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Summary.  MP26, a protein thought to form gap junctional  chan- 
nels in the lens, and other  lens proteins were phosphorylated 
under  condit ions that activate protein kinase C. Phosphorylat ion 
was detected both in lens fiber cell f ragments  in an "'in vivo'" 
labeling procedure with ~2p-phosphate and in cell homogenates  
with 3~-P-ATP. In these exper iments ,  both calcium and 12-O-tet- 
radecanoylphorbol  13-acetate (TPA) were necessary  for maximal  
phosphorytat ion of  MP26. Calcium stimulated the phosphoryl-  
ation of MP26 approximately fourfold and TPA with calcium led 
to a sevenfold increase. If TPA was present ,  1 ,aM calcium was 
sufficient for maximal labeling. Phosphoamino  acid analysis  
demons t ra ted  approximately  85% phosphoser ine ,  15%, phos- 
phot.hreonine, and no phosphotyros ine  when MP26 was phos- 
phorylated in lens homogenates  in the presence of TPA and cal- 
cium and then electrophoretically purified. PhosphoryIation 
occurred near the cytoplasmic,  C-terminal of  MP26. The possi- 
ble involvement  of  other  kinases was also examined.  The Walsh 
inhibitor, which affects cAMP-dependent  protein kinases,  had 
no influence on the TPA-media ted  increase in phosphorylat ion.  
In studies with isolated membranes  and added kinases,  MP26 
was also found to not be a subst ra te  for calcium/calmodulin-  
dependent  protein kinase II. Thus ,  protein kinase C may have 
phosphoryla ted  MP26 in a direct manner .  
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Introduction 

Gap junctions are thought to serve significant cellu- 
lar functions in such processes as development [14, 
59], growth control [1,3, 39] and tissue homeostasis 
[52J by allowing the exchange of small molecules 
between adjacent cells. Careful regulation of these 
hydrophilic channels would be expected because 
cell-to-cell communication varies spatially and tem- 
porally within different tissues. There is evidence 
for gap junction regulation in the synthesis of junc- 
tional RNA/protein [551, in protein degradation [13, 
62], in channel formation [for a review, s e e  29] and 
in channel gating [for a general review, s e e  54]. 

Since protein phosphorylation could affect 

some of these processes, reagents that affect kinase 
activity have been used in a variety of studies to 
investigate the regulation of gap junctions. These 
studies have demonstrated long-term changes in the 
extent of gap junction communication [31, 49] and 
rapid changes that may result from channel gating 
via direct phosphorylation of channel proteins [9, 
37, 50, 54]. Modulation of cAMP-dependent protein 
kinase (A kinase) activity has led to both increases 
and decreases in gap junction communication [37, 
40, 49, 50, 60]. Recently, results with cAMP deriva- 
tives have demonstrated an increase in the phos- 
phorylation of the 27-kDa liver gap junction protein 
[50, 58], which was correlated with an increase in 
gap junction conductance in hepatocyte pairs [50]. 
Other kinases have also been explored. The tyro- 
sine kinase, pp60 ,~'' [1-31, and protein kinase C (C 
kinase) [12, 15, 61, 63] have been implicated in a 
reduction of gap junction communication. Thus, the 
activation of protein kinases appears to play a criti- 
cal role in the regulation of junctional communica- 
tion. 

Because the lens is thought to contain the most 
extensive system of junctional structures known, it 
may be useful in the study of junction regulation by 
phosphorylation. Lens membranes contain a major 
intrinsic protein often referred to as MP26 or MIP26 
due to its apparent molecular weight on polyacryl- 
amide gels [4, 81. Studies on junction isolation [4, 8, 
20], membrane reconstitution [7, 10, 11, 18, 64], EM 
immunolocalization [6, 10, 28, 51], and antibody- 
mediated reduction of channel activity [19, 28] all 
indicate that MP26 is capable of forming a cell-to- 
cell membrane channel. The protein sequence of 
MP26 has been determined from cDNA clones and 
a model for the structure of MP26 within a lipid 
bilayer (based on hydrophobicity analysis and other 
techniques) is also consistent with MP26 monomers 
associating to form a hydrophilic channel [21]. 
However, the sequence of MP26 has no homology 
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with at least two other junctional proteins from 
heart and liver [5, 47], while a 70-kDa lens protein 
has significant homology with these proteins in its 
N-terminal region [32]. Thus, the lens fiber cell may 
have multiple proteins involved in cell-to-cell chan- 
nels. This topic is discussed more extensively in a 
later section. 

Considerable evidence indicates that MP26 in 
lens fiber cells is a phosphoprotein. MP26 in iso- 
lated membranes ("in vitro") has been phosphory- 
lated by both A kinase [16, 27, 41] and C kinase [36]. 
MP26 was also phosphorylated in a "in vivo" type 
system when fragments of fetal, bovine lenses were 
incubated in the presence of 32p-orthophosphate 
[26]. In the same study, MP26 phosphorylation was 
shown to be calcium dependent and responsive to 
both cAMP and forskolin when whole lens homoge- 
nates were incubated with [y-3ep]ATP. These two 
results could be related because the activity of 
adenylate cyclase in the lens has been found to be 
calcium dependent [42]. Alternatively, other cal- 
cium-sensitive kinases could be involved, indepen- 
dently or in concert with the A kinase. We report 
here that both calcium and TPA can also regulate 
the phosphorylation of MP26. Data are presented 
that suggest protein kinase C directly phosphory- 
lated MP26. We believe this is the first report of 
TPA-stimulated phosphorylation of a putative gap 
junction protein. 

