
J. Membrane Biol. 74, 217-228 (1983) 

The Journal of 

Membrane Biology 
�9 Springer-Verlag 1983 

Arrangement of MP26 in Lens Junctional Membranes: 
Analysis with Proteases and Antibodies 

Peggy Keeling, Keith Johnson, Daryl Sas, Kathleen Klukas, Peter Donahue, and Ross Johnson 
Department of Genetics and Cell Biology, University of Minnesota, St. Paul, Minnesota 55108 

Summary. The major membrane protein of the bovine lens fiber 
cell is a 26-kilodalton (kD) protein (MP26), which appears to 
be a component of the extensive junctional specializations 
found in these cells. To examine the arrangement of MP26 
within the junctional membranes, various proteases were incu- 
bated with fiber cell membranes that had been isolated with 
or without urea and/or detergents. These membranes were ana- 
lyzed with electron microscopy and SDS-PAGE to determine 
whether the junctional specializations or the proteins were 
altered by proteolysis. Microscopy revealed no obvious struc- 
tural changes. Electrophoresis showed that chymotrypsin, 
papain, and trypsin degraded MP26 to 21-22 kD species. A 
variety of protease treatments, including overnight digestions, 
failed to generate additional proteolysis. Regions on MP26 
which were sensitive to these three proteases overlapped. 
Smaller peptides were cleaved from MP26 with V8 protease 
and carboxypeptidases A and B. Protein domains cleaved by 
these proteases also overlapped with regions sensitive to chymo- 
trypsin, papain, and trypsin. Specific inhibition of the carboxy- 
peptidases suggested that cleavage obtained with these prepara- 
tions was not likely due to contaminating endoproteases. Since 
antibodies are not thought to readily penetrate the ~ 3  nm ex- 
tracellular gap in the fiber cell junctions, antibodies to MP26 
were used to analyze the location of the protease-sensitive 
domains. Antisera were applied to control (26 kD) and proteo- 
lyzed (22 kD) membranes, with binding being evaluated by 
means of ELISA reactions on intact membranes. Antibody la- 
beling was also done following SDS-PAGE and transfer to 
derivatized paper. Both assays showed a significant decrease 
in binding following proteolysis, with the 22 kD product 
showing no reaction with the anti-MP26 sera. These investiga- 
tions suggest that MP26 is arranged with approximately four- 
fifths of the primary sequence "protected" by the lipid bilayer 
and the narrow extracellular gap. One-fifth of the molecule, 
including the C-terminus, appears to be exposed on the cyto- 
plasmic side of the membrane. 
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Introduction 

The lens of the vertebrate eye is a most unusual, 
intriguing tissue (Bloemendal, 1981). Of particular 
interest to us is the prominent protein species 
located in the plasma membranes of the terminally 

differentiated lens fiber cells. This major mem- 
brane protein, of approximately 26,000 daltons in 
the bovine and human species, often termed MP26 
(Bloemendal et al., /977; Friedlander, 1980), com- 
prises almost half of the plasma membrane protein 
in these mammalian lenses (Broekhuyse & Kuhl- 
mann, 1974; Benedetti et al., 1976). 

MP26 has received additional attention (Goo- 
denough, 1979; Friedlander, 1980; Maisel et al., 
1981; Hertzberg, Anderson, Friedlander & Gilula, 
1982), following the suggestion that it is a major 
component of the intercellular junctions linking 
lens fiber cells (Benedetti et al., 1976). These exten- 
sive specializations bear all the key structural fea- 
tures of gap junctions. However, the situation has 
been made more complex by a report, based on 
structural analysis of calf lens membrane fractions, 
that two junctional classes exist in the lens (Zam- 
pighi et al., /982). To better understand the lens 
membrane differentiations, investigators are pur- 
suing a wide variety of questions. For example, 
studies have dealt with the organization, develop- 
ment, and purification of the junctional structures 
(Benedetti, Dunia & Bloemendal, 1974; Benedetti 
etal., 1976; Kuszak, Maisel & Harding, 1978; 
Goodenough, 1979). In addition, the cell-to-cell 
permeabilities in the lens have been explored (Rae, 
1979; Goodenough, Dick & Lyons, 1980; Perac- 
chia & Peracchia, /980). Furthermore, since sub- 
stantial quantities of lens membranes can be readi- 
ly isolated, it has been possible to begin character- 
izing lens membrane proteins (Broekhuyse & 
Kuhlmann, 1978; Horwitz & Wong, 1980; Nich- 
olson, Hunkapiller, Hood& Revel, 1980; Take- 
moto, Hansen & Horwitz, 198/; Hertzberg et al., 
1982), and to obtain antisera for analyzing and 
localizing MP26 (Waggoner & Maisel, 1978; 
Broekhuyse, Kuhlmann & Winkens, /979; Hertz- 
berg et al., 1982; Bok, Dockstader & Horwitz, 
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1982). I t  h a s  a l so  been  r e p o r t e d  t h a t  M P 2 6  can  
be  s y n t h e s i z e d  in a n  in vitro p r o t e i n  syn thes i s  sys- 
t e m  ( R a m a e k e r s  et  al . ,  1980). A c l ea re r  u n d e r -  
s t a n d i n g  o f  the  o r g a n i z a t i o n  o f  M P 2 6  w i t h i n  the  
m e m b r a n e  o f  t he  f iber  cells  is i m p o r t a n t  to  the  
i n t e r p r e t a t i o n  o f  a l l  t hese  s tudies .  

