Molecular dynamics simulations of the Cx26 hemichannel:
Evaluation of structural models with Brownian dynamics
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The recently published crystal structure of the Cx26 gap junction channel provides a unique opportunity for eluci-
dation of the structure of the conductive connexin pore and the molecular determinants of its ion permeation
properties (conductance, current-voltage [I-V] relations, and charge selectivity). However, the crystal structure
was incomplete, most notably lacking the coordinates of the N-terminal methionine residue, which resides within
the pore, and also lacking two cytosolic domains. To allow computational studies for comparison with the known
channel properties, we completed the structure. Grand canonical Monte Carlo Brownian dynamics (GCMC/BD)
simulations of the completed and the published Cx26 hemichannel crystal structure indicate that the pore is too
narrow to permit significant ion flux. The GCMC/BD simulations predict marked inward current rectification and
almost perfect anion selectivity, both inconsistent with known channel properties. The completed structure was re-
fined by all-atom molecular dynamics (MD) simulations (220 ns total) in an explicit solvent and POPC membrane
system. These MD simulations produced an equilibrated structure with a larger minimal pore diameter, which
decreased the height of the permeation barrier formed by the N terminus. GCMC/BD simulations of the
MD-equilibrated structure yielded more appropriate single-channel conductance and less anion/ cation selectivity.
However, the simulations much more closely matched experimentally determined I-V relations when the charge
effects of specific co- and posttranslational modifications of Cx26 previously identified by mass spectrometry were
incorporated. We conclude 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 posttranslational
modifications of Cx26 hemichannels are likely to play an important physiological role by defining the conductance
and ion selectivity of Cx26 channels. Furthermore, the simulations and data suggest that experimentally observed

heterogeneity in Cx26 I-V relations can be accounted for by variation in co- and posttranslational modifications.

INTRODUCTION

Proteins encoded by the 21 members of the connexin
gene family oligomerize to form intercellular channels
(gap junction channels) by the head-to-head union of
two hemichannels that span the plasma membranes of
adjacent cells. A hemichannel is comprised of six con-
nexin subunits, each of which crosses the membrane
four times, which form a large central aqueous pore
estimated from a variety of experimental approaches to
have a limiting diameter of 12-15 A (Oh et al., 1997;
Gong and Nicholson, 2001; Harris and Locke, 2009).
The recent publication of the crystal structure of a Cx26
gap junction channel at 3.5-A resolution (Maeda et al.,
2009) confirmed the overall architecture of connexin
channels derived from earlier lower resolution structural
work (Unger et al., 1999; Fleishman et al., 2004; Oshima
et al., 2007) and resolved the controversy concerning
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which domains line the channel pore (Verselis, 2009).
The crystal structure demonstrates that, starting at its
extracellular end, the pore is lined by residues in the
N-terminal half of the first extracellular loop (E1), the
C-terminal half of the first transmembrane domain
(TM1), the first half of the N terminus (NT), which con-
tains the N-terminal helix (NTH), and the C-terminal
half of the second transmembrane domain (TMZ2). This
topology is congruent with the contribution of regions of
the NTH, TM1, and E1 derived from substituted cysteine
accessibility method (Karlin and Akabas, 1998) studies of
connexin hemichannels (Zhou et al., 1997; Kronengold
et al., 2003; Oh et al., 2008; Tang et al., 2009; Verselis
et al., 2009; Sanchez et al., 2010).

The crystal structure provides a unique and long-
awaited starting point for quantitative investigation of
connexin channel structure—function. Because the volt-
age sensors for connexin channels are most likely located
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within the channel pore (Harris et al., 1981; Bargiello
and Brink, 2009) rather than in discrete voltage-sensing
domains outside the channel pore, as in K" channels,
knowledge of the structure and dynamics of the open
state and the pore-forming region is a critical first step
to understanding the molecular mechanisms of con-
nexin voltage-dependent gating at the atomic level, as
well as determinants of ionic and molecular selectivity.

The published Cx26 crystal structure was surmised to
represent the conformation of an open channel (Maeda
et al., 2009). This assertion was based on a continuous
unobstructed path through the center of the crystal
structure and use of crystallization conditions that favor
occupancy of an open state. The minimum pore diameter
of the crystal structure was reported to be ~14 A
and located at the constriction formed by the tip of the
NTH, which folds into the pore lumen. However, the crys-
tal structure did not include the coordinates of the
N-terminal methionine (Metl), whose inclusion would
reduce the diameter of the channel pore, nor of the
side chains of residues K15, S17, and S19 contained in
the N terminus (NT). In addition, residues forming
most of the cytoplasmic loop (CL; residues 110-124)
and C terminus (residues 218-226) domains were not
defined in the crystal, owing to the flexibility of these
domains in Cx26 channels (Muller et al., 2002; Maeda
et al,, 2009). Although these domains may not be pore
lining, they may be important in structure—function
relations and must be included to provide a structure
that can be refined by molecular dynamics (MD) simu-
lation. Thus, the completion of the crystal structure, its
refinement by MD simulation, and validation of its
functional properties are critical to the elucidation of
the structure—function relations of voltage-dependent
gating and permeation of connexin channels.

A powerful approach to determine whether a struc-
ture represents an open ion channel is application of
the grand canonical Monte Carlo Brownian dynamics
(GCMC/BD) algorithm (Im et al., 2000; Im and Roux,
2001; Noskov et al., 2004; Egwolf et al., 2010). The
resulting I-V relation and charge selectivity can be
compared with those experimentally determined. Corre-
spondence between the single-channel properties derived
from GCMC/BD simulations and experimental results
provides a sensitive test of the validity of a structure
(Egwolf et al., 2010; Lee et al., 2011; Rui et al., 2011).
Recent studies of ion permeation in large pore voltage-
dependent anion channels (VDAC) demonstrate that
the application of GCMC/BD and MD methods provides
nearly equivalent results that closely correspond to
experimental values and have sufficient sensitivity to
discriminate between alternative models of voltage-
dependent anion channel structure (Lee et al., 2011;
Rui et al., 2011). In addition, the multi-ion potential of
mean forces (PMFs) determined from the simulations
provide information concerning the mechanism of ion
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permeation by defining the positions and heights of
barriers to ion flux along the channel pore and their volt-
age dependence. GCMC/BD has several intrinsic limita-
tions, including a rigid channel, implicit solvent-based
protein—ion interactions, and an implicit membrane bi-
layer (Lee et al., 2011). Although these limitations are
significant in the case of narrow channels, ion flux
through large pore ion channels such as those formed
by connexins are accurately described by GCMC/BD
simulations (Noskov et al., 2004; Egwolf et al., 2010; Lee
et al., 2011). A specific advantage of GCMC/BD over
all-atom MD is that it is currently the only method able
to produce I-V curves under asymmetric ion concentra-
tions. There are currently no methods to simulate ion
flux through a channel with asymmetric ionic concen-
tration under periodic boundary conditions.

Intercellular channels formed by Cx26 display linear
I-V relations in single-channel recordings from volt-
age-clamped pairs of transfected Neuro-2a cells. The slope
conductance is ~140 pS in symmetric 140-mM CsCl
recording solutions (Oh et al., 1999) and ~135 pS in
120-mM KCl solutions (Suchyna et al., 1999). The chan-
nels display moderate cation preference, 2.6:1, deter-
mined by conductance ratios (Suchyna et al., 1999). Cx26
gap junctions have been reported to be preferentially
permeable to large cationic dyes over large anionic dyes
(Harris and Locke, 2009), although a preferential per-
meability to anionic dyes correlates with Cx26 expres-
sion in specific regions of cochlear sensory epithelium
(Zhao, 2005). The molecular basis of this apparent dif-
ference in Cx26 charge selectivity is unknown, although
as discussed in this paper, it may result from specific
co- and posttranslational charge modifications.

The linear I-V of Cx26 intercellular channels does not
indicate that the I-Vs of the component hemichannels
are linear, as demonstrated by Trexler et al. (2000) for
Cx46 channels, where undocked hemichannels rectify
inwardly while the I-V of the intercellular channel is lin-
ear. The difference is a consequence of asymmetry in
the distribution of fixed charge in the connexin hemi-
channel, which becomes symmetric when two hemi-
channels are paired. In one case, the I-V of undocked
Cx26 hemichannels expressed in Xenopus laevis oocytes
was reported to have a slight inward rectification and a
slope conductance of ~385 pSin 100 mM KCI (Gonzalez
etal., 2006), whereas another report shows a slight out-
ward rectification and a slope conductance of ~340 pS
in 140 mM KCI (Sanchez et al., 2010).

The charge selectivity of undocked Cx26 hemichan-
nels among atomic ions has not been determined.
However, the molecular determinants and mechanisms
of charge selectivity have been reported for other con-
nexins, including Cx46 (Trexler et al., 2000) and a chi-
meric Cx32 hemichannel in which the first extracellular
loop of Cx32 is replaced with that of Cx43 (Cx32*Cx43El;
Oh et al., 2008). These studies demonstrate that the



effect of a given charged residue on single-channel con-
ductance, direction of current rectification, and charge
selectivity depends on its sign, its position within the pore,
the diameter of the pore in the vicinity of the charged
residue, and its relative position to other charged resi-
dues. The determinants for Cx26 hemichannels are
expected to be similar.

