A recent study by Contreras and colleagues [28] implicates Ca2* in
the destabilization of the Cx26 hemichannel open state by interfering with D50-K61 salt
bridge formation, which in turn appears to alter interactions among components of the
electrostatic network described above. One cannot dismiss the possibility that purified
isolated Cx26 channels did not respond to Ca2* in a manner identical to the native
conformation or that crystallization prevented relaxation of channel structure to the
physiological Ca2*- closed state. It should also be noted that the intracellular entrance of the
channel, including the region of the pore formed by the N-terminus was not resolved in the
crystal structure. Consequently, one cannot rule out the possibility that Ca2* binding did not
change the conformation of these regions. Solution of the Cx26 intercellular channel
structure in the presence and absence of Ca2* using single particle cyro-EM may provide
additional insight, given that the method is more likely to maintain channels in a native
conformation than crystallization. In any case, other approaches will be required to assess
the relation between that the Ca2*-gated and voltage-gated closed states, before one
concludes that the voltage and chemical gates differ fundamentally.

It is generally accepted that the best strategy to create and validate an atomic model of a
voltage-gated closed state is to apply different but complementary experimental and
computational methods and to use the resulting information to derive a consensus atomic
structure. Vargas et al. used this approach to obtain an atomic model of the resting state of
voltage-gated K* and Na* channels [95, 96] from structural and computational data and
experimental distance constraints. The consensus approach recognizes that all methods, both
structural, experimental and computational have different intrinsic limitations, in part
reflecting underlying assumptions as well as intrinsic technical limitations. Convergence of
structures obtained by different methods increases confidence that the structure obtained
represents the native, physiologically relevant closed structure.
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Conformation of the loop-gate closed state determined by metal-bridging
and disulfide bond formation

A powerful experimental approach to define protein conformation is the use of chemical
crosslinking as a “molecular ruler” to define the distance between specific amino acid
residues when the protein resides in different functional states. The chemistry of cysteine
residues is often exploited in this approach, both in use of specific cross-linkers of known
length and the ability of cysteine residues to coordinate Cd2* and other heavy metals with
well-defined stoichiometry and structure. Correct application of the approach requires that
channels can be identified where substituted cysteines do not alter the structure of open and
closed states. This condition is indicated when the equilibrium and kinetic properties of
voltage-dependence of cysteine substituted channels are identical to wild-type. It increases
the likelihood that inferences drawn from studies of cysteine mutants will represent the
structure of native wild-type channels.

Distance constraints obtained from Cd2*-thiolate bridging and disulfide bonding between
substituted cysteines played a significant role in the development and testing of consensus
atomic models of the resting state of the K* and Na* channel VSDs [95-102] and BK
channel gating [103] and in defining the loop-gate closed conformation of connexin
channels [74, 92, 104]. Large intrinsic variability in protein conformation for any given state
can make the approach unreliable. For example, the approach was less successful in defining
conformational changes in ionotropic GABA and ACh receptors, apparently because the
large intrinsic flexibility of these channels allows disulfide bonding between substituted
cysteines at residues that subsequent structural solutions showed were separated by 15-17 A
[105-107]. Whenever possible, the rate of modification should be determined.
Determination of modification rates informs how long any specific distance was maintained
during measurement, i.e. the length of time that the channel resides in a given conformation.

Connexin hemichannels are well-suited to application of these methods to define closed
conformation because the channel pore appears to be overall very stable. Stability is
indicated by temperature factors of crystallographic solution [63] and root mean square
fluctuations (RMSF) of all-atom MD simulations [80]. The extracellular half of the channel
is stabilized by three pairs of disulfide bonds within and between extracellular loops of each
subunit and by an extensive network of electrostatic and van der Waals interactions — the
hypothesized VVSD. The RMSF of the parahelix is ~3 A in the open state [80]. Although
there are fewer stabilizing interactions at intracellular channel entrance, the RMSF in this
region is still quite small, ~4.5 A [80]

The chemistry of Cd2*-cysteine complexation is well-defined and underpins structural
inferences derived from studies of Cd2*-thiolate bridging. Briefly, the electron configuration
of Cd?* ([Kr] 4d195s2) allows accommodation of up to 8 additional electrons, so that up to 4
cysteines can coordinate a single Cd2* (tetradendate coordination). The 2 electrons
contributed by each cysteine sulfur atom form a “dative covalent bond” with Cd2*. In free
solution, the tetradendate complex preferentially adopts a tetrahedral geometry, with a Cd%*
stability constant, logK ~40. Cd2* can be coordinated by two cysteines (bidentate
coordination) at lower affinity, logK ~20 [108-110]. In peptides, bidentate coordination is
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significantly less stable (Kgq ~50-500 uM) [111-113]. This decrease in affinity presumably
reflects steric hindrance that prevents optimal coordination geometry.

We define high affinity coordination to occur when bound Cd2* can only be dissociated from
the cysteine coordination site by chelation with TPEN or DTT. (Cd2*-TPEN and -DTT logK
stability constants are 16.3 and 10.8 respectively [114, 115]). When such an effect is specific
to the loop-closed state, we consider that the substituted cysteines form a tetradendate
coordination site that locks the channel closed. We define a low affinity site coordination site
as one at which Cd2* binding is readily reversed by wash with Cd2*-free solutions. In this
case, We can use comparative kinetic measurements to determine if Cd2* binding stabilizes
the closed state. We consider this to indicate bidentate coordination. The average distance
between Ca (from atomic structures deposited in the RCSB protein structure database) is
6.53 = 0.01 A in tetradendate coordination and 8.20 + 0.01 A in bidentate coordination. We
preferentially use high affinity sites to model channel states as the interpretation of the
experimental data indicating state-dependent lock is straightforward.

To date, we have investigated cysteine substitutions at 16 of 27 loci spanning the length of
the Cx32*43E1 hemichannel pore expressed voltage-dependent currents as undocked
hemichannels. Cysteine substitutions of a number pore exposed loci, (based on open state
models) produced functional channels. These included, from the intracellular to extracellular
entrances: L108C, E109C, 133C, L36C, V38C, A40C, A43C, G45C, A50C, and Q56C, all
of which form channels with voltage dependencies very similar to or indistinguishable from
wild type. This suggests that the conformation of open and closed states and intervening
transition states of these mutant channels, are comparable, if not identical, to native wild-
type channels. Thus, state-dependent metal bridging in such cysteine substituted channels
should report the conformation of the physiologic, native channel. Others cysteine
substitutions, including T4C, G5C and T8C caused large rightward shifts in the Pgpen/
voltage relation, making it difficult to establish the relationship between open and closed
state in the mutant and wild type channels. Several cysteine substitutions failed to express
membrane currents reliably in Xenopus oocytes. These included: T55C, Q48C, E47C,
D46C, W44C, S42C, E41C, N2C, L106C, R107C. The failure of N2C, E41C and S42C to
express currents in Cx32 and Cx32*43E1 backgrounds was surprising as these loci tolerated
substitution of other amino acids.

Conformational changes in the parahelix

The results of Cd?* studies are summarized in Fig. 5A. Briefly, cysteine substitutions at 3
loci in the parahelix, two of which A43C and A50C form high affinity state-dependent
Cd?*-thiolate bridges, while the third G45C forms a site with lower affinity. The
electrophysiological behavior of A43C illustrates several aspects of state-dependent high
affinity metal bridge formation. A representative trace for Cx32*43E1 A43C is shown in
Fig. 5B.

Typically, A43C and N2EA43C undocked hemichannels (on the Cx32*43E1 background)
do not express membrane currents above background levels in Xengpus oocytes. Bath
application of low concentrations (1-20 uM) of either DTT or TPEN cause a large increase
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in membrane current attributable to activation of A43C channels. Because DTT and TPEN
are both strong chelators of heavy metal divalent cations, the simplest explanation is that
inhibition of currents is a consequence of presence of low concentrations of contaminating
heavy metals that lock A43C channels in a closed state. Subsequent application of 1-20 uM
Cd2* causes a very rapid and complete reduction in A43C current, which can only be
reversed by reapplication of DTT or TPEN. Furthermore, we demonstrated that the “high
affinity” metal bridging requires a minimum of four A43C residues [74] to lock the channel
closed. These results are consistent with tetradendate Cd2* coordination. In support, we
showed that some fraction of subunits of A43C channels are cross-linked by disulfide bonds,
although it is not clear what fraction of channels are crosslinked. A contributing factor may
be the difference in the distance between adjacent Ca to form Cd2* — thiolate coordination
site ~ 6.5 to 8.2 A as compared to ~ 5.6 A for disulfide bonds [116]. Similarly, Cx32*43E1
A50C undocked hemichannels are locked in the loop-gate closed state by Cd?*. The
interaction can only be fully reversed by metal chelation with DTT or TPEN (Fig 5 C).

Based on Cd%*-thiolate bridge formation, we infer that pore diameter at the parahelix is
reduced from 15-20 A in the open state to < 4 A in the loop-gate closed state. A pore of this
diameter, containing positively and negatively charged residues, will prevent flux of K* and
CI~ [74]. A similar conclusion was reached for Cx50 undocked hemichannels, based on
analogous behavior of F43C (S42 in Cx32*43E1). In contrast, high affinity metal bridging
was reported at Cx50 F43C and G46C (G45 in Cx32*43EL) and lower affinity at D51C
(D50 in Cx32*43E1) [92]. Notably, Cd%* coordination at G45C has lower affinity than at
either A43C or A50C in Cx32*43E1. In most cases, lock of the channel in the loop-gate
closed state can be almost fully reversed by wash out of applied Cd2*. However, because of
the proximity of G45 to A43 and A5O0, it is most likely that the pore diameter of the closed
channel will be uniform along this segment. We suggest that the difference in affinity results
from steric hindrance that prevents G45C to coordinate Cd2* in an optimal low energy
geometry.

