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Summary
The cytoplasmic N-termini of connexins have been implicated
in protein trafficking, oligomerization and channel gating. To
elucidate the role of the N-terminus in connexin37 (CX37), we
studied mutant constructs containing partial deletions of its 23
N-terminal amino acids and a construct with a complete Nterminus in which residues 2-8 were replaced with alanines. All
mutants containing nine or more N-terminal amino acids form
gap junction plaques in transiently transfected HeLa cells,
whereas most of the longer deletions do not. Although wildtype CX37 allowed intercellular transfer of microinjected
neurobiotin in HeLa cells and formed conducting hemichannels
in Xenopus oocytes, none of the mutant constructs tested show
evidence of channel function. However, in coexpression

Introduction
Gap junctions are membrane specializations containing clusters of
intercellular channels. Gap junction channels allow intercellular
passage of ions and small molecules up to 1000 Da, including second
messengers. These channels are oligomeric assemblies of members
of a family of related proteins called connexins (reviewed by Beyer
and Berthoud, 2008). Six connexin monomers assemble to form a
connexon (hemichannel), which, in turn, forms a complete gap
junction channel by docking with a connexon from an adjacent cell.
The connexin polypeptide spans the membrane four times and has
three cytoplasmic regions: the N-terminus (NT), a loop between
the second and third transmembrane domains (CL), and the Cterminus (CT) (Fig. 1, top). Structural studies of gap junctions have
revealed that each hemichannel contains a ring of 24 transmembrane
helices, but these studies do not yet allow unambiguous assignment
of these helices or boundaries of connexin domains including the
NT (Unger et al., 1999; Oshima et al., 2007). Most topological
models suggest that the NT of α-group connexins contains 23 amino
acids and that of β-group connexins contains 22 amino acids
[illustrated for connexin37 (CX37) in Fig. 1].
Heterologous expression of site-directed mutants and chimeric
connexins in a number of isoforms have demonstrated the influence
of amino acids within the NT upon channel properties, including
transjunctional voltage (Vj)-dependent gating, unitary conductance,
permeability and sensitivity to regulation by polyamines (Verselis
et al., 1994; Oh et al., 2000; Purnick et al., 2000b; Musa et al.,
2004; Tong et al., 2004; Dong et al., 2006). In at least some
connexins, the NT influences the compatibility of connexin heterooligomerization, because Lagree and colleagues (Lagree et al., 2003)
have shown that altering the identity of amino acids 11 and 12 in
CX32 allows it to oligomerize with CX43. Thus, the cytoplasmic

experiments, N-terminal mutants that formed gap junction
plaques potently inhibit hemichannel conductance of wild-type
CX37 suggesting their co-oligomerization. We conclude that as
much as half the length of the connexin N-terminus can be
deleted without affecting formation of gap junction plaques, but
an intact N-terminus is required for hemichannel gating and
intercellular communication.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/121/16/2744/DC1
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NT appears to be critical for determining many physiological
properties of hemichannels and gap junction channels and cellular
and/or biochemical behavior of the connexin proteins.
Disruption of the properties conferred by the NT may also explain
why mutations within this region in different connexins lead
to inherited diseases, including sensorineural deafness (CX26,
CX30 and CX31; http://davinci.crg.es/deafness/), X-linked CharcotMarie-Tooth disease (CX32; http://www.molgen.ua.ac.be/
CMTMutations/), oculodentodigital dysplasia (CX43) (Paznekas et
al., 2003) and congenital cataracts (CX50) (Chang et al., 2002;
Willoughby et al., 2003). The cellular and physiological properties
have not been examined for all of these disease-linked mutants;
however, among those studied, some show impaired protein
trafficking to the cell surface, whereas others traffic properly, but
show loss or alterations of channel function (Deschenes et al., 1997;
Ressot et al., 1998; Grifa et al., 1999; Matsuyama et al., 2001;
D’Andrea et al., 2002; Richard et al., 2003; Rouan et al., 2003;
Common et al., 2003; Essenfelder et al., 2004; Shibayama et al.,
2005; Thomas et al., 2008).
The present experiments were designed to elucidate the
importance of residues within the NT of CX37 for formation of
gap junctional plaques and functional channels and hemichannels.
These studies utilized expression systems that were similar to those
we have previously used, including transfected mammalian cell lines
for the cell biological and physiological characterization of gap
junction channels (Reed et al., 1993; Veenstra et al., 1994; Larson
et al., 1997; Larson et al., 2000) and Xenopus oocytes for studies
of hemichannel currents (Puljung et al., 2004). The hemichannels
were studied, because many properties of gap junction channels
can be predicted from those of hemichannels (Ebihara et al., 1995;
Srinivas et al., 2005). Moreover, there is evidence suggesting that
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after oligomerization and trafficking, but prior to docking with a
partner from the apposing cell.
Results
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Wild-type CX37 and many NT deletion mutants form gap
junction plaques

