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Abstract Although a functional pore domain is required
for connexin 37 (Cx37)-mediated suppression of rat insu-
linoma (Rin) cell proliferation, it is unknown whether
functional hemichannels would be sufficient or if Cx37 gap
junction channels are required for growth suppression. To
test this possibility, we targeted extracellular loop cysteines
for mutation, expecting that the mutated protein would
retain hemichannel, but not gap junction channel, func-
tionality. Cysteines at positions 61 and 65 in the first
extracellular loop of Cx37 were mutated to alanine and the
mutant protein (Cx37-C61,65A) expressed in Rin cells.
Although the resulting iRin37-C61,65A cells expressed the
mutant protein comparably to Cx37 wild-type (Cx37-WT)-
expressing Rin cells (iRin37), Cx37-C61,65A expression
did not suppress the proliferation of Rin cells. As expected,
iRin37-C61,65A cells did not form functional gap junction
channels. However, functional hemichannels also could not
be detected in iRin37-C61,65A cells by either dye uptake
or electrophysiological approaches. Thus, failure of Cx37-
C61,65A to suppress the proliferation of Rin cells is con-
sistent with previous data demonstrating the importance of
channel functionality to Cx37’s growth-suppressive func-
tion. Moreover, failure of the Cx37-C61,65A hemichannel
to function, even in low external calcium, emphasizes the
importance of extracellular loop cysteines not only in
hemichannel docking but also in determining the ability of
the hemichannel to adopt a closed configuration that can
open in response to triggers, such as low external calcium,
effective at opening Cx37-WT hemichannels.
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Introduction

Connexins, the protein products of the gap junction gene
family, facilitate coordinated cell and tissue function by
influencing and mediating intracellular, transmembrane
and intercellular signaling. Intracellular signaling via con-
nexins involves their interaction with a diverse array of
proteins, the consequence of which can be regulated
connexin function as well as regulation of intracellular
signaling cascades (Kardami et al. 2007). The transmem-
brane signaling function of connexins is mediated by
hemichannels (connexons). Hemichannels comprise a
hexamer of connexin monomers that, when these channels
are open, mediate transmembrane diffusion of ions and
small molecules (Goodenough and Paul 2003). The inter-
cellular signaling function of connexins is mediated by gap
junction channels, which are formed when two hemi-
channels from neighboring cells dock to form an intercel-
lular channel that connects the cytosols of those cells.
These gap junction channels support the diffusive
exchange of ions and small molecules (Harris 2001).
Although each connexin isoform is likely able to partici-
pate in intracellular, transmembrane and intercellular sig-
naling, isoform-specific differences in their regulation as
well as the signaling they mediate suggest the possible cell-
and tissue-specific benefits of coexpressing multiple
connexin isoforms (Sohl and Willecke 2004). Indeed,
based on phenotypic differences in animals with connexin
isoform deletion or substitution (Plum et al. 2000; Scherer
et al. 1998; Simon et al. 1997), it is clear that connexins
serve to facilitate the coordinated function of cells and the
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tissues they comprise in both a cell type and connexin
isoform specific manner (Kardami et al. 2007).

Isoform and cell type specific growth suppression by
connexins is well documented (e.g., Kardami et al. 2007,
King and Bertram 2005), although the precise mechanisms
underlying growth suppression by any given connexin are
less clear. For example, connexin 37 (Cx37), but not Cx40
or Cx43, suppresses the proliferation of rat insulinoma
(Rin) cells (Burt et al. 2008). A mutant form of Cx37
(Cx37-T154A) that does not form functional channels but
retains the capacity to localize properly and form gap
junction plaques, fails to suppress Rin cell proliferation,
indicating that the capacity of Cx37 to form functional
channels is necessary and the normal localization of the
carboxyl terminus is insufficient for Cx37-mediated growth
suppression of this cell type (Good et al. 2011). Since the
T154A site likely renders both hemichannel and gap
junction channel nonfunctional (Beahm et al. 2006), these
studies leave unresolved which channel type is necessary
for Cx37-mediated growth suppression.

Although the formation of gap junction channels
depends upon the structural integrity of the extracellular
loops, the formation of hemichannels does not (Foote et al.
1998). These loops share a high degree of sequence
homology across connexin isoforms (Dahl et al. 1992;
Nakagawa et al. 2010), with the six cysteines conserved in
all gap junction—competent connexin isoforms (Sonntag
et al. 2009). These cysteines are essential to the formation
of functional gap junction channels, likely through
interloop disulfide bond formation (Foote et al. 1998; Dahl
et al. 1991, 1992). Specifically, disulfide bond formation
between cysteines in the first and second extracellular
loops, which occurs in a site- and position-specific manner,
probably stabilizes the conformation of the extracellular
domain such that proper docking of two hemichannels can
occur (Foote et al. 1998). In Cx32, mutation of a single
cysteine to serine was sufficient to prevent gap junction
channel formation and function (Dahl et al. 1992). Bao and
colleagues (2004) and more recently Tong and colleagues
(2007) demonstrated that Cx43 with all six extracellular
loop cysteines mutated to alanines fails to form functional
gap junction channels but retains hemichannel function as
determined by dye uptake. Together, these studies suggest
that cells expressing a connexin with one or more of the
cysteines in the extracellular loops mutated to alanine
would be unable to form functional gap junction channels
but would be able to form functional hemichannels.