We also showed that the Cx32*43E1 parahelix is reorganized with loop-gate closure [74].
AA43C, which is not pore-lining in the open state, becomes pore-lining in the loop-gate
closed state, while G45C and D50C line the channel pore in both. A40C lines the channel
pore only with loop-gate closure, where it forms a low affinity Cd2*-thiolate bridge,
suggesting that pore diameter at this locus narrows less than at loci within the parahelix. The
simplest explanation is that the narrowing at A40 is caused by straightening the TM1/E1
bend angle, which would also narrow the intracellular entrance to the channel pore. Notably,
because A40C does not appear to be pore lining (i.e. was not modified by MTS reagents in
long-duration single channel recordings [74]), it should also be inaccessible to Cd2* binding
in the open state, Consequently, it is unlikely that the observed reductions in current at A40C
are due to introduction of positive charge by Cd%* binding to A40C residues in the open
state. The introduction of positive charge could potentially shift voltage-dependence, by
altering the electric field across charged residues in the parahelix, which are believed to form
part of the loop-gate voltage sensor. Notably, Cx50 A41C (A40C in Cx32*43E1) did not
interact with Cd2* in the open and the loop-gate closed state, suggesting that the intracellular
entrance of Cx50 undocked hemichannels may not narrow.
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The ability to reverse Vj-gating polarity independently of loop-gating and without causing
large shits in open probability of Cx32*43E1 along the voltage axis provided the means to
establish state-dependence of Cd2*-thiolate bridge formation. For example, Cx32*43E1
A43C channels reside in the open state at all membrane potentials more positive than —30
mV. Thus, application of Cd2* at positive potentials provides a means to determine if: 1)
channels can be locked in the open state. If they are locked open, then subsequent steps to
negative potentials will fail to produce current relaxations. 2) If Cd2* acts to destabilize the
open state, then currents elicited at positive holding potentials will relax resulting in
decreased steady-state values. In contrast to Cx32*43E1 A43C, current relaxations elicited
by steps to inside negative potentials will correspond only to the closure of loop-gate in
N2ECx32*43E1 hemichannels. Current relaxations elicited by steps to positive voltages will
reflect closure of Vj-gates. We observed that there was no effect of Cd2* when applied at
positive potentials, Metal bridge formation only occurs at inside negative potentials, when
N2E Cx32*43E1 A43C undocked hemichannels preferentially reside in the loop-gate closed
state. Channels were not locked when they resided in the open state. These data led to the
conclusion that loop-gate closure results from a conformational change that narrows the
channel pore.

Conformational changes at the channel entrances

The apparent formation of a low affinity Cd2*-thiolate metal bridge at A40C implicates
straightening of the TM1/E1 bend angle with loop-gate closure, which in turn is expected to
narrow the intracellular entrance to the channel pore demarcated by residues L108 and E109
(Fig. 5). We examined this possibility by determining whether substituted cysteines at these
loci would form state-dependent Cd2*-thiolate metal bridges that would lock or stabilize the
channel in the loop-gate closed state. We reported that both L108C and E109C appeared to
form low-affinity Cd2*-thiolate metal bridges, which we attributed to bidentate coordination.
These conclusions were based on the following observations:

1. Bath applied Cd?* reduced membrane currents of N2ECx32*43E1 E109C
undocked hemichannels in a concentration dependent manner, varying from ~
50% reduction with 10 pM to > 90% with 60 uM Cd?* using a train of voltage
steps alternating between from —10 to =70 mV. This voltage paradigm elicits
opening (at —10 mV) and closing of loop-gates (at =70 mV).

2. Current inhibition was reversed by simple wash-out of Cd2* without addition of
metal chelators (DTT or TPEN).

3. 20 UM Cd2* had no effect on the operation of Vij-gates, as evidenced by no
change in current levels or kinetics of current relaxation in steps from 10 mV to
50 mV applied to N2ECx32*43E1 E109C.

4. No change in currents were observed in Cx32*43E1 E109C channels elicited by
alternating voltage steps between 10 and 50 mV. Because the channel resides
exclusively in the open state at these potentials, Cd?* does not destabilize the
open state at these potentials.
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5. The time constant of current relaxation elicited by steps from =70 mV (loop-gate
closed state favored) to —10 mV (loop-gate open state favored) was significantly
lengthened by application of 10 uM Cd?*. Because N2ECx32*43E1 E109C
undocked channels are fully open at =10 mV, the time constant of current
relaxation at this voltage corresponds to the rate constant of channel opening.
Lengthening of this rate constant corresponds to a reduction in the number of
transitions from the loop-gate closed state to the open state, consistent with the
stabilization of the loop-gate closed state by Cd2*. Surprisingly, the time constant
of current relaxations elicited by steps to =70 mV (where Pgpep is ~ 0.5) from
-10 mV is shortened by Cd?*. This suggests that Cd?* may destabilize the open
state sufficiently at =70 mV to increase the number of transitions from the open
to closed state. But open state destabilization is not supported by
electrophysiological recordings showing that Cd2* had no effect on the open
state. Previously, we misinterpreted the shortening of this rate constant to
indicate that Cd2* had stabilized the loop-gate closed state. We suggest that Cd%*
may destabilize an intermediate partially closed loop-gate state.

6. We demonstrated that E109C was accessible to modification by MTSEA (2-
aminoethyl methanethiosulfonate); a positively charged MTS reagent.
Modification of E109C blocks the effect of Cd2* at this locus, indicating that the
effects of Cd2* are due to interactions with the thiol group of the substituted
cysteine. Notably, the addition of positive charge following MTSEA
modification has markedly different effects than does Cd2*: The amplitude of
macroscopic currents elicited by steps to =70 mV are doubled, the time constant
of current relaxations elicited by steps from =70 to =10 mV are markedly
shortened, as are the time constants of current relaxations corresponding to loop-
gate closure driven by polarization to =70 mV. Together, these results indicate
that simple addition of positive charge to E109C subunits cannot explain the
effect of Cd2*, which would also likely add positive charge to individual
substituted cysteines by monodentate interactions (i.e. if and when cysteines
were not correctly positioned to coordinate Cd2*). The simplest interpretation to
explain the lock in the loop-gate closed state, is that Cd?* interacts with multiple
E109C subunits when the channel resides in the closed state. Given the apparent
low affinity of binding, bidentate coordination seems most likely. If correct, the
diameter of the loop-gate closed channel at the intracellular entrance would
entrance narrows from 15 A to ~ 10 A with loop-gate closure, a diameter that
might restrict but not prevent ion permeation. Although studied in less detail,
L108C behaved similarly to E109C [117].

Reliance on low affinity Cd%*-thiolate binding to infer a change in the conformation of the
intracellular channel entrance was nevertheless a concern. Consequently, we constructed the
double mutation, L108C+E109C to further probe conformational changes of the cytoplasmic
entrance. We reasoned that steric constraints may contribute to the low affinity metal
bridging observed in individual mutations, as formation of a stable coordination site might
require opposite rotations of adjacent subunits. Significantly, the voltage dependence of the
double mutation (like each single mutation) is indistinguishable from wild type chimeric
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hemichannel. This indicates that open and closed states of the mutant should be identical to
that of wild type and consequently that any conformational change reported by metal-
bridging will likely represent that of the native channel.

We found that the L108C+E109C double mutant on the N2ECx32*43E1 (we abbreviate this
to N2E 108C+109C) background forms a high affinity Cd2*-thiolate bridge at the
intracellular entrance that locks the channel in the loop-closed state (Fig. 6A). N2E 108C
+109C membrane currents are only observed following application of 20 uM DTT or TPEN
and are completely inhibited by 1-20 pM Cd?2* at voltages that close loop-gates. This
inhibition can be reversed only by heavy metal chelation with 20 uM DTT or TPEN,
behavior identical to that of A43C, A50C and Cx50F43C and Cx50G46C [60, 74, 92].
Significantly, the voltage-dependence of N2E 108C+109C hemichannels is indistinguishable
from “wild type” — N2E Cx32*43E1 (Fig. 6B and C). This supports the view that the open
and closed states of the double mutation are identical to wild type and that Cd2* locks the
channel in a physiologically relevant closed conformation. Interestingly, western blots of the
double mutation after electrophysiological study reveal formation of dimers and trimers
crosslinked by disulfide bonds (not shown), indicating that the thiolates of at least some
adjacent cysteines approach to within 2 A and perhaps accounting for the failure of complete
current restoration by chelation of Cd?* by DTT or TPEN. The absence of any appreciable
“leak” current indicates that these disulfide bonds and metal bridges form only when the
channel is closed. However, in contrast to E109C, 20 uM Cd?* reduces current through open
channels of the double mutation with comparable voltage paradigms (i.e. steps from 10 to 50
mV as well as application of Cd?* to oocytes at 0 mV holding potential), indicating that
Cd2* also destabilizes the open state. We suggest that Cd2* binding to individual 108C
+109C subunits “drives” open channels into the loop-gate closed state and the closed state is
subsequently locked by high affinity Cd2* bridging. It appears that the double mutation may
have created a connexin channel that is gated by both pM Cd?* and voltage.

We conclude that it is likely that the intracellular entrance to the channel pore is coupled to
conformation of the parahelix and that the coupling is mediated by changes in the TM1/E1
bend angle. An unanswered question is how tightly the two domains are coupled. Will for
example, lock of the intracellular channel entrance in the loop-gate closed conformation,
also prevent the parahelix from opening at voltages that favor this transition. If this proves to
be the case, then the intracellular channel entrance may be a viable target for development of
therapeutic drugs to modulate connexin channel activity.