Fig. 1. Diagram showing the topology of the connexin polypeptide relative to
the membrane (top) and the amino acid sequences of the N-terminal domains
of wild-type CX37 and the deletion or substitution mutants (bottom). NT,
amino terminal domain; CL, cytoplasmic loop; CT, C-terminal domain; TM1TM4, transmembrane domains 1-4; E1 and E2, extracellular loops.

the behavior of CX37 hemichannels may be important in the
pathogenesis of atherosclerosis (Wong et al., 2006). Gating of
hemichannels to the closed conformation is also critical to prevent
a large ‘leak’ between the cytoplasm and the extracellular space
when hemichannels are transiently present in the plasma membrane

To determine the importance of residues within the NT for formation
of gap junction plaques and for function, we studied CX37 and a
series of mutants in which amino acids within the NT were deleted
or replaced (Fig. 1). Gap junction plaque formation was studied in
HeLa cells transiently transfected with CX37 or deletion mutants.
GFP was added to the C-terminus of all constructs to facilitate
detection of connexins within cells and at gap junction plaques by
localizing GFP fluorescence.
In HeLa cells transfected with GFP-tagged CX37, the distribution
of CX37 was as expected for a wild-type gap junction protein. GFP
fluorescence was very prominent at appositional membranes with
large gap junction plaques frequently observed (Fig. 2A). Some of
the GFP displayed a perinuclear localization, typical for membrane
proteins en route to the plasma membrane (Fig. 2A). We initially
studied two mutants in which most of the CX37NT was deleted
(Δ2-21 and Δ4-21). We anticipated that if the NT plays a role in
membrane insertion or oligomerization deleting almost all of it
would lead to an altered cellular distribution. The localization of
the mutant containing the longest deletion (Δ2-21) was very
different from that of wild-type CX37. The Δ2-21 mutant was
located exclusively in the cytoplasm where it showed a diffuse
pattern; no GFP fluorescence was detected at the cell surface, and
no gap junction plaques were ever observed (Fig. 2B). The mutant
with the next longest deletion, Δ4-21, was localized in the cytoplasm
in most cells (Fig. 2C). It was rarely found in small plaques at
appositional membranes (Fig. 2D).
To determine whether a minimal length of NT was necessary for
gap junction plaque formation, we studied deletion mutants in which
amino acids were progressively restored to either side of the NT
(Fig. 1). Among the deletion mutants containing fewer than nine

Fig. 2. Fluorescence microscopic localization of wild-type CX37 (A) and deletion mutants (B-I) after transient transfection of HeLa cells with GFP-labeled
constructs. Wild-type CX37 (A), Δ5-21 (E), Δ2-8 (F), Δ9-21 (G), Δ2-13 (H) and Δ14-21 (I) each frequently showed localization to appositional membranes
consistent with formation of gap junction plaques. (B) Δ2-21 was always localized in the cytoplasm, and no gap junction plaques were ever detected. Δ4-21 most
commonly was found in the cytoplasm (C) and rarely between cells, in small gap junction plaques (D). Scale bar: 20 μm for A-D,G,H; 25 μm for E,F,I.
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Table 1. Gap junction plaque formation in transfected HeLa
cells
Construct name
Wild type
Δ2-21
Δ4-21
Δ4-20
Δ4-19
Δ4-18
Δ4-17
Δ5-21
Δ6-21
Δ7-21
Δ8-21
Δ9-21
Δ2-8
Δ14-21
Δ2-13
2-8Ala

Presence of
gap junction plaques
++
–
–/+
–
–
–
–
++
–
–
+
++
++
++
++
++

Fig. 3. Intercellular transfer of microinjected gap junction permeant tracers in
transfected HeLa cells. (A, B) Photomicrographs obtained after microinjection
of a solution containing Lucifer yellow (yellow) and neurobiotin (red) into
HeLa cells expressing wild-type CX37 (A) or Δ2-8 (B). Neither cells
expressing CX37 nor those expressing Δ2-8 showed significant intercellular
transfer of Lucifer yellow beyond the injected cell (indicated by asterisk).
Cells expressing wild-type CX37 displayed extensive transfer of neurobiotin,
whereas those expressing Δ2-8 did not allow significant intercellular passage
of this tracer. Scale bar: 30 μm.

Journal of Cell Science

++, frequent; +, less frequent; –/+, rare; –, absent.