The electrostatic surface potential of the Cx26 hemi-
channel crystal structure has been calculated. As re-
ported by Maeda etal. (2009), the intracellular entrance
to pore has a net positive potential 240 kT /e, whereas
the extracellular half of the pore has a net negative po-
tential less than or equal to —40 kT/e. The corresponding
segregation of charges along the length of the pore
would result in formation of a P/N junction expected to
display marked inward rectification and complex charge
selectivity depending on the ionic strength of the re-
cording solutions and the positions of the fixed charges
in the pore (Kienker and Lear, 1995; Oh et al., 2008).

Several charge-changing co- and posttranslational
modifications of human Cx26 channels expressed in
stably transfected HeLa cells have been identified by mass
spectrometry (Locke et al., 2009). Acetylation of the
a amine of the N-terminal methionine residue (Metl
acetylation) was shown by tandem MS/MS. Other
modifications shown by MS using stringent criteria in-
clude acetylation of up to seven internal lysine resi-
dues at the intracellular entrance of the channel and
y-carboxyglutamation of three glutamate residues in
the channel pore. Acetylation of lysine and Metl resi-
dues neutralizes the positive charge of these residues,
whereas y-carboxyglutamation increases the negative
charge of glutamate residues. Because they alter charge,
these modifications could have a substantial effect on
conductance, current rectification, and charge selectiv-
ity of Cx26 channels by altering the electrostatic poten-
tial within the pore.

N-terminal acetylation, one of the most common pro-
tein modifications in eukaryotes, is the irreversible co-
translational transfer of the acetyl group of acetyl-CoA
to the a-amino group of the N-terminal residue of a na-
scent polypeptide chain (Arnesen et al., 2009; Arnesen,
2011). N-terminal acetylation is involved in cell cycle
regulation, cancer development, entry into protein deg-
radation pathways, and protein targeting to the endo-
plasmic reticulum (Starheim et al., 2009; Hwang et al.,
2010; Forte et al., 2011). Modification of functional
properties of proteins by N-terminal acetylation has
been reported in only a few cases (Hwang et al., 2010;
Arnesen, 2011). N-terminal acetylation proceeds by two
principle paths (Polevoda et al., 2009; Arnesen, 2011).
In one, the N-terminal Met is cleaved by one of two methi-
onine amino peptidases, and subsequently the N-terminal
amine of the exposed second residue is acetylated by
either the NatA or NatD enzyme complexes. In the sec-
ond, the N-terminal Met is not cleaved and is acetylated

by the NatB, NatC, NatE, or NatF complexes, depend-
ing on the identity of the second amino acid (i.e., the
second codon rule). The N-terminal sequence of Cx26
(Met-Asp), is predicted to be acetylated by the ribosome-
associated NatB complex and to occur without removal
of Metl, in agreement with the MS/MS studies of Locke
et al (2009). Both the catalytic (naa20p) and ancillary
subunit (naa25p) proteins of NatB are expressed in
Xenopus oocytes (http://www.xenbase.org) and share
99 and 83.4% sequence identity, respectively, with
their human counterparts. Berns et al. (1972) reported
that the N-terminal methionine of the A2 chain of calf
a-crystallin (Met-Asp, as in Cx26) is acetylated when ex-
ogenously expressed in Xenopus oocytes.

Acetylation of internal lysine residues is a reversible
posttranslational process governed by the opposing ac-
tions of lysine acetyltransferases (KATs) and deacety-
lases (Yang, 2004; Yang and Seto, 2008; Sadoul et al.,
2011). The sequence specificity of targeted lysine resi-
dues is being actively investigated (Basu et al., 2009),
but prediction of acetylated lysines is less precise than
that of N-terminal acetylation, owing in part to the large
numbers of KATs and their localization in different
cellular compartments. Proteomic studies show that
the homologous proteins from bacteria to humans (the
“lysine acetylome”) have a high likelihood of acetylation
(Choudhary et al., 2009). Consequently, both N-terminal
and internal lysine Cx26 acetylations reported in HeLa
cells will very likely also occur in all eukaryotes, includ-
ing Xenopus oocytes. Furthermore, depending on their
accessibility to relevant enzymes that add or remove
the modification, lysine acetylations can be dynamically
regulated in situ (Yang and Seto, 2008). Such dynamic
regulation could result in variation of channel properties
within a cell and among different cell types, and pro-
vide a means for physiological regulation of intercellular
communication in native tissue.

There is substantially less information concerning
protein modification by vy-carboxyglutamation by the
vitamin K-dependent enzyme <vy-glutamyl carboxylase.
The enzyme is an integral membrane protein of the
endoplasmic reticulum whose targets include proteins
involved in blood coagulation, bone mineralization,
signal transduction, and snail conotoxins (Furie et al.,
1999; Brown et al., 2005). There have been no large
proteomic surveys to identify its targets, nor has its expres-
sion been examined in Xenopus oocytes.

In this paper, we complete and equilibrate the atomic
structure of the Cx26 hemichannel with all-atom MD
simulations in an explicit solvent and I-palmytoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) mem-
brane system. We perform GCMC/BD simulations to
determine the I-V relations and PMFs of three struc-
tures: (1) the crystal structure of the Cx26 hemichannel,
which lacks Metl (Maeda et al., 2009); (2) the completed
crystal structure that includes the coordinates of residues
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not resolved in the crystal structure; and (3) a struc-
ture that is closest to the average structure obtained by
MD simulations (defined as the “average equilibrated
structure”). The results of these analyses strongly
suggest that the pore diameter of the crystal and com-
pleted structures are too narrow to account for
experimentally observed I-V relations and conduc-
tance. The I-V relations of the average equilibrated
structure closely match those of Cx26 hemichannels
experimentally determined in this study only when
several of the charge-changing protein modifications
reported for Cx26 channels by Locke et al. (2009) are
considered. We suggest that the average equilibrated
structure more closely represents the structure of the
open Cx26 hemichannel than does the crystal struc-
ture, and that protein modifications are important de-
terminants of Cx26 permeability.

MATERIALS AND METHODS

MD

The construction of the Cx26 hemichannel was based on the
Protein Data Bank coordinates (accession no. 2ZW3) of the
3.5-A x-ray crystal structure of the Cx26 docked channel (Maeda
et al,, 2009). The published structure was incomplete. The
atomic coordinates of Metl, all residues in the CL, the C-termi-
nal domain, the side chains of residues K15, S17, and S19, and
all the hydrogen atoms were not defined. We completed the
structure in the following manner. (a) The coordinates of Metl
were taken from the nuclear magnetic resonance (NMR) struc-
ture of an N-terminal Cx26 peptide (Purnick et al., 2000).
(b) The Ca coordinates of the 15-residue CL were initially
assigned by linear interpolation of the distance between resi-
dues 109 (TM2) and 125 (TM3). (c¢) The nine residues of the
C-terminal domain were built as a linear extension of the TM4 helix.
(d) Subsequently, the coordinates of undefined atoms in the CL
and C-terminal sequences, and those of residues K15, S17, and
S19 in the NT, were designated by their CHARMM protein pa-
rameters (MacKerell et al., 1998, 2004). (e) Disulfide bonds, as
identified in the crystal structure (Maeda et al., 2009), were cre-
ated between C53-C180, C60-C174, and C64—C169 in each of
the six subunits. (f) Protonation of histidine residues was deter-
mined by the hydrogen bond pattern in the crystal structure and
assigned as either HSD or HSE. The assignments inferred from
the crystal structure were in good agreement with the pKa’s pre-
dicted with PROPKA 3.0 (http://propka.ki.ku.dk/; Li et al.,
2005; Bas et al., 2008; Olsson et al., 2011). (g) The original coor-
dinates of the atoms in the x-ray structure were fixed and the
completed structure was minimized in vacuum using alternate
cycles of two algorithms, steepest descent (SD) and adopted
basis Newton-Raphson (ABNR), until the energy difference be-
tween steps was <1077 keal/mol (3,570 SD and 800,000 ABNR
total steps). The channel was then integrated into a POPC lipid
membrane. This membrane system was chosen because the ex-
perimentally determined thickness, 38 A (Kucerka et al., 2008),
is identical to the thickness of the TM region in the crystal struc-
ture (Maeda et al., 2009), and the POPC membrane system
maintains a disordered liquid state at 310 K (Buffy et al., 2004).
A tetragonal periodic boundary box, 150 x 150 x 110 A includ-
ing the protein, lipid membrane, TIP3 waters, and 150 mM KClI,
was constructed with a program contained in CHARMM-GUI
(Membrane Builder; Jo et al., 2007, 2008, 2009). All protein
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atoms in this system used the CHARMM 22 force field with
CMAP corrections (MacKerell etal., 1998, 2004). The CHARMM
27r force field was used for lipid molecules (Feller and MacKerell,
2000). The system was initially equilibrated for 375 ps in
CHARMM (Brooks etal., 1983, 2009) at 303.15 K, using a method
developed by Woolf and Roux (1994, 1996). Force constraints
were reduced, first with NVT dynamics using the Langevin tem-
perature control, and then with NP,AT dynamics using the
Nosé-Hoover thermostat (Hoover, 1985). The system was then
equilibrated for 140 ns at 310 K using NP,AT dynamics in
NAMD2.7b2 (Phillips et al., 2005) with no constraints. NVT is
the ensemble name for constant number of particles (N), vol-
ume (V), and temperature (T). NP,AT is the ensemble name for
constant number of particles (N), pressure in normal direction (P,),
cross-sectional area (A), and temperature (T). Trajectories were
calculated with a 2-fs time step (except the initial 75 ps where
they were calculated with a 1-fs time step) with the SHAKE algo-
rithm at 1 atm and 310 K. Electrostatic interactions were calcu-
lated using particle mesh Ewald method (Essmann et al., 1995).
After a 140-ns equilibration, four independent 20-ns production-
stage MD simulations were performed.

