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Brefeldin A (BFA) causes rapid redistribution of Golgi proteins into the endoplasmic reticulum (ER), leaving no definable Go&apparatus, and 
blocks transport of proteins from the ER to distal secretory compartments of the cell. Using pulse-chase experiments the present study shows that 
BFA (1 ,ug/ml) inhibits basal and CCK-stimulated protein secretion in isolated pancreatic acinar cells by 6.5 +6% and 84f 55, respectively. In isolat- 
ed permeabilized cells higher concentrations of BFA (30 p&/ml) were necessary to obtain inhibition of protein secretion. In parallel experiments 
protein secretion was stimulated by GTP (I mM). BFA had no inhibitory effect on protein secretion in the presence of GTP. indicating that BFA 
might act on a GTP-binding protein. Investigating the effect of BFA on small molecular weight GTP-binding proteins we observed that [c#P]GTP 
binding to a 21 kDa protein in a subcellular fraction enriched in ER was increased in the presence of BFA. We conclude that this 21 kDa and 

possibly also other GTP-binding proteins may be the molecular target of Brefeldin A in pancreatic acinar cells. 
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1. INTRODUCTION 

Brefeldin A (BFA) induces rapid disassembly of the 
Golgi-apparatus, redistribution of resident and 
itinerant Gilgi proteins as well as of Golgi lipids into the 
endoplasmic reticulum (ER) and blocks protein 
transport within the secretory pathway beyond the 
Golgi-apparatus [1,2]. The effects of BFA are rapidly 
and completely reversed by removing the drug. The 
molecular target(s) of BFA remain to be determined. 

Inhibition of intracellular protein transport by BFA 
has been shown in cell systems delivering proteins con- 
stitutively to the cell surface [3,4]. The effect of BFA in 
pancreatic acinar cells where secretory proteins enter a 
regulated secretion pathway has not yet been 
characterized. 

nucleotides and that [w~~P]GTP binding to a 21 kDa 
protein in a subcellu!ar fraction of ER was increased by 
BFA. 

2. MATERIALS AND METHODS 

2. I. Ma!erials 

Collagenase Typ Ill. 132 U/mg from Closrridiurn hislolyticurn was 
from Worthington (Freehold, NJ, USA). Brefeldin A was a kind gift 
of Sandoz (Easel, Switzerland). It was stored at - 20°C as a stock 
solution of 5 mg/ml in methanol. Cholecystokinin (CCK), adenosinc- 
triphosphate (ATP), guanosine-triphosphate (GTP), bovine serum 
albumin (BSA), creatine phosphate, and digitonin were from Sigma 
(Miinchen, FRG), acridinc orange and sodium-azide from Merck 
(Darmstadt. Germany), oligomycin from Serva (Heidelberg, Ger- 
many), trypsin-inhibitor, guanosine 5 ‘-0-(3-thiotriphosphate) 
(GTPyS) and creatine kinase from Boehringer (Mannhcim, Ger- 
many), [‘Hlleucine (146 Ci/mmol) from Amersham Buchler 
(Braunschweig, Germany), Eagles minimum essential medium 
(MEM) from Gibco (Eggenstein, Germany) and [(r-“P]GTP (3ooO 
Ci/mmol) was obtained from NEN (Dreieich, Germany). 

Evidence suggests that ras-related small molecular 
weight GTP-binding proteins regulate vesicular 
transuort between different intracellular rr)muart- 
men& e.g. between the ER and the Golgi complex [5]. 
We therefore investigated whether BFA affects small 
molecular weight GTP-binding proteins in pancreatic 
acinar cells. Furthermore, using pulse-chase ex- 
periments in permeabilized acinar cells, we have in- 
vestigated the effects of GTP and of GTPrS on protein 
transport and secretion in the presence or absence of 
BFA. WC found that BFA-induced inhibition of protein 
transport was abolished in the prcsencc of guanosine 
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2.2. Methods 

2.2. I. Cd/ prcparorion. Acinar cells were isolated from the pan- 
crcas of male Wistar rats (200-2SO g) by collagenase digestion as 
previously described [6]. Isolated cells were pcrmcabilized as in- 
dicatcd with digitonin (5 &ml). 

