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Background:Gap junctions are intercellular plasmamembrane domains enriched in channels that provide direct commu-
nication between adjacent cells.
Results: The gap junction channel protein connexin 43 is posttranslationally modified by SUMOylation.
Conclusion: SUMOylation of connexin 43 is a novel mechanism for regulating gap junctions.
Significance: The study has important implications for understanding how gap junctions are regulated under normal and
pathological conditions.

SUMOylation is a posttranslational modification in which a
member of the small ubiquitin-like modifier (SUMO) family of
proteins is conjugated to lysine residues in specific target pro-
teins. Most known SUMOylation target proteins are located in
the nucleus, but there is increasing evidence that SUMO may
also be a key determinant of many extranuclear processes. Gap
junctions consist of arrays of intercellular channels that provide
direct transfer of ions and small molecules between adjacent
cells. Gap junction channels are formed by integral membrane
proteins called connexins, of which the best-studied isoform is
connexin 43 (Cx43). Here we show that Cx43 is posttranslation-
allymodified by SUMOylation. The data suggest that the SUMO
system regulates the Cx43 protein level and the level of func-
tional Cx43 gap junctions at the plasma membrane. Cx43 was
found to be modified by SUMO-1, -2, and -3. Evidence is pro-
vided that the membrane-proximal lysines at positions 144 and
237, located in the Cx43 intracellular loop and C-terminal tail,
respectively, act as SUMOconjugation sites.Mutations of lysine
144 or lysine 237 resulted in reduced Cx43 SUMOylation and
reduced Cx43 protein and gap junction levels. Altogether, these
data identify Cx43 as a SUMOylation target protein and repre-
sent the first evidence that gap junctions are regulated by the
SUMO system.

Gap junctions are intercellular plasma membrane domains
containing arrays of channels that provide exchange of ions and
small molecules between neighboring cells (1). Gap junctions
have fundamental roles in excitable tissues by allowing electri-
cal transmission between adjacent cells (2, 3). Gap junction
channel proteins are also expressed in nearly all cell types in
non-excitable tissues and have critical roles in development,
growth control, differentiation, and metabolic homeostasis (4,

5). Dysregulation of gap junctional intercellular communica-
tion has been linked to multiple human diseases, including
heart failure, deafness, skin disorders, and neuropathologies
(6). There is also substantial evidence that loss of cell-cell com-
munication via gap junctions is involved in cancer development
(7).
Gap junction channels are made of integral membrane pro-

teins called connexins. The connexin gene family consists of 20
members in humans, of which the best-studiedmember is con-
nexin 43 (Cx43)2 (8). Connexins are tetramembrane-spanning
proteins having the N- and C termini located in the cytosol (9).
Along their trafficking to the plasma membrane, individual
connexins assemble into hexameric structures called connex-
ons (10, 11). The connexons diffuse laterally in the plasma
membrane until they dock with connexons in the adjacent cell
membrane to form intact gap junction channels (12). The half-
life of connexins is relatively short, ranging from 1.5 to 5 h in
most tissue types (13, 14). During endocytosis of gap junctions,
bothmembranes of the junction are internalized into one of the
contacting cells, forming a double-membrane vesicle called an
annular gap junction or connexosome (15–17). Connexins are
then degraded in lysosomes (18–21).
Gap junction intercellular communication is regulated at

multiple levels (22). The most rapid form of gap junction regu-
lation involves changing the unitary conductance of single
channels or altering their probability of opening. Slower forms
of regulation is achieved by altering the number of channels
present in gap junctions by changing the rate of transport of
connexons to the plasma membrane, assembly of connexons
into gap junctions, or connexin endocytosis and degradation.
Posttranslational modifications of connexins play central roles
in gap junction regulation (12, 23, 24). We and others have
shown previously that Cx43 is posttranslationally modified by
ubiquitin (25–29). There is increasing evidence that the ubiq-
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junction endocytosis as well as in the postendocytic trafficking
of Cx43 to lysosomes (23).
The ubiquitin-like proteins have almost the same three-di-

mensional structure as ubiquitin and have similar enzymatic
mechanisms for protein modification (30). The best-known
ubiquitin-like protein is the small ubiquitin-related modifier
(SUMO)2 (31). Yeast and invertebrates have a single SUMO-
encoding gene, whereas vertebrates have four known SUMO
isoforms, designated SUMO-1 to SUMO-4. Among these, only
SUMO-1, -2, and -3 are expressed at the protein level. SUMO-2
and -3 share 97% sequence identity, whereas SUMO-1 shares
�50% sequence identitywith SUMO-2 and -3. The conjugation
of SUMO to substrate proteins involves the sequential action of
the E1 SUMO-activating enzymes and the E2 SUMO-conjugat-
ing enzyme 9 (Ubc9) (32–34). SUMOylation can affect the tar-
get proteins by multiple mechanisms; for instance, by altering
the activity, localization, or turnover rate of the protein (31).
The SUMO system has fundamental roles in numerous cellular
processes, including DNA repair, transcription, cytoplasmic-
nuclear transport, and chromosome separation (31). Most
known SUMOylated proteins are located in the nucleus or peri-
nucleus. However, important roles for SUMOylation in
extranuclear processes, such as signal transduction and traf-
ficking of membrane proteins, are emerging. Interestingly,
SUMOylation has been found to play important roles in the
regulation of certain integralmembrane proteins, amongwhich
are the potassium channels K2P1 (35, 36) and Kv1.5 (37), the
kainate receptor subunit GluR6 (38), the type I transforming
growth factor � receptor (39), and insulin-like growth factor 1
receptor (40). There is increasing evidence that SUMOylation
of integral membrane proteins might be important in cell
growth control as well as in the control of the electrical prop-
erties of excitable cells (41).
Here, we show that Cx43 is posttranslationally modified by

