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SUMMARY : Incubation of stripped rough microsomes (SRM) with the catalytic subunit 
of protein kinase A (PKA) permitted specific phosphorylation of seven proteins having 
relative molecular mass values of 5535, 23, 22.5, 22, 16.5 and 16.5 kDa (P55, P35 etc.). 
By two dimensional gel analysis, we compared these phosphoproteins with low-molecular- 
weight GTP-binding proteins and revealed that P23 and P22.5 co-migrated with known 
GTP-binding proteins. Next we examined the effect of CAMP-dependent phosphorylation 
on a GTP-dependent membrane function, membrane fusion. Quantitative analysis 
indicated no difference in the amount of membrane fusion obtained whether SRM were 
incubated in the absence or in the presence of PKA. Thus several rough microsomal 
proteins underwent CAMP-dependent phosphorylation and this post-translational modiica- 
tion did not affect GTP-dependent membrane fusion in a cell free system. Q 1991 Academic 
Press, Inc. 

Low-molecular-weight GTP-binding proteins have been implicated in regulating 

intracellular transport at each step along the secretion pathway (l-7) as well as fusion of 

endocytic vesicles (8-10). Recently, ~34~‘~ protein kinase was observed to phosphorylate 

two low-molecular-weight GTP-binding proteins (11) and to inhibit fusion of endocytic 

vesicles (12). Thus phosphorylation of low-molecular-weight GTP-binding proteins by 

intracellular kinases could be a potent mechanism for modulating intracellular membrane 

interaction. Using RER membrane derivatives, in vitro membrane fusion was 

demonstrated to be a GTP-dependent process (13) indicating that GTP-binding proteins 

are probably involved in this phenomenon. Consistent with this suggestion was the identi- 

The abbreviations used are : ATP : adenosine triphosphate; BSA : bovine serum albu- 
min; CAMP : cyclic adenosine monophosphate; DlT : diihiothreitol; GTP : guanosine 
triphosphate; kDa : kilodalton; PKA : catalytic subunit of protein kinase A; pl : isoelectric 
point; RER : rough endoplasmic reticulum; SDS : sodium dodecyl sulfate; SDS-PAGE : 
sodium dodecyl sulfate polyacrylamide gel electrophoresis; SRM : stripped rough 
microsomes. 
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fication of several GTP-binding proteins in subcellular fractions enriched in endoplasmic 

reticulum membranes (14-17). In this study we examined cAMP-dependent phosphory- 

lation of rough microsomal proteins and compared the phosphoproteins with previously 

defined [a-32P]GTP-binding proteins of rough microsomes. Then, we looked for a 

possible regulation by cAMPdependent phosphorylatlon of GTP-dependent membrane 

fusion. 

MATERIALS AND METHODS 

Preparation of subcellular fractions : Rough microsomes were prepared from 
rat liver homogenates as previously described(l8). The microsomes were stripped of 
associated ribosomes by using 5 mM pyrophosphate and washed with 3 mfvl-imidazole 
buffer, pH 7.4, containing 0.25 M sucrose(l8). Protein concentrations were determined 
using the Lowry procedure(l9) with bovine serum as standard. 

In vitro phosphorylation of SRM proteins with PKA : cAMP-dependent phos- 
phorylation of SRM proteins was done as described by Thiel et al. (20) with the exception 
that membranes were not preincubated 2 min at 95OC. Briefly 100 pg of SRM proteins 
were incubated in final volume of 109 ~1 containing 50 mM Hepes, pH 7.0, 10mM MgCI,, 
0.1 mM DlT, 10 PM [Y-~‘P]ATP (25 Ci/mmol) and unless otherwise indicated 4 units/ml 
of PKA (Sigma Chemical Co. St-Louis, U.S.A., sp. act. 3080 picomolar units/pg protein, 
one unit was defined as the amount of protein that phosphorylates one picomole of 
casein per minute at 3OOC). Samples were incubated at 37OC during different times as 
indicated. 

Single and double gel electrophoresis, electrophoretic blotting procedure and 
GTP binding to membrane proteins : Proteins were subjected to single dimensional gel 
electrophoresis (21) or double dimensional gel electrophoresis (17) in the presence of 
SDS on gradient polyacrylamide gels. The proteins were then transferred onto 
nitrocellulose sheets by the method of Towbin et al. (22). GTP binding to proteins on 
nitrocellulose sheets was carried out essentially as described by Bhullar and Haslam (23). 
Phosphotylation of proteins was quantitated by densitometric scanning of radioautograms 
of phosphorylated proteins. This was done using LKB UltroScan XL densitometer with 
GelScan XL software (LKB Pharmacia, Montreal, Canada). 

