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Abstract

Human Connexin26 gene mutations cause hearing loss. These hereditary mutations are the leading cause of childhood
deafness worldwide. Mutations in gap junction proteins (connexins) can impair intercellular communication by eliminating
protein synthesis, mis-trafficking, or inducing channels that fail to dock or have aberrant function. We previously identified a
new class of mutants that form non-functional gap junction channels and hemichannels (connexons) by disrupting packing
and inter-helix interactions. Here we analyzed fourteen point mutations in the fourth transmembrane helix of connexin26
(Cx26) that cause non-syndromic hearing loss. Eight mutations caused mis-trafficking (K188R, F191L, V198M, S199F, G200R,
1203K, L205P, T208P). Of the remaining six that formed gap junctions in mammalian cells, M195T and A197S formed stable
hemichannels after isolation with a baculovirus/Sf9 protein purification system, while C202F, 1203T, L205V and N206S
formed hemichannels with varying degrees of instability. The function of all six gap junction-forming mutants was further
assessed through measurement of dye coupling in mammalian cells and junctional conductance in paired Xenopus oocytes.
Dye coupling between cell pairs was reduced by varying degrees for all six mutants. In homotypic oocyte pairings, only
A197S induced measurable conductance. In heterotypic pairings with wild-type Cx26, five of the six mutants formed
functional gap junction channels, albeit with reduced efficiency. None of the mutants displayed significant alterations in
sensitivity to transjunctional voltage or induced conductive hemichannels in single oocytes. Intra-hemichannel interactions
between mutant and wild-type proteins were assessed in rescue experiments using baculovirus expression in Sf9 insect
cells. Of the four unstable mutations (C202F, 1203T, L205V, N206S) only C202F and N206S formed stable hemichannels when
co-expressed with wild-type Cx26. Stable M195T hemichannels displayed an increased tendency to aggregate. Thus,
mutations in TM4 cause a range of phenotypes of dysfunctional gap junction channels that are discussed within the context
of the X-ray crystallographic structure.

Citation: Ambrosi C, Walker AE, DePriest AD, Cone AC, Lu C, et al. (2013) Analysis of Trafficking, Stability and Function of Human Connexin 26 Gap Junction
Channels with Deafness-Causing Mutations in the Fourth Transmembrane Helix. PLoS ONE 8(8): e70916. doi:10.1371/journal.pone.0070916

Editor: Michael Koval, Emory University School of Medicine, United States of America
Received March 27, 2013; Accepted June 25, 2013; Published August 15, 2013

Copyright: © 2013 Ambrosi et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work is supported by National Institutes of Health grants GM065937 and GM072881 (awarded to GES, http://www.nigms.nih.gov). I. Martha
Skerrett was supported by an American Heart Association Scientist Development Grant, National Affiliate. Most of the work presented here was conducted at the
National Center for Microscopy and Imaging Research at San Diego, which is supported by NIH Grant GM103412, awarded to Dr. Mark Ellisman. Chimera is
developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIH GM103311). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: Note that while Dr. Badger is affiliated with a commercial company, his authorship on this manuscript does not alter the authors’
adherence to PLOS’ policy on sharing of data and materials. His role on this manuscript was in the analysis stage; no data or materials were involved with his
efforts. All authors have declared that no competing interests exist.

* E-mail: gsosinsky@ucsd.edu

Introduction between two cells are called gap junctions [3]. A connexin consists
of four o-helical transmembrane domains (TM1-TM4), two
extracellular loops (EL1 and EL2), a cytoplasmic loop (CL)
between TM2 and TM3, and cytoplasmic amino -terminal (N'T)
and carboxy -terminal (C'T) domains [4]. Current crystallographic
structures have revealed that the N-terminus is part of the pore
entrance structure [5—-8]. Connexin proteins are named after their
predicted molecular weight from the gene sequence in kDa (for
instance, Cx26 has a calculated molecular mass of ~26 kDa).
Their genes have been classified into 4-5 groups (o, B, v, 8 and
sometimes €) based on sequence homology and named accordingly
(for example Cx43, which is the first connexin of the a-group, is

Connexins are a family of membrane proteins expressed in most
tissues of higher vertebrates. Twenty-one different human
connexin genes have been reported so far, each coding for a
transmembrane protein with the same protein topology [1].
Connexins are known for their ability to form hexamers in the
plasma membrane. These hexameric assemblies (hemichannels or
connexons) dock at their extracellular membrane and assemble
together, forming intercellular channels. Note that here we use
connexon and hemichannel synonymously to indicate the
connexin hexamer (c.f. editorial preface in Harris and Locke
[2]). Clusters of intercellular channels in the apposing area

PLOS ONE | www.plosone.org 1 August 2013 | Volume 8 | Issue 8 | 70916



coded by GJAI, http://www. genenames.org/gene family/
gj-php).

Connexins play a broad spectrum of roles in several tissues.
Consequently, mutations in their sequences have been associated
with numerous diseases [9]. The most widely studied example of
connexin-associated disease has been Cx26 (GJB2) in hearing loss
[10]. Mutations in human Connexin26 (hCx26) can lead to
congenital hearing loss (1 child per 1000 frequency) [11] that can
be syndromic or non-syndromic. Non-syndromic hearing loss
(NSHL) is characterized by sensorineural hearing loss in the
absence of other symptoms, while syndromic hearing loss affects
other organ systems, primarily the skin. The gene sequences linked
to non-syndromic hearing loss could be categorized into dominant
(DFNA), recessive (DFNB), X-linked (NFDX) and Y-linked
(NFDY). Over 80 different genes have been linked to non-
syndromic hearing loss, covering a large spectrum of molecules
critical for the normal function of the ear, however mutations in
GJB2 (the gene that encodes for Cx26) account for about half of all
congenital and autosomal recessive nonsyndromic hearing loss in
every population tested [10,12]. Although the most frequently
occurring NSHL mutations produce severely truncated proteins
due to frameshift or missense, almost 80% of the known deafness
mutations are actually single amino acid changes or deletions.
These mutations have been found across the entire sequence of
Cx26.

The majority of NSHL mutations cause either generalized
folding problems that result in the failure of Cx26 to traffic to the
cell surface, or are permissive for the formation of gap junction
plaques, but prevent intercellular channel function. As Xu and
Nicholson [10] pointed out in a recent review, there are no specific
“hot spots” for NSHL single amino acid mutations within the
Cx26 sequence. In general, single site mutations are spread fairly
evenly across the whole protein with TM2 having the highest
mutation density (number of amino acids with NHLS mutations
divided by the total number of amino acids in the domain) at 67%
to M1 and El having the lowest density of mutations with their
respective domains at 33%. According to this criterion, TM4 has a
mutation density of 40%. Nonetheless, it should be noted that
domain boundaries in the Xu and Nicholson analysis [10] are
approximate because there is no membrane in the X-ray
crystallographic structure [5] and the membrane bilayer is not
well-resolved in electron microscopy (EM) crystallographic struc-
tures [7,8,13].

Of the four transmembrane helices, M1, M2 and M3 have
attracted the most attention, because of the controversies involved
in models with different helix assignments, based on lower
resolution cryo-electron crystallographic structures and scanning
cysteine accessibility mutagenesis (SCAM, see [14] for further
discussion). Far less is known about TM4 and how side chains
interact with the other helices and with the lipid bilayer. Our
published 5A EM crystallographic structure of the mutant
Cx26M34A within a lipid membrane revealed an outward
expansion of all four transmembrane helices and a closure of the
channel relative to the X-ray crystallographic structure of wild-
type (WT) Cx26 channels in detergent [8]. For this reason, we
have been particularly interested in determining changes of the
structure in TM4 helix mutations and in defining mechanisms, by
which the movements of these helices are coordinated during
opening and closing of the channel. While point mutations in the
TM4 region affect the correct folding of Cx26 and its functionality
[10,15], more recent studies on Cx26 emphasized the role of some
specific “key residues” [16-20].