I n  the  e x p e r i m e n t s  r e p o r t e d  here ,  we h a v e  u sed  
p r o t e a s e s  a n d  a n t i b o d i e s  d i r e c t e d  a g a i n s t  M P 2 6  to  
e v a l u a t e  the  a r r a n g e m e n t  o f  b o v i n e  M P 2 6  w i t h i n  
the  m e m b r a n e .  T h e  d a t a  s u p p o r t  the  i dea  t h a t  a p -  
p r o x i m a t e l y  o n e - f i f t h  o f  the  m o l e c u l e  ( i n c l u d i n g  
the  C - t e r m i n u s )  is e x p o s e d  on  the  c y t o p l a s m i c  sur -  
face  o f  the  m e m b r a n e ,  w h e r e  i t  is access ib le  to  p r o -  
t eases  a n d  a n t i b o d i e s .  T h e  f u n c t i o n a l  s ign i f i cance  
o f  th is  p r o t e i n  d o m a i n  o f  M P 2 6  r e m a i n s  to  be  de-  
t e r m i n e d .  H o w e v e r ,  i t  is p o s s i b l e  t h a t  i t  serves  
s o m e  r e g u l a t o r y  ro le  ( J o h n s o n  & J o h n s o n ,  1982). 

P r e l i m i n a r y  r e p o r t s  o f  t he se  i n v e s t i g a t i o n s  h a v e  
a p p e a r e d  p r e v i o u s l y  (Sas,  K e e l i n g ,  J o h n s o n  & 
J o h n s o n ,  1980;  Sas,  W a g o n e r  & J o h n s o n ,  1981). 

Materials and Methods 

Protease Treatments 

Proteolytic digestions were performed on purified junctions or 
urea-treated plasma membranes isolated from calf lenses by 
a previously reported procedure (Goodenough, 1979). 

Digestions with e-chymotrypsin (Sigma type VII) were per- 
formed in 25 mM Tris-HC1, pH 7.8, 10 mg CaCla. Papain 
(Sigma type III) was activated for 30 min at 37 ~ in 5 mu 
Tris-HC1, 5 mM cysteine-HC1, 0.06 mM 2-mercaptoethanol, and 
I mM EDTA at pH 7.0. The enzyme was then diluted and diges- 
tions were performed in 5 mM Tris-HC1, pH 7.8. Proteolysis 
with trypsin (Sigma type XI) was carried out in 25 mg Tris- 
HC1, pH 7.8, i0 mM CaClz. Staphylococcus aureus V8 protease 
(Miles 36-900-1) digestions were performed in 10 mM Tris-HCl, 
pH7.8. Reactions with carboxypeptidase A (Worthington 
COAPMS) activated with LiC1 and carboxypeptidase B 
(Worthington COBPMS and Sigma DFP) were in 30 mM Tris- 
HC1, pH 7.8. 

Reactions involving chymotrypsin and trypsin were inhib- 
ited by the addition of 1-5 mM PMSF (Sigma); those with 
papain by neutralized 30-50 mu iodoacetamide (Sigma); and 
carboxypeptidases A and B with 20 gM benzyl succinic acid 
(Byers & Wolfenden, 1972) from Burdick and Jackson. In a 
few experiments, e.g., with V8 protease, membranes were pel- 
leted out of the enzyme solution and washed, with each spin 
being 12,000 xg  for 15 rain. For sequential digestions, care was 
taken to insure that the first enzyme used was fully inhibited 
prior to the addition of the second enzyme. 

Electrophoresis 

Samples were solubilized for gel electrophoresis at room tem- 
perature in 1% SDS, 5% 2-mercaptoethanol, 10% glycerol, 
and 0.003% bromphenol blue in 20 mM Tris-HC1 buffer, pH 7.9 
(Wong, Robertson & Horwitz, 1978). Electrophoresis was per- 
formed on 8-18% linear gradient or straight 12% acrylamide 
slab gels 1 mm thick and 12-13 cm in length (Laemmli, 1970). 
Following electrophoresis, the gels were fixed and stained (Fair- 

banks, Steck & Wallach, 1971) with Coomassie brilliant blue 
R-250 (BioRad). Gel densitometry was performed using a 
Helena Quick Scan R & D densitometer. Molecular weights 
were estimated by calibration of the gels with marker proteins 
(see Fig. 1). 

Electron Microscopy 

For conventional thin-section analysis, membrane pellets were 
fixed with glutaraldehyde followed by treatment with tannic 
acid and osmium tetroxide (Simionescu, Simionescu & Palade, 
1975). Membranes were also stained in the block with uranyl 
acetate (Johnson & Sheridan, 1971) prior to embedment in 
Spurr's resin. 

lmmunolabeling 

Antiserum was prepared against electrophoretically purified, 
SDS-denatured MP26. The MP26 band was cut from a regular 
SDS-gel and electrophoretically eluted or diced and homoge- 
nized. This material was mixed with an equal volume of 
Freund's adjuvant (Difco). The primary injections were with 
complete Freund's and subsequent boosts with incomplete 
Freund's at 3-4 week intervals. Several hundred micrograms 
of protein were used for primary immunizations and approxi- 
mately 200 ~tg for booster injections. Antibody binding to na- 
tive or urea-purified lens membranes and to trypsin-digested 
lens membranes was determined by the enzyme-linked immuno- 
sorbent assay, ELISA (Engvall & Perlmann, 1972), with adap- 
tations of a microtiter procedure described previously (Voller, 
Bidwell & Bartlett, 1979). One gg of lens membrane protein 
in pH 9.6 carbonate buffer was added per well in 96-well Falcon 
microtiter plates. We have found that nearly all of the added 
membrane protein adheres to the well if the solvent is allowed 
to evaporate. Twofold dilution series of rabbit immune and 
preimmune sera were constructed in rows of microtiter wells. 
Dilutions from 1:2 to greater than 1:16,000 in 100 gl of PBS 
with 0.05% Tween 20 (Sigma) were incubated at 37 ~ for 
at least one hour. Goat anti-rabbit Ig conjugated to horseradish 
peroxidase (Miles) was used at a dilution of 1:500 to probe 
for bound rabbit antibodies. The chromogen o-phenylenedi- 
amine (Sigma) was used to detect the presence of the peroxidase 
conjugate (Engvall, 1980). The enzyme reaction was stopped 
by addition of 50 gl of 2.5 M HzSO 4. The plate was immediately 
photographed using Polaroid type 55 film. Reaction product 
was quantitated by densitometric scanning of the photographic 
negative with a Helena Quick Scan recording densitometer. We 
have observed an excellent correlation between these densito- 
metric scans and the optical density of the naicrotiter well con- 
tents at 492 nm. 

