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Connexins (Cx) are protein components of gap junction channels that permit the passage
of small molecules between neighboring cells. cDNAs of a large family of connexins have
been isolated and sequenced. A gap junction channel consists of two connexons, one
from each cell in contact, composed of six connexin subunits. It has been suggested by
Musil and coworkers that the oligomerization or formation of a connexon occurs at the
level of the trans-Golgi network. In the present study, we initiated an analysis of the early
stages of protein synthesis and membrane insertion of Cx32 and Cx26, two connexins that
we have demonstrated are co-expressed in the same junctions in hepatocytes. Using an
in vitro transcription and a coupled cell-free translation and translocation system, we
observed that both Cx32 and Cx26 could insert into microsome membranes co-transla-
tionally, producing a topological structure indistinguishable from that in isolated gap
junctions. To our surprise, Cx26 could also insert into membranes post-translationally
with a native orientation. This post-translational membrane insertion process is depen-
dent on nucleotides but not their hydrolysis. Cx32, on the other hand, could not insert
into membranes post-translationally. These disparate properties of Cx32 and Cx26 are
not due to the significant difference in the lengths of their C-terminal domains, but rather
to their internal amino acid sequences. These observations raise the possibility that there
may be another pathway for Cx26 to insert into membranes in cells and this feature may
be important for the regulation of its functions. These findings may also lead us to a new
approach to reconstitution without detergent extraction.

INTRODUCTION

Gap junctions are specialized regions of plasma mem-
branes comprised of closely packed complexes of
channels that pass small molecules between cells in
contact (Bennett and Goodenough, 1978; Loewenstein,
1979). It has been suggested, from a variety of systems,
that gap junctionally mediated communication plays
an essential role in the coordination of contraction in
smooth and cardiac muscle (Spray and Burt, 1990),
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formation of electrical synapses that couple some neu-
rons (Yang et al., 1990), and regulation of cell prolifer-
ation and differentiation (Loewenstein, 1979; Sheridan
and Atkinson, 1985; also see reviews by Klaunig and
Ruch, 1990 and by Guthrie and Gilula, 1989).
Oligomerization of six gap junction protein subunits

(termed connexins or Cx) generate a connexon. Two
connexons, one from each neighboring cell, interact
and form a functional gap junction channel. A large
family of gap junction proteins have now been de-
scribed and cloned (for a review see Kumar and Gi-
lula, 1992). The hydropathy plot analyses of the de-
duced amino acid sequences suggest that gap junction
proteins span the membrane four times. Topological
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mapping of three of these connexins using peptide-
specific antibodies and proteolysis has confirmed this
model and shown that both the N- and C-terminal
ends of connexins are disposed cytoplasmically (Nich-
olson et al., 1981; Hertzberg et al., 1988; Milks et al.,
1988; Yancey et al., 1989; Rahman and Evans, 1991;
Zhang and Nicholson, 1994). Gap junction proteins
belong to the class of polytopic type IV plasma mem-
brane proteins (see von Heijne and Gavel, 1988 for
classification).
More than other membrane channels, biosynthesis

of gap junctions represents a complex, multistep pro-
cess that must include not only oligomerization of the
connexins and their transport to the cell surface, but
also docking of connexons from adjacent cells and the
lateral aggregation of channels. Musil and Good-
enough (1993) concluded that oligomeric assemblies
first form at a very late stage in the trans-Golgi net-
work. In this study, we focused on earlier stages of
connexin synthesis: the membrane insertion process.
We employed an in vitro transcription and coupled
cell-free translation and translocation system. The cell-
free systems are easy to manipulate, and provide a
means to examine the early stages of the assembly
process. The generally used cell-free systems are rab-
bit reticulocyte lysate and wheat germ extract supple-
mented with dog pancreatic rough microsome mem-
branes (RM) (Jagus, 1987). These systems have been
widely used to identify export and membrane inser-
tion machineries, including the signal recognition par-
ticle (SRP) (Walter and Blobel, 1980), its receptor (Gil-
more et al., 1982; Meyer et al., 1982), and the signal
peptidase (Evans et al., 1986). These systems are also
useful for determining the topological orientation of
membrane proteins (Andrews, 1989; Zhang and Ling,
1991), and in identifying and examining the amino
acid sequences that specify membrane protein topol-
ogy (Rothman et al., 1988; Zhang et al., 1995). This
general approach was also applied to gap junction
proteins by Falk et al. (1994) while the current research
was in progress. However, in these studies, the topology
of the proteins within the membranes was inconsistent
with that seen in isolated gap junctions. Furthermore,
apparent cryptic cleavage by signal peptidase not seen in
vivo, except under conditions of overexpression, was
seen with several different connexins.
The current study aims to fully characterize the

rabbit reticulocyte lysate translation and translocation
system to examine the early stages of protein synthesis
and membrane insertion of Cx32 and Cx26, two
closely related connexins that are expressed in hepa-
tocytes in the same junctional structures (Nicholson et
al., 1987). We observed that both the newly synthe-
sized Cx32 and Cx26 can co-translationally insert into
microsome membranes with the same orientation as
connexins in intact gap junctional plaques (Zhang and
Nicholson, 1994), although the same partial cleavage

at a cryptic signal sequence site reported by Falk et al.
(1994) is seen. Surprisingly, Cx26 was also found to be
able to insert into microsome membranes post-trans-
lationally in a ribonucleotide triphosphate- dependent
manner. The post-translationally inserted Cx26 also
has a membrane orientation indistinguishable from
Cx26 in situ. However, Cx32, like virtually all other
higher eukaryotic plasma membrane proteins, does
not insert into membranes post-translationally. Our
studies using chimeric proteins of Cx32 and Cx26
showed that this difference between Cx26 and Cx32 is
not due to the length of the C-terminal tail of the
proteins (i.e., net hydrophobicity), but rather is deter-
mined by the internal amino acid sequences.