SUMOylation and demonstrate that the SUMO system regu-
lates the Cx43 protein level and the level of Cx43 gap junctions
at the plasma membrane. Evidence is provided that the mem-
brane-proximal lysines at positions 144 and 237, located in the
intracellular loop and in the C-terminal tail, respectively, act as
SUMO conjugation sites. Collectively, these data identify Cx43
as a SUMOylation target protein and represent the first evi-
dence that the SUMO system is involved in regulation of gap
junctions.

EXPERIMENTAL PROCEDURES

Plasmids—The expression plasmid encoding rat Cx43 was a
kind gift from Klaus Willecke (University of Bonn, Germany).
The following plasmids were from Addgene: HA-SUMO-1
(plasmid 17359), HA-SUMO-2 (plasmid 17360), HA-SUMO-3
(plasmid 17361), HA-Ubc9 (plasmid 14438), FLAG-SENP1 (plas-
mid 17357), and FLAG-SENP2 (plasmid 18047). Mutations were
generated by oligonucleotide-mediated site-directedmutagenesis
on thebasisof theconventionalKunkel’smethod (42). Eachof the
lysine residues (AAG) at positions 144 and 237 was mutated to
arginine (AGG) by employing the oligonucleotides 5�-CCCT-
CATTTTCACCCTGCCGTGCTCTTC-3� and 5�-CACGC-
GATCCCTAACGCCTTTG-3�, respectively. The introduced
mutations were verified by DNA sequencing.

Antibodies—The anti-Cx43 antiserum was made in rabbits
injected with a synthetic peptide consisting of the 20 C-termi-
nal amino acids of Cx43 (43). The anti-HA antibody (6E2) was
obtained fromCell SignalingTechnology.Alexa Fluor 488-con-
jugated goat anti-rabbit IgG antibodywas fromSigma. The goat
anti-rabbit IgG antibody conjugated to horseradish peroxidase
was obtained from Bio-Rad. The donkey anti-mouse IgG anti-
body conjugated to horseradish peroxidase was obtained from
Immunolab.
Cell Culture and Transfection—HeLa-CCL2 cells were

obtained from the ATCC. The HeLa cell clone used for quan-
titative dye transfer experiments was kindly provided by Dr.
Jørgen Wesche (Oslo University Hospital). The cells were
grown in DMEM supplemented with 10% (v/v) FBS (Invitro-
gen) and 2 mM L-glutamine (Sigma). Cells were plated onto
35-mm (4� 105) or 100-mm (3,2� 106) Petri dishes and trans-
fected 24 h after seeding using Lipofectamine 2000 reagent
(Invitrogen) according to the recommendations of the manu-
facturers. Prior to transfection, themediumcontaining FBS and
L-glutamine was replaced with DMEM containing only L-glu-
tamine. Five hours after transfection, DMEM containing only
L-glutamine was replaced with DMEM containing both FBS
and L-glutamine.
Cx43 SUMOylation Assay—Anti-Cx43 antibodies were

covalently linked to protein A-Sepharose beads by incubating
protein A-Sepharose beads in immunoprecipitation coupling
buffer (dH2O, 100mMNaHCO3, 50mMNaCl, 1 mM PMSF (pH
8.3)) for 30 min and then mixed with anti-Cx43 antibodies and
incubated for 1 h with continuous end-over-end gentle rota-
tion. The beads were washed twice with 10 volumes of 0.2 M

borate buffer (pH 9). Dimethyl pimelimidate dihydrochloride
was added to a final concentration of 20 mM, and the mix was
incubated for 30 min. The cross-linking reaction was termi-
nated by washing the beads twice in 10 volumes of 0.2 M etha-
nolamine (pH 8). The beads were left in the last wash for 2 h
with gentle mixing. The ethanolamine was discarded, and the
beads were resuspended in the original volume of ice-cold PBS
containing 1 mM PMSF. Forty-eight hours after transfection,
HeLa cells were washed once with ice-cold PBS and added lysis
buffer (PBS, 10% glycerol, 0.25% sodium deoxycholate, 0.45%
sodium lauroyl sarcosine, 20 mM N-ethylmaleimide, protease
and phosphatase inhibitor cocktails (Sigma), and 2 mM EDTA)
for 5minon ice. The lysateswere precleaned by incubationwith
protein A-Sepharose beads (Invitrogen) at 4 °C for 30 min with
shaking. Beads were pelleted by centrifugation at 7000 rpm for
5 min at 4 °C, and the supernatant was collected. To each sam-
ple, equal amounts of anti-Cx43 covalently linked to protein
A-Sepharose beads were added. Preimmune serum from the
same animal was used as a negative control. The reaction mix-
ture was incubated at 4 °C for 2 h with shaking. The pellet was
collected by centrifugation at 5000 rpm for 5 min at 4 °C and
washed five times with ice-cold lysis buffer containing 20 mM