2.2.2. Plrlsc-chase cxpcrirtrerrls. Isolated cells wcrc prcincubatcd 
wirh or without Urcfcldin A at the indicated concentration in Eagles 
MEM. pulse-labcllcd for IO min with [JH]lcucine (20 fiCi/ml) in 
Eagles MEM lacking unlabellcd lcucinc and subscqucntly chased for 
120 min at 37OC in complctc Eagles MEM supplemented wilh HEPES 
20 m%l, plurosc 5 mM. USA 2 g/I and trypsin inhibitor 0.1 g/l 171, 
Pe~mcabilir.cd cells wcrc chased in a 120 tnM KCI-buffer (KCI I20 
mM, KH:PG, l.ZmM, hlpClt2mh~,CaCI~O.I mM, HEPES20mh1, 
glucose IO mM, USA 2 g/I. rrypsl~i inhibitor 0. I g/l, pH 7.0 with Tris) 
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which was supplemented with MEM amino acids, ATP 1 mM and an 
ATP-regenerating system [8]. BFA was present in the medium 
throughout the pulse-chase period at concentrations as indicated. 
Total protein synthesis was determined by measuring the 
trichloroacetic insoluble radioactivity incorporated into the cells dur- 
ing a 10 min pulse. 

22.3. /~Y-~~/GTP binding ussuy. Isolated pancreatic acinar cells 
were incubated for 20 min at 37OC with or without CCK and BFA, 
respectively. Subsequently, cells were homogenized, the homogenate 
centrifuged at IOCOxg for 12 min at 4T. The resulting supernatant 
was centrifuged at 11 OOOxg for I5 min at 4OC and the fluffy layer 
(enriched 2 to 3-fold in ER) on top of the 11 06Oxg pellet was careful- 
ly removed [9]. Proteins were resolved by SDS-PAGE gels) [lo; 
foltowed by an electrophoretical transfer to nitrocellulose paper (0.2 
rlrn) [I 1,121. The nitrocellulose sheets were incubated for 60 min at 
24°C with [w”“P]GTP as described [13]. After 5-7 washes the blots 
were air-dried and bound radioactivity was detected by 
autoradiography. The autoradiography were scanned by a com- 
puterized laser-densitometer (Ultrascan. Pharmacia-LKB, Freiburg, 
Germany). 

2.2.4. Measurement of proton-gradient formation with Acridine 
orange. Rat pancreatic microsomal vesicles were prepared from 
isolated acinar cells as described 19.141. Measurement of H + -uptake 
was performed as previously described using Acridine orange 1141. 

2.2.5. Satisfies. All results are expressed as mean + SE. Statistical 
analysis was performed using Student’s paired t-test. 

3. RESULTS 

Fig. 1 shows the dose-response curve of BFA on total 
protein synthesis and CCK-stimulated protein secretion 
in isolated intact and permeabilized pancreatic acinar 
cells, respectively. The cells were pulse-labelled with 
[3H]leucine for 10 min and total protein secretion was 
measured after 120 min. No difference in total protein 
synthesis was observed in control and CCK-stimulated 
cells. BFA had only a small effect on protein synthesis, 
a 5% inhibition was observed at 10 pg/ml. In isolated 
intact acinar cells the protein secretion rate during a 120 
min chase was half-maximally inhibited at 0.05 pg/ml 
BFA, maximal inhibition occured at 1 pg/ml. However, 
in isolated permeabilized cells higher BFA concentra- 
tions were necessary to obtain inhibition of protein 
secretion (1.5 &ml for half-maximal and 10 lg/ml for 
maximal inhibition). BFA inhibited CCK-stimulated 
protein secretion by 84 & 5% and 55 f 6% in intact 
and permeabilized cells, respectively. 

Fig. 2 shows the effect of BFA (1 fig/ml) on total pro- 
tein secretion in intact cells as a function of chase time 
after pulse-Iabelling with (3HJIeucinc for 10 min. After 
a chase period of 120 min basal and CCK-stimulated 
protein release was inhibited by 67 f 2% and 86 + 2070, 
respectively. No significant difference was obscrvcd in 
the protein secretion rate of cells treated with BFA (1 
pg/mi) or cells treated with CCK (I nM) and BFA (1 
pg/rnl) (Fig. 2). 