MATERIALS AND METHODS

In Vitro Transcription and Translation
About 4 ,jg of pGEM-4Z vector containing Cx32 or pGEM-3Z with
Cx26 were linearized with HindIlI and EcoRI, respectively, and
transcribed with SP6 RNA polymerase in a 100-j,l reaction mixture
(using a kit from Promega, Madison, WI) in the presence of 5 A260
units of cap analogue (m7G(5')ppp(5')G). RNA transcripts were
purified by removing the DNA template with RQ1 DNase digestion,
phenol/chloroform and chloroform extraction, and ethanol precip-
itation according to the protocols provided by Promega. RNA from
each reaction was dissolved in 13 ,ul diethylpyrocarbonate-treated
H20 containing 1 U/,lI RNasin (Promega). The yield of RNA was
typically 20 gg per reaction estimated by OD260. Translation of 60
ng/,ul of RNA in 50 ,Ld rabbit reticulocyte lysate in the presence or
absence of RM (Amersham, Arlington Heights, IL, or Promega)
occurred over 90 min at 30'C in the presence of 1 guCi/,l [35S]me-
thionine (NEN, Boston, MA). For post-translational membrane in-
sertion, translation was performed in the absence of RM. The RNA
templates were then removed by RNase A digestion (30'C, 10 min).
To confirm the effectiveness of this treatment, some samples were
also treated with puromycin. RM were then added to the resulting
mixture and incubated at 30'C for 90 min before analysis by SDS-
PAGE. To determine the co-factor requirement for the post-transla-
tional membrane insertion of Cx26, low molecular weight compo-
nents in the lysates were removed after RNase A digestion by
separation using two successive 0.9-ml Sephadex G-25 spin columns
that were pre-equilibrated with 50 mM Tris, pH 7.5, 5% glycerol, 0.1
M KAc, 5 mM Mg(Ac)2, 2 mM dithiothreitol, and 1% bovine serum
albumin (BSA). The void volume eluate was then divided into
aliquots and supplemented with various concentrations of ATP,
UTP, CTP, GTP, AMP-PCP, ATP-,yS, PPi, AMP, or ADP. RM were
then added, followed by incubation at 30'C for 90 min before
analysis by SDS-PAGE.

In both co- and post-translational experiments, microsomes were
washed by dilution into 1 ml of ice cold 0.1 M Na2CO3 (pH 11.5).
Following a 15-min incubation on ice, microsomes were either pel-
leted directly or through a cushion of 250 mM sucrose in 500 mM K
acetate, 5 mM Mg acetate, and 50 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES) (pH 7.9). Initially, centrifugation
for 30 min in a microfuge was used. In later experiments, yields
were increased by centrifugation in a TLA rotor in a Beckman
microfuge (Fullerton, CA) for 10 min at 150,000 x g.

Proteolysis/Membrane Protection Assay
Microsomes containing newly synthesized Cx32 or Cx26 were pel-
leted by centrifugation, resuspended in STBS buffer (0.25 M sucrose,
10 mM Tris/HCl, pH 7.5, 150 mM NaCl), and then subjected to
digestion by pronase, trypsin, or protease V8. The proteolysis reac-
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tion was carried out on ice for 30 min, and terminated by adding 1
,ug/ul soybean trypsin inhibitor (Sigma, St. Louis, MO) or phenyl-
methylsulfonyl fluoride (Sigma) to a final concentration of 2 mM.
RM membranes with membrane-protected nascent protein frag-
ments were collected by centrifugation (15,000 x g for 15 min)
before analysis by SDS-PAGE. Proteolysis/membrane protection
and Western blot analyses of isolated gap junctions were performed
as described previously by Zhang and Nicholson (1994).

Immunoprecipitation and Absorption
After stopping the proteolysis of RM fractions with protease inhib-
itor and removing soluble protease by centrifugation, the membrane
pellet was solubilized in an immunoprecipitation buffer (1% Triton
X-100, 10 mM Tris, pH 7.4, 0.9% NaCl). Polyclonal antisera to
different domains of Cx32 and Cx26 (see Figure 4) were added at
1/100 dilutions to the mixture and incubated overnight at 4°C.
Protein A-Sepharose beads were then added to the mixtures to a
final concentration of 0.4 mg/ml, followed by incubation at room
temperature with shaking for 1.5 h. The protein A-Sepharose frac-
tion was then pelleted and washed four times with the immuno-
precipitation buffer containing 0.2% BSA before analysis by SDS-
PAGE.
To study the membrane disposition of translated proteins in the

membrane, immuno-absorption was performed. RM fractions of a
translation mixture were pelleted, resuspended in phosphate-buff-
ered saline (PBS) at pH 7.4, and divided into two halves. One-half
was sonicated in the presence of 1% Triton X-100 whereas the other
was untreated. Both the sonicated and untreated RM fractions were
then subjected to immuno-absorption using nitrocellulose discs
bound with Cx32- or Cx26-specific polyclonal antibodies directed
against peptide epitopes in both their extracellular and intracellular
domains (Zhang and Nicholson, 1994). These discs (6 mm in diam-
eter) were prepared by incubation in 50 ,ug/ml protein A in PBS for
2 h at room temperature, followed by five washes in PBS, a second
incubation in either preimmune or immune serum to Cx32 or Cx26
for 1.5 h at 37°C, and final blocking in 3% BSA in PBS before five
washes in PBS. Finally, the nitrocellulose discs were used to absorb
both untreated or sonicated RM by overnight incubation with shak-
ing at room temperature. After five washes in PBS, the nitrocellulose
discs were prepared for scintillation counting.

SDS-PAGE Analysis
SDS-PAGE was performed according to the method of Laemmli
(1970). After electrophoresis, the gels were fixed in dimethyl sulfox-
ide, treated with PPO, dried, and exposed to Kodak XAR-5 film
(Rochester, NY) at - 700C from a few hours to a few days for
fluorography.