N-ethylmaleimide. After the final wash, the pellet was resus-
pended in 15 �l Western sample buffer and heated to 95 °C for
5 min. The samples were centrifuged at 13000 rpm, and the
supernatant was subjected to protein separation by 8% SDS-
PAGE. Western blot analysis was performed as described
below.
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Western Blotting—Forty-eight hours after transfection, HeLa
cells were washed with PBS and scraped in 300 �l of SDS elec-
trophoresis sample buffer (10 mM Tris (pH 6.8), 15% w/v glyc-
erol, 3% w/v SDS, 0.01% w/v bromphenol blue, and 5% v/v
2-mercaptoethanol). The cell lysates were sonicated and heated
for 5 min at 95 °C. Samples were separated by 8% SDS-PAGE
and transferred to nitrocellulose membranes as described (44).
The membranes were developed with chemiluminescence
(Lumiglo, Millipore) for Cx43 and �-actin and Super Signal
West Femto maximum sensitivity substrate (Pierce) for
anti-HA and imaged on a Bio-Rad image station. Bands were
quantified using Bio-Rad Image Lab software.
Analysis of the Cx43 Detergent Solubility—The Triton X-100

solubility of Cx43 was evaluated on the basis of amethod devel-
oped by VanSlyke and Musil (45), as described previously (46).
Briefly, HeLa cells scraped in 1 ml of incubation buffer (136.8
mM NaCl, 5.4 mM KCl, 0.34 mM Na2HPO4, 0.35 mM KH2PO4,
0.8 mMMgSO4, 2.7 mMCaCl2, 20 mMHepes (pH 7.4)) contain-
ing 10mMN-ethylmaleimide and 200�Mphenylmethylsulfonyl
fluoride and centrifuged at 3000 � g for 4 min at 4 °C. The cells
were resuspended in 400�l incubation buffer containing 10mM

N-ethylmaleimide, 200 �M phenylmethylsulfonyl fluoride, 22
�M leupeptin, and phosphatase mixture (Sigma Aldrich) and
sonicated for 10 s. Triton X-100 was added to a final concen-
tration of 1%, and the lysates were incubated for 30 min at 4 °C.
200 �l of the samples were centrifuged 100,000 � g for 50 min
at 4 °C. The supernatant fraction was collected, and the pellet
was resuspended in 200 �l of incubation buffer containing 10
mM N-ethylmaleimide and 200 �M phenylmethylsulfonyl fluo-
ride. Immunoprecipitation of Cx43 from all the fractions was
then performed, as described above.
Immunofluorescence Confocal Microscopy—HeLa cells grown

in monolayer on coverslips were fixed and permeabilized with
ice-cold methanol for 10 min. The cells were then rinsed twice
in PBS and incubated with PBS containing 5% (w/v) dry milk
and 0.1% Tween for 30 min. The cells were incubated for 1 h
with anti-Cx43 (diluted 1:500), washedwithPBS, and incubated
with Alexa Fluor 488-conjugated goat anti-rabbit IgG antibod-
ies (diluted 1:1000) for 1 h. The cells were then rinsed in PBS,
and the nuclei were stained with Hoechst 33342 prior to
mounting with Mowiol. The cells were analyzed with a LSM
710 confocal microscope (Carl Zeiss) equipped with a Plan
Apochromat 63 � 1.4 NA oil immersion objective (Carl Zeiss).
Images were acquired with the ZEN 2009 edition software and
processed with Adobe Photoshop CS4.
Quantitative Scrape Loading Dye Transfer—Determination

of gap junction intercellular communication by quantitative
scrape loading was performed as described previously (47, 48).
In these experiments we used aHeLa cell clone with high trans-
fection efficiency thatwaswell suited for functional dye transfer
studies. Briefly, HeLa cells grown in 35-mm Petri dishes were
washed twice with PBS and added 0.05% (w/v) Lucifer Yellow
(Sigma) dissolved in PBS without Ca2� and Mg2�. The mono-
layer was cut with a surgical scalpel, and after 3.5min, the Luci-
fer Yellow solution was removed, and the dishes were rinsed
four times with PBS. The cells were then fixed in 4% formalde-
hyde in PBS and mounted with a glass coverslip. Digital mono-
chrome images were acquired by a COHU 4912 CCD camera

(COHU, Inc., San Diego, CA) and a Scion LG-3 frame grabber
card (Scion Corp. Frederick, MD). The levels of gap junctional
intercellular communications were determined as the relative
area of dye coupled cells, using National Institutes of Health
image software. Exposing cells to 30 �M chlordane for 30 min
results in a complete inhibition of gap junction intercellular
communication. The fluorescent cells observed following such
treatment have obtained the dye directly through the scrape
process and was used to define zero communication. Values
shown are the mean � S.E. of four independent experiments in
which 15 images were acquired for each experimental point.