Proteins from 1 ram, 12% acrylamide slab gels (see above) 
were transferred to DBM paper (Schleicher & Schuell) or DPT 
paper (gift of Margaret Wheelock) in a BioRad Trans-Blot 
Cell. Prior to transfer, the gel was treated with four 20-min 
washings in 10 volumes of 25 mM sodium phosphate, 0.1% 
SDS at pH 6.5. Inactivation of the paper and detection of pro- 
teins bound to the paper were done essentially as described 
(Renart, Reiser & Stark, 1979). 

Results 

Untreated Junctional Fractions 

A t y p i c a l  S D S - p o l y a c r y l a m i d e  gel  e l e c t r o p h o r e s i s  
( S D S - P A G E )  p a t t e r n  o f  p u r i f i e d  b o v i n e  lens  j u n c -  
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Fig, 1, (A) : Time course for a chymotrypsin digestion at a 50 : 1 
protein to enzyme ratio, with 17 lag of membrane protein per 
lane. Membranes were prepared with urea and detergents (see 
text). Times are noted in minutes. 0 refers to sample prior to 
addition of protease. Densitometric scans indicated that MP26 
comprized about 60% of the total protein in the junctional 
fraction collected from sucrose step gradients following deter- 
gent treatment (deoxycholate and Brij). The major contaminat- 
ing band ran at approximately 18 kD, as in other studies of 
bovine lens fractions (Benedetti et al., 1976; Broekhuyse & 
Kuhlmann, 1978; Goodenough, 1979; Friedlander, 1980; 
Horwitz &Wong,  1980). Inhibited with PMSF before solubili- 
zation. Note cleavage of MP26 to 22-kD products. (See Meth- 
ods for description of gel, electrophoresis and staining.) (B): 
Controls for chymotrypsin. Lane S: Molecular weight stan- 
dards include bovine serum albumen (68 kD), ovalbnmen 
(43 kD), carbonic anhydrase (30 kD), soybean trypsin inhibitor 
(21 kD), and cytochrome c (12 kD). For lanes i -4, membranes 
incubated with chymotrypsin under various conditions. Lane 
1 : No PMSF added prior to SDS solubilization. Lane 2." PMSF 
added after 90 min incubation with enzyme, but before SDS 
added. Lane 3: PMSF added to enzyme prior to incubation 
with membranes. Note thorough inhibition, as in lane 4. Lane 
4. PMSF (1 mM final) and enzyme added simultaneously to 
membranes 

tions, prior to proteolysis, is shown in Fig. I (lane 
0). The major component ran approximately as 
a 26-kD band, in agreement with a number of pre- 
vious reports (Bloemendal et al., 1977; Broekhuyse 
& Kuhlmann, 1978; Goodenough, 1979). We will 
refer to this major membrane protein as MP26 
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Fig. 2. Plot of gel scan results for the chymotrypsin time course. 
Densitometer scans of the 26- and 22-kD bands from the gel 
shown in Fig. 1 A are plotted for the first 20 rain. The decrease 
in 26-kD staining (closed circles) parallels an increase in 22-kD 
staining (open circles). The closed triangles plot the 22-kD in- 
crease where a proportional adjustment has been made for the 
loss of 4 kD of protein. Note that about 20% of the 26-kD 
staining is not accounted for. This presumably includes MP26 
found in the nonjunctional membrane 

(Bloemendal et a1., 1977). However, it did migrate 
routinely as a slightly slower band on our gels 
(mean value of 27.5 kD). 

Gel patterns of urea-treated plasma mem- 
branes which had not been exposed to detergents 
and to subsequent density gradient centrifugation 
(Fig. 3A, lane 0) were similar to the patterns of 
the junctional preparations, with MP26 again the 
major protein component (45% of the staining per 
lane). Since the sensitivities to proteolysis of these 
membrane fractions and the more purified deter- 
gent-treated fractions were indistinguishable, the 
membrane fractions (no detergents) were used in- 
terchangeably with junctional preparations (deter- 
gent-treated) in the following studies. 

Proteolysis with Chymotrypsin 

The time course for proteolytic digestions of MP26 
in junctional membrane fractions was followed 
with SDS-PAGE, Digestion with chymotrypsin (0 
to 40 rain, Fig. 1 A) gradually degraded MP26 to 
a 22-kD band, which resisted further degradation. 
There was a reciprocal relationship between the 
decrease in MP26 and the increase in the 22-kD 
band (Fig. 2). 

No significant degradation of the 22-kD prod- 
uct was obvious over the 40-rain digestion period. 
The 22-kD band was also stable during overnight 
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digestions and when treated with enzyme/substrate 
ratios as low as 1:2.5 (not shown). Thus, after 
removing approximately a 4-5 kD length, the pro- 
tease was apparently unable to further degrade the 
junctional polypeptides. Yet chymotryptic activity 
remained after the digestion, since the 22-kD prod- 
ucts were susceptible to extensive degradation 
upon addition of 1% SDS, if PMSF was omitted 
(Fig. ~ B, lane I). This also indicates that the 22-kD 
products are not inherently resistant to chymotryp- 
sin. 

Since chymotrypsin can act in the presence of 68- 
SDS, controls were always carried out to show that 
addition of 1 mM PMSF resulted in complete inhi- 

4 3 -  
bition of chymotrypsin (Fig. I B). It was not possi- 
ble to boil the sample in SDS as this leads to an 
aggregation of MP26 (Wong et al., 1978). 

We have also incubated membranes at 37 ~ 30- 
without added enzymes for more than 24 hr and 
have not detected any degradation due to endoge- 
nous proteases in the membrane fractions (data 
not shown). Thus, it is reasonable to conclude that 21- 
chymotrypsin cleaves MP26 to 22-kD polypeptides 
prior to solubilization of the membrane. A similar 
cleavage has been reported on eluted MP26 12- 
(Horwitz & Wong, 1980), but not on intact mem- 
branes. 