Site-directed Mutagenesis and Chimera Construction
The 1.5-kb Cx32 cDNA (Paul, 1986) and the 1.1-kb Cx26 cDNA
(Zhang and Nicholson, 1989) were cloned into pGEM7Zf+ (Pro-
mega) at the EcoRI site. Orientation of the inserts was selected such
that the SP6 promoter would produce a sense transcript of Cx32 and
the T7 promoter would produce a Cx26 sense transcript. Mutants
were made by the method of Kunkel et al. (1987). Glutamine 222 of
Cx32 was changed to the TAG stop codon with the mutagenic
oligonucleotide 5'CGGCGCTAAGCACGGC3', producing the Cx32
Q222TAG mutant. To create a chimera of Cx26 with the carboxyl-tail
of Cx32 (Cx261-199/Cx32200_283), a silent AccIll site was introduced
at the same position in both Cx26 and 32 sequences using the
oligonucleotides: 5'61OGGATGCAAATTCCGGACACAG5903' and
5'61OGGATAATGCAGATTCCGGAGG5903', respectively. Cutting
with AccIII and ligation produced the desired chimera. All con-
structs were checked by sequencing. Transcriptions and translations
were carried out as described above, or using the TNT-coupled
reticulocyte system of Promega.

RESULTS

In Vitro Transcription and Translation of
Cx32 and Cx26
To study and compare the protein synthesis and
membrane insertion of Cx32 and Cx26, we ex-
pressed these proteins using an in vitro transcrip-
tion and a coupled cell-free translation and translo-
cation system. Figure 1A shows rat Cx32 and Cx26
cDNA constructs containing the entire coding re-
gions cloned in pGEM expression vectors. The run-
off sense and antisense strand RNA transcripts were
synthesized using SP6 RNA polymerase from con-
structs with different orientations of cDNA inserts
in the presence of [a-32P]UTP. The 7mGpppG-
capped transcripts were treated with glyoxal and
separated by electrophoresis in a 1% agarose gel
(Figure 1C). Both sense (Figure 1C, lane 3) and
antisense (Figure 1C, lane 4) transcriptions of Cx32
cDNA linearized with HindIII generated a single
product of -1.6 kb. Sense transcription of Cx26
cDNA linearized with EcoRI (Figure 1C, lane 1)
produced two products of 1.1 kb and 0.9 kb whereas
the antisense transcription (Figure 1C, lane 2) gave a
single product of 1.1 kb. The 1.1-kb transcripts of
Cx26 (Figure 1C, lanes 1 and 2) represent the full-
length sense and antisense RNA products whereas
the 0.9-kb product (Figure 1C, lane 1) apparently
results from the premature termination of the sense
transcript due to the presence of a stem-loop struc-
ture predicted to form at this site (Figure 1, A and
B). Consistent with this possibility is the observation
that transcription of Cx26 cDNA linearized with
BstXI, which cuts to the 5' side of this potential
stem-loop structure, produced only one RNA prod-
uct. Unfortunately, since this truncated RNA does
not include the full coding region of Cx26, subse-
quent translation studies used the mixture of 1.1-
and 0.9-kb transcripts.
Figure 1D shows the primary translation products

of Cx32 and Cx26 in rabbit reticulocyte lysate. Cx32
sense strand RNA transcripts directed translation of
a 29-kDa protein (Figure 1D, lane 3), equivalent to
the size of isolated Cx32, whereas the antisense
strand RNA produced no protein products (Figure
1D, lane 4). Translation of Cx26 sense RNA tran-
scripts produced a major product of -25 kDa (Fig-
ure 1D, lane 1) while control reaction with the an-
tisense Cx26 RNA did not generate any proteins.
The 43-kDa protein (Figure 1D, lane 1) is likely an
aggregated dimer of the 25-kDa protein, consistent
with previous studies where aggregation of Cx32
and Cx26 has been observed (Nicholson et al., 1981).
The 25-kDa protein is consistent with the produc-
tion of native Cx26 from the full-length 1.1-kb tran-
script. The minor, poorly resolved components be-
low the 25-kDa protein (indicated by arrowhead
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Figure 1. In vitro transcription and translation

of Cx32 and Cx26. (A) Schematic drawing of the

Cx32 and Cx26 cDNAs in pGEM plasmid. The

2 3 4 single line indicates cDNA. The boxes flanking
the cDNAs represent the promoters in the vec-

tor to be used for in vitro transcription. The

loop indicates the position of a potential stem-

loop structure in Cx26 cDNA. (B) Potential

stem-loop structure of Cx26. The nucleotide se-

quence shown is from 540 to 610, imnmediately
before the stop codon at 680 (the numbering of

the nucleotide sequence starts at the initiator

codon ATG). The stem has three mismatches

and consists of 57% CC content. (C) In vitro

transcription of Cx32 and Cx26. DNA templates
were linearized and used for transcription as

described in text. The sense transcripts of Cx26

and Cx32 are shown in lanes 1 and 3, respec-

tively. The antisense transcripts of Cx26 and

Cx32 are shown in lanes 2 and 4, respectively.
(D) In vitro translation of Cx32 and Cx26. In

vitro transcripts of Cx26 (lanes 1, 2, and 6) and

Cx32 (lanes 3, 4, and 5) were used to direct

translation in rabbit reticulocyte lysate in the

absence (lanes 1-4) or presence (lanes 5-6) of

RM. Nascent peptides were produced in the

presence of sense transcripts (lanes 1, 3, 5, and

6), but not in the presence of antisense tran-

scripts (lanes 2 and 4). Arrowheads indicate

products arising from truncated Cx26 tran-

scripts in all figures.
5 6

here and in subsequent figures) are likely to arise
from translation from the 0.9-kb transcript in which
the 3'-end of the coding region is truncated. Con-
sistent with this, when the two RNAs of different
sizes were isolated and used to direct translation
individually, proteins of different sizes were gener-

ated (our unpublished observations). Furthermore,
injection into paired frog oocytes of the 1.1-kb RNA
transcript of Cx26 generated functional gap junc-
tions, but injection of the 0.9-kb RNA transcript of
Cx26 did not produce intercellular coupling
(Suchyna, 1993).
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Co-translational Membrane Insertion of Newly
Synthesized Cx32 and Cx26
To study the membrane insertion of nascent connex-
ins, RM (derived from canine pancreatic rough endo-
plasmic reticulum) were added to each translation
reaction. The 29-kDa protein from the Cx32 transcript
(Figure 1D, lane 5) and the 25-kDa protein from the
Cx26 transcript (Figure 1D, lane 6) were also produced
in the presence of RM. These proteins are associated
with RM and appear to have integrated into mem-
branes because they are resistant to alkaline extrac-
tion, which removes peripheral and intra-lumenal
proteins.