RESULTS

Cx43 Is Covalently Modified by SUMO-1, -2, and -3—To
determine whether Cx43 is SUMOylated, HeLa cells were
cotransfected with plasmids encoding Cx43 and HA-tagged
SUMO-1. Cell lysates were subjected to immunoprecipitation
using antibodies against Cx43, followed by Western blotting
using antibodies against Cx43 or HA. In accordance with pre-
vious studies, the immunoprecipitated Cx43 formed three
major bands on SDS-PAGE (designated Cx43-P0, -P1, and -P2)
with molecular masses of 38, 40, and 43 kDa, respectively, as
well as a weaker band of 37 kDa (Fig. 1A) (28, 29). The anti-HA
antibody detected three weak bands. These bands were not
detected when cells were transfected with Cx43 alone or when
the anti-Cx43 antibody was replaced with preimmune serum
during immunoprecipitation, indicating that these bands rep-
resent SUMOylated Cx43 (Fig. 1A). Moreover, the intensity of
the anti-HAbandswas increasedwhen cells were cotransfected
with the SUMO E2 conjugating enzyme Ubc9, supporting the
conclusion that these bands indeed represent SUMOylated
Cx43 (Fig. 1A). The covalent attachment of SUMO to a target
protein results in an increase of the molecular mass of the pro-
tein by 15–25 kDa (31). The approximatemolecularmass of the
bands detected by the HA antibody were 53, 55, and 58 kDa,
suggesting that these bands represent SUMOylated forms of
Cx43-P0, -P1, and -P2, respectively.
SUMO-3 has �50% sequence homology with SUMO-1. In

contrast to SUMO-1, SUMO-3 is able to form polySUMOyla-
tion chains on the target protein (31). As shown in Fig. 1B, Cx43
was found to be covalently modified with SUMO-3. Cx43 con-
jugated to SUMO-3 was detected as three major bands with
molecular mass of 53, 55 and 58 kDa, respectively, in accord-
ance with the theoretical molecularmass ofmonoSUMOylated
forms of Cx43-P0, -P1 and -P2. In addition, several slower-
migrating HA-immunoreactive double bands were observed.
These bands had a difference in relative molecular mass equiv-
alent to the mass of one SUMO protein. These observations
suggest that multiple SUMO-3 proteins are conjugated to
Cx43, either in the form ofmultiplemonoSUMOylation (single
SUMO-3 proteins are conjugated to Cx43 at multiple sites), as
polySUMOylation (a poly-SUMO-3 chain is conjugated to
Cx43onone site), or a combination of these two types of SUMO
modifications.
To analyze the relative levels of the Cx43 protein pools mod-

ified with SUMO-1 and SUMO-3, immunoprecipitates con-
taining Cx43 modified with HA-SUMO-1 and HA-SUMO-3
were applied on the same SDS-PAGE gel. The level of Cx43
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modified with SUMO-3 was similar to the level of SUMO-1-
conjugated Cx43 in cells not cotransfected with Ubc9 (Fig. 1C).
However, in response to Ubc9 cotransfection, the level of the
Cx43 pool modified by SUMO-3 was found to be considerably
higher than the Cx43 pool modified by SUMO-1. We also
examined whether Cx43 is modified with SUMO-2, which
shares 97% sequence homology with SUMO-3. Interestingly,
Cx43 was indeed found to be modified with SUMO-2, but the
level of this pool of Cx43 was lower compared with the Cx43
pool modified with SUMO-1 or SUMO-3 (Fig. 1C). Moreover,
we were unable to detect multiple SUMO bands with higher
molecular weights, suggesting that SUMO-2 conjugates to
Cx43 in a monoSUMOylated manner.
To verify that the bands detected by the anti-HA antibodies

represent SUMOylation of Cx43 and not SUMOylation of pro-
teins that are nonspecifically immunoprecipitated by the anti-
Cx43 antibodies, plasmids expressing Cx43 were replaced by
empty plasmids. Under these conditions, no anti-HA bands
were detected (Fig. 1D). These results strongly indicate that the
bands detected by the anti-HA antibodies represent SUMO-

ylated forms of Cx43. In accordance with previous studies,
HeLa-CCL2 cells expressed low levels of endogenous Cx43
(49).
SUMOylation is a reversible process, and deconjugation of

SUMO from the substrate protein is mediated by SUMO/sen-
trin-specific peptidase (SENP)1–3 and SENP5–7, of which
SENP1 and -2 are the best-studied (50). SENP1 and -2 counter-
acted the conjugation of all three SUMO isoforms to Cx43 (Fig.
2, A–C). As shown in Fig. 2D, SENP1 and -2 also counteracted
the conjugation of SUMO-3 to Cx43 under conditions where
Ubc9 was overexpressed. Altogether, these results indicate that
Cx43 is covalently modified by SUMO-1, SUMO-2, and
SUMO-3. The data further indicate that Cx43 is modified by
multiple SUMO-3 peptides but only single SUMO-1 and
SUMO-2 peptides.
The SUMOSystemRegulates Cx43Gap Junctions—To inves-

tigate the role of SUMO in the regulation ofCx43 gap junctions,
the effect of overexpression of SUMO-1, -2, or- 3 on Cx43 gap
junction levels was determined. Importantly, overexpression of
SUMO resulted in increased levels of Cx43 gap junctions at the

