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Summary. SDS-polyacrylamide gel electrophoresis and im- 
munoblotting were used to investigate inter- and intramolecular 
disulfide bonds to connexin 43 (the cardiac gap junctional pro- 
tein) in isolated rat heart gap junctions and in whole heart frac- 
tions. In gap junctions isolated in the absence of alkylating agent, 
connexin 43 molecules are cross-linked by disulfide bonds. The 
use of iodoacetamide (100 raM) for the first steps of isolation 
procedure prevents the formation of these artifactual linkages. 
Investigation of connexin 43 in whole heart fractions by means of 
antibodies confirms the results obtained with isolated gap junc- 
tions; that is, connexin 43 molecules are not interconnected with 
disulfide bridges. In whole heart fractions treated with alkylating 
agents, a 38 kD proteim immunologically related to connexin 43, 
and containing intramolecular disulfide bonds is detected. It is 
hypothesized that this protein might be a folded form of connexin 
43, a precursory form of the molecules embedded in the gap 
junctions. 
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Introduction 

Recent evidence indicates that gap junction pro- 
teins, in spite of the diversity of their molecular 
weights, belong to the same protein family, the fam- 
ily of "connexins" (Nicholson et al., 1985; Kumar 
& Gilula, 1986; Paul, 1986; Beyer, Paul & Goode- 
nough, 1987; Nicholson et al., 1987; Paul & Goode- 
nough, 1987; Dupont et al., 1988; Kistler, Christie 
& Bullivant, 1988). In the plasma membrane, gap 
junction proteins are assembled into hexameric 
units, the connexons, in the center of which is lo- 
cated a hydrophilic transmembrane channel (Baker 
et al., 1983). Connexons of a junctional membrane 
interlock in the extracellular space with connexons 
of the opposite junctional membrane to form cell-to- 
cell channels responsible for direct intercellular 
communication (Loewenstein, 1981). In their turn, 
connexons are clustered into hexagonal patterns to 
form stable membrane structures: the gap junctions 
(Pitts & Finbow, 1986; Revel, Yancey & Nicholson, 
1986; Warner, 1988). 

Cardiac gap junctions are constituted from a 
major protein, connexin 43, having molecular mass 
of 43 kD (Beyer et al., 1987; Dupont et al., 1988). 
Comparison of the connexin 43 amino-acid se- 
quence with connexin 32, the liver major junc- 
tional protein, shows that these two proteins share 
two regions of high homology while other regions 
have little or no homology (Kumar & Gilula, 1986; 
Paul, 1986; Beyer et al., 1987). Associated with con- 
nexin 32 in liver gap junctions, is a protein of Mr 21 
kD, the amino-terminal region of which shows 45% 
identity with the equivalent region of connexin 32 
(Nicholson et al., 1987). Cardiac gap junctions, iso- 
lated in the presence of PMSF, 1 a serine protease 
inhibitor, are characterized by the presence of a 
fuzzy layer on their cytoplasmic surfaces (Man- 
junath, Goings & Page, 1984a). The cleavage of a 
protease-sensitive Mr 15-17 kD domain, at the car- 
boxy-terminus of connexin 43, has been correlated 
with the loss of this fuzzy material on the cytoplas- 
mic surfaces (Manjunath et al., 1987). Hepatic gap 
junctions, isolated in the presence of PMSF, lack 
the cytoplasmic material and show smooth cyto- 
plasmic surfaces (Hirokawa & Heuser, 1982; Shi- 
bata, Manjunath & Page, 1985). 

Little is known about the interactions of con- 
nexons in the plasma membrane and the role of 
those interactions in the stability of junction struc- 
tures. Splitting of heart and liver gap junctions with 
8 M urea or at low pH (Manjunath et al., 1984a,b; 
Zimmer et al., 1987) indicates that hydrogen and 
hydrophilic bonds are the most important interac- 
tions between connexons in the extracellular junc- 
tional space (the "gap").  Lipid extraction experi- 