In the current study we examined the functional con-
sequences of mutating cysteine residues 61 and 65 in Cx37
to alanine (Cx37-C61,65A) on both the growth-suppressive
and channel functions of Cx37. We demonstrate that Cx37-
C61,65A does not suppress the proliferation of Rin cells,
despite localizing to appositional and nonappositional
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membranes in a manner comparable to wild-type Cx37
(Cx37-WT) and Cx37-T154A. However, contrary to expec-
tation, Cx37-C61,65A does not form functional hemichan-
nels (or gap junction channels). Thus, consistent with
previous data, the current results demonstrate that the
growth-suppressive properties of Cx37 depend on the
capacity of the protein to adopt a conformation able to
support channel function.

Materials and Methods
Antibodies and Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis,
MO), except where noted. Anti-Cx37 antibody [oCx37-
18264 (Simon et al. 2006)] was used for immunoblots and
immunofluorescence. Secondary antibodies to anti-Cx37
antibody were horseradish peroxidase (HRP) conjugated to
goat anti-rabbit antibodies (Amersham, Arlington Heights,
IL) for immunoblotting and Cy3-conjugated anti-rabbit-
IgG (Jackson ImmunoResearch, West Grove, PA) for
immunofluorescence.

Mutant Connexin and Expression Vectors

Using the QuikChange Site-Directed Mutagenesis kit
(Stratagene, San Diego, CA), the C61,65A mutation was
introduced into the pTRE2h-mCx37 plasmid (Burt et al.
2008) using the following oligonucleotide primers (Operon
Biotechnologies, Huntsville, AL): 5-GCCCAGCCGGGC
GCCACCAACGTCGCCTATGACCAGGC-3’ and 5-CG
GGTCGGCCCGCGGTGGTTGCAGCGGATACTGGTCC
G-3'. Sequence was confirmed by the Genomic Analysis
and Technology Core at the University of Arizona. The
Cx37-WT and Cx37-C61,65A sequences were subcloned
into the pcDNA3.1h vector

Cell Culture and Expression Vectors

iRin cells (Burt et al. 2008), cultured in RPMI 1640
medium supplemented with 10 % Fetal Plex (Gemini
Bioproducts, Sacramento, CA), 300 pg/ml penicillin,
500 pg/ml streptomycin and 300 pg/ml G418 (GIBCO
Invitrogen, Grand Island, NY), were transfected with the
pTRE2h-mCx37-C61,65A plasmid using Lipofectamine
(Invitrogen, Carlsbad, CA) and stably expressing cells
selected by culturing in the same RPMI medium but also
containing 100 pg/ml hygromycin. Clonal cell lines
(iRin37-C61,65A) were isolated by dilution cloning.
Connexin-deficient MDCK cells [obtained from Paul
Lampe (Solan and Lampe 2007)] were transiently trans-
fected with either the Cx37WT or the Cx37-C61,65A



M. E. Good et al.: Extracellular Loop Cx37 Cysteine Mutant

371

sequence using the pcDNA3.1h vector. Cells were cultured
in DMEM supplemented with 10 % Gem Cell Fetal Bovine
Serum (Gemini Bioproducts). All cells were maintained at
37 °C in a humidified, 5 % CO, incubator.

Immunoblotting

Whole-cell protein was isolated as previously described
(Burt et al. 2008), and protein concentration was determined
using the BCA Assay (Pierce, Rockford, IL). Samples (50 pg
of total protein) were loaded onto 12 % SDS-PAGE gels
(Bio-Rad, Richmond, CA), electrophoresed and then trans-
ferred to nitrocellulose using the Trans-Blot Turbo Transfer
System (Bio-Rad). Blots were blocked using 5 % nonfat
dried milk. Enhanced chemiluminescence strategies, with
SuperSignal West Dura and Femto Systems (mixed at a 2:1
ratio; Thermo Scientific, Waltham, MA), were used to
visualize (Kodak Imagestation 2000; Kodak, Rochester,
NY) connexin expression. Cx37 expression levels were
quantified as previously described (Burt et al. 2001) by
comparing sample band intensity to a standard curve gen-
erated with GST-Cx37 fusion protein (residues 233-329).
This fusion protein runs as three distinct bands; their col-
lective intensities were used to generate the standard curve.

Immunofluorescence

Cx37 localization was determined as previously described
(Good et al. 2011). Briefly, iRin37 and iRin37-C61,65A
cells, plated on glass coverslips and induced (2 pg/ml
doxycycline) to express Cx37, were rinsed with divalent
cation containing phosphate-buffered saline (PBS) and
treated with 1 mM Sulfo-NHS-SS-Biotin (Thermo Scien-
tific) to label lysine residues in the extracellular portions of
membrane proteins. Excess biotin was quenched with 100
mM glycine in PBS, and the cells were fixed in cold
methanol and treated with 0.2 % Triton X-100 followed by
0.5 M NH,CI, each for 15 min. Cells were then rinsed with
divalent cation-free PBS (DCE-PBS), blocked (in 4 % fish
skin gelatin, 1 % normal goat serum and 0.1 % Triton
X-100 in DCF-PBS) and exposed to primary antibody for
2 h. After rinsing, secondary antibodies were applied (Cy3-
conjugated, diluted 1:200 in blocking reagent for Cx37,
Cy5-conjugated streptavidin, diluted 1:250 in blocking
reagent, for detection of biotinylated surface proteins).
Labeled proteins were visualized with a Zeiss (Thornwood,
NY) LSM510meta-NLO confocal/multiphoton fluorescence
microscope (lasers set at 514 nm for Cy3 and 633 nm for
Cy5 detection).