FIGURE 1. Cx43 is post-translationally modified by SUMO-1, -2, and -3. A, HeLa cells were transfected with Cx43 alone or in combination with HA-SUMO-1
and HA-Ubc9. Cell lysates were subjected to immunoprecipitation (IP) using anti-Cx43 antibodies or preimmune serum (PI) as negative control. SUMOylated
Cx43 was detected by Western blotting (WB) using anti-HA antibodies. The blot was stripped and reprobed using anti-Cx43 antibodies. B, as in A, but
HA-SUMO-1 was replaced with HA-SUMO-3. C, HeLa cells were cotransfected with Cx43 and HA-SUMO-1, HA-SUMO-2, or HA-SUMO-3 with or without HA-Ubc9.
Cell lysates were subjected to immunoprecipitation using anti-Cx43 antibodies. SUMOylated Cx43 was detected by Western blotting using anti-HA antibodies.
The blot was stripped and reprobed using anti-Cx43 antibodies. D, HeLa cells were cotransfected with Cx43 or empty vector together with HA-SUMO-1,
HA-SUMO-2, or HA-SUMO-3 and HA-Ubc9. Cell lysates were subjected to immunoprecipitation using an antibody against Cx43. SUMOylated Cx43 was
detected by Western blotting using anti-HA antibodies. The blot was stripped and reprobed using anti-Cx43 antibodies. Molecular mass in kDa is indicated.
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plasmamembrane, as determined by confocal microscopy (Fig.
3A). Increased Cx43 staining was also observed in intracellular
vesicular structures. As determined by Western blotting,
cotransfection of any of the three SUMO paralogs with Cx43
was associated with increased Cx43 protein levels (Fig. 3B).
Among the three SUMO paralogs, SUMO-1 and SUMO-2 had
the strongest effect on the Cx43 level, causing an approxi-
mate 2-fold increase, whereas cotransfection with SUMO-3
increased the Cx43 protein level by �50%. On the basis of
these observations, we conclude that the SUMO system is
involved in controlling the total cellular Cx43 protein level and
Cx43 localized in gap junctions at the plasma membrane. To
elucidate which subcellular pool of Cx43 is conjugated with
SUMO, the detergent resistance of the SUMOylated Cx43 pro-
tein pool was determined. Cx43 organized in gap junction
plaques is insoluble in Triton X-100 at 4 °C, whereas Cx43 not
organized in gap junctions is Triton X-100-soluble (45). The
majority of the SUMOylated form of Cx43 was found to be
soluble in Triton X-100 (Fig. 4). These observations suggest
that SUMOylated Cx43 is not organized in functional gap
junctions.
Identification of Lys-144 and Lys-237 as Cx43 SUMOylation

Sites—SUMOylation often occurs on a lysine residue within a
consensus sequence �KXD/E, in which � represents a large
hydrophobic residue, K the acceptor lysine residue, and X any

amino acid (31). The Cx43 C terminus contains nine lysine
residues, whereas the intracellular loop contains 11 lysines,
none of which reside within a SUMOylation consensus motif.
To identify potential Cx43 SUMOylation sites, each of the
lysines located in the intracellular loop and in the C-terminal
tail of Cx43 was singly replaced with arginine, and the SUMOy-
lation status of the various Cx43 mutants was then compared
with the Cx43 wild type.
Importantly, mutation of Lys-144, located in the juxtamem-

brane region of the intracellular loop of Cx43, and mutation of
Lys-237, located in the juxtamembrane region of the Cx43
C-terminal tail, resulted in reduced conjugation to all three
SUMO paralogs (Fig. 5, A and B). Mutation of Lys-144
decreased the SUMOylation level by �40% for all three SUMO
paralogs, whereas a reduction in SUMOylation of �20–25%
was observed because of the Lys-237 mutation. On the basis of
these experiments, we conclude that Lys-144 and Lys-237 act as
Cx43 SUMO conjugation sites (Fig. 5C). Sequence comparison
reveals that Lys-144 and Lys-237 are conserved through evolu-
tion (Fig. 5D). Interestingly, Lys-144 in Cx43 is also conserved
in eight of the 20 known human connexin isoforms, including
Cx26 andCx32, two of the best-studied connexins beside Cx43.
Moreover, Cx43 as well as six of the other connexin isoforms
that harbor a lysine at position 144 contain a large hydrophobic
amino acid directly downstream of the lysine residue and, thus,