GCMC/BD simulations

GCMC/BD simulations were performed with a computer pro-
gram provided by B. Roux (University of Chicago, Chicago, IL)
using methods described previously (Im et al., 2000; Noskov et al.,
2004; Roux et al., 2004; Egwolf et al., 2010; Lee et al., 2011). The
ion concentrations in the upper and lower buffer compartments
were maintained at 100 mM KCI to correspond to the conditions
used in single-channel recordings. The position-dependent ion
diffusion coefficients along the z axis of the channel pore that
were used in the simulation were calculated by the procedure de-
scribed by Noskov et al. (2004) using pore radii determined with
HOLE (Smart et al., 1996). An initial 2-ps simulation was per-
formed to determine the time required to obtain steady-state ion
flux in the system. The trajectory of ion flux reached steady state
within 45 ns. I-V relations were determined by performing
20 replicate 450-ns simulations at seven voltages: 0, +50, +100,
and +150 mV. The PMF was calculated from the average density of
K" and CI™ along the pore axis as described in Roux et al. (2004).
The values of PMF were scaled such that the PMF of ions was zero
in bulk solution. Protein modifications corresponding to acety-
lation and y-carboxyglutamation were mimicked by changing the
charge of the modified amino acid in the input Protein Data
Bank file.

RNA synthesis and oocyte injection

Two different Cx26 clones were examined, each reflecting a
naturally occurring polymorphism in Cx26 sequence. Cx265S86
sequence was cloned into the pGEM-7zf" vector (Promega)
after PCR amplification of commercially obtained human
DNA. The Cx26T86 clone, which corresponds to the protein
sequence of the Cx26 crystal, was provided by J. Contreras
(University of Medicine and Dentistry of New Jersey, Newark,
NJ). RNA was transcribed from linear DNA templates by using
the Message-Machine kit with T7 RNA polymerase (Applied
Biosystems/Life Technologies) according to the manufactur-
ers’ instructions. 100 nl of ~1 ng/nl RNA was injected into
each oocyte obtained from Xenopus (Xenopus 1, Inc.) by stan-
dard procedures. After RNA injection, oocytes were cultured at
16°C in pH 7.6 media containing (in mM): 100 NaCl, 2 KCl, 1.8
CaCly, 1 MgCly, 5 HEPES, 0.01 EDTA, 0.1 DTT, and 1 pg/ml
gentamicin sulfate (Invitrogen).

Single-channel recording
Single-channel records were acquired using pCLAMP 7.0 soft-
ware, an Axopatch 200B integrating patch amplifier, and a Digidata



1200A interface (Axon Instruments). I-V relations were obtained
from excised patches with voltage ramps of 1.6, 3.2, or 8 s in dura-
tion. Data were acquired at 5 kHz and filtered at 1 kHz with a
four-pole Bessel filter. Experiments were performed in an RC11
recording chamber (Warner Instruments). In all experiments,
the pipette and bath solution contained (in mM): 100 KCI,
1 CaCly, 3 EGTA, and 5 HEPES, adjusted to pH 8.0 with KOH.
The bath solution was connected to the ground with a 3-M KCl
agar bridge.

Online supplemental material

Figs. S1-S9 and Tables S1 and S2 further describe the Cx26
structure that results from MD simulations and comparison to
the crystal structure. Additional GCMC/BD simulations of non-
equilibrated models of Cx26 and surveys of the effects of charge
modifications of the average equilibrated structure are included.
Table S1 is a list of potential electrostatic interactions among
amino acids and lipids in the crystal- and production-stage MD
simulations. The cutoff value for hydrogen bonds was 2.4 A.
Interactions listed occur in two or more of the six subunits.
Table S2 is a list of potential van der Waals interactions among
amino acids in the crystal- and production-stage MD simula-
tions. A cutoff distance of 3.0 A was used to identify possible
interactions. The online supplemental material is available at
http://www.jgp.org/cgi/content/full/jgp.201110679/DCI.
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RESULTS

Completion of the Cx26 crystal structure

The crystal structure of the Cx26 gap junction channel at
3.5-A resolution (Fig. 1, A and B), was proposed to be
that of an open channel (Maeda et al., 2009). The di-
mensions of the pore of the Cx26 hemichannel derived
from the crystal structure, determined by HOLE (Smart
etal., 1996), are shown in Fig. 1 C. The narrowest region
of the pore, ~10 A in diameter, is formed by the D2 resi-
due, at the tip of the NT, located well within the pore
(z=—8 A). Additional pore diameter minima are in the
vicinities of residues K41, E42, A49, and D50. The 10-A
minimal value determined by HOLE, at D2, is less than
the 14 A reported (Maeda et al., 2009), but the published
pore diameter was based on minimal center-to-center
distances of opposed heavy atoms and did not consider
atom diameters. The contribution of the N-terminal
methionine (Metl) to pore diameter was not consid-
ered, as it was not resolved in the crystal. Inclusion of
this residue would further narrow the pore.

Figure 1. Structural models
and pore dimensions of Cx26
hemichannels. (A) Top view of
the Cx26 hemichannel corre-
sponding to the crystal structure
(Protein Data Bank accession
no. 2ZW3; Maeda et al., 2009).
The six protein subunits, de-
picted in different colors, sur-
round a central aqueous pore.
(B) Side view of the structure
shown in A, illustrating the TM
architecture and channel pore
relative to two opposite subunits.
The extracellular entrance of
the channel (z = 45 A) is at the
top of the structure. (C) Pore ra-
dius of the Cx26 “crystal” hemi-
channel determined by HOLE
plotted as a function of the z co-
ordinate. (D) Top view of the
“completed” crystal structure in-
cluding the atomic coordinates

40 of the N-terminal methionine
30 residue (Metl), the side chains
of K15, S17, and S19, as well as

20 . ..
residues comprising the CL and
1 the C terminus. (E) Side view of
0 the completed crystal structure,
10 showing the same subunits as
20 in B. (F) Pore radius of the com-
30 pleted crystal structure. (G) Top
pe view of the channel conforma-
g A tion that has the smallest RMSD

from the average equilibrated
structure, average pore dimen-
sion, and pore-lining probability.

5 10 15
Pore Radius [A]

We define this structure as the “average equilibrated structure.” (H) Side view of the average equilibrated structure. (I) Pore dimensions
of the average equilibrated structure. The mean pore radius is depicted by the black line. The red lines represent the dynamic variation
by plotting the mean + the standard deviation determined from the four 20-ns production-phase simulations.
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The omission of the coordinates of Metl in the crys-
tal structure was attributed to its disordered structure
(Maeda etal., 2009), although the possibility that Metl
was removed by cleavage with methionine aminopepti-
dase (MAP) in the insect Sf9 cells used to obtain Cx26
channels cannot a priori be ruled out. However, exci-
sion of the N-terminal methionine of proteins with
N termini Met-Asp by MAP is unlikely (Sherman et al.,
1985; Helbig et al., 2010). Mass spectroscopy shows
that Metl is not cleaved in Cx26 expressed in HelLa
cells (Locke et al., 2009), and protein sequencing
with Edman degradation has shown that it is not
cleaved in native Cx32 (Met-Asn) purified form rat
liver (Nicholson et al., 1981; Zimmer et al., 1987;
Hertzberg et al., 1988).

In addition to Metl, the inability to resolve the co-
ordinates of 15 residues forming part of the CL (resi-
dues 110-124), all the nine residues forming the
C-terminal domain (residues 218-226), and the side
chains of residues K15, S17, and S19 contained in the
NT (residues 1-22) were attributed to their inherent
flexibility (Maeda et al., 2009). This is in agreement
with studies of these domains with atomic force micros-
copy in Cx26, Cx43, and Cx40 channels (Mduller et al.,
2002; Liu et al., 2006; Allen et al., 2011), and NMR stud-
ies of Cx26 and Cx32 NT peptides (Purnick et al.,
2000; Kalmatsky et al., 2009).