To investigate the effects of GTP and GTP+ on in- 
tracellular protein transport permeabilized pancrcrttic 
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Fig. 1. Effect of BFA on total protein synthesis (M) and CCK (I 
&I) stimulated protein secretion in isolated intact (M) and 
permeabilized (L--a) pancreatic acinar cells. Isolated cells were 
preincubated with or without BFA for 30 min, pulse-labelled for 10 
min with [‘Hlleucine (20 pCi/ml) and chased for 120 min at 37’C. 
BFA was present in the medium throughout the pulse-chase period at 
concentrations as indicated. Total protein synthesis is defined as 
radioactivity incorporated into proteins during a IO min pulse. (n = 3). 

acinar cells were used. In the presence of ATP and an 
ATP-regenerating system CCK (1 nM) and GTP (1 
mM) stimulated protein secretion during a 120 min 
chase period by 72 f 9% (P c 0.001, n = 7) and 112 
-I- 28% (P < 0.0001, n = 7), respectively. GTPyS (100 
PM) had no significant effect on basal protein secretion 
(P = n.s., n = 6) (Fig. 3). However, incubation of 
CCK-stimulated cells with GTPyS resulted in a signifi- 
cant inhibition of protein secretion by 68 f 6070 (P < 
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Fig. 2. Effect of WA (I &ml) on tolal protein sccrclioti hi isolated 
inlact cells it5 a function of chase time artcr pulse-labclliny with 
[“I-l]lcrtcinc for IO mlti, At the indicated times of chase aliquots wcrc 
taken, the trlchloroacctic arid-insoluble radioactivity rclcascd into the 
medium wits nicssurcd and cxprcxscd as pcrccnt of total incorparatcd 

rrdlosctivity (II m 3). 
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Fig. 3. Pulse-labelled permeabilized acinar cells were incubated with 
the substances as indicated. Total protein release was measured 
during a 120 min chase. Results are expressed as percentage of basal 
secretion (= 100%). Columns represent mean values k SE of 3-7 

experiments. *P < 0.05, **P < 0.01. 

0.01, n = 3) (data not shown). When permeabilized 
acinar cells were incubated in an ATP-depletion system 
(no ATP, no ATP-regenerating system, no glucose, 
oligomycin 10 PM, sodiumazide 10 mM) GTP did not 
stimulate protein release, in fact protein release in the 
presence of GTP was drastically reduced (Fig. 3). 
Similar results were obtained in cells incubated with 
CCK in an ATP-depletion system (data not shown). 
BFA (30 pg/ml) significantly inhibited basal and CCK- 
stimulated protein secretion (P < 0.05 and P C 0.01, 
respectively), but had no effect in cells incubated with 
GTP (1 mM) or with GTPyS (100 PM) (Fig. 3). 

Homogenate Endoplasmic reticulum 
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ZlkDosmg-prot[%I 100 96 100 156 153 61 
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CCK(lO-‘M) - - - - + l 

Fig. 4. Effect of BFA (I rrg/ml) and CCK (I nM) on [a-“P]GTP- 
binding to small molecular weight GTP-binding proteins. Isolated 
cells wcrc incubntcd for 20 min with and without WA and CCK, 
resyctivcly. tfoinogcnisation. aubccllular fractionation and (1~ 
(a-z’r~JGTP binding assny wcrc lxrformcd as dcscribcd in section 2. 
(w”%‘]GTP binding :o ~mtlll molecular weight tiTly-binding proteins 
of the total ccl1 homogcnatc and the subccllular fraction cnrichcd ill 
El< ilrc shown. Fhc protein hands of 111~ 21 kBa CTP-binding protein 

wcrc sca~~acd by laser dcnxitomctry and the rcspcctivc density 
cxprsa& as pcrccnt of control (= lOtI%). ‘rhc rcxults arc 

rcprcrcntetivc for five scparalc exprrimcntr, 

These results implied that BFA might act on GTP- 
binding proteins. We therefore investigated the effect 
of BFA on the group of small molecular weight GTP- 
binding proteins, which are suggested to regulate in- 
tracellular vesicular transport. Isolated intact acinar 
cells were incubated for 20 min at 37°C with and 
without BFA (1 p&/ml) and subsequently fractionated. 
As shown in Fig. 4 (lane 1 and 2) no effect of BFA was 
observed in the total cell homogenate. However, in a 
subcellular fraction enriched in ER [(Y-~‘P]GTP binding 
to a 21 kDa protein was enhanced in the presence of 
BFA (Fig. 4, lane 3 and 4). Previous studies of our 
group [IS] have shown that [Q-~~P]GTP binding to this 
21 kDa protein is decreased when cells are preincubated 
with CCK (Fig. 4, lane 6). This CCK-effect was not 
observed in isolated acinar cells incubated with CCK (1 
nM) and BFA (1 pg/ml), indeed [a-32P]GTP binding to 
the 21 kDa protein was increased as in cells incubated 
with BFA alone (Fig. 4, lane 5). In permeabilized acinar 
cells BFA (30 pg/ml) had no effect on the 2 1 kDa GTP- 
binding protein in the presence of GTP (1 mM) or of 
GTPyS (100 PM) (data not shown). 

