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STRUCTURAL B IOLOGY

Structures of wild-type and selected CMT1X mutant
connexin 32 gap junction channels and hemichannels
Chao Qi1,2†, Pia Lavriha1,2†, Erva Bayraktar3,4†, Anand Vaithia1,2, Dina Schuster1,2,5,
Micaela Pannella3,4, Valentina Sala3, Paola Picotti5, Mario Bortolozzi3,4*,
Volodymyr M. Korkhov1,2*

In myelinating Schwann cells, connection between myelin layers is mediated by gap junction channels (GJCs)
formed by docked connexin 32 (Cx32) hemichannels (HCs). Mutations in Cx32 cause the X-linked Charcot-Marie-
Tooth disease (CMT1X), a degenerative neuropathy without a cure. A molecular link between Cx32 dysfunction
and CMT1X pathogenesis is still missing. Here, we describe the high-resolution cryo–electron cryo-myography
(cryo-EM) structures of the Cx32 GJC and HC, along with two CMT1X-linked mutants, W3S and R22G. While the
structures of wild-type and mutant GJCs are virtually identical, the HCs show a major difference: In the W3S and
R22G mutant HCs, the amino-terminal gating helix partially occludes the pore, consistent with a diminished HC
activity. Our results suggest that HC dysfunction may be involved in the pathogenesis of CMT1X.
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INTRODUCTION
Connexin-mediated communication is one of the major pathways
of intercellular signaling (1, 2), involving complex physiological
and pathological processes, such as electrical activity of the heart
(3), neuronal signaling (4), release of hormones (5), immunity
(6), inflammation (7), cancer (8), and cell death (9). The importance
of connexin-mediated communication is underscored by at least 28
genetic diseases linked to mutations in the 21 genes encoding con-
nexins in humans (10–11).

Connexin isoforms share a conserved molecular architecture:
Each is a four-transmembrane (TM) domain protein that assembles
into hexamers called connexons or hemichannels (HCs). Two HCs
expressed at juxtaposed plasma membrane regions of adjacent cells,
or even the same cell, can dock together to form a gap junction (GJ)
channel (GJC) (11). Tens to thousands of GJCs assemble in a regular
hexagonal pattern (a GJ plaque), which allows direct intercellular
exchange of ions, metabolites, second messengers [e.g., cyclic aden-
osine 30,50-monophosphate (cAMP) and inositol 1,4,5-trisphos-
phate (IP3)], or peptides (12). Unlike GJCs, connexin HCs are
normally closed at rest but can open under physiological condi-
tions, allowing sustained ion fluxes and release of adenosine 50-tri-
phosphate (ATP), nicotinamide adenine dinucleotide (oxidized
form) (NAD+), glutamate, and other signaling molecules into the
extracellular space (13).

Connexin 32 (Cx32) protein, encoded by the GJB1 gene, is not
only strongly expressed in the liver (14) but also found in various
tissues throughout the body, including the central and peripheral
nervous systems (15, 16). In the peripheral nervous system, Cx32
is expressed in myelinating Schwann cells, particularly in noncom-
pact regions of the myelin sheath (15, 17), where GJCs were

proposed to provide a radial diffusion pathway between the abaxo-
nal and adaxonal regions (Fig. 1A) (18). Moreover, extracellular
release of ATP by Cx32 HCs has been proposed to support puriner-
gic signaling triggered by neuronal activity, thus regulating
Schwann cell myelin maintenance (19, 20).

Mutations of Cx32 that affect its biosynthesis, folding, assembly,
trafficking, or channel properties are the leading cause of the X-
linked form of Charcot-Marie-Tooth disease (CMT1X), a dominant
neuromuscular degenerative disorder (21–23). Axonal and myelin
defects in peripheral neurons of CMT1X patients lead to progressive
sensory abnormalities and muscle atrophy. The disease clinical
onset usually occurs in the first two decades of a patient’s life and
no cure is available (20, 24). Loss of function of GJCs and/or HCs
due to Cx32 mutations is presumed to be the prevailing cause of the
disease [reviewed in detail in (20)], although the molecular and cel-
lular mechanisms underlying its pathogenesis remain unclear.

Despite the importance of Cx32 in human physiology and pa-
thology, the structure of this protein has not yet been described. In-
sights into the structure-function relationships of Cx32 have been
derived indirectly through homology modeling from the structures
of other connexin proteins (25–27).

To date, the structures of four connexin complexes have been
experimentally determined: Cx26 GJC (28–31), Cx46/50 GJC (32,
33), Cx31.3 HC (34), Cx36 GJC (35), and Cx43 GJC and HC (36,
37). These homologous structures have not only provided impor-
tant clues to the shared architectural features and assembly of con-
nexin-mediated GJCs and HCs but also revealed substantial
differences between them. To advance our understanding of the
molecular basis of Cx32 channel activity and regulation in health
and disease, we used electron cryo-microscopy (cryo-EM) to deter-
mine the structures of the HCs and GJCs formed by Cx32 wild-type
(WT) as well as the twomutants,W3S and R22G, linked to CMT1X.

RESULTS
Structures of the Cx32 GJC and HC
The Cx32 protein tagged with a C-terminal yellow fluorescent
protein (YFP) was chosen for large-scale protein expression for
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structural studies. To ascertain that this construct can be used to
generate active GJCs, we used the dual patch-clamp technique to
measure the GJ conductance (gj) in HeLa DH cells (fig. S1). The
measured gj values confirmed the expression of functional Cx32
GJCs, whereas control cells exhibited negligible intercellular com-
munication. Both Cx32 GJCs (gj values) and HCs (gm values) were
sensitive to cytoplasm acidification mediated by extracellular CO2,
consistent with our previous study (27).

Cx32-YFP construct was expressed in human embryonic kidney
(HEK) 293F cells, and the protein preparations were purified using
anti–green fluorescent protein (GFP) nanobody affinity chromatog-
raphy, followed by size exclusion chromatography (fig. S2A). The
protein samples with the affinity tag removed were concentrated,
vitrified on cryo-EM grids, and used for cryo-EM analysis (figs.
S3 and S6A). The sample featured very well preserved full GJC
structures, evident particularly in the thin ice areas of the cryo-
EM grids (fig. S3). We determined the cryo-EM reconstruction of
the Cx32 GJC in D6 symmetry, at 2.14-Å resolution, revealing the
fine details of the protein structure (Fig. 1, B and C, and figs. S3C

and S8A). The quality of the resulting density map revealed alterna-
tive side-chain conformations, ordered water molecules (fig. S8, A
and C), and a number of lipid- or detergent-like density elements at
the protein-lipid domain boundary (Fig. 1B). Furthermore, using
the same micrographs and focusing on processing of the smaller
HC particles, we were able to reconstruct the structure of the
Cx32 HC at a 3.06-Å resolution in C6 symmetry (Fig. 1C and
figs. S3C and S6B). Processing of the cryo-EM data in C1 symmetry
confirmed the presence of all density map features observed with C6
or D6 symmetry imposed for HC and GJC, respectively (figs. S3C
and S7, A and B, and table S1).

Comparison of Cx32 GJC and HC structures
The overall conformation of the Cx32 HC appears to be very similar
to the connexon of a fully assembled GJC (Fig. 2, A to D, and fig.
S10A). There are two key differences that concern the extracellular
loops (ECL1 and ECL2) and the N-terminal helix (NTH) regions
of Cx32.

ECL1 and ECL2 of the Cx32 GJC connexon show a slight con-
formational rearrangement, compared to those in the HC (fig. S10,
A and B). This conformational rearrangement is very similar to that
of Cx43 we observed previously (37). Cx32 belongs to the β group
connexins based on the inter-HC interface. It shares the same inter-
face residues with Cx26 (N54-N57 in ECL1 and N175-D178 in
ECL2; fig. S10C). As a consequence of this similarity in sequence
and structure, Cx32 is capable of forming heterotypic GJCs with
Cx26. In contrast, the α group of connexins, which includes
Cx43, is not compatible with the β group. Nevertheless, Cx32 and
Cx43 use a similar mechanism to assemble a GJC, whereby ECL1
and ECL2 move outward to dock the two HCs and form a full GJC.