Here we confirmed these observations, analyzing the stability of
hemichannels with point mutations in the TM4 region that are
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linked to NSHL. Specifically, we characterized fourteen point
deafness mutations at twelve amino acids along the entire stretch
of TM4 for proper trafficking and function. Two amino acid
positions had two different substitutions. Using the Sf9 insect cells-
baculovirus expression system, we expressed and purified each of
the six Cx26 TM4 mutated proteins that formed gap junction
hemichannels and channels and analyzed their oligomeric
stability. In the case of unstable mutants, we determined whether
co-expression with the WT rescued their hexameric structure as
we have shown for other mutants in TM1-3 [21]. Importantly, we
also correlated this analysis with tests for functionality of these
mutants, both by dye transfer assays and electrophysiological
measurements in the paired oocyte system.

Materials and Methods

Generation of connexin constructs and site-directed

mutagenesis

Unless identified otherwise, all mutants and WT species tested
in this study are human Cx26. We generated Cx26 point
mutations using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) on a previously cloned WT construct in
pcDNA3.1 [7,22]. For mammalian constructs, Cx26 mutant
DNAs were then inserted into a pIRESneo2 vector that provides a
more efficient transfection than pcDNA3.1 and these same
constructs were used for analyzing the mutants’ ability to form
gap junctions and to pass the dye. For baculovirus expression,
Cx26 constructs were all inserted into the pBlueBac4.5 vector or in
the pCR8/GW/Topo2.8 vector (Invitrogen, Carlsbad, CA).
These plasmids incorporate a hexahistidine (Hisg) tag with a
thrombin recognition sequence (LVPRGS) fused to the C terminus
of human Cx26 to enable protein purification by nickel-affinity
chromatography, as well as a V5 epitope (GKPIPNPLLGLDST)
for protein identification. In addition, WT was also cloned into the
baculovirus construct with the V;- Hisg tag for membrane
purification experiments. It should be noted that the Vs- Hisg
tag does not affect the Cx26 structure as demonstrated by the fact
that the X-ray crystals that were produced with a protein that had
no hexahistidine tag [5]. It is essentially the same structure as the
EM crystal structure from our laboratory that retained the
hexahistidine tag [7,8].

Baculovirus Expression of Cx26 WT and mutants in insect
cells

Spodoptera frugiperda (Sf9) cells were cultured in the Sf900III-
SFM media supplemented with 2% fetal bovine serum and 0.1%
antibiotic/antimycotic (Invitrogen) at 27°C. Cells were infected at
a density of 1.8x10° cells/ml for expression and then recovered
72 h after infection. The Multiplicity Of Infection (MOI) of each
baculovirus was calculated applying a protocol where Sf9 cells
were infected according to the Bac-N-Blue Transfection and
Expression Guide Invitrogen manual with each mutant baculo-
virus. The infection was performed for 72 hours at 28 degrees.
Infected cells were then fixed in 4% Paraformaldehyde (PFA),
washed in Dulbecco’s Phosphate Buffered Saline 1X (DPBS 1X)
buffer and stained with 0.1% Neutral Red. The staining was
performed for at least 30 minutes. After several washes with
DPBS, the cells were analyzed by inverted microscope. At least
five fields of view were considered, where the total number of cells
was counted as well as the dead cells (cells that were infected
appearing white). The percentage of dead cells on the total cells
was calculated and then averaged for all the five fields of view
considered. Dead cells coming from non-infected plates were
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considered as background and subtracted from the measured
infected plates.

Hemichannel purification and identification

Hemichannels were isolated from baculovirus-infected Sf9 cells
according to our published methods [21]. Briefly, solubilized
hemichannels were prepared from isolated Sf9 membranes by
incubation in 2% dodecyl maltoside in HEPES buffer (10 mM
HEPES, 200 mM NaCl, pH 7.4) and affinity purified using the C-
terminal Hisg tag and nickel-nitrilotriacetic acid—agarose (Ni-
NTA). For rescue experiments, baculovirus-expressed mutant
Cx26 proteins contained a V5-Hisg tag for affinity purification
while the WT baculovirus did not [21]. Cells were co-infected with
mutant hCx26-V5-His6 and WT in varying ratios of MOIs as
described in [21].

Blue Native (BN) gel PAGE and Western blots

Blue Native gel electrophoresis was performed using 4-20%
gradient gel (NativePAGE Novex Bis-Tris Gel System, Invitrogen,
Carlsbad, CA). For transferring the proteins on PVDF membrane
(Millipore, Billerica, MA), we used NuPAGE transfer buffer and
the iBlot transfer apparatus (Invitrogen, Carlshad CA). Bands on
Western blots were identified using the mouse monoclonal anti-
His (C-term) (Invitrogen, Carlsbad CA) and visualized with
enhanced chemiluminescence Western blotting procedures, using
SuperSignal West Pico (Thermo Scientific, Waltham, MA) or
Luminata Forte (Millipore, Billerica, Ma).

Light microscopy

Confocal images were acquired using a Leica TCS SPE
confocal microscope with a 20X oil immersion objective lens
(Leica Microsystems Inc., Buffalo Grove, IL) or an Olympus
Fluoview 1000 microscope (Olympus USA, PA).

Electron Microscopy and Image Processing Procedures

Samples were diluted 2—-10x with ddHyO and negatively stained
with 2% uranyl acetate for electron microscopic observation.
Electron micrographs were recorded on a JEOL 1200 120 keV
(JEOL, Peabody, MA) or an FEI Spirit 120 keV microscope at an
accelerating voltage of 80 keV and an instrument magnification of
30 KX.

Mammalian Cell Culture and Transfections

Hela cells were maintained at 37°C and 10% CO; in
Dulbecco’s modified Eagle’s medium (Cellgro, Manassas, VA),
containing 10% fetal bovine serum (Gemini, West Sacramento,
CA). The HeLa cell line used was a gift from Dr. Bruce Nicholson,
University of Texas Health Sciences Center, San Antonio TX and
was originally described in Elfgang et al. [23]. Transfections were
carried out using Lipofectamine 2000 (Invitrogen) or
Amaxa Nucleofector™ 25 device (Lonza, Walkersville, MD)
program I-013. For mammalian cell light microscopy, we used
Cx26 proteins with the GFP-4C tag genetically appended to a six
amino acid linker (PSKLAT) at the C-terminal end of Cx26. The
4C 1is the tetracysteine domain FLNCCPGCCME [24] and 1is
preceded by the linker ESSGS between the GFP C-terminus and
the N-terminus of the 4C domain. The tetracysteine domain is
another type of imaging tag we have previously used for correlated
light and EM as well as optical pulse chase labeling [25].

Scrape Loading and Dye Transfer Assay

Procedures were adapted from references [26] and [27] with the
following modifications. Hela cells were transfected at high
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expression levels, with each of our WT and mutant pIRESneo2-
GFP-4C constructs using the Nucleofector ™ 28 device. After 48
hours the media was recovered from the cells and kept warm. The
cells were washed three times with HBSS buffer with 1% BSA
(HBC). A solution of 1X DPBS containing 0.5% of Lucifer Yellow
(Invitrogen) and 0.5% of Dextran Texas Red (Invitrogen,
Carlsbad CA) was added to cover the cells. Several parallel
scratches were performed on the cover slips using a 30 G1/2
needle (Cat # 305106 from BD Inc., Franklin Lakes, NJ) in dye
solution, where the cells were left for 1 minute. After this, the cells
were washed three times with HBC and put back in the original
media for 8 minutes to let the dye pass through the gap junction
and diffuse to the neighboring cells. Three more washes in HBSS
buffer were performed and then the cells were fixed for 20 minutes
in 4% PFA. After 3 more washes in DPBS, the cover slips were
mounted on microscope slides with gelvatol for microscopy
analysis. Measurements of images along the scrape were
performed on 10 images per sample. Only Dextran Texas Red
cells along the scratch were counted as non-transferring cells, since
the ones far from the scratch were typically cells that died during
the exogenous expression process.