In addition to the full-length 29-kDa protein, a
polypeptide of 27 kDa was also generated from the
Cx32 transcript in the presence of RM (Figure 1D, lane
5). The origin of this 27-kDa protein was not defini-
tively established, but could arise from either internal
initiation, commonly observed in the in vitro transla-
tion system (Zhang and Ling, 1993), inappropriate
cleavage by the signal sequence peptidase (as con-
cluded by Falk et al., 1994), or proteolysis at the C-
terminus. To distinguish between N-terminal or C-
terminal truncation, we translated mRNA templates
of Cx32 truncated at the 3' end by linearization with
BglI. These RNA templates should produce proteins
missing 12 amino acids at the C-terminal end of the
nascent protein. If the 27-kDa protein was generated
due to premature termination or proteolysis at the
C-terminal end of the 29-kDa protein, this product will
probably be eliminated in translations of the truncated
transcript. In contrast, both the 29-kDa and the 27-kDa
protein will undergo similar shifts should N-terminal
truncation have occurred. Consistent with this latter
scenario, translation of the BglI-truncated transcript of
Cx32 generated proteins of -27 and -25 kDa (Figure
2, lane 3) compared with proteins of 29 and 27 kDa
from the full-length transcript (Figure 2, lane 4).
The pattern of translation products inserting into

microsomes from full-length Cx26 transcripts was
even more complex (Figure 1D, lane 6). A similar
strategy to that used for Cx32 was employed to iden-
tify the origin of these lower molecular weight prod-
ucts. Truncated transcripts from a Cx26 template lin-
earized by BstXl should produce a Cx26 protein
missing 51 amino acids at the C-terminal end. This
truncation would also remove the potential stem-loop
structure at the 3'-end of the template. Consistent with
this, only one population of transcripts was produced
from this truncated cDNA template (see above discus-
sion in Figure 1) compared with the two cRNA bands
produced from the full length template. Translation of
this truncated transcript generated only two major
protein products of 19 and 16 kDa (Figure 2, lane 1),
compared with two major protein products of 25 and
22 kDa and a minor product of -19 kDa translated

Cx26

Figure 2. Comparisons of transla-
tion products directed by full-length
and by truncated transcripts. Full
length (lanes 2 and 4) and truncated
transcripts (lanes l and 3), prepared
as described in the text were used to
direct translation in rabbit reticulo-
cyte lysate in the presence of RM.
Lanes I and 2 are Cx26 whereas lanes
3 and 4 are Cx32. In both cases, the
major bands were decreased propor-
tionate to the truncation, indicating
that these bands arise from loss of
N-terminal sequence.

Cx32

-12'

1 2 3 4

from full-length cDNA templates (Figure 2, lane 2).
These results suggest that the minor products of -19
kDa in Figure 2, lane 2, (arrowhead) were probably
generated from the 0.9-kb transcript (see Figure 1).
The 22-kDa and 25-kDa proteins (Figure 2, lane 2)
were likely derived from the 1.1-kb transcript, with
the smaller of the two products missing its N-terminal
3 kDa. These results are consistent with the conclusion
of Falk et al. (1994) that the cell-free system displays
inappropriate cleavage of Ml through partial process-
ing at a cryptic site for signal peptidase.
The loss of the N-terminal 3 kDa of both Cx26 and

Cx32 could also be caused by other proteases or by
internal initiation. The latter is inconsistent with the
absence of this truncation in the absence of micro-
somes (Figure 1D, lanes 1-4) and its observation in
connexins lacking appropriate internal initiation sig-
nals (Falk et al., 1994). The possibility that other pro-
teases could mediate the truncation was addressed by
conducting all translations in the presence of a mix-
ture of protease inhibitors (phenylmethylsulfonyl flu-
oride or leupeptin, aprotonin, and soybean trypsin
inhibitor). No reduction of the cleaved product was
observed (our unpublished observations). In addition,
after collection of microsomes by spinning at 150,000
x g for 10 min through a 250 mM sucrose cushion,
only full length product was found in the supernatant,
while the pellet contained both full length and trun-
cated forms (our unpublished observations).

Both Nascent Cx32 and Cx26 in RM Have Native
Topological Orientations
The topological structures of the nascent Cx32 and
Cx26 in RM membranes were studied by a combina-
tion of protease protection and exposure of specific
antigenic epitopes. If Cx32 and Cx26 integrated into
membranes in their native orientation, they will have
an orientation as shown in Figure 3C with both the
N-terminal and the C-terminal ends located cytoplas-
mically. Proteolysis by pronase of the RM vesicles
containing nascent Cx32 and Cx26 should generate
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Figure 3. Protease digestion of RM-associated Cx26 and Cx32 in
vitro translation products. (A) Pronase digestion of RM-associated
Cx26 and Cx32. Membrane-associated translation products Cx26
(lanes 1-3) and Cx32 (lanes 4-6) were treated by pronase (0.1-0.2
mg/ml) in the absence (lanes 2 and 5) or presence (lanes 3 and 6) of
1% Triton X-100. Lanes 1 and 3 are control samples treated without
pronase. (B) Trypsin treatment and immunoprecipitation. Mem-
brane-associated translation products Cx26 (lanes 1-3) and Cx32
(lanes 4-6) were treated with trypsin (0.1-0.2 mg/ml). The samples
were directly subjected to SDS-PAGE analysis (lanes 1 and 4) or
immunoprecipitated with aCx32/Cx26-E2 antibodies (lanes 3 and
6) or with preimmune sera (lanes 2 and 5). (C) Schematic diagram of
the membrane topology of Cx32 and Cx26. The membrane topology
of Cx26 and Cx32 have been determined from previous studies (see
text). The transmembrane segments are depicted as cross-hatched
areas. The peptide antibody epitopes are indicated by thick lines.
The antigenic sites of the antibodies are as follows: aCx32-CL,
amino acid 110-128 of Cx32; aCx32/Cx26-E2, amino acids 166-185
of Cx32; aCx26-N, amino acids 1-17 of Cx26; aCx26-CL, amino
acids 101-119 of Cx26; and aCx26-C, amino acids 210-226 of Cx26.

