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In contrast to most multimeric transmembrane com-
plexes that oligomerize in the endoplasmic reticulum
(ER), the gap junction protein connexin43 (Cx43) oli-
gomerizes in an aspect of the Golgi apparatus. The
mechanisms that prevent oligomerization of Cx43 and
related connexins in the ER are not well understood.
Also, some studies suggest that connexins can oligomer-
ize in the ER. We used connexin constructs containing a
C-terminal dilysine-based ER retention/retrieval signal
(HKKSL) transfected into HeLa cells to study early
events in connexin oligomerization. Using this ap-
proach, Cx43-HKKSL was retained in the ER and pre-
vented from oligomerization. However, another ER-re-
tained HKKSL-tagged connexin, Cx32-HKKSL, had the
capacity to oligomerize. Because this suggested that
Cx43 contains a motif that prevented oligomerization in
the ER, a series of HKKSL-tagged and untagged Cx32/
Cx43 chimeras was screened to define this motif. The
minimal motif, which prevented ER oligomerization,
consisted of the complete third transmembrane domain
and the second extracellular loop from Cx43 on a Cx32
backbone. We propose that charged residues present in
Cx43 and related connexins help prevent ER oligomer-
ization by stabilizing the third transmembrane domain
in the membrane bilayer.

Gap junction channels are formed by a family of proteins
known as connexins (1-7). A complete gap junction channel is
formed when a connexin hexamer in the plasma membrane of
one cell binds to a hexamer in an adjacent cell. Formation of
connexin hexamers (oligomerization) occurs in intracellular
compartments prior to transport to the plasma membrane.
Connexin mutations associated with human disease frequently
interfere with proper connexin trafficking and assembly, caus-
ing mutant connexins to improperly accumulate in intracellu-
lar compartments such as the endoplasmic reticulum (ER)! or
aspects of the Golgi apparatus (8-10).

Musil and Goodenough (11) first demonstrated that con-
nexin43 (Cx43) oligomerizes into hexamers after exit from the
ER. Cx43 differs from most other multimeric transmembrane
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complexes, which typically oligomerize in the ER as a prereq-
uisite to further transport along the secretory pathway (12).
Post-ER oligomerization of Cx43 and other connexins has been
confirmed in other studies (13-16). However, there is also
evidence suggesting that connexins partially or completely oli-
gomerize in the ER (14, 17, 18). Most of these studies examined
the effect of membrane trafficking inhibitors, such as brefeldin
A, on connexin oligomerization. In addition, sites of oligomer-
ization have been inferred from rescue studies in which co-
expressed wild-type connexins assemble with misfolded con-
nexins and promote their transport to the plasma membrane.
The implication of these studies is that oligomerization be-
tween the misfolded and properly folded connexins occurred in
the compartment where the misfolded connexin was trapped.
As an alternate approach, we have used connexins contain-
ing a dilysine ER retention/retrieval motif, HKKSL, to study
early events in oligomerization of Cx32 and Cx43 (19). HKKSL-
tagged connexins are retained in the ER in the absence of
pharmacologic agents that have the potential to alter ER com-
position and function (20). We found that ER-retained Cx32-
HKKSL had the capacity to oligomerize, whereas Cx43-
HKKSL did not (19). This suggests that Cx43-HKKSL contains
a motif required to inhibit oligomerization in the ER. Given
this possibility, we made a series of HKKSL-tagged Cx43/Cx32
chimeras to define Cx43 motifs that inhibit ER oligomerization.

MATERIALS AND METHODS

Antisera and Reagents—Rabbit anti-Cx43 (21) was generated using
Hisg-tagged C-terminal tail constructs as described previously. Rabbit
anti-Cx32 and mouse anti-Cx32 were from Zymed Laboratories Inc.
(San Francisco, CA), and mouse anti-calnexin and rabbit anti-8-COP
were from Affinity Bioreagents (Golden, CO). Monoclonal anti-Cx43
was from Chemicon (Temecula, CA). Fluorescent and horseradish per-
oxidase-conjugated secondary antibodies were from Jackson Immu-
noresearch (West Grove, PA). Biomag particles coated with goat anti-
mouse IgG were from Polysciences (Warrington, PA). Triton X-100 was
from Roche Applied Science. Tissue culture reagents were from Invitro-
gen. Unless otherwise specified, all other reagents were from Sigma.