In contrast, the extracellular entrance, demarcated by Q56, did not appear to undergo large
conformational changes with either voltage-gating process [104]. Thus, it appears that the
loop-gate permeability is essentially focal, being largely restricted to conformational
changes in the parahelix. The large conformational narrowing in the parahelix can only
account for full channel closure.

Atomic modelling of the N2ECx32*43E1 loop-gate closed state

Recently, we constructed an atomic model of the N2ECx32*43E1 undocked hemichannel in
the loop-gate closed state by incorporating distance constraints corresponding to high
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affinity metal bridging at A43C, G45C and A50C in the parahelix, low affinity at A40C, and
at L108C and at E109C. The appropriate distance constraints (tetradendate Ca — 6.5 A;
bidentate Ca. — 8.2 A) were incorporated into MODELLER using the N2ECx32*43E1
sequence and the Cx26 crystal structure (PDB ID:2ZW3) as template. The resulting closed-
state model with the lowest DOPE score was equilibrated by all-atom MD in a fully
hydrated POPC membrane with voltage (—200 mV) that strongly favors residency in the
loop-gate closed state. Harmonic distance constraints derived from metal bridging studies
were gradually removed during 3 sequential equilibration simulations and finally four
replicate 50 ns production stage simulations with no constraints were performed and
“average equilibrated structure” obtained. While we have shown with GCMC/BD that the
model is non-conductive, it is premature to present details here other than to outline
approaches to test the model’s validity.

The first is an experimental approach to test the formation of unique interactions that are
specific to the closed state atomic model. These novel interactions are being investigated by
experimental methods, which include both biochemical and functional tests. Biochemical
tests, such as formation of disulfide linkages between substituted cysteines of residues
predicted to interact, are rapid and straightforward. However, these initial screens must be
followed by functional tests, such as additional metal bridging studies (which are restricted
to cysteine substitutions that are accessible to Cd2*), and mutant cycling approaches
exemplified by studies in Cx26 hemichannels that are based on open state atomic models
[29, 118]. Notably, these mutant cycling studies provided additional validation of the
structural models that were derived from the Cx26 crystal.

The second utilizes computational methods to compare gating charge computed for open and
closed state atomic models with experimentally calculated gating charge. Computational
methods have been developed to calculate gating charge from atomic structure for ion
channels exemplified by the superfamily family of K*, Na* and Ca2* [65] and these have
been used to evaluate atomic models. Connexin channels pose a significant and interesting
theoretical problem because the voltage sensor resides in the pore. Application of voltage to
the open state results in net ion flux, which as a non-equilibrium condition disqualifies
equilibrium computational methods, such as the Poisson-Boltzmann equation, to compute
the voltage field that affects the voltage sensors. The gating charge of the N2E Cx32*43E1
ACT undocked hemichannel is ~ 0.4 [119], ranging from 0.34 to 0.43 in 0 Mg?™. It is likely
that the high dielectric of the channel pore contributes to the low gating charge as charged
components of the sensor reside in the pore. Calculated gating charge should increase if
measured in low ionic strength solutions, and may provide increased sensitivity to
measurement.

The third method utilizes direct structural solutions of mutant channels that are locked in the
loop-gate closed state (for example 108C+109C) or display large rightward shifts in voltage-
dependence such that they are closed in the absence of applied potential. Several mutations
that map into the electrostatic and van der Waals networks have been described [10, 120].
The loop-gate closed state of mutations that favor residency in the closed state by
destabilizing the open state without changing the stability of the closed state, provide the
best means of directly solving the structure of the loop-gate closed state. Recent advances in
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single particle cryo-EM have led to the solution of atomic resolution models of ion channels.
For example, the 440 kDa anthrax protective antigen pore at 2.9 A [121], the 300 kDa TrpV1
ion channel at 3.4 A [122] the 560 kDa Sl02.2 channel at 4.5 A [123], and the 400 kDa
innexin6 hemichannel and 800 kDa intercellular channel at 3.3 and 3.6 A respectively [124].
These successes support the view that the solution of the structure of mutant channels that
preferentially reside or are locked in the closed state in the absence of applied voltage is
possible. Integration of the results obtained by application of these three diverse approaches
should lead to the solution of the atomic structure of the voltage-dependent loop-gate closed
state.

The N-terminus and Vj-gating

Structure-function studies identified the first 8 amino acids of the helical region (the NTH)
formed by the N-terminus to be key in establishing the polarity of Vj-gating in Cx32 and
Cx32*43E1 intercellular and undocked hemichannels [48, 56, 58, 61, 62]. Negative charge
substitutions at the 2nd, 4t and 5t residues of Cx32, reversed gating polarity from closure
favored at inside negative potentials to closure favored at inside positive potentials, while
those at the 8t residue produced channels with bi-polar gating. (Bi-polar gating is defined as
channel closure at both inside positive and inside negative potentials, and when the channels
are fully open in the absence of applied voltage). Significantly, analyses of heteromeric
channels containing different numbers of N2E and wild type subunits demonstrated that a
single subunit was sufficient to produce channels with bi-polar Vj-gating. We interpreted this
finding to indicate that Vj-gating was a property of an individual channel subunit rather than
a concerted hemichannel property. Cx26 has not been examined extensively, only polarity
reversal by neutralization of the negative charge at D2 has been reported and to our
knowledge no additional studies have been undertaken. Notably, substitution of the first 11
residues Cx26 into Cx32, additionally required the presence of the Cx26 cytoplasmic loop
domain to produce functional channels (Oh et al 1999), suggesting additional interactions of
the Cx26 NT with other regions of the channel. The same was not true for Cx32
substitutions into Cx26; exchanging the NT of Cx32 alone did not interfere with Cx26
channel function. The molecular bases of this difference is unknown, but it should be noted
that NMR studies of N-terminal mutations in Cx26 and Cx32 peptides indicate that the
“rules” underlying the folding and structure of the N-terminus differ in the two connexins
[125] (see below).

Taken together, the simplest interpretation of these results is that charges in the pore lining
region of N-terminus form at least part of the Vj-gating voltage sensor, with Vj-gate closure
being initiated by the inward (toward the cytoplasm) movement of voltage-sensing residues.
The structural implication of these results, was that the NTH must reside in the channel pore,
as only in this position could it sense changes in V. The proposed structure was supported
by solution of peptides corresponding to the entire N-terminus (residue 1-21) of Cx26 and
Cx32 by NMR. These studies showed that N-terminal peptides were characterized by
formation of an open turn in the vicinity of the conserved G12 residue in these connexins.
The turn and its intrinsic flexibility allows positioning of the NTH into the channel pore
[126, 127]. This interpretation was supported by correlations between mutations that failed
to form functional channels and their NMR structure [126, 128]. Mutations, such as G12S,
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which fail to form channels, prevent turn formation. Interestingly, the mutation G12R adopts
a different structure and has a different functional effect than in the NT of Cx32 than it does
in Cx26, suggesting that the rules of underpinning the structure of the N-terminus differ in
the two connexins [125]. In spite of the intrinsic limitations of inferring protein structure
form that of small peptides, the NT of Cx26 gap junction crystal structure 2ZW3 was
remarkably similar to that of the NMR. Unfortunately, the N-terminus was not resolved in
either of Bennett et al. more recent Cx26 structures [64].

Despite these initial advances, little is known how and where the permeability barrier for the
Vij-gate is formed. Explanation of the structural basis of Vj-gating faces several challenges,
including the existence of at least 3 distinct sub-conductance states. Presumably, these
substates represent different “quasi-stable” channel conformations. Of potential significance
is the observation that heteromeric channels containing a single N2E subunit continue to
display Vj-gating to 3 substates [58]. This finding suggests that entry into substates reflects a
change in the conformation of an individual subunit and not necessarily the sequential entry
of more than one subunit into the channel pore.

Oh et al., [48] reported that the direction of single channel current rectification observed for
intercellular Cx32 channels, is consistent positioning greater amount of positive charge into
the pore and consequently with narrowing of the intracellular entrance [48]. However, the
location of the constriction and positive charge was not established. Bukauskas and co-
workers [129] reported that Cx43 Vj-substates also result from channel narrowing and
increase anion charge selectivity (consistent with an increase in the effect of positive charge
in determining ion selectivity in a narrow versus wide diameter pore).

Maeda et al. [63] proposed that the Vj-gate is formed by narrowing of the channel pore
formed by the N-terminal helix (NTH) to form a “gating plug”. In their crystal structure, the
position of the NTH in the pore of the open channel is stabilized primarily by two
interactions; 1) an inter-subunit hydrogen bond between the side chain of D2 and the
backbone amide of T4 and 2) inter-subunit van der Waals interaction between W3 and M34,
a pore lining residue located in TM1. The inter-subunit hydrogen bond would be a major
determinant of pore diameter at this region of the NTH, while the inter-subunit van der
Waals interaction would determine how deep into the channel pore the tip of the NTH
resides. Breaking these interactions by voltage is predicted to allow the 6 NTH’s to form the
gating plug. The model is based on structure-function studies of a N-terminal deletion and
the Cx26 M34A mutations [130-132]. The Cx26 M34A channel has low conductance and
displays a density in the channel pore in cryo-EM studies. However, the residual electrical
conductance is reported to display normal voltage-gating [132] suggesting that M34A may
have caused a structural change that bears little or no relation to the physiologic voltage-
driven closed state. Although interesting in their own right, the challenges faced by
structural studies of mutations is to demonstrate that the solved structures represent that of
the physiologic native state so that one can deduce gating mechanisms from structure.

Given our apparent success in identifying electrostatic and van der Waals networks that
stabilize the open state and insights into the loop-gating mechanism that these studies
provided, we explored whether the same approach would provide insight into the mechanism
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of Vj-gating. Unfortunately, MD simulations did not provide information that could be
interpreted to inform the mechanism of Vj-gating. The difficulties were as follows.