two protected fragments of -8.4 kDa (N-terminal half:
M1-loop-M2 fragment) and -9.6 kDa (C-terminal half:
M3-loop-M4 fragment). Furthermore, an epitope for
polyclonal antibody aCx32/Cx26-E2 in the loop link-
ing M3 and M4 segments is located in the RM lumen
(Zhang and Nicholson, 1994) and should, therefore,

remain intact in the 9.6-kDa protease-resistant frag-
ment (see Figure 3C). All other indicated antibody
epitopes in the N- or C-termini or cytoplasmic loops
should be removed.
Pronase digestion of membrane fractions of Cx32

translation reactions did, indeed, produce two pro-
tease-resistant fragments (10 kDa and 7 kDa; see Fig-
ure 3A, lane 5). Trypsin digestion produced a similar
pattern (Figure 3B, lane 4). Consistent with the above
prediction, only the larger tryptic fragment was im-
munoprecipitated specifically by aCx32/Cx26-E2
(Figure 3B, lanes 5 and 6).
Poorly resolved peptide fragments of Cx26 in the

molecular weight range of 7-9.5 kDa were also pro-
tected from pronase digestion (Figure 3A, lane 2).
Trypsin digestion of the translation products of Cx26
produced more clearly resolved 9-kDa and 7-kDa
fragments (Figure 3B, lane 1). Again only the larger
tryptic fragment was immunoprecipitated by aCx32/
Cx26-E2 (Figure 3B, lanes 2 and 3), identifying it as
being derived from the C-terminal half of Cx26. No
protease-resistant fragments were recovered when
Triton X-100 was included in the digestion to perme-
abilize the RM vesicles (Figure 3A, lanes 3 and 6),
demonstrating that protease resistance required intact
membranes. The slight deviation of the apparent size
of the fragments from that predicted is likely due to
the nonlinear response of the gel system, particularly
in this size range, although the N-terminal truncations
of Cx32 and 26 noted above could contribute to smear-
ing of the bands.
We also employed an alternative strategy to more

specifically map the exposure of epitopes of Cx32 and
26 to protease treatment in intact or detergent-dis-
rupted microsomes. RM containing co-translationally
inserted Cx32 (Figure 4A) or Cx26 (Figure 4B) were
incubated with buffer alone or buffer containing 0.1-
0.2 mg/ml trypsin to remove antigenic sites exposed
extralumenally. After termination of protease action,
RM were solubilized in Triton X-100 and the proteins
were immunoprecipitated with one of a panel of site-
specific polyclonal antibodies (see Figure 3C for
epitope locations; see also Zhang and Nicholson,
1994). Antibodies specific to the cytoplasmic loop of
Cx32 (aCx32-CL) and the C-terminal cytoplasmic do-
main of Cx26 (aCx26-C) specifically immunoprecipi-
tated their corresponding translation products in non-
protease-treated RM (Figure 4A, lane 3; Figure 4B,
lane 4), without cross-reaction (Figure 4A, lane 4; Fig-
ure 4B, lane 5). Antibody to the second extracellular
domain (aCx32/Cx26-E2) immunoprecipitated both
Cx32 and Cx26 translation products (Figure 4, A and
B, lane 2). This observation is expected due to the
conserved nature of the epitope between Cx32 and
Cx26 and is consistent with our observation in West-
ern blots of gap junction isolates (Zhang and Nichol-
son, 1994). The Cx26-N antibody appears to react
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weakly with the nascent Cx26 in these immunopre-
cipitations (Figure 4B, lane 3). Following proteolysis
of the RM, only the aCx32/Cx26-E2 antiserum im-
munoprecipitated the expected 10-kDa proteolytic
fragments from both Cx32 (Figure 4A, lane 5) and
Cx26 (Figure 4B, lane 6). All other epitopes were
cleaved (Figure 4A, lanes 6 and 7; Figure 4B, lanes
7-9). When the membrane vesicles were permeabil-
ized first with Triton X-100 before addition of tryp-
sin, no protease-resistant fragments reactive to any
of the above antibodies were detected (Figure 4A,
lanes 8-10; Figure 4B, lanes 10-13), suggesting that
the fragment that was immunoprecipitated by
aCx32/Cx26-E2 antibody is located in the RM lu-
men. These results are consistent with our conclu-
sion that both in vitro-translated Cx32 and Cx26
have their native membrane topology.
A final approach to directly assessing the topol-

ogy of Cx32 and Cx26 in RM that is independent of
protease action is the direct immunoprecipitation of
intact microsomes with antibodies to epitopes pre-
dicted to be cytoplasmic (aCx32-CL or aCx26-CL) or
luminal (aCx32/Cx26-E2). Nitrocellulose discs
bound with the various antisera were used for af-
finity binding of the RM membrane vesicles contain-
ing Cx32 or Cx26. Luminal epitopes should only be
exposed to the antibodies when the RM vesicles are
first permeabilized with sonication in the presence
of detergent. The results of these binding studies are
shown in Table 1 for Cx32 and Table 2 for Cx26.
Antibodies directed against the cytoplasmic do-
mains of Cx32 (aCx32-CL) and Cx26 (aCx26-CL)
bind their respective intact and permeabilized RM
fractions equally. In contrast, aCx32/26-E2 directed
against the second extracellular loop of both con-
nexins only binds RM following permeabilization.
This result is consistent with the protease digestion
study discussed above. Under the same reaction
conditions, none of the antibodies used in the bind-
ing assay react with a nonrelated nascent membrane
protein dipeptide peptidase IV (DPPIV) (Hong and
Doyle, 1988) in either intact or solubilized RM frac-
tions.

Post-translational Membrane Insertion of
Nascent Cx26
We next examined whether Cx32 and Cx26 can in-
sert into membranes post-translationally. In this
study, the translation of Cx32 and Cx26 was com-
pleted in rabbit reticulocyte lysate in the absence of
RM, followed by RNase A treatment to stop trans-
lation by removing all RNA templates. In some
experiments, puromycin was also added to ensure
release of the polypeptide from the ribosome but
these results did not differ from RNase treatment
alone. Microsomes were then added to the transla-
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Trypsin-- - + + + + + +
TX-100- . + + +

E2 - + - - + - - + - -

32-CL-- + - + - _ -

26-N - - + _ - + _ +
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29-p .