Proteolysis with Papain 

Similar experiments were conducted to determine 
if MP26 was susceptible to more extensive diges- 
tion in the presence of proteases, like papain, with 
different substrate specificities (Fig. 3). 

The similarity to chymotryptic digestion was 
striking. The two proteases rapidly removed frag- 
ments of similar size, leaving 22 kD resistant 
regions. Omission of iodoacetamide, prior to SDS 
addition, results in extensive degradation with the 
majority of the cleavage fragments migrating near 
the dye front (Fig. 3B, lane 2). These results 
suggest that papain, like chymotrypsin, encoun- 
tered restrictions to further proteolysis after de- 
grading MP26 in intact membranes to 22-kD frag- 
ments. 

Proteolysis with Trypsin 

Several earlier investigations found MP26 cleaved 
to 22-kD products by trypsin (Broekhuyse & Kuhl- 
mann, 1980; Kistler & Bullivant, 1980; Takemoto 
et al., 1981). We also obtained 21-22 kD fragments 
(Fig. 7), which ran slightly ahead of the chymo- 
trypsin and papain-generated peptides on our 
8-18% gels. We found it necessary to pellet and 
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Fig. 3. (A) : Time course for papain digestion at 45 : 1 protein 
to enzyme ratio, with 5 gg urea-treated membrane protein per 
lane. Times noted in minutes. '0" again refers to sample prior 
to addition of protease. Inhibited with iodoacetamide prior to 
solubilization with SDS. Note that MP26 is cleaved to stable 
22-kD products. Several intermediates exist at 0.5 min. (B): 
Controls for papain. Lane 1 : Iodoacetamide and papain added 
simultaneously to membranes and incubated 20 min prior to 
SDS solubilization. Note inhibition. Lane 2: 40-minute diges- 
tion with papain but no iodoacetamide added prior to SDS 
solubilization. Lane 3: Papain only, 4 gg 

wash the membranes to thoroughly eliminate 
tryptic activity prior to solubilization in SDS. 

Proteolysis with S. aureus V8 protease 

In contrast to papain and chymotrypsin, Staphylo- 
coccus aureus V8 protease (V8 protease) exhibits 
a narrow substrate specificity, (Drapeau, 1976). 
With V8 protease treatment of lens membranes for 
increasing periods of time, two different results 
were obtained. In a majority of experiments, MP26 
was reduced to products migrating as peptides of 
23-24 kD (Figs. 4A and 9). In these experiments, 
there was a suggestion of a more gradual cleavage 
to 22-kd products, after extended proteolysis 
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Fig. 4. (A): Staphylococcus aureus V8 protease time course at 
a 25:1 ratio of proteirt to enzyme. Urea-treated membranes 
were used (5 pg protein per lane). Times noted in minutes. 
Cleavage of MP26 to only 24-kD fragments is observed, with 
latter being stable, (B): V8 protease controls. Lane 1: PMSF 
(1 mM final) and V8 protease added simultaneously to mem- 
branes and incubated 20 rain prior to solubilization with SDS. 
Some 24-kD products are obtained, as in lane 2, Lane 2, SDS 
solubilizatmn buffer ( t% SDS 17real) and V8 protease added 
simultaneously to membranes. Lane 3 : V 8  protease only, 5 gg 

A B 
Fig. 5. (A): Proteolysis with carboxypeptidases A and B. Puri- 
fied junctions (15 pg protein per lane) were incubated with 
0.6 pg of CPA and/or CPB. Lane 1: Junctional protein. Lane 
2: 60-rain digestion with CPA. Lane 3: 120-minute digestion 
with CPA and CPB added simultaneously. Lane 4: 60-rain di- 
gestion with CPA followed by 60-rain digestion with CPB. Lane 
5." 60-min digestion with CPB. Lane 6: 120-rain digestion with 
CPB. (B): Controls for carboxypeptidases. Lane 1. Untreated 
lens membranes. Lane 2: Lens membranes after 60-rain incuba- 
tion at 37 ~ without enzyme. Lanes 3-5: Membranes incu- 
bated with CPA (1:200) for 60 rain at 37 ~ with benzyl suc- 
cinic acid added at different times to yield 20 pm (lane 3, 0 rain; 
lane 4, 30 min; lane 5, 60 rain) before SDS solubilization. Lanes 
6-8: Membranes incubated with CPA (1:200) and CPB (t : 100) 
for 60 rain at 37 ~ with benzyl succinic acid added at different 
times (lane 6, 0 rain; lane 7, 30 rain; Lane 8, 60 rain) before 
SDS solubilization 

(80-160 min). This may be due to the action of 
other proteases found in the V8 preparation. How- 
ever, in other experiments, substantial amounts of 
22-kD products and fewer 24-kD products were 
obtained. This latter result resembles that of recent 
reports (Horwitz & Wong, 1980; Bloemendal, 
Hermsen, Dunia & Benedetti, 1982). The basis for 
these two different results is not yet clear. Never- 
theless, the generation of 24-kD products is helpful 
in analyzing MP26 as one can compare the 22- 
and 24-kD products, for example with respect to 
antibody binding (see Fig. 9). 

The action of V8 protease on lens membranes 
differs in another respect as well from that of the 
three above proteases. They all degrade MP26 in 
the presence of SDS to very small fragments, if 

not thoroughly inhibited. In contrast, uninhibited 
V8 protease simply hydrolyzes some of MP26 to 
24-kD products (Fig. 4B, lanes 1 and 2). This also 
illustrates that 1% SDS is not an effective inhibitor 
of V8 protease. Thus, we found it necessary to 
pellet and wash the membranes to avoid any pro- 
teolysis upon solubilization. 