Functional expression in Xenopus oocytes

All work with Xenopus frogs was carried out in accordance with
recommendations and approval of the IACUC Committee,
SUNY Buffalo State. All surgeries were recovery surgeries,
performed under Tricaine methanesulfonate (MS-222) anesthesia
and all efforts were made to minimize suffering.

The gene for human Cx26 was obtained in the vector
pcDNAS3.1 with six deafness mutants (M195T, A197S, C202F,
1203T, L205V, N206S) encoded. The GFP and tetracysteine tags
were removed prior to expression in oocytes via insertion of a stop
codon at position 227. Mutagenesis was performed using the
Quikchange Lightning protocol (Agilent Technologies, Santa
Clara CA) and confirmed by sequence analysis (Roswell Park
Cancer Institute, Biopolymer Resource Center, Buffalo, NY).
RNA was synthesized using the mMessage mMachine T7 protocol
(Life Technologies, Grand Island, NY). RNA was quantified by gel
electrophoresis, using an RNA 250 standard (Ambion Life
Technologies, Grand Island, NY).

After isolation from adult female Xenopus laevis frogs, oocytes
were treated with collagenase (T'ype 1A, Sigma-Aldrich Corp. St.
Louis MO) in OR2 media (Oocyte Ringers; 82.5 mM NaCl,
2 mM KCI, 1 mM MgCly, 5 mM HEPES, pH 7.4). Following
collagenase treatment, oocytes were rinsed in MBI (Modified
Barth’s; 88 mM NaCl, | mM KCIl, 0.41 mM CaCl,, 0.82 mM
MgSO,, 1 mM MgCly, 0.33 mM Ca(NOs)y, 20 mM HEPES,
pH 7.4) several times and then stored in MBI at 18°C.

Fine forceps were used to remove remaining follicle cells before
a morpholino antisense oligonucleotide (GeneTools LLC, Philomath
OR) directed against XeCx38 RNA was injected at 0.5 ng per
oocyte to prevent expression of endogenous Cx38. The following
day, RNA for each mutant and WT Cx26 was injected at a
volume of about 40 pl and a concentration of 125 ng/l, totaling
approximately 4 ng/oocyte. After 8-12 hours the vitelline layer
was removed with fine forceps and oocytes were paired in agar
wells at 18°Cl overnight. The following day, dual cell two electrode
voltage clamp was performed as described by Skerrett et al. [28] to
assay the presence and properties of gap junction channels. Data
was collected and analyzed using the PClamp 10.2 Suite of
software (Molecular Devices, Sunnyvale, CA). Data was further
analyzed and plotted using OriginLab (Northampton, MA).

Three protocols were used to assess function. For rapid analysis
of junctional conductance, short one second pulses to transjunc-
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tional voltages (Vj) of =100 mV were used. Both cells were
initially clamped at —20 mV, junctional current was then
measured within the first 100 ms of the Vj change in the
continuously clamped cell. For detailed characterization Vj-
sensitivity, a series of voltage steps was used. Both cells were
nitially clamped at —20 mV and voltage steps were applied in
10 mV increments to £100 mV. In experiments where hemi-
channels were assayed, the vitelline layer was not removed.
Hemichannels were studied in the same batch of oocytes, on the
same day as gap junction channels to ensure equal times for
expression. Using a voltage-pulse protocol that stepped Vm
(transmembrane voltage) from the holding potential (—40 mV) to
+60 mV and —160 mV in 20 mV increments. Each voltage pulse
lasted two seconds, with 10 second recovery periods between
pulses.

Computational analysis, modeling and graphics

The topology diagram in Fig. 1A was generated using the
ExPASy Web portal (http://www.expasy.org/) to predict trans-
membrane domains using several algorithms and was drawn using
TOPO2 [29]. We used the UCSF Chimera package [30] http://
www.cgl.ucsf.edu/chimera for visualization of the spatial localiza-
tion of these residues using the current Cx26 X-ray atomic model
[5], PDB accession number 2ZW3 and MiFit [31] was used to
analyze side chain interactions with atoms in other residues. For
this analysis, probable contacts were those that would occur in less
than a 4A distance between atoms.

Results

The majority of non-syndromic hearing loss (NSHL) cases are
caused by mutations in the GJB2 gene that codes for Cx26 and
studies have revealed that mutation type and frequency are largely
dependent on ethnicity [32]. The 14 TM4 mutations we obtained
from the literature and the Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/ac/index.php) are as follows:

— KI188R is a mutation found in a multicenter study realized to
analyze the frequency and distribution of GJB2 mutations in
North America. [33].

— F191L was described in a study conducted on 2000 Korean
newborns with normal hearing and was found in two
heterozygote individuals [34].

— M195T is a poorly documented mutation. However the
M195 is considered to be one of the key residues for
determining the proper folding [16]. As confirmed by the X-
ray structure provided by Maeda et al., [5], together with
other six residues (V43, W44, A39, A40 174, W77 and F154),
M195 is involved in the intra-protomer interaction within the
two hydrophobic cores of Cx26 oligomers, stabilizing its
structure [16].

— A197S was found linked to NSHL in a study conducted on
Ghana’s population. However, due to the small number of
individuals carrying this mutation in heterozygosis, very little
is known about it [17]. Interestingly, in mouse, rat and sea
bass Cx26 sequences, but not in other higher vertebrate
species, an S is normally found at this position.

— V198M has been shown to be cause of NSHL in two studies,
one conducted in China [35] and one in south Iran [36].

— S199F has been described in several studies. A general
analysis of GJB2 mutation frequency and distribution in
North America showed the presence of this mutation as
autosomal recessive [33]. A second study, conducted among
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deaf individuals in Colombia, revealed that S199F was the
most frequent mutation present in patients affected by NSHL,
confirming that the prevalence of a specific GJB2 mutation
depends on the ethnicity [37]. The third and more recent
study demonstrated that the SI99F mutation localizes in the
cytoplasm [38].

— G200R was found in a study conducted on 200 families from
Iran affected by NSHL. In this study, the point mutation
G200R was found only in homozygous individuals [39].

— G202F, a point mutation, in the TM4 domain, is due to a
heterozygous substitution that affects the correct assembly of
the channel and its functionality [18].

— I203T and I203K mutations have been observed in the
GJB2 gene in several populations, where studies have been
conducted to establish the cause of deafness of several
individuals, both adults and newborns. These point mutations
are the result of a transition 608 T—C for I203T and two
transversions 608 TC— AA for 1203K in the GJB2 gene
sequence, [17,34,40].

— L205 is a residue conserved in all connexins across every
species including human (Table 1). L205V point mutation is
the result of a 613 C—G transversion, which changes the
CTG codon that codes for a Leu to a G'T'G codon that codes
for a Val. This particular mutation was found in individuals of
a Turkish population affected by NSHL. L205P was found in
a Georgian Jewish family and was homozygous. Other amino
acids are found to substitute the Leu at position 205, in other
populations, and they are all, linked to NSHL [32] and [41].

— N206S resulted in a mild recessive deafness, where the
N206S mutation was found with a deletion (35delG) [42] and
[43]. N206S has previously been shown to correctly traffic to
the cell membrane by Mese et al. 2008 [20]. Permeability
studies showed that the transfer of anionic molecules (like
Lucifer Yellow and cAMP) was not affected through the
mutant channels, while permeability to cationic molecules
(like ethidium bromide) was considerably reduced relatively to
the WT Cx26 channels [20].

— T208P mutation was found in a study that assessed the
hearing impairment degree with GJB2 biallelic mutations.
T208P specifically was found in compound heterozygosity
with W24X in two unrelated persons and only once with

other GJB2 mutations [44].