The NTH of Cx32 is a fundamentally important domain that
regulates both permeability and gating of GJCs andHCs. It regulates
the voltage- (Vj-) gating polarity, the current-voltage (I-V ) relation,
and the single-channel conductance (38–40). Furthermore, previ-
ous findings related to other CMT1X mutations in the NTH and
the TM1 of Cx32 found that these domains are implicated in GJ
formation, thus affecting cell-cell junctional coupling (41–43).
The NTH of the Cx32 HC is very well ordered and adopts a previ-
ously undescribed conformation (Fig. 2, C and D), unlike the NTH
of the GJC that appears to be poorly ordered. We did not build the
NTH in our Cx32 GJC model due to the poor quality of the GJC
density map in the corresponding region; only approximate place-
ment of the NTH is possible (Fig. 2, A and B). On the basis of the
mass spectrometry (MS) analysis, the Met1 residue is present in our
Cx32 sample, which is different from Cx31.3 (34) and Cx43 (fig.
S11) (37), and therefore, our model of the Cx32 HC includes
Met1. The NTH of Cx32 HC is positioned parallel to the membrane
plane, maintaining an open pore conformation (Fig. 2, C and D).
Although the structures of both the GJC and the HC represent an
open pore state, the rigid conformation of the NTH in the Cx32 HC
constricts the pore to a diameter of ~11 Å at the cytosolic side
(Fig. 2B). In contrast, the pore diameter in the GJC, based on the
ordered region of the protein, is ~15 Å (fig. S12C), not accounting
for the present flexible NTH regions. The lack of clearly defined
NTH conformations in the GJC suggests that the two connexons
are fully open and may allow free unselective movement of both
anions and cations (44), as well as small molecules. The arrange-
ment of the NTH in the HC not only reduces the size of the pore
but also markedly remodels the charge distribution at the cytosolic

Fig. 1. Cryo-EM structures of Cx32 GJC and HC. (A) Illustration of Cx32 GJCs and
HCs in distinct membrane compartments of the myelinating Schwann cells (SC).
(B) Cryo-EM map and model of Cx32 GJC. Cx32 is surrounded by lipid-like mole-
cules at the outer leaflet and inner leaflet of the membrane (black density). (C)
Cryo-EM map and model of Cx32 HC.
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face of the channel. The strong positive charge at the cytosolic en-
trance into the Cx32 HC pore may play a role in ion selectivity or
gating of the channel, although it is important to note that the
channel remains open in this conformation (Fig. 2E and fig. S12C).

In this context, GJCs and HCs formed by distinct connexin iso-
forms can discriminate for solutes based on size and charge. The
selectivity filter also relies on the NTH, which contains voltage
sensors that are oppositely charged in Cx32 and Cx26 (38). The
voltage sensor of Cx32 has a net positive charge, whereas the
voltage sensor of Cx26 has a net negative charge. In our previous
work, we showed that, despite the much lower GJ conductance of
single Cx32 channels with respect to Cx26 channels (28 pS versus
115 pS, respectively), the permeability to the large and negatively
charged LY molecule is even higher in Cx32 than in Cx26 (12.9 ×
10−3 μm3/s versus 7 × 10−3 μm3/s) (27, 45). Comparisons of Cx26,

Cx40, Cx43, and Cx45 GJ channel properties using positively and
negatively charged permeants revealed that Cx26 is less permeable
only to negatively chargedmolecules with respect to Cx43 and Cx45
(46). Thus, the structures of Cx32 along with the other GJCs and
HCs provide an important structural framework for future investi-
gations of connexin channel selectivity.

Comparison of the Cx32 GJC and HC to other connexin
structures
The overall conformation of the Cx32 GJC is similar to the confor-
mations observed in the structures of GJCs formed by Cx26, Cx46/
50, and Cx43 (fig. S13A). The α-π helix transition, seen previously
in the TM1 of Cx36 (35), is not observed in the corresponding
regions of the Cx32 structures. The main distinction between
these channel structures is the NTH region. The NTH domains of

Fig. 2. Comparisons of Cx32 GJC and HC. (A and B) Cryo-EMmap (bottom view) andmodel (side view) of Cx32 GJC. The NTH (red and black) inserts to the channel pore,
representing the open state of GJC. The lipid-1 density is labeled using pink color. (C andD) Cx32 HCmap (bottom view) andmodel (side view). The NTH (red and black) is
parallel to the membrane layer, shrinking the pore of Cx32 HC to about 11 Å. Lipid-2 (cyan) is stabilized by NTH, TM1, and TM2. (E) Electrostatic map of Cx32 HC. Cho-
lesterol (CLR) molecules (cyan) are fitted to the lipid-2 position. (F) Detailed view of the interaction between CLR and NTH, TM1, and TM2. All the residues within 4 Å to CLR
are shown as sticks. Two important residues, W3 and R22, are shown as green color.
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Cx26 and Cx46/50 are structured and point deeply into the pore.
The NTH of Cx43 points toward the center of the pore, closing
the gate. The NTH of Cx32 is flexible, and we only observe a
weak density at the position corresponding to the NTH of Cx26
and Cx46/50 (Fig. 2A and fig. S13A).

The recently determined structure of the Cx31.3 HC revealed a
“semiclosed” conformation of the gate, wherein the NTH points to
the middle of the pore (the diameter is about 8 Å) (fig. S13B),
similar to the Cx43 GJC. Compared to Cx31.3 and Cx43, the
NTH of Cx32 HC arranges itself parallel to the membrane plane
but pointing toward the adjacent connexin subunit. This conforma-
tion is reminiscent of an iris-like structure in the hexameric NTH
arrangement (Fig. 2, C and D).

Lipid decoration of Cx32 GJC and HC
As has been observed in the structures of Cx31.3, Cx46/50, and
Cx43 (33, 34, 37), the Cx32 maps (GJC and HC) feature lipid-like
densities at the protein-lipid interface (Fig. 1, B and C). Our Cx32
protein was solubilized from the HEK293 cell membranes using a
mixture of N-dodecyl-β-D-maltopyranoside (DDM) and a choles-
terol analog cholesteryl hemisuccinate (CHS), with subsequent de-
tergent exchange to digitonin, as detailed inMaterials andMethods.
On the basis of the shapes of the observed densities, we interpreted
them as protein-bound CHS molecules. However, it is likely that
these binding sites in proximity of the hydrophobic surfaces of
the protein may be occupied either by detergent molecules or by
cholesterol, phospholipids, or other lipid-like molecules from the
native membrane environment of Cx32. This possibility is support-
ed by the recent structure of GJC formed by Cx46/50, which was
determined in the presence of phospholipids bound at specific
sites to the hydrophobic surface of Cx46/50 (33). The same is also
true for our Cx43 GJC structure in lipidic environment (37). The
lipids surrounding the GJCs and HCs may be important for
channel assembly, stability, and function.

We also observed two lipid densities in the interior of the Cx32
HC, which we refer to as “lipid-1” and “lipid-2” (Fig. 2, B and D).
Lipid-1 is aligned along the pore close to the TM1 and TM2 of both
the Cx32 GJC and HC (Fig. 2, B and D), perpendicular to the mem-
brane plane. A similar lipid density has been observed in the HC
structure of Cx31.3, where it was interpreted as an LMNGmolecule,
suggesting it as a conserved lipid binding site. Likewise, our Cx43
structures in detergent and in nanodisc also revealed the presence of
a very similar lipid molecule in the pore (37). Lipid-2 inserts to a
pocket (NT pocket) formed by TM1, TM2, and NTH (Fig. 2, D to
F). To simplify the interpretation of the lipid-2 site, we modeled a
bound cholesterol molecule (fig. S8B). However, cholesterol, CHS,
or digitonin could, in principle, match this density equally well, as-
suming that the headgroups are flexible and only the sterol moieties
of these molecules are sufficiently ordered when bound to the lipid-
2 site. The NT pocket and the bound lipid-2 molecule (Fig. 2, D to
F) are specific to the Cx32 HC. The NTH is not ordered in the GJC
reconstruction, and the density element corresponding to lipid-2 is
missing (Fig. 2, A to D).