Proteolysis with Carboxypeptidase A and B 

Carboxypeptidase A(CPA) cleaves various C-ter- 
minal residues, with arginine and lysine being 
notable exceptions, while carboxypeptidase B 
(CPB) is able to remove these residues (Folk, 
1971). We began by applying CPA to junctional 
fractions (Fig. 5 A). This protease slowly generated 
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products running slightly ahead of MP26; the dif- 
ference on SDS gels would reflect the cleavage of 
approximately ten residues. Additional degrada- 
tion (approximately another ten residues) was not- 
ed when CPB was added simultaneously or follow- 
ing digestion with CPA (Fig. 5A). No meaningful 
hydrolysis occurred with CPB alone (Fig. 5A, lane 
5), suggesting that this enzyme preparation was 
not significantly contaminated with endoproteases 
even at a 1:25 enzyme to protein ratio. However, as-  
we needed to examine the possibility of contami- 
nating endoproteases more closely, especially with 
respect to the action of CPA. Since benzyl succinic 43- 
acid has been shown to be an effective inhibitor 
of both CPA and CPB at micromolar levels (Byers 
& Wolfenden, 1972), we studied its effect on the 
cutting observed here. We found benzyl succinic 

30-- 
acid to consistently and extensively inhibit proteo- 
lysis with the preparations of CPA and CPB 
(Fig. 5B). We also showed that trypsin, chymo- 
trypsin, and papain were not inhibited by benzyl 

21- succinic acid at concentrations as high as 1 mM 
(data not shown). Presumably, if similar endopro- 
teases contaminated the CPA and CPB prepara- 12- 
tions they would react in a similar manner. Thus, 
for the variety of reasons detailed below (see Dis- 
cussion), we consider the proteolysis with CPA and 
CPB to be specific C-terminal cleavage. 

Sequential Digestions 

We performed sequential protease digestions to de- 
termine whether the domains degraded by one pro- 
tease overlapped with those of any or all of the 
other proteases. We initially took advantage of the 
fact that V8 protease often generated products that 
were noticeably larger than those generated by 
papain and chymotrypsin. Figure 6 shows the 
products obtained with V8 protease, papain, and 
with these two enzymes added sequentially. It ap- 
peared that the 24-kD polypeptides produced by 
V8 protease (lane 2) were further degraded to 
22-kD products by papain (lane 3). The resulting 
22-kD products were indistinguishable by SDS- 
PAGE from the 22-kD cleavage products obtained 
with papain alone (lane 4). These findings sug- 
gested that V8 protease and papain were active 
at overlapping sites on MP26. 

We also carried out a number of other sequen- 
tial digestions. For example, after papain digestion 
and inhibition with iodoacetamide, we treated with 
chymotrypsin or trypsin and solubitized for gel 
analysis (Fig. 7, lanes 3-7). In no instance did we 
find that MP26 was degraded to less than a 
21-22 kD band. That is, we found that none of 

1 2 3 4 5 

Fig. 6. Sequential addition of V8 protease followed by papain 
to urea-treated membranes (13 gg protein per lane). For thor- 
ough V8 inhibition, membranes must be washed free of enzyme. 
Lane 1: Lens membranes before addition of enzymes. Lane 
2: After 40 min of V8 protease (1:10 protein/enzyme). Lane 
3: As in lane 2, but followed by addition of papain (20-rain 
digestion at 1 : 50) which was then inhibited with iodoacetamide 
before solubilization. Lane 4: Only papain added (20 rain at 
1 : 50). Note similarity of lanes 3 and 4 

these three enzymes removed a significant portion 
of MP26 not cleaved by the other two. 

The relationships between the carboxypepti- 
dase-sensitive regions and those cleaved by the en- 
doproteases were also examined in sequential ex- 
periments. In all cases, the products of the endo- 
proteases alone were indistinguishable from those 
of the carboxypeptidases (A and B) followed by 
the various endoproteases (Fig. 7, lanes 8-15). 
Thus, these endoproteases all appear to attack re- 
gions at the C-terminus of MP26. 

Immunolabeling Experiments 
Antibody binding experiments were carried out in 
an attempt to localize at least some of the protease- 
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Fig. 7. Sequential digestion of urea-treated lens membranes 
(6 pg per lane) with carboxypeptidases and several endopro- 
teases. The enzymes in the first digestion were inhibited before 
the second enzymes were added. Each digestion was for 30 min. 
In some digestions enzyme buffers were substituted as controls, 
so that other enzymes added subsequently could be shown to 
be effective. After the digestions all membranes were washed 
prior to solubilization in SDS. Lane 1." Untreated membranes. 
Lane 2: Membranes incubated for 60 min without enzymes. 
Lane 3: Incubated 30 min with papain and 30 min with the 
buffer for trypsin and chymotrypsin. Lane 4: Papain for 
30 rain, add iodoacetamide, chymotrypsin for 30 rain. Lane 5: 
As in lane 4, but trypsin not chymotrypsin. Lane 6." 30 rain 
in papain buffer, 30 min in chymotrypsin. Lane 7: As in lane 
6, but trypsin not chymotrypsin, Lane 8:30 min in CPA + CPB, 
add benzyl succinic acid, 30 rain in buffer for trypsin and chy- 
motrypsin. Lane 9: As in lane 8, but use papain buffer. Lane 
10. 30 min in buffer for CPA+CPB,  then benzyl succinic acid 
and 30 rain in chymotrypsin. Lane 11 : As in lane 10, but 30 min 
in trypsin. Lane 12: As in lane 10, but 30 min in papain. Lane 
13: 30 min in CPA + CPB, then benzyl succinic acid and 30 rain 
in chymotrypsin. Lane 14. As in lane 13, but 30 min in trypsin. 
Lane 15: As in lane 13, but 30min in papain. Note that the 
products of the three endoproteases are identical to those gener- 
ated by the carboxypeptidases in combination with the endo- 
proteases. Therefore, the sites appear to overlap 

sensitive domains within the junctional structure. 
We made three assumptions: (1) a significant frac- 
tion of MP26 resides in junctional membranes, (2) 
antibodies do not penetrate the lipid bilayer in in- 
tact membranes, and (3) components within the 
2-3 nm gap would not be labeled in an indirect 
labeling experiment with a peroxidase conjugated 
immunoglobulin. An important observation, in 
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Fig, 8. Plot of ELISA response vs. antiserum dilution for 
control membranes containing MP26 (solid lines) and trypsin- 
ized membranes containing 22 kD (dashed lines). The closed 
squares represent immune values, the open squares preirmnune 
values. One microgram of membranes was used for each test 
well. Antiserum was raised against electrophoretically purified 
26-kD proteins. (See Methods section for ELISA details.) 
ELISA response assayed by densitometer scan of photographic 
negative. Trypsinization led to a significant decrease in anti- 
body binding. At a 1:128 dilution, the difference in immune 
values is almost fourfold with the preimmune values being at 
background levels 

this last regard, is that we did not find junctional 
structure altered by trypsin treatment when exam- 
ined with electron microscopy. 

