
188 Biochimica et Biophysica Actn, 1104 (1992) 188-194 
© 1992 Elsevier Science Publishers B.V. All rights reserved (1(105.2736/92/$05.00 
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Trans cisternai elements ot" the Golgi apparatus from rat liver, identified by thiamin pyrophosphatase cytochem- 
istry, were isolated by preparative free-flow electrophoresis and were found to undergo acidification as measured by 
a spectral shift in the absorbance of acridine orange. Acidification was supported not only by adenosine 
triphosphate (ATP) but nearly to the same degree by inorganic pyrophosphate (PPt)- The proton gradients 
generated by either ATP or PPi were collapsed by addition of a neutral [] + / K  + exchanger, n',geriein, or the 
protonophore, carbonyl cyanide m-chlorophenylbydrazone, both at  1.5/zM. Both ATP hydrolysis and ATP-driven 
proton translocation as well as pyrophosphate hydrolysis and pyrophosphate.driven acidification were stimulated 
by chloride ions. However, ATP-dependent activities were optimum at pH 6.6, whereas pyrophosphate-dependent 
activities were optimum at pH 7.6. The Mg z+ optima also were different, being 0.$ mM with ATP and $ mM with 
pyrophosphate. With both ATPase and especially pyrophosphatase activity, both by cytochcmistry and analysis of 
free-flow electrophoresis fractions, hydrolysis was more evenly distributed across the Golgi apparatus stack than 
was either ATP-or PPi-induced inward transport of protons. Proton transport colocalized more closely with thiamin 
pyrophosphatase activity than did either pyrophosphatase or ATPase activity. ATP- and pyraphosphatate-dependent 
acidification were maximal in different electrophoretic fractions consistent with the operatiort of two distinct proton 
translocation activities, one driven by ATP and one driven by pyrophogphate. 

Introduction 

Proton translocating enzymes driven by ATP hydrol- 
ysis