Structure-based insights into the pathogenesis of CMT1X
Multiple mutations in Cx32 have been found to be associated with
CMT1X, and we can now locate these mutations in the experimen-
tally determined Cx32 structures (fig. S14). Mapping of the disease-
linked mutations with known molecular phenotypes can help us in

understanding the mechanism behind their deleterious effects in
patients suffering from CMT1X. The Cx32 mutations can be
grouped on the basis of defects related to (i) assembly and cell
surface trafficking of Cx32 HCs (fig. S14, cyan), (ii) formation of
GJCs (yellow), and (iii) gating mechanisms of the assembled HCs
and GJCs (orange) (20). Although the defects in folding, assembly,
and trafficking in certain mutants of Cx32 are difficult to explain
based on the structures, our three-dimensional (3D) reconstruction
allows us to explain the effects of the mutations proximal to the
NTH or the NT pocket. We selected two CMT1X mutations prox-
imal to the NTH and the NT pocket,W3S and R22G, to characterize
their effect structurally and functionally. Our structures show that
these two residues engage in many interactions that stabilize the NT
pocket and thus likely participate in the molecular gating. The two
mutants of Cx32,W3S (42) and R22G (43), have been reported to be
capable of assembling the connexon and reaching the plasma mem-
brane, without participating in functional GJs when expressed in
HeLa cells and Xenopus oocytes, respectively. Similar to the WT
Cx32, we purified the mutated proteins (fig. S3, B and C) and de-
termined their structures using single-particle cryo-EM (figs. S4 to
S6, C to F). The GJC structures of W3S and R22G were determined
at 2.63- and 2.48-Å resolution, respectively. In addition to the 3D
reconstructions of the mutant GJCs, we determined the structures
of W3S and R22G HCs at 2.99- and 3.67-Å resolution (table S1).

Comparison of the two mutant GJC structures to the WT GJC
did not reveal any obvious differences (fig. S12A): Both mutant
channels showed near-identical features of the NTH density, con-
sistent with the open state. In contrast, the W3S and R22G HCs
showed stark differences to the WT Cx32 HC in the NTH region
(Fig. 3, A to C, and fig. S10B). Lipid-2 is no longer present in the
HC density maps of W3S and R22G, and unlike the GJC, the NTH
of each of the mutants is displaced closer to the center of the pore,
resulting in constriction of the central gate. The diameter of the
central pore for both mutants is ~6 Å, compared to ~11 Å in the
case of the WT HC (Fig. 3, A and B). Thus, under the chosen ex-
perimental conditions with proteins purified in detergent micelles,
the HCs of both mutants, W3S and R22G, show a substantial
closure of the NTH gatewith respect to theWT channel. In contrast,
the 3D reconstructions of the mutant GJCs show features similar to
those found in theWTCx32 GJC, suggesting that all of the observed
GJCs are captured in an open state.

In the recently published reports analyzing the cryo-EM struc-
tures of Cx43 (36) and Cx36 GJCs (35), the individual NTH
domains were shown to undergo conformational changes. To deter-
mine whether NTH behaves similarly in WTCx32, W3S, and R22G
HCs and GJCs, we performed protomer-focused classification (fig.
S9A). The subunit classes of WT Cx32, W3S, and R22G GJC re-
mained poorly resolved in the NTH region (fig. S9, B, D, and F),
indicating that the NTH is flexible within the pore and does not
assume distinct well-defined conformations. The NTH densities
of WT Cx32 and W3S HC subunit 3D classes are ordered and re-
semble closely the conformation of the corresponding full HC map
(fig. S9, C and E). The R22G HC protomer 3D classes are also con-
sistent with the full refined map and indicate a presence of two pos-
sible conformations of the NTH, reminiscent of those in WT Cx32
andW3SHC, respectively (fig. S9G). However, the low resolution of
the original density map currently limits the unambiguous assign-
ment of the densities corresponding to the NTH in the R22G HC
protomer-focused 3D classification.
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Surface expression and HC dysfunction of the W3S and
R22G mutants
To validate the structural observations, we performed functional
assays in HEK293F and HeLa DH cells to study the permeability
and gating of WT and mutant Cx32 channels. For this purpose,
we used a construct containing connexin sequence followed by an
internal ribosome entry site (IRES) and a cytosolic YFP to identify
the transfected cells. Immunocytochemistry (ICC) experiments in
both cell lines revealed that WT Cx32, W3S, and R22G localized
to the plasma membrane and formed GJ plaques, observed as fluo-
rescent lines on the plasma membrane between two cells (figs. S15
and S16). Consistent with this observation, quantification of relative
plasmamembrane protein expression using surface protein biotiny-
lation followed by MS analysis showed that the levels of cell surface
expression of the WT Cx32 and the two mutants were comparable
(fig. S17). Despite the ability of the mutants to reach the cell surface
in both HEK293F and HeLa DH cells, the properties of the GJ
plaques formed by W3S and R22G in these two cell types were
markedly different. In HEK293F cells, the GJ plaques formed by

the mutants were indistinguishable from those formed by the WT
Cx32 (fig. S15, I and J), whereas in HeLa DH cells both mutants
produced fewer and smaller GJ plaques (fig. S15, K and L).

To assess the permeability properties of WT and mutant GJ
plaques, we performed patch-clamp and fluorescence recovery
after photobleaching (FRAP) experiments in both HEK293F and
HeLa DH cells. Although HEK293 cells have previously been re-
ported to endogenously express Cx43 and Cx45 (47, 48), with
surface biotinylation followed by MS analysis, we could confirm
that under our conditions of overexpression Cx32 is the dominant
connexin species in the plasma membrane of HEK293F cells. This
allowed us to use these cells as a model system. In HEK293F cells,
dual patch-clamp experiments indicated that the cells expressing
WT Cx32 are significantly stronger coupled than control cells
(Fig. 4A and fig. S18). The mutant GJs also showed a trend for
higher electrical coupling compared to the control cells. We
expect that the gj values derived for both WT and mutant GJCs
are higher in reality, because only gj values ranging lower than 10
to 15 nS in our measurements minimize the need for corrective

Fig. 3. Comparison of the WT Cx32 HC structure to the cryo-EM structures of W3S and R22G Cx32 mutants. (A) Substrate conduction pathways for Cx32, W3S, and
R22G HCs, calculated using Hole software. The arrow indicates the narrowest part of the path. Hollow arrow for Cx32 and black arrow for mutants. (B) The pore radius
along the substrate conduction pathwaywas calculated using hole in (A). (C) Structural alignment of NTH between Cx32 HC (orange), W3S HC (pink), and R22G HC (green).
Key residues, W3 and R22, are labeled as spheres. (D and E) Detailed view of NTH in Cx32, W3S, and R22G. The key residues within 4 Å close to CLR are shown as sticks. The
pink and green arrows indicate the movement of NTH in W3S and R22G compared to Cx32 HC.
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methods based on electrode series and cellular input resistances
(49). The same dual patch-clamp protocol performed in HeLa
DH cells revealed a clear difference between the WT Cx32 and
the mutants: Essentially, no coupling could be observed for the
latter (fig. S18, A to C). This is likely the result of the deficient GJ
plaque formation ability of the mutants in HeLa DH cells, as re-
vealed by our ICC experiments (fig. S15). This finding highlights
the dependence of GJ activity assays on the cell type and the impor-
tance of validating GJ activity data using more than one cell system.