MDCK cells, plated at low density, were transfected
with pcDNA3.1h-mCx37 or pcDNA3.1h-mCx37-C61,65A
using Lipofectamine and 24 h later processed as described
for labeling and visualization of Cx37.

Immunoprecipitation of Surface Biotinylated Proteins

Subconfluent cells induced to express Cx37 were rinsed
with either PBS or DCF-PBS and treated with 10 mM
dithiothreitol (DTT) in PBS or DCF-PBS for 20 min at
room temperature. Cells in DCF-PBS were rinsed with
EGTA-supplemented (5 mM) external solution [in mM:
142.5 NaCl, 4 KCl, 1 MgCl,, 5 glucose, 2 sodium pyruvate,
10 HEPES, 15 CsCl, 10 TEACI, 1 CaCl, (pH 7.2), 320
mOsM] and rinsed again with DCF-PBS. These cells and
those not exposed to low-Ca®" washes (in PBS) were then
incubated in 0.5 mg/ml maleimide-PEG,-biotin (Thermo
Scientific) in PBS or DCF-PBS, as appropriate, for 1 h at
4 °C on a rotator. After quenching excess biotin with
100 mM glycine (in PBS or DCF-PBS), cell protein was
harvested with immunoprecipitation (IP) buffer [containing
150 mM NaCl, 10 mM Tris HCI, 1 % Triton X-100, 1 %
Na deoxycholate, 0.1 % SDS and a protease inhibitor
cocktail tablet (catalog no. 11836153001, Roche, India-
napolis, IN; pH 6.8), pH 7.4]. Streptavidin-coupled resin
(Thermo Scientific) preequilibrated in IP buffer was added
to harvested cell protein and incubated overnight at 4 °C.
The mixture was centrifuged (2,500xg for 15 s at 4 °C)
and the resin washed three times with cold IP buffer and
once with PBS. Resin-coupled proteins were then resus-
pended in sample buffer (100 mM Tris, 4 % SDS, 10 %
glycerol, 5 mM NaF, 0.25 mM Na3;VO,, 2 mM PMSF and
0.02 % bromophenol blue with added protease inhibi-
tor cocktail, pH 6.8), boiled, vortexed and centrifuged
(15,000x g for 1 min); and the immunoprecipitated proteins
were electrophoretically separated [25 pl per sample, 12 %
SDS-PAGE gels (Bio-Rad)] and immunoblotted for Cx37
expression, as described above.

Proliferation

As previously described (Burt et al. 2008; Good et al.
2011), iRin37 or iRin37-C61,65A cells were plated at an
initial density of 3 x 10%/well in six-well plates. 24 h after
plating (day zero of proliferation curve), cells were
induced (dox+) or not (dox—) with 2 pg/ml doxycycline.
Medium was refreshed every 48 h (with or without added
doxycycline, as appropriate). Triplicate wells were har-
vested and counted (Cellometer Auto T4; Nexcelom
Bioscience, Lawrence, MA) every 3 days over a 21-day
period.

Dye-Uptake Studies
iRin37 or iRin37-C61,65A clone 1C3 cells were plated at
low density and induced or not for 2448 h. Cells were

rinsed with medium, external solution and external solution
containing S mM EGTA. Two rings [made from the tops of
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14-ml BD Falcon (Franklin Lakes, NJ) tubes] were adhered
to the dish with Vaseline, creating two wells; dye was
added to each well, and the dish was placed on ice
and protected from ambient light. The dye solution con-
tained 1.25 mg/ml N,N,N-trimethyl-2-[methyl-(7-nitro-2,1,
3-benzoxadiol-4-yl)amino]ethanaminium (NBD-M-TMA)
(Bednarczyk et al. 2000) and 0.125 mg/ml tetramethyl-
rhodamine dextran (rhodamine, molecular weight 3,000;
Molecular Probes, Eugene, OR) added to Ca-free external
solution supplemented or not with 5 mM EGTA. Dye and
the rings were removed after a 15-min dye-uptake period,
and cells were rinsed with culture medium followed by
external solution. Cells were imaged with an Olympus
(Tokyo, Japan) IX71 or BX50WI fluorescence microscope;
differential interference contrast (DIC) and fluorescence
images of multiple fields within each ringed area of cells
were acquired [CoolSnap ES camera (Photometrics, Tuc-
son, AZ) and V++ software (Digital Optics, Auckland,
New Zealand); 41001HQ filter for imaging NBD-M-TMA
and U-MWIGAS3 filter for imaging rhodamine (both from
Olympus)]. Each set of images was scored for NBD-M-
TMA-positive and rhodamine-dextran-negative cells and
the total number of cells. Multiple fields were imaged for
each well. Totals from each field within a well were
combined to calculate a percent NBD-M-TMA-positive
value. We performed r-tests on the dox+ versus dox-
groups.