Constructs, Transfection, and Immunofluorescence—Tagged con-
structs were produced by PCR amplification in a Stratagene Robocycler
(La Jolla, CA) using high fidelity DNA polymerase (Roche Applied
Science), starting with rat Cx43 or Cx32 cDNA as a template. Cx43/32
chimeras (Fig. 1) were produced by two-step PCR amplification using
established protocols (22). In brief, the two halves of a given construct
were first produced with the template and primer pairs listed in Table
I. The halves were annealed and amplified using Cx43/Cx32-HKKSL,
Cx32/Cx32-HKKSL, or Cx43/Cx43-HKKSL sense/antisense primer
pairs as appropriate. The resulting PCR products were cut with Kpnl or
EcoRI and Xhol, ligated into a pcDNAS3 expression vector, and trans-
formed into bacterial stocks. DNA for transfection was purified from
bacteria using the Qiagen Maxiprep kit according to the manufacturer’s
instructions. Prior to transfection, cDNA was purified by EtOH precip-
itation. Cx32/Cx32 sense/antisense primer pairs were used to produce
untagged versions of chimeras using the HKKSL-tagged ¢cDNA as a
template. For single-site mutagenesis of tryptophan to arginine, we
used 5-AGGGACACTGTGGAGGACCTATGTCATCAGC-3' and 5'-
GCTGATGACATAGGTCCTCCACAGTGTCCCT-3' as sense and anti-
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Fic. 1. Splice sites for producing Cx43/32 chimeras. Untagged
and HKKSL-tagged Cx43/Cx32 chimeras were produced using a com-
bination of splice sites (I-5). Vertical lines denote identical amino acids
shared by Cx43 and Cx32, and dots denote amino acids with comparable
chemical properties.

sense primers, respectively, with the QuikChange site-directed
mutagenesis kit (Stratagene). For single-site mutagenesis of arginine
to tryptophan, we used 5’-GGGCGGCTTGCTGTGGACCTACATCAT-
CAGC-3’ and 5'-GCTGATGATGTAGGTCCACAGCAAGCCGCCC-3' as
sense and antisense primers, respectively. HeLa cells were transiently
transfected with either wild-type or modified connexin cDNA constructs
using Lipofectamine (Invitrogen) and analyzed 48 h after transfection.
Transfection efficiencies using this approach were typically >70%.

For immunofluorescence, cells plated on glass coverslips were fixed
and permeabilized with MeOH/acetone (1:1) and then washed three
times with PBS followed by PBS plus 0.5% Triton X-100 and PBS plus
0.5% Triton X-100 plus 2% goat serum (PBS/GS). The cells were incu-
bated with primary antisera diluted into PBS/GS for 1 h, washed, and
then labeled with secondary antisera diluted into PBS/GS. The cells
were then washed with PBS, mounted into Mowiol, visualized by fluo-
rescence microscopy using an Olympus X-70 microscope system, and
imaged with a Hammatzu Orca-1 charge-coupled device camera and
Image Pro image analysis software (Media Cybernetics, Silver
Spring, MD).

Protein Analysis—The techniques outlined below have also been
described elsewhere (13, 15, 23). Cells were washed with PBS, har-
vested into PBS containing protease inhibitors (10 mMm N-ethylmaleim-
ide, 1 mM phenylmethylsulfonyl chloride, 2 pg/ml leupeptin, and 1
ung/ml pepstatin) and phosphatase inhibitors (1 mm NaVO, and 10 mm
NaF), and then passed through a ball bearing homogenizer 100 times
(13, 15). The homogenate was centrifuged at 500 X g for 5 min using an
IEC CL3R centrifuge, and the resulting postnuclear supernatant was
centrifuged at 100,000 X g for 30 min using a Sorvall Ultra Pro 80
Ultracentrifuge to obtain a membrane-enriched pellet. To analyze total
cell connexin expression, this pellet was resuspended in SDS-PAGE
sample buffer, resolved by SDS-PAGE, transferred to polyvinylidene
difluoride membrane, and then blocked overnight with 40 mm Tris, pH
7.5, 5% Carnation powdered milk, and 0.1% Tween 20 (Blotto). The
blots were incubated with Blotto containing specific antisera, washed,
and then further incubated with goat anti-rabbit IgG or goat anti-
mouse IgG conjugated to horseradish peroxidase (Jackson Immunore-
search, Malvern, PA). Specific signals corresponding to a given protein
were detected with the enhanced chemiluminescence reagent (Amer-
sham Biosciences) and quantified with a Kodak EDAS system (Roches-
ter, NY).

For detergent solubilization studies, the membrane-enriched pellet
was resuspended in PBS plus inhibitors containing 1% Triton X-100
and then incubated for 30 min at 4 °C. The sample was then centrifuged
at 100,000 X g for 30 min and separated into Triton X-100-soluble
supernatant and -insoluble pellet fractions. The soluble and insoluble
fractions were then resuspended into SDS-PAGE sample buffer and
assayed by immunoblot.