The patch-clamp recordings were consistent with the FRAP ex-
periments in HEK293F and HeLa DH cells (Fig. 4B and fig. S18, D
to I, respectively). No significant difference in fluorescence recovery
was observed between WT Cx32 and the W3S and R22G mutant
expressed in HEK293F cells. In HeLa cells, only a mild permeability
was observed in R22G with respect to the WT, where no recovery
was found in the W3S-transfected and mock-transfected HeLa
DH cells.

To assess the functional properties of the WT and mutant Cx32
HCs, we performed whole-cell patch-clamp experiments in single
transfected HEK293F cells stimulated by depolarizing voltage
steps (Fig. 4C and fig. S20). The results highlighted a significantly
lower membrane current mediated byW3S and R22Gmutants with
respect to the WT HCs. These observations were in line with the

sulforhodamine 101 (SR101) dye uptake experiments performed
using the same cells (Fig. 4D and fig. S21) and consistent with the
reduced dimensions of the pore estimated by cryo-EM (Fig. 3).

DISCUSSION
The Cx32 structures put a spotlight on a debate about the confor-
mation of the connexin NTH, which is involved in Cx32 connexon
expression/assembly and in voltage gating (20, 40, 50). Unlike GJC
structures determined previously for other connexin family
members, our reconstruction of the full channel indicates that the
NTH is either disordered or highly dynamic. On the basis of com-
parison with the HC structure, we hypothesize that the flexibility of
the NTH in the GJC may occur due to the disruption of the NT
pocket with the loss of a bound lipid molecule. The persistent pres-
ence of these six presumed sterol molecules inside the HC constricts
the pore size and could limit the range of molecules that can perme-
ate the HC. The previous work on connexin channel structure, in-
cluding structure-function studies of Cx26, Cx46/50, and Cx31.1,
led to a proposal of the NTH moving along the pore axis during
the molecular gating events (28, 30, 32–34). Our structures of the
WT Cx32 and W3S, R22G HCs (Fig. 3) show that the gating

Fig. 4. Functional properties of GJCs and HCs formed byWT,W3S, or R22G Cx32 in HEK293F cells. (A) A sketch illustrating the GJC activity measurements using dual
patch-clamp; black circles indicate Cx32 connexons (left). Boxplot of the GJ conductance (gj) values measured by dual patch-clamp in untransfected (control) HEK293F
cells or transfected with WT, R22G, or W3S constructs. Cell pairs were selected on the basis of similar expression of the cytosolic YFP. At the end of each experiment, gj was
lowered to zero by a CO2-saturated extracellular solution to confirm that the cells were connected by GJs and not by cytoplasmic bridges. gj values of untransfected cells
(n = 14) resulted significantly lower (P < 0.05) thanWT (n = 14) but not than R22G (n = 13) andW3S (n = 13). Statistical analysis was performed using the Kruskal-Wallis test.
(B) Left: FRAP experiments (sketch indicating dye transfer between two coupled cells). Intercellular diffusion of the fluorescent tracer SR101 (molecular weight, 606.7 Da)
was assessed in control (n = 10) and transfected cells expressing Cx32 WT (n = 20), W3S (n = 13), or R22G (n = 13). (C) Left: Sketch of a whole-cell patch-clamp experiment
with Cx32 HCs at the cell surface. Whole-cell patch-clamp experiments performed in control (n = 5) or transfected cells with Cx32WT (orange, n = 13), W3S (pink, n = 6), or
R22G (green, n = 10). The currents mediated by mutant HCs are lower with respect to the WT. (D) SR101 dye uptake experiments performed in control cells (n = 935) or
cells expressing Cx32WT (n = 1136), W3S (n = 702), or R22G (n = 905); mutant HCs showed reduced dye uptake; asterisks indicate statistical significance (one-way ANOVA:
****P < 0.0001; ***P < 0.001; *P < 0.1; ns, no significant difference). a.f.u., arbitrary fluorescence units.
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mechanism may involve an iris-like movement of the NTH (Fig. 5
and movies S1 and S2).

We propose that the flexible NTH of the GJC observed in our
structure is specifically required to keep the connexon in an open
state configuration to allow relatively unobstructed passage of
ions, second messengers, and larger diffusible molecules necessary
for intercellular communication. On the basis of pore size consid-
erations, the state of the WT Cx32 HC we derived may also be per-
meable to cytosolic ions and small molecules. Various cytosolic
factors (including ions, small molecules, protein domains, or inter-
action partners) may participate in keeping the Cx32 connexon in a
closed state (27, 51). For example, the open/close transitions of the
“chemical/slow” gate mediated by a cytosolic Ca2+ sensor have been
suggested to rely on a regulator molecule, such as calmodulin, di-
rectly interacting with the Cx32 NTH and acting as a cork (27,
52–54).

The observation of the NTH that forms the NT pocket filled with
a lipid molecule could have important implications for the gating
paradigm of connexin HCs. Minute changes in the environment
of the NTH (such as binding of lipids or other small molecules
within the NT pocket) may lead to rearrangement of the NTH in
an iris-like fashion, as seen in the Cx32 HC structure, favoring
the closure of the pore at its cytosolic side. It is known that the
Cx32 channel function can be modulated by hydrophobic small
molecules, such as 2-aminoethoxydiphenyl borate (55, 56), olea-
mide (57), or anandamide (28, 30, 32–34, 57, 58). It remains to be
determined whether the NTH arrangement observed in the Cx32
HCs can be adopted by other connexin channels. Nevertheless,
the possibility of manipulating the HCs or GJCs via alterations of
the NT pocket opens exciting opportunities for future structure-
function investigations and drug screening for the treatment of
CMT1X and other connexinopathies.

Our imaging and electrophysiological experiments in W3S and
R22G GJCs expressed in HeLa cells confirmed previous findings
that the two mutants are not functional (42, 43), despite being
capable of assembling a connexon and reaching the plasma mem-
brane. The defect can be mainly ascribed to defective formation of
GJ plaques, thus to an insufficient or null number of open channels
within the GJC matrix. It should be considered that most of the
channels of a GJ plaque are closed under physiological conditions,
especially in small plaques where it was estimated that fewer than
2% of the channels are active (27, 59).

Previous findings related to other CMT1X mutations [e.g.,
R15W (41) and R22P (43)] suggested an important role of the

NTH in GJ formation. The expression level and functionality of
W3S and R22G GJCs in HEK293F cells were similar to the WT,
and only a reduced HC conductivity was observed, suggesting
that the severity of the GJ defect is cell dependent (Fig. 4). Other
Cx32 mutants, such as R75Q, M34T, V38M, R164W, Y211X, and
C217X, were previously found to have a cell-dependent expression
or functionality (20). This underscores the need for validating the
GJ activity data in more than one cell type and, ideally, using more
than one experimental technique.

The observation of both structural and functional alterations in
the Cx32 mutant HCs expressed in HEK293F cells, but not in the
GJCs, supports the recent hypothesis that Cx32 HC dysfunction
may be implicated in the pathogenesis of CMT1X disease (19,
27). A reduced pore size in the W3S and R22G mutant HCs
could conceivably impair the permeability of the channels to
larger solutes such as ATP, as found in the S26L mutation (19,
60). Further studies are required to support the new paradigm for
the molecular pathogenesis of CMT1X as being no longer linked to
Cx32 GJCs but rather to Cx32 HCs. Direct observation of molecular
defects in CMT1X-linked mutants is a crucial first step that sheds
light on the therapeutic potential of rescuing dysfunctional Cx32
HCs as a personalized medicine strategy in the context of
CMT1X disease onset and progression.

MATERIALS AND METHODS
Molecular cloning and mutagenesis
Human Cx32 (UniProt ID P08034), followed by a C-terminal YFP
and twinStrep tag, was cloned into a pACMV plasmid. The W3S
and R22G mutations were introduced using site-directed mutagen-
esis. For IRES containing constructs, WT untagged Cx32 and its
mutants W3S and R22G were subcloned using Nhe I and Mre I
into the MCS before the IRES sequence followed by YFP sequence
containing pACMV vector.