As shown in Table 1, some of these amino acid positions range
from being absolutely conserved (K188), strictly conserved (F191,
L205), moderately conserved (M195, 1203, N206), somewhat
conserved (A197, S199, G200, C202, N206) to one appearing
solely in human Cx26 (T208).

3D location of these twelve amino acids on the Cx26
atomic structure

In Fig. 1A we highlight the positions of the twelve amino acids
in TM4 on the current atomic model of Cx26 channels [5] (PDB
accession code 2ZW3). As predicted by several topology
algorithms, these residues all lay inside an area defined the
membrane layer. In Fig. 1B, the residue positions are highlighted
in the monomer and in Fig. 1C-E, in the hexamer, allowing us to
understand and better visualize their interactions with either other
transmembrane helices or the lipid bilayer.

For TM4, side chain interactions of these twelve amino acids
are almost exclusively with either intra-connexin or with the
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Figure 1. Spatial arrangement of 12 NSHL residues in TM4. (A) Topology diagram of Cx26. Blue boxes indicate these 12 residues. (B-E)
Positions of residues on current X-ray atomic model (PDB ID 2ZW3) marked in blue on (B) monomer (C-E) hexamer. There is an ~54° angle along the
y axis between the two monomer views in (B). (C) Side view of front three connexins. Views down cytoplasmic side (D) and extracellular side (E).

doi:10.1371/journal.pone.0070916.g001

membrane lipids (Table 2). We analyzed the current X-ray
crystallographic structure [5] for atom interactions within a 4A
distance. Both Alal97 and Gly200 face the lipid bilayer. Other
side chains on some of these amino acid positions are partially
(VI198M, 1203, 1205) or largely (T208P) exposed to the lipid
bilayer. The other eight amino acids are buried within the four
helix bundle and have intra-connexin interactions with TMI,
TM2 or TM3 in various combinations. The one exception is
Phel91 that interacts with two residues in TM1 (Val38, Ala39)
and one in TM4 (Val190) of the same monomer, but also interacts
with two residues in the TM2 helix (Arg75, Leu79) of the adjacent
monomer.

Eight Cx26 TM4 mutants failed to traffic to the plasma
membrane

As the initial step in determining their dysfunction phenotype,
we expressed all fourteen TM4 mutants in intercellular commu-
nication deficient mammalian cell lines. Our first key question was
which of our fourteen TM4 mutants were able to traffic normally
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and reach the cytoplasmic membrane to form gap junctions.
Mutants and WT Cx26 constructs were tagged with a GFP-4C
label [45] for easy detection by fluorescence microscopy. We first
expressed Cx26 mutant-GFP-4C constructs in HEK293T cells
(data not shown). We then expressed similarly tagged Cx26 WT
and mutants in Hela cells, which are also communication
deficient. HeLa cells showed less over-expression artifacts than
HEK?293T and are flatter and more adherent, qualities useful for
imaging and the scrape dye loading assays described below. It
should be noted that whether a mutant made gap junctions or mis-
trafficked was independent of the two mammalian cell lines used
for expression.

Fig. 2 contains confocal images of eight mutants that showed
improper trafficking. Fluorescence microscopy of WT-GFP -4C is
shown for comparison, with an arrow highlighting a gap junction.
The fluorescence microscopy analysis (Fig. 2) confirmed previ-
ously published results that cells expressing the ST99F [38] showed
only cytoplasmic fluorescence. When expressed in HeLa cells, the
other seven mutants (K188R, F191L, V198M, G200R, 1203K,
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L205P and T208P) also showed intracellular fluorescence, with
patterns indicating either ER retention or cytoplasmic aggregated
protein. The F191L mutant formed large aggregates with some
putative plasma membrane localizations, however closer inspec-
tion of these images (Fig. 2) revealed that these fluorescence
patterns do not have the characteristic appearance of gap
junctions, since apposing plasma membranes didi not appear
close enough together to make a gap junction (arrowhead).

Six Cx26 TM4 mutants trafficked normally to the plasma
membrane where they formed gap junctions

We found that M195T, A197S, C202F, 1203T, L205V and
N206S mutants tagged with GFP-4C (Fig. 3) did traffic normally
to the plasma membrane and made gap junctions. These mutants
had much less GFP fluorescence in intracellular compartments
and formed gap junctions that appear as dots or short line
segments between two apposing cells (Fig. 3 arrows). T'wo of these
six mutations have been analyzed previously in Cx26 or Cx30.
Our results are consistent with previous reports that C202F and
N206S would traffic normally to the plasma membrane and
localize to regions of cell apposition [16,43,46,47]. Here we show
that M195T, A197S, 1203T and 1205V also make normal
appearing gap junctions when expressed in mammalian cells. All
these mutants showed variability in gap junction sizes, sometimes
appearing like small dots (like for the WT, M195T and A197S in
Fig. 3) and sometimes as long lines (as for G202F, 1203T, L205V
and N206S in Fig. 3). However, gap junction size was highly
variable and did not correlate with other characteristics such as
hemichannel stability or functionality, but perhaps with transfec-
tion efficiency. Taken together these data indicate that for this
subset of mutants, deafness may be due to channel malfunction
and not to mis-trafficking.

Stability of mutant oligomers after solubilization

The six gap junction forming mutants were further analyzed for
their ability to make oligomers that are stable when detergent
solubilized, a characteristic that we showed previously was
correlated with proper functioning [21]. We tested the stability
of our TM4 mutant hemichannels and channels in dodecyl
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Table 1. Comparison of sequence identities for the TM4 mutation positions among the 21 human connexin isoforms.
# of human isoforms

Cx26 for which this amino

amino acid acid is identical. Comments

K188 21 E187 also conserved in 21/21 human connexins

F191 20 Exception is L in Cx40.1

M195 17 Conserved B subgroup, except Cx25

A197 8

V198 12

S199 10

G200 5

C202 1 Conserved within § subgroup

1203 17

L205 20 Exception is F in Cx30.2/Cx31.3

N206 15

T208 1 Charged residue position at 209 (E=20/21; D209 in Cx40.1)

A sequence alignment was performed for 21 human connexins and the TM4 region was examined for residue identity or conservation. The residue number in the left

hand column refers to its position in Cx26, however this may not be the same in other connexins because of differences in the sizes of the CL.

doi:10.1371/journal.pone.0070916.t001

maltoside, using the Sf9 insect cells-baculovirus system we
described in our previous work, where we studied point mutations
in the TM1, TM2 and TM3 domains of Cx26 [21]. Purified Cx26
oligomers were maintained in detergent after isolation from the
lipid membranes. As in our previous study, we used EM and Blue
Native gel analysis to characterize detergent stability by visual
examination of preparations for “doughnut-like” structures and
the presence of hexamer or dodecamer bands on native (non-
denaturing) gels, respectively. Typically in our preparations,
hexamers are the predominant population with a minor popula-
tion of dodecamers for stable Cx26 mutants. The mutants A197S
and MI195T maintained stable complexes after purification,
appearing indistinct from WT both in EM images and on Blue
Native Western blots. On gels they appeared containing two bands
corresponding to the hexamer (Cx26+tags ~28 kDax6 ~
168 kDa) and dodecamer (~ 336 kDa), top row Fig. 4).

In contrast, C202F, 1203T, L.205V and N206S hemichannels
were less stable. Electron micrographs of these mutant prepara-
tions showed a heterogeneous population of at least two different
sizes of hemichannels (Fig. 4), while the Blue Native (BN) Western
analysis showed extra distinct bands corresponding to dimeric,
trimeric, tetrameric and pentameric macromolecular complexes. It
is important to point out here, that for unstable GJ forming
mutants, the bands we observed in these Blue Native Westerns
varied between different preparations and gel conditions. None-
theless, some preparations were resolved as a ladder of bands (like
C202F, L205V and N206S in Fig. 4) with different oligomers
detectable, but others appeared as smears (like the 1203T in
Fig. 4). Interestingly, for three of our six TM4 GJ forming
mutants, EM images consistently revealed a high tendency to
aggregate: the two unstable C202F, L205V oligomers and,
surprisingly, connexons of the stable mutant M195T.