As noted above, Maeda et al. proposed that the position of the NTH in the channel pore of
the crystal structure is stabilized an inter-subunit hydrogen bond between the side chain of
D2 and the backbone amide of T4 and a van der Waals interaction between W3 and M34. In
our MD simulations of Cx26 both interactions were more labile than could be inferred by
consideration of the crystal structure. The hydrogen bond between the side chain of D2 and
T4hn was broken within the first 5 ns of the 140 ns equilibration phase of the MD simulation
and did not reform for the duration of the production stage simulations (4 replicate 20 ns
simulations). While the van der Waals interaction between W3 and M34 continues in some
subunits, it is often lost and replaced by intra-subunit interactions involving W3 and Metl
with other residues in TM1 and by other interactions between adjacent NTH. The
remarkable feature of the MD simulations is the substantial dynamic variability in the
position of the NTH. This dynamic variability makes it difficult to derive any insight as to
the mechanism by which voltage destabilizes the open state and drives the open channel into
one of at least three quasi-stable sub-conductance (closed) states or to derive any
significance to the ones that form. It is possible that the dynamic variability observed in the
MD simulations is because the initial structure of the N-terminus (2ZW3) used in MD
simulations does not represent the native structure. Consequently, the variability of NT
structures observed would be a consequence of the failure to start MD simulations with the
correct initial structure.

Summary and Perspectives

A full understanding of the mechanism of connexin voltage-dependent gating requires
validated atomic models of open and closed states. We utilized a Cx26 crystal structure
(PDB 1D:2ZW3) to obtain what appears to be a valid physiologic model of the open state of
the undocked hemichannel, following refinement of the crystal structure by all-atom
molecular dynamics and incorporation of charge changing protein modifications to reduce
positive charge within the cytoplasmic half of the channel. We demonstrated, by application
of GCMC/BD that the computed single channel current-voltage relation matched that of
single channel recording of Cx26 undocked hemichannels expressed in Xenopus oocytes,
and also that the computed charge selectivity agreed with experimental values. Similarly, we
used the Cx26 coordinates to model the open state of N2ECx32*43E1 undocked
hemichannels, and showed with GCMC/BD that the atomic model corresponds to the
physiologic open state following equilibration with all-atom MD. Application of
GCMC/BD, illustrates a major advantage in ion channel structure-function research, namely
the development of computational methods to derive functional parameters from atomic
structure. This coupled with experimental investigations provides a powerful means to test
the validity of atomic structures.

Analyses of the trajectories of MD simulations provided insight into the one of two voltage-
dependent gating processes characteristic of all connexin channels: namely voltage-
dependent loop-gating or slow-gating. We showed that in the open state, the loop-gate
permeability barrier was stabilized by a large dynamic electrostatic network and associated
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van der Waals network. The dynamics of this electrostatic network interactions
demonstrated that interconnections between all six channel subunits, whereby
conformational changes in charged residues in one subunit were coupled to the conformation
of the parahelix in the adjacent subunit. This result suggests that loop-gating is a cooperative
concerted process, such that closure of loop-gates involves sequential conformational
changes in all six subunits. This differs from voltage-dependent Vj-gating (also termed fast-
gating) where the gating transition appears to be initiated by a single subunit.

Obtaining valid models of voltage-driven closed states is a more difficult and challenging
problem, as there are no methods currently available to solve structure while an isolated ion
channel is properly oriented in a stable electric field. It is widely agreed that the best way to
obtain accurate models of these closed states is to apply different but complementary
experimental and computational methods and to use the resulting information to derive a
consensus atomic structure. Vargas et al. [96] used this approach to solve the resting state of
voltage-gated K* and Na* channels from structural and computational data and experimental
distance constraints, an approach we are following. The consensus approach recognizes that
all methods have different intrinsic limitations, in part reflecting underlying assumptions and
technical limitations. Hence convergence of different methods to the same closed-state
structure increases confidence in the final outcome.

A major objective of our past and ongoing studies has been to define the conformation of the
loop-gate closed state by biochemical and functional studies of cysteine substituted
channels. State-dependent Cd2*-thiolate bridge formation to lock channels in defined
conformations provides a “molecular ruler” to measure the distance among substituted
cysteines in channel subunits. The distances can be used to create atomic models of the
closed state, which following refinement by all-atom molecular dynamics provide a set of
testable intersubunit interactions that are predicted to form uniquely in the closed state. The
results provide an iterative means to refine this class of atomic models. A subsequent
approach to validate atomic models is to compute the gating charge from the models of the
open and closed state and to compare these values to those determined experimentally.
Connexin channels pose an interesting biophysical problem in that the voltage-sensor(s)
must reside in the channel pore. Flow of current in the open state results in a non-
equilibrium condition disqualifying the use of equilibrium methods (e.g. Poisson-Boltzmann
equation) to calculate gating charge.

Recent developments in single particle cryo-EM provide another strategy to solve the atomic
structure of channels. These include structural solutions that are locked in the closed state by
disulfide bridging or metal bridges and structural solutions of mutations that cause large
shifts in voltage-dependence by destabilization of the open state (for example, those
mapping to the parahelix and its interacting network [10, 120]. Such channels will reside in
a loop-gate closed state that is likely to be similar to the structure of the native closed state in
the absence of applied voltage. Remarkably, Cx32 channels were among the first to be
purified and to be examined by cryo-EM in the early 1990’s by Unwin and Gilula and co-
workers [133]. These studies set the stage for structural solution of other connexin channels
by single particle cryo-EM. Structural solutions of other connexin channels by cryo-EM
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should greatly expand our understanding of structure-function relations, physiological roles
and the etiology of connexin disease mutations.

Acknowledgments

This paper is dedicated to the memory of Felix Bukauskas; a dear friend and colleague, whose insights and
discussions contributed greatly to our work and to the connexin field. He will be sorely missed. We extend our
sincere condolences to his family and past and current students. We thank our many colleagues and collaborators
for insights they have provided into our past and ongoing investigation of the structure-function relations of
connexin channels, especially, Andrew Harris, Benoit Roux, Wonpil Im, Sunhwan Jo, Alan Finkelstein, Myles
Akabas, Nicolas Palacios-Prado, Michael Bennett, VVyto Verselis, Jorge Contreras, David Spray and our colleagues
at the Albert Einstein College of Medicine. We apologize for any omissions. Our studies have been supported by
grants from the National Institutes of Health (US) GM 046889, GM 098584 and grant No. PSCA00045P from the
National Resource for Biomedical Supercomputing. Additional support from the Albert Einstein College of
Medicine is gratefully acknowledged.

LITERATURE CITED

1. Beyer, EC., Berthoud, VM. The Family of Connexin Genes. In: Harris, AL., Locke, D., editors.
Connexins. Humana Press; 2009. p. 3-26.

2. Dewey MM, Barr L. Intercellular Connection between Smooth Muscle Cells: the Nexus. Science.
1962; 137:670-672.

3. Revel JP, Yee AG, Hudspeth AJ. Gap Junctions between Electrotonically Coupled Cells in Tissue
Culture and in Brown Fat. Proc Natl Acad Sci U S A. 1971; 68:2924-2927. [PubMed: 5289236]

4. Brightman MW, Reese TS. JUNCTIONS BETWEEN INTIMATELY APPOSED CELL
MEMBRANES IN THE VERTEBRATE BRAIN. J Cell Biol. 1969; 40:648-677. [PubMed:
5765759]

5. Cohen-Salmon M, Ott T, Michel V, Hardelin JP, Perfettini I, Eybalin M, Wu T, Marcus DC,
Wangemann P, Willecke K, Petit C. Targeted ablation of connexin26 in the inner ear epithelial gap
junction network causes hearing impairment and cell death. Current biology: CB. 2002; 12:1106—
1111. [PubMed: 12121617]

6. Niessen H, Willecke K. Strongly decreased gap junctional permeability to inositol 1,4, 5-
trisphosphate in connexin32 deficient hepatocytes. FEBS letters. 2000; 466:112—-114. [PubMed:
10648823]

7. Frank M, Eiberger B, Janssen-Bienhold U, de Sevilla Muller LP, Tjarks A, Kim J-S, Maschke S,
Dobrowolski R, Sasse P, Weiler R, Fleischmann BK, Willecke K. Neuronal connexin-36 can
functionally replace connexin-45 in mouse retina but not in the developing heart. Journal of Cell
Science. 2010; 123:3605-3615. [PubMed: 20930146]

8. Sohl G, Maxeiner S, Willecke K. Expression and functions of neuronal gap junctions. Nat Rev
Neurosci. 2005; 6:191-200. [PubMed: 15738956]

9. Pfenniger A, Wohlwend A, Kwak BR. Mutations in connexin genes and disease. European Journal
of Clinical Investigation. 2011; 41:103-116. [PubMed: 20840374]

10. Oh S, Ri Y, Bennett MV, Trexler EB, Verselis VK, Bargiello TA. Changes in permeability caused
by connexin 32 mutations underlie X-linked Charcot-Marie-Tooth disease. Neuron. 1997; 19:927—
938. [PubMed: 9354338]

11. Abrams CK, Scherer SS. Gap junctions in inherited human disorders of the central nervous system.
Biochimica et Biophysica Acta (BBA) — Biomembranes. 2012; 1818:2030-2047. [PubMed:
21871435]

12. Contreras JE, Saez JC, Bukauskas FF, Bennett MVL. Gating and regulation of connexin 43 (Cx43)
hemichannels. Proceedings of the National Academy of Sciences. 2003; 100:11388-11393.