The Cx26 crystal structure was completed in the
manner described in Materials and methods. The
15-residue CL segment not defined in the crystal
structure has high probability of disordered structure,
ranging from 0.67 to 0.78, as assessed by metaPrDos
(http://prdos.hgc.jp/meta/; Ishida and Kinoshita,
2007) using seven different predictors. Consequently,
this segment was added as a random structure con-
necting the defined helical portions of TM2 with
TM3. Similarly, metaPrDos predicted that the nine-
residue intracellular C-terminal domain would adopt
a random structure.

The resulting completed structure is shown in Fig. 1
(D and E). As expected, inclusion of Metl reduced the
minimal pore diameter substantially (Fig. 1 E), from
~10 Ain the published structure to <6 A, avalue less than
the diameter of hydrated K* (6.62 A) and Cl~ (6.64 A)
ions (Nightingale, 1959), and close to the van der Waals
diameters of dehydrated K* (5.5 A) and CI~ (3.5 A). For
this reason, it seems unlikely that the crystal structure
would permit conduction of hydrated ions, or molecu-
lar tracers whose permeabilities define the open state of
these channels. The minimal pore diameter is substan-
tially less than the ~12 A determined experimentally
for Cx26 (Gong and Nicholson, 2001). Consequently,
we performed all-atom MD simulations in an explicit
solvent and membrane system to refine the “completed”
crystal structure.
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MD simulations

System properties. All system parameters, including total
system energy, periodic box size in the z dimension, and
surface tension of the lipid, equilibrated within the ini-
tial 140-ns simulation (Fig. S1, A—C). The order param-
eter of the lipid system (Fig. S1 D) confirmed that the
POPC membrane continued to be in the “disordered
liquid state” (Klauda et al., 2010). The trajectory of root
mean square deviations (RMSDs) of the Cx26 hemi-
channel equilibrated within 140 ns (Fig. SI E), as did the
trajectories of all channel parameters examined. The
relaxation time of all trajectories examined, other than
total RMSD, varied from 1 to 10 ns as determined by
autocorrelation analyses (not depicted). Based on these
relaxation times, four independent 20-ns simulations
were performed on the Cx26-POPC membrane system
starting from the endpoint of the 140-ns simulation to
increase the probability that the system sampled an
adequate conformational space (see Caves et al., 1998;
Grossfield et al., 2007). MD simulation performed with
the CHARMM22 force field with CMAP correction im-
proves the prediction of side-chain structure and dy-
namics (Buck etal., 2006), although it has not been vali-
dated fully. NMR studies have shown that side-chain
dynamics can occur in the ps to ns time range (i.e., well
within the timeframe of our 140-ns equilibration). How-
ever, comparative NMR and MD studies of tryptophan
side chains of gramicidin A using modified CHARMM27
force fields with CMAP and dCMAP correction suggest
that simulations much longer than 20-50 ns are re-
quired to equilibrate the side-chain dynamics of some
tryptophan residues (Ingélfsson et al., 2011). Notably,
however, the backbone dynamics of gramicidin ap-
peared to be adequately sampled by shorter simula-
tions. Similarly, a comparative analysis of side-chain
dynamics of the oncoprotein MDM2 with a modified
AMBER force field and NMR relaxation (Li et al., 2010)
suggested that 32 of 350 dihedral angles sampled may
require simulation times longer than 10 ns to equili-
brate. Consequently, it is possible that simulations
longer than those performed in this study (220 ns total)
may be necessary to ensure equilibration of all side
chains. However, it is reasonable to expect that the side
chains of solvent exposed residues, such as those
exposed to the pore lumen, equilibrate faster than
buried residues, and that the backbone of the Cx26
structure is well equilibrated by the 140-ns equilibration-
stage simulation.

The atomic coordinates of the four simulations were
averaged. The structure shown in Fig. 1 G was selected as
representative of the average of all structures sampled dur-
ing the four 20-ns production-phase simulations, based
on three criteria. (1) It has the smallest RMSD from the
average structure (2.76 A), (2) the smallest deviation from
the average pore dimension (RMSD = 4.69 A), and (3)
comparable probability that any given residue lines the
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channel pore. We define this structure as the “average
equilibrated structure.”

The gross structural features of the crystal structure do not
change substantially after equilibration with MD simulations.
The dimensions of the average equilibrated structure
after MD simulations are compared with those of the
Cx26 hemichannel crystal in Fig. 1. Although the aver-
age equilibrated structure displays a marked loss of six-
fold symmetry (Fig. 1, G and H), the overall shape of
the equilibrated hemichannel, a “cutoff cone” or tsu-
zumi (Maeda et al., 2009), is preserved. The outer diam-
eters of both the extracellular and intracellular region
of the channel at the membrane interfaces increase,
from 62 to 67 A and from 86 to 93 A, respectively,
whereas the length of the channel increased from 89 to
96 A after MD equilibration. The increase in channel
length was caused by extension of the CL from the ini-
tial completed structure of Cx26. The increase in the
outer diameter of the channel is a result of relaxation in
the packing of all four TM helices of each connexin
monomer and a small change in the tilt angle of all he-
lices. This is illustrated in Fig. 2, which schematically
compares the “skeleton” of a portion of the crystal and
the average of all equilibrated structures. The largest
change in pore diameter occurred in the region of the
pore formed by the NT (Figs. 1, C, F, and I, and 2). The
dominating constriction of ~6 A at Metl is eliminated,
with the narrowest region now being distributed over
the extracellular half of the pore (z = —5 to +40 A) at
~12-14-A diameter.

The overall topology and orientation of the TM heli-
ces with respect to each other was unchanged with
equilibration, but packing was relaxed. The channel
pore remained lined by residues contained in the
N-terminal half of E1, the second half of TM1, the first
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Figure 2. Skeleton drawings of selected portions of the crystal
and average of all equilibrated structures to show gross changes
resulting from structural equilibration by MD simulations. Super-
imposition of the skeleton of the crystal structure (blue) and the
average of all equilibrated structures (red).

half of N-terminal domain, the C-terminal part of TM2,
and portions of the CL.

The relaxation of the crystal structure after equilibra-
tion results in numerous changes in the positions of
amino acids located within the interfaces of the four TM
domains. Tables S1 and S2 provide a list of electrostatic
and van der Waals interactions for each residue in the
crystal and equilibrated hemichannel structures. The
structure and dynamics of the TM1/El and N-terminal
region and their relations to functional properties of con-
nexin channels will be described in subsequent papers.

Cx26 equilibration by MD simulations substantially increases
pore diameter but does not significantly change the pore-
lining residues. The pore dimensions of the completed
crystal and equilibrated channel are compared in Fig. 1
(F and I). The range of fluctuations in the pore dimen-
sion observed during the four replicate 20-ns production-
stage simulations is depicted by the red lines in Fig. 1 L.
Notably, the pore-forming region in the segment span-
ning residues 42-51 (EI1 near the TM1/El border) has
the smallest standard deviation and consequently is the
most stable region of the channel. Paradoxically, this re-
gion of the pore undergoes large conformational changes
in forming the voltage-dependent loop—gate permeability
barrier (Tang et al., 2009; Verselis et al., 2009). The
region of the channel pore formed by the NT and cyto-
plasmic entrance (z = —45 to —25 A) has the greatest
dynamic variation.

The largest increase in pore dimension occurs in the
region of Metl (Figs. 1, F and I, and 2). At this position,
the average diameter of the channel pore increases from
~6 to ~12.8 A with equilibration. This value is in close
agreement with the minimum pore diameter (~12 A)
inferred from PEG exclusion studies of Cx26 intercellu-
lar channels (Gong and Nicholson, 2001). In addition to
the absence of Metl, the smaller pore diameter observed
in the crystal structure is partly a consequence of the
inferred presence of an intersubunit hydrogen bond be-
tween the side chain of D2 and the primary amine of the
backbone of T5 in adjacent subunits (Maeda etal., 2009).
However, this hydrogen bond was lost within 5 ns of MD
simulation and did not reform for the duration of the
simulations. An intersubunit van der Waals interaction
between residue W3 and M34 was also proposed to stabi-
lize the position and structure of the NT. The MD simula-
tions result in substantial changes in the average position
of the NT and identify additional interactions between
residues located in the NT and other domains. The W3-
M34 interaction is not preserved in many of these alter-
nate conformations. The new interactions result in the
loss of a cavity observed in the crystal structure (Fig. 4 of
Maeda et al., 2009) that separates the helical segment of
the NT (residues 2-9) from the “body” of the channel
formed by TM1 and TMZ2. Changes in interactions of the
NT with residues in TM1 (including W3) and TM2 have
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the net average result of repositioning the NT away from
the cytoplasmic entrance of the channel (Fig. 2); how-
ever, the position of Metl varies dynamically and can also
move toward the cytoplasmic entrance of the pore.

Comparisons of the average water accessibility of side
chains and pore-lining probability of the crystal and
equilibrated structures are presented and discussed in
terms of available experimental results in Figs. S2 and S3.
There is good overall agreement between experimental
datasets for all substituted cysteine residues that have
been reported to be modified by thiol reagents and
their water accessibility and pore-lining probability in
structural models. The only exception is the reported
modification of V38C in Cx32%43E1 (Tang et al., 2009)
and its homologue A39C in Cx46 (Kronengold et al.,
2003) by MTS reagents in hemichannels expressed in
Xenopus oocytes, which neither the crystal structure nor
our studies show as pore lining.