FIGURE 2. Cx43 is deSUMOylated by SENP1/2. HeLa cells were cotransfected with Cx43 and HA-SUMO-1 (A), HA-SUMO-2 (B), or HA-SUMO-3 (C) with or
without FLAG-SENP1 or FLAG-SENP2. Cell lysates were subjected to immunoprecipitation (IP) using an antibody against Cx43. SUMOylated Cx43 was detected
by Western blotting (WB) using anti-HA antibodies. The blots were stripped and reprobed using anti-Cx43 antibodies. D, HeLa cells were cotransfected with
Cx43, HA-SUMO3, and HA-Ubc9, with or without FLAG-SENP1 or FLAG-SENP2. Cell lysates were subjected to immunoprecipitation using anti-Cx43 antibodies.
SUMOylated Cx43 was detected by Western blotting using anti-HA antibodies. The blot was stripped and reprobed using anti-Cx43 antibodies. Molecular mass
in kDa is indicated.
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partly fulfill the requirement of being an inverted SUMOylation
motif, as described previously for other proteins (51). Notably,
among the 13 connexin isoforms that do not contain a lysine in
this position, five contain an arginine residue instead of a lysine
in the same position. Lys-237 is conserved in two other con-
nexin isoforms, all of which contain a large hydrophobic amino
acid directly upstream of the lysine residue (Fig. 5D). Alto-
gether, these observations suggest that SUMOylation of con-

nexins may be an evolutionary conserved mechanism for regu-
lating gap junctions. Notably, our preliminary studies suggest
that mutation of several other lysines in the Cx43 intracellular
loop and C-terminal tail affects the Cx43 SUMOylation status,
raising the possibility that multiple lysines in addition to Lys-
144 and Lys-237 may act as SUMOylation sites3. The role of
these lysines in the regulation of Cx43 was not investigated
further in this study.
Cx43-K144R and Cx43-K237R Have a Reduced Ability to

form Gap Junctions—Importantly, replacement of Lys-144 or
Lys-237 to arginines resulted in reduced Cx43 gap junction for-
mation at the plasma membrane as determined by confocal
microscopy (Fig. 6A). Mutation of Lys-144 or Lys-237 also
resulted in reduced Cx43 protein levels, as determined by
Western blotting (Fig. 6B). Taken together, these observations
suggest that Lys-144 and Lys-237 play important roles in regu-
lating theCx43 protein level and the level of Cx43 gap junctions
at the plasma membrane.
Effect of SUMOylation on Cx43 Gap Junction Channel

Function—To elucidate the role of the SUMO system on Cx43
gap junction channel function,HeLa cells were transfectedwith
Cx43 alone or in combination with HA-SUMO-3. The level of
gap junction intercellular communication was determined by
quantitative scrape loading dye transfer. Cotransfection of HA-
SUMO-3 resulted inmore than a doubling of the gap junctional
communication comparedwith cells that were transfectedwith
only Cx43 (Fig. 7).

DISCUSSION

In this study, we demonstrate thatCx43 is posttranslationally
modified and regulated by SUMOylation. The data indicate
that the SUMO system has an important role in controlling the
total cellular Cx43 protein level and the level of Cx43 gap junc-
tions at the plasma membrane. Evidence is provided that the
lysines at positions 144 and 237, located in the juxtamembrane
regions of the Cx43 intracellular loop and C-terminal tail,

3 A. Kjenseth, T. A. Fykerud, S. Sirnes, J. Bruun, Z. Yohannes, M. Kolberg, Y.
Omori, E. Rivedal, and E. Leithe, unpublished data.

FIGURE 3. Cx43 is regulated by the SUMO system. HeLa cells were trans-
fected with Cx43 alone or together with HA-SUMO-1, -2, or -3. A, cells were
stained with anti-Cx43 antibodies and visualized using confocal microscopy.
Scale bars � 10 �m. B, cell lysates were prepared, and equal amounts of total
cell protein were subjected to SDS-PAGE. Cx43 was detected by Western blot-
ting (WB) using Cx43 antibodies. The blot was stripped and reprobed with
anti-�-actin antibodies. The intensities of the Cx43 bands were measured and
normalized to the �-actin levels in the same samples. The total Cx43 protein
level in cells cotransfected with Cx43 and HA-SUMO-1, -2, or -3 relative to cells
transfected with only Cx43 is shown. Values shown are the mean � S.D. of
three independent experiments. Molecular mass in kDa is indicated.

FIGURE 4. Analysis of the Triton X-100 solubility of SUMOylated Cx43.
HeLa cells were transfected with Cx43; HA-Ubc9; and either HA-SUMO-1, -2, or
-3. Cells were then subjected to a Triton X-100 solubility assay. The total cell
lysate fractions (T), the Triton X-100-soluble fractions (S) and the Triton X-100-
insoluble fractions (I) were subjected to immunoprecipitation using anti-
Cx43 antibodies. Immunoprecipitates were subjected to SDS-PAGE and
SUMOylated Cx43 was detected using anti-HA antibodies. The blots were
stripped and reprobed with anti-Cx43 antibodies. Molecular mass in kDa is
indicated.
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respectively, act as SUMO conjugation sites. Altogether, these
data represent the first evidence that SUMOylation is involved
in regulation of gap junctions.
SUMO is known to play critical roles in the regulation of

nuclear and perinuclear proteins (52, 53). There is also increas-
ing evidence that SUMO is important in regulating extranu-
clear proteins, including proteins at the cell surface. However,
only a few integral plasmamembrane proteins have been shown
to be modified by SUMO. Here we demonstrate that Cx43 is
modified by SUMO-1, -2, and -3. The finding that all three
SUMO paralogs conjugate to Cx43 raises the interesting possi-
bility that they might affect Cx43 through distinct molecular
mechanisms. Cx43 was found to be conjugated to single
SUMO-1 and SUMO-2 proteins but multiple SUMO-3 pro-
teins. Previous studies have shown that SUMO-3 is able to form
polySUMOylation chains on substrate proteins in vivo (31).
Thus, Cx43 may either be conjugated to single SUMO-3 pep-
tides on multiple lysines, by a single polySUMO-3 chain, or a
combination of these types of SUMO-3 modifications.
Our results indicate that overexpression of all of the three