Electrophysiology

iRin parental, iRin37 or iRin37-C61,65A cells were plated
onto glass coverslips at low densities such that single cells
and cell pairs predominated. One hour after plating doxy-
cycline (2 ng/ml) was added or not to the cells, and
24-48 h later junctional (cell pairs) or membrane (single
cells) conductance was evaluated. Coverslips were placed
in a custom-made chamber and bathed in external solution.
Patch pipettes were fabricated as previously described
(Burt et al. 2008; Ek-Vitorin and Burt 2005) and back-filled
with internal solution (in mM: 124 KCI, 14 CsCl, 9
HEPES, 9 EGTA, 0.5 CaCl,, 5 glucose, 9 TEACI, 3
MgCl,, 5 Na,ATP).

Junctional and single gap junction channel conductances
were measured as previously described (Burt et al. 2008;
Ek-Vitorin and Burt 2005), using either discontinuous
single electrode voltage clamp (NPI SEC-05LX) or tradi-
tional patch-clamp (Axopatch 1D) amplifiers. In either
case, transjunctional voltages (V) of 25-50 mV (non-
pulsed cell held at 0 mV, while the pulsed cell was
clamped to the indicated membrane potential) were applied
to reveal the activity of Cx37 gap junction channels.

Hemichannel data were collected in single whole-cell
voltage-clamp configuration; depolarizing or hyperpolarizing
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voltage ramps (between +50 or 4100 and —100 mV, 7 s) or
square pulses of variable magnitude and duration were
applied. Ramps were run every 15-20 s over a period of
5-40 min. Typically, steady transmembrane potentials were
continuously applied (1040 min), with only short interrup-
tions to evince the baseline. The longer recordings were per-
formed while exchanging the external solution (at least twice
the chamber volume over 1-2 min); thus, any event appearing
while lowering external calcium was likely captured.

Results

To determine whether functional hemichannels would be
sufficient to support Cx37-mediated growth suppression,
we mutated two of the three cysteines in the first extra-
cellular loop of Cx37 to alanines, with the expectation that
the mutant protein would be unable to form functional gap
junction channels but retain its ability to form func-
tional hemichannels. Three hygromycin-resistant iRin37-
C61,65A subclones (1B3, 1C3 and 1D2) were selected for
further study. Cx37 expression levels in these subclones
were comparable to that observed in iRin37 cells (Fig. 1A).

Since we previously demonstrated that channel function
was necessary for Cx37-mediated growth suppression, we
next determined, using two approaches, whether the Cx37-
C61,65A protein localized to the plasma membrane in a
manner comparable to Cx37-WT. First, immunofluores-
cence and confocal microscopy were used to examine the
localization of WT and mutant Cx37 in both iRin cells and
transiently transfected MDCK cells. iRin37 and iRin37-
C61,65A clone 1C3 and 1D2 cells (Fig. 1B, panels a, b and
¢, respectively) induced for 24 h with 2 pg/ml doxycycline
revealed Cx37 expression in the cytoplasm and as punctate
and diffuse labeling at appositional and nonappositional
plasma membranes (arrows). Similarly, Cx-deficient
MDCK cells transiently transfected to express Cx37-WT or
Cx37-C61,65A (Fig. 1B, panels d and e, respectively)
expressed Cx37 in the cytoplasm and both appositional and
nonappositional plasma membrane. Second, biotin-coupled
maleimide was used to label reactive cysteines exposed (by
DTT treatment in the presence or absence of extracellular
calcium) on the extracellular surface of Cx37-WT- and
Cx37-C61,65A-expressing cells. Biotinylated protein was
immunoprecipitated from total protein with streptavidin-
conjugated resin and Cx37 protein detected by immuno-
blotting. Cx37 was detected with this strategy in both the
WT and mutant-expressing cell lines (Fig. 1C), indicating
that both the WT and Cx37-C61,65A proteins were present
in the plasma membrane. Together, the immunofluores-
cence and biotinylation results indicated that both proteins
(mutant and WT) localize to and insert into the plasma
membrane.
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Fig. 1 Expression and localization of Cx37-C61,65A and Cx37-WT
are comparable. A Western blots of GST-37CT loaded in different
amounts (leff) and total protein isolated from iRin37 and three clones
(1B3, 1C3 and 1D2) of iRin37-C61,65A cells (right). iRin cells were
induced for 24 h with 2 pg/ml doxycycline, whole-cell protein was
isolated and 50 pg of total cell protein was loaded for each sample.
Expression levels for each cell line, determined by comparing band
intensities of the samples to the standard curve generated using
GST-37CT, were 3.7, 4.5 and 5.1 pmol/mg of total cell protein for
clones 1B3, 1C3 and 1D2, respectively, and 4.5 pmol/mg protein for
iRin37 cells. B Confocal images of Cx37 (green) localization with
biotinylated membrane proteins (red) in induced iRin37 (37-WT) (a),
iRin37-C61,65A 1C3 (37-C61,65A 1C3) (b) and iRin37-C61,65A
1D2 (37-C61,65A 1D2) (c) cells showing the presence of punctate