Additional features of the equilibrated structure and
comparisons to the crystal structure are presented in
the online supplemental material. These include mem-
brane—protein interactions, positions of extracellular
domains, and comparisons of the flexibility of channel
domains in the crystal and dynamic structures.

Single-channel recordings of human Cx26 hemichannels

in Xenopus oocytes

We determined the I-V relations of the human Cx26
undocked hemichannels with single-channel record-
ings in symmetric 100 mM KCl in the outside-out patch
configuration. Cx26 undocked hemichannels displayed
arange of near linear I-V relations, ranging from slight
inward to slight outward rectification (Fig. 3). The aver-
age slope conductance + SEM of these channels at 0 mV
are (in pS): inward/sigmoidal (Fig. 3 A), 218 + 5; slight
inward (Fig. 3 B), 270 + 10; linear (Fig. 3 C), 240 + §;
slight outward (Fig. 3 D), 180 + 1; and more outward
(Fig. 3 E), 205 = 5. The I-V relations shown are repre-
sentative of 17 single-channel records obtained from
four batches of oocytes. Similar results were obtained
for 18 cell-attached patches (not depicted). The records
shown were obtained from a Cx26 clone containing a
naturally occurring polymorphism at the 86th locus,
S86. Similar records were obtained from a wild-type
Cx26 clone, T86, which corresponds to the primary se-
quence of the crystallized protein. The single-channel
record depicted in Fig. 3 E, which displays some out-
ward rectification, is comparable to that reported for
Cx26S86 (Sanchez et al., 2010) for inside-out patches

Figure 3. Heterogeneity of I-V relations ob-
served for human Cx26 undocked hemichan-
nels in Xenopus oocytes obtained with outside-out
patch-clamp recordings in 100 mM of symmetric
KCI. Five I-V relations ranging from slight inward
to slight outward are illustrated. (A) Inward/sig-
moidal I-V relation obtained with a +150-mV volt-
age ramp. 2 of 10 sequential current traces from
one record are superimposed. Current traces
from —110 to 100 mV show the open-channel
I-V relation. (B) Slightly inward I-V relation ob-
tained with a £70-mV voltage ramp. 3 of 10 se-

quential traces are superimposed. (C) Linear I-V
relation obtained with a +150-mV voltage ramp.
2 of 10 sequential current traces are superimposed.
Current traces are shown from —125 to 100 mV.
(D) Slightly outward I-V relation obtained with a
+70-mV voltage ramp. 2 of 10 sequential current
traces are superimposed. (E) Outward I-V rela-
tion obtained with a +70-mV voltage ramp. 2 of
10 sequential current traces are superimposed. In
all cases, the single-channel records display both
forms of voltage-dependent gating reported for
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Cx26 undocked hemichannels (Gonzalez et al.,
2006; Sanchez et al., 2010). Loop- or slow-gating
transitions that can result in full channel closure
were observed at large inside negative potentials,
and Vj- or fast-gating transitions that result in
closure to subconductance states were observed
at inside positive potentials. These events cor-
respond to the upward current deflections from
the fully open state at negative potentials and
downward deflections from the fully open state
at positive potentials, respectively, in the records
shown. Full channel closures at negative poten-
tials were used to subtract leak conductance in
single-channel records.
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recorded in symmetric 140 mM KCI. In contrast, Gonzalez
et al. (2006) reported that the I-V relation of Cx26
hemichannels displays slight inward rectification in
cell-attached oocyte patches, similar to Fig. 3 B, but the
reported slope conductance (~385 pS in 100 mM KCI)
is larger than the 260-pS conductance that we observe
in any records. These results confirm that Cx26 hemi-
channels, even expressed in the same cell type, can show
variation in I-V relations. The source of this heterogene-
ity is unknown.

Assessment of structural models with BD simulations

A central objective of this study is to identify a structural
model that represents a functional, biologically relevant
open state of the Cx26 hemichannel. We address this
goal by comparing the single-channel I-V relations de-
scribed above with those computed with the GCMC/BD
algorithm developed by Roux and colleagues (Im et al.,
2000; Im and Roux, 2001). The position-dependent ion
diffusion coefficients used in GCMC/BD simulations
are calculated from physical-chemical principles as de-
scribed by Noskov et al. (2004), using the pore radius
profile of the channel and a hydrodynamic approxima-
tion. The diffusion coefficients are not adjusted to fit
the conductance of the experimental data. GCMC/BD
simulations of wide pore ion channels provide an excel-
lent computational description of the complex relation
among parameters, such as the position and sign of
fixed charges in the permeation pathway, pore diame-
ter, and the mobility and concentrations of permeating
ions. Collectively, these parameters determine the con-
ductance and degree of current rectification. The pro-
cedure is not curve fitting; all parameters are derived
from electrochemical principles calculated in terms of
the atomic coordinates of the modeled channel and the
dielectric properties of the implicit membrane. The re-
sulting calculated ion fluxes are directly compared with
experimental data.

Oh et al. (2008) reported that experimentally deter-
mined I-V relations, conductance, and charge selectivity
were very sensitive to the position and charge of amino
acid substitutions along the z axis of the Cx32%43El
hemichannel pore. For example, the placement of a
negative charge at either the second or fifth positions
could be readily distinguished from the placement of a
negative charge at the eighth position by differences in
conductance, charge selectivity, and single-channel cur-
rent rectification. The close relation among these three
parameters is expected because all are determined by the
relative positions of fixed charges in the channel pore,
which determine the distribution and concentration of
mobile ions. Thus, comparisons of experimental and
computationally derived I-V provide a sensitive test of
the validity of different structural models of Cx26 chan-
nels and are informative as to the molecular determinants
of the ion permeation properties of Cx26 channels.

The I-V relations and associated predictions of cur-
rent rectification, conductance, and charge selectivity
calculated with GCMC/BD simulations are best under-
stood in terms of the determination of the PMF of cat-
ions and anions. In simple terms, PMF describes the
number of ions and their distribution along the perme-
ation pathway as determined by fixed charge in the
channel, and how ion distribution within the channel
changes with the application of voltage. A region of the
channel having a lower concentration of ions than the
bulk phase reflects an energy barrier of defined height
(kcal/mol), whereas a region with a greater concen-
tration of ions than the bulk phase reflects an energy
well. A channel will be anion selective if the summation
of the PMF of anions over the length of the channel
pore (i.e., the total energy of anions in the pore) is less
than the corresponding PMF of cations. The degree of
current rectification in the I-V relation is reflected by
the voltage dependence of PMF, i.e., how the strength
of the electrostatic interaction between a mobile ion
and a fixed charge changes with voltage. For example,
inward rectification occurs when PMF decreases with
application of negative voltage; i.e., the current calcu-
lated at negative potentials will be larger than that calcu-
lated at positive potentials. Finally, the PMFs calculated
in the multiple ion case include the effects of screening
of fixed charge by mobile counterions. Thus, for exam-
ple, the height of an energy barrier for anion in a re-
gion of negative fixed charge will be decreased by the
presence of cations attracted to this region (charge
screening). The Cx26 GCMC/BD simulation system is
shown in Fig. 4.

The I-V relations and slope conductances of all Cx26 non-
equilibrated structures do not match experimental data.
The permeability of the completed but non-equilibrated
crystal structure to K" and Cl” was calculated for the
multiple ion case with GCMC/BD simulations. The low
conductance and marked inward rectification of the
I-V relation do not correspond to those of any open
Cx26 channel determined experimentally (compare
Fig. S5 A with Fig. 3). The simulations show this struc-
ture to be almost perfectly anion selective (Px/Pq =
0.010 at —100 mV), also in contrast to experimental
findings, which show a moderate preference for cations
(Px/Pci=2.6) in intercellular Cx26 channels (Suchyna
et al., 1999; see also Harris and Locke, 2009). As de-
scribed in Fig. S5, a large cation barrier formed by the
positive charge associated with Metl appears to play a
major role in determining the I-V relation and charge
selectivity of this channel.

The contribution of Metl and its associated positive
charge to the barrier was further examined by perform-
ing GCMC/BD simulations of channels in which: (a)
Metl was absent (AMetl), as in the published crystal
structure; (b) the positive charge of the N-terminal amine

Kwon et al. 483


http://www.jgp.org/cgi/content/full/jgp.201110679/DC1

of Metl was neutralized; and (c) Metl was removed and
the positive charge of the N-terminal amine of the sec-
ond residue (D2) was neutralized. The first case is the
closest representation of the published crystal struc-
ture, in that Metl is absent and the positive charge of
the primary amine of the D2 residue was not neutral-
ized, but considers all other atoms not defined in the
crystal structure. The second case explores the effect of
the reduced pore volume resulting from Metl pres-
ence, without the effect of its positive primary amine (as
if it was acetylated). The third case removes Metl and
neutralizes the positive charge of the N-terminal amine of
D2. This mimics the case where Metl is cleaved by MAP,
followed by acetylation of the penultimate D2 residue.
We consider this case for completeness to explore the
bases of the deviations of the crystal structure from
experimental results. We reiterate that the sequence
Met-Asp is not a target for efficient cleavage by MAP in
eukaryotes (Sherman et al., 1985; Helbig et al., 2010)
nor for acetylation by NatA acetyltransferase (Polevoda
etal., 2009).