Sucrose gradient fractionation was done using postnuclear superna-
tants solubilized in 1% Triton X-100 for 30 min at 4 °C. The samples
were then centrifuged at 100,000 X g for 30 min, and the resulting
Triton X-100-soluble fraction was overlaid onto a 5~18% sucrose gradi-
ent on a 25% sucrose cushion. The gradient was centrifuged at
148,000 X g for 16 h at 4 °C in a Sorvall Ultra Pro 80 centrifuge using
an AH-650 swinging bucket rotor. Following centrifugation, 0.2-ml frac-
tions were collected from the bottom of the centrifuge tube at 4 °C and
then analyzed by immunoblot.

RESULTS

We previously used a dilysine-based ER retention/retrieval
signal as a method to retain connexins in the ER without using
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pharmacologic agents (19). The application of this approach is
shown in Fig. 2. Wild-type versions of Cx43 or Cx32 transfected
into HeLa cells are transported to the plasma membrane where
they form gap junctions. The addition of an HKKSL motif onto
the C terminus of either Cx43 or Cx32 produced proteins that
were now retained in the ER, as determined by immunofluo-
rescence microscopy. Nearly all Cx43-HKKSL and Cx32-
HKKSL were solubilized by 1% Triton X-100 at 4 °C, in con-
trast to wild-type Cx43 and Cx32, which had significant Triton
X-100-insoluble pools because of incorporation of these proteins
into gap junction plaques (13, 24, 25). Also, Cx43-HKKSL did
not show the slower migrating phosphorylated forms, which
are generated after Cx43 incorporation into gap junctions (26).

We then examined the oligomerization state of connexins
present in the Triton X-100-soluble portion using sucrose gra-
dient fractionation (Fig. 2, i-l). Consistent with previous re-
sults (13, 16, 26), wild-type Cx43 migrated as two peaks, a low
molecular mass peak centered at 9-10% sucrose (light frac-
tions) and a higher molecular mass peak centered at ~15%
sucrose (heavy fractions). In contrast, Cx43-HKKSL was pres-
ent in only the light sucrose fractions, consistent with a lack of
oligomerization by the ER-retained construct. Wild-type Cx32
was predominantly in the heavy sucrose fractions, although
there were hints of Cx32 in the light sucrose fractions. Cx32-
HKKSL was also present predominantly in the heavy sucrose
fractions, suggesting that it oligomerized in the ER.

Because these two ER localized-constructs, Cx43-HKKSL
and Cx32-HKKSL, showed differences in oligomerization, we
produced a series of HKKSL-tagged Cx43/Cx32 chimeras to
identify the minimal Cx43 element required to inhibit oli-
gomerization in the ER. Whenever possible, regions of Cx43
and Cx32 that were well conserved at the amino acid level were
used as splice sites to minimize the potential of producing a
connexin that might misfold (Fig. 1). Proper construction of
chimera cDNAs was confirmed by DNA sequencing. As controls
for the function of the HKKSL tag and proper levels of expres-
sion for expression studies in HeLa cells, we insured that each
HKKSL-tagged chimera 1) was localized to the ER (by immu-
nofluorescence microscopy) and 2) did not form a Triton X-100-
insoluble fraction (e.g. Figs. 2 and 5).

Of the initial series of HKKSL-tagged chimeras, only Cx43/
32a-HKKSL expressed by HeLa cells was present in only the
light sucrose fractions (Fig. 3). Removal of the HKKSL tag
shifted the sucrose gradient migration pattern from the light
fractions to the heavy fractions, suggesting that ER retention
was required to prevent oligomerization. In contrast, chimeras
containing smaller Cx43 elements migrated to heavier sucrose
fractions, suggesting that they had oligomerized in the ER. For
these chimeras, there might also be some aggregation, because
there were peaks that appeared at ~20% sucrose. Nonetheless,
the general lack of peaks greater than 15% for Cx43/32a-
HKKSL is consistent with this chimera being retained in the
ER as an apparent monomer.