Materials and Methods 

M A T E R I A L S  

L- 1-Tosylamide-2-phenylethylchloromethylketone-treated tryp- 
sin was from Cooper  Biomedical (Malvern, PAL Lysylendopep-  
t idase-C was from Calbiochem Brand Biochemicals  (San Diego, 
CA). [,/-3:P]ATP (3 Ci/mmol) and 32p-phosphate (10 mCi/ml, 
HCI-free) were from A m e r s h a m  (Arlington Heights,  IL). TPA 
was obtained from LC Services Corp. (Woburn,  MA). Walsh 
inhibitor, phosphoser ine ,  phosphothreonine ,  and phosphotyro-  
sine were purchased from Sigma Chemical  Co. (St. Louis,  MO). 
Ionophore A23187 was from Boebringer Mannheim Biochemic- 
als (Indianapolis,  IN). All other reagents were reagent grade. 

T I S S U E  L A B E L I N G  

Lens  t issue was labeled as previously described with minor mod- 
ifications [26]. For t issue f ragments ,  young calf lenses were de- 
capsulated and the cortex was dissected from the lens core. The 
cortex was f ragmented into pieces several millimeters in diame- 
ter, suspended and twice washed in phosphate-free min imum 
essential  media with Earle salts (Flow Laboratories),  and ad- 
jus ted to 155 ~M free calcium with ethyleneglycol-bis(j3-ami- 
noethyl  e the r ) -N,N,N ' ,N ' - t e t raace t i c  acid (EGTA). In a few 
exper iments  where  whole lenses were used,  no overall 
phosphorylat ion differences were detected from cortex alone, 
al though the relative increases caused by TPA and calcium ap- 
peared slightly greater  in the cortical samples.  In specified cases  

(Fig. 1, lanes, 2, 3, 7, I01, the media washes  had enough EGTA 
added to lower the free calcium to nanomolar  concentrat ions.  
Free calcium concentrat ions  were calculated using a computer  
program which considered pH and the dissociation constants  
for calcium, magnes ium,  EGTA and in some cases  
ethylenediaminetetraacet ic  acid (EDTA) and ATP J56]. ~:P-phos- 
phate ((I.2 mCi) and various specified effectors (TPA, EGTA. 
A23 [87) were added to start the reaction. The TPA (10 and [00 
riM) and A23187 (7.5 p,M) concentrat ions  used in this study were 
in the ranges commonly  used by many investigators [12, 15,451 
and were prepared by dilution from stock solutions that were 
500-1000x their final reaction concentrat ion in 100% dimethyl-  
sulfoxide (DMSO). DMSO (0.5%) controls  had no effect on 
phosphorylat ion levels. Incubations continued for 6(I rain at 37~ 
and were terminated by dilution in buffer (5 mM phosphate ,  5 m.~ 
EGTA, pH 7.0), Membranes  were purified and run on sodium 
dodecylsulfate/polyacrylamide gel electrophoresis  (SDS-PAGE) 
as indicated below. 

Phosphorylat ion in lens homogenates  was as previously de- 
scribed [26] except  the incubation media had different effeclors 
as specified in the figure legends. Lenses  were decapsulated and 
homogenized in an equal ratio (wt/vol) of  20 mM imidazole and I(I 
mM MgCI2. ATP (3 Ci/mmol) was 25 gM and calcium and TPA 
were varied as indicated. If EGTA was added,  the concentrat ion 
of free calcium was subnanomolar .  In the exper iments  listed in 
the Table, TPA (20 riM), EDTA (I raM) and/or calcium (10 p~M) 
were added as indicated to lens homogenates  with MgCI_, and 
ATP. Lens  membranes  were pmified and run on SDS-PAGE. 
Bands at 18, 26, and 60-70 kDa were excised and subjected to 
scintillation counting.  Results from two incubations and lbur 
SDS-PAGE separat ions were averaged and standard deviat ions 
were calculated. In Fig. 3 exper iments ,  calcium was buffered 
with EGTA and EDTA because the Walsh inhibitor contained 
EDTA. Walsh inhibitor was added to a concentrat ion that would 
inhibit 36 phosphorylat ing units (Sigma Chemical  Co). Protease 
studies were performed at a 1 : 20 ratio of  protease/lens protein 
on membranes  which were phosphorylated in the presence of 
TPA (20 nM) and calcium (10/.tM). After I hr at room tempera- 
ture, membranes  were pelleted at 12,000 x g, purified [20], and 
run on SDS-PAGE as indicated below. 

L E N S  M E M B R A N E S  

Urea-washed membranes  were prepared as previously described 
[20]. This procedure involved two buffer washes  and two urea 
washes  (4 and 7 M) that removed most  of  the extrinsic proteins,  
and a final water wash to remove the urea. Lens  membrane  
protein concentrat ions were determined by the bicinchoninic 
acid method [53] in the presence of  0.5% SDS. 

SDS-PAGE OF LABELED MEMBRANES 

SDS-PAGE was performed on 12.5% polyacrylamide gels fol- 
lowing the method of  Laemmli  [35] with Coomass ie  blue stain- 
ing. After drying the gels under  vacuum,  autoradiography was 
performed overnight  using Kodak XAR 5 film without a screen. 
In Figs. 1-3, 5 and 6, the Coomassie-s ta ined gel profile is in panel 
A and the corresponding autoradiograph is shown in B. 