i T h e  a b b r e v i a t i o n s  u s e d  a r e :  BSA, bovine serum albumin; 
EDTA, ethylene diamine tetra-acetic acid; IAA, iodoacetamide; 
NEM, N-ethylmaleimide; PAGE, polyacrylamide gel electro- 
phoresis; PMSF, phenylmethylsufonyl fluoride; SDS, sodium 
dodecyl sulfate; Tris, trishydroxymethyl-aminomethane. 
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ments (Henderson, Eibl & Weber, 1979) also 
indicate a strong association between cholesterol 
molecules and the junction proteins, suggesting that 
this association probably plays an important role in 
the structure and stability of the gap junctions. 
More recently, Manjunath and Page (1986) showed 
that cardiac gap junctions could be stabilized by 
multiple disulfide bonds between neighboring con- 
nexons and between subunits of the same connex- 
ons. Liver gap junctions could lack both the inter- 
and intra-connexon disulfide bridges (Manjunath & 
Page, 1986). 

We demonstrate in this article that disulfide 
bonds previously identified between connexons of 
rat heart gap junctions are artifactual linkages 
formed by oxidation of native thiol groups. 
Iodoacetamide and N-ethylmaleimide used during 
the isolation of the junctions prevent the formation 
of these disulfide bonds. These alkylating agents 
also allowed us to show the presence of a 38-kD 
protein, related to connexin 43, in whole heart frac- 
tions. 

Materials and Methods 

ISOLATION OF CARDIAC GAP JUNCTIONS AND 

ELECTRON MICROSCOPY 

In a first set of experiments, gap junctions were isolated from rat 
hearts as described by Manjunath et al. (1984a) and Manjunath 
and Page (1986) in the presence of 1 mM solid PMSF. In a second 
set of experiments, gap junctions were isolated in the presence of 
both solid PMSF (1 raM) and IAA. In this case, 100 mM (final 
concentration) of IAA were added to the homogenization buffer, 
then 10 mM (final concentration) were added to all subsequent 
solutions up to the Sarkosyl step, inclusive. 

Pellets of isolated gap junctions were processed for electron 
microscopy as described by Gros, Nicholson and Revel (1983). 
Micrographs of ultrathin sections were recorded with a Hitachi 
H-600 electron microscope at 80 kV. 

PREPARATION OF WHOLE HEART FRACTIONS 

Rat whole heart fractions were prepared according to Paul 
(1985). After dissection, the rat hearts were immediately frozen 
in Freon 22 and then pulverized with a pestle under liquid nitro- 
gen before being freeze dried. Protein content of these fractions 
was determined according to Lowry et al. (1951). 

PURIFICATION AND CHARACTERIZATION OF 

ANTIPEPTIDE ANTIBODIES 

The peptide SALGKLLDKVQAY, located at the amino-termi- 
nus of connexin 43 (residues 5-17) (Nicholson et al., 1985; Paul, 
1986), was synthesized according to Merrifield (1963). Coupling 
of the peptide to BSA, immunization of rabbits with peptide 

conjugate, affinity purification and characterization of antipep- 
tide IgGs were described in detail by Dupont et al. (1988). 

ANALYSIS OF SAMPLES BY POLYACRYLAMIDE 

GEL ELECTROPHORESIS 

Samples (isolated gap junctions or rat whole heart fractions) 
were analyzed by SDS-PAGE according to Laemmli (1970) with 
4.5% stacking and 12.5% separating gels. 

Isolated gap junctions were solubilized for 30 min at room 
temperature in a buffer made of 62.5 mM Tris-HCI (pH 6.8), 40 
mM 2-mercaptoethanol, 2% SDS and 10% glycerol. Then alkyla- 
tion of the sample was performed for 30 min at room temperature 
by addition of the same volume of the above buffer in which 2- 
mercaptoethanol was replaced by 120 mM of NEM. In some 
experiments 2-mercaptoethanol was omitted in the buffer. 

For electrophoresis of whole heart fractions, freeze-dried 
samples containing 100 p,g of proteins were dissolved in solubili- 
zation buffer (62.5 mM Tris-HCl, pH 6.8; 700 mM 2-mercapto- 
ethanol; 20% SDS; 10 mM EDTA; 5% glycerol, with or without 1 
mM solid PMSF); sonicated for 30 sec (MSE Ultrasonic Disinte- 
grator, 100 W model, microprobe, used at maximum power); 
heated for 5 rain at 95~ and then loaded in the gel. In some 
experiments, 2-mercaptoethanol was omitted or replaced with 
IAA or NEM (alkylating agents) at final concentrations from 50 
to 200 raM. In other experiments, alkylation of the samples was 
followed by reduction with 700 mM of 2-mercaptoethanol (30 rain 
at room temperature) before SDS-PAGE analysis. 