To further define the Cx43 motif required to inhibit oligomer-
ization, a second series of chimeras was examined. As shown in
Fig. 4, Cx32/43/32a-HKKSL, which lacks the first transmem-
brane domain (TM1) and first extracellular loop (EL1) of Cx43
did not oligomerize in the ER. Consistent with this, a comple-
mentary chimera, Cx32/43/32-HKKSL (Fig. 4f), was present
predominantly in heavy sucrose fractions, suggesting that that
TM1 and EL1, along with the TM4 and the cytoplasmic tail, did
not confer the ability to inhibit oligomerization in the ER. Also,
ER localization was required to prevent oligomerization, be-
cause removal of the HKKSL tag from Cx32/43/32a-HKKSL
shifted the sucrose gradient migration pattern from the light
fractions to the heavy fractions.
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TABLE I
PCR primers used to make connexin chimeras

chimera name sequence elements template]  semse anti  template2  semse  anti
Cx43/32a Cx43,.207+32199.283 Cx43 Cx43 5 Cx32 5 Cx32
Cx43/32b Cx43,.15+32139.203 Cx43 Cx43 3 Cx32 3 Ga32
Cx43/32¢ Cx43, 46+325.2m Cx43 Cx43 2 Cx32 2 Cx32
Cx4332d Cx43,.76+325.2m Cx43 Cx43 1 Cx32 1 Cx32
Cx43/32/43 Cx43,.26+3275.181+43200.302 Cx43/32d Cx43 5 Cx43 5 Cx43
Cx32/43/32a Cx32,.36+4356.207+32 109,283 Cx32 Cx32 1 Cx43/32a 1 Cx32
Cx3243/32bR133W  Cx32;.135H43 ;502073219200 Cx32 C32 3R Cx324332a 3R Cx32
Cx32/43/32b Cx32,.13+43153.207+32 10920 point mutant of Cx32/43/32bR133W
Cx32/43/32¢ Cx32,.137+H483153.175+32 5020y CX3Z43/32bR  Cx32 4 Cx32 4 Cx32
Cx32W133R Cx32 point mutant of Cx32
Cx43R153W Cx43 point mutant of Cx43
Cx43Q173F Cx43 point mutant of Cx43
primer name sequence
Cx32 sense 5'-CGGGGTACCGAATTCGAATGAGGCAGGATGAACTG-3'
anti 5'-CCGCTCGAGTTAGCAGGCTGAGCATCGGTCGC-3"
Cx32-HKKSL sense 5'-CGGGGTACCGAATTCGAATGAGGCAGGATGAACTG-3'
anti  5'-CCGCTCGAGTTAGAGTGACTTCTTGTGGCAGGCTGAGCATCGGTCGC-3"
Cx43-HKKSL sense 5'-CGGGGTACCGAATTCCCCAGACATGGGTGACTGGA-3'
anti 5'-CCGCTCGAGTTAGAGTGACTTCTTGTGAATCTCCAGGTCATCAGGCC-3"
site 1 sense 5'-TGCTATGACAAGTCCTTCCCCATCTCCCAT-3'
anti  5'-ATGGGAGATGGGGAAGGACTTGTCATAGCA-3'
site 2 sense 5'-ATCATATTCGTGTCTACCCCAGCTCTCCTC-3'
anti  5'-GAGGAGAGCTGGGGTAGACACGAATATGAT-3'
site 3 sense 5'-ACCTACATCATCAGCGTGGTGTTCCGGCTG-3'
anti  5'-CAGCCGGAACACCACGCTGATGATGTAGGT-3'
site 3R sense 5'-ACCTATGTCATCAGTATCCTCTTCAAGTCT-3"
anti  5'-AGACTTGAAGAGGATACTGATGACTATGGA-3'
site 4 sense 5'-TTCCTGCTCATCCAGTATCTGCTCTACCCG-3'
anti  5'-CGGGTAGAGCAGATACTGGATGAGCAGGAA-3'
site 5 sense 5'-GTAGACTGCTTCCTCTCCCGCCCCACTGAG-3"'
anti 5'-CTCAGTGGGGCGGGAGAGGAAGCAGTCTAC-3'

One feature shared by Cx43/32a-HKKSL and Cx32/43/32a-
HKKSL is that they both contain the cytoplasmic loop, TM3,
and EL2 domains of Cx43. To determine whether the cytoplas-
mic loop domain of Cx43 was necessary for preventing Cx43
oligomerization in the ER, we generated a chimera containing
the TM3 and EL2 domains of Cx43 on a backbone of Cx32-
HKKSL, (Cx32/43/32b-HKKSL). As shown in Fig. 4b, Cx32/43/
32b-HKKSL expressed by HeLa cells resolved in the light su-
crose fractions, suggesting that the cytoplasmic loop domain of
Cx43 was not involved in preventing ER oligomerization of
Cx43. Most of the Cx32/43/32b-HKKSL migrated in a peak
corresponding to monomers; however, there was a shoulder
centered at ~12% sucrose, suggesting that some Cx32/43/32b-
HKKSL might be partially oligomerized, aggregated, or asso-
ciated with a putative chaperone. As described above, ER lo-
calization was required to prevent oligomerization of this
chimera because removal of the HKKSL tag shifted the sucrose
gradient migration pattern of Cx32/43/32b to the heavy
fractions. Untagged Cx32/43/32b also showed a shoulder
at 12% sucrose, which likely corresponds to partially oligomer-
ized and/or misfolded Cx32/43/32b, comparable with Cx32/
43/32b-HKKSL.