P H O S P H O A M I N O  A C I D  A N A L Y S I S  

Phosphoamino  acid analysis  was essentially by the method of  
Hunter  and Sefton [25]. MP26 was phosphory[ated in homoge- 
nares (four lenses,  as above) in the presence of calcium (10/XM) 
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Fig. I. SDS-PAGE following the phosphorylat ion of membrane  proteins in lens t issue fragments .  Lenses  were f ragmented into several  
pieces (J -2  mm in diameter) in minimal essential  media that contained 155 /,aM fi'ee calcium and no phosphate .  The f iagments  were 
washed and incubated for 60 min in 0.2 mCi '~-P-phosphate (all lanes). No TPA was added to the reaction mixtures  in lanes 1-4, while 
lanes 5 - 7  received 10 nM TPA and lanes 8-10 received 100 nM TPA. Exlracellular calcium was maintained at [55/d,M for lanes 1, 5, and 
& EGTA (5 mM) was added in lane 2. EGTA (5 raM) and A23187 (7.5 #M) were added in lanes 3, 7, and 10. A23187 (7.5/zM) was added 
alone (lane 4) and with TPA (lanes 6 and 9). Cell f iagments  were homogenized,  membranes  were purified, and SDS-PAGE analysis  was 
performed.  The Coomassie-blue-s ta ined gel (A) and corresponding autoradiograph (B) are shown 

and FPA (20 riM) and lens membranes  were purified as described 
above.  MP26 was resolved on a 12.5% acrylamide,  3.0 mm-thick 
gel and identified by soaking in 4 M sodium acetate,  pH 7.0 [24]. 
The band was excised and electroeluted. TCA was added to 25% 
concentrat ion and 50 ttg bovine serum albumin was added as a 
carrier. After I hr at 4~ the precipitate was collected at 12,000 • 
X,. The precipitate was dissolved in 6 M HCI and hydrolyzed 
under  nitrogen for 1-2 hr. Nonradioact ive phosphoamino  acid 
s tandards  (3 ttg/lane) were added to the samples.  Phosphoamino  
acid analysis  was performed at both pH 1.9 (water/acetic acid/ 
formic acid, 897 : 78 : 25) and pH 3.5 (water/acetic acid/pyridine, 
945 : 50 : 5) in one dimension at 750 V on Wha tman  No. 3 paper. 
Phosphoamino  acid spots were detected by spraying with ninhy- 
drin, excised and scintillation counted or the whole chromato-  
gram was subjected to autoradiography for 25-72 hr with an 
intensifying screen. 

P H O S P H O R Y L A T I O N  OF P U R I F I E D  M E M B R A N E S  BY 

C A L C I  U M / C A L M O D U L I N - D E P E N  DE NT  P R O T E I N  

K I N A S E  II  ( C A M  K I N A S E )  

Membranes  were purified as described above.  CaM kinase and 
synaps in  were the generous  gifts of  Dr. Angus  Nairn (Rockefel- 
ler University).  A complete  reaction mixture contained 50 mM 
N-2-hydroxyethylpiperaz ine-N' -2-hydroxypropanesul fonic  acid 
(HEPES)  at pH 7.5, I mM EGTA,  10 mM MgCI,, 5 mM 
dithiothreitol,  1.0 /AM calmodulin,  1.5 mM CaCI,, 20 /zM 
[V-32p]ATP, CaM kinase and 10 ~g of either lens membranes  or 

synapsin .  Incubations were for 30 min at room temperature  and 
were terminated and run on SDS-PAGE as indicated in the figure 
legend. 

Results 

C A L C I U M  AND T P A  E F F E C T S  ON 

P H O S P H O R Y L A T I O N  

Figure 1 shows the effect of TPA and calcium on 
phosphorylation in tissue fragments. This prepara- 
tion was the most native used in these studies. Con- 
siderable tissue viability remained as illustrated by 
the incorporation of 32p-phosphate into the ATP 
pool and subsequent phosphorylation of proteins. 
The Coomassie blue staining (Fig. IA) reveals rela- 
tively even loading and the similar composition of 
the various samples. Slight variations can be ex- 
pected because each lane represents a separate ho- 
mogenization and purification. MP26 is the major 
band in the gel and the only phosphoprotein around 
26 kDa [261. 

The corresponding autoradiograph in Fig. 1B 
illustrates the influence of both TPA and calcium on 
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Table. The effects of calcium and TPA on the phosphorylation 
ratio of lens proteins '' 

Relative level of phosphorylation h 

Ca 2+ TPA TPA & Ca > 

18 kDa 4.2 -+ 1.8 2.6 + 0.7 6.32 -+ 1.9 
MP26 4.1 + 1.4 1.8 -+ 0.1 7.1 + 1.3 
60-70kDa 1.8-+ 0.4 1.4-+ 0.1 2.7 + 0.5 

~' Phosphorylation was in lens homogenates. Calcium (10 /*M) 
and TPA (20 riM) were added as indicated. 