Next, we determined whether expression of the Cx37-
C61,65A protein altered the proliferative properties of iRin
cells. The noninduced cells of all cell lines proliferated

102 WT 1B3 1C3 1D2

labeling at appositional and nonappositional membranes (arrows).
Confocal images of Cx37 (green) localization in MDCK cells
transiently transfected to express Cx37-WT (MDCK 37-WT) (d) or
Cx37-C61,65A (MDCK 37-C61,65A) (e) also showing the presence
of punctate labeling at appositional and nonappositional membranes
(arrows). Scale bars = 10 pm. C Western blot of membrane
localized Cx37 isolated from Cx37-WT or -C61,65A expressing iRin
cells. Induced iRin37 (WT) and iRin37-C61,65A clones 1B3, 1C3
and 1D2 were DTT- and maleimide-biotin-treated and harvested, and
protein was immunoprecipitated with streptavidin and immunoblotted
with anti-Cx37 antibody. Solutions either contained or lacked
calcium. Detected Cx37 indicates membrane insertion of this protein.
Differences in band intensity in part reflect different cell densities in
initial samples. Loaded 25 pl of each sample

comparably (Fig. 2A). When iRin37 cells were induced to
express Cx37-WT, proliferation over the 21-day period
was significantly suppressed (Fig. 2B). In contrast, induced
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Fig. 2 Proliferation of Rin cells is suppressed by expression of Cx37-
WT but not Cx37-C61,65A. A Proliferation was comparable between
iRinCx37-WT and the three clones of iRinCx37-C61,65A when
connexin expression was not induced. In contrast, proliferation of
induced iRinCx37-WT cells (filled circles, B) was suppressed

expression of Cx37-C61,65A had no effect on Rin cell
proliferation (Fig. 2B), even in the 1D2 clone with the
highest level of expression. These results are similar to
those obtained with the Cx37-T154A mutant (Good et al.
2011), which eliminates Cx37’s growth-suppressive prop-
erties and, demonstrably, junctional channel formation. We
therefore questioned whether Cx37-C61,65A formed
functional hemichannels.

Initially, we determined whether the Cx37-C61,65A
protein formed functional hemichannels using a dye-uptake
strategy. Cx37 gap junction channels are cation-selective
and readily permeated by the small cationic dye NBD-
M-TMA™" (Ek-Vitorin and Burt 2005), so this dye was
selected to determine whether Cx37-C61,65A hemichan-
nels would mediate dye uptake. A gap junction channel-
impermeant dye (3,000-dalton rhodamine-labeled dextran)
was included in all uptake experiments so that damaged
cells (positive for rhodamine) would not be mistakenly
counted as positive for hemichannel-mediated dye uptake.
After washing Cx37-WT-expressing iRin cells with an
EGTA-low-Ca®" solution and performing the dye-uptake
experiment in a low-[Ca®"] dye solution, many more
induced iRin37 cells were positive for NBD-M-TMA™ than
noninduced cells (compare panels a, b and ¢ in Fig. 3B to
panels d, e and f). Data from multiple experiments (quan-
tified in Fig. 3A) showed that approximately 43 £ 4 % of
Cx37-WT-expressing iRin cells (n = 8 wells) were positive
for NBD-M-TMA™ uptake and negative for rhodamine-
dextran, a value significantly (p < 0.001) larger than the
10 £ 4 % observed for noninduced cells (n = 7 wells).
Repetition of these procedures on induced versus nonin-
duced iRin37-C61,65A cells (clone 1C3) revealed no sig-
nificant differences in dye-positive cells (compare panels g,
h and i in Fig. 3B to panels j, k and 1). Of induced iRin-
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compared to the iRin clones with induced expression of Cx37-
C61,65A. Four growth curves (with or without dox) were performed
for each cell line except the iRin37-C61,65A-1C3 clone, for which
five experiments were performed. Where error bars are not obvious,
they are smaller than the size of the data point

Cx37-C61,65A cells (n = 10 wells), 6 & 1 % were NBD-M-
TMA™ positive compared to 6 £ 2 % of noninduced cells
(n =9 wells) (Fig. 3A). These results suggest that Cx37-
C61,65A does not form a functional hemichannel; however,
the dye-uptake approach is insensitive to the activity of dye-
impermeant channels and to activity of individual channels,
so we next turned to electrophysiological approaches.

To facilitate recognition of possible Cx37-C61,65A
channel events, we first characterized the channels present
in iRin parental cells and the channels formed by Cx37-WT.
Parental iRin cells do not form functional gap junctions
(data not shown). Using dual whole-cell voltage-clamp
methods, the mean macroscopic conductance observed for
induced iRin37 cells was 4 & 1 nS (n = 13, including two
cell pairs that showed no measurable coupling) (Fig. 4A).
This level of coupling is comparable to previously reported
data for this cell line (Burt et al. 2008; Good et al. 2011). In
contrast, no electrical coupling could be detected in either
induced (n = 19) or noninduced (n = 9) iRin37-C61,65A-
expressing cells (Fig. 4A)—all values were below 0.3 nS
and not different from system noise levels. Large-conduc-
tance single-channel events were observed in iRin37 cell
pairs with naturally low coupling levels (Fig. 4B). In
solutions containing 1 mM Ca*" (Fig. 4B), gap junction
channel events were between 250 and 350 pS and dwell
times at any conductance level were very brief (flickering
activity). In contrast, when in low [Ca2+]0 (Fig. 4C) chan-
nel conductances were larger, residual states evident and
dwell times longer. As expected, comparable junctional
channel activity was not seen in iRin37-C61,65A-express-
ing cell pairs (n = 19), indicating that this mutant does not
form functional gap junction channels.