Cell-free assay for membrane fusion: For cell-free membrane fusion assay, 
incubations of 200 pg of SRM proteins were carried out in 0.25 ml of the same medium 
as for cAMPdependent phosphorylation (see above) plus 0.5 mM GTP. We determined 
that optimal conditions for membrane fusion and protein phosphorylatlon were the 
following; time of incubation of 15 min and PKA concentration of 18 units/ml. All 
incubations were done at 37OC. For morphology microsomes were fixed and processed 
for electron microscopy as previously described (24). Membrane fusion was quantitated 
by morphometry as previously described (25). Briefly electron micrographs of sectioned 
vesicles were prepared. The lengths of the membranes of 737 sectioned vesicles were 
measured and summated. Since small vesicles fuse to form large vesicles under fusion 
conditions the sum of the membrane lengths for 737 vesicles is always higher than that 
for an equivalent amount of vesicles incubated using non-fusion conditions. Therefore 
the total membrane length for vesicles incubated using non-fusion wndiion was 
subtracted from the total membrane length for vesicles incubated using fusion conditions 
and the difference expressed as a % of the amount of total membrane length for vesicles 
incubated using fusion conditions. This value gives the fusion index. 
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RESULTS 

Stripped rough microsomes were incubated in the absence or in the presence of 

PKA and [Y-~~P]ATP. In the absence of PKA, radioautograms of single dimensional 

protein blots revealed only background labeling (Figures la & 1 b). In the presence of 

PKA, seven proteins of relative molecular weight values of 55, 35, 23, 22.5, 22, 18.5 and 

16 kDa (P55, P35 etc.) were specifically labeled (Figures lc & Id). Incubation of SRM 

proteins in the presence of GTP did not alter the phosphorylation profiles (compare 

Figures la with 1 b and lc with Id). Because P23 and P22.5 showed similar electro- 

phoretic mobilities to previously detected [o-32P]GTP-binding proteins (17) we compared 

PKA phosphorylated proteins with [u-32P]GTP-binding proteins by double dimensional gel 

electrophoresis. Radioautograms of two dimensional protein blots of SRM phospho- 

proteins revealed P23 as a constituent having pl values extending from 7.0 to 6.8 (Figure 

2b). P22.5 was resolved as a constituent with pl values extending from 7.1 to 6.9 (Figure 

2b). Comparison of these two phosphoproteins with [a-32P]GTP-binding proteins revealed 

that P23 co-migrated with a 23 kDa [a-32P]GTP-binding protein of similar pl values (Figure 

2a). P22.5 co-migrated with [o-32P]GTP-binding protein having similar pl values (Figure 

a b c d 
(kDo) 

23-i 
22.H 

(kDa) 

4 97.4 

c 66 

c 43 

c 29 
*25 

c 21.5 

c 14.4 

Fia.l. CAMP-dependent phosphorylation of SRM proteins from rat liver. Phosphorylation 
of SRM proteins was done using 4 units/ml of PKA for 20 set at 37°C as described in 
Materials and Methods. Proteins were subjected to SDS-PAGE, transferred onto 
nitrocellulose sheets followed by radioautography (radioautographic exposure 4.5 hr.) 
Lane a: SRM incubated without PKA and without GTP. Lane b: SRM incubated without 
PKA and with 0.5 mM GTP. Lane c: SRM incubated with PKA and without GTP. Lane 
d: SRM incubated with PKA and with 0.5 mM GTP. The level of migration of molecular 
weight markers is shown on the right. 
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PH 

.F!g& Comparison of phosphoproteins with [u-32P]GTP-binding proteins in SRM after 
separation by two dimensional SDS-PAGE. SRM proteins were incubated with 16 units/ml 
of PKA for 15 min at 37% as described in Materials and Methods. Proteins were then 
separated by two dimensional SDS-PAGE, transferred onto nitrocellulose sheets. In panel 
a, the microsomes were phosphorylated with PKA and cold ATP. Ths protein blot was 
then treated for detection of [o-32P]GTP-binding proteins (radioautographic exposure, 15 
hr). In panel b, the microsomes were phos?horylated with PKA and [Y-~*P]ATP. The 
protein blot was then exposed to revealed [v- *P]ATP phosphotylation (radioautographii 
exposure, 72 hr). In panel c, the same protein blot ss in panel b was treated to reveal 
[u-32P]GTP-binding and [Y-~*P]ATP phosphorylation (radioautographic exposure, 23 hr). 
Large arrows indicate the position of the 23 kDa phosphoprotein. Small arrows indicate 
the position of the 22.5 kDa phosphoprotein. Molecular weight values of corresponding 
labeled proteins are shown on left. 

2a). When two dimensional protein blots of SRM phosphoproteins were subsequently 

probed for [o-~‘P]GTP binding, radioautograms showed that P23 and P22.5 co-migrated 

with the 23 and 22.5 kDa [a-32P]GTP-binding constituents (Figure 2~). These results 

suggested that several [o-32P]GTP-binding proteins were phosphorylated by PKA. We 

therefore wanted to determine the effects of phosphorylation of SRM proteins particularly 