NT amino acids, only one (Δ5-21) formed gap junction plaques of
similar abundance and size to wild-type CX37 (Fig. 2E). Gap
junction plaques were never observed in HeLa cells transfected with
the deletion mutants Δ6-21, Δ7-21, Δ4-20, Δ4-19, Δ4-18 or Δ4-17
(Table 1, Fig. 1). The distribution of GFP fluorescence in cells
expressing these constructs was similar to that of the Δ2-21 mutant
(Fig. 2B). One construct containing nine NT amino acids (Δ8-21)
produced some gap junction plaques, although they were less
frequently observed than in cells expressing wild-type CX37 (Table
1). A deletion mutant containing 10 NT amino acids (Δ9-21)
consistently formed large gap junction plaques (Fig. 2G and Table
1) similar to those seen in cells transfected with wild-type CX37.
To examine whether gap junction plaque formation required only
a minimum NT length or also required specific NT amino acids,
we studied two sets of mutants in which complementary stretches
of 7-12 amino acids were deleted (Δ2-8 and Δ9-21; Δ2-13 and Δ1421) (Fig. 1). Each of these mutants showed a distribution similar
to wild-type CX37 and formed many intercellular plaques (Fig. 2FI and Table 1).
Unlike wild-type CX37, NT deletion mutants did not allow
intercellular transfer of gap junction tracers

The ability of CX37 and the mutant constructs to form conducting
gap junction channels was tested by assaying the intercellular transfer
of the low molecular mass tracers, Lucifer yellow (457 Da; charge,
–2) and neurobiotin (323 Da; charge, +1). Because gap junction
channels made of CX37 show limited permeability to negatively
charged molecules smaller than Lucifer yellow (Veenstra et al., 1994),
the inclusion of this dye in these experiments allowed identification
of the injected cell, and provided a potential test of altered
permeability of mutant channels compared with wild-type CX37.
Cells expressing the positive control, wild-type CX37, exhibited
extensive transfer of neurobiotin, but not the negatively charged
Lucifer yellow (Fig. 3A and Table 2). We initially tested Δ2-21 (a
construct that did not form gap junction plaques in HeLa cells) as
a negative control. As expected, cells expressing Δ2-21 did not
transfer either Lucifer yellow or neurobiotin between cells at higher
levels than those seen in untransfected HeLa cells (Table 2). Each
of the mutants that formed gap junction plaques, Δ5-21, Δ8-21, Δ921, Δ2-8, Δ2-13 or Δ14-21, was tested for its ability to support

intercellular transfer of neurobiotin and Lucifer yellow. Cells
expressing these constructs did not show transfer of either
neurobiotin or Lucifer yellow at levels higher than those seen in
untransfected HeLa cells (Fig. 3B and Table 2).
NT deletion mutants did not form conducting hemichannels

We assayed for formation of conducting hemichannels in Xenopus
oocytes injected with CX37 cRNA by two electrode voltage clamp.
Control oocytes injected only with an antisense oligonucleotide to
endogenous Xenopus CX38, when studied in extracellular zero
divalent OR2 solutions without Ca2+ or Mg2+ (90 mM NaCl, 2.5
mM KCl and 5 mM HEPES, pH 7.6), showed only small currents
(Fig. 4A). Extracellular solutions free of divalent cations were used
because CX37 hemichannels are highly sensitive to blockage by Ca2+
(IC50 for Ca2+=107 μM) and Mg2+ (IC50=1.3 mM) (Puljung et al.,
2004). Recordings from oocytes injected with CX37 cRNA showed
large currents (Fig. 4B). CX37 hemichannels passed current linearly
with respect to voltage over the range of –100 mV to +10 mV (Fig.
4E). CX37 hemichannel currents were almost completely blocked
by the addition of 1 mM Ca2+ (not shown). These characteristics
were essentially identical to those previously observed for wild-type
CX37 without a GFP tag (Puljung et al., 2004).
Even though Δ2-21 did not form gap junction plaques or allow
intercellular transfer of neurobiotin in HeLa cells, it was possible
Table 2. Neurobiotin transfer in transfected HeLa cells
Construct
None
CX37
Δ2-21
Δ5-21
Δ8-21
Δ9-21
Δ2-8
Δ2-13
Δ14-21

Neurobiotin-filled cells
(mean ± s.e.m.)