The level of radioactivity was normalized to phosphorylation 
levels at subnanomolar calcium. The standard deviation for four 
separations is given. 

the phosphorylat ion of MP26 and an 18-kDa pro- 
tein. A limited amount  of labeling was found in the 
control preparat ions,  i.e., in the absence of TPA 
and A23187 (lane 1). The low level of  phosphoryl-  
ation observed may be due to calcium in the me- 
dium, since the labeling was reduced by addition of 
EGTA alone (lane 2) or by EGTA plus ionophore 
(lane 3). Moreover ,  the simple addition of the 
ionophore to the standard medium (containing 155 
~M calcium) served to increase the level of  phos- 
phorylation (lane 4). However ,  10 nM TPA was a 
more potent  stimulator of  this process  (lane 5). 
Even here calcium appeared to be involved, as the 
TPA increase was thoroughly blocked when EGTA 
and ionophore were added along with the TPA (lane 
7). Finally, some inhibition of phosphorylat ion oc- 
curred when A23187 was added with the TPA (com- 
pare lanes 5 and 6), possibly reflecting the effects of  
elevated cytoplasmic calcium on protein kinase C. 
The inhibition of this kinase by higher calcium lev- 
els has been observed previously [43]. 

Studies were also performed with higher levels 
of  TPA (100 riM). Again, TPA displayed a dramatic  
effect on phosphorylat ion (lane 8). In this case, the 
results were much less sensitive to changes in cal- 
cium levels. First, the addition of ionophore along 
with TPA had no inhibitory influence on the labeling 
of MP26 (compare lanes 8 and 9). Second, only a 
partial inhibition was observed when TPA was com- 
bined with EGTA and ionophore (lane 10). C kinase 
is known to be less dependent  on calcium at higher 
TPA concentrat ions [45]. 

While the above discussion relates to the phos- 
phorylation of both MP26 and the 18-kDa protein, it 
is clear that other phosphoproteins  exist within the 
lens membrane  and that TPA and calcium also influ- 
enced the phosphorylat ion of these proteins. Most 
notably,  there is a broad band in the 50-70 kDa 
range which probably represents  several different 
proteins. Although TPA enhanced this labeling, the 

phosphorylat ion did not vary substantially over  a 
wide range of calcium concentrat ions.  The labeling 
at approximate ly  30 kDa was likewise stimulated by 
TPA, but was not as sensitive as MP26 to changes 
in calcium. However ,  a minor band at approxi- 
mately 50 kDa does follow calcium and TPA depen- 
dence in a manner  similar to MP26, and this band 
may represent  a dimer of MP26. 

Thus far, the results discussed have involved 
the use of  lens fragments to provide the most natu- 
ral sys tem for analyzing the regulation of phospho- 
rylation. The remaining results come from work on 
cell homogenates .  We have utilized this second ap- 
proach for several reasons: (i) it enables us to con- 
trol much more precisely the concentrat ions of  cal- 
cium, (ii) it allows us to add protein inhibitors of  
protein kinases, and (iii) it minimizes the problems 
related to penetration and accessibility of reagents. 
In instances where we were able to carry out the 
same experiment ,  using both the lens fragment 
method and the homogenate  method,  we found sim- 
ilar results. For example,  TPA enhanced the phos- 
phorylation of MP26 with both methods,  in the 
presence of low calcium levels (Fig. 1, lane 5; Fig. 
2, lane 6). 

With the homogenate  system, Fig. 2 shows the 
effect of  increasing calcium concentrat ions on phos- 
phorylation as a function of TPA levels. A series of  
four different calcium concentrat ions (from nano- 
molar to 100 /xM) was evaluated with TPA. In the 
first series (lanes 1-4), no TPA was added. In the 
next two, a low level of  TPA (10 riM, lanes 5-8) and 
a high level of  TPA (100 riM, lanes 9-I2) were ap- 
plied. When the free calcium concentrat ions were in 
the nanomolar  range, only limited phosphorylat ion 
was observed in MP26 and the 18-kDa protein. 
Some increase was noted as the calcium level was 
elevated to 100/,M in the absence of TPA (lane 4). 
The addition of TPA led to a striking enhancement  
in phosphorylat ion.  While the lower TPA level still 
required at least l /xM calcium for a strong effect 
(lane 6), the higher TPA treatment  led to some la- 
beling even in the presence of EGTA (lane 9). 

In order to quantify the effects of  TPA and cal- 
cium on phosphorylat ion,  the relative ratio of  label 
in the major phosphoproteins  was determined under 
different conditions (Table). TPA (20 riM) in the 
presence of calcium (10 p-M) led to an approximate  
sevenfold increase,  over  EGTA control levels, in 
the phosphorylat ion of an 18-kDa protein and 
MP26. Calcium without TPA yielded a fourfold 
change. However ,  phosphorylat ion in the 60-70 
kDa range was only increased 2.7-fold in the pres- 
ence of calcium and TPA. 