To determine whether the EL2 domain of Cx43 was neces-
sary for preventing Cx43 oligomerization in the ER, we gen-
erated a chimera lacking this domain (Cx32/43/32c-HKKSL).
Cx32/43/32c-HKKSL had a sucrose gradient pattern consist-
ent with oligomerization (Fig. 4d), suggesting that the Cx43
EL2 domain was necessary to prevent oligomerization in
the ER.

Three of the chimeras tested, Cx43/32a-HKKSL, Cx32/43/

32a-HKKSL, and Cx32/43/32b-HKKSL, did not oligomerize in
the ER; however, the untagged versions of these chimeras did
oligomerize. By immunofluorescence microscopy (Fig. 5), all
three of the HKKSL-tagged chimeras showed an ER localiza-
tion pattern in transfected HeLa cells, as was the case for all of
the HKKSL-tagged constructs used in this study.? However,
Cx43/32a, Cx32/43/32a, and Cx32/43/32b showed different pat-
terns of intracellular localization. Untagged Cx43/32a and
Cx32/43/32a were mistargeted to intracellular compartments,
suggesting that they might be misfolded or improperly oli-
gomerized. However, untagged Cx32/43/32b was transported to
the plasma membrane as determined by immunofluorescence
microscopy, more consistent with proper formation of gap junc-
tion channels. Also, the untagged constructs showed a Triton
X-100-insoluble pool, which is a hallmark of both gap junction
plaque formation (24) and aggregation (27). In contrast, the
HKKSL-tagged constructs were predominantly soluble in Tri-
ton X-100. Thus, regardless of whether the chimeras were
capable of forming gap junctions, HKKSL-tagged constructs
were prevented from oligomerizing by virtue of being retained
in the ER.

Having determined that the EL2 domain of Cx43 was nec-
essary to prevent connexin oligomerization in the ER, we then
examined whether TM3 plays a role in regulating Cx43 oli-
gomerization. The TM3 domain of Cx43 (and Cx32/43/32b) has
a charged arginine residue (Arg-153 in Cx43) that is not pres-
ent in Cx32, which instead has a hydrophobic tryptophan (Trp)

2J. Maza, J. Das Sarma, and M. Koval, unpublished results.
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Fic. 2. ER-retention of HKKSL-tagged connexins. HeLa cells transfected with either Cx43 (a), Cx43-HKKSL (b), Cx32 (¢), or Cx32-HKKSL
(d) were fixed, permeabilized, immunolabeled, and imaged by fluorescence microscopy. Cx43 and Cx32 localized to plasma membrane plaques (a
and c¢), whereas Cx43-HKKSL and Cx32-HKKSL showed intracellular labeling characteristic of the ER (b and d). Bar, 10 um. HeLa cells
transfected with either Cx43 (e), Cx43-HKKSL (f), Cx32 (g), or Cx32-HKKSL (k) were homogenized and centrifuged to produce a total membrane-
enriched fraction (7). The membrane fraction was treated with 1.0% Triton X-100 for 30 min at 4 °C and then separated into Triton X-100-soluble
(S) and -insoluble (I) fractions. The fractions were resolved by SDS-PAGE and stained by immunoblot. Arrowheads indicate bands corresponding
to each connexin examined. Note the lack of a Triton X-100-insoluble fraction for cells expressing Cx43-HKKSL or Cx32-HKKSL. Sucrose gradient
fractionation analysis of HeLa cells transfected with either Cx43 (i), Cx32 (j), Cx43-HKKSL (&), or Cx32-HKKSL (/) are shown. Note in particular
that Cx43-HKKSL migrated on the gradient predominantly as a low molecular mass peak (&), whereas Cx32-HKKSL migrated predominantly as

a high molecular mass peak (/).

residue. Cx32/43/32bR133W-HKKSL, a chimera that lacks this
Arg residue, was not prevented from oligomerizing in the ER,
in contrast to Cx32/43/32b-HKKSL (Fig. 6). Thus, the EL2
domain of Cx43 was not sufficient to inhibit connexin oligomer-
ization in the ER. Note that the Cx32/43/32bR133W-HKKSL
chimera showed a sucrose gradient pattern with shoulders,
suggesting partial oligomerization or perhaps aggregation.
Also, the addition of an arginine to a Cx32 backbone had little
effect on Cx32 oligomerization because Cx32R133W-HKKSL
and wild-type Cx32-HKKSL had similar sucrose gradient
profiles.