n

0.5±0.3
8.8±0.6*
0.3±0.2
0.3±0.2
0.1±0.1
0.2±0.1
0.2±0.1
0.4±0.2
0.3±0.1

21
46
15
16
14
13
31
16
14

*P<0.001 vs. untransfected cells (None) or any of the deletion mutants.
There was no significant difference between the untransfected cells (None)
and any of the deletion mutants (P>0.1).
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Fig. 4. Wild-type CX37 produced large hemichannel currents in Xenopus
oocytes, but Δ2-21 did not produce currents nor inhibited wild-type currents.
(A-D) Hemichannel current traces from control oocytes (A), or oocytes
expressing wild-type CX37 (B), Δ2-21 (C) or wild-type CX37 and Δ2-21 (D)
elicited in zero divalent OR2 by a series of voltage steps held for 1 second
from a holding potential of –40 mV in 10 mV steps. Control currents shown in
A were obtained from an oocyte that was injected with 2 ng antisense
oligonucleotide to endogenous connexin CX38 only. Although an oocyte
injected with 10 ng cRNA encoding wild-type CX37 showed hemichannel
currents (B), no currents were observed above background in oocytes injected
with 10 ng Δ2-21 cRNA alone (C). Oocytes injected with 10 ng wild-type
CX37 cRNA and 10 ng Δ2-21 cRNA showed hemichannel currents similar in
magnitude to the currents observed in oocytes injected with wild-type CX37
cRNA. (E) Current-voltage relationships obtained from control oocytes (⫻), or
oocytes injected with wild-type CX37 (䊉), Δ2-21 (䉭), or a 1:1 mixture of
Δ2-21 and CX37 (䊐). Data are shown as mean ± s.e.m.

that it formed a small number of conducting hemichannels at the
cell surface that were below the detection limit of fluorescence
microscopy. Therefore, we assayed Δ2-21 for conducting
hemichannel formation in single Xenopus oocytes. GFP fluorescence
in oocytes confirmed production of protein from the Δ2-21 construct.
The pattern of fluorescence in oocytes injected with the Δ2-21 cRNA
was noticeably different from that in oocytes injected with wildtype CX37 cRNA, suggesting that this protein did not reach the
oocyte surface (data not shown). Oocytes injected with cRNA
encoding Δ2-21 did not show connexin hemichannel currents
above background levels determined in control oocytes (Fig. 4C),
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consistent with the observation that Δ2-21 protein probably did not
traffic to the oocyte surface. To test whether Δ2-21 could coassemble
with wild-type CX37 and alter wild-type function, these constructs
were co-expressed in Xenopus oocytes. Co-expression of Δ2-21 had
no effect upon wild-type CX37 currents (Fig. 4D,E). We conclude
that Δ2-21 does not form conducting hemichannels and does not
participate in connexon formation with wild-type CX37. Based on
these results, we did not further study function in deletion mutants
that did not form gap junction plaques.
Although no gap junction channel function was detected in any
of the deletion mutants tested for transfer of neurobiotin, it remained
possible that these constructs might form channels with reduced
permeability that could still conduct current-carrying ions. We chose
several of the plaque-forming deletion mutants (Δ2-8, Δ9-21, Δ213 and Δ14-21) for further study of connexin hemichannel function.
Oocytes injected with each of these GFP-tagged constructs were
very green 2 days after injection, and GFP could be seen at or near
the oocyte surface. Currents recorded from single GFP-positive
oocytes injected with the corresponding cRNAs were not
significantly larger than those observed in control oocytes (Fig. 5A,B
and data not shown), indicating that none of these constructs formed
conducting connexin hemichannels.
Even though these deletion mutants did not form conducting
hemichannels, it was possible that they might co-oligomerize with
wild-type CX37 and affect function. We tested the ability of the
two complementary constructs (Δ2-8 and Δ9-21) to co-assemble
with wild-type CX37 by co-injection of their cRNAs with wildtype CX37 cRNA in Xenopus oocytes. Both Δ2-8 and Δ9-21 were
potent inhibitors of wild-type CX37 currents (Fig. 5A and B).
Dominant-negative behavior would be expected if Δ2-8 and Δ9-21
co-assembled with wild-type CX37 and formed non-conducting
hemichannels. The degree of inhibition can indicate the number of
mutant subunits required to poison the hemichannel. To examine
the potency of inhibition, different ratios of mutant to wild-type
cRNAs were injected into Xenopus oocytes. Data suggested that
for either Δ2-8 or Δ9-21, inclusion of one mutant connexin per
hemichannel was sufficient to inhibit hemichannel function (Fig.
5C and D).
Maintaining the length of the NT by substituting alanines for
deleted residues 2-8 did not rescue function