P23 and P22.5 on GTP-dependent membrane fusion. We determined that 15 min of 

incubation in the presence of 16 units/ml of PKA were optimal for detection of membrane 

fusion and protein phosphorylation (data not shown). After incubation using these 

conditions the amount of phosphorylation was observed to be as high as 11.5 fold 

compared to that observed in the absenoe of PKA (Fable 1). Despite this difference in 

phosphorylation measurement of the amount of fusion of the same membranes revealed 

no significant difference (Table 2). We wondered whether saturation of phosphorylation 

sites was responsible for this negative result. To rule out this possibility, endogenous 

acceptors were dephosphorylated before CAMP-dependent phosphoryfation using 

conditions where active unspecific endogenous phosphatases were observed to remove 

phosphate from phosphorylated proteins (data not shown). Subsequent phosphorylation 

revealed two new phosphoproteins one of 175 kDa, a second of 29 kDa and increased 
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TABLE 1 

DENSITOMETRIC COMPARISON OF PHOSPHORYLATION OF STRIPPED ROUGH 
MICROSOMAL PROTEINS FROM RAT LIVER INCUBATED IN THE ABSENCE 

OR IN THE PRESENCE OF THE CATALYTIC SUBUNIT OF PROTEIN KINASE A 

Absorbance’ 

Phosphorylated 
proteinsb 

-PKA +PKA Fold increase 

23 0.171 0.549 
(0.054) (0.557) (It.‘, 

22.5 0.139 0.637 
(0.135) (1.556) (1::) 

Relative absorbance values of phosphorylated proteins incubated without or with PKA 
were determined as described in Materials and Methods. Values in parentheses 
represent results obtained from a separate experiment. 

b Phosphorylation under optimal conditions of SRM, SDS PAGE, transfer onto 
nitrocellulose sheets and radioautography were done as described in Materials and 
Methods. 

labeling of the 55 kDa phosphoproteins but no effect on the phosphorylation of proteins 

in the low-molecular-weight range (data not shown). This suggests that phosphorylation 

sites of low-molecular-weight GTP-binding proteins were probably not saturated prior to 

incubation. 

TABLE 2 

MORPHOMETRIC COMPARISON OF GTP-DEPENDENT FUSION OF STRIPPED 
ROUGH MICROSOMES FROM RAT LIVER INCUBATED IN THE ABSENCE OR 

IN THE PRESENCE OF THE CATALYTIC SUBUNIT OF PROTEIN KINASE A 

Incubation 
condition 

Mean 
membrane length 

of the vesicles 
pm 

Fusion 
index 

% 

-PKA 0.568 f 0.308 23.6 
(0.529 f 0.466) (17.9) 

+PKA 0.517 f 0.328 16.0 
(0.570 f 0.610) (23.8) 

Aliquots of the same membranes that were used in Table 1 were processed for electron 
microscopy and assayed for membrane fusion (see Materials and Methods). Values in 
parentheses represent results obtained from a separate experiment. Statistical analysis 
of mean membrane lengths of the vesicles incubated in the absence or presence of PKA 
revealed no difference between the means. 
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DISCUSSION 

The incubation of SRM with PKA and [Y-~‘P]ATP led to phosphorylation of seven 

proteins having relative molecular weights of 55, 35, 23, 22.5, 22, 18 and 18.5 kDa. P23 

and P22.5 co-migrated with two [a-32P]GTP-binding proteins and thus could be 

candidates involved in specific GTP-dependent membrane functions. We examined the 

relationship between PKA-dependent phosphorylation and GTP-dependent membrane 

fusion but were unable to observe modulation of fusion by phosphorylation (Tables 1 and 

2). We conclude that cAMP-dependent phosphorylation probably does not regulate GTP- 

dependent membrane fusion. The low-molecular-weight phosphoproteins identified in our 

study could modulate other known GTP-dependent functions in RER membranes such 

as core glycosylation (26), CDP-diacylglycerol formation (27) membrane permeability 

changes (28), calcium release (29) and integration of nascent proteins into RER (39). 

We do not believe the low-molecular-weight phosphoproteins we have observed 

correspond to H-ras, K-ras, rap 1A or rap 1B even though these low-molecular-weight 

GTP-binding proteins have been demonstrated to be substrates for cAMPdependent 

protein kinase (3133). Indeed, anti-p21 ras antibodies were unable to label rough 

microsomes by immunocytochemistry and were unable to immunoprecipitate ras protein 

from these same membranes (34) and antibody M-90 which recognized rap proteins (35, 

36) failed to detect any phosphorylated proteins by immunoblot detection (Lanoix, J., 

Paiement, J. and Lacal, J.C., unpublished observations). 

The low-molecular-weight phosphoproteins we describe could be relate to the 

cAMP-dependent phosphorylated microsomal proteins detected in rat parotid gland (37, 

38). Phosphoproteins P55 and P35 may correspond to hepatic cytochrome p-450 and 

ribosomal protein S6 respectively since CAMP-dependent phosphorylation of these 

proteins has previously been demonstrated (39,40). Recent findings suggest that three 

enzymes involved in triglyceride synthesis were sensitiie to cAMPdependent 

phosphorylation (41) raising the possibility that one or several phosphoproteins we define 

could be related to these enzymes. 

In summary, cAMP-dependent phosphorylation was demonstrated to proteins 

several of which are probably GTP-binding proteins in rat liver rough microsomes. This 

post-translational modiication does not influence GTP-dependent membrane fusion but 

may be more relevant for other RER functions. 
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