Based on the behavior of the Cx37-WT gap junction
channel, hemichannel conductances were expected to be
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Fig. 3 Cx37-C61,65A does not
form hemichannels able to
mediate dye uptake. A The
percent of cells positive for
NBD-M-TMA uptake and
negative for rhodamine dextran
was compared to determine
hemichannel function. In cells
induced to express Cx37-WT,
dye uptake was significantly
more frequent (*p < 0.001)
than in noninduced cells or cells
induced to express Cx37-
C61,65A. B Representative
images of DIC (arrows indicate
isolated cells or cell clusters),
NBD-M-TMA and rhodamine
dextran fields for iRin37
induced (a—c) and noninduced
(d—f), iRin37-C61,65A 1C3
induced (g—i) and noninduced
(j=1). Scale bar = 20 pm,
applies to all images

50

A *
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C61,65Adox+
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quite large (500-700 pS, double the gap junction channel’s  activity of Cx37-WT hemichannels, V,, > £70 mV; the
conductance). Most voltage ramps performed on single  presence of these channels was confirmed and their
Cx37-WT-expressing cells under normal external calcium  amplitude (75-100 pS) documented with square pulses of
conditions revealed no evidence of channel activity, but V,, > £70 mV (data not shown). Channels similar to these
some showed activity at voltages incompatible with  were also frequently observed in iRin parental cells (not
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Fig. 4 Cx37-C61,65A does not form functional gap junction chan-
nels. A iRin cell pairs induced to express Cx37-WT (37-WT dox+)
were variably coupled, with g; commonly between 1 and 5 nS. In
contrast, induced and noninduced iRin37-C61,65A cells were not
detectably coupled (data from 1C3 and 1D2 clones). Notice that all of
the iRin37-C61,65A cell pairs evaluated, whether induced or
noninduced, had g; values <0.3 nS, which is not different from
electrical noise at these recording settings. B, C Single-channel events
from iRin37 dox+ recorded in external solutions containing either
normal (B) or low (C) calcium, as described in the dye-uptake
protocol. Notice that channel flickering decreased upon introduction
of low external calcium so that transitions corresponding to ~300 pS
and substates corresponding to ~80 pS were readily apparent.
Downward black and gray arrows indicate the start and end of the
voltage pulse, respectively

transfected with any connexins) (Fig. 5A, B) and in
both induced and noninduced iRin37-C61,65A cells
(Fig. SE, F). Thus, these events are unlikely to represent
Cx37 hemichannel activity. On occasion (one in seven
tested cells), voltage ramps performed in normal [Ca®t],
on Cx37-WT-expressing cells revealed, transiently, activity
in a V,, range (£20-50 mV) compatible with the opening
of Cx37-WT hemichannels (Fig. 5C). Accordingly, in
Cx37-WT-expressing cells, large-conductance (>300 pS)
transitions were observed during application of small V,,
pulses (Fig. SD) (one cell out of four tested, two successive
pulses of many applied over more than 20 min in normal
calcium). No similar activity was observed during either
voltage ramps (n = 28 cells, Fig. 5E) or application of

@ Springer

square pulses (n = 7 cells, recording from 10 to >25 min
long; Fig. SF) performed on Cx37-C61,65A mutant—
expressing cells.

Since dye-uptake studies were successful only when the
cells were washed with an EGTA-containing solution, we
examined both Cx37-WT- and Cx37-C61,65A-expressing
cells for electrophysiological evidence of hemichannel
activity following a similar protocol. Hemichannel open-
ings were transiently seen in two out of ten successive
ramps implemented immediately following the lowering of
external calcium with EGTA-containing solution in a
Cx37-WT-expressing cell (Fig. 6A). In three out of six
additional cells, similar, although shorter, duration open-
ings were documented 5-20 min after lowering [Ca®*'],
(not shown). Hemichannel transitions of Cx37-WT were
also seen under these low—[Ca2+]0 conditions during
application of small V,, square pulses (channels transiently
present within the first 5 min after lowering [Ca2+]o in two
of four cells; 20- to 30-min recordings; Fig. 6B). In con-
trast, comparable hemichannel activity was not observed in
Cx37-C61,65A-expressing cells during application of
ramps (six cells, 25- to 50-min records) or square
pulses (five cells, 30- to 45-min records) in low [Caz+]0
(Fig. 6C, D). Together the electrophysiology data strongly
suggest either that Cx37-C61,65A does not form a func-
tional hemichannel or that its open probability is suffi-
ciently low under the conditions of our measurements that
we could not detect it.