It was possible that the lack of functional hemichannels produced
by NT deletion constructs that reached the cell surface and formed
plaques was due to the requirement for a specific length of the NT
regardless of amino acid sequence. Therefore, we prepared a
construct (2-8Ala) in which residues 2-8 were replaced with
alanines (in an attempt to ‘repair’ Δ2-8). Fluorescence microscopy
showed that 2-8Ala formed gap junction plaques after transfection
of HeLa cells (Fig. 6A). No significant intercellular transfer of
neurobiotin was observed after microinjection into 2-8Ala
transfected HeLa cells. (Neurobiotin was detected in 0.3±0.1
neighbors, n=12 injections.) When expressed in Xenopus oocytes,
2-8Ala did not produce hemichannels that displayed voltagedependent currents, but it did strongly inhibit currents from
coexpressed wild-type CX37 at a 1:1 ratio (Fig. 6B). These results
suggest that at least some of the amino acid residues in positions
2-8 are essential for hemichannel currents.
Discussion
We used mutants with partial deletions of the 23 amino acid CX37
NT to define the importance of specific regions of the NT in
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Fig. 5. Mutants Δ2-8 and Δ9-21 did not
produce conducting hemichannels, but
coexpression of either one with wild-type
CX37 inhibited currents produced from
wild-type CX37. (A) Current-voltage
relationships for control oocytes (⫻),
wild-type CX37 (䊉), Δ2-8 (䉭) and
differing ratios of Δ2-8 coexpressed with
wild-type CX37 (䊐, 1:1; 䉫, 0.2:1; 䉮,
0.05:1). (B) Current-voltage relationships
for wild-type CX37 (䊉), Δ9-21 (䉭), and
differing ratios of Δ9-21 coexpressed with
wild-type CX37 (䊐, 1:1; 䉫, 0.2:1; 䊊,
0.1:1). (C,D) Graphs of mole fraction vs
fractional current for Δ2-8 coexpressed
with wild-type CX37 (C) and for Δ9-21
coexpressed with wild-type CX37 (D).
Curves represent the theoretical values for
inhibition by one (lower) or two (upper)
mutant subunits within a hemichannel.
Both Δ2-8 and Δ9-21 fit closely to the
curve for inhibition of hemichannel
function by one mutant subunit. Data are
shown as mean ± s.e.m.

formation of gap junction plaques, formation of functional
conducting hemichannels and establishment of intercellular
communication.
All constructs that contained more than nine NT amino acids
formed plaques, even though different regions of the NT had been
deleted (Table 1). Since oligomerization and trafficking to the plasma
membrane must occur before plaque formation, it is likely that these
processes were also normal in these mutants. The mutants that did
not form plaques were primarily the larger deletions. These results
suggest that a minimal length of NT is required for proper insertion
of transmembrane regions or oligomerization and targeting to the
plasma membrane and formation of gap junction plaques. Although
this simple interpretation is appealing, there were two notable
exceptions to this trend. Both Δ4-21 (rarely) and Δ5-21 (as frequently
as wild-type CX37) formed plaques even though they contained only
5 or 6 NT amino acids, so there must be other features that can
overcome the requirement for a minimal length. The only difference
between these two constructs is the presence of a tryptophan (W4)
in Δ5-21, which suggested the possible importance of this residue
for plaque formation. However, two other deletion mutants (Δ2-8
and Δ2-13) readily formed plaques despite the absence of this residue.
Moreover, gap junction plaques were also observed in HeLa cells
transfected with a CX37 mutant containing a substitution of an alanine
for this tryptophan (CX37W4A) (data not shown).
Four different deletion mutants in which complementary stretches
of NT amino acids were deleted (Δ2-8 and Δ9-21; Δ2-13 and Δ1421) readily formed gap junction plaques. These deletions cover
almost all of the amino acids in the NT and show that amino acids
from either end of the NT between 2 and 21 can be deleted without
affecting gap junction plaque formation. Moreover, each of the
amino acids between 2 and 21 was deleted in some constructs that
still formed gap junction plaques. Thus, the critical features or
tertiary structure required for plaque formation are found in more
than one region of the NT.
Despite the formation of plaques by many of our deletion and
substitution mutants, none of them formed functional channels as
detected by hemichannel currents in Xenopus oocytes or by

neurobiotin transfer in transfected HeLa cells. This is not an entirely
surprising result, because some of the disease-associated mutants
that have been studied form plaques, but not functional channels
(Deschenes et al., 1997). However, many point mutants of the

