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Abstract Connexins (Cxs) were first identified as subunit
proteins of the intercellular membrane channels that cluster
in the cell communication structures known as gap junc-
tions. Mutations in the gap junction (2 (GJB2) gene
encoding connexin 26 (Cx26) have been linked to sporadic
and hereditary hearing loss. In some cases, the mechanisms
through which these mutations lead to hearing loss have
been partly elucidated using cell culture systems and ani-
mal models. The goal of this study was to re-assess the
pathogenic roles of the GJB2 mutations by combining
comparative evolutionary studies. We used Bayesian phy-
logenetic analyses to determine the relationships among 35
orthologs and to calculate the ancestral sequences of these
orthologs. By aligning sequences from the 35 orthologs and
their ancestors and categorizing amino acid sites by degree
of conservation, we used comparative evolutionary meth-
ods to determine potential functionally important amino
acid sites in Cx26 and to identify missense changes that are
likely to affect function. We identified six conserved
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regions in Cx26, five of which are located in the Connex-
in_CCC, and another is in the connexin super family
domain. Finally, we identified 51 missense changes that are
likely to disrupt function, and the probability of these
changes occurring at hydrophilic amino acid residues was
twice that of occurring at hydrophobic residues in the trans-
membrane regions of Cx26. Our findings, which were
obtained by combining comparative evolutionary methods
to predict Cx26 mutant function, are consistent with the
pathogenic characteristics of Cx26 mutants. This study
provides a new pathway for studying the role of aberrant
Cx26 in hereditary hearing loss.

Keywords GJB2 (connexin 26) - Mutation - Molecular
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Introduction

Hereditary hearing loss is a very heterogeneous sensory
deficit with different patterns of inheritance and a multitude
of different genes (Smith et al. 2005) involved. Approxi-
mately 80 % of all cases of hereditary nonsyndromic
hearing loss (NSHL) show autosomal-recessive inheri-
tance; additionally, 15-20 % are autosomal-dominant, and
approximately 1 % are linked to X-chromosome or mito-
chondrial DNA mutations. In the nuclear genome,
approximately 140 deafness loci were mapped, and 66
genes for monogenic NSHL were identified (Van Camp
and Smith 2013). The most frequent cause of nonsyndro-
mic autosomal recessive hearing loss in humans is the
mutations in the GJB2 (gap junction f2) gene encoding
connexin 26 (Cx26), which is the transmembrane protein
involved in the formation of connexins (Cxs). In the human
inner ear, Cx26 has also been found to be highly expressed,
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and its crucial role in organ physiology has been revealed
by its implication in different forms of hereditary hearing
loss. Therefore, the mutations in human Cx26 have been
closely linked to hereditary deafness.

Over 200 deafness-causing mutations and several poly-
morphisms and sequencing variants whose role in the
pathogenesis of hearing loss is still unclear have been
reported (Martinez et al. 2009) in the GJB2 gene to date.
The spectrum and frequencies of GJB2 gene mutations
have been characterized by significant interpopulation
differences (Estivill et al. 1998; Azaiezr et al. 2004);
however, due to the diversity of mutations and because
novel mutations are continuously found in the GJB2 gene,
the pathogenic role of different mutations of the gene and
the structural properties of the protein remain largely
unknown, making it difficult to predict the consequences of
these mutations. Based on the diversity of mutations in the
GJB2 gene and the continuous discoveries of new muta-
tions, predicting pathogenic mutations and their correlation
to disease phenotypes has become an important scientific
endeavor. In this study, we explored GJB2 molecular

Fig. 1 A Bayesian
phylogenetic tree of GJB2. The
numbers adjacent to the internal
nodes represent the posterior
probability that a clade is

structure characteristics and determined pathogenic mis-
sense mutations from known missense mutations in a
molecular evolutionary direction.

Materials and methods
Data sources and phylogenetic analyses

Cx26 amino acid and nucleotide sequences for 35 species
were extracted from Ensembl (http://asia.ensembl.org/
index.html) (Table S1). The amino acid sequences were
aligned using CLUSTALW 2.0 (Thompson et al. 1994,
2002).