18.4-
14.3-
6.2-126

1 2 3 4 5 6 7 8 910

Trypsin
TX-100
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26-N

_-+-_- +-+
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26-C - - - + + +

32-CL + -- + +
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18A4;
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1 2 3 4 5 6 7 8 9 10111213

Figure 4. Proteolysis analysis of in vitro-translated and isolated
gap junction proteins. (A) Trypsin digestion and immunoprecipita-
tion of in vitro-translated Cx32. Membrane-associated Cx32 was
treated without (lanes 1-4) or with trypsin in the absence (lanes 5-7)
or presence (lanes 8-10) of Triton X-100. Immunoprecipitation of
trypsinized or untreated samples was performed with aCx32/
Cx26-E2 (lanes 2, 5, and 8), aCx32-CL (lanes 3, 6, and 9), or aCx26-N
as a negative control (lanes 4, 7, and 10). (B) Trypsin digestion and
immunoprecipitation of in vitro-translated Cx26. Membrane-asso-
ciated Cx26 was treated without (lanes 1-5) or with trypsin in the
absence (lanes 6-9) or presence (lanes 10-13) of Triton X-100. Im-
munoprecipitation of trypsinized or untreated samples was per-
formed with aCx32/Cx26-E2 (lanes 2, 6, and 10), aCx26-N (lanes 3,
7, and 10), aCx26-C (lanes 4, 8, and 11), or aCx32-CL as a negative
control (lanes 5, 9, and 13).

tion reaction mixture and incubated for 90 min at
30°C after which the microsomes were recovered
and analyzed as described above.
Under these conditions, translation products of

Cx26 were found to be associated with the post-
translationally added RM (Figure 5A, lane 4)
whereas the translation products of Cx32 were not
(Figure 5A, lane 2). In a parallel experiment, the
same Cx32 and Cx26 transcripts were shown to
direct co-translational insertion of the respective
proteins into RM (Figure 5A, lanes l and 3, respec-
tively). The post-translational insertion of Cx26
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Table 1. Immunoprecipitation of Cx32 in microsomes

Cx32 DPP IV

Intact RM Disrupted RM Intact RM Disrupted RM

Antibodiesa Cx32-CL -E2 Cx32-CL -E2 Cx32-CL -E2 Cx32-CL -E2

Bindingb 1.75 1.06 1.61 1.52 1.09 1.08 1.14 1.13
n 9 9 9 9 9 9 9 10
p <0.005 >0.005 <0.005 <0.025 >0.005 >0.005 >0.005 >0.005

a The antibodies used are aCx32-CL and aCx32/Cx26-E2.
b The numbers represent the fold increase of radioactivity bound to the discs over background.

seemed to favor the full length product (Figure 5A, the smaller products representing polypeptides that
compare lanes 3 and 4). Like their co-translationally were not released from the ribosomes by RNase
inserted counterpart, post-translationally inserted treatment and could thus still utilize an SRP-depen-
Cx26 proteins are also resistant to alkaline extrac- dent mechanism linked to potential cryptic cleavage
tion, suggesting that they are integrated into the by signal peptidase. The SRP independence of Cx26
membrane. This was further demonstrated by the post-translational insertion was further indicated by
failure to recover connexins in the pellet in the similar results with wheat germ extract, which does
absence of membranes (see Figure 7, lane 2). not contain an SRP compatible with mammalian
Genuine post-translational insertion of membrane translocation machinery, yet can still support post-

proteins is believed to function independent of the translational insertion of Cx26 (our unpublished
SRP/docking protein complex. We tested this di- observations).
rectly by repeating the above experiment using N- To determine the topological membrane orienta-
ethylmaleimide (NEM)-treated RM. It has been tion of post-translationally inserted Cx26 proteins,
shown that the NEM treatment inactivates the mem-
brane-associated receptors of SRP (Gilmore et al., we profrm ag protseo e mbrned protein
1982) and prevents the normal co-translational in- assay. To faep ntsweepotetedf V8
sertion of membrane proteins. Consistent with this, digestion of the post-translationally inserted Cx26
the co-translational membrane insertion of Cx32 proteins (Figure 5C, lane 2). These two protease-
was completely prevented by NEM treatment (Fig- resistant fragments are identical to those produced
ure 5B, compare lanes 1 and 2). By contrast, NEM from co-translationally inserted Cx26 (Figure 5C,
treatment only slightly reduced the post-transla- lane 1) and correspond in size to the N-terminal
tional membrane insertion of full length Cx26. By (MI-loop-M2) and C-terminal (M3-loop-M4) frag-
contrast, the "apparent" post-translational insertion ments derived from Cx26 by similar proteolysis
of the lower molecular weight products resulting of isolated gap junctions (Zhang and Nicholson,
from incomplete RNase treatment before microsome 1994). As expected, when protease treatment
addition was eliminated by NEM treatment (Figure is preceded by Triton X-100, no fragments are
5B, compare lanes 3 and 4). This is consistent with pelleted.

Table 2. Immunoprecipitation of Cx26 in microsomes

Cx26 DPP IV

Intact RM Disrupted RM Intact RM Disrupted RM

Antibodiesa Cx26-CL -E2 Cx26-CL -E2 Cx26-CL -E2 Cx26-CL -E2

Bindingb 1.83 1.03 1.46 1.58 0.97 0.95 1.00 1.10
n 11 9 9 9 12 9 9 9
p <0.025 >0.005 <0.025 <0.025 >0.005 >0.005 >0.005 >0.005

a The antibodies used are aCx26-CL and aCx32/Cx26-E2.
b The numbers represent the fold increase of radioactivity bound to the discs over background.
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Figure 5. Post-translational membrane insertion of in vitro-trans-
lated Cx32 and Cx26. (A) Cx26 can be inserted in RM membrane
post-translationally. RM was added post-translationally to the
translation reaction directed by Cx32 (lane 2) and Cx26 (lane 4)
transcripts. Only the translation products of Cx26 can insert into RM
post-translationally (lane 4). Lanes 1 and 3 show the co-translation-
ally inserted Cx32 (lane 1) and Cx26 (lane 3). (B) The post-transla-
tional membrane insertion of Cx26 does not depend on a SRP-
mediated mechanism. RM was treated by NEM to deactivate the
SRP-receptor before it was added to the lysate co-translationally for
Cx32 (lane 2) or post-translationally for Cx26 (lane 4). Normal RM
was used in lanes 1 and 3 as controls. (C) Post-translationally
inserted Cx26 has the same protease digestion pattern as co-trans-
lationally inserted Cx26. Cx26-associated with RM by either a co-
translational (lane 1) or post-translational (lane 2) mechanism were
treated with V8 protease. Both N- and C-terminal halves were
generated from both reactions. c, co-translational; p, post-transla-
tional.