13. Saez JC, Retamal MA, Basilio D, Bukauskas FF, Bennett MV. Connexin-based gap junction
hemichannels: gating mechanisms. Biochim Biophys Acta. 2005; 1711:215-224. [PubMed:
15955306]

14. Burra S, Jiang JX. Regulation of cellular function by connexin hemichannels. International journal
of biochemistry and molecular biology. 2011; 2:119-128. [PubMed: 21968837]

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bargiello et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 27

Wang N, De Bock M, Decrock E, Bol M, Gadicherla A, Vinken M, Rogiers V, Bukauskas FF,
Bultynck G, Leybaert L. Paracrine signaling through plasma membrane hemichannels. Biochimica
et Biophysica Acta (BBA) — Biomembranes. 2013; 1828:35-50. [PubMed: 22796188]

Kamermans M, Fahrenfort I. Ephaptic interactions within a chemical synapse: hemichannel-
mediated ephaptic inhibition in the retina. Current Opinion in Neurobiology. 2004; 14:531-541.
[PubMed: 15464885]

Kamermans M, Fahrenfort I, Schultz K, Janssen-Bienhold U, Sjoerdsma T, Weiler R.
Hemichannel-Mediated Inhibition in the Outer Retina. Science. 2001; 292:1178-1180. [PubMed:
11349152]

Klaassen LJ, Sun Z, Steijaert MN, Bolte P, Fahrenfort I, Sjoerdsma T, Klooster J, Claassen Y,
Shields CR, Eikelder HMM Ten, Janssen-Bienhold U, Zoidl G, McMahon DG, Kamermans M.
Synaptic Transmission from Horizontal Cells to Cones Is Impaired by Loss of Connexin
Hemichannels. PLoS Biol. 2011; 9:e1001107. [PubMed: 21811399]

Sun Z, Risner ML, van Asselt JB, Zhang DQ, Kamermans M, McMahon DG. Physiological and
molecular characterization of connexin hemichannels in zebrafish retinal horizontal cells. Journal
of Neurophysiology. 2012; 107:2624-2632. [PubMed: 22357795]

Retamal MA, Alcayaga J, Bultynck G, leybaer L, Séez PJ, Fernandez R, Le6n LE, Saez JC.
Opening of pannexin and connexin based-channels increases the excitability of nodose ganglion
sensory neurons. Frontiers in Cellular Neuroscience. 2014; 8

Verselis VK, Srinivas M. Divalent cations regulate connexin hemichannels by modulating intrinsic
voltage-dependent gating. J Gen Physiol. 2008; 132:315-327. [PubMed: 18695008]
Palacios-Prado N, Hoge G, Marandykina A, Rimkute L, Chapuis S, Paulauskas N, Skeberdis VA,
O’Brien J, Pereda AE, Bennett MVL, Bukauskas FF. Intracellular Magnesium-Dependent
Modulation of Gap Junction Channels Formed by Neuronal Connexin36. The Journal of
Neuroscience. 2013; 33:4741-4753. [PubMed: 23486946]

Ma Z, Siebert AP, Cheung KH, Lee RJ, Johnson B, Cohen AS, Vingtdeux V, Marambaud P,
Foskett JK. Calcium homeostasis modulator 1 (CALHML1) is the pore-forming subunit of an ion
channel that mediates extracellular Ca2+ regulation of neuronal excitability. Proceedings of the
National Academy of Sciences. 2012; 109:E1963-E1971.

Siebert AP, Ma Z, Grevet JD, Demuro A, Parker I, Foskett JK. Structural and Functional
Similarities of Calcium Homeostasis Modulator 1 (CALHM1) lon Channel with Connexins,
Pannexins, and Innexins. Journal of Biological Chemistry. 2013; 288:6140-6153. [PubMed:
23300080]

Mese G, Sellitto C, Li L, Wang HZ, Valiunas V, Richard G, Brink PR, White TW. The Cx26-G45E
mutation displays increased hemichannel activity in a mouse model of the lethal form of keratitis-
ichthyosis-deafness syndrome. Mol Biol Cell. 2011; 22:4776-4786. [PubMed: 22031297]

Lee JR, Derosa AM, White TW. Connexin mutations causing skin disease and deafness increase
hemichannel activity and cell death when expressed in Xenopus oocytes. J Invest Dermatol. 2009;
129:870-878. [PubMed: 18987669]

Sanchez HA, Mese G, Srinivas M, White TW, Verselis VK. Differentially altered Ca2+ regulation
and Ca2+ permeability in Cx26 hemichannels formed by the A40V and G45E mutations that cause
keratitis ichthyosis deafness syndrome. J Gen Physiol. 2010; 136:47-62. [PubMed: 20584891]
Lopez W, Ramachandran J, Alsamarah A, Luo Y, Harris AL, Contreras JE. Mechanism of gating
by calcium in connexin hemichannels. Proceedings of the National Academy of Sciences. 2016;
113:E7986-E7995.

Lopez W, Gonzalez J, Liu Y, Harris AL, Contreras JE. Insights on the mechanisms of Ca2+
regulation of connexin26 hemichannels revealed by human pathogenic mutations (D50N/Y). J Gen
Physiol. 2013; 142:23-35. [PubMed: 23797420]

Garcia IE, Bosen F, Mujica P, Pupo A, Flores-Mufioz C, Jara O, Gonzalez C, Willecke K, Martinez
AD. From Hyperactive Connexin26 Hemichannels to Impairments in Epidermal Calcium Gradient
and Permeability Barrier in the Keratitis-lchthyosis-Deafness Syndrome. Journal of Investigative
Dermatology. 2016; 136:574-583. [PubMed: 26777423]

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bargiello et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 28

Abrams CK, Bennett MVL, Verselis VK, Bargiello TA. Voltage opens unopposed gap junction
hemichannels formed by a connexin 32 mutant associated with X-linked Charcot-Marie-Tooth
disease. Proceedings of the National Academy of Sciences. 2002; 99:3980-3984.

Bennett MV, Barrio LC, Bargiello TA, Spray DC, Hertzberg E, Saez JC. Gap junctions: new tools,
new answers, new questions. Neuron. 1991; 6:305-320. [PubMed: 1848077]

Bennett MV, Zukin RS. Electrical coupling and neuronal synchronization in the Mammalian brain.
Neuron. 2004; 41:495-511. [PubMed: 14980200]

Pereda AE. Developmental functions of electrical synapses. J Physiol. 2016; 594:2561-2562.
[PubMed: 27173021]

Pereda AE. Electrical synapses and their functional interactions with chemical synapses. Nat Rev
Neurosci. 2014; 15

Pannasch U, Vargova L, Reingruber J, Ezan P, Holcman D, Giaume C, Sykova E, Rouach N.
Astroglial networks scale synaptic activity and plasticity. Proceedings of the National Academy of
Sciences. 2011; 108:8467-8472.

Pannasch U, Freche D, Dallerac G, Ghezali G, Escartin C, Ezan P, Cohen-Salmon M, Benchenane
K, Abudara V, Dufour A, Lubke JHR, Deglon N, Knott G, Holcman D, Rouach N. Connexin 30
sets synaptic strength by controlling astroglial synapse invasion. Nat Neurosci. 2014; 17:549-558.
[PubMed: 24584052]

Giaume C, Koulakoff A, Roux L, Holcman D, Rouach N. Astroglial networks: a step further in
neuroglial and gliovascular interactions. Nat Rev Neurosci. 2010; 11:87-99. [PubMed: 20087359]
Maciunas K, Snipas M, Paulauskas N, Bukauskas FF. Reverberation of excitation in neuronal
networks interconnected through voltage-gated gap junction channels. J Gen Physiol. 2016;
147:273-288. [PubMed: 26880752]

Sutor B, Hagerty T. Involvement of gap junctions in the development of the neocortex. Biochimica
et Biophysica Acta (BBA) — Biomembranes. 2005; 1719:59-68. [PubMed: 16225838]

Peinado A. Immature Neocortical Neurons Exist as Extensive Syncitial Networks Linked by
Dendrodendritic Electrical Connections. Journal of Neurophysiology. 2001; 85:620. [PubMed:
11160498]

Peinado A, Yuste R, Katz LC. Extensive dye coupling between rat neocortical neurons during the
period of circuit formation. Neuron. 1993; 10:103-114. [PubMed: 8427699]

Palacios-Prado N, Chapuis S, Panjkovich A, Fregeac J, Nagy JI, Bukauskas FF. Molecular
determinants of magnesium-dependent synaptic plasticity at electrical synapses formed by
connexin36. Nat Commun. 2014; 5

Haas JS, Greenwald CM, Pereda AE. Activity-dependent plasticity of electrical synapses:
increasing evidence for its presence and functional roles in the mammalian brain. BMC Cell
Biology. 2016; 17:51-57.

Pereda, Alberto E. The Variable Strength of Electrical Synapses. Neuron. 2016; 90:912-914.
[PubMed: 27253444]

Kothmann WW, Trexler EB, Whitaker CM, Li W, Massey SC, O’Brien J. Nonsynaptic NMDA
Receptors Mediate Activity-Dependent Plasticity of Gap Junctional Coupling in the All Amacrine
Cell Network. The Journal of Neuroscience. 2012; 32:6747-6759. [PubMed: 22593045]
Bukauskas FF, Jordan K, Bukauskiene A, Bennett MVL, Lampe PD, Laird DW, Verselis VK.
Clustering of connexin 43—enhanced green fluorescent protein gap junction channels and
functional coupling in living cells. Proceedings of the National Academy of Sciences. 2000;
97:2556-2561.