Routine thin-section EM was carried out on 
pellets of membranes treated with tannic acid to 
enhance membrane detail. When trypsinized 
samples displaying a typical 22-kD band upon elec- 
trophoresis were evaluated, no significant structur- 
al alterations were detected. As with control junc- 
tions, a uniform intermembrane ~ gap" of 2-3 nm 
was detected. In addition, no discontinuities were 
noted within the lipid bilayer. Recently, similar ob- 
servations have been made on extensively trypsin- 
ized bovine lens membranes (Kistler & Bullivant, 
1980). 

Thus, we considered antibodies to be effective 
probes for protein domains exposed on the cyto- 
plasmic side of the junctional membrane. We 
carried out a series of ELISA experiments (see 
Methods) on intact junctional membranes, with 
and without trypsinization, using rabbit antisera 
directed against electrophoretically purified MP26. 
Trypsin treatment resulted in much less antibody 
binding, although some binding persisted (Fig. 8). 

To further support the idea that the 22- and 
2g-kD protease products bound less antibody than 
undegraded MP26, these proteins were transferred 
to paper from SDS gels (Renart, Reiser & Stark, 
1979) for labeling. In this case, treatment of  mem- 
branes with three different proteases gave a strik- 
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Fig. 9. Get and autoradiograph of proteins electrophoretically 
transferred to paper and labeled with antisera to MP26 and 
with 12 Si_protei n A (see Methods). Three different samples were 
studied: undigested membranes (containing MP26), V8-di- 
gested membranes (with 24 kD products), and chymotrypsin- 
digested membranes (with 22 kD). The set of three lanes is 
repeated three times for Coomassie staining (lanes 1-3), preim- 
mune serum (lanes 4-6), and immm~e serum (lanes 7-8). Serum 
was diluted 1:200. Note that the 24- and 22-kD bands are 
not labeled even though they contain a similar amount of 
protein to that at 26 kD. Preimmune serum gives no (signifi- 
cant) reaction. The band at approximately 50 kD is thought 
to be a dimer of MP26. MP26 has often been found to form 
oligomers (e.g., see Horwitz & Wong, 1980). The two lightly 
labeled bands running ahead of MP26 in the immune autora- 
diogram (lane 7), which are not seen with Coomassie, are 
thought to be degradation products of MP26, presumably cut 
at the N-terminal end, (see Sas et al., 1982). Note that some 
labeling persists at 26 kD following protease treatment 

ing result (Fig. 9). Heavy labeling of MP26 oc- 
curred (lane 7), with only background labeling as- 
sociated with a comparable amount of protein in 
the 22-kD band (lane 9 generated with chymotryp- 
sin; trypsin results were identical, but are not 
shown). In addition, the V8 protease product at 
24 kD was not labeled (lane 8). Preimmune serum 
was tested and yielded very low backgrounds. 
Thus, two lines of evidence indicate that proteoly~ 
sis of intact junctional membranes removes anti- 
genic determinants from MP26, presumably from 
the cytoplasmic side of the membranes. 

The experiments involving protein transfer and 
antibody labeling also show that significant anti- 
body binding at the 26-kD position remains after 
proteolysis (Fig. 9, lanes 8 and 9). Thus, some 
26-kD antigens are protease resistant. We have 
also detected, with Coomassie staining, protease 
resistant 26-kD material with all proteases studied 
(see, e.g., Figs. 1-5). 

To accurately interpret all of these immunolog- 
ical studies, the nature of the antiserum directed 
against electrophoretically purified 26-kD proteins 
must be considered. It is possible that two or more 
26-kD antigens are involved. However, our analy- 
ses clearly indicate that we have an immunological 
response to MP26 and that we have no obvious 
marked contamination by a soluble, 26-kD compo- 
nent; e.g., a crystallin. It is stressed that in the 
present experiments, e.g., the effort to label the 
22- and 24-kD products, an absolutely pure anti- 
MP26 is not required. Our analysis has shown that 
(1) a 50-kD band, a presumed dimer of MP26, 
labels after electrophoretic transfer when 22- and 
24-kD bands with more protein are negative 
(Fig. 9); (2) supernatants from lens homogenates 
are negative on electrophoretic transfer; (3) when 
beta-crystallins and MP26 are separated on hy- 
droxyapatite, the former is negative and the latter 
positive on electrophoretic transfer; (4) the pattern 
of labeling in Fig. 9 (lanes 7-9) is identical to that 
obtained with a monoclonal antibody specific for 
calf MP26 (Sas, Johnson, Menko & Johnson, 
1982); and (5) when rabbit antibodies are bound 
and then eluted from antigens following electro- 
phoretic transfer, studies show that the same anti- 
bodies label all four of the bands (two major, two 
minor) seen in lane 7 of Fig. 9. Thus, the four 
bands are antigenically related. 

Discussion 

The new findings on the membrane arrangement 
of MP26 derived from this study can be summa- 
rized as follows: (1) various conditions with a 
number of proteases generated cleavage products 
from MP26 that were no smaller than 21-22 kD, 
(2) all of the proteases cleaved overlapping do- 
mains, (3) carboxypeptidases digest MP26 within 
the intact membrane, and (4) antibody labeling in- 
dicates that protease-sensitive domains are found 
on the cytoplasmic side of the membrane. 