insertion of Cx26 (Figure 6B, lanes 4 and 5), suggesting
that hydrolysis of ATP is not required in the post-
translational membrane insertion of Cx26 (see DIS-
CUSSION). Similar concentrations of PPi (Figure 6B,
lane 6), ADP (Figure 6B, lane 7), and AMP (Figure 6B,
lane 8) failed to promote the post-translational insertion,
ruling out the possibility of potential contamination of
ATP by these degradation products. Surprisingly, UTP,
GTP, or CTP can also support the post-translational
membrane insertion of Cx26 with only slightly reduced
potency compared with ATP, as assessed at 5 mM and
0.5 mM concentrations (Figure 6C).

The Post-translational Membrane Insertion of Cx26
Is Determined by Its Internal Amino Acid Sequences
We have shown that Cx32, unlike Cx26, does not
insert into RM post-translationally (Figure 5) despite
an overall 64% amino acid identity between Cx32 and
Cx26 (Zhang and Nicholson, 1989). A major difference
between these two proteins is the length of the cyto-
plasmic tail and hence their overall hydrophilicity. To
test whether the lack of this hydrophilic domain in

A
20 10 5 1 0.5 0.1 0 ATP(mM)

1 2 3 4 5 6 7

The Post-translational Membrane Insertion of Cx26
Requires Ribonucleotide Triphosphate
To determine the cofactor requirements for the post-
translational membrane insertion of Cx26, we per-
formed a complementation study. Following the syn-
thesis of Cx26 in rabbit reticulocyte lysate in the
absence of RM, RNA templates were removed by
RNase A digestion. The translation mixture was then
stripped of low molecular weight components by col-
lecting the excluded volumes of two successive Seph-
adex G-25 spin columns. The collected fraction was
then divided into equal aliquots and supplemented
with RM and different concentrations of ATP or other
cofactors. This ensured equal loadings of translated
product in the comparisons shown in Figure 6, A-C.
Following a 90-min incubation at 30°C, membrane
insertion was assessed by Na2CO3-resistant associa-
tion with the microsomal pellet. As shown in Figure
6A, significant post-translational membrane insertion
of Cx26 required at least 5 mM ATP (Figure 6A, lane
3) and increased with concentration up to 20 mM. Two
non-hydrolyzable ATP analogues, ATPyS and AMP-
PCP, also support the post-translational membrane

B qC'olqp Iq
q ol 9

ll. IVA-Y qq"0 A~
'4

o

v
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C
UTP GTP CTP ATP
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Figure 6. The post-translational membrane insertion of Cx26 is
ribonucleotide dependent. Cx26 transcript was used to direct trans-
lation in the absence of RM. Before RM were added post-transla-
tionally to the reaction, the lysate mixture was stripped of small
molecular weight component (see MATERIALS AND METHODS)
and then complemented with different concentrations of ATP (A), or
nonhydrolyzable ATP analogues, PPi, ADP, or AMP at 5 mM each
(B), or different concentrations of UTP, GTP, or CTP (C). All four
ribonucleotides at 5mM concentration (ATP at a slightly lower level)
and nonhydrolyzable ATP analogues can support the post-transla-
tional membrane insertion of Cx26.
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Microsomes added Cx26 Cx32 Cx26/32 Cx32 Q222 -stop Figure 7. The ability of Cx26 to insert into microso-
co-translational + - - + 6 - + _2_ -st mal membranes post-translationally is not due to the

post-translational + - + - + -_ + _ + length of its carboxy-terminal tail. Four different con-
structs were translated in the presence or absence of
microsomes: Cx26 wt, Cx32 wt, Cx26(1-199)/32(200 283)
(Cx26/32), and Cx32 Q222-stop. For each construct
tested, the first lane shows the results of a co-transla-

- 46 tional insertion into microsomes with the full length
product marked with a square. The second lane rep-
resents a translation with no microsomes added to

:251 *^ - - 30 control for nonspecific aggregation products being
AW- _-ft. *i0_ 3 pelleted. The third lane represents the results of the

- 21.5 post-translational insertion. Where microsomes were
only added after translation was terminated, compe-
tence for post-translation insertion was unique to Cx26

.x 14 3 and was unaffected in a chimera where the C-terminal
domain was replaced by the substantially longer re-
gion of Cx32 (Cx26/32). Conversely, the inability of

1245789011Cx32 to insert post-translationally was unaffected bya234679011 1 2 truncation of the C-terminal domain to a length com-
parable to that of Cx26. It is notable that post-translational insertion (of both Cx26 and Cx26/32) favored the full length product (see text).
The translation of Cx26/32 showed some protein products smaller than the predicted molecular weight. We believe these smaller products
result from proteolysis of inappropriately folded translation product in the lysate before insertion. **To equalize protein loadings, we show
a longer exposure in this lane.

Cx26 is responsible for its unique properties, we en-
gineered both a Cx32 construct truncated to the length
of Cx26 by insertion of a stop codon at position 222,
and a chimeric Cx26 fused with the carboxy terminal
tail of Cx32. The Cx261-199/Cx32200-283 chimera re-
tained the ability to insert into RM post-translationally
(Figure 7, lanes 7-9), like the parental Cx26 (Figure 7,
lanes 1-3). In contrast, the truncated Cx32 (Figure 7,
lanes 10-12) behaved like full length Cx32 (Figure 7,
lanes 4-6), inserting only co-translationally. These re-
sults suggest that the capacity of Cx26 for post-trans-
lational membrane insertion is not determined by
overall length or hydrophobicity, but by specific se-
quences in Cx26 to the N-terminal side of residue 199.
As noted above, post-translational insertion results

in enrichment of the full length product over the prod-
uct truncated by -2 kDa. This is consistent with the
proposed role of cryptic signal peptidase cleavage in
this truncation (Falk et al., 1993), as one might expect
that SRP-independent post-translational insertion may
not use the same signal peptidase-associated machin-
ery of co-translational insertion. The large number of
substantially lower products seen in translations of the
chimeric protein appear to reflect increased proteolysis,
perhaps due to inadequate folding of the chimeria. The
number and level of these products could be reduced by
protease inhibitors, but only at the cost of translational
efficiency. More proteolysis was evident in post-transla-
tional samples where the protein is exposed longer to the
lysate before insertion into the membrane.