This suggested that there may be a role for charged amino
acids near the TM3 membrane interfaces in regulating oli-
gomerization of Cx43. As shown in Fig. 6, both the Arg-153 and
GlIn-173 residues of TM3 were critical to prevent oligomeriza-
tion of Cx43-HKKSL in the ER. Cx43R153W-HKKSL and
Cx43Q173F-HKKSL both had a complex pattern by sucrose
gradient fractionation, in which the majority of the protein
appeared in a size range larger than monomers yet smaller
than hexamers, suggesting partial oligomerization of these
point mutants or association with a putative chaperone. The
sucrose gradient migration pattern of these complexes is con-
sistent with a role for both Arg-153 and GIln-173 in maintaining
Cx43 in the ER as an apparent monomer. Taken together,
these data suggest that TM3 and EL2 of Cx43 represent the
minimal motif necessary and sufficient to inhibit oligomeriza-
tion in the ER.

DISCUSSION

We found that the TM3 and EL2 domains of Cx43 were
critical to inhibit connexin oligomerization in the ER. Based on

homology, these motifs are likely to help prevent ER oligomer-
ization of other connexins, such as Cx46 (13). A role for TM3 in
regulating connexin oligomerization is also suggested by the
findings of Ahmad et al. (28), who showed that substituting a
transmembrane domain of the cystic fibrosis transmembrane
regulator for TM3 of Cx32 produced a chimera that did not
oligomerize. Consistent with this, most studies suggest that
TM3 is the major helix that lines the gap junction channel
aqueous pore (29-31) and thus does not correspond to a “clas-
sical” transmembrane domain stably integrated into a hydro-
phobic membrane bilayer. In the case of hemichannels or com-
plete gap junction channels, interactions with other connexins
in the complex help stabilize TM3 in the bilayer facing the
aqueous environment of the gap junction channel (31). How-
ever, monomeric connexins cannot take advantage of these
interactions to be stabilized within the ER membrane, so TM3
may require a different conformation.

Charged amino acids present in Cx43 at the two putative
membrane/water interfaces of TM3 would be expected to better
stabilize TM3 in a bilayer as compared with the corresponding
hydrophobic residues of Cx32 (Fig. 6). For instance, interface
amino acids might help regulate the position or tilt of TM3
relative to the membrane bilayer as a prerequisite to prevent-
ing or promoting connexin oligomerization. By sequence com-
parison, Cx32 and other B-connexins have a WW sequence near
the cytoplasmic end of TM3, in contrast to the LR sequence
present in the equivalent position of Cx43 (32). Structural
analysis of Cx32 suggests that the WW sequence is firmly
within a transmembrane element of TM3 (31). By analogy, the
charged arginine residue would be within the transmembrane
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Fic. 3. Differential assembly states of Cx43/Cx32-HKKSL chi-
meras. Sucrose gradient fractionation analysis of HeLa cells trans-
fected with either Cx43/32a-HKKSL (a), Cx43/32b-HKKSL (), Cx43/
32¢c-HKKSL (¢) or Cx43/32d-HKKSL (d) is shown. Of these chimeras,
only Cx43/32a-HKKSL did not oligomerize in the ER (e, @), whereas the
remaining HKKSL-tagged chimeras oligomerized. Removal of the
HKKSL tag enabled the chimeras to oligomerize (Cx43/32a, a, W),
suggesting that ER retention was required to prevent oligomerization of
these chimeras.

portion of TM3 of an oligomerized connexin, although an equiv-
alent structural model of Cx43 has not yet been produced.
However, in a monomeric connexin, the arginine residue could
potentially direct TM3 to an alternative conformation where
arginine could be localized to the membrane/water interface
region, thus stabilizing TM3 in the membrane bilayer. A sim-
ilar argument can be made for the Cx43 glutamine residue of
TM3 (GIn-173). This glutamine is highly conserved by a-con-
nexins, although Cx40.1 and Cx50 substitute histidine for glu-
tamine. By analogy to the structural analysis of Cx32 by
Fleishman et al. (31), the polar glutamine residue of Cx43 is
likely localized to the luminal membrane/water interface of
TMS3. Again, Cx32 has an aromatic phenylalanine residue in a
comparable position, suggesting that monomeric Cx43 can bet-
ter anchor TM3 in the bilayer than monomeric Cx32.