Limits  to Proteolysis 

After treating lens membranes with a variety of 
proteases, specific for different amino acid resi- 
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dues, MP26 was degraded to products no less than 
21-22 kD. The values reported here for the limits 
to proteolysis prior to SDS solubilization are con- 
sistent with other studies on bovine and human 
MP26 (Broekhuyse & Kuhlmann, 1980; Horwitz 
& Wong, 1980; Kistler & Bullivant, 1980; Take- 
moto et al., 1981). Yet these former studies typi- 
cally provided data on only one or two enzymes 
utilizing one set of conditions. Consequently, ques- 
tions did exist regarding actual limits to proteoly- 
sis. Our results were obtained in spite of applying 
a number of proteases, high enzyme concentrations 
(up to 400 gg/ml in the case of chymotrypsin), low 
enzyme to substrate ratios (down to 1:2.5), ex- 
tended digestion times at 37 ~ (up to 25 hr), the 
inclusion of additional enzyme during the course 
of various digestions, and the rapid cleavage of 
MP26 to 21-22 kD fragments. However, in the 
case of several endoproteases, the 21-22 kD pep- 
tides were readily degraded to much smaller frag- 
ments following addition of SDS, if the enzymes 
were not inhibited. Thus, under the conditions em- 
ployed with intact membranes there are definite 
restrictions placed on the proteolysis of MP26. 

In view of the SDS effect, the most obvious 
interpretation is that the 22-kD peptides are pro- 
tected by the membranes from further degradation. 
This protection would be provided by the lipid 
bilayer and the close apposition of the two junc- 
tional membranes. The partial resistance of a vari- 
ety of membrane proteins to proteolytic digestion 
is well documented (see, e.g., Strader & Raftery, 
1980). In fact, such studies have attempted to clari- 
fy protein organization within the lipid bilayer 
through the use of proteases, as in the present in- 
vestigation. 

An alternate interpretation for the protease 
sensitivity of the 22-kD peptides following solubili- 
zation in SDS is that this denaturing detergent 
renders certain protein domains more susceptible 
to proteases. If this were true, it is possible that 
other denaturing conditions, e.g., 7 M urea, might 
also modify the results with proteolysis. Yet, we 
found resistant 22-kd peptides with isolation meth- 
ods which ranged from thorough aqueous wash- 
ings without subsequent urea and detergent treat- 
ment to application of both these agents. Deter- 
gents included NP-40, Brij 58 and deoxycholate. 
Therefore, we prefer the interpretation that impli- 
cates membrane organization in the protection of 
the 22-kD peptides. 

Several observations argue forcefully that the 
22-kD peptides are, indeed, products of MP26. 
First, we observed a reciprocal relationship be- 
tween these components during the course ofdiges- 

tion with chymotrypsin (see Fig. 2). Second, 
bovine MP26 and 22-kD peptides (generated with 
trypsin) are similar in amino acid composition 
(Broekhuyse & Kuhlmann, 1980) and in peptide 
mapping (Horwitz & Wong, 1980; Takemoto 
et al., 1981). Furthermore, immunological cross- 
reactivity has been reported (Zigler & Horwitz, 
1981). Sequencing studies, which are in progress 
(Nicholson et al., 1980), will provide more specific 
information on protein similarities. 

Overlapping Sensitivites to Proteases 

In our present experiments we studied four endo- 
proteases and two carboxypeptidases. We have 
demonstrated with sequential digestions that these 
various proteases hydrolyze overlapping regions 
(e.g., Fig. 7). The only proteases which we did not 
test sequentially were trypsin, chymotrypsin, and 
V8 protease, all serine-site proteases. Nevertheless, 
these three proteases in combination cleave only 
to 22-kD fragments. Furthermore, in sequential ex- 
periments, they all cleave domains which overlap 
with papain. Thus, it appears reasonable to argue 
that all six of these proteases attack overlapping 
regions of MP26. 

It is important to note that although our 
studies indicated that all the endoproteases cleaved 
C-terminal regions from MP26, we do not know 
whether cleavage is restricted to this end of the 
molecule. We await sequencing data on MP26 and 
the 22-kD products to clarify this issue. 

MP26 Orientation within the Membrane 

Carboxypeptidases consistently removed signifi- 
cant portions of MP26. In addition, carboxypepti- 
dases A and B in combination produced more ex- 
tensive cleavage than the A form alone. It is possi- 
ble that the presence of a proline residue inhibited 
further hydrolysis. A major concern was that these 
cuts were made by contaminating proteases in the 
commercial carboxypeptidase preparations. How- 
ever, several observations argued against the role 
of endoproteases in these observed cleavages. (I) 
Micromolar benzyl succinic acid inhibited the 
cutting obtained with carboxypeptidases A and B, 
as previously reported (Byers & Wolfenden, I972). 
(2) Even millimolar benzyl succinic acid did not 
inhibit papain, chymotrypsin, and trypsin diges- 
tions. (3) CPB alone did not significantly degrade 
MP26, yet the cutting with CPA was increased by 
addition of CPB. (4) Only when we increased car- 
boxypeptidase concentrations (e.g., to enzyme/sub- 
strate ratios of 1:25) or the length of incubations 
(a number of hours to overnight) did we produce 
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22-kD fragments with the carboxypeptidase prepa- 
rations. However, most importantly, these cuts 
were not sensitive to micromolar benzyl succinic 
acid. Thus, only these more extensive cuts were 
presumably made by contaminating endopro- 
teases. Therefore, we suggest that the C-terminal 
end of MP26 in intact calf membranes is accessible 
to, and specifically cut by, carboxypeptidases A 
and B. 

It would also be useful to determine whether 
the carboxypeptidases and the endoproteases 
cleave MP26 at sites on the extracellular and/or 
cytoplasmic side of the membrane. The latter ori- 
entation has been suggested in a recent study 
(Broekhuyse & Kuhlmann, 1980), based on the iso- 
lation of 22-kD peptides from older fiber cells. The 
rapid and essentially complete cleavage of MP26 
to 22-kD fragments analyzed here also indicates 
that proteolysis may occur on the readily accessible 
cytoplasmic side. However, since the protease 
studies alone cannot answer this question, we in- 
cluded immunolabeling experiments in the present 
study, both on intact membranes and on purified 
proteins. 