Fig. 6. A mutant containing alanine residues substituted for the amino acids at
positions 2-8 formed plaques in transfected HeLa cells, did not form functional
hemichannels but inhibited wild-type CX37 function. (A) Fluorescence
microscopic localization of 2-8Ala in HeLa cells after transient transfection.
Scale bar: 20 μm. (B) Current-voltage relationships for control oocytes (⫻),
wild-type CX37 (䊉), 2-8Ala (䉭) and 2-8Ala coexpressed with wild-type
CX37 at a 1:1 ratio (䊐). Data are shown as mean ± s.e.m.
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connexin NT yield functional channels, albeit with altered channel
properties (Verselis et al., 1994; Purnick et al., 2000b; Musa et al.,
2004; Dong et al., 2006; Tong and Ebihara, 2006). Taken together,
our results demonstrate that plaque formation by a connexin variant
does not ensure gap junction function and that the NT is critical
for formation of conducting hemichannels. Moreover, channel
function requires more than an intact length of the NT as shown
by the failure of the alanine substitution mutant (2-8Ala) to restore
function. The failure of multiple complementary deletion mutants
to form conducting hemichannels or gap junction channels implies
that there are multiple residues among amino acids 2-21 that are
required for channel function.
Purnick and colleagues (Purnick et al., 2000a) proposed a model
for the NT of CX26 based on determination of the structure of a
15 amino acid peptide by nuclear magnetic resonance spectroscopy.
Their model has an α-helix extending from position 1 to 10 and a
critical bend at positions 11 and 12 (corresponding to amino acids
12 and 13 in CX37) which was suggested to act as a ‘hinge’ allowing
the first 10 amino acids to swing into (and block) the channel.
Recently, Oshima and co-workers (Oshima et al., 2007) presented
structural studies of a ‘permeability’ mutant of CX26 (Oshima et
al., 2003). Their studies showed a density within the pore of the
channel, which they suggested might represent a bundle of N-termini
acting as a ‘plug’ to close the channel. If the ‘plug gating’ inferred
from these studies applied to CX37, we might have anticipated that
removal of the ‘plug’ in our deletion mutants might have removed
all gating and yielded channels that conducted large currents (rather
than none) or a hemichannel that could not close. Rather, our data
can be interpreted as suggesting a requirement of an intact NT to
hold the channel open (instead of acting as a gating plug), and when
the NT is altered or removed, the channel closes. Thus, it is possible
that the NT of the CX26 mutant studied by Oshima et al. (Oshima
et al., 2007) has lost this ability and associates (or bundles) with
nearby NTs leading to the observation of a ‘plug’, a hypothesis that
will require further investigation. Alternatively, it is possible that
the N-termini of CX26 and CX37 (being members of different
connexin subfamilies α and β) have different structures and their
channels are gated by different mechanisms. Moreover, if the ‘plug’
model applied to CX37, the α-helix structure of the Purnick model
should have been preserved in the 2-8Ala substitution mutant;
however, this mutant was not functional. These results suggest that
one or more residues in positions 2-8 are important interaction sites
for hemichannel and complete channel gating.
Several mutants (Δ2-8, Δ9-21 and 2-8Ala) acted as potent inhibitors
when coexpressed with wild-type CX37. Indeed, for the two that we
studied in detail, Δ2-8 and Δ9-21, only one mutant subunit out of six
subunits was sufficient to poison function (conducting hemichannels).
The simplest explanation for this dominant-negative behavior is that
hetero-oligomerization of the nonfunctional subunit with wild-type
subunits resulted in a nongating hemichannel.
Many types of gating have been described for connexin
hemichannels (including voltage-dependent gating and ‘loop’
gating) (Trexler et al., 1996) implying that there are at least two
distinct gates localized in different regions of the connexin molecule.
Some features that affect gating (like the voltage sensor) may reside
in the NT (Purnick et al., 2000b). But, the NT does not need to be
the gate itself. Loss of conductance in the NT deletion mutants might
also result if an intact NT is required for the other gates to be
operative. Moreover, the coexpression experiments showing the
dominant-negative behavior of Δ2-8 and Δ9-21 implies that all six
N-termini must be intact for proper gating.
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Taken together, our observations suggest that many of the NT
residues are not required for membrane insertion, oligomerization,
trafficking to the plasma membrane and formation of gap junction
plaques. However, the NT serves an essential role in hemichannel
and gap junction channel gating.
Materials and Methods
Chemicals
All chemicals were obtained from Sigma Chemical Co. (St Louis, MO) unless
otherwise specified.