Discussion

Connexins form channels that serve (at least) two functions,
transmembrane and intercellular signaling. In both cases the
channels mediate the diffusive flux of ions and small mol-
ecules down their electrochemical gradients. While channel
function is the best-described function of connexins, it is
increasingly clear that the carboxy terminus of these pro-
teins, through interaction with an array of intracellular
proteins, also participates in cellular functions in a channel-
independent manner. Several connexins have been dem-
onstrated to participate in tumor suppression via both
channel-dependent and channel-independent mechanisms
(Kardami et al. 2007; King and Bertram 2005). We previ-
ously demonstrated that in Rin cells Cx37, but not Cx40 or
Cx43, suppresses cell proliferation by prolonging all phases
of the cell cycle, G; most prominently (Burt et al. 2008). To
understand which properties of Cx37 are central to its
growth-suppressive action, we first explored whether
channel function was necessary for Cx37-mediated growth
suppression. Since Cx40 and Cx43 form channels with a
similar or less selective permeability profile than Cx37
(Ek-Vitorin and Burt 2005; Weber et al. 2004), we expected
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Fig. 5 Whole-cell voltage-clamp recordings obtained in normal
external calcium concentration conditions. A, C, E Plots showing
two exemplary traces of voltage ramps applied to parental iRin (not
transfected with any Cx37) (A), iRin37 (C) and iRin37-C61,65A
(E) cells bathed in solutions with normal external calcium content. In
(C) the two representative traces were from a series of ten ramps from
an iRin37 cell that showed current inactivation at high voltage values.
B, F Transitions of membrane current (corresponding to 85-100 pS)
appeared with square V,, pulses in iRin (B) and iRin37-C61,65A
(F) induced (top trace) and noninduced (bottom trace) cells. Note that
these current transitions are barely distinguishable from the noise at
V,, = =30 mV (B, bottom trace); however, transitions of similar
conductance were also observed at V,, = —70 mV. D Transitions of

I iRin dox- normal Ca** Vm=-70 mv |}
03psS

93pS

|s—9ps
t

iRin dox- normal Ca® Vm=-30 mV %
b:
481pS

membrane current from single cells expressing Cx37-WT during
+30-mV square pulses in normal external calcium. Notice that
recording is noisier at positive values; while these are contiguous
recordings, transitions appear larger (>400 pS) at negative voltages.
B, D, F All-points histograms are shown at the right of each trace,
baseline is denoted by dashed lines and current levels by dotted lines,
numbers on the left correspond to “between lines” conductance
differences and numbers next to the histogram peaks indicate the
cumulative conductance from the chosen zero current level; upward-
pointing arrows indicate the distance (in pS) and direction of the true
(zero current) baseline, when not displayed; vertical/horizontal
calibration bars correspond to 10 pA and 1 s, respectively
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Fig. 6 Whole-cell voltage-clamp recordings obtained under condi-
tions of low extracellular calcium concentration. A, C Plots showing
one or two exemplary traces of ramps from iRin37 (A) and iRin37-
C61,65A (C) cells. iRin37 cells (A) in low external calcium
conditions show clear evidence of channel transitions in the V,,
range of —20 to —60 mV (observed in two out of ten ramps, one
shown), while Cx37-C61,65A-expressing cells (¢) show no evidence
of channel activity in any ramps in the V,, range —20 to —60 mV (see

that channel function would not be necessary for Cx37-
mediated growth suppression. Contrary to expectation,
Cx37-T154A, which forms a nonfunctional gap junction
channel, was not growth-suppressive, suggesting that chan-
nel functionality is necessary for Cx37-mediated growth
suppression in Rin cells (Good et al. 2011). Although we did
not test this mutant for hemichannel function, mutation of the
corresponding highly conserved site in Cx50 renders both the
hemichannel and gap junction channel nonfunctional (Bea-
hm et al. 2006); thus, it is probable that Cx37-T154A
hemichannels are also nonfunctional. Thus, the Cx37-T154A
study did not permit us to discern whether functionality of
hemichannels, gap junction channels or both is necessary for
Cx37-mediated growth suppression.

In the current study we attempted to address the suffi-
ciency of hemichannels in Cx37-mediated growth suppres-
sion, expecting that functional hemichannels would be
sufficient and functional gap junction channels unnecessary
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text for further details). B Transitions of membrane current (corre-
sponding to conductances <400 pS) from single cells expressing
Cx37-WT during —30 mV square pulses in low external calcium.
Notice that most events appear to be smaller than observed in normal
calcium, perhaps revealing more transitions to and from a substate.
D Current transitions of Cx37-C61,65A-expressing cells. Notice
transitions correspond to events of less than 100 pS. Traces are
labeled as in Fig. 5 B, D and F

986pS

82ps

for Cx37-mediated growth suppression. Three observations
lead to this hypothesis. First, Cx37-WT-expressing Rin cells
are growth-suppressed at all tested plating densities, even
densities where cell—cell contact and, therefore, gap junction
formation are rare (Burt et al. 2008). Second, Cx37 hemi-
channels appear to be functional under physiological con-
ditions, at least in some cell types (Wong et al. 2006). Third,
transmembrane gradients for ions and small molecules (e.g.,
calcium and ATP) are always present, whereas intercellular
gradients are only transiently present because gap junction
channels, by mediating diffusive exchange, tend to neutral-
ize these gradients. Thus, opening of Cx37-WT hemichan-
nels could mediate efflux or influx of critical signaling
molecules that directly or indirectly regulate intracellular
signaling processes involved in cell cycle progression.