Furthermore, we previously observed that vesicular 
membrane binding of the 21 kDa protein is regulated by 
the intravesicular pH established by a vacuolar-type 
H + -ATPase [16]. However, BFA has no effect on the 
vacuolar-type H + -ATPase of pancreatic acinar cells 
(data not shown). 

4. DISCUSSION 

We have demonstrated in this study that BFA inhibits 
basal and CCK-stimulated protein secretion in rat pan- 
creatic acinar cells. About IO-fold higher concentra- 
tions of BFA were needed to inhibit protein release in 
isolated permeabilized cells as compared to intact cells, 
a phenomenon already described previously [ 171. These 
results suggest that BFA might be concentrated in 
isolated intact cells by transport processes. 

In the secretory pathway GTP-hydrolysis is required 
for vesicular transport between the ER and the Golgi 
complex, belween different Golgi compartments and 
between the Golgi complex and the plasma membrane. 
The non-hydrolyzable GTP-analog GTPyS inhibits 
vesicular transport between ER and Golgi complex as 
well as between Golgi compartments (for review see 
[18]). In contrast, GTPyS increases secretion (ex- 
ocytosis) of proteins which are already stored in 
secretory granules by stimulation of heterotrimeric G- 
proteins. GTP has little or no effect on secretion (ex- 
ocytosis) of proteins which arc already stored in 
sccrctory granules [ 191. 

Using the pulse-chase technique which monitors 
vesicular transport from ER to final sccrction (cx- 
ocytosis included), WC could show that GTP (1 tnM) 
stimulates this event in permcabilized cells (Fig. 3). In 
our experiments where permcabilircd cells were 

145 
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metaboIicaIly inhibited no effect of GTP was observed. 
This implies an ATP-dependent GTP effect on in- 
tracellular protein transport. Furthermore GTPyS did 
not stimulate protein transport in our pulse-chase ex- 
periments, supporting the importance of GTP- 
hydrolysis for protein transport from ER to exocytosis. 

The stimulation of intracellular protein transport by 
GTP seems to be due to activation of small molecular 
weight GTP-binding proteins. According to a model 
proposed by Bourne [20] small molecular weight GTP- 
binding proteins direct vesicles to specific target 
organelles in a GTP-bound active state. GTP hydrolysis 
would be required to trigger a conformational change 
and the inactive GDP form of the protein would then 
return to the cytosol to target another vesicle in a cyclic 
process [20]. BFA bIocks vesicular transport from the 
ER to the Golgi complex and enhances [Q-~~P]GTP bin- 
ding to a 21 kDa protein band (Fig. 4). This suggests 
that the 21 kDa protein might be involved in the 
vesicular transport between these two compartments 
and that BFA might affect the function of the 21 kDa 
GTP-binding protein leading to inhibition of vesicular 
transport and accumulation of this protein in the ER- 
membrane. 

Recently Donaldson and co-workers showed that 
guanosine nucleotides modulate the effect of BFA on a 
110 kDa protein, which was identified as one of the ma- 
jor coat protein subunits of non-clathrin coated vesicles 
(&COP) [17,21,22]. In the present study BFA did not 
inhibit protein transport in the presence of GTP (1 mM) 
or GTPyS (100 FM). Furthermore, no effect of BFA on 
the 21 kDa GTP-binding protein was observed when 
permeabilized cells were incubated with GTP (1 mM) or 
GTP$!i (100 PM). Taken together evidence is ac- 
cumulating that BFA acts on GTP-binding protein(s), 
including the 21 kDa GTP-binding protein in the ER, as 
a molecular target, The mechanisms by which 
guanosine nucleotides modulate the effect of BFA re- 
main to be determined. 
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