Oh S, Rubin JB, Bennett MV, Verselis VK, Bargiello TA. Molecular determinants of electrical
rectification of single channel conductance in gap junctions formed by connexins 26 and 32. J Gen
Physiol. 1999; 114:339-364. [PubMed: 10469726]

Spray DC, Harris AL, Bennett MV. Equilibrium properties of a voltage-dependent junctional
conductance. J Gen Physiol. 1981; 77:77-93. [PubMed: 6259274]

Harris AL, Spray DC, Bennett MV. Kinetic properties of a voltage-dependent junctional
conductance. J Gen Physiol. 1981; 77:95-117. [PubMed: 6259275]

Bargiello, T., Brink, P. \oltage-Gating Mechanisms of Connexin Channels. In: Harris, AL., Locke,
D., editors. Connexins. Humana Press; 2009. p. 103-128.

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bargiello et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 29

Verselis VK, Bennett MV, Bargiello TA. A voltage-dependent gap junction in Drosophila
melanogaster. Biophys J. 1991; 59:114-126. [PubMed: 1901743]

Bukauskas FF, Weingart R. Voltage-dependent gating of single gap junction channels in an insect
cell line. Biophys J. 1994; 67:613-625. [PubMed: 7524710]

Barrio LC, Capel J, Jarillo JA, Castro C, Revilla A. Species-specific voltage-gating properties of
connexin-45 junctions expressed in Xenopus oocytes. Biophys J. 1997; 73:757-769. [PubMed:
9251792]

Barrio LC, Suchyna T, Bargiello T, Xu LX, Roginski RS, Bennett MV, Nicholson BJ. Gap
junctions formed by connexins 26 and 32 alone and in combination are differently affected by
applied voltage. Proc Natl Acad Sci U S A. 1991; 88:8410-8414. [PubMed: 1717979]

Verselis VK, Ginter CS, Bargiello TA. Opposite voltage gating polarities of two closely related
onnexins. Nature. 1994; 368:348-351. [PubMed: 8127371]

Trexler EB, Bennett MV, Bargiello TA, Verselis VK. Voltage gating and permeation in a gap
junction hemichannel. Proceedings of the National Academy of Sciences. 1996; 93:5836-5841.
Oh S, Abrams CK, Verselis VK, Bargiello TA. Stoichiometry of transjunctional voltage-gating
polarity reversal by a negative charge substitution in the amino terminus of a connexin32 chimera.
J Gen Physiol. 2000; 116:13-31. [PubMed: 10871637]

Pfahnl A, Zhou XW, Werner R, Dahl G. A chimeric connexin forming gap junction hemichannels.
Pflligers Archiv European Journal of Physiology. 1997; 433:773-779. [PubMed: 9049169]
Bargiello TA, Tang Q, Oh S, Kwon T. Voltage-dependent conformational changes in connexin
channels. Biochimica et Biophysica Acta (BBA) — Biomembranes. 2012; 1818:1807-1822.
[PubMed: 21978595]

Oh S, Rivkin S, Tang Q, Verselis VK, Bargiello TA. Determinants of gating polarity of a connexin
32 hemichannel. Biophys J. 2004; 87:912-928. [PubMed: 15298899]

Purnick PEM, Oh S, Abrams CK, Verselis VK, Bargiello TA. Reversal of the Gating Polarity of
Gap Junctions by Negative Charge Substitutions in the N-Terminus of Connexin 32. Biophys J.
2000; 79:2403-2415. [PubMed: 11053119]

Maeda S, Nakagawa S, Suga M, Yamashita E, Oshima A, Fujiyoshi Y, Tsukihara T. Structure of
the connexin 26 gap junction channel at 3.5 A resolution. Nature. 2009; 458:597-602. [PubMed:
19340074]

Bennett BC, Purdy MD, Baker KA, Acharya C, Mclntire WE, Stevens RC, Zhang Q, Harris AL,
Abagyan R, Yeager M. An electrostatic mechanism for Ca2+-mediated regulation of gap junction
channels. Nat Commun. 2016; 7

Khalili-Araghi F, Jogini V, Yarov-Yarovoy V, Tajkhorshid E, Roux B, Schulten K. Calculation of
the Gating Charge for the Kv1.2 Voltage-Activated Potassium Channel. Biophys J. 2010; 98:2189-
2198. [PubMed: 20483327]

Khalili-Araghi F, Tajkhorshid E, Roux B, Schulten K. Molecular Dynamics Investigation of the c-
Current in the Kv1.2 Voltage Sensor Domains. Biophys J. 2012; 102:258-267. [PubMed:
22339862]

Lacroix JJ, Pless SA, Maragliano L, Campos FV, Galpin JD, Ahern CA, Roux B, Bezanilla F.
Intermediate state trapping of a voltage sensor. J Gen Physiol. 2012; 140:635-652. [PubMed:
23183699]

Pan AC, Cuello LG, Perozo E, Roux B. Thermodynamic coupling between activation and
inactivation gating in potassium channels revealed by free energy molecular dynamics simulations.
J Gen Physiol. 2011; 138:571-580. [PubMed: 22124115]

Jensen M@, Jogini V, Borhani DW, Leffler AE, Dror RO, Shaw DE. Mechanism of Voltage Gating
in Potassium Channels. Science. 2012; 336:229-233. [PubMed: 22499946]

Im W, Roux B. Brownian dynamics simulations of ions channels: a general treatment of
electrostatic reaction fields for molecular pores of arbitrary geometry. J Chem Phys. 2001;
115:4850-4861.

Im W, Seefeld S, Roux B. A Grand Canonical Monte Carlo-Brownian dynamics algorithm for
simulating ion channels. Biophys J. 2000; 79:788-801. [PubMed: 10920012]

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bargiello et al.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Page 30

Kronengold J, Trexler EB, Bukauskas FF, Bargiello TA, Verselis VK. Single-channel SCAM
identifies pore-lining residues in the first extracellular loop and first transmembrane domains of
Cx46 hemichannels. J Gen Physiol. 2003; 122:389-405. [PubMed: 12975451]

Oh S, Verselis VK, Bargiello TA. Charges dispersed over the permeation pathway determine the
charge selectivity and conductance of a Cx32 chimeric hemichannel. J Physiol. 2008; 586:2445—
2461. [PubMed: 18372303]

Tang Q, Dowd TL, Verselis VK, Bargiello TA. Conformational changes in a pore-forming region
underlie voltage-dependent “loop gating” of an unapposed connexin hemichannel. J Gen Physiol.
2009; 133:555-570. [PubMed: 19468074]

Pfahnl A, Dahl G. Localization of a oltage Gate in Connexin46 Gap Junction Hemichannels.
Biophys J. 1998; 75:2323-2331. [PubMed: 9788927]

Egwolf B, Luo Y, Walters DE, Roux B. lon selectivity of alpha-hemolysin with beta-cyclodextrin
adapter. 1. Multi-ion effects studied with grand canonical Monte Carlo/Brownian dynamics
simulations. The journal of physical chemistry B. 2010; 114:2901-2909. [PubMed: 20146515]
Rui H, Lee KI, Pastor RW, Im W. Molecular dynamics studies of ion permeation in VDAC.
Biophys J. 2011; 100:602-610. [PubMed: 21281574]

Lee KI, Rui H, Pastor RW, Im W. Brownian dynamics simulations of ion transport through the
VDAC. Biophys J. 2011; 100:611-619. [PubMed: 21281575]

Noskov SY, Im W, Roux B. lon permeation through the alpha-hemolysin channel: theoretical
studies based on Brownian dynamics and Poisson-Nernst-Plank electrodiffusion theory. Biophys J.
2004; 87:2299-2309. [PubMed: 15454431]

Kwon T, Harris AL, Rossi A, Bargiello TA. Molecular dynamics simulations of the Cx26
hemichannel: Evaluation of structural models with Brownian dynamics. J Gen Physiol. 2011;
138:475-493. [PubMed: 22006989]

Suchyna TM, Nitsche JM, Chilton M, Harris AL, Veenstra RD, Nicholson BJ. Different ionic
selectivities for connexins 26 and 32 produce rectifying gap junction channels. Biophys J. 1999;
77:2968-2987. [PubMed: 10585920]

Kienker PK, Lear JD. Charge selectivity of the designed uncharged peptide ion channel Ac-
(LSSLLSL)3-CONH2. Biophys J. 1995; 68:1347-1358. [PubMed: 7540427]

Locke D, Bian S, Li H, Harris AL. Post-translational modifications of connexin26 revealed by
mass spectrometry. Biochem J. 2009; 424:385-398. [PubMed: 19775242]

Kwon T, Harris AL, Rossi A, Bargiello TA. Molecular dynamics simulations of the Cx26
hemichannel: Evaluation of structural models with Brownian dynamics. J Gen Physiol. 2011; 138
Sali A, Blundell TL. Comparative protein modelling by satisfaction of spatial restraints. Journal of
molecular biology. 1993; 234:779-815. [PubMed: 8254673]

Eswar, N., Webb, B., Marti-Renom, MA., Madhusudhan, MS., Eramian, D., Shen, M-y, Pieper, U.,
Sali, A. Current Protocols in Bioinformatics. John Wiley & Sons, Inc; 2002. Comparative Protein
Structure Modeling Using Modeller.

Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D, Shen MY, Pieper U, Sali A.
Comparative protein structure modeling using Modeller. Current protocols in bioinformatics/
editoral board, Andreas D. Baxevanis ... [et al.], Chapter 5. 2006 Unit 5 6.

Kwon T, Dowd Terry L, Bargiello Thaddeus A. The Carboxyl Terminal Residues 220 283 Are Not
Required for Voltage Gating of a Chimeric Connexin32 Hemichannel. Biophys J. 2013; 105:1376—
1382. [PubMed: 24047988]

Shaw, DE., Deneroff, MM., Dror, RO., Kuskin, JS., Larson, RH., Salmon, JK., Young, C., Baston,
B., Bowers, KJ., Chao, JC., Eastwood, MP., Gagliardo, J., Grossman, JP., Ho, CR., lerardi, CJ.,
Kolossavary, 1., Klepeis, JL., Layman, T., McLeavey, C., Moraes, MA., Mueller, R., Priest, EC.,
Shan, Y., Spengler, J., Theobald, M., Towles, B., Wang, SC. Millisecond-scale molecular dynamics
simulations on Anton. ACM Press; New York: 2009.