Generation of GFP-tagged wild-type CX37 and NT deletion
mutants
The coding region of CX37 was PCR amplified with CX37 antisense and sense primers
(supplementary material Table S1) using human CX37 DNA encoding a serine at
position 319 as template and the TaKaRa LA Taq polymerase (Takara Bio USA,
Madison, WI). A C-terminal GFP tag was produced by amplification of the Emerald
variant (Invitrogen, Carlsbad, CA) of green fluorescent protein (GFP) using sense
and anti-sense primers (supplementary material Table S1) and Phusion High-Fidelity
DNA Polymerase (New England Biolabs, Ipswich, MA). The primers introduced a
SnaBI restriction site at the end of the coding region of CX37 and at the beginning
of the coding region of GFP. The PCR products were subcloned into pGEMTEasy
(Promega, Madison, WI) and fully sequenced. The construct for the wild-type CX37GFP fusion protein was obtained by ligating the SnaBI-SacI GFP insert into the
CX37pGEMTEasy construct linearized with SnaBI and SacI.
CX37-GFP was subcloned into the EcoRI site of pBSSK-XG (containing the 5⬘ and
3⬘ untranslated regions of the Xenopus globin gene bracketing an EcoRI site and inserted
between the HindIII and PstI sites of pBSSK with the EcoRI site in the polylinker
removed (Stratagene, La Jolla, CA) for oocyte expression (Satin et al., 1992) and, after
blunting the EcoRI ends, into the EcoRV site of pcDNA3.1/Hygro(+) (Invitrogen,
Carlsbad, CA) for expression in mammalian cells. All deletion mutants were obtained
by PCR using the Phusion High-Fidelity DNA polymerase, CX37GFP in pGEMTEasy,
pcDNA3.1/Hygro(+) or pBSSK-XG as the template and the sets of primers indicated
in supplementary material Table S1. The deletion mutants obtained in pGEMTeasy
were subsequently subcloned in the two expression plasmids as described for wildtype CX37. The primers were selected to amplify the entire constructs except the
nucleotides that encoded the deleted NT amino acids.
CX37GFP in pBSSK-XG was used as template to obtain the 2-8Ala substitution
mutant using the set of primers indicated in supplementary material Table S1. To
obtain the 2-8Ala substitution mutant in a mammalian expression vector, the EcoRI
insert was subcloned into the EcoRI site of pcDNA3.1(+) (Invitrogen).
The coding region of all constructs was fully sequenced at the Cancer Research
Center DNA Sequencing Facility of the University of Chicago to ensure that PCR
amplification did not introduce additional unwanted mutations. This series of
constructs encoded CX37 with different deletions from the CX37NT and an alanine
substitution (Fig. 1).

Cell culture and transfections
All cell culture media and supplements were obtained from Invitrogen unless otherwise
noted. HeLa cells were grown in MEM supplemented with 0.1 mM nonessential
amino acids, 10% fetal bovine serum (US Bio-Technologies, Pottstown, PA), 2 mM
glutamine, 10 U/ml penicillin G and 10 μg/ml streptomycin sulfate. Transfections
were carried out using Lipofectin and PLUS Reagent following the manufacturer’s
instructions.

Fluorescence microscopy
Transfected cells cultured on four-well chamber slides (LAB TEK, Nalge Nunc
International, Naperville, IL) or glass coverslips were fixed with 4% paraformaldehyde
in phosphate-buffered saline (PBS) pH 7.4 for 30 minutes at room temperature. After
rinsing cells with PBS, coverslips were mounted using 2% n-propylgallate in
PBS/glycerol (1:1).
Specimens were studied with a Zeiss Plan Apochromat 40⫻ objective in an
Axioplan 2 microscope (Carl Zeiss, München, Germany). Images were captured with
an Axiocam digital camera (Carl Zeiss) using Zeiss AxioVision software.

Microinjection of gap junction tracers
Cells cultured on glass coverslips (80-90% confluency) were transferred to F-12
medium (Invitrogen) buffered with 15 mM HEPES, pH 7.4. Clusters of connexinexpressing cells were identified based on their GFP fluorescence. Individual cells
were impaled and injected with a solution containing 5% Lucifer yellow (Molecular
Probes) and 4% neurobiotin (Vector Laboratories, Burlingame, CA) in water for 3
minutes using a picospritzer (model PLI-188, Nikon Instruments, Melville, NY).
After injection, cells were fixed in 4% paraformaldehyde for 30 minutes and then
permeabilized with methanol/acetone (1:1) for 2 minutes at room temperature. The
neurobiotin tracer was detected by staining the cells with Cy3-streptavidin conjugate
(Sigma) for 30 minutes at room temperature. The extent of intercellular transfer of
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both tracers was determined by counting the number of adjacent cells containing the
tracer. Statistical analysis was performed using Student’s t-test.

RNA and oocyte preparation
The CX37 DNA templates were linearized with XbaI and transcribed using the T7
mMessage mMachine Kit (Applied Biosystems/Ambion, Austin, TX). Stage V and VI
oocytes were harvested from adult female Xenopus laevis under tricaine anesthesia,
treated with collagenase (2 mg/ml for 90 minutes) in 0 Ca2+OR2 (90 mM NaCl, 2.5
mM KCl, 1 mM MgCl2 and 5 mM HEPES, pH 7.6), and manually defolliculated in
OR2+ (90 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 0.27 g/l sodium pyruvate,
2 mg/l gentamicin, 50 U/ml penicillin, 50 μg/ml streptomycin and 5 mM HEPES, pH
7.6). Oocytes were injected with 10-50 ng cRNA in a total volume of 50 nl. Antisense
oligonucleotide directed against the endogenous Xenopus CX38 protein (1 ng/μl) was
included to inhibit endogenous connexin expression (Barrio et al., 1991). Injected oocytes
were incubated in zero divalent OR2 (90 mM NaCl, 2.5 mM KCl and 5 mM HEPES,
pH 7.6) before recording to relieve extracellular divalent block of CX37 hemichannels.