Cell culture
Large-scale protein purification
HEK Freestyle 293F (HEK293F; Thermo Fisher Scientific) cells
were cultured in 15-cm cell culture dishes containing Dulbecco’s
modified Eagle’s medium (DMEM; BioConcept) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(PenStrep; PANBiotech) with 5%CO2 and cultured at 37°C. At 80%
confluence, cell medium was exchanged to DMEM supplemented
with 2% FBS and 1% PenStrep. The transfection mixture was

Fig. 5. A schematic illustration of the key features observed in the Cx32 structures. (A) Cx32 GJC is determined in an apparently open state, with a central pore of
~15-Å diameter; this estimate does not take into account the flexible NTH domains, as well as the lipids that may occlude the pore under physiological conditions, in the
cellular plasma membrane. (B) The open state of the Cx32 HC features a central pore about 11 Å. The NTH domains are parallel to the membrane plane in an iris-like
arrangement. (C and D) The W3S and R22G HC structures feature a closed state, where the NTH rearrangement reduces the pore diameter to ~6 Å.
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prepared with Cx32-YFP-twinStrep plasmid and branched polye-
thyleneimine (Sigma-Aldrich) at a ratio of 1:2 (w/w) with serum-
free DMEM. The transfection mixture was added to cells after 5
min of incubation at room temperature. After 48 hours of expres-
sion at 37°C and 5% CO2, the cells were harvested using a cell
scraper in buffer A containing 25 mM tris-HCl (pH 8.0) and 150
mM NaCl and collected by centrifugation at 800g and 4°C. The
cells were washed with buffer A and collected by centrifugation.
The supernatant was discarded, and the cells were frozen at
−80°C for further experiments.
Surface biotinylation
HEK293F cells were cultured and transiently transfected with IRES
construct as described for large-scale expression. HeLa DH cells
were cultured like HEK293F cells and transiently transfected with
45 μg of IRES construct plasmid per plate using Lipofectamine
3000 (Thermo Fisher Scientific) according to the manufacturer’s
protocol.
IHC and Western blot
HEK293F or HeLa DH (DH clone, Sigma-Aldrich) cells were
seeded on poly-L-lysine (Cultrex) precoated glass coverslips in six-
well plates at a density of 0.7 million cells per well. For Western blot
and whole-cell patch-clamp experiments, HEK293F cells were cul-
tured as in ICC without the glass slide. The cell count was deter-
mined using trypan blue viability staining, and the cells were
seeded in DMEM supplemented with 10% FBS and 1% PenStrep
and cultured at 37°C and 5% CO2. Twenty-four hours after
seeding, HEK293F cells were transiently transfected as described
above using 4 μg of DNA per well. HeLa DH cells were transiently
transfected with 3 μg of DNA using Lipofectamine 3000 according
to the manufacturer’s protocol. The cells were placed at 37°C and
5% CO2 for 36 hours of expression.
Dye transfer assays
For dye transfer assays in HEK293F cells, the cells were seeded and
cultured as described above at 30,000 cells per well in ibidi eight-
well μ-Slide chambers or 300,000 cells per ibidi μ-Dish, precoated
with poly-L-lysine. Twenty-four hours after seeding, HEK293F cells
were transfected as described above using 0.46 μg of DNA per well
of a chamber and 2 μg of DNA per dish. The cells were placed at
37°C and 5% CO2 for 36 hours of expression. HeLa DH cells were
plated onto 12-mm-diameter glass coverslips. Twenty-four hours
after plating, the cells were transiently transfected with 0.2 μg of
the DNA using IRES constructs using Lipofectamine 3000 accord-
ing to the manufacturer’s protocol and were placed at 37°C and 5%
CO2 for 24 hours of expression.
Electrophysiology assays in HeLa cells
A clone of HeLa cells (HeLa DH) that is essentially devoid of con-
nexins was used in our experiments. HeLa DH cells were cultured in
DMEM/F12 medium (Gibco) supplemented with 10% FBS (Gibco)
and 1% PenStrep at 37°C in a humidified incubator with 5% CO2.
Twenty-four hours after plating cells onto 12-mm-diameter glass
coverslips, the cells were transiently transfected with 0.2 μg of the
DNA of Cx32-IRES-YFP (WT) or mutant vectors (R22G or W3S)
using Lipofectamine 3000 (Thermo Fisher Scientific). The mixture
was added to the wells drop by drop and left to act for 4 hours, after
which the medium was replaced. The mixture applied to control
(Mock) cells did not contain DNA. The experiments took place
24 hours after transfection.

Electrophysiology assays in HEK293F cells
HEK293F cells were cultured in DMEM medium (Gibco) supple-
mented with 10% FBS (Gibco) and 1% PenStrep at 37°C in a humid-
ified incubator with 5% CO2. The cells were seeded onto a 24-well
dish and incubated for 18 to 24 hours at 37°C until they were ap-
proximately 50 to 70% confluent. After which, the cells were tran-
siently transfected with 0.2 μg of the DNA of Cx32-IRES-YFP (WT)
or mutant vectors (R22G or W3S) using Rotifect (Carl Roth) ac-
cording to the standard manufacturer ’s protocol. Twenty-four
hours after the transfection, the cells were seeded on glass coverslips
[previously coated with polyornithine (100 μg/ml) for 1 hour at
room temperature]. The experiments took place 48 hours after
transfection.

Cx32 purification
The cells were resuspended in buffer A supplemented with protease
inhibitors [1 mM benzamidine, leupeptin (1 μg/ml), aprotinin (1
μg/ml), pepstatin (1 μg/ml), trypsin inhibitor (1 μg/ml), and 1
mM phenylmethylsulfonyl fluoride]. Cells were lysed using sonica-
tion at 35% amplitude with two sonication cycles per plate (cycle:
0.5-s pulse on, 0.5-s pulse off ), and the membrane preparation was
clarified by ultracentrifugation at 35,000 rpm (Beckman Ti45 rotor)
to remove the soluble fraction. Themembrane pellet was resuspend-
ed in buffer A supplemented with protease inhibitors using a ho-
mogenizer. The membranes were solubilized by adding 1% N-
Dodecyl-β-D-maltoside (DDM) and 0.2% cholesteryl hemisucci-
nate (CHS) and incubated at 4°C for 1 hour. The solubilized mem-
branes were centrifuged by an additional round of
ultracentrifugation. The supernatant was incubated with 1 ml of
CNBr-activated Sepharose-coupled anti-GFP nanobody (61) at
4°C. The resin and protein mixture was collected in a gravity
column and washed with 40 column volumes of buffer B [25 mM
tris-HCl (pH 8.0), 150 mM NaCl, and 0.1% digitonin]. Protein was
cleaved overnight at 4°C by adding 0.4 mg of human rhinovirus 3C
protease. The Cx32 protein was collected and concentrated to 1 ml
using a 100-kDa cutoff concentrator. The Cx32 sample was injected
onto a Superose 6 Increase 10/300 GL column preequilibrated with
buffer B. The Cx32 peak fractions were collected, concentrated, and
used for cryo-EM grid preparation immediately. The expression and
purification methods of W3S and R22G mutants were the same as
the WT.