None of the simulated I-V relations for these struc-
tural variants resemble those observed experimentally.
Details are provided in Fig. S5. Collectively, the results
support the view that the position of Metl and its associ-
ated positive charge are major determinants of ion per-
meation in the completed crystal structure. The narrow
pore diameter of the channel at this position accentuates
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the electrostatic contribution of the positively charged
Metl residue, resulting in almost perfect anion selectiv-
ity, whereas neutralization of the positive charge of
Metl eliminates permeability to Cl™ and increases per-
meability to K', by unmasking the neighboring negative
charge, D2. Significantly, the increase in pore diameter,
by removal of Metl, which corresponds to the published
crystal structure, does not resolve the deviations of the
simulated currents from those observed experimentally,
even when the positive charge of the N-terminal amine
of D2 is neutralized. We conclude that the crystal struc-
ture is unlikely to represent the structure of an open
Cx26 hemichannel.

The I-V relation and conductance of the average equili-
brated structure more closely approximate, but still deviate
from, experimental data. The GCMC/BD-derived I-V re-
lation of the average equilibrated structure is presented
in Fig. 5. The properties of this channel more closely
approach those of the experimental data but deviate in
the degree of inward rectification, conductance, and
predicted anion selectivity. The conductance of the aver-
age equilibrated channel compared with the completed
crystal structure increases from 78 to 250 pS with an
applied potential of —150 mV, and from 8 to 48 pS at
+150 mV. These conductances reflect a large change in
current rectification, from ~1,000:1 in the completed
crystal structure and ~10:1 in AMetl crystal structure to

&

&\

(A) Schematic representation of the GCMC/BD system for Cx26 hemichannels. A Cx26 hemichannel (yellow) inserted into

the explicit POPC membrane system was integrated into the implicit membrane system of the GCMC/BD program to ensure a tight
seal between the irregular conical surface of the Cx26 channel and the implicit membrane. The boundaries of the implicit and explicit
membranes are indicated by the dotted green lines. The simulation box (66 x 66 x 120 A) was separated by the channel/membrane
into two compartments, each containing 100 mM KCI. The buffer region maintains the chemical potential in the two compartments by
creating and destroying ions with a GCMC algorithm. 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, Cl". (B) 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, Metl; red, K15; green, K102, K103, K105, K108, K112, and K116 in

CL/TM2; orange, y-carboxyglutamated residues E42, E47, and E114.
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~5:1 in the average equilibrated channel. The near per-
fect anion selectivity of the completed crystal structure
is substantially reduced in the average equilibrated
structure: Px/Pg = 0.45 at —100 mV compared with
0.010 for the completed crystal structure.

The PMF of K" in the multi-ion case is shown in Fig. 5 C.
Notably, the K* barrier formed in the vicinity of Metl
(Fig. S5 C) in the completed crystal structure is substan-
tially reduced to ~3.0 kcal/mol at 0 mV, as is the barrier
formed in the vicinity of K41 (compare Fig. S5 C with
Fig. 5 C). The largest cation barrier (~3.5 kcal/mol) is
now formed in the vicinity of K41. The height of this
barrier is decreased at —150 mV to ~2.2 kcal/mol and
increased at 150 mV to ~4.2 kcal/mol, reflecting the
inward rectification of the current carried by K. Over-
all, the changes in K" PMF reflect the increase in pore
diameter resulting from channel equilibration by the
MD simulations. The pore diameter at Metl is increased
and almost the same as that in the region bounded by
residues K41-D50 (Fig. 5 B).

The PMF of Cl™ is presented in Fig. 5 D. Again,
the barrier associated with D2 in the crystal structure
(Fig. S5 D) is substantially reduced, consistent with
the increase in pore diameter, whereas the barriers
formed in the vicinity of E42 and A49 persist but in-
crease slightly, from 2.2 kcal/mol in the completed
crystal to 2.4 kcal/mol in the average equilibrated
structure. The channel remains anion selective be-
cause the free energy of Cl™ in the channel pore, as
determined by the PMF of Cl7, is less than that of K.
The rectification of anion currents is primarily a result
of the voltage dependence of the CI™ barrier formed
in the vicinity of E42, which decreases substantially at
negative potentials.

Consideration of these PMFs suggests that the devia-
tion between the simulated and experimental I-V rela-
tions results from the incorrect distribution of charges
in the channel pore.

Effects of charge changes corresponding to

protein modifications

As noted previously, charge-changing co- and posttrans-
lational modifications of human Cx26 expressed in
transfected HeLa cells were identified by mass spec-
trometry (Locke et al., 2009). These include neutraliza-
tion of the positive charge of the N-terminal amine of
Metl by N-acetylation and neutralization of the positive
charge of acetylation of seven internal lysine residues
at the cytoplasmic entrance, including the 15th, 102nd,
103rd, 105th, 108th, 112th, and 116th loci as well as
increases of the negative charge of glutamic acid by
y-carboxyglutamation at 42nd, 47th, and 114th loci.
The positions of these residues in the structure of the
completed crystal structure channel are shown in Fig. 4.
These posttranslational modifications would change
the electrostatic potential within the channel pore and
are expected to simultaneously alter the degree and di-
rection of current rectification, charge selectivity, and
channel conductance.

Charge modifications simultaneously alter the conductance,
charge selectivity, and current rectification of the average
equilibrated structure. We explored the consequences
of charge modifications at these positions on the I-V
relations of the average equilibrated channel with
GCMC/BD simulations by altering the charge of the
identified amino acids in the Protein Data Bank file
of the average equilibrated structure. This strategy was
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VOItage [mV] 60 -40 20 0 20 40 60 the red line is the Cl™ current, the blue line is the K
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of CI” determined from simulations at the same
three voltages.
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adopted because performing separate MD simulations  and S7. The PMFs of K* and CI™ for the unmodified
of each of the 11 described charge-changing protein ~ channel (top row in Figs. S6 and S7) indicate that the
modifications explicitly is computationally expensive, =~ dominant K" barriers are centrally located between
and we had no a priori knowledge of which charge  z coordinates —20 to 20 A, whereas the dominant CI~
modifications, if any, would produce significant changes  barriers are located toward the extracellular half of the
in I-V relations. channel between z coordinates 0 to 20 A. The general

We explored the potential charge effects of several = pattern resulting from neutralization of the positive
combinations of acetylations of N-terminal residuesand  charges is reduction in height of K barriers in the cen-
internal lysines, and y-carboxyglutamations by GCMC/  tral region of the channel and a slight increase and
BD simulations. The results are presented in Figs. S6  broadening of the Cl~ barriers. This effect is primarily
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Figure 6. Superimposition of experimental I-V relations (gray traces) and those computed by GCMC/BD simulations with the charge
effects of the indicated protein modifications. (A) The correspondence between slight outward rectification (Fig. 3 E) and simulated
channel with neutralization of Metl and six internal lysine residues in TM2/CL. The charge neutralizations mimic acetylation. The
black line is the total current, the blue line is the K* current, the red line is the CI~ current, and the gray line is the single-channel
current trace. (B) The pore radius of the simulated channel structure plotted against the z coordinate. The positions of the modified
atoms are shown. The six acetylated lysine residues at the tip of TM2/CL are grouped into one position and labeled “CL-Acet 6x.”
(C) The PMF of K* at three voltages, 150 mV (blue), 0 mV (green), and —150 mV (red), plotted against the z coordinate. (D) The PMF
of CI” determined at the same three voltages. (E-H) Outwardly rectifying experimental I-V relation corresponds to simulated I-V rela-
tions in which Metl, K15, and six lysine residues in TM2/CL are neutral-mimicking acetylation. (I-L) Inward sigmoidal experimental
I-V relation corresponds to simulated I-V relations in which the six lysine residues in TM2/CL are neutralized (acetylated) and the three
glutamate residues are modified by y-carboxyglutamation (Gla). (M-P) Slightly inward rectifying experimental I-V relations correspond
to simulated I-V relations in which Metl, K15, and K116 are neutralized (acetylated) and the three glutamate residues are modified by
y-carboxyglutamation (Gla).
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a result of neutralization of positive charge of Metl
(N-acetylation), which is sufficient to change the charge
selectivity of the channel from anion (Cl™) preferring
to cation (K") preferring (Fig. S6, column A). Neutral-
ization of positive charge of lysine residues located close
to the intracellular entrance of the channel has little
effect on height of the centrally located cation barrier
and anion barriers and consequently does not play a
major role in determining charge selectivity. Rather,
positive charges of lysine residues located at the intra-
cellular entrance modulate the degree of charge selec-
tivity; their neutralization by acetylation increases
cation preference.