The EL2 domain was also required to prevent Cx43 oligomer-
ization in the ER. The Cx43 EL2 domain near the luminal/
extracellular membrane domain of Cx43 has a “WYIYGF” se-
quence that is well conserved for all human connexins related
to Cx43 (a-connexins) (Fig. 5). The tyrosine-glycine-phenylala-
nine tripeptide (YGF) is particularly well conserved. The com-
parable region of Cx32 has a “YLLYPG” sequence, which is
partially conserved for B-family connexins related to Cx32. The
second tyrosine is well conserved among B-connexins, whereas
the remaining amino acids tend to be hydrophobic but not
conserved. Conceivably, binding of a putative peripheral chap-
erone to the EL2 of monomeric Cx43 could help stabilize the
position of TM3 relative to the membrane bilayer. Whether this
is the case remains to be determined. Interestingly, the spacing
between the conserved tyrosine (Tyr-158 for Cx32, Tyr-178 for
Cx43) and first universally conserved cysteine in EL2 differs
for “YGF” connexins (nine amino acids between tyrosine and
cysteine) versus B-connexins (10 amino acids between tyrosine
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Fic. 4. TM3 and EL2 encode the minimal Cx43 element re-
quired to inhibit ER oligomerization. Sucrose gradient fraction-
ation analysis of HeLa cells transfected with either Cx32/43/32a-
HKKSL (a), Cx32/43/32b-HKKSL (b), or Cx32/43/32c-HKKSL (c). Of
these chimeras, Cx32/43/32a-HKKSL and Cx32/43/32b-HKKSL mi-
grated as a low molecular mass peak, whereas Cx32/43/32¢c-HKKSL
chimera lacking the Cx43 EL2 domain oligomerized in the ER. d and e,
removal of the HKKSL tag enabled the chimeras to form higher molec-
ular mass complexes, suggesting that ER retention was required to
prevent oligomerization of these chimeras. f, a Cx43/32/43-HKKSL
chimera lacking the TM3 and EL2 domains of Cx43 also oligomerized,
consistent with a requirement for these Cx43 domains to inhibit oli-
gomerization in the ER.

and cysteine). This difference in spacing will alter the relative
structure of EL2 and thus could promote a specific conforma-
tional change for Cx43 versus Cx32. Further, because the con-
served glycine (Gly-179) residue has a high degree of flexibility,
it might enable the Cx43 EL2 to attain multiple conformations.

Although the EL2 domain is highly conserved for all human
a-connexins, four a-connexins (Cx37, Cx40, Cx40.1, and Cx59)
lack the critical arginine residue required to prevent Cx43
oligomerization in the ER. Whether a-connexins that lack the
critical arginine oligomerize in the ER is not known at present.
Interestingly, at least two of these a-connexins, Cx37 and
Cx40, form mixed hemichannels with Cx43 as well as with each
other (33-37). If Cx37 and/or Cx40 preferentially oligomerize in
the ER, then inhibition of Cx43 oligomerization in the ER could
be a mechanism to help regulate hemichannel stoichiometry in
cells expressing Cx37, Cx40, and Cx43, such as smooth muscle
and endothelial cells (38—41). Whether this is the case remains
to be determined.

Cx32W133R-HKKSL corresponds to an HKKSL-tagged ver-
sion of the Cx32 (W133R) variant associated with X-linked
Charcot-Marie-Tooth disease (42). We found that this Cx32
construct was capable of oligomerization in the ER. This is in
contrast to mutations localized to other regions of Cx32, such as
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Fic. 5. Cytoplasmic loop-C terminus compatibility correlates
with plasma membrane trafficking. HeLa cells transfected with
either Cx43/32a-HKKSL (a), Cx32/43/32a-HKKSL (b), Cx32/43/32b-
HKKSL (¢), Cx43/32a (d), Cx32/43/32a (e), or Cx32/43/32Db (f) were fixed,
permeabilized, immunolabeled, and imaged by fluorescence microscopy.
All of the HKKSL-tagged versions of these chimeras showed ER local-
ization (a—c). Of the untagged versions of these chimeras, only Cx32/
43/32b showed plasma membrane labeling (arrows). In contrast, Cx43/
32a and Cx32/43/32a showed intracellular aggregates (arrowheads).
Bar, 10 um. g, membrane fractions were prepared from HeLa cells
transfected with these chimeras, treated with 1.0% Triton X-100 for 30
min at 4 °C, and then separated into Triton X-100-soluble (sol) and
-insoluble (ins) fractions. The fractions were resolved by SDS-PAGE
and stained by immunoblot. Note that cells expressing HKKSL-tagged
chimeras lacked a significant Triton X-100-insoluble fraction. In con-
trast, all of the untagged chimeras showed a readily detectable Triton
X-100-insoluble fraction.