MRBAYES 3.2.1 (Ronquist et al. 2012; Huelsenbeck
et al. 2001) was used to construct a phylogenetic tree of
GJB2 evolution by using amino acid of 35 species and
Lamprey that is distantly related to human as an outgroup
(Fig. 1). The Bayesian approach was used to combine the
prior probability of a phylogeny with the likelihood of
producing a posterior probability distribution in trees, and
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the posterior probability can be interpreted as the proba-
bility that the tree is correct (Huelsenbeck et al. 2001). We
used MCMC algorithm to calculate posterior probabilities
for each branch (Arvestad et al. 2003).

As the evolutionary model, we used the GTR model
with gamma-distributed rate variation across sites and a
proportion of invariable sites, and we set the prior for the
amino acid model to “mixed” to explore all of the fixed-
rate models in MrBayes and achieve the most appropriate
model. The analysis was started from random trees for four
simultaneous and independent chains, including three hot
chains and one cold chain. The analysis was run for
1,000,000 generations to ensure that we could achieve the
lowest and stable average standard deviation, which is the
convergency criteria of our analysis. Every hundredth tree
was saved; the first 20 % of saved trees were classified as
“burn-in” and were discarded. After ~500,000 genera-
tions, stable likelihood estimates were achieved.

Conserved regions analyses

Homologous amino acid sites were divided into three cat-
egories: fixed, conservative and non-conservative sites. We
used one-sample run tests (two-tailed) to determine whe-
ther fixed or conservative residues were associated. We
defined as “conserved regions” those portions of the
alignment that began and ended with fixed sites and com-
prised more than 80 % of such sites. Conserved regions of
the gene were identified by using a sliding window of 5 aa.
We compared levels of amino acid conservation both
among the species themselves and among the sequences
derived for their ancestors, and these ancestral sequences
were calculated using a Bayesian phylogenetic analysis in
which clades of sister taxa were constrained on the
1,000,000-generation consensus tree (Huelsenbeck and
Ronquist 2001; Huelsenbeck and Bollback 2001).

Missense changes analyses

We analyzed the relationship between the distribution of
conserved sites in the 35 species and their ancestors and
that of some missense changes reported in the CRG (Center
for Genomic Regulation) database (http://davinci.crg.es/
deafness/index.php) and HGMD (The Human Gene
Mutation Database, http://www.hgmd.org/) to determine
the pathogenic missense changes of the GJB2 gene that are
most likely to affect function in humans. Studying non-
conservative substitutions at fixed or conservative sites and
conservative substitutions at fixed sites can often yield
significant insights. We used the Gonnet matrix (“G”) to
identify missense changes involving non-conservative
substitutions and the extent to which sites in the GJB2
sequence were fixed between 35 mammal sequences and

ancestral sequences (“A”) (A&G method). We compared
these predictions with those derived from the program
SIFT, which estimates the degree of conservation by cal-
culating the probabilities for all possible amino acids at
each position in the alignment based on the sequences that
are homologous to the query sequence, predicts a substi-
tution to affect protein function, and generates the so-called
SIFT score. We used the Chi-square test to evaluate the
associations of conservative or non-conservative missense
changes with fixed or conservative amino acid sites and
with conserved regions.

We used SOSUI (Hirokawa et al. 1998), a classification
and secondary structure prediction system for membrane
proteins, to analyze the trans-membrane structure and
amino acid properties for the Cx26 protein. The associa-
tions of missense changes with amino acid properties were
also tested using the Chi-square test.

Results
Phylogeny of GJB2

There is a significant amount of variation in the sequence
length of GJB2 among mammals, which resulted in an
alignment of 226 codons for 31 eutherian mammals, the
Anole lizard, the Lamprey, the Turkey and the Xenopus.
Insertions which are phylogenetically uninformative, such
as codons 222-246 of Lamprey, codons 227-248 of
Xenopus and codons 230-263 of Turkey and so on, were
removed from the phylogenetic analysis. In the phyloge-
netic tree of GJB2 (Fig. 1), all but 4 of the 19 (21 %)
clades resolved with posterior probabilities >0.60.