Increasing the negative charge of centrally located
glutamate residues E42 and E47 by y-carboxyglutamation
has analogous effects on the PMFs of K" and Cl~ (Fig. S7).
Increasing negative charge in the central region of the
channel pore decreases the height and narrows the
width of the K" barrier and increases the height and
width of the ClI™ barriers. The net result is a decrease in
the free energy of K" in the channel pore, such that it is
less than the free energy of Cl7; i.e., it becomes a cation-
selective channel. All combinations of protein modifica-
tions in this central region of the channel pore that
neutralize positive charge and increase negative charge
result in channels predicted to have large conductance
and to be almost perfectly cation selective. In the limit-
ing case, where all residues are modified, the channel is
predicted to display marked outward rectification (Fig. S7,
bottom row).

These results demonstrate the sensitivity of GCMC/
BD simulations to changes in the distribution of charge
in the channel pore. In these simulations, each altera-
tion of charge has a distinguishable, intuitively under-
standable effect that can be compared with experimental
data; charge changes at different positions/regions have
different effects. Notably, charge modifications at intra-
cellular positions have much less effect on I-V relations
than those more centrally located. This is a conse-
quence of the substantially larger pore diameter at the
intracellular entrance. The diameter of the channel
pore is narrowest in the central region between z co-
ordinates —20 to 20 A. Not surprisingly, charge modifi-
cations in this region have the largest effect on the
electrostatic profile of the channel and ion permeation.

Neutralization of positive charge is sufficient to replicate
experimental |-V relations. Several combinations of acety-
lation-mimicking charge neutralizations of Metl and
internal lysines produced simulated I-V relations that
closely matched those observed experimentally (Fig. 6).
These include neutralizations of Metl and all six lysine
residues located at the TM2/CL border (Fig. 6, A-D),
as well as Metl and all seven internal lysine residues
(Fig. 6, E-H). The location of these charged residues is
shown in Fig. 4 B. The GCMC/BD calculations repro-

duce both the conductance and reduced current recti-
fication observed experimentally. Note that the number
of lysine residues neutralized modulates both the slope
conductance and degree of outward current rectification.

Both of the modified channel forms in Fig. 6 (A-H)
are predicted to be cation selective with Px/P¢ = 4.6 and
3.6 at —100 mV, respectively. These values are close to
the charge selectivity Px/Pq of ~2.6 of intercellular
Cx26 channels (Suchyna et al., 1999). The basis for the
increased cation selectivity of these channels is evident
in the PMFs of K" and CI™ ions shown in Fig. 6 (C, D, G,
and H). In both cases, the heights of all cation barriers
are substantially reduced compared with those of the
unmodified average equilibrated structure. The slight
outward rectification of the K' currents is explained by
the voltage dependence of K" PMF. The peak heights of
the CI™ barriers do not change substantially, but as indi-
cated in Fig. 6 (D and E), the CI” barriers are broad-
ened, extending toward the cytoplasmic entrance of the
channel. This is most likely a result of “unmasking” the
negative charge of D2 by neutralization of the positive
charge of Metl, noted previously in the non-equilibrated
structure (Fig. S5, E-H). The net effect is a substantial
decrease in the contribution of Cl™ current and increase
in the contribution of K' current to total current.

The negative charge of D2 is also required for Cx26 cation
selectivity. We further explored the basis for the anion to
cation switch in charge selectivity resulting from Metl
neutralization by simulations of average equilibrated
channels in which (a) both the positive charge Metl and
negative charge of D2 were neutralized and (b) only the
negative charge of D2 residue was neutralized (Fig. S8).
In both cases, neutralization of the negative charge of
D2 results in anion-selective channels. Thus, neutraliza-
tion of the positive charge of Metl switches charge selec-
tivity from anion to cation only when the second locus is
negatively charged (compare Fig. S8, B with D).

The reason for this is illustrated by comparing the
PMFs of K" and C1™ (Fig. S8). In the anion-selective un-
modified channel, the height of the K* barrier formed
in the vicinity of K41 dominates but its contribution to
the electrostatic profile of the channels is decreased when
the second residue is negatively charged and Metl is
neutralized (compare Fig. S8, I with J). The width of the
Cl™ barrier is increased when the positive charge of
Metl is neutralized (compare Fig. S8, M with N). Thus,
neutralization of Metl accentuates the contribution of
the negative charge of the second residue to the elec-
trostatic profile of the channel. This causes the free en-
ergy of K' to be less than that of Cl” in the channel,
resulting in cation selectivity. Note that the PMFs of
both K" and CI™ are similar for the unmodified channel,
the D2-neutral channel, and the D2-neutral Metl-neu-
tral channel as shown in Fig. S8, accounting for their
anion selectivity.
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To summarize, the GCMC/BD simulations described
in the above sections suggest that the cation selectivity of
the average equilibrated structure of Cx26 requires both
neutralization of Metl and the presence of a negative
charge at the second position. Neutralizations of internal
lysine residues serve only to modulate the degree of Cx26
cation selectivity but cannot induce it on their own.

Increasing negative charge by y-carboxyglutamation alone
does not replicate experimental I-V relations. As illustrated
in Fig. S7, increasing the negative charge of centrally lo-
cated glutamate residues alone by vy-carboxyglutamation
does not result in computed I-V relations that corre-
spond to any experimental I-V relations. However, neu-
tralization of the six TM2/CL lysines coupled with
y-carboxyglutamation of glutamate residues results in a
predicted I-V relation (Fig. 6, I-L) that corresponds
closely to the inward/sigmoidal I-V relation observed
experimentally (Fig. 3 A). Similarly, increasing the neg-
ative charge of the three glutamate residues combined
with the neutralization of Metl, K15, and K116 pro-
duces an I-V relation with GCMC/BD simulations (Fig. 6,
M-P) that resembles the experimentally observed I-V
relations that display slight inward rectification (Fig. 3 B).
In this case, we cannot ascertain if the experimental I-V
relation would be sigmoidal at larger negative poten-
tials, as predicted by GCMC/BD. It is difficult in experi-
mental studies to determine the I-V relation over the
full £150-mV range because of voltage-dependent chan-
nel closure and seal instability at large voltages.

Although increasing negative charge by +y-carboxy-
glutamation is by itself not sufficient, it can in combina-
tion with neutralization of positive charge by acetylation
produce I-V relations that resemble some I-V relations
that are observed experimentally. But the near perfect
cation selectivity of y-carboxyglutamated channels con-
trasts experimental observations. Overall, the results
predict that acetylation of the N-terminal Met and inter-
nal lysines are the key protein modifications that deter-
mine Cx26 ionic permeation.

Surprisingly, only the experimentally observed linear
I-V relation (Fig. 3 C) was not matched by any of the
predicted I-V relations for the tested combinations of
acetylations and +y-carboxyglutamations (Figs. S6 and S7).
However, it is likely that some combinations that neu-
tralize fewer than all six lysine residues in TM2/CL
would produce a linear I-V relation, as these would fall
between the slight inwardly rectifying channel (Met/K15)
and the slightly outwardly rectifying channel (Met/CL)
shown in Fig. S6. Another possibility is the formation
of “heteromeric” channels formed by combinations of
unmodified and modified subunits or combinations of
differentially modified subunits. The possibility of such
channels arises from the likelihood that not all sites of
acetylation or vy-carboxyglutamation are so modified at a
given time. Differences in pKa of lysine residues, leading
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to differences in protonation, may also play a role, al-
though determination of pKa of these residues with
PROPKA 3.0 suggests that all will be deprotonated at neu-
tral pH (all predicted pKa’s were in the range of 10).

Protein modifications of completed and incomplete, but
non-equilibrated, crystal structures do not result in I-V rela-
tions that match experimental results. In contrast to the
results based on the average equilibrated structure,
the I-V relations produced by GCMC/BD simulations of
the crystal structure and the completed but non-equili-
brated crystal structure that incorporated all combina-
tions of charged protein modifications described in
Figs. S6 and S7 deviated strikingly from all experimen-
tally observed I-V relations. This is illustrated in Fig. S9
for the limiting cases of the reported modifications: (a)
neutralization of the N-terminal amine only (considered
previously; Fig. S5); (b) neutralization of the N-terminal
amine and all internal lysines; and (c) neutralization of
N-terminal amine, all internal lysines, and increasing
the negative charge of the three glutamate residues by
carboxylation. The deviations from the experimentally
derived I-V relations are primarily the result of a domi-
nating barrier to either or both K" and Cl” that are
formed in the vicinity of the constriction at the tip of
the NT. We conclude that neither the completed nor
AMetl crystal structures represent the structure of the
biological open Cx26 hemichannel, in that no experi-
mentally determined protein modifications can resolve
the deviations in the computationally derived I-V rela-
tions and those observed experimentally.

DISCUSSION

The GCMC/BD simulations strongly suggest that the
average equilibrated structure resulting from MD simu-
lations closely approximates the structure of the bio-
logical open Cx26 hemichannel. Although the MD
simulations do not change the overall structural features
evident in the crystal, they refine the crystal structure by
relaxation of the packing of all four TM helices of each
connexin monomer and a small change in the tilt angle
of all helices. The net effect is a substantial increase
in the channel pore diameter, primarily in the region
formed by the NT, and the repositioning of many amino
acids located at the interfaces of the four TM domains,
resulting in more stable networks of electrostatic and
van der Waals interactions (unpublished data).