In Fig. 3, the Walsh inhibitor was added to 
evaluate possible A kinase effects on phosphoryl-  
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Fig. 2. SDS-PAGE following the phosphorylat ion of membrane  proteins in lens homogenates .  Lenses  were homogenized in 20 mM 
imidazole and 10 mM MgCI> Each sample received 25/xM ['y-3-'P]ATP. Varying calcium and TPA were added to the reaction mixtures .  
No TPA was added in lanes I -4 ,  while TPA was at 1(1 nM in lanes 5 -8 ,  and 100 nM in lanes 9-12, Calcium was increased through each 
of  the TPA concentrat ions  from nanomolar  calcium (1 mM EGTA, lanes I, 5, 9), to I ktM added CaCI_~ (lanes 2, 6, lO), 10 >M added 
CaCI, (lanes 3, 7, 11), and 100/XM added CaCI: (lanes 4, 8, 12). Membranes  were purified and SDS-PAGE analysis  was performed.  The 
Coomassie-blue-s ta ined gel (A) and corresponding autoradiograph (B) are shown 

ation. Phosphorylation was in lens homogenates as 
described above to permit the addition of the Walsh 
inhibitor protein. The reaction mixture represented 
in lane l contained no TPA and those in lanes 2-5 
had 10 nM TPA. Calcium was present at approxi- 
mately 10 p~M (lanes 1, 3 and 4) or 0.01 /,zM (lanes 2 
and 5). As in Fig. 2, TPA had a dramatic effect, 
even in the presence of Walsh inhibitor (lanes 4 and 
5). When TPA was present the reactions with lower 
free calcium (lanes 2 and 5) yielded much less phos- 
phorylation. These results extended those from Fig. 
2 and further established a calcium and TPA inter- 
dependence. The extent of TPA-enhanced phos- 
phory[ation was not altered at 10/XM calcium when 
the Walsh inhibitor was added (compare lanes 3 and 
4). At low calcium concentrations (0.01 /XM) the 
Walsh inhibitor appeared to have a very slight effect 
on the phosphorylation level (compare lanes 2 and 
5). TPA-enhanced phosphorylation activity was 
particularly sensitive in this calcium range. Indeed, 
the minor difference observed may actually be a 
calcium effect because the Walsh inhibitor prepara- 
tion contained EDTA. An effort was made to com- 
pensate for this difference by adding the same 
amount of EDTA to the mixture without the Watsh 
inhibitor, but without using large amounts of EDTA 
and calcium to provide an effective buffer at this 

free calcium concentration, slight differences were 
likely. 

Phosphoamino acid analysis was performed on 
MP26 that had been phosphorylated in the presence 
of TPA and calcium (Fig. 4). Phosphorylation was 
in lens homogenates and at calcium and TPA con- 
centrations designed to maximize phosphorylation. 
Phosphoamino acid electrophoresis of gel-purified 
and hydrolyzed MP26 was performed at both pH 
3.5 and 1.9, to clearly separate phosphoserine, 
phosphothreonine and phosphotyrosine. Phospho- 
tyrosine and phosphothreonine are not separated at 
pH 1.9. Internal nonradioactive standards were de- 
tected using ninhydrin and their relative positions 
are indicated. Most of the label was found in phos- 
phoserine with a smaller amount in phos- 
phothreonine. No label was detected in phospho- 
tyrosine even after prolonged exposure. Excision of 
the ninhydrin spots from two experiments and scin- 
tillation counting showed approximately 85% of the 
counts in phosphoserine and 15% in phos- 
phothreonine. 

Protease digestion of MP26 was performed to 
determine the portion of MP26 that contains the 
phosphorylated residues. Digestion of MP26 yields 
a stable 22-kDa fiagment with the hydrolysis of pep- 
tide occurring almost exclusively from the C-termi- 
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Fig, 3. SDS-PAGE following the phosphorylation of membrane 
proteins in the presence of Walsh inhibitor in lens homogenates. 
All reaction mixtures contained 5 mM MgCI2 and 25 /s 
[T-32plATP. TPA (10 riM) was added to the reaction mixture in 
lanes 2-5. In lanes l, 3 and 4 calcium was added to a free concen- 
tration of approximately 10/XM using limited EDTA and EGTA 
buffering. In lanes 2 and 5 the free concentration of calcium was 
estimated to be 0.01 #M. The reaction mixtures in lanes 4 and 5 
contained 36 units of Sigma Walsh inhibitor. Note that this inhib- 
itor of A kinase has no demonstrable effect on TPA-stimulated 
phosphorylation (compare lanes 3 and 4). Membranes were puri- 
fied and SDS-PAGE analysis was performed. The Coomassie- 
blue-stained gel (A) and corresponding autoradiograph (B) are 
shown 

nal end [30]. This approach has been used previ- 
ously to localize the site of phosphorylation of both 
A and C kinases to the C-terminal portion removed 
by proteolysis. Following TPA-stimulated phospho- 
rylation of MP26, protease digestion by both lysyl- 
endopeptidase-C and trypsin also showed no signifi- 
cant phosphorylation remaining in the 22-kDa frag- 
ment (Fig. 5). Only three lysylendopeptidase-C 
cleavage sites exist in MP26 and they all reside after 
residue 227 of the C-terminal tail [21]. Thus, phos- 
phorylation stimulated by TPA and calcium oc- 
curred on the C-terminal tail. 