Shaw DE, Deneroff MM, Dror RO, Kuskin JS, Larson RH, Salmon JK, Young C, Batson B,
Bowers KJ, Chao JC, Eastwood MP, Gagliardo J, Grossman JP, Ho CR, lerardi DJ, Klepeis JL,
Layman T, McLeavey C, Moraes MA, Mueller R, Priest EC, Shan Y, Spengler J, Theobald M,
Towles B, Wang SC. Anton, a special-purpose machine for molecular dynamics simulation.
SIGARCH Comput Archit News. 2007; 35:1-12.

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bargiello et al.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 31

Enkhbayar P, Hikichi K, Osaki M, Kretsinger RH, Matsushima N. 310-helices in proteins are
parahelices. Proteins: Structure, Function, and Bioinformatics. 2006; 64:691-699.

Verselis VK, Trelles MP, Rubinos C, Bargiello TA, Srinivas M. Loop gating of connexin
hemichannels involves movement of pore-lining residues in the first extracellular loop domain. J
Biol Chem. 2009; 284:4484-4493. [PubMed: 19074140]

Kwon T, Roux B, Jo S, Klauda Jeffery B, Harris Andrew L, Bargiello Thaddeus A. Molecular
Dynamics Simulations of the Cx26 Hemichannel: Insights into Voltage-Dependent Loop-Gating.
Biophys J. 2012; 102:1341-1351. [PubMed: 22455917]

Bukauskas FF, Verselis VK. Gap junction channel gating. Biochimica et Biophysica Acta (BBA) —
Biomembranes. 2004; 1662:42—60. [PubMed: 15033578]

Vargas E, Bezanilla F, Roux B. In Search of a Consensus Model of the Resting State of a Voltage-
Sensing Domain. Neuron. 2011; 72:713-720. [PubMed: 22153369]

Vargas E, Yarov-Yarovoy V, Khalili-Araghi F, Catterall WA, Klein ML, Tarek M, Lindahl E,
Schulten K, Perozo E, Bezanilla F, Roux B. An emerging consensus on voltage-dependent gating
from computational modeling and molecular dynamics simulations. J Gen Physiol. 2012;
140:587-594. [PubMed: 23183694]

DeCaen PG, Yarov-Yarovoy V, Scheuer T, Catterall WA. Gating charge interactions with the S1
segment during activation of a Na+ channel voltage sensor. Proceedings of the National Academy
of Sciences. 2011; 108:18825-18830.

DeCaen PG, Yarov-Yarovoy V, Sharp EM, Scheuer T, Catterall WA. Sequential formation of ion
pairs during activation of a sodium channel voltage sensor. Proceedings of the National Academy
of Sciences. 2009; 106:22498-22503.

DeCaen PG, Yarov-Yarovoy V, Zhao Y, Scheuer T, Catterall WA. Disulfide locking a sodium
channel voltage sensor reveals ion pair formation during activation. Proceedings of the National
Academy of Sciences. 2008; 105:15142-15147.

100. Yarov-Yarovoy V, DeCaen PG, Westenbroek RE, Pan CY, Scheuer T, Baker D, Catterall WA.

101.

102.

103.

Structural basis for gating charge movement in the voltage sensor of a sodium channel.
Proceedings of the National Academy of Sciences. 2012; 109:E93-E102.

Henrion U, Renhorn J, Bérjesson SI, Nelson EM, Schwaiger CS, Bjelkmar P, Wallner B, Lindahl
E, Elinder F. Tracking a complete voltage-sensor cycle with metal-ion bridges. Proceedings of
the National Academy of Sciences. 2012; 109:8552-8557.

Campos FV, Chanda B, Roux B, Bezanilla F. Two atomic constraints unambiguously position the
S4 segment relative to S1 and S2 segments in the closed state of Shaker K channel. Proceedings

of the National Academy of Sciences. 2007; 104:7904-7909.

Zhou Y, Xia XM, Lingle CJ. Cadmium-—cysteine coordination in the BK inner pore region and its
structural and functional implications. Proceedings of the National Academy of Sciences. 2015;

112:5237-5242.

104. Kwon T, Tang Q, Bargiello TA. Voltage-dependent gating of the Cx32*43E1 hemichannel:

Conformational changes at the channel entrances. J Gen Physiol. 2013; 141:243-259. [PubMed:
23319727]

105. Bera AK, Akabas MH. Spontaneous Thermal Motion of the GABAA Receptor M2 Channel-

lining Segments. Journal of Biological Chemistry. 2005; 280:35506—-35512. [PubMed:
16091360]

106. Horenstein J, Riegelhaupt P, Akabas MH. Differential Protein Mobility of the -y-Aminobutyric

Acid, Type A, Receptor a and B Subunit Channel-lining Segments. Journal of Biological
Chemistry. 2005; 280:1573-1581. [PubMed: 15522864]

107. Horenstein J, Wagner DA, Czajkowski C, Akabas MH. Protein mobility and GABA-induced

conformational changes in GABAA receptor pore-lining M2 segment. Nat Neurosci. 2001;
4:477-485. [PubMed: 11319555]

108. Jalilehvand F, Leung BO, Mah V. Cadmium(Il) Complex Formation with Cysteine and

Penicillamine. Inorganic Chemistry. 2009; 48:5758-5771. [PubMed: 19469490]

109. Jalilehvand F, Mah V, Leung BO, Mink Jn, Bernard GM, Hajba Ls. Cadmium(ll) Cysteine

Complexes in the Solid State: A Multispectroscopic Study. Inorganic Chemistry. 2009; 48:4219—
4230. [PubMed: 19351134]

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bargiello et al.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Page 32

Vilarifio T, Brandariz I, Fiol S, Lépez Fonseca J, Sastre De Vicente M. Complexation of Cd2+ by
cysteine at ionic strength of 0.7 m studied by differential pulse polarography. Bulletin des
Sociétés Chimiques Belges. 1993; 102:699-707.

DeSilva TM, Veglia G, Porcelli F, Prantner AM, Opella SJ. Selectivity in heavy metal- binding to
peptides and proteins. Biopolymers. 2002; 64:189-197. [PubMed: 12115136]

Iranzo O, Chakraborty S, Hemmingsen L, Pecoraro VL. Controlling and Fine Tuning the Physical
Properties of Two Identical Metal Coordination Sites in De Novo Designed Three Stranded
Coiled Coil Peptides. Journal of the American Chemical Society. 2011; 133:239-251. [PubMed:
21162521]

Potocki S, Rowinska-Zyrek M, Valensin D, Krzywoszynska K, Witkowska D, Luczkowski M,
Kozlowski H. Metal Binding Ability of Cysteine-Rich Peptide Domain of ZIP13 Zn2+ lons
Transporter. Inorganic Chemistry. 2011; 50:6135-6145. [PubMed: 21630642]

Hinkle PM, Shanshala ED, Nelson EJ. Measurement of intracellular cadmium with fluorescent
dyes. Further evidence for the role of calcium channels in cadmium uptake. Journal of Biological
Chemistry. 1992; 267:25553-25559. [PubMed: 1281160]

Krezel A, Lesniak W, Jezowska-Bojczuk M, Mtynarz P, Brasufi J, Koztowski H, Bal W.
Coordination of heavy metals by dithiothreitol, a commonly used thiol group protectant. Journal
of inorganic biochemistry. 2001; 84:77-88. [PubMed: 11330484]

Schmidt B, Hogg PJ. Search for allosteric disulfide bonds in NMR structures. BMC Structural
Biology. 2007; 7:1-12. [PubMed: 17201922]

Kwon T, Tang Q, Bargiello TA. Voltage-dependent gating of the Cx32*43E1 hemichannel:
Conformational changes at the channel entrances. Journal of general Physiology. 2012 in press.
Sanchez HA, Villone K, Srinivas M, Verselis VK. The D50N mutation and syndromic deafness:
Altered Cx26 hemichannel properties caused by effects on the pore and intersubunit interactions.
J Gen Physiol. 2013; 142:3-22. [PubMed: 23797419]

Oh S, Bargiello TA. Voltage Regulation of Connexin Channel Conductance. Yonsei Med J. 2015;
56:1-15. [PubMed: 25510741]

Abrams CK, Islam M, Mahmoud R, Kwon T, Bargiello TA, Freidin MM. Functional Requirement
for a Highly Conserved Charged Residue at Position 75 in the Gap Junction Protein Connexin 32.
Journal of Biological Chemistry. 2013; 288:3609-3619. [PubMed: 23209285]

Jiang J, Pentelute BL, Collier RJ, Zhou ZH. Atomic structure of anthrax protective antigen pore
elucidates toxin translocation. Nature. 2015; 521:545-549. [PubMed: 25778700]

Liao M, Cao E, Julius D, Cheng Y. Structure of the TRPV1 ion channel determined by electron
cryo-microscopy. Nature. 2013; 504:107-112. [PubMed: 24305160]

Hite RK, Yuan P, Li Z, Hsuing Y, Walz T, MacKinnon R. Cryo-electron microscopy structure of
the Slo2.2 Na+-activated K+ channel. Nature. 2015; 527:198-203. [PubMed: 26436452]

Oshima A, Tani K, Fujiyoshi Y. Atomic structure of the innexin-6 gap junction channel
determined by cryo-EM. Nature Communications. 2016; 7:13681.