Journal of Cell Science

Oocyte electrophysiology
Electrophysiological recordings from oocytes were performed using two-microelectrode
voltage clamp in 0 Ca2+OR2 unless otherwise indicated. Pipettes were pulled to a
resistance of 0.3-1.0 MΩ and filled with 3 M KCl. Recordings were performed using
a Dagan CA1 oocyte clamp (Dagan Corporation, Minneapolis, MN). Signals were
digitized with a Digidata 1600 analogue/digital converter (Axon Instruments, Sunnyvale,
CA) at 1 kHz using pClamp 8 (Axon Instruments). All experiments were performed
at room temperature (20-24°C). Data analysis was performed using MATLAB version
6.5 (The Math Works, Natick, MA) and Microcal Origin version 7.5 (OriginLab,
Northampton, MA). Group statistics are reported as mean ± s.e.m.
To obtain an estimate of the number of mutant channels required to inhibit
hemichannel currents, we followed the approach of Pal et al. (Pal et al., 1999) but
modified the distribution equation to reflect the six subunits in a hemichannel. The
function used to model the theoretical inhibition of current through a hexamer where
one subunit is sufficient to inhibit current is: y=(1–x)6, where x represents the mole
fraction of mutant to wild-type connexin. For two mutant subunits the function becomes:
y=(1–x)6 + 6⫻(1–x)5. In the experiments shown, the total amount of wild-type CX37
cRNA was held constant in each mixture while mutant cRNA was varied. This analysis
assumes that the translation efficiencies are the same for mutant and wild-type connexins,
oligomerization of connexins into hemichannels is random and unaltered by mutant
channels and hemichannel turnover rates on the cell surface are similar.
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Table S1. List of Primers
Construct

Set of primers
CX37s: 5′-CCGGGAGCCATGGGTGACTGGGGCTTCCTG-3′
CX37as: 5′-GGCTACGTACTGCTTCTTAGAAGCAGAGCTGCTGGGACGACTTGGG-3′

Wild type CX37

Δ2-21
Δ4-21
Δ4-20
Δ4-19
Δ4-18
Δ4-17
Δ5-21
Δ6-21
Δ7-21
Δ8-21
Δ9-21
Δ2-8
Δ14-21
Δ2-13

EMDs: 5′-CAGTACGTAGGTATGGTGAGCAAGGGCGAGGAGCTG-3′
EMDas: 5′-CGCTTACTTGTACAGCTCGTCCATGCCGAGAGT-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′- CATGGCTCCCGGAATCGAATTCCCGC-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-GTCACCCATGGCTCCCGGAATCGAATT-3′
s: 5′-GTGGGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-GTCACCCATGGCTCCCGGAATCGAATT-3′
s: 5′-GTGGTGGGTAAGATCTGGCTGACGGTGCTC-3′
as: 5′-GTCACCCATGGCTCCCGGAATCGAATT-3′
s: 5′-ACCGTGGTGGGTAAGATCTGGCTGACGGT-3′
as: 5′-GTCACCCATGGCTCCCGGAATCGAATT-3′
s: 5′-TCGACCGTGGTGGGTAAGATCTGGCTGAC-3′
as: 5′-GTCACCCATGGCTCCCGGAATCGAATT-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-CCAGTCACCCATGGCTCCCGGAATCGAATT-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-GCCCCAGTCACCCATGGCTCCCGGAAT-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-GAAGCCCCAGTCACCCATGGCTCCCG-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-CAGGAAGCCCCAGTCACCCATGGCTCC-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-CTCCAGGAAGCCCCAGTCACCCATGG-3′’
s: 5′-AAGTTGCTGGACCAGGTCCAGGAGCAC-3′
as: 5′-CATGGCTCCCGGAATCGAATTCCCGC-3′
s: 5′-GGTAAGATCTGGCTGACGGTGCTCTTC-3′
as: 5′-CTGGTCCAGCAACTTCTCCAGGAAGC-3′
s: 5′-GTCCAGGAGCACTCGACCGTGGTGGGT-3′
as: 5′-CATGGCTCCCGGAATCGAATTCCCGC-3′