PHOSPHORYLATION OF LENS MEMBRANES BY 

CALCI uM/CALMODULIN-DEPENDENT PROTEIN 

KINASE I1 (CAM KINASE) 

Since calcium levels were shown to be important 
for the phosphorylation of MP26 and other lens pro- 

Fig. 4, Phosphoamino acid analysis of MP26 phosphorylated in 
the presence of TPA. Phosphorylation was in lens homogenates 
under conditions that activate C kinase. MP26 was electropho- 
retically purified, electroeluted, hydrolyzed and electrophoreti- 
rally chromatographed in the presence of nonradioactive stan- 
dards (3/xg/lane) at both pH 3.5 and 1.9 to clearly separate the 
three phosphoamino acids. The positions of the ninhydrin posi- 
tive spots corresponding to the phosphoamino acids are indi- 
cated by brackets. Most of the label was found in phosphoserine, 
with approximately 15% being phosphothreonine 

teins, we sought to discover whether CaM kinase, 
which is also calcium dependent, could phosphory- 
late MP26. Figure 6 shows the phosphorylation of 
isolated lens membranes by CaM kinase, using con- 
ditions where both A kinase and C kinase are 
known to phosphorylate MP26 [16, 27, 36, 411. 
Lane / represents a complete mixture of lens mem- 
branes, calcium, magnesium, calmodulin, 32p-ATP 
and CaM kinase. No phosphorylation of MP26 or an 
18-kDa protein occurred, but significant phospho- 
rylation of higher molecular weight proteins was ob- 
served. Lane 2 membranes were treated the same 
as those in lane 1 except they were trypsinized after 
phosphorylation. Controls indicated that the kinase 
was calcium and calmodulin dependent (lanes 3 and 
4). In lane 5 synapsin, a known substrate for CaM 
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k inases ,  was phosphory la t ed  to a very high degree.  
Thus ,  a l though the kinase  d isp layed  subs tan t ia l  ac- 
t ivi ty,  very few lens m e m b r a n e  prote ins  were phos- 
phoryla ted .  

D i s c u s s i o n  

Fig. 5. SDS-PAGE following the phosphorylation of membrane 
proteins in lens homogenates and protease digestion. All reaction 
mixtures contained 5 mM MgCI, and 25 /*M [T-3-'P]ATP, 10 /*M 
CaCI: and 20 nM TPA. Membranes were purified and incubated 
for [ hr with buffer (lane l) ,  lysylendopeptidase-C (lane 2) or 
trypsin (lane 3) at a ratio of 1 : 20 with membrane protein. Mem- 
branes were recentrifuged and run on SDS-PAGE. The Coomas- 
sie-blue-stained gel (A) and corresponding autoradiograph (B) 
are shown. Note that the major proteolytic fragments of MP26 do 
not display significant phosphorylation 

The ver tebra te  lens is an avascu la r  organ of consid-  
erable  d imens ion  with surpr is ingly  long cel lular  life- 
t imes and  l imited pro te in  tu rnover .  As invest iga-  
tors have eva lua ted  these unusua l  propert ies  of the 
lens,  the j u n c t i o n s  be tween  lens fiber cells have at- 
t racted cons ide rab le  a t ten t ion .  As a result ,  lens 
j u n c t i o n s  have emerged as a model  sys tem for 
s tudying  the s t ruc ture ,  compos i t i on  and permeabi l -  
ity of  cell-to-cell  channe ls .  The  lens i tself  has been  
recognized  as a sys tem which epi tomized  the abil i ty 
of cells to exchange  subs tant ia l  a m o u n t s  of small 
metabol i tes  via these channe ls .  Thus ,  a s t rong inter-  
est has deve loped  in ident i fy ing the prote in  or pro- 
teins which form the j u n c t i o n s  be tween  the lens fi- 
ber  cells. 

Fou r  cr i ter ia  have been  out l ined  by Her tzberg  
et al. to aid in the ident if icat ion of pro te ins  as com- 
ponen t s  of gap j u n c t i o n s  [22]. These  include:  (i) 
charac te r iza t ion  of pro te ins  associa ted  with isolated 

Fig. 6. SDS-PAGE following the 
phosphorylation of isolated lens membranes 
by CaM kinase. A complete assay (lane /) 
contained 50 mM HEPES, pH 7.5, 1 mM 
EGTA, 10 mM MgCI2, 5 mM dithiothreitol, 1.0 
/~M calmodulin, 1.5 mM CaCI2, 20/J,M 
['y-~2P]ATP and CaM kinase. Incubation was 
for 30 rain at room temperature. The 
membranes were centrifuged and either 
washed (lanes 1, 3, 4) or incubated with 
trypsin at a ratio of 1 : 20, protease/membrane 
protein (lane 2) and recentrifuged (as in Fig. 
5). Lane 3 represents a complete assay 
mixture with calcium omitted; in lane 4, 
calmodulin was left out. In lane 5, the 
reaction was terminated by the addition of 
SDS to 1%. SDS-PAGE analysis was 
performed and the Coomassie-blue-stained gel 
(A) and corresponding autoradiograph (B) are 
shown 
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gap junctions; (ii) preparation of antibodies for im- 
munocytological localization of the proteins in 
question; (iii) determination of antibody effects on 
electrical coupling and dye coupling between cells; 
and (iv) analysis of the biophysical properties of 
channels in the isolated and reconstituted material. 
Although the work is ongoing, data from several 
different laboratories concerning each of these cri- 
teria support a role for MP26 as a protein of cell-to- 
cell channels. (i) MP26 is by far the major protein of 
junction-rich urea and detergent-treated mem- 
branes [e.g., 4, 8, 20]. (ii) Different investigators 
have found MP26 within lens junctions of both 
"thick" and "thin" types [6, 10, 28, 51], while 
others have found no immunogold labeling of thick 
junctions with MP26 antibodies [48]. These conflict- 
ing results may be explained by changes in the im- 
munoreactivity of junctional MP26, which may oc- 
cur with the different labeling procedures being 
employed [28]. (iii) Antibodies to a C-terminal pep- 
tide of MP26 blocked channel activity in a vesicle 
assay [19]. MP26 antibodies have also been re- 
ported to reduce dye transfer between cells in 
chicken lens cultures [28]. (iv) With MP26 purified 
from urea-treated membranes by organic solubiliza- 
tion and membrane reconstitution, MP26 concen- 
tration-dependent increases in intervesicle conduc- 
tance were reported when two vesicles were 
manipulated into contact [7]. In addition, HPLC pu- 
rified monomeric MP26 incorporated into planar bi- 
layers yielded voltage-dependent channels [11,64]. 