Scrape Dye Loading Permeability Assays for Gap Junction
forming TM4 mutants showed decreased dye transfer
In order to test the function of gap junctions formed by our
Cx26 TM4 mutants to pass a molecule such as the Lucifer Yellow,
we tested them using the scrape dye load transfer assay. This assay
provides a simple, quantifiable first approximation to comparing
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gap junction functionality between mutants and WT. Gap
junction communication deficient HeLa cells were transfected at
high expression levels with WT and the six mutants that localized
to intercellular junctions (M195T, A197S, C202F, 1203T, L205V
and N206S) as demonstrated with the GFP-4C tag. Parental HelLa
cells have a low expression of dispersed connexin45 channels that
allows cells to pass Lucifer Yellow in insignificantly small amounts
such that they are considered communication incompetent. Thus,
this parental Hel.a cell line served as a negative control for
comparison with transfected Cx26 mutant Hela cells [48]. We
used an established protocol for scrape loading using Lucifer
Yellow dye transfer in presence of fluorescent Dextran Texas Red
to label non-transferring or broken cells along the scrape [26,27]
as shown in Fig. 5A, 5B and 5C. In Fig. 5A top panel (labeled as
LY for Lucifer Yellow), we show dye transfer between Parental
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Table 2. Summary of side chain interactions and possible structural changes due to mutations.
Side chain interactions as analyzed using

Mutant current atomic model (PDB ID:2ZW3) Possible effect of mutation

K188R Lys188 contains a completely An Arg side chain requires stabilization by additional hydrogen bonds but no
buried side chain that forms polar interactions potential partners exist for these interactions in the space occupied by Lys.
with the main chain and side chain oxygen atoms of Ser183 (TM3). Satisfying the requirement to form additional polar interaction would lead to

structural changes that might destabilize the TM4 helix.

M195T Met195 contains a buried side chain that is The reduction in side chain size for a Thr replacement would lead to the
part of a hydrophobic volume that includes creation of a hydrophobic cavity that would be destabilizing. Interactions
Trp77 (TM2), lle35 (TM1) and Leu36 (TM1). formed by the Thr side chain carbonyl group might be disruptive.

A197S Ala197 CB atom is external and exposed The impact of replacement by the slightly larger and more polar Ser is
to the lipid hydrocarbon chains. expected to be minimal.

F191L Phe191 side chain is buried in the 4-helix bundle Substitution by the smaller Leu side chain would destabilize the structure by
and makes hydrophobic interactions with Arg75 causing the formation of a hydrophobic cavity.

(TM2), Leu79 (TM2) from an adjacent monomer
as well as amino acids Val38 (TM1), Ala39
(TM1) and Val190 (TM4) from the same monomer.

V198M Val198 side chain is partially exposed. A Met side chain is too large to fold inwards and form the same hydrophobic
It interacts with the hydrophobic parts interactions with Phe31 and Arg32 as the Val. When rotated outward into a
of side chains from Phe31 (TM1) and Arg32 (TM1). sterically unhindered position these interactions are lost.

S199F Ser199 side chain is buried within a 4-helix bundle and is A Phe side chain is too large to be accommodated in the space occupied by the
positioned so that it might form H-bonds with atom Ser. A Phe might also disrupt existing polar interaction in this part of the

from Arg32 (TM1), GIn80 (TM2) and Glu147 (TM3). structure as well as fail to make the H-bonds formed by the Ser.

G200R Gly200 faces the lipid bilayer. The lipid environment might not tolerate replacement by the charged Arg side

chain.

C202F Cys202 side chain is buried within a hydrophobic A Phe side chain is much too large to be contained in the volume occupied
portion of the 4-helix bundle. The Cys side by the Cys side chain and a substitution at this position would distort the
chain interacts with the side chain of Leu28 (TM1). structure. .

1203T 1le203 side chain is partially exposed and makes Replacement by a Thr side chain might possibly create an H-bond with the
minimal contact with atoms in Ser199 and Glu147(TM3) main chain carbonyl of Ser199 that would destabilize TM4.

1203K 1le203 side chain is partially exposed and makes minimal contact Replacement of the hydrophobic lle with the charged Lys would probably place
with atoms in Ser199 and Glu147(TM3) the Lys side chain within an unfavorable hydrophobic lipid environmentTM4

might distort in order to remove the side chain from the lipid space.

L205V Leu205 side chain is partially exposed on surface Substitution by the smaller Val would eliminate favorable interactions with
and makes contact with the hydrophobic side both Trp24 and Leu25.
chains Trp24 (TM1) and Leu25 (TM1).

L205P Leu205 side chain is partially exposed on surface and Pro residues are helix breaker and substitution at this position would disrupt the
makes contact with the hydrophobic side TM4 helix. Absence of the Leu side chain would also eliminate favorable
chains Trp24 (TM1) and Leu25 (TM1). interactions with Trp25 and Leu25.

N206S Asn206 side chain is buried within the4-helix bundle A Ser side chain is not able to form the specific polar interactions that are
and makes specific polar interactions with Arg143 formed by the Asn. The reduction is side chain size would also create a small
side chain (TM3) and the main chain oxygen of Cys202 (TM4). cavity in the structure.

T208P Thr208 side chain is largely exposed to lipid bilayer. Pro residues are helix breakers and substitution at this position would disrupt

the TM4 helix.

Based on an analysis of the current atomic model, we analyzed interactions between residues (middle column) and provide an explanation as to how these mutations

affect the structure (right column). We indicate the transmembrane helix where an interacting residue is located within parentheses. Italicized mutants are mis-

trafficking mutants.

doi:10.1371/journal.pone.0070916.t002

HeLa cell monolayers (negative control) and transfected WT cell
monolayers (positive control). While in the first case only the layer
closer to the scrape contained the LY, the WT cell monolayer
showed a broader transfer to distant cell layers, highlighting a very
high efficiency of the WT gap junctions in passing the dye between
communicating cells (as indicated in the graph in Fig. 5D). The
middle panel in Fig. 5A as well as in B and G shows the Dextran
Texas Red (TxR) channel, used to label dead cells along the
scrape, that were subtracted from the LY containing cells to
generate the data in the graph in Fig. 5D. The bottom panel in
Fig. 5A, B and C are DIC (Differential Interference Contrast)
images that show that cells were confluent. All the mutants differed
somewhat from W'T gap junctions in their ability to transfer dye
(Fig. 5A, 5B, 5C and 5D). As previously shown [46], we
confirmed that C202F-expressing cells displayed a significantly
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Figure 2. Eight TM4 deafness mutations cause mis-trafficking. All 14 mutations were tested for their ability to make gap junctions in
transiently transfected Hela cells. Eight mutations (K188R, F191L, V198M, S199F, G200R, 1203K, L205P, T208P) caused mis-trafficking, typically with
intracellular aggregation. WT human Cx26 is shown at the top left for comparison, with an arrow pointing to a gap junction. The arrowhead in the
F191L image points to a cell-cell apposition area with aggregate fluorescence.

doi:10.1371/journal.pone.0070916.g002

Figure 3. Six Cx26 TM4 traffic properly in HelLa cells. M195T, A197S, C202F, 1203T, L205V and N206S each formed gap junctions between
apposing cells when transiently expressed in mammalian cells. An arrow points to a gap junctions in each image.
doi:10.1371/journal.pone.0070916.9g003
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Figure 4. Analysis of hemichannel stability for gap junction forming mutants. Shown here are a representative electron micrograph and
Blue Native westerns (bottom left hand inset) of purified hemichannels for each mutant purified from an Sf9/baculovirus expression system. The
yellow arrowheads point to the recognizable bands. The insets on the top right are 6 fold enlargements of a normal hemichannel (the expected
hexamer) indicated by the box in the micrograph, while the insets on the top left are 6 fold enlargements of the small oligomers visible only in

unstable mutants and indicated by the circle in these micrographs.
doi:10.1371/journal.pone.0070916.g004

impaired ability to pass the Lucifer Yellow (Fig. 5C, 5D), with a
level close to that of non-transfected cells. The mutants 1203T,
MI195T and N206S also showed significantly decreased dye
transfer (Fig. 5B, 5C and 5D), at levels slightly higher than the
negative control, while A197S and L205V gap junctions efficiently
passed dye, albeit slightly reduced as compared to WT (Fig. 5B,
5C and 5D).