Batir Y, Bargiello TA, Dowd TL. Structural studies of N-terminal mutants of Connexin 26 and
Connexin 32 using 1H NMR spectroscopy. Archives of Biochemistry and Biophysics. 2016;
608:8-19. [PubMed: 27378082]

Kalmatsky BD, Bhagan S, Tang Q, Bargiello TA, Dowd TL. Structural studies of the N-terminus
of Connexin 32 using 1H NMR spectroscopy. Archives of biochemistry and biophysics. 2009;
490:9-16. [PubMed: 19638273]

Purnick PE, Benjamin DC, Verselis VK, Bargiello TA, Dowd TL. Structure of the amino terminus
of a gap junction protein. Archives of biochemistry and biophysics. 2000; 381:181-190.
[PubMed: 11032405]

Kalmatsky BD, Batir Y, Bargiello TA, Dowd TL. Structural studies of N-terminal mutants of
Connexin 32 using 1H NMR spectroscopy. Archives of Biochemistry and Biophysics. 2012;
526:1-8. [PubMed: 22705201]

Bukauskas FF, Bukauskiene A, Verselis VK. Conductance and Permeability of the Residual State
of Connexin43 Gap Junction Channels. J Gen Physiol. 2002; 119:171-186. [PubMed: 11815667]

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bargiello et al. Page 33

130. Oshima A, Tani K, Hiroaki Y, Fujiyoshi Y, Sosinsky GE. Projection Structure of a N-Terminal
Deletion Mutant of Connexin 26 Channel with Decreased Central Pore Density. Cell
Communication and Adhesion. 2008; 15:85-93. [PubMed: 18649181]

131. Oshima A, Tani K, Hiroaki Y, Fujiyoshi Y, Sosinsky GE. Three-dimensional structure of a human
connexin26 gap junction channel reveals a plug in the vestibule. PNAS. 2007; 104:10034-10039.
[PubMed: 17551008]

132. Oshima A, Tani K, Toloue MM, Hiroaki Y, Smock A, Inukai S, Cone A, Nicholson BJ, Sosinsky
GE, Fujiyoshi Y. Asymmetric Configurations and N-terminal Rearrangements in Connexin26
Gap Junction Channels. Journal of Molecular Biology. 2011; 405:724-735. [PubMed: 21094651]

133. Stauffer KA, Kumar NM, Gilula NB, Unwin N. Isolation and purification of gap junction
channels. J Cell Biol. 1991; 115:141-150. [PubMed: 1655801]

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bargiello et al.

Page 34

Highlights

. Connexin channels have two distinct voltage-gating mechanisms: loop- and
Vij-gating.

. Understanding voltage-gating requires atomic models of end states.

. Atomic models of the physiological open state have been created and
validated.

. Metal bridging has defined the conformation of the loop-gate closed state.

. The distance constraints provide closed state atomic models.

. Strategies to further refine and validate atomic models are discussed.
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A. V-gating

B. Loop-gating

Vi s
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Figure 1.
Single channel records illustrating two different voltage-dependent gating processes in

Cx32*43E1 undocked hemichannels following expression in Xenopus oocytes. (A).
Segment of a record of an outside-out patch containing a single channel illustrating Vj-
gating transitions to three substates at a holding potential of =100 mV. (B). Cell attached
recording of a single wild type channel at a holding potential of =70 mV illustrating loop-
gating transitions. Note the slow time course of the gating transitions and that not all events
lead to full channel closure. The records were obtained in presence of EDTA and EGTA,
indicating that the two gating mechanisms do not depend on the presence of divalent cations.
Reproduced from the Journal of General Physiology.
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Figure 2.
Structural models of Cx26 undocked hemichannels and corresponding computed currents-

voltage relations with GCMC/BD. A-C. End on views of atomic models (A). The Cx26
crystal structure PDB 1D:2ZW3. The larger pore diameter reflects the absence Met1 in the
crystal structure. (B). The completed crystal structure in which all missing atoms were added
to the crystal structure. The decreased pore diameter is a consequence of presence of Metl.
(C). The structure of the average equilibrated atomic model following all-atom MD
simulation in a fully hydrated POPC membrane. The large pore diameter is a consequence of
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the relaxation of the crystal structure. (D). I/V relation of the completed crystal structure
with Met1 removed computed with GCMC/BD. Blue line is K* current, red line is CI~
current, black line is total current. (E). I/V relation of the completed crystal structure with
Met1 included computed with GCMC/BD. Blue line is K* current, red line is CI~ current,
black line is total current. (F) Single channel I/V relation of an excised (outside-out)
undocked Cx26 hemichannel in symmetric 100mM KCI elicited by a + 70 mV voltage ramp.
(G). Schematic of the GCMC/BD simulation system. The connexin channel (yellow)
embedded in explicit POPC lipid is inserted into an implicit membrane containing a circular
hole. The explicit membrane prevents any leak current passing between the channel and
implicit membrane. The upper compartment (extracellular part of the channel) was defined
as the ground in voltage applications. 20 replicate 450-ns simulations were performed at
each of seven voltages, £150, +100, +50, and 0 mV, to plot the I/V relations. Blue circles,
K*; red circles, CI~. (H) Positions of modified residues identified by Locke et al. (2009) that
would alter the distribution of charge in the Cx26 channel pore, shown in a side view of two
opposite subunits of the completed crystal structure. The positions of acetylated residues are
colored as follows: blue, Met1; red, K15; green, K102, K103, K105, K108, K112, and K116
in CL/TM2; orange, -y-carboxyglutamated residues E42, E47, and E114. (1) The 1/V relation
of the MD equilibrated channel with Met/K15 6 cytoplasmic loop lysine residues acetylated.
Blue line is K* current, red line is CI~ current, black line is total current. The experimental
current trace depicted in gray is the current trace in panel F. Computed and experimental
currents superimpose closely. Reproduced from the Journal of General Physiology.
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Figure 3.
Electrostatic and van der Waals networks stabilize the open state of Cx26 and N2E

Cx32*43E1 undocked hemichannels. (A). Side view of the equilibrated Cx26 hemichannel.
The parahelix (319 helix in Maeda et al.) which form the loop-gate permeability barrier in
Cx32*43E1 and Cx50 hemichannels is depicted by the purple ribbon. The first
transmembrane domain in blue. The TM1/E1 bend angle is marked by the turquoise arrow
(it is in fact the TM1/parahelix bend angle). The first extracellular loop is colored blue. The
N-terminus is colored green. The cytoplasmic entrance to the channel pore (109C) indicated
by the red arrow. The extracellular entrance (residue 56) by the black arrow. (B) End on
view from the extracellular entrance of the Cx26 hemichannel. Red ribbons are the
parahelix, yellow rods are the electrostatic network, green spheres are the van der Waals
network. (C). Schematic representation of the electrostatic network in the Cx26 equilibrated
structure. (D). Schematic representation of the electrostatic network in the equilibrated N2E
Cx32*43E1 hemichannel. (E). Schematic representation of the van der Waals network in the
equilibrated atomic model of Cx26. Panels B—E are reproduced from Biophysical Journal.
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Figure 4.

Correlation map of the electrostatic network derived from correlated time series of

Page 39

electrostatic interactions present between two adjacent subunits. (A) Correlation map of
electrostatic interactions. (Red and blue circles) Residues located in adjacent subunits. (B-J)
Time series properties of specified interactions. (Blue) All interactions positively correlated
with that of E47-R75; (red) those that are negatively correlated. Dots in column xtl are the
energies of the interactions determined for the unequilibrated crystal structure. Additional

details are provided in Kwon et al. [93]. Reproduced from Biophysical Journal.
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(A). Schematic illustration of the Cx32*43E1 channel pore in the open and loop-gate closed
state. Cysteine substitutions of the loci depicted in the open state were shown to be
accessible to modification with thiol reagents. In the loop-gate closed state, cysteine
substitutions at 43 and 50 form “high affinity” state-dependent Cd2*-thiolate metal bridges
as does the double mutation 108C+109C. In contrast, the effect of Cd2* on channels formed
by individual mutations, 108C and 109C, is reversed by wash out of Cd2*. We attribute this
effect to formation of low affinity bridges. Similarly, cysteine substitution at 40, are not

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bargiello et al.

Page 41

accessible to MTS modification in the open state, and form “low affinity” metal bridges in
the loop-gate closed state. Cysteine substitutions of G45C, interact with Cd?* to lock the
channel in the loop-gate closed state, but much of the effect can be reversed by wash-out of
Cd2* (incomplete reversal). Current relaxations of channels containing Q56C are unchanged
by Cd2*. (B) High affinity Cd2*-thiolate bridge formation at 43C (see text). Activation of
AA43C currents requires application of either TPEN or DTT, as does restoration of currents
following application of 1-10 pM Cd?*- (C) Currents from A50C channels differ from A43C
in two ways, i) activation of currents does not require chelation, and ii) currents are partially
restored by wash out of Cd2*, but full restoration requires application of metal chelators.
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Figure 6.
N2E Cx32*43E1 L108C +E109C undocked hemichannels are locked in loop-gate closed

state by Cd2*. Currents were elicited by a train of voltage steps alternating between —10 and
—-70 mV, the time of reagent application is shown in the colored bars above the current trace.
Low levels of initial currents are markedly increased by bath application of 20 uM DTT.
Currents are decreased by application of 1-20 pM Cd2* and are only partially restored by
subsequent chelation of Cd2* with 20 uM DTT. The result is consistent with formation of a
high affinity Cd2* site by substituted cysteines when the channel resides in the loop-gate
closed state. (B and C). Currents from the N2E L108C+109C and “wild-type” N2E 43E1
(N2ECx32*43E1) hemichannels elicited by sequential voltage steps from +40 to =120 mV
from a holding potential of OmV. Closure of loop-gates at inside negative potentials
corresponds to current relaxations shown in red. Closure of Vj-gates at inside positive
potentials corresponds to current relaxations shown in black.
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