To address whether Cx37 hemichannels might be suf-
ficient to explain Cx37-mediated growth suppression, we
created a mutant that we expected would support
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hemichannel activity comparable to that displayed by
Cx37-WT but not support gap junction channel formation.
Available evidence suggested that mutation of one or more
of the six highly conserved cysteines located in the extra-
cellular loops of connexins would disable gap junction
channel formation while preserving hemichannel func-
tionality (Foote et al. 1998; Dahl et al. 1991, 1992; Bao
et al. 2004; Tong et al. 2007). Consequently, we mutated
the second and third cysteines in the first extracellular loop
of Cx37 to alanines and stably transfected the encoding
sequence into iRin cells, thereby creating the iRin37-
C61,65A cell lines. Cx37 expression, localization to and
insertion into the plasma membrane were comparable in
iRin37-C61,65A and iRin37 cells. However, unlike the
wild-type protein, the Cx37-C61,65A protein did not sup-
press the proliferation of iRin cells.

Failure of Cx37-C61,65A to growth-suppress prompted
us to check whether the mutated protein formed functional
hemichannels but nonfunctional gap junction channels.
Cells expressing Cx37-C61,65A were never observed to
take up NBD-M-TMA™, a dye previously shown to readily
permeate Cx37-WT gap junction channels (Ek-Vitorin and
Burt 2005) and shown here to be taken up by iRin37 cells
only when induced to express Cx37-WT protein and
exposed to low-[Ca’"], conditions. In addition, using
whole-cell voltage-clamp techniques, we detected func-
tional Cx37-WT hemichannels and gap junction channels
in both normal and low—[Ca2+]0 conditions but were unable
to detect functional Cx37-C61,65A hemichannels or gap
junction channels under comparable recording conditions.
Thus, the failure of Cx37-C61,65A to suppress prolifera-
tion of Rin cells is entirely consistent with our previous
studies demonstrating that channel functionality is neces-
sary and proper localization of a normal carboxy terminus
insufficient for Cx37-mediated growth suppression.

Failure of Cx37-C61,65A to form functional hemi-
channels suggests either that disruption of disulfide bond
formation in the extracellular loops prevents the channel
from adopting a (closed) configuration that can be triggered
to open (by docking, exposure to low [Ca®"],, mechanical
stimulus or even phosphorylation-dependent regulation) or
that the open configuration is blocked by the extracellular
loops due to mutations there. Arguing against the possi-
bility of channel block is the complete absence of hemi-
channel events and dye uptake in cells expressing the
mutant protein, even when “triggered” to open by expo-
sure to low-[CaH]o conditions. Bao and colleagues (2004)
and Tong and colleagues (2007) reported that Cx43 with all
six cysteines in the extracellular loops mutated to alanine
forms functional hemichannels with Ca*"-sensitive open
probability characteristics. Assuming similar behavior of
other connexins, these observations collectively suggest
that docking of hemichannels to form functional gap

junction channels is blocked by mutation of even one
cysteine in the extracellular loops (Dahl et al. 1992; Foote
et al. 1998); and our data suggest that mutation of fewer
than all six cysteines results in hemichannels that are
closed and unable to be triggered open.

We expected the current study to distinguish whether
Cx37 hemichannel activity, not gap junction channel
activity, was sufficient to explain Cx37-mediated growth
suppression of Rin cells and instead provide further evi-
dence that an open channel configuration must be possible
for growth suppression by Cx37 (Burt et al. 2008; Good
et al. 2011). It remains unclear what, if anything, permeates
the hemichannel/gap junction channel to influence cell
cycle progression. Potentially germane to this issue, how-
ever, is the observation that the wild-type hemichannel
opens in the presence of extracellular calcium ions, albeit
with only modest probability. However, since culture
medium contains “normal” levels of calcium and Cx37 is
growth-suppressive at cell densities where gap junction
channel formation is rare (Burt et al. 2008), hemichannels
able to open could allow the influx (or efflux) of signaling
molecules with a growth-regulatory effect.

In summary, we have demonstrated that mutation of the
second and third cysteines in the first extracellular loop of
Cx37 to alanines results in a protein that is no longer growth-
suppressive to Rin cells. The absence of a growth-suppressive
function is consistent with previous observations in which the
capacity to form a functional channel was demonstrated as
necessary for the growth-suppressive action of Cx37. Our
data further suggest that disulfide bond formation between the
extracellular loops is critical to the hemichannel’s ability to
adopt a conformation able to be triggered open as well as its
ability to dock with another hemichannel to form a gap
junction channel. Alternate (or additional) mutation sites will
be necessary to create a Cx37 protein able to form functional
hemichannels but unable to form functional gap junction
channels. Thus, it remains to be determined whether trans-
membrane (hemichannel) or intercellular (gap junction
channel) signaling, or both, is necessary for Cx37-mediated
growth suppression and whether channel-independent prop-
erties of Cx37 might also be necessary.
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