SUMO paralogs results in increased Cx43 protein levels and
increased levels of gap junctions. The increase in Cx43 gap

junction levels in response to overexpression of SUMO is likely
to reflect an overall increase in Cx43 protein levels under these
conditions, although it cannot be ruled out that SUMOylation
of Cx43 might be involved in regulating the assembly of Cx43
into gap junctions or gap junction endocytosis. Replacement of
the lysines in positions 144 or 237 with arginines resulted in
reduced Cx43 SUMOylation, indicating that these two lysines
act as Cx43 SUMO conjugation sites. As determined by confo-
cal microscopy, Cx43-K144R and Cx43-K237R had a reduced
ability to form gap junctions. At present, we do not know
whether Cx43-K144R andCx43-K237R have altered intracellu-
lar trafficking compared with Cx43-WT. It is also important to
take into consideration that mutation of Lys-144 or Lys-237
could affect the Cx43 protein level and the ability of Cx43 to
form gap junctions independently of the effect on the Cx43
SUMOylation status.
Further studies are required to determine in which subcellu-

lar compartments Cx43 SUMOylation occurs. The SUMO-
ylated Cx43 pool was found to be soluble in Triton X-100, sug-
gesting that the SUMOylated Cx43 is not organized in
functional gap junctions. One possible scenario is that newly
synthesized Cx43 undergoes SUMOylation along its trafficking

FIGURE 5. Identification of Lys-144 and Lys-237 as Cx43 SUMOylation sites. HeLa cells were transfected with Cx43-WT (A, B), Cx43-K144R (A) or Cx43-K237R
(B) in combination with HA-SUMO-1, -2, or -3 and HA-Ubc9, as indicated. Cell lysates were subjected to immunoprecipitation (IP) using anti-Cx43 antibodies.
SUMOylated Cx43 was detected by Western blotting (WB) using anti-HA antibodies. The blots were stripped and reprobed using anti-Cx43 antibodies. The
intensities of the HA signals were measured and normalized to the intensities of the Cx43 signals in the same samples. The SUMOylation level for Cx43-K144R
and Cx43-K237R is expressed in percentage relative to Cx43-WT. Values shown are the mean � S.D. of three independent experiments. Molecular mass in kDa
is indicated. C, schematic overview of the location of Lys-144 and Lys-237 and other lysine residues in Cx43. Blue indicates that the lysine acts as a SUMO
conjugation site. D, amino acid sequence of the human Cx43 regions that contain Lys-144 and Lys-237 and corresponding sequences in the indicated species
homologs (upper panel) or in other connexin isoforms in humans (lower panel).
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from the Golgi/trans-Golgi network to the plasma membrane
and then is subjected to deSUMOylation during or shortly after
it has assembled into gap junction plaques (Fig. 8). We have
shown previously that endocytosis of Cx43 gap junctions in
response to activation of protein kinase C is associated with a
loss of the Triton X-100 resistance of Cx43 organized in gap
junctions (54, 55). The loss of the detergent resistance of Cx43
was found to be an early event in gap junction endocytosis.
Thus, the finding that the SUMOylated Cx43 is Triton X-100-
soluble might also indicate that SUMOylation of Cx43 occurs
during gap junction endocytosis or along its postendocytic traf-
ficking to lysosomes. The precise molecular mechanisms
underlying the regulation of gap junctions by Cx43 SUMOyla-
tion remain to be determined. An increasing number of pro-
teins have been shown to bind to SUMOvia SUMO-interacting
motifs (31). Proteins with SUMO-interacting motifs bind non-
covalently to SUMOylated proteins by direct interaction with
the SUMO moiety or the SUMO-substrate interface. Possibly,
SUMOylation of Cx43 might result in non-covalent binding to
one ormore SUMO-interactingmotif-containing proteins that
promote the stability of Cx43. In an alternative scenario,
SUMOylation of Cx43 at Lys-144 and Lys-237 might result in a
conformation shift of the protein that promotes the stability of
Cx43 gap junctions. A third possible scenario is that SUMOy-
lation of Cx43 stabilizes the protein by competing with Cx43
ubiquitination.