R142W (within TM3), E186K (at the extracellular interface of
the fourth transmembrane domain), and E208K (at the cyto-
plasmic interface of the fourth transmembrane domain), which
produce forms of Cx32 that are incapable of oligomerizing when
expressed by PC12 cells (8). Mutant connexins associated with
X-linked Charcot-Marie-Tooth disease appear to fall into dis-
crete classes with trapping in either the ER or Golgi apparatus
or with partial trafficking to the plasma membrane (8, 9, 43).
Although this suggests that the inability to properly oligomer-
ize could cause Cx32 misfolding and mistargeting, our results
and the results of Martin et al. (44, 45) suggest that the ability
to oligomerize does not necessarily guarantee that Cx32 is
functional. In fact, mutant connexins frequently have domi-
nant negative effects by forming inactive gap junction channels
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FiG. 6. Critical polar residues at TM3 membrane interfaces are
required to inhibit ER oligomerization. Sucrose gradient fraction-
ation analysis was done using HeLa cells transfected with either Cx32/
43/32bR133W-HKKSL (a), Cx32W133R-HKKSL (b), Cx43R153W-
HKKSL (c¢), or Cx43Q173F-HKKSL (d). The dashed line in ¢
corresponds to the region of the gradient where monomeric Cx43-
HKKSL migrates. In each case, the constructs migrated predominantly
as a series of peaks that were heavier than connexin monomers, sug-
gesting that they were not retained in the ER as monomers. e, sequence
comparison between Cx32 (amino acids 131-169) and Cx43 (amino
acids 151-186) showing sequences corresponding to TM3 and a portion
of the EL2. Shown are 80% consensus sequences calculated from either
B-connexins containing a WW sequence (Cx25, Cx26, Cx30, Cx30.3,
Cx31, Cx31.1, Cx32) or a-connexins containing an LR sequence (Cx31.9,
Cx36, Cx43, Cx45, Cx46, Cx47, Cx50, Cx62). Capital letters refer to
specific conserved amino acids. Lowercase letters indicate: a, aromatic;
h, hydrophobic; s, small. A dot refers to any amino acid.

with wild-type connexins (46, 47). Also, many X-linked Char-
cot-Marie-Tooth disease mutants are successfully transported
to the plasma membrane, although most of these show mutant
amino acids in the C-terminal domain rather than the trans-
membrane or loop domains (9).

We found that Cx32/43/32b was transported to the cell sur-
face; however, two other constructs, Cx43/32d and Cx32/43/
32a, were not. Whether this reflects a difference in proper
folding versus misfolding remains to be determined. As men-
tioned above, aberrant retention in the ER or perinuclear in-
tracellular compartments would be consistent with the poten-
tial for connexin misfolding to cause mistargeting of these
chimeras (8, 9, 43). The prospect that some chimeras may be
misfolded also suggests that some higher molecular mass
peaks in the sucrose gradients (e.g. peaks at 12% sucrose) may
be because of interactions between the connexin chimeras and
chaperones rather than oligomerization per se.

Another key difference between Cx43/32d and Cx32/43/32a
as compared with Cx32/43/32b is that Cx32/43/32b contains a
compatible Cx32 cytoplasmic loop and C terminus. In contrast,
the other two constructs have a Cx43 cytoplasmic loop that may
not be compatible with interacting properly with a Cx32 C
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terminus. Bruzzone et al. (48) showed that chimeras with mis-
matched loops and tails showed either partially or completely
diminished transport to the plasma membrane. The role for
cytoplasmic loop/C terminus binding interactions in channel
gating indicates that these two motifs actively interact (49).
Although connexins with C-terminal truncations are trans-
ported to the plasma membrane and form functional channels
(50), elements of the Cx32 C terminus help promote full oli-
gomerization (45). This raises the possibility that, in addition
to TM3 and EL2, interactions between the C terminus and
cytoplasmic loop might also play a role in regulating connexin
folding, oligomerization, and/or trafficking.

What drives Cx43 oligomerization once it is delivered to the
Golgi apparatus? The observation that some cells retain mono-
meric Cx46 in the trans Golgi network underscores the notion
that connexin oligomerization is a regulated process (13). One
possibility is that an element of the Golgi microenvironment
that differs from the ER, such as a difference in pH, calcium
concentration, or lipid composition, might favor a conforma-
tional change in Cx43 to promote oligomerization. Alterna-
tively, if one or more putative Cx43 chaperones are required to
inhibit oligomerization, then chaperone dissociation might pro-
mote oligomerization upon delivery to the Golgi apparatus.
Whether this is the case will require identifying proteins that
regulate connexin oligomerization.
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