A total of 165 (73.0 %) of the 226 human amino acid
residues are fixed among mammals, and another 43
(19.0 %) are conservative. In contrast, 209 residues
(92.5 %) are fixed among humans and various ancestors
(including the ancestors of artiodactyla, primates, carniv-
ora, rodentia, mammals, marsupialia and lagomorpha).
During human evolution, ten conservative substitutions and
a non-conservative substitution which affected the codon
162 that replaced Phe by Ser occurred in the mammals’
ancestor. A marked difference exists among the non-
mammals and human GJB2, namely, only 119 (52.7 %) of
the 226 human amino acid residues are fixed. We define
these sites as “highly fixed” sites (HF sites) in which
residues remain fixed among 35 species and their ancestors
(Fig. 2b). Thus, 111 HF sites were identified, and they are
not randomly distributed across human Cx26 amino acid
sequence (z = —2.391, P < 0.02). A total of 34.5 % of the
HF sites were identified across codons 146-213
(xz = 5.989 df = 1, P < 0.02), an interval that includes a
gap junction channel protein cysteine-rich domain
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Fig. 2 a Alignment of Cx26 amino acids for human and 31
mammals. Markings under the alignment indicate the level of
sequence conservation in all 15 eutherian mammals: asterisks, fixed
residues; colon and dot, sites that include conservative substitutions
from only strongly conserved or weakly conserved amino acid
groups, respectively, based on the Gonnet matrix. asterisks represents

(Connexin_CCC), and 57.3 % were located in codons
2-108 that is the so-called connexin super family domain
(Kar et al. 2012). The two domains which we can retrieve
from the Conserved Domain Database (http://www.ncbi.
nlm.nih.gov/cdd/) are recognized conserved domains in the
Cxs family. Besides, these HF sites also include 40 of 49
sites which are conserved within the connexin family and
mutations of these residues are associated with deafness
and skin disease (Figure S2) (Maeda et al. 2009). Six
conserved regions in which amino acid identities are also
above 80 % and whose lengths are 5-24 residues were also
identified. Five of them are located in the Connexin_CCC
and another is in the connexin super family domain (Figure
S2).

Pairwise comparisons between humans and other
eutherian mammals reveal high levels of amino acid
identity (Table S1). The average pairwise conservation is
98.3 &+ 0.6 % between humans and other primates, and this
value remains high between humans and rodents
(929 +£ 0.9 % on average). However, conservation is
lower between humans and Lamprey or Xenopus (62.0 and
73.0 %, respectively).
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the fixed residues, colon and dot represent the conservative residues,
and others are non-conservative residues. b Alignment of Cx26 amino
acids for 35 species and ancestral sequences derived from the
phylogenetic tree in Fig. 1. The 111 HF sites in which residues
remain fixed in this alignment are marked by orange

Missense changes

From the CRG database and the HGMD, we retrieved 62
reported missense changes that are relevant to hereditary
NSHL and that occur at 50 sites in GJB2. These changes
are randomly distributed across the human Cx26 amino
acid sequence (z = 0.430, P > 0.65) and across fixed or
conservative sites in the 31 eutherian mammals studied (x>
with correction for continuity: x> = 0.770, df = 1,
P > 0.35).

Using the A&G method, we identified 51 of the 62
missense changes as likely to affect protein function
(Table 1; Figs. 2a, b, 3). Forty-three of these changes,
including 30 of the 39 missense changes predicted by SIFT,
affect residues located in the HF sites. When the sequences
of 31 eutherian mammals were compared, eight additional
non-conservative changes occurred at fixed or conservative
sites, including five of those 39 predicted by SIFT. Addi-
tional four changes (V95M, H100Y, H100L, L214P) pre-
dicted by SIFT are conservative changes that occur at
conservative or fixed residues in the 31 eutherian
mammals.
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Table 1 The results of A&G