FIGURE 6. Cx43-K144R and Cx43-K237R have a reduced ability to form gap junctions HeLa cells were transfected with Cx43-WT, Cx43-K144R or Cx43-
K237R. A, cells were stained with anti-Cx43 antibodies and visualized using confocal microscopy. Scale bars � 10 �m. B, cell lysates were prepared, and equal
amounts of total cell protein were subjected to SDS-PAGE. Cx43 was detected by Western blotting (WB) using anti-Cx43 antibodies. The blot was stripped and
reprobed with anti-�-actin antibodies. The intensities of the Cx43 bands were measured and normalized to the �-actin levels in the same samples. The total
Cx43 protein levels in cells transfected with Cx43-K144R and Cx43-K237R relative to cells transfected with Cx43-WT are shown. Values shown are the mean �
S.D. of three independent experiments. Molecular mass in kDa is indicated.

FIGURE 7. Effect of SUMO-3 on Cx43 gap junction channel function. HeLa
cells were transfected with empty plasmids, Cx43 alone, or Cx43 together
with HA-SUMO-3. The level of gap junctional communication was deter-
mined by quantitative scrape loading dye transfer. In accordance with previ-
ous studies, treatment of Cx43-transfected cells with chlordane (30 �M) for 30
min resulted in complete inhibition of gap junctional intercellular communi-
cation, and was used to define zero communication. Values shown are the
mean � S.E. of four independent experiments, relative to cells transfected
with only Cx43. Note that cells transfected with empty plasmid were found to
have low levels of gap junction intercellular communication, as they
expressed low amounts of endogenous Cx43.

Regulation of Connexin 43 by SUMOylation

15858 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 19 • MAY 4, 2012



Approximately 75% of known SUMOylation substrates are
SUMOylated within a �KXD/E consensus motif (31). None of
the lysines in the Cx43 C-terminal tail or intracellular loop
reside within a SUMOylation consensus motif. Interestingly,
however, Lys-237 is preceded by a valine residue, thus partly
fulfilling the requirement for a SUMO consensus motif. More-
over, a valine residue is located directly upstream of Lys-144,
which, hence, partly fulfills the requirement of residing within
an inverted SUMOylation consensus motif (51). Importantly,
Lys-144 is evolutionarily conserved in seven other connexin
isoforms. Among these, six harbor a large hydrophobic amino
acid directly upstream of the lysine residue. Lys-237 is con-
served in two other connexin isoforms, both of which are pre-
ceded by a large hydrophobic amino acid. Taken together, these
observations raise the possibility that SUMOylation could be a
general mechanism for regulating connexins. Our preliminary
studies suggest that also other lysines in the intracellular loop
and C-terminal tail of Cx43 in addition to Lys-144 and Lys-237
might act as SUMO conjugation sites3. How SUMOylation of
Cx43 at the various lysines might affect Cx43 gap junctions
remains to be explored.
Our data indicate that both SENP1 and -2 induce deSUMO-

ylation of Cx43. Notably, our preliminary studies suggest that
overexpression of SENP-1 or -2 is not associated with reduced
Cx43 protein levels or reduced levels of gap junctions at the
plasma membrane3. Instead, overexpression of SENP1 or -2
appears to cause an increase in the Cx43 protein level. Because
overexpression of SENP-1 and -2 is expected to induce global
deSUMOylation, SENP1 and -2 could affectCx43 indirectly, for
instance by deSUMOylating Cx43-interacting proteins. Defin-

ing the role of SENP1 and -2 in the regulation of Cx43 gap
junctions will be an important subject for future studies.
SUMOylation is tightly linked to other types of posttransla-

tional modifications (31). In addition to being regulated by
phosphorylation and ubiquitination, it was recently shown that
Cx43 is also acetylated (56). An important subject for future
work will be to elucidate the functional interplay between Cx43
phosphorylation, acetylation,ubiquitination, andSUMOylation in
the regulation of gap junctions. To the best of our knowledge, this
study represents the first evidence that the intracellular loop of
Cx43 is subjected to posttranslational modification. Whether the
intracellular loop of Cx43 undergoes other types of modifications
in addition to SUMOylation, and how these modifications might
interplay with Cx43 SUMOylation to control Cx43 gap junctions,
remains to be determined.
In conclusion, this study identifies Cx43 as a SUMOylation

substrate protein and demonstrates that the SUMO system is
critically involved in regulating Cx43 gap junctions. SUMOyla-
tion of Cx43 is likely to have a significant impact on the control
of electrical properties of excitable cells as well as on Cx43-
mediated cell growth control. The finding thatCx43 ismodified
by SUMO adds another level to the complexity of gap junction
regulation and has important implications for future studies
aimed at uncovering the molecular basis underlying the dys-
regulation of gap junctions in human pathologies.
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FIGURE 8. Working hypothesis for the regulation of Cx43 gap junctions by SUMOylation. Five possible subcellular locations for SUMOylation of Cx43 are
indicated: 1) the Golgi/trans-Golgi network, 2) the plasma membrane outside gap junctions, 3) gap junctions, 4) connexosomes, and 5) early endosomes. At
each of these locations, the SUMOylated Cx43 could possibly be recognized by yet unidentified SIM-containing proteins that control Cx43 trafficking and,
hence, the level of Cx43 organized in gap junctions. Alternatively, SUMOylation of Cx43 might affect the level of Cx43 organized in gap junctions by competing
with ubiquitination or other lysine modifications, such as acetylation. A third scenario is that SUMOylation of Cx43 affects gap junctions by altering the gap
junction channel conformation.
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