After electrophoresis the gels were either stained with 
Coomassie brillant blue R-250 or used for immunoblotting. 

ANALYSIS OF SAMPLES BY IMMUNOBLOTTING 

Immunoblots were carried out using a modification of the proce- 
dure of Towbin, Staehelin and Gordon (1979). Gels were placed 
in transfer buffer containing 0.02% SDS, and the apparatus was 
assembled. Transfer onto 0.22 p~m nitrocellulose paper (Schlei- 
chef & Schiiell) was carried out for 15 hr at 25 V. After transfer, 
immunoreactions were carried out as described by Dupont et al. 
(1988). Replicas were incubated for 8 hr at 4~ with saturation 
solution, the so-called BLOTTO (40 mM Tris-HCl; 0.1% Tween 
20; 4% nonfat dry milk; pH 7.5) (Johnson et al., 1984), then 
overnight at 4~ with affinity-purified antipeptide IgGs (15 ~g/ml 
in BLOTTO). After four washes in BLOTTO, replicas were in- 
cubated for 1 hr at room temperature with biotinylated-goat anti- 
rabbit F(ab')2 (Jackson Immunoresearch Laboratories) diluted 
1 : 1,000 in BLOTTO and incubated for 1 hr at room temperature 
with peroxidase-labeled streptavidin (Jackson Immunoresearch 
Laboratories) diluted 1:2,500 in BLOTTO containing 0.5 M 
NaC1. Replicas were washed three times in 40 mM Tris-HCl (pH 
7.5), 0.1% Tween 20, 0.5 M NaCI and three more times in the 
same buffer without Tween 20. Peroxidase activity was detected 
with a solution made of 0.015% H202, 0.05% 4-chloronaphtol, 
16.5% methanol, 40 mM Tris-HC1 (pH 7.5), 0.5 M NaCI. 

Results 

Figure 1 shows micrographs of rat heart gap junc- 
tions isolated either in the presence of PMSF and 
IAA (Fig. 1A and B) or in the presence of PMSF 
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Fig. 1. Ultrathin sections of isolated rat heart gap junctions. (A) Seclion in a pellet of gap junctions isolated in the presence of PMSF (1 
mM) and IAA (100 raM). Periodic densities between junctional membranes suggest the presence of connexons (circle). x 84,500. Bar = 
0.2 /~m. (B) High magnification of a gap junction isolated according to the above procedure, x 290,000. Bar = 30 nm. (C) High 
magnification of a gap junction isolated in the presence of PMSF (1 raM). Arrowheads indicate the cytoplasmic fuzzy layers typical of 
this kind of junction, x 290,000. Bar = 130 nm 

only (Fig. 1C). For convenience, the first kind of 
junctions will be termed "PMSF-IAA-gap junc- 
tions"; the second kind, "PMSF-gap junctions." A 
typical fuzzy layer, first described by Manjunath et 
al. (1984a), coats the cytoplasmic surfaces of 
PMSF-gap junctions (Fig. 1C). 

Under reducing conditions (40 mM 2 mercap- 
toethanol in solubilization buffer), SDS-PAGE anal- 
ysis of both kinds of junctions shows that they con- 
tain a major protein of 43 kD, connexin 43 (Fig. 2, 
lanes b and c). Under nonreducing conditions (no 2- 
mercaptoethanol in solubilization buffer), proteins 
constitutive of PMSF-gap junctions accumulate at 
the top of separating gels (Fig. 2, lane d) while elec- 
trophoregrammes of PMSF-IAA-junctions again 
shows a single band at 43 kD (Fig. 2, lane e). Lanes 
f t o  i illustrate the detection of connexin 43 by anti- 
peptide antibodies (Dupont et al., 1988) on im- 
munoreplicas of both PMSF-IAA and PMSF-gap 
junctions. Connexin 43 is the only protein detected 
on immunoblots of isolated cardiac gap junctions, 
however they are prepared. Immunoblots of unre- 
duced PMSF-gap junctions show a major labeling at 
the top of replicas (Fig. 2, lane h). 