Cryo-EM sample preparation and data collection
The purified Cx32 WT protein, W3S, and R22G were concentrated
to about 5 mg/ml. The cryo-EM grids were glow-discharged for 30 s
using a PELCO easiGlow glow discharge system. Protein (3.5 μl) was
added to the glow-discharged Quantifoil R1.2/1.3 200-mesh grid.
The grids were blotted using Vitrobot Mark IV (Thermo Fisher Sci-
entific) and plunge-frozen in liquid ethane (blot force, 10; blot time,
3 s). The grids were transferred to liquid nitrogen for storage and
cryo-EM data collection. Cryo-EM datasets were collected using a
Titan Krios electron microscope equipped with a K3 direct electron
detector (Gatan) and a GIF Quantum energy filter (slit width of 20
eV) at ScopeM, ETHZurich. The defocus rangewas set from−1.0 to
−2.0 μm. The micrographs were collected using EPU2.0 software
and dose-fractioned to 40 frames in superresolution mode. The ex-
posure time for each micrograph was 0.7 s, and the total dose was
about 50 e−/Å2.
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Cryo-EM data processing
The images were classified optics groups using a script provided by
P. Afanasyev (ETH Zurich; https://github.com/afanasyevp/afis,
version aee8f66, 27 May 2021). The movies were first binned
twofold and motion-corrected using MotionCor2 (62). The
nominal pixel size of the micrograph after twofold binning was
0.678 Å. Gctf (63) was used for CTF estimation. About 1000 parti-
cles were manually picked in Relion3.1 (64, 65). A 2D classification
of the manually picked particles showed clear features of GJCs and
HCs The selected 2D classes were used as templates to autopick the
particles in all micrographs using Relion3.1. After several rounds of
2D classification, the GJCs and HCs were selected separately based
on their feather and transferred to Cryosparc2 (66) to generate the
initial models. W3S and R22G were processed using Cx32 as initial
model. A 3D classification of GJCs and HCs was performed sepa-
rately in Relion3.1. The good 3D classes for GJCs and HCs were se-
lected for further 3D refinement. CTF refinement and particle
polishing were also performed using Relion3.1 to further improve
the resolution. The calibrated pixel size was corrected to 0.654 Å
during postprocessing. Local resolution maps were calculated
using ResMap (67) implemented in Relion3.1. The detailed steps
of image processing are shown in figs. S4 to S8 and table S1.

Protomer-focused classification was performed as described pre-
viously (36). Briefly, the particles were symmetry expanded using
the “relion_particle_symmetry_expand” command, using D6 or
C6 symmetry for GJCs and HCs, respectively. The refined maps
of full GJCs or HCs were used as consensus maps to generate the
subunit references in Chimera (68), based on the respective
model, using the “Color Zone” and “Split Map” commands. The
subunit references were used to generate the respective masks by
low-pass filtering to 10 Å, extending the map by 5 pixels and
adding a soft edge of 20 pixels. Particle subtraction was performed
on the symmetry-expanded particles, which were recentered and re-
scaled to 200 × 200 pixels. The 3D classification was performed on
subtracted particles using the subunit reference and mask without
particle alignment using four, six, or eight classes. The classifica-
tions with different class numbers were judged by evaluating
whether higher class number revealed additional defined conforma-
tional differences between protomers in NTH and lipid 1 and 2
sites. The detailed steps of protomer-focused classification are
shown in fig. S9.

Model building and refinement
Model building was carried out manually in Coot (69). Connexin26
structure [Protein Data Bank (PDB) ID: 2ZW3] was used as a guide
template, and the side chains of the bulky residues (Phe, Trp, Tyr,
and Arg) were used as a guide for model building. The models were
refined using real_space_refine in Phenix (70). The models were
validated as previously described (71). The atoms of the refined
model were randomly displaced by 0.5 Å using PDB tools imple-
mented in Phenix. This perturbed model was refined against the
half map1. The new refined model was used to generate an
Fourier Shell Correlation (FSC) curve of model versus half map2.
The geometries of the model were validated using MolProbity
(72). All figures were prepared in PyMOL (73), Chimera (68), and
ChimeraX (74).

MS analysis of purified Cx32 protein N terminus
Sample preparation for liquid chromatography–tandem MS
(LC-MS/MS) analysis
Protein (2 μg; Cx32, W3S, and R22G) was digested using ProtiFi S-
Trap microcolumns according to the manufacturer’s instructions.
The peptides were dried in a vacuum centrifuge and resuspended
in 5% acetonitrile (ACN), 0.1% formic acid (FA).
LC-MS/MS data acquisition
The sample was injected and analyzed on an Orbitrap Exploris 480
mass spectrometer, equipped with a nanoelectrospray source and
coupled to Easy-nLC 1200 (Thermo Fisher Scientific). Peptides
were separated with a 60-min gradient from 3 to 30% B [eluent A:
0.1% FA and eluent B: 95%ACN, 0.1% FA] on a 40 cm × 0.75 μm in-
house packed C18 column (3-μm C18 beads, Dr. Maisch Pronto-
SIL), heated to 50°C. The three samples were measured in a data-
independent acquisition (DIA) method mode using 41 fragmenta-
tion windows with 1 mass/charge ratio (m/z) overlap. MS1 scan
range was set to 350 to 1150 m/z with a normalized automatic
gain control (AGC) target of 200% and radio frequency (RF)
value of 50%. The maximum injection time was set to 264 ms,
and the Orbitrap resolution was set to 120,000. For MS2 scans,
the normalized AGC target was set to 200%, themaximum injection
timewas 66 ms, RF lens was set to 50%, and the collision energy was
set to 30%. The total method length was 72 min.
Data analysis
The acquired raw files were analyzed with Spectronaut (Biognosys)
version 15.7 in directDIA mode. Default settings were used, except
that indexed retention time (iRT) calibration, cross run normaliza-
tion, and imputation were switched off and single hits were exclud-
ed. For identification, a FASTA file of the human proteome
[downloaded from UniProt (75)], a FASTA file with all Cx32 se-
quences (mutations andWT), and a contaminant FASTA file [Max-
Quant (76)] were used. Plots were made in R version 4.1.1 using the
R packages tidyverse (77) and protti (78). Raw files, file annotations,
FASTA files, and search results have been deposited on PRIDE (79):
PXD039379 (surface biotinylation, HeLa DH), PXD033848 (puri-
fied protein analysis), and PXD033671 (surface biotinyla-
tion, HEK293F).

Surface protein biotinylation
Cell surface protein biotinylation was done using the Pierce Cell
Surface Biotinylation and Isolation Kit (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The eluted surface bioti-
nylated proteins were analyzed using MS.

MS analysis of surface protein biotinylation, HEK293F cells
Sample preparation for LC-MS/MS analysis
One hundred microliters of each eluted sample was digested using
ProtiFi S-Trap microcolumns with a few modifications of the man-
ufacturer ’s protocol. Briefly, disulfide bonds did not have to be
reduced with dithiothreitol (DTT) as the elution buffer already con-
tained DTT. Fifty microliters of 2× lysis buffer [10% SDS and 100
mM triethyl ammonium bicarbonate (TEAB) (pH 7.55)] was added,
and free cysteines were alkylated with 40 mM iodoacetamide. The
rest of the sample preparation was conducted as recommended by
themanufacturer. After drying, the peptides were resuspended in 30
μl of 5% ACN, 0.1% FA with an addition of iRT peptides (Bio-
gnosys). For library generation, pooled samples of each condition
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were measured with a data dependent acquisition (DDA) method
and included alongside all DIA measurements of all samples.
LC-MS/MS data acquisition, DDA measurements
Peptides from pooled samples of each condition were separated
with a linear gradient from 3 to 35% B (eluent A: 0.1% FA in
water and eluent B: 0.1% FA in ACN) on an in-house packed 40
cm × 0.75 μm C18 column (1.9-μm C18 beads, Dr. Maisch Repro-
sil-Pur) connected to an Acquity UPLC M-Class system (Waters).
Samples were acquired on an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific) at a normalized AGC
target of 200% for both MS1 and MS2. The scan range was set to
350 to 1150m/z, RF lens was set to 30%, and themaximum injection
timewas 100ms forMS1 and 54ms forMS2. Cycle timewas 3 s, and
the dynamic exclusion was set to 60 s. Charge states between 2 and 7
were acquired, and the Orbitrap resolution for MS1 was set to
120,000 and 30,000 for MS2. Peptides were fragmented with
higher-energy collisional dissociation (HCD) at a collision energy
of 30%. The total method length was 165 min.
LC-MS/MS data acquisition, DIA measurements
Peptides were separated on a similar gradient from 3 to 35% B and a
total method length of 165 min. MS1 scan range was set to 250 to
1400 m/z, and RF lens was set to 30%. Normalized AGC target was
50%, and the maximum injection time for MS1 was 100 ms. MS1
Orbitrap resolution was 120,000, and MS2 Orbitrap resolution was
set to 30,000. Peptides were fragmented in 41 sequential windows
with 1 m/z overlap, with a maximum injection time of 54 ms.
HCD collision energy was set to 28%.
Data analysis
Spectronaut version 15.7 was used for data analysis. Libraries were
generated from all samples measured in DDA and DIA. CAMthio-
propanoylation (+145.02 Da) was included as a variable post-trans-
lational modification (PTM), trypsin/P, and Lys-C/P were set as
digestion enzymes. The samples were searched against sequences
of the human proteome [downloaded from UniProt (75)],
mutated and nonmutated Cx32, CFP, and a FASTA file of
common contaminants [MaxQuant (76)]. Peptides identified in
mutated regions were excluded from the quantification. The
minimum peptide length was set to five amino acids. During the
search, single hits were excluded and PTM localization was con-
ducted. Missing values were not imputed. Data were exported
from Spectronaut and further analyzed in R version 4.1.1 using
the R packages tidyverse (77), protti (78), and ggpubr (80). Raw
files, file annotations, FASTA files, spectral library, search results,
and the data analysis script are deposited on PRIDE (PXD033671).