DISCUSSION

In this study, we have demonstrated that both Cx32
and Cx26 can be synthesized in an in vitro translation

system. Both nascent Cx32 and Cx26 translocated into
dog pancreatic RM co-translationally. These nascent
molecules in RM have a topological structure indistin-
guishable from that in isolated gap junctions (Zhang
and Nicholson, 1994).
The topology of the connexins were established us-

ing a proteolysis/membrane protection assay that
produced two protected fragments from both Cx32
and 26 (Figure 3) that corresponded in size to those in
proteolysed junctional fractions from mouse liver (Ni-
cholson et al., 1987; Zhang and Nicholson, 1994). Spe-
cific sites were also demonstrated to be disposed on
the appropriate side of the membranes by using im-
munoprecipitation of the proteins from intact or lysed
RM, before or after proteolysis, with a panel of site-
specific antibodies to cytoplasmic and lumenal do-
mains of the connexins. Within the resolution of each
of these assays, all of the protein inserted into micro-
somes had a "native" topology. Concurrent studies by
Falk et al. (1994) had produced equivocal results in this
regard, in which antibodies against specific epitopes
suggested that an inappropriate topology was pro-
duced in the microsomes.

In many of the translation reactions studied, multi-
ple products of translation were evident. Some are
consistent with the tendency of both Cx32 and Cx26 to
aggregate into dimers in SDS-PAGE. However, most
were shorter products that appear to represent a com-
bination of internal initiation, proteolysis, and in the
case of Cx26, products of a shorter transcript, marked
on all figures with an arrowhead. Additional bands
arose on addition of RM, which appear to represent a
signal peptidase activity in the RM that inappropriately
recognizes a cryptic cleavage site at the C-terminal end
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of Ml. This is consistent with the results of Falk et al.
(1994) who demonstrated this to be a common result in
several members of the connexin family. We have ob-
served this property for Cx32, Cx26, and Cx43. Although
this is likely to be an artifact of the cell-free system, a
similar pattern of cleavage has also been seen in trans-
fected cells that overexpress connexins (Falk et al., 1994).

Surprisingly, we also found that Cx26 can insert into
RM post-translationally. The detailed pathway of this
process is not known, although our results indicate
that an SRP-mediated process is not involved, as in-
sertion is resistant to NEM pre-treatment of the micro-
somes. This ensures that such post-translational inser-
tion could not arise from residual polypeptides
associated with the ribosome following RNase treat-
ment that could still utilize the co-translational ma-
chinery. This was also confirmed in some experiments
by the use of puromycin treatment in addition to
RNAse before the addition of RM (our own unpub-
lished observations). Finally, it should also be noted
that post-translationally inserted products did not in-
clude significant amounts of the truncated product,
proposed to result from cryptic signal peptidase cleav-
age. This is also consistent with the independence of
the post-translational mechanism on SRP and, pre-
sumably, the associated Sec6l and signal peptidase
complex. Interestingly, the shorter product arising
from translation of the truncated message also fails to
insert post-translationally, indicating that the intact
protein may be required for this process.
The post-translational insertion of Cx26 is highly

unusual for a polytopic plasma membrane protein
from higher eukaryotes. Human glucose transporter
has been shown to insert into membranes post-trans-
lationally (Mueckler and Lodish, 1986a,b), but with an
efficiency much lower than seen here for connexins.
Post-translational membrane insertion has also been
found in association with other native or mutant non-
polytopic membrane proteins, for instance, yeast pre-
pro-a-factor (Hansen et al., 1986; Rothblatt and Meyer,
1986; Waters et al., 1986), a fusion protein of lactamase
and chimpanzee a globin (Perara et al., 1986), and
bovine preprolactin (Connolly and Gilmore, 1986). In all
these cases, post-translational insertion is dependent on
ATP-hydrolysis, a property that has usually been taken
to suggest the role of a chaperone protein in this process
(Flynn et al., 1989; Martin et al., 1992; Frydman et al.,
1994). The post-translational membrane insertion of
Cx26 also requires ATP, but in this case its hydrolysis is
not required, and the specificity for nucleotide is low.
This feature is unique among published examples of
post-translational translocation of membrane proteins.
The specificity of the post-translational membrane

insertion of Cx26 is perhaps best illustrated by the
failure of the homologous Cx32 to display the same
property, despite 64% sequence identity. Chimeras of
Cx32 and Cx26 indicate that it is not gross hydropho-

bicity or length that are important, but specific se-
quences within Cx26. Whether these determinants lie
within the membrane or in the more variable cytoplas-
mic domains will require a more extensive analysis.
Identification of the machinery involved in this pro-
cess is likely to be of great relevance to our under-
standing of translocation of membrane proteins in
general. In particular, it may provide a window into
the early evolutionary transition from post-transla-
tional to almost exclusively co-translational mem-
brane translocation of polypeptides. Its relevance to in
vivo models of gap junctional assembly is more ob-
scure. There is no evidence for or against a significant
role for post-translational insertion in situ. Should it
occur, it could provide a means to separate connexin
populations during biosynthesis, thereby limiting the
formation of mixed oligomers.
Of more immediate relevance is the potential value

of this technique as a means for reconstituting the gap
junction hemichannel directly from RNA, potentially
providing an exceptionally well defined system for in
vitro study of the protein, and the reconstitution of
mutant variants of connexins. Given the extensive to-
pological characterization, it also provides one of the
best available models for studying insertion of a poly-
topic membrane protein.
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