Proteins of whole heart fractions were sepa- 
rated by SDS-PAGE under reducing (700 mM 2- 
mercaptoethanol) or nonreducing conditions (no 

mercaptoethanol) before blotting (Fig. 3). Under re- 
ducing conditions, a band at 43 kD, corresponding 
to connexin 43, is labeled by antipeptide antibodies 
on immunoreplicas (Fig. 3, lane a); under nonreduc- 
ing conditions, no band is detected (Fig. 3, lane b). 
Addition of IAA (or NEM) in the nonreducing solu- 
bilization buffer makes a band appear at 43 kD on 
immunoreplicas. Intensity of the 43-kD band in- 
creases as the concentration of IAA (or NEM) is 
raised (from 50 to 200 raM) in the buffer, and at the 
same time a band at 38 kD is detected (Fig. 3, lanes 
c to e). Addition of 1 mM PMSF in the buffer used to 
solubilize whole heart fractions does not change 
any of the results reported above (not shown) and 
the 38-kD band is always detected in alkylated sam- 
ples. When samples are alkylated with 100 or 200 
mM of IAA and then reduced with 700 mM of 2- 
mercaptoethanol before SDS-PAGE, only the 43- 
kD band is detected on immunoblots (Fig. 3, lane 
f). 

Discussion 

PMSF-gap junctions contain multiple disulfide 
bonds and consequently connexin 43 accumulates 
at the top of separating gels unless the sample is 
reduced before electrophoresis. These results con- 
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Fig. 2. SDS-PAGE analysis and immunoblotting of isolated rat 
heart gap junctions. (A) Coomassie-blue stained gels. Lane a: 
Molecular weight markers (phosphorylase a, Mr 94,000; bovine 
serum albumin, Mr 67,000; ovalburnin, Mr 43,000; carbonic anhy- 
drase, Mr 29,000; soybean trypsin inhibitor, Mr 21,000; lyso- 
zyme, Mr 14,000), Arrow shows the top of separating gels. Lanes 
b and c: SDS-PAGE analyses under reducing conditions (40 mM 
2-mercaptoethanol in solubilization buffer) of gap junctions iso- 
lated either in the presence of PMSF and IAA or in the presence 
of PMSF only, respectively. The well corresponding to lane c 
was overloaded. Lanes d and e: SDS-PAGE analyses under un- 
reducing conditions (no 2-mercaptoethanol in solubilization 
buffer) of gap junctions isolated either in the presence of PMSF 
only or in the presence of PMSF and IAA, respectively. Compar- 
ison of lanes c and d show that gap junctions isolated in the 
presence of PMSF contain disulfide bridges preventing connexin 
43 from entering into the separating gels. Comparison of lanes b 
and e demonstrates that the use of IAA in the isolation procedure 
prevents the formation of the disulfide bonds. (B) Immunorepli- 
cas. Position of the molecular weight markers is indicated by 
arrowheads. Arrow shows the top of replicas, Replicas f, g, h 
and i correspond to electrophoresis gels b, c, d and e, respec- 
tively. Connexin 43 was detected by using antipeptide antibodies 
characterized by Dupont et al. (1988) 

Fig. 3. Detection by immunoblotting of cardiac gap junction pro- 
teins in whole heart fractions treated or untreated with IAA. 
Position of molecular weight markers is indicated on the left by 
arrowheads. Arrow shows the top of replicas. Lanes a tofrepre- 
sent replicas of rat whole heart fractions treated with antipep- 
tide antibodies specific to connexin 43. Lane a: Sample solubi- 
lized under reducing conditions (700 mM 2-mercaptoethanol), 
before electrophoresis and blotting. Labeling corresponds to 
connexin 43 (see Dupont et al., 1988). Lane b: Sample solubi- 
lized under nonreducing conditions (no 2-mercaptoethanol). Ab- 
sence of labeling indicates that connexin 43 molecules are cross- 
linked by disulfide bonds. Lanes c to e: Samples solubilized 
under nonreducing conditions and alkylated with 50 mM 1AA 
(lane c), 100 mM IAA (lane d) and 200 mM IAA (lane e). Alkyla- 
tion of the samples makes connexin 43 soluble and reveals a 38- 
kD protein immunologically related to connexin 43 and contain- 
ing disulfide bonds (arrows on the right). The same results are 
obtained when IAA is replaced with NEM at the same concen- 
trations. Lane f: Sample solubilized under nonreducing condi- 
tions and alkylated with 200 mM IAA then reduced with 700 mM 
2-mercaptoethanol. Note that the 38-kD band does not appear 