The I-V relations of the average MD-equilibrated
structure determined by GCMC/BD closely match ex-
perimentally observed I-V relations when the charge ef-
fects of specific combinations of co- and posttranslational
modifications identified by mass spectroscopy of Cx26
channels exogenously expressed in mammalian cells
(Locke et al., 2009) were incorporated into the model.
In contrast, the pore dimensions of the crystal and


http://www.jgp.org/cgi/content/full/jgp.201110679/DC1

completed crystal structures, without MD equilibration,
are too narrow to allow significant ion flux. In these
structures, the tip of the NT forms a constriction that
results in a large barrier to ion flux. GCMC/BD simula-
tions showed that none of the modifications of the NT
made to the crystal structure or a completed crystal
structure that includes Metl could account for any of
the experimentally observed I-V relations.

A potential limitation of this study is that the struc-
tures of the charge modifications were not explicitly
defined in GCMC/BD simulations. Instead, the charge
effect of a given modification was mimicked by altering
the charge of the relevant group in the Protein Data
Bank file, and the resulting structures were not further
equilibrated by MD. Also, simple neutralization does
not exactly reproduce the effect of acetylation of a posi-
tively charged residue, in that it does not result in zero
charge distribution of the modified residue; acetylation
will produce a residue with some dipole character. How-
ever, the calculated dipole moment of acetylated methi-
onine and lysine does not differ substantially from that
of methionine and lysine neutralized by modification
of the parameter file, and thus mimicking the charge
modification in this manner may be adequate to repre-
sent, to a first order, the behavior of the system in
GCMC/BD simulations. We used this simple charge-
neutralization strategy because of the high computa-
tional cost of performing MD simulations of all 11
charge-modifying protein modifications individually. It
is possible that the structure of the acetylated residue
affects protein conformation. However, six of seven
modified lysines and one of three sites of glutamate car-
boxylation occur at sites located in the highly flexible
TM2/CL region and do not form charge interactions
with residues outside this region (Table S1). They are
therefore unlikely to have a direct effect on the struc-
ture or dynamic motions of other Cx26 channel do-
mains. Of particular interest are structural changes that
may be caused by N-terminal acetylation and by carboxy-
lation of E42 and E47. We are currently performing ad-
ditional MD simulations to determine if the Cx26
structure changes substantially when these particular
modifications are included explicitly, and if they affect
permeability determined by GCMC/BD simulation.

A principal prediction of the GCMC/BD simulations
is that neutralization of positive charges by acetylation
of the N-terminal amine of Metl and seven lysine resi-
dues located at the cytoplasmic entrance to the pore are
critical determinants of the I-V relations and charge se-
lectivity of Cx26 hemichannels. The computationally de-
rived I-V relations of channels with charge neutralizations
at these positions closely matched the single-channel
I-V relations of Cx26 channels expressed in Xenopus oo-
cytes reported both in this study and in that of Sanchez
etal. (2010). Of particular note is the predicted role of
N-terminal acetylation in determining the charge selec-

tivity of Cx26 hemichannels. All channels formed by an
unmodified (positively charged) N-terminal residue are
predicted to be anion selective, whereas all channels
with an acetylated (uncharged) N-terminal residue are
predicted to be cation selective. The switch from anion
to cation selectivity arising from Metl neutralization is a
consequence of the accentuation of the contribution of
the negative charge of D2 in determining the electro-
static profile of the channel. The acetylated (uncharged)
state of the seven internal lysine residues is predicted to
modulate the degree of cation charge selectivity, single-
channel conductance, and the amount and direction of
current rectification. Notably, the charge of the second
residue was also shown to determine the charge selectiv-
ity, conductance, and current rectification of the closely
related Cx32*%43E1 hemichannel (Oh et al., 2008).
There, the substitution of a negative charge at the sec-
ond locus, N2E, more than doubled single-channel con-
ductance, increased cation selectivity severalfold, and
reversed the direction of current rectification from in-
ward to slightly outward. The positive charge associated
with Metl in the N2E Cx32*43E1 channel is expected
to be neutralized by N-terminal acetylation as its se-
quence (Met-Glu) is also an established target for the
NatB acetylating enzyme complex (Starheim et al., 2009).
Consequently, the marked effects of N2E in determin-
ing ion permeation of the Cx32%43E1 hemichannel ap-
pear to result from both the addition of negative charge
at the second locus and neutralization of positive charge
by acetylation of Metl.

The omission of the N-terminal Met in the crystal
structure was attributed to disordered structure reflect-
ing the flexibility of the NT rather than cleavage by
MAP in insect Sf9 cells that were the source of the Cx26
used in the crystallization. Although the absence of
Metl in the crystal structure should be examined fur-
ther, the view that it is present but disordered is sup-
ported by proteomic studies that define the cleavage
rules for N termini by MAPs and established the evolu-
tionary conservation of protein target sequences (Frottin
et al., 2006; Helbig et al., 2010). Metl in proteins con-
taining Asp or Asn at the second position, like Cx26
and other members of Group 1 connexins (Beyer and
Berthoud, 2009), are rarely excised in eukaryotes in-
cluding Drosophila melanogaster (Sherman et al., 1985;
Bradshaw et al., 1998; Frottin et al., 2006; Goetze et al.,
2009; Drag et al., 2010; Helbig et al., 2010). The MS/MS
studies of Locke et al. (2009) demonstrated conclu-
sively that the N-terminal Met residue is not cleaved in
Cx26 exogenously expressed in transfected HelLa cells,
and that the N-terminal amine is acetylated. The N-ter-
minal Metl is cleaved and the N-terminal amine of the
second residue is acetylated in Cx46 and Cx50 in bovine
lens (Shearer et al., 2008). These are Group 2 connex-
ins, characterized by Met-Gly N termini, which are pre-
dicted to be cleaved with MAP and acetylated by the
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highly conserved NatA complex. Thus, all three con-
nexin N termini examined to date by MS/MS conform
to established rules governing cleavage and acetylation
of N termini.

The evolutionary conservation of the mechanisms of
N-terminal acetylation strongly suggests that the acety-
lated state of the N-terminal Met is the same in Xenopus
oocytes and mammalian cells. Indeed, Gonzdlez et al.
(2006) report that the I-V relations of Cx26 undocked
hemichannels expressed in oocytes are similar, if not
identical, to those expressed in transfected human
Neuro-2a cells. Both display linear/slight inward cur-
rent rectification. Similarly, Oh et al. (1999) report that
the degree of inward rectification of the I-V relations of
single Cx26/Cx32 heterotypic intercellular channels
expressed in Neuro-2A cells is identical to the voltage
dependence of initial currents (open-channel rectifica-
tion) of Cx26/Cx32 intercellular channels expressed in
Xenopus oocytes. The sensitivity of the GCMC/BD-calcu-
lated I-Vs to each acetylation suggests that the consis-
tency seen in mammalian cells and Xenopus oocytes
would only occur if the connexins had the same protein
modifications in both expression systems.

The heterogeneity in the Cx26 I-V relations that we
report may be related to the observation that the acety-
lated state of protein targets is sensitive to the cytoplas-
mic concentration of acetyl-CoA and hence to the
metabolic status of cells (Wellen et al., 2009). Rathmell
and Newgard (2009) suggested that differences in the
affinity of KATs for acetyl-CoA might account for the
differences in sensitivity of various protein targets to
metabolic stress. In our study, oocytes were cultured in
minimal salt media lacking glucose and pyruvate, con-
ditions that may cause metabolic stress and reduced
concentration of acetyl Co-A.

The potential physiological relevance of Cx26 acetyla-
tion is apparent by studies of the permeation of charged
dyes through Cx26-junctional channels in mammalian
cochlea to fluorescent dyes. Cx26 and the closely re-
lated Cx30 are widely expressed in supporting cells of
cochlea (Zhao and Yu, 2006), yet there are marked dif-
ferences in junctional charge selectivity in different re-
gions of cochlea (Zhao, 2005). Permeability to anionic
dyes only, in specific regions of the cochlea, is corre-
lated with the presence of cells that express only Cx26,
whereas cells that express both Cx26 and Cx30 in other
regions of the cochlea favor permeability to cationic
dyes. However, spread of cationic dyes is observed among
cochlear cells in Cx30 knockout mice, which continue
to express Cx26 (Chang et al., 2008). Collectively, these
results strongly suggest that the charge selectivity of
Cx26 in the cochlea is cell specific and appears to be
spatially distinct within the cochlear sensory epithelium.
Our results, which indicate that charge selectivity is likely
determined by the acetylated state of the N-terminal
methionine and further modulated by acetylation of
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internal lysines, provide an explanation for the ap-
parent regional differences in Cx26 perm-selectivity.
N-acetylated Cx26 channels are predicted to be cation
selective, whereas Cx26 channels with an unmodified
Metl are predicted to be anion selective. Thus, regu-
lated Cx26 acetylation may play a fundamental role in
cochlear health, physiology, and in other tissues as well
by fine-tuning Cx26 charge selectivity in a cell- and tis-
sue-specific manner.
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