The immunolabeling data firmly support the 
idea that protease-sensitive sites of MP26 are 
found on the cytoplasmic side. Antibodies against 
electrophoretically purified 26-kD proteins, which 
bind extensively to intact membranes rich in 
MP26, bind much less extensively to membranes 
containing the 22-kD fragments (Fig. 8). Since the 
antigen is detected in the ELISA with two antibody 
layers and an attached peroxidase on the second 
antibody, it seems unlikely that significant 
numbers of these complexes could be found within 
the 2-3 nm extracellular "gap" .  Our efforts rely 
on the conclusion that proteolysis does not alter 
membrane apposition (see above; Kistler & Bulli- 
vant, 1980). In addition, the labeling of MP26 after 
transfer to paper supports our argument since 
there was essentially no labeling of either the VS- 
generated 24-kD band or the 22-kD band gener- 
ated by either trypsin or chymotrypsin. We sug- 
gest, therefore, that significant portions of the 
protease-sensitive domains are found on the cyto- 
plasmic side of the junctional membrane. In addi- 
tion, because of the V8 result with this particular 
rabbit serum, the important antigenic determi- 
nant(s) appears to be on a 2-kD portion including 
the C-terminus of MP26. 

Comparisons with Other Systems 

It was suggested several years ago that MP26 is 
the major protein found in the extensive, intercellu- 

lar junctions of the lens (Benedetti et al., 1976). 
The strongest support for the localization of MP26 
in these junctions comes from a recent immuno- 
labeling study at the EM level (Bok et al., 1982). 
As noted above, these specializations resemble gap 
junctions seen in a variety of other tissues. 

One of our purposes in initiating this study was 
to compare the protease effects on MP 26 within 
the membrane with those on the major proteins 
of gap junction fractions from mammalian hepato- 
cytes. There was fair agreement over the idea that 
trypsin yielded approximately 10 kD products 
from the major 26-kD band in the liver fractions 
(Henderson, Eibl & Weber, 1979; Finbow, 
Yancey, Johnson & Revel, 1980). Therefore, we 
sought to determine whether there were conditions 
under which MP26 could be proteolytically de- 
graded to less than the 20-22 kD values reported 
in the literature. This study has shown that under 
conditions similar to those used for several mam- 
malian hepatocyte junctional fractions, calf MP26 
is not degraded to fragments resembling those in 
the liver preparations. Furthermore, in preliminary 
experiments, we have also obtained this result with 
the major lens membrane protein in the chicken. 

In view of a variety of studies, these results 
on the lens membranes are not surprising. Peptide 
mapping of liver junctional protein and MP26, as 
well as partial sequencing, have not demonstrated 
significant homology (Hertzberg et al., 1982; Ni- 
cholson etal., 1980). In addition, antigenicity 
appears to vary. Antibodies to lens MP26 in the 
calf are reported to not react with 26-kD hepato- 
cyte junctional protein (Hertzberg et al., 1982). 
Moreover, myocardial gap junction fractions have 
recently been reported to contain a major protein 
component at 28 kD, which on peptide mapping 
differs from both MP26 in the lens and the 26-kD 
protein from liver gap junctions (Nicholson, Gros 
& Revel, 1982). 

Yet within a cell type, considerable conserva- 
tion may exist. Peptide maps of the major lens 
membrane protein from several vertebrate lenses, 
including MP26 in the calf, display homologies 
(Takemoto et al., 1981). Moreover, there seems to 
be cross-reactivity in terms of antigenicity, since 
antibodies to calf lens MP26 will react with mem- 
branes from other vertebrate lenses (Friedlander, 
1980; Hertzberg et al., 1982; Sas et al., 1981 ; Bok 
et al., 1982; however, see Alcala & Maisel, 1978). 
We have also recently developed a monoclonal an- 
tibody that recognizes both the calf and chicken 
lens proteins (Sas et al., 1982). 

Thus, the existing data, although sketchy, indi- 
cate that for three different cell types one appears 
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to obtain three rather different junctional proteins. 
It would be interesting to develop the idea that 
the major proteins found in the various gap junc- 
tions of a particular organism constitute a family 
of proteins (Hertzberg etal., 1982; Nicholson 
et al., 1980). Yet, it will first be necessary to deter- 
mine whether junctional proteins contain any 
"constant"  as well as "variable" domains. 

Presumably, molecular structure will be found 
to reflect the specific roles played by these junc- 
tional specializations in a variety of cell types. 
Some of the most interesting biological questions 
relate to what these roles actually are in different 
cells. It is generally agreed that gap junctions 
contain hydrophilic channels which link adjacent 
cytoplasms and provide for small molecule ex- 
changes. Yet, it is likely that the specific roles vary 
considerably with cell type. It has even been sug- 
gested, since lens junctions differ in extent and 
protein composition from liver, that MP26 and the 
lens junctions might serve a role other than inter- 
cellular communication (Hertzberg, I980) Others 
have raised questions about lens junctions based 
on structural variations in lens membrane fractions 
(Zampighi et al., 1982). Consequently, some inves- 
tigators have hesitated to apply the term "gap 
junction" to the junctions in the lens. However, 
we consider the term to refer to structures satisfy- 
ing a morphological definition. Therefore it is ap- 
propriate to apply the term "gap junction" in an 
objective manner to structures throughout animal 
tissues which fit the morphological definition. We 
recognize that in most of these systems it will be 
a long time before we gain an idea of chemical 
composition and biological function. However, we 
remain hopeful about the prospects for better un- 
derstanding these parameters in model systems, 
such as the lens, in the not-so-distant future. 
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Note Added in Proof 
After treatment of intact lens membranes with trypsin, protein sequencing studies have shown that only five amino acid residues 
are removed from the N-terminus of MP26 (Nieholson, B.J., Takemoto, L.J., Hunkapiller, M.W., Hood, L,E., Revel, J.-P. 1983. 
Differences between liver gap junction protein and lens MIP26 from rat. Cell 32:967-978). Thus, when MP26 is degraded to 
a 22-KD product, essentially all of the cleavage occurs at the C-terminal end. 