MS analysis of surface protein biotinylation, HeLa cells
Sample preparation for LC-MS/MS analysis
Fifty microliters of each sample was digested with ProtiFi S-Trap
microcolumns as mentioned above. Pooled samples of each condi-
tion were prepared for DDA library measurements, and nonbioti-
nylated control samples were included to exclude proteins that
could show unspecific binding.
LC-MS/MS data acquisition, DDA measurements
Peptides from pooled samples of each condition were separated
with a linear gradient from 3 to 30% B (eluent A: 0.1% FA in
water and eluent B: 95% ACN and 0.1% FA) on an in-house
packed 40 cm × 0.75 μm C18 column (3-μm C18 beads, Dr.
Maisch ProntoSIL) connected to Easy-nLC 1200 (Thermo Fisher
Scientific). Measurements were acquired on a Orbitrap Exploris

480 mass spectrometer (Thermo Fisher Scientific) at a normalized
AGC target of 200% for both MS1 and MS2. The scan range was set
to 350 to 1150 m/z, RF lens was set to 50%, and the maximum in-
jection time was 264 ms for MS1 and 54 ms for MS2. Twenty de-
pendent scans were acquired, and dynamic exclusion was set to 20 s.
Charge states between 2 and 6 were selected, and the Orbitrap res-
olution for MS1 was set to 120,000 and 30,000 for MS2. Peptides
were fragmented with HCD at a collision energy of 30%. The
total method length was 132 min.
LC-MS/MS data acquisition, DIA measurements
All samples (biotinylated samples and nonbiotinylated controls)
were measured in DIA. Peptides were separated on a similar gradi-
ent from 3 to 30% B and a total method length of 132 min. MS1 scan
range was set to 350 to 1150 m/z, and RF lens was set to 50%. Nor-
malized AGC target was 200% and the maximum injection time for
MS1 was 264 ms. MS1 Orbitrap resolution was set to 120,000, and
MS2 Orbitrap resolution was set to 30,000. Peptides were fragment-
ed in 41 sequential windows with 1 m/z overlap, with a maximum
injection time of 66 ms. HCD collision energy was set to 30%. A
lock-mass (445.12003 m/z) was included for internal mass
calibration.
Data analysis
Data were analyzed as mentioned above, except that nonbiotiny-
lated samples were searched and the identified proteins (unspecific
binders) were excluded from the analysis.

Western blot analysis
Cells, analyzed for total protein expression, were washed with 1×
phosphate-buffered saline (PBS), trypsinized with 500 μl of
trypsin-EDTA (BioConcept) for 5 min, resuspended in 500 μl of
ice-cold DMEM supplemented with 10% FBS and 1% PenStrep,
and transferred to a microcentrifuge tube. The cells were pelleted
by centrifugation for 20 min at 1000 rpm at 4°C, and the superna-
tant was discarded. The pellet was resuspended in 150 mMNaCl, 50
mM tris-HCl (pH 8.0) supplemented with deoxyribonuclease I. The
cells were sonicated for five cycles as described in protein purifica-
tion, and the cells were diluted in 4× SDS–polyacrylamide gel elec-
trophoresis loading buffer.

Immunocytochemistry
The cells were fixed on a glass coverslip with 4% formaldehyde in 1×
PBS at room temperature for 20 min and washed twice with 1× PBS.
In experiments evaluating protein localization, the plasma mem-
brane was additionally stained with Vybrant CM-DiI (Invitrogen)
for 10 min, washed three times with 1× PBS, and fixed again as de-
scribed above. The coverslips were transferred to buffer containing
5% urea (w/v), 100 mM Tris-HCl (pH 8.0) at 95°C for 10 min for
antigen retrieval. The coverslips were washed three times with 1×
PBS for 5 min and then placed in 1× PBS containing 100 μM dig-
itonin for 10 min for membrane permeabilization, followed by the
same washing procedure as described above. The coverslips were
then incubated in 1% bovine serum albumin (BSA), glycine
(22.52 mg/ml) in PBST (0.1% Tween 20) buffer for 30 min and
then transferred to 1% BSA in PBST buffer containing rabbit poly-
clonal anti-Cx32 antibody (#34-5700, Invitrogen) at a 1:250 dilution
in a humidified chamber at 4°C for overnight incubation. The cov-
erslips were again washed three times by 5-min incubation in 1×
PBS and transferred to 1% BSA PBST buffer containing goat anti-
rabbit immunoglobulin G Alexa Fluor 488–conjugated secondary
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antibody (ab150077, Abcam) at 1:1000 dilution for protein localiza-
tion assessment or goat anti-rabbit Alexa Fluor 647–conjugated sec-
ondary antibody (ab150079, Abcam) at 1:2000 dilution for
connexin and YFP coexpression assessment. The cells were then
washed three times with PBS for 5 min, stained with Hoechst
33342 fluorescent dye (50 μg/ml; Sigma) in 1× PBS for 1 min,
washed once with 1× PBS, and then mounted on glass slides
using gelvatol. The samples were stored at 4°C before imaging.

Dye transfer assays
For dye uptake assays in HEK293F cells, the cells were washed twice
with PBS-E (1× PBS–5 mM EDTA) and preincubated with PBS-E
for 5 min. PBS-E was then replaced with PBS-E containing SR101
(50 μg/ml; Sigma) and incubated for 5 min for HC dye uptake assay
and 15 min for GJC FRAP assay. After incubation, the cells were
washed four times with 1× PBS and imaged in FluoroBrite
DMEM supplemented with 1% FBS and 1% PenStrep.

For dye uptake experiments in HeLa DH cells, the cells were
loaded with 10 μM Calcein Blue AM (Invitrogen) dye in DMEM/
F12 medium in the presence of 25 μM sulfinpyrazone (Sigma-
Aldrich) and 0.1% of Pluronic F-127 (Invitrogen) and incubated
at 37°C in a humidified incubator with 5% CO2 for 30 min,
before imaging in an extracellular solution containing 150 mM
NaCl, 10 mM Hepes, 5 mM KCl, 5 mM glucose, 1 mM MgCl2, 2
mM CaCl2, and 2 mM sodium pyruvate (pH 7.4, 311 mOsm).

Light microscopy
ICC and HEK293F dye transfer assay samples were imaged using a
Leica STELLARIS 5 confocal microscope using LAS X (4.2.1.23819
—build 23180) acquisition software. The overview images, where
applicable, were acquired using an HC PL APO 20×/0.75 dry objec-
tive, and the images for data analysis with an HC PL APO 63×/1.4
oil CS2 objective and a pinhole airy of 1.06 Airy Units (AU) (101.4
μm), pixel dwell time of 3.1625 μs, and a scan speed of 400 Hz. The
images were collected using the 405-, 488-, 561-, and 638-nm laser
lines for Hoechst 33342, EYFP andAlexa Fluor 488, SR101 and CM-
DiI, and Alexa Fluor 647 fluorescent dyes, respectively, with a frame
sequential data acquisition scheme and detected with a HyD camera
detector.