firm those  p rev ious ly  pub l i shed  by Man juna th  and 

Page  (1986). W h e n  I A A  is added  to the solu t ions  
used  for  the first s teps o f  the i so la t ion  p r o c e d u r e ,  
c o n n e x i n  43 migra tes  into gels wi thou t  p re l iminary  
r educ t ion  o f  gap junc t ions .  I A A ,  as a lkyla t ing 
agent ,  b locks  f ree  thiol  g roups  and p r e v e n t s  ar t i fac-  
tual th io l /d isul f ide  exchanges  ( F r e e d m a n ,  1984). 
T h e s e  resul ts  c o n c e r n  i so la ted  gap j u n c t i o n s  that  
h a v e  b e e n  submi t ted  to a long and c o m p l e x  prepara-  
t ion p r o c e d u r e ;  can  they  be found  again with na t ive  
gap j u n c t i o n s ?  The  use  o f  an t ipep t ide  an t ibodies  
specif ic  for  c o n n e x i n  43 (Dupon t  et  al.,  1988) a l lows 
us to a n s w e r  af f i rmat ively .  Im m unob lo t t i ngs  o f  un- 
t r ea ted  who le  hear t  f rac t ions  show that  connex in  43 



E. Dupont et al.: Cardiac Gap Junctions 251 

does not enter into electrophoresis gels without a 
preliminary treatment of the samples with a reduc- 
ing agent. When IAA (or NEM) is added to the 
solubilization buffer of whole heart fractions: (i) 
connexin 43 is detected on immunoreplicas, and (ii) 
intensity of labeling increases as the concentrations 
of IAA (or NEM) are raised (from 50 to 200 raM) in 
the solubilization buffer. These results confirm 
those previously obtained with isolated gap junc- 
tions and demonstrate the artifactual formation of 
disulfide bonds between connexin 43 molecules. 
This is in agreement with what is known about re- 
ducing properties of cytoplasm which may contain a 
high concentration (0.5 to 10 mM) of glutathione 
(Kosower & Kosower, 1978) and especially in heart 
(Guarnieri, Flamigni and Rossoni-Caldarera, 1979), 
preventing the formation of multiple disulfide 
bridges. Conversely, disulfide bonds occur very fre- 
quently in extracellular proteins and most classes 
of extracellular proteins contain disulfide bonds 
(Freedman, 1984). 

A rather puzzling finding is the detection of a 
band at 38 kD onto immunoreplicas of whole heart 
fractions treated with alkylating agents. Intensity of 
this band parallels that of connexin 43 band; i.e., it 
increases with the raising of IAA (or NEM) concen- 
tration in solubilization buffer. The features of this 
38-kD protein are the following: (i) it is immunologi- 
cally related to connexin 43; (ii) it is not detected on 
replicas of isolated gap junctions (PMSF- or IAA- 
PMSF-gap junctions); (iii) its labeling depends on 
alkylating treatment of whole heart fractions; (iv) it 
does not seem to be a proteolytic product of con- 
nexin 43 since reduction of alkylated samples 
makes it disappear. A reasonable hypothesis to ex- 
plain the presence of this 38-kD protein is to assume 
that it represents a folded form of connexin 43 with 
intramolecular disulfide bonds. Since this protein is 
not detected in isolated gap junctions (with the tech- 
niques used) one can speculate that it represents a 
precursory form of connexin 43 molecule located 
either in the nonjunctional membrane (at the periph- 
ery of gap junctions?) or in the endoplasmic reticu- 
lure or both. The connexin 43 amino-acid sequence, 
deduced from cDNA, predicts that it contains nine 
cysteinyl residues (Beyer et al., 1987), but those 
among them which are involved in intramolecular 
disulfide bonds are not known. 
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