o Nonconservative Nonconservative changes ~ Conservative changes at Other

aqd SIFT prediction for 62 changes at HF sites at fixed/conservative sites ~ HF sites

missense changes from the CRG

and HGMD Missense  SIFT Missense SIFT Missense ~ SIFT Missense  SIFT
change” score® change® score® change®  score® change score®
120T <0.01 T8M 0.03 G12V 0.01 K15T TOL (0.08)
R32C <0.01 A40E <0.01 S19T TOL (0.06) A40G TOL (0.06)
R32L <0.01 S85P <0.01 V271 TOL (0.21) VI95M <0.01
R32H <0.01 E101G TOL (0.22) V371 TOL (0.34) HI100Y  <0.01
W44S <0.01 E114G TOL (0.16) E47K TOL (0.09) HI100L 0.03
w44C <0.01 K1221 0.05 R75Q <0.01 S113R TOL (0.62)
G45E 0.02 RI127H TOL (0.15) L79P <0.01 T123N TOL (0.59)

@ GIFT scores of <0.05 indicate N541 <0.01 1203K <0.01 Q80R <0.01 E129K TOL (0.24)

missense changes that are likely W77R <0.01 182M <0.01 Al171T TOL (0.18)

to affect function; * missense Q80P <0.01 V84L <0.01 A197S TOL (0.59)

changes predicted by A&G are

likely to affect function; TOL R143W <0.01 V84A <0.01 L214P 0.01

indicates substitutions predicted RI65W TOL (0.1) A88S TOL (1)

by SIFT to be “tolerated”. Four C174R <0.01 LOOV TOL (0.47)

variants predicted to affect R184W <0.01 Lo0OP <0.01

function in this table are known

to be harmless: E114G, R127H, ~ K184 <0.01 M9 TOL (0.32)

1203T and V271. The F191L 0.01 S139N TOL (0.16)

pathogenicity of some others is S199F <0.01 R143Q <0.01

uncertain, either because not C202F 0.03 E147K <001

enough cases have been

described (e.g. M163V, A88S Mi63L  TOL (1)

and R165W), because the M163V TOL (0.06)

mutations were never published P175T <0.01

(e.g. C174R, A4QE and A40G) V178A <001

or because no reliable

information from the mutations, DI179N TOL (0.13)

aside from the CRG and HGMD R184Q <0.01

pages, can be found (F191L, N206S TOL (0.14)

N541)

Using the 35 Cx26 amino acid sequences, we performed
a similar comparison for 35 missense changes of known
effect (Table S2). In this comparison, 26 of 30 changes
known to be detrimental were correctly predicted to affect
function; the remaining mutations (A40G, V95M, S113R
and L214P) were conservative changes at conservative
sites and was falsely classified as tolerated. Among five
changes with no functional effect, V1531 that is conser-
vative changes at a non-HF site due to non-conservative in
the non-mammals sequences were correctly predicted to be
tolerated, but four (V271, E114G, R127H and 1203T) were
incorrectly predicted to be detrimental (Table S2). Thus,
the false-positive rate for Cx26 was 11.4 % (4/35), and the
false-negative rate was 11.4 % (4/35). When using the
SIFT prediction, the false-positive rate was 2.9 % (1/35),
and the false-negative rate was 28.6 % (10/35).

The analysis result of SOSUI showed that the Cx26
protein comprised four trans-membrane regions and five
non-transmembrane regions. Fifty-one of the changes pre-
dicted using the A&G method were identified at 41 sites in
GJB2, and a statistical analysis did not contradict the

conclusion that these sites were randomly distributed
across transmembrane regions (22/41) and non-transmem-
brane regions (19/41) (x* = 2.856, df = 1, P > 0.05). In
non-transmembrane regions, 19 of these 41 sites were
randomly distributed across hydrophilic and hydrophobic
amino acid residues (x2 =0.025, df =1, P> 0.80).
However, in transmembrane regions, 22 of these 41 sites
were not randomly distributed ()(2 =3.175, df =1,
P < 0.06). Among these sites, ten were hydrophilic and
represented 38.4 % (10/26) of all hydrophilic amino acid
residues in transmembrane regions; the remaining sites
were hydrophobic and represented 18.2 % (12/66) (Fig. 4).
We thus hypothesize that missense changes located in
transmembrane regions are more likely to affect hydro-
philic amino acid residues.