Electrophysiological Characterization of Gap Junction-
Forming Mutants

For a more quantitative analysis of gap junction function, the
paired Xenopus oocyte expression system was used to assess the
function and properties of six mutants M195T, A197S, C202F,
1203T, L205V and N206S. Oocytes were injected with cRNA
encoding Cx26 WT or a TM4 mutant and paired overnight.
Untagged Cx26 constructs were used as tags that are genetically
appended tag to connexins may not affect macroscopic properties,
but can affect gating, conductance properties or trafficking kinetics
[49-51]. The following day, the dual cell two-electrode voltage
clamp technique was used to assess GJIC. WTCx26 consistently
induced coupling of paired oocytes, with properties similar to those
reported previously for human Cx26 [1,8,23]. The intercellular
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conductance of paired oocytes expressing Cx26 WT ranged from
1 uS to 50 uS with mild sensitivity to transjunctional voltage
(Fig 6C). Mutants were tested in homotypic pairings and in
heterotypic pairings with WT. When paired homotypically only
the A197S mutant induced significant intercellular conductance
between paired oocytes (Fig. 6A). Two other mutants 1203Tand
L205V induced GJIC occasionally, at levels much lower than
Cx26 WT (Fig 6A) and with voltage-sensitivity closely resembling
Cx26 WT (see 1203T/1203T, Fig. 6C). Applying a student’s t-test
to the I203T/I203T and L205V/L205V pairings, each is
significantly different from Cx26 WT with a p<<0.05.

Fig. 6B summarizes intercellular conductance for heterotypi-
cally paired mutants. While A197S induced robust coupling in
oocytes, M195T appeared completely non-functional. The three
other mutants (I203T, L205V, N206S) formed heterotypic
channels fairly consistently, but with conductance levels at least
50% lower than W'T' homotypics. In light of data showing that all
mutants localize to intercellular junctions (Fig 2), the electrophys-
iological data suggests that M195T is unable to form conductive
channels despite its localization to junctions, that A197S functions
similarly to WT and that the other mutants (C202F, 1203T,
L205Vand N206S) may create populations of hemichannels with
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Figure 5. Dye transfer assays for gap junction forming
mutants. Intercellular communication was assayed by scrape dye
loading using Lucifer Yellow (LY) and Dextran Texas Red (TxR). LY will
pass through gap junctions while Dextran TxR will not. (Panel A)
Confluent gap-junction deficient parental Hela cells (left column) and
Hela cells transiently transfected with Cx26 WT-GFP-4C (right column)
serve as negative and positive controls, respectively. Top row: Images of
LY fluorescence. Middle row: Images of TxR fluorescence Bottom row:
Differential Interference Contrast (DIC) light micrograph of the same
field of cells showing cell-cell contact. Dextran Texas Red acts as a
reporter for dead or non-communicating cells and those along the
scratch that also contained Lucifer Yellow were not counted in this
analysis. (Panel B) Similar images as in (Panel A) for the two mutants,
M195T and A197S, which made detergent stable hemichannels and
channels. (Panel C) LY (top), TxR (middle) and DIC images (bottom) for
mutants that made detergent unstable hemichannels and channels (left
to right, C202F, 1203T, L205V and N206S). The inset at the left is a 4.5x
magnification of a LY non-transferring cell expressing C202F gap
junctions. The arrow points to these cells in the C202F LY image. (D)
Histogram of levels of communicating cells for each mutant. Error bars
are standard errors of the mean (SEM).

doi:10.1371/journal.pone.0070916.9005

normal gating properties but reduced availability for GJIC.
Evidence for this comes from the observation that conductance
levels are lower than those of WT in heterotypic pairings and
further reduced in homotypic pairs. In all cases, mutants gated
similarly to WTCx26, whether paired homo- or heterotypically
(Fig. 6C). Hence, the six mutations tested in the oocyte expression
system do not appear to alter the voltage-gating mechanisms of
gap junction channels.
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Because the ability of mutants to form hemichannels with
physiologically significant conductance levels has been correlated
with disease [52], the ability of several Cx26 M4 deafness mutants
to form hemichannels was tested using single oocytes injected with
the same amount of RNA, and incubated for the same duration, as
oocytes used for coupling experiments. Fig. 6D shows the average
transmembrane current (LA) versus transmembrane voltage (Vm)
for a set of experiments involving M195T, CG202F, 1203T, L205V
and N206S. Current levels across a wide range of voltages were
similar to those of the negative control oocytes (injected with
morpholino antisense oligonucleotide against XeCx38) and were
small compared to those induced by gap junction proteins that
formed functional hemichannels. For instance, the Cx26 hemi-
channel-forming mutant G45E induced outward currents of about
8000 nA at +60 mV in oocytes, a level over 8-fold higher than WT
in the same study [53]. This suggests that hemichannel formation
was not responsible for disease phenotypes associated with these
mutations.

Detergent stability of heteromers of M195T, C202F,
[203T, L205V or N206S with WT

In our previous work [21], co-infecting insect cells with a
baculovirus that contained the DNA for hCx26-mutant with an
appended V;5-Hisg tag, and with a baculovirus containing WT' (no
tag), allowed us to isolate heteromeric oligomers formed by both
mutated and WT connexins. The theory behind this experiment is
that, based on the ratios of the multiplicity of infection (MOI) of
the virus used for infection, the two connexin species (mutant and
WT, with and without tag respectively) would be expressed by the
cells and since the mutant connexin by itself was incapable of
forming only homomeric hexamers, or dodecamers, those
oligomers, detected after co-purification, would be heteromeric
(WT no tag and mutant-V5-Hisg tag). We previously found that
purifying WT-no tag, gave us no connexin monomers or oligomers
detectable either by EM or BN Westerns. The co-purification of
mutated and W'T protein allowed us to observe that while the WT
was able to rescue the hemichannel stability for certain point
mutations, it failed or even further destabilized the oligomers for
others [21]. Here we applied this “rescuing tool” to all our
unstable mutants and to the M195T, in order to investigate if our
unstable mutants could become stable and at what WT/mutant
ratio and if the aggregation tendency of the M195T mutant would
disappear.