ICC samples
For GJ characterization, overview images of the whole coverslip
were collected with 10% overlap and stitched in the acquisition soft-
ware. The positions for data collection were distributed evenly over
the whole surface where respective connexin and plasma membrane
signals were present to avoid bias as well as target transfected cells.
Z-stacks of 7 μm were collected with a z step of 0.3 μm from the
defined positions, with the center of each stack determined as the
z height with the highest signal from the nucleus. For nonquantita-
tive ICC samples, the data were collected without prior overview
acquisition.

HC dye uptake assays in HEK293F cells
Ten images were collected per condition, and each condition was
imaged using the same microscope image acquisition settings.
Each assay was done in experimental triplicates.

GJC FRAP assays in HEK293F cells
The YFP fluorescence was used to identify transfected cells. Neigh-
boring cells with YFP fluorescence were selected as regions for
FRAP experiment. A cell bordering to other cells is defined as the
region of interest (ROI) and bleached with 100% SR101 laser line
intensity after collecting six prebleach images at a lower SR101
laser line intensity in 5.16-s intervals. After bleach pulses, the fluo-
rescence recovery was recorded at the lower SR101 laser line inten-
sity every 20.16 s for 45 frames, where the dye recovery
reached plateau.

GJC FRAP assays in HeLa DH cells
The cells were mounted on the stage of an upright wide-field fluo-
rescence microscope (Olympus BX51WI) with an infinity-correct-
ed water immersion objective [40×, 0.8 numerical aperture (NA),
Olympus]. Cytosolic YFP fluorescence was excited by a 470-nm
light-emitting diode (LED), while Calcein Blue fluorescence was
excited by a 365-nm LED. Isolated pairs of Cx32-transfected
HeLa cells were selected on the basis of their cytosolic YFP expres-
sion. A 375-nm UV laser beam was focalized for 300 ms on one cell
of the pair to bleach its Calcein Blue content and observe the follow-
ing recovery mediated by passive diffusion of Calcein Blue through
Cx32 GJs connecting the cell pair.

Light microscopy image analysis
GJ characterization
Stacks collected from the same region but with different channels
were imported in Fiji and merged. Connexin signal was considered
as a GJ if it colocalized with the plasma membrane stain and was
present in three or more stack slices. The GJs were counted and
measured from the longest slice manually. The measurements
were exported to GraphPad Prism and compared using one-way
analysis of variance (ANOVA), followed by Tukey’s multiple com-
parisons test.

HC dye transfer assays in HEK293F cells
Images were processed using a Python script (https://github.com/
lavrihap/hc-data-processing.git, version 1944bae, 15 March 2022).
The values were imported to GraphPad Prism 9.0.0 for analysis.
The replicates were combined and plotted as means ± SEM. The
significance of dye uptake difference between different conditions
was assessed using ordinary one-way ANOVA and Games-
Howell’s multiple comparisons test.

GJC FRAP dye transfer assays in HEK293F cells
FRAP images were imported in Fiji, and pixel intensities in the time
series were measured from three regions: bleached cell (ROI1),
neighboring cells including the bleached cell (ROI2), and back-
ground (ROI3). The fluorescence recovery curves were calculated
with EasyFRAP-web software (81) using full-scale normalization,
and the normalized curves were exported to GraphPad Prism. All
curves were plotted, and a one-way association curve was fitted to
the data. The percentage of FRAP recovery was determined and
compared using ordinary one-way ANOVA and Tukey’s multiple
comparisons test with a single pooled variance.

GJC FRAP dye transfer assays in HeLa DH cells
Data were analyzed using a software we developed in MATLAB
(The MathWorks Inc.).
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Electrophysiology
Dual patch-clamp electrophysiological experiments in HeLa
DH and HEK293F cells
A glass coverslip of Cx32-IRES-YFP (WT) or mutant (R22G or
W3S) transfected cells was transferred to an experimental
chamber at room temperature (22° to 24°C) and mounted on the
stage of an upright wide-field fluorescence microscope (Olympus
BX51WI) with an infinity-corrected water immersion objective
(40×, 0.8 NA, Olympus). We continuously superperfused the cells
at the rate of 2 ml/min with an extracellular solution containing 130
mMNaCl, 10 mM Hepes, 5 mM KCl, 5 mM glucose, 1 mMMgCl2,
2 mM CaCl2, 2 mM sodium pyruvate, 4 mM tetraethylammonium
chloride (TEAC), 4 mM CsCl, 2 mM 4-aminopyridine, 2 μM 1-[(2-
Chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34), and 400
nM (UCL-1684) (pH 7.4, 318 mOsm). Cytosolic YFP fluorescence
was excited by a 470-nm LED to identify the transfected cells and
allow subsequent electrophysiological analysis. Patch-clamp record-
ings were performed using an Axon 700B amplifier (Molecular
Device) with a dual headstage configuration capable of carrying
out simultaneous measurements. Pipettes were filled with an intra-
cellular solution containing 125 mM potassium aspartate (KAsp),
10 mM NaCl, 10 mM Hepes, 13 mM KCl, 1 mM MgCl2, and 50
μM 1,2-bis(2-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid
(pH 7.2, 309 mOsm) filtered through a 0.22-μm pore size mem-
brane (Millipore). The resistance of patch pipettes in the bath
ranged between 6 and 8 megohms. Once the whole-cell configura-
tion was achieved, both cells were voltage-clamped at −20 mV. The
junctional current Ij was measured in cell 1 by applying voltage steps
Vj = +10 mV to cell 2. The corresponding junctional conductance
was computed as gj = Ij/Vj. At the end of almost all experiments, we
applied CO2 to the bath to prove that junctional currents occurred
through Cx32 GJWTormutant channels. Electrophysiological data
were acquired by pClamp software (version 10.4, Molecular Device)
and analyzed with a software we developed inMATLAB (TheMath-
Works Inc.).

Whole-cell patch-clamp experiment
HC activity was measured using whole-cell patch-clamp with an
EPC10 amplifier (HEKA, Germany). Data were acquired at a 1-
ms sampling rate and filtered at 3 kHz. Isolated cells expressing
Cx32, W3S, and R22G were patched. Cells were continuously per-
fused with extracellular solution containing 140 mMNaCl, 5.4 mM
CsCl, 1.8 mMCaCl2, 1 mMMgCl2, 2 mM BaCl2, and 10 mMHepes
(~310 mOsm) at pH 7.4 adjusted with NaOH. CsCl (5.4 mM) and
BaCl2 (2 mM) were added to suppress Na+-K+–adenosine triphos-
phatase pump activities and Ca2+-activated K+ channel currents.
Patch pipettes were pulled from borosilicate glass at a resistance
of 3 to 4 megohms and filled with intracellular solution containing
130 mMCsCl, 10 mMNa gluconate, 0.26 mMCaCl2, 1 mMMgCl2,
2 mM EGTA, 7 mM TEAC, and 5 mM Hepes (~300 mOsm) at pH
7.2 adjusted with CsOH. CsCl (130 mM) was added, where Cs+ was
the sole charge carrier that does not mediate outward current
through K+ channels and TEA-Cl was used to block residual K+-
currents. All recordings were performed at room temperature.
After 45 to 60 s of whole-cell giga seal configuration, the HC activity
was measured with voltage steps ΔV = 25 mV from −100 to +100
mV, which was applied for every 1 s for 10 s. Data were analyzed
using fit master (HEKA, Germany), and peak amplitudes were mea-
sured to generate the I-V curve. Statistical analysis on peak

amplitude current at different voltage steps was performed using or-
dinary one-way ANOVA and Sidak’s test. Data are presented as
means ± SEM.

Supplementary Materials
This PDF file includes:
Figs. S1 to S21
Table S1
Legends for movies S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 and S2
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