Discussion

In this study we reported the evolution characteristics of
GJB2 in 35 orthologs, which showed a good consistency
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Fig. 3 The three-dimensional structure of human Cx26. The orange
dots respresent the positions of the mutations that we identified as
likely to affect protein function. And the Cys residues that are
essential for connexin stabilization through intramonomer disulfide
bond formation (Cys53-Cys180, Cys60—Cys174 and Cys64—Cys169)
are represented by pink sticks. Yellow region: N-terminal helix
(NTH); lightblue regions: transmembrane domain (TM); green
region: intracellular loop (CL); cyan regions: extracellular loops (E)

between the Bayesian tree and the Ensembl orthologous
tree for GJB2 (Figure S1). Clades with posterior proba-
bilities less than 0.6 are also poorly supported in the ML
tree, including relationships among the orders primate,
artiodactyla, carnivore, perissodactyla, Xenopus, microbat

Fig. 4 a The secondary
structure of Cx26 protein, b the
transmembrane helix figure for
Cx26 protein. Boxes highlight
residues where deleterious
mutations predicted by the
A&G method occur.
Hydrophobic residues are black;
neutral hydrophilic residues are
blue; hydrophilic basic residues
are blue bold; hydrophilic acidic
residues are red bold

@ Springer

PRIMARY HELIX
SECONDARY HELIX

and shrew, which would be caused by the limited avail-
ability of Cx26 amino acid and nucleotide sequence
resources for diverse species. The relationships among
species in the tree imply that the molecular evolution of
GJB2 essentially satisfies the basic rules of the species
evolution.

It is widely known that pathogenic mutations usually
occur at main effect sites and regions in a gene sequence.
These are highly conservative in the process of molecular
evolution. Among six regions identified in Cx26, amino
acid conservation across mammals and ancestral sequences
was greater than 80 %. Region 6 is in the Connexin_CCC
domain, and regions 1-5 are in the connexin super family
domain. These two domains also exist in the other mem-
bers of the Cxs family that can form transmembrane con-
duits for the exchange of small molecules and ions (Kar
et al. 2012). Using Swiss-Model, a fully automated protein
structure homology-modeling server, we successfully
constructed the three-dimensional structures of 17 Cxs
(including 6 beta-types, 9 alpha-types, 1 gamma-type and 1
delte-type) from the 20 known human connexin genes
(Willecke et al. 2002). Through the three-dimensional
structure comparisons between Cx26 and other Cxs, we
obtained four conserved three-dimensional regions, which
are codons 2-11, codons 15-98, codons 132-155 and
codons 174-215 of Cx26 (Fig. 5a—c), and the six conserved
regions are included in these four regions (Figure S2).
Region 2, ranging from the codon 27-34, is located in the
TM1 domain which is considered as the major pore-lining
helix of Cx26; region 3-5 include the extracellular loop E1
and the N-terminal half of TM2, and region 6 includes the
C-terminal half of E2 and the N-terminal half of TM4. The
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C-terminal half of E2 begins with a 3, turn and is followed
by a conserved Pro-Cys-Pro motif that reverses its direction
back to TM4, and E2 together with E1 forms the outside
wall of the connexin (Fig. 3; Maeda et al. 2009). Region 1
located in the C-terminal half of NTH showed highly
conservative in the phylogenetic analysis of Cx26, while
showing very flexible in the multiple sequence alignment
for human Cxs. We hypothesized that the conserved region
1 is peculiar to Cx26 and has some unknown function.