In Fig. 7, the analyses performed on M195T hemichannels
demonstrated that M195T hemichannels and channels are stable
by biochemical analysis, however EM images revealed significant
aggregation. In these micrographs, image fields contained large
clumps of hemichannels, mixed with smaller aggregates and single
hemichannels (Fig. 7A). For the 1:2 M195T/WT ratio (Fig. 7B),
where there is a smaller starting population of the M195T
monomers, while heteromeric hemichannels/channels remained
aggregated, as visible by EM, the BN Western contained only two
bands, one corresponding to the dodecamer and the other to the
hexamer. The BN Western of WT'/M195T 1:1 ratio preparations
showed an extra band around the size of a WT pentamer plus a
light smear below this band (Fig. 7C). The WT/M195T 2:1 ratio
(Fig. 7D) confirmed even further this instability effect of the WT
monomers on the heteromeric M195T/WT hemichannels. In
these WT/M195T 2:1 preparations, the aggregation was far more
severe in EM images and the BN Western detected faster
migrating connexin species. We concluded that the addition of
WT subunits to M195T hemichannels, not only did not improve
the aggregation tendency of this mutant, but even increased
instability at the ratio 1:1 and even more so at 2:1.
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Figure 6. Six mutant channels (M195T, A197S, C202F, 1203T, L205V and N206S) were tested for their conductances in the paired
Xenopus oocyte system. (A) Mutant channels were tested in the homotypic configuration. Conductance measurements from two oocyte batches
were pooled, each bar represents the mean = SEM. The numbers above each bar represent the number of oocyte pairs in which coupling was
observed as a fraction of the number tested. The negative-control (morpholino) involved oocytes injected only with the standard anti-XeCx38
antisense and intercellular conductance (Gj) was normalized to that of WT. Each bar represents a mean = SEM and the numbers above each bar
represent the number of oocyte pairs in which coupling was observed as a fraction of the number tested. (B) Mutants were paired heterotypically
with WT and intercellular conductance (Gj) was normalized to that of WT. Conductance measurements from three oocyte batches were pooled, each
bar represents the mean = SEM, and the numbers above each bar represent the number of oocyte pairs in which coupling was observed as a fraction
of the number tested. The negative-control (morpholino) involved oocytes injected only with the standard anti-XeCx38 antisense. (C) Characteristics
of gap junctions induced by four of the six mutants after expression in Xenopus oocytes. Characteristic currents induced by WT are displayed on top
Oocyte pairs were clamped at —20 mV and currents were recorded from a continuously clamped oocyte while its partner was pulsed in 10 mV
increments to induce transjunctional voltages (Vj's) of up to =100 mV. Only A197S and 1203T formed distinguishable homotypic channels and these
are observed on the right, adjacent to their corresponding heterotypic currents. (D) Transmembrane currents were measured in single oocytes to
determine if mutants formed functionally conductive hemichannels. Each point represents the mean current (= SEM) for three oocytes from the
same batch. The negative-control (morpholino) involved oocytes injected only with the standard anti-XeCx38 antisense.
doi:10.1371/journal.pone.0070916.9006
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Figure 7. Co-expression of WT with M195T-WT decreases the stability of heteromers. (A-D) Hemichannels formed by M195T and the WT
analyzed in different ratios showed increased instability from heteromeric interactions. EM images showed consistent aggregation of hemichannels
for all four ratios analyzed, from 0:1 to 2:1. The Blue Native (BNGel PAGE) westerns confirmed stability with only two bands (hexamer and dodecamer)
for the ratios 0 and 1:2 (A and B), but higher ratios of WT:M195T-V5-Hise are unstable with (C) three predominant bands for 1:1 and (D) a ladder of

bands for the 2:1 ratio.
doi:10.1371/journal.pone.0070916.g007

We also found that the unstable C202F mutant (Fig. 8A) could
be successfully rescued. While the 1:2 WT/C202F ratio failed to
restore hemichannel/channel structures (Fig. 8B), both the WT/
C202F ratios of 1:1 (Fig. 8C) and 2:1 (Fig. 8D) successfully
rescued channel structure and oligomer states of hexamers and
dodecamers. BN Westerns consistently exhibited two bands for the
1:1 and 2:1 ratios (Fig. 8C and 8D) and EM images revealed
channel structures more similar to WT. For the 2:1 ratio,
aggregation was the most severe for this mutant, confirming the
importance of the TM4 domain in the interaction with other
monomers for the structure stability.

Hemichannel/channel structures for two mutants, 1203T and
L205V, could not be rescued by the WT (Figs. 9, 10). For 1203T,
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the co-expression of WT in a ratio 2:1 caused oligomers to become
even more unstable as indicated by the EM and the BN Western
results. For L205V, co-expression with WT did not rescue proper
oligomerization (Fig. 10B).

Finally, in Fig. 11 we report the successful rescuing of stable
N206S mutant hemichannels by the WT. The mutant N206S
can be rescued by the WT only in the WI'/N206S 2:1 ratio,
suggesting that WT protomers are necessary in higher ratios as
compared to mutant in order to form the heteromeric
hemichannel. The 1:1 ratio of WT/N206S showed non-
homogenous channels in EM images and a ladder of bands for
the BN Western, while the ratio 2:1 reconstituted nicely shaped
channels that were confirmed to be either hexamers or
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Figure 8. C202F hemichannel stability can be rescued by the WT. (A) C202F forms unstable oligomers not easily recognizable by EM as
hemichannels and a ladder of bands as detected by Blue Native western analysis. (B) The addition of WT protomers to the mutant oligomers did not
result in stable hemichannels for the 0:1 ratio neither by EM or Blue Native western analysis. (C, D) The higher ratios (1:1 and 2:1) clearly showed only
two bands on Blue Native westerns at the hexamer and dodecamer positions and more recognizable doughnut-like structures in EM images, but

these heteromeric channels tended to aggregate.
doi:10.1371/journal.pone.0070916.g008

dodecamers by BN Western blot (Fig. 11). The
population predominates within these preparations.

hexamer

Discussion

It is well established that connexin defects or mutations are
linked to several diseases referred to as connexinopathies. These
connexin mutations cause pathogenesis in a tissue specific manner
and the mechanism for this is still largely unclear [54]. Gap
junction mediated intercellular communication is essential for the
auditory function [16] and Cx26 is the gap junction protein most
associated with the NSHL and SHL forms of deafness. In our
study here, we tried to establish if there is any correlation between
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hemichannel (connexon) instability and defective functionality of
Cx26 in point mutations, in TM4, that are found to be responsible
for cases of NSHL [16-18,20,32,34,40-43]. The goals of our study
would be to understand how mutations in TM#4 affect structure,
stability and interactions with other helix and lipid interfaces,
whether this is correlated to function and to establish if the
mutation would be compensated in the structure by WT, as could
happen with heterozygous patients. In Table 3 we have
summarized our results, describing which Cx26 mutants resulted
stable (M195T, A197S) and unstable (C202F, 1203T, L205V and
N206S). In Table 3 are also listed the mutants that can be rescued
by the WT (C202F and N206S) and ones that cannot I203T and

August 2013 | Volume 8 | Issue 8 | 70916



Analysis of Connexin26 TM4 Deafness Mutants

- _ Western Blot
WT:1203T-V5-His EM on BNGel PAGE
| kDa |
12 mer
G 247 - <
0.1 160 i <6 mer
. <5mer
6 107 _ <4mer
A 64 -
‘ kDa
e 247 - ‘12 mer
- ~ 160 - <6mer
2:1
107 - <4mer
© |
64 - mer
B ) J b

Figure 9. 1203T mutant stability cannot be rescued by the WT. (A) Homomeric 1203T hexamers and dodecamers are unstable. Both EM and
Blue Native western analyses clearly showed no rescuing the 1203T mutant hemichannels, even at the very high ratio of 2 (B), where the majority of
the heteromer subunits should contain WT.

doi:10.1371/journal.pone.0070916.g009
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Figure 10. L205V mutant cannot be rescued by the WT. (A) Homomeric oligomers of L205V are unstable. Similar to the 1203T mutant shown in
Fig. 9, (B) this mutant did not display stable hemichannels or channels when 1203T monomers where mixed with the WT monomers in a 2:1 ratio of
WT:L205V-V5-Hise.

doi:10.1371/journal.pone.0070916.9010
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kDa
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Figure 11. N206S forms stable hemichannels when expressed with WT. (A-C) As visible by both EM and Blue Native Western analysis, stable
hemichannels only resulted at 2:1 ratios of WT:N206S-V5-Hisg (C). The EM image clearly showed distinct hemichannel structures and the hexamer
band predominates in the Blue Native (BNGel PAGE) Western (C).

doi:10.1371/journal.pone.0070916.9011

L205V) as well as the eight trafficking mutants. Taken together
these results demonstrate the critical consequences of substitutions
at these 12 residues found in deaf patients.

Cx26 TM4 domain is important for both protein folding
and functionality

As shown in this study and in previously published ones [10,15],
the fourth transmembrane domain of Cx26 is very important for
the hemichannel/channel stability and functionality that any

Table 3. Summary of non-trafficking mutant characteristics from this study.

GJs in Stable hemi-  Stable heteromeric

Mutant Hela channels hemichannels Dye Passage Current Passage
Homo-typic Hetero-typic

M195T Yes Yes Causes aggregation Significantly reduced No No
A197S Yes Yes NT Little less than WT Little less than WT Little less than WT
C202F Yes No Yes Significantly reduced No No
1203T Yes No No Significantly reduced No Significantly reduced
L205V Yes No No Yes, but below WT levels Significantly reduced Significantly reduced
N206S Yes No* Yes Significantly reduced Significantly reduced No

PLOS ONE | www.plosone.org

NT = not tested, because homomers are stable. * = weakly unstable.
doi:10.1371/journal.pone.0070916.t003
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mutation in this region will cause different folding and conforma-
tional changes. More recent discoveries such as the X-ray structure
published by Maeda and colleagues clearly demonstrate that
residues in this domain have critical inter-connexin associations
with two of the three other helices. Key interactions between
protomers to form a hemichannel are mostly located in the
extracellular half of transmembrane helices TM4 and TM2 as well
as in extracellular loops. Specifically, some residues that sit in the
TM4 area such as M195 would play an important role in the
intra-monomer interactions, but also stabilize the entire channel
structure [16], an essential feature for proper functioning.

TM4 mutants display various phenotypes in trafficking,
stability and function

While it is sometimes more straightforward in understanding
how gap junction forming mutations in side chains facing the pore
such as ones in TM1-TM3 or within the extracellular loops could
affect function and hemichannel/channel formation, it is less
understood how TM4 mutations influence function, particularly
those facing the lipid bilayer (Table 2, Fig. 12, Movie S1). The
phenotypes of these mutations are not easily predicted by the
current static atomic structure and therefore, experimental testing
is still necessary to determine at what stage (synthesis, trafficking,
docking and functionality), human Cx26 mutants are defective in
intercellular communication.

Since many of these mutants had only been identified by a
genetic analysis of the patient, we tested each mutant for proper
trafficking in mammalian cells. After transiently transfecting gap
junction deficient HeLa cells with our mutated Cx26 tagged by
GFP, we were able to detect gap junctions for six out of fourteen
mutants. It should be noted that two amino acids, 1203 and 1.205,

TM4 mutant color key:
Mis-trafficking

Makes GJs but unstable HCs
Makes GJs and stable HCs
Unstable HCs and mis-trafficking

Analysis of Connexin26 TM4 Deafness Mutants

had two mutations at their position. For both these amino acid
positions where the side chains are partially exposed to the lipids,
the two mutations caused two different phenotypes with one being
mis-trafficked (I1203K and L205P), while 1203T and L205V form
non-functional hexamers and dodecamers. For these two sets of
mutants it is clear that a radical change in side chain, such as a
replacement with a charge or helix breaking ability, caused
intracellular aggregation, most likely due to aberrant folding. For
presumably 1203T and L205V, these mutations are compensated
by shifts in helix positions but function is eliminated or diminished.

For mutants that formed gap junctions, scrape dye loading
assays revealed that each mutant had different dye passing
capabilities. A197S and L205V hemichannels were able to pass
the Lucifer Yellow, even if in a smaller amount than the W'T,
while the rest of the mutants had little or no dye transfer. In the
oocyte expression system, MI195T channels failed to induce
intercellular coupling, while C202F channels had a severely
impaired ability to form channels. Failure of M195T to make
functional channels in Xenopus oocytes versus in mammalian cells
may be due to the change in hydrophilicity of this channel
resulting in different interactions with the lipids of Xenopus oocyte
plasma and internal membranes as opposed to mammalian cells. It
is worth noting that Xenopus oocytes are typically maintained at
lower temperatures than mammalian cells, a variable that would
affect membrane fluidity as well. Alternatively, the M195T mutant
channel may have distinct permeability properties that are
different from their conductance properties. In contrast, A197S
forms channels robustly and with features very similar to those of
WT Cx26. The other mutants (12037T, L205V and N206S) are
capable of forming channels with properties similar to those of
WT, but do so with reduced efficiency, possibly due to a reduction

Figure 12. Mapping of the twelve TM4 residues on the current X-ray model for the four transmembrane helices. Since the twelve
amino acid positions analyzed fall only in the four o helical bundle domain of Cx26, here we show only (A) TM1 (medium blue), TM2 (cyan) TM3
(green) and TM4 (orange). The orientation of the Cx26 subunit is the same as in Fig. 1 with the extracellular loops at the top of the image. The mutant
residues have been colored coded such that mutations that caused -trafficking are shown in purple, mutations that make gap junctions but unstable
hemichannels are black and mutations that make stable gap junctions and hemichannels are indicated in red. Two positions, 1203 and L205, have
different phenotypes for the each of two mutations at these positions. These residues are dark blue. (B) Side chain interactions for these residues are
between TM4 and TM1 and (C) TM4 and TM3. Note that the A197, N206S and T208 face the lipid bilayer. Note the mutant phenotypes are not
mapped to any particular face of TM4.

doi:10.1371/journal.pone.0070916.g012
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in the availability of hemichannels capable of forming intercellular
channels.

In order to determine which of the six Cx26 mutants formed
stable structures, we purified these in a baculovirus/Sf9 msect cell
expression system. After dissolving the membrane fractions where
hemichannels/channels are embedded, only two mutants, M195T
and A197S remained stable after detergent solubilization, showing
well defined hemichannel structures similar to WT. The BN
Western blots confirmed these two mutants stability detecting only
two bands corresponding to the hexamer and dodecamer. All the
other mutant connexins/channels (C202F, 1203T, L205V and
N2068S) were unstable as determined by EM and BN Western
blots. However, it is important to note that there are degrees of
instability whereby N206S oligomers appear more stable with
distinct smaller oligomers in BN Westerns versus 1203’1’ channels/
hemichannels that were the most unstable, as evidenced by the
smear of staining in the BN Westerns. This oligomer instability in
detergent 1s indicative of mutant channels that can form when held
together by lipid bilayers either in gap junctions or single
membranes but have weaker intra-monomer interactions than
WT. Most of the time, this weakness is correlated with a decrease
in functionalities (dye transfer or currents).

Of these six gap junction forming mutants, C202F and N206S
hemichannel structures could be rescued by their co-expression
with the WT, while 1203T or L.205V mutants could not. However,
heteromeric N206S/W'T hemichannels/channels revealed donut-
shaped structures, instead, inspection of heteromeric C202F/W'T
preparations by EM showed aggregates that made recognition of
WT-like structures difficult. A197S hemichannels/channels were
stable and very similar to the WT. This result is not unexpected
given that a Ser is normally found at position 197 in rodent
species.

Interestingly, M195T mutant hemichannels had a high
tendency to aggregate like no other stable mutant. We speculate
that this tendency to aggregate can be explained by the fact the
M195T mutation increases hydrophilicity, since in the presence of
detergent, hemichannels tend to “escape” from it, by forming
large clumps. Adding double distilled water to freshly made
hemichannel preparations, always restored a less aggregated
appearance with orientations perpendicular to channel axis at
the EM, looking very similar to WT hemichannels. We also found
very interesting that the M195T aggregation tendency could not
be eliminated by the WT and instead the resulting WT/M195T
heteromeric channels were unstable. Adding to our observations
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A gene therapy approach whereby preparations of an antisense
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fully applied to cochleas in knockout mice generated to have
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