A 70-kDa protein from lens has also been sug- 
gested as a gap junction protein candidate. It fits the 
above criteria in the following ways: (i) One labora- 
tory has found significant amounts of the protein 
associated with junction-rich membranes from the 
outermost region of the lens cortex, but MP26 was 
still the major protein in these preparations [33]. (ii) 
The same laboratory has immunolocalized this pro- 
tein exclusively within "thick" junction structures 
[33]. (iii and iv) No antibody or biophysical studies 
have been published yet. The best evidence sup- 
porting a gap junction role for this 70-kDa protein is 
its N-terminal sequence homology with liver and 
heart gap junction proteins [32]. 

The most encompassing explanation would al- 
low for either multiple junctional types, each made 
up of one protein, or one junctional type composed 
of multiple proteins. Freeze-fracture EM and pre- 
liminary antibody injection data support the idea of 
multiple types of junctions [28]. The observed re- 
striction of the 70-kDa protein to cortical junctions 
[33] is also consistent with this idea. Additional 
work is required to evaluate this possibility. 

The phosphorylation of MP26 has been demon- 
strated by studies with isolated membranes and dif- 

ferent protein kinases [16, 27, 36, 41], cell homoge- 
nates [26], and, most importantly, lens fragments 
[26]. The sites of MP26 phosphorylation appear to 
reside on the cytoplasmic side of the membrane 
[this study, 16, 26, 27, 36], with the majority of the 
sites being separated from the C-terminus by ap- 
proximately 20 amino acid residues [26, 36]. This 
corresponds to the region of the protein (roughly 
residues 220 to 240) immediately "down-stream" 
from an amphipathic part of the molecule (residues 
197-219), which is thought to reside within the lipid 
bilayer [21]. It has been postulated that this latter 
region actually lines the water-filled channel of the 
junction [211. 

The two tissue labeling protocols used in this 
study were devised to provide complementary ap- 
proaches to phosphorylation. The first provided a 
system which was as native as possible. We have 
previously shown in studies with tissue fragments 
that the preparation had been capable of ATP syn- 
thesis and that phosphate was incorporated into the 
donor ATP pool [26]. Protein synthesis was also 
shown to be linear over a period of several hours 
[26]. Finally, A23187 had a calcium-dependent ef- 
fect on phosphorylation levels in tissue fragments, 
suggesting that membrane compartmentalization 
had been maintained. In the second protocol, lens 
homogenates allowed for careful control of the lev- 
els of calcium and treatment of the system with pro- 
tein kinase inhibitors. 

The results presented here clearly establish that 
calcium and TPA affect MP26 phosphorylation. 
While high levels of calcium in the absence of TPA 
significantly increased phosphorylation both in lens 
homogenates and tissue fragments, maximal phos- 
phorylation required both calcium and TPA. MP26 
and 18 kDa phosphorylation were increased ap- 
proximately sevenfold in the presence of calcium 
and TPA. The 18-kDa protein has been shown to be 
a lens fiber-specific intrinsic membrane protein and 
not a degradation product of MP26 [44, C. Louis, 
personal communication]. Phosphorylation of pro- 
teins in the 50-70 kDa range was much less calcium 
and TPA dependent. Proteins in the same range are 
also very good substrates for both CaM kinase (Fig. 
6) and A kinase [27]. The selectivity that these ki- 
nases exhibit further supports the idea that particu- 
lar kinases in the lens phosphorylate MP26 and 
18-kDa proteins, leading to changes in protein func- 
tion. 

Several lines of evidence suggest that the spe- 
cific action of C kinase is linked directly or indi- 
rectly to the phosphorylation of MP26 and the 
18-kDa protein. C kinase has been shown to be 
present in the lens [36] and phosphorylation of these 
proteins can be increased many fold by TPA in con- 
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cert with calcium. TPA and other phorbol esters 
have been shown to be highly specific activators of 
C kinase; they are not known to activate any other 
kinase [45]. This high specificity of activators can- 
not be matched by C kinase inhibitors. Several C 
kinase ~finhibitors" actually act through the cal- 
cium or phospholipid dependence of C kinase [17, 
23] and hence they provide for generalized effects 
and are not suited for this study. 

Given the specific action ofC kinase in the lens, 
one then asks whether this kinase directly phos- 
phorylates MP26. The direct phosphorylation of a 
protein by a particular kinase is difficult to prove in 
a living cell, due to the number of different kinase 
systems and interactions between some of these 
systems. However, the existing data indicate that 
the C kinase likely phosphorylated MP26 in a direct 
manner when stimulated by TPA. First, it is known 
that C kinase prepared from either brain or lens is 
able to phosphorylate MP26 in isolated membranes 
[36]. Second, in the work with C kinase and isolated 
membranes, the proportions of phosphoserine and 
phosphothreonine obtained from MP26 [36] are sim- 
ilar to those reported here with the TPA-stimulated 
phosphorylation. Third, the lack of any phospho- 
tyrosine within MP26 serves to eliminate tyrosine 
kinases from consideration. Fourth, as considered 
below, two other calcium-sensitive kinase systems 
in the lens are unlikely to be involved following 
TPA treatment. 