«Fig. 5 a The three-dimensional structure comparison between Cx26

and other beta-type Cxs; codons 2-98, codons 132-170 and codons
174215 of Cx26 are conserved. Green: Cx26; marine: Cx25;
magenta: Cx30.3; yellow: Cx30; pink: Cx31; wheat: Cx32. b The
three-dimensional structure comparison between Cx26 and alpha-type
Cxs; codons 2-11, codons 15-98, codons 132-155 and codons
162-215 of Cx26 are conserved. Green: Cx26; cyan: Cx31.9;
magenta: Cx36; yellow: Cx37; orange: Cx45; wheat: Cx46; skyblue:
Cx47; white: Cx50; slate: Cx59; pink: Cx62. ¢ The three-dimensional
structure comparison among Cx26, gamma-type Cx and delte-type
Cx; codons 2-98, codons 132-156 and codons 162-215 of Cx26 are
conserved. Green: Cx26; cyan: Cx31.3; pink: Cx40.1. Above all, the
codons 2—11, codons 15-98, codons 132—155 and codons 174-215 of
Cx26 are structural conserved regions among these 17 Cxs (consid-
ering that the intracellular loops and carboxyl terminus were just
fantasy in the (Maeda et al. 2009) crystal structure and have not been
resolved so far, and the C-terminus of Cx26 is the shortest in connexin
family, we deleted them from these models in the structural
comparisons)

The predicted pathogenic residues (C174R, R32C,
R32L, R32H, Q80R, Q80P, E147R, S199F, A40E, W44S,
W44C, W77R, R143W, R143Q, N206S, S139N, E47K,
R75Q, R184W, W184P, R184Q, N54I and D179N) are
mainly located in regions or residues critics for intra-pro-
tomer or interactions found by Maeda (Maeda et al. 2009),
which can well explain why these mutations are predicted
pathogenic by A&G, though some of these are predicted
tolerated by SIFT.

The SIFT program identified 39 of 62 missense changes
as affecting potentially functional residues in GJB2. We
identified 35 of these 39 mutations and an additional 16
changes by using the A&G method. We obtained evidence
of the pathogenic role for these 16 missense changes. The
R165W mutation led to a constriction of the channel pore
with no dye coupling in the intercellular dye-transfer
experiment (Xiao et al. 2011). M163V has been reported to
lead to failure of the homotypic junctional channel forma-
tion and the E101G change alters polarity of the cytoplasmic
loop of Cx26, which would be expected to affect pH-
dependent channel gating (Bruzzone et al. 2003; Jun et al.
2000). In in vitro functional studies, the M163L mutant
Cx26 is defective in its ability to traffic to the plasma
membrane and was associated with increased cell death
(Stong et al. 2006; Matos et al. 2008). The S139N, N206S,
E47K, V371 and L90V affected residues that are critical for
the structure of Cx26 (del Castillo and del Castillo 2011).
Additionally, an additional eight mutations (S19T, V371,
E47K, A88S, LI0V, M931, D179N and N206S) have been
reported to be associated with the hereditary NSHL (Prasad
et al. 2000; Wu et al. 2002; Joseph and Rasool 2009; Maeda
et al. 2009), but the remaining three mutations (V271,
E114G and RI127H) are wrongly predicted by the A&G
method. The A&G method identified more changes because
it considers the evolutionary relationship when identifying
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the fixed or conservative amino acid residues. SIFT com-
piles a dataset of functionally related protein sequences by
searching a protein database using the PSI-BLAST algo-
rithm and then builds an alignment of the homologous
sequences with the query sequence. However, the low
availability of species sequences for GJB2 led to the
unsatisfactory search result that many members in the
dataset are Cxs that are not related to hearing loss. In con-
trast, the A&G method recruited ancestral sequences of
GJB2 to the dataset, which can improve the specificity of
analysis. As a result, among the known detrimental missense
changes in GJB2, the A&G method correctly predicted the
functional effects of >85 %.

When analyzing trans-membrane regions of Cx26, we
found that the probability of mutations occurring at
hydrophilic amino acid residues was twice that of muta-
tions occurring at hydrophobic residues (38.4 vs 18.2 %).
A possible reason for this result is that mutations affecting
hydrophilic residues more easily influence the stability of
trans-membrane channel and transport function.
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