Since A kinase in the lens responds indirectly to 
calcium, following the activation of adenylate cy- 
clase [42], A kinase could conceivably be involved 
in the phosphorylation of MP26 upon exposure to 
calcium and TPA. We have addressed this alterna- 
tive by using the Walsh inhibitor. The negligible ef- 
fect of the Walsh inhibitor indicates that A kinase is 
not involved in the TPA-mediated increase in MP26 
phosphorylation (Fig. 3). In addition, while A ki- 
nase phosphorylates only serines within MP26 [16, 
36], it has been shown here that both serine and 
threonine are labeled following TPA treatment (Fig. 
4). Phosphorylation occurred on the cytoplasmic, 
C-terminal tail (Fig. 5). Another calcium-sensitive 
kinase is the CaM kinase. In this case, MP26 is an 
unlikely substrate because purified CaM kinase was 
unable to phosphorylate this protein in isolated 
membranes (Fig. 6). Therefore, while other kinases 
could be involved following TPA stimulation, the 
direct phosphorylation of MP26 by C kinase ap- 
pears to be the most likely explanation. 

The stoichiometry of MP26 phosphorylation in 
these experiments appears to be quite low. While 
MP26 is the major protein of lens membranes, other 
proteins (e.g., the 18-kDa protein) were more highly 
phosphorylated. With this result, one could possi- 

bly argue that the phosphorylation at 26 kDa was 
due to a co-migrating protein, and not MP26. How- 
ever, the label is consistently associated with 
MP26, during separation by means of six different 
electrophoretic and chromatographic methods (K. 
Johnson, personal communication). Thus, low stoi- 
chiometry appears to be a genuine feature of MP26 
phosphorylation. In fact, we have also used a to- 
tally different approach than that reported here to 
detect the phosphorylation of MP26. Employing 
chemical methods on a protease derived peptide 
that contains three of the six C-terminal tail serines, 
we have found that at least 5% of MP26 from un- 
treated membranes was phosphory[ated (unpub- 
lished observations). Even if some native phospho- 
rylation is lost during isolation, we are still clearly 
left with a low stoichiometry. Moreover, by apply- 
ing protein kinases and labeled ATP to isolated 
membranes, only a small amount of additional 
phosphorylation has been observed in previous 
studies [16, 27, 36, 41]. 

Therefore, the question becomes whether phos- 
phorylation at the 5% level could lead to important 
regulatory changes in the MP26 molecule. A useful 
perspective comes from work on the phosphoryl- 
ation of the liver 27-kDa protein [50], which also 
involves a low stoichiometry (less than 2.5%). In 
that study, an increase of 25-75% in gap junction 
conductance between hepatocyte pairs was ob- 
served under conditions where glucagon and 
8-Bromo-cAMP increased gap junction protein 
phosphorylation. Different factors could help ex- 
plain the low stoichiometry. One possibility is that 
only one of the proteins that makes up the dodeca- 
meric channel (two opposed hexamers in each bi- 
layer [34]) would need to be phosphorylated to reg- 
ulate channel activity. In this case, a 5% change in 
phosphorylation could lead to a maximal change of 
60% in junctional conductance. 

These last considerations assume that the phos- 
phorylation of MP26 directly regulates channel per- 
meability in the lens as it appears to do in the liver 
[50]. However, this posttranslational modification 
may control other aspects of MP26 function. For 
example, phosphorylation/dephosphorylation could 
be involved in the assembly of junctions and have 
no influence over the permeability of junctional 
channels. Since 80% of MP26 has been estimated to 
be junctional [30], the removal of phosphate could 
be associated with the incorporation of MP26 into 
junctional aggregates. Other possibilities also exist. 

Multiple kinase systems appear to be involved 
in the phosphorylation of lens MP26, as is the case 
in hepatocytes. Different kinases have been shown 
to phosphorylate junctional protein in isolated 
membranes from both lens [16, 27, 36, 41] and liver 
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[50, 57]. In addition, both A and C kinases appear to 
phosphorylate MP26 in native systems of an in vivo 
type [26 and this report]. Effectors of various kinase 
systems including C kinase [12, 15, 61,63] ,  A kinase 
[9, 31,37,  49, 60] and pp60'" [1-3] have been shown 
to alter junctional activity in other cell types. Differ- 
ent groups have proposed that one kinase may in- 
crease and another decrease junctional activity [ 15, 
40]. The effects of different kinases on other protein 
functions have also been pursued in varied cell 
types. In human erythrocytes,  phosphorylation by 
both A and C kinase reduced the ability of  band 4.1 
to promote spectrin binding to F actin [38]. How- 
ever, they caused opposite effects on actin poly- 
merization [46]. These two kinases in the lens may 
phosphorylate at the same site and act in a similar 
manner or at different sites to yield opposed or syn- 
ergistic effects. Phosphoamino acid sequencing 
studies are in progress on MP26 to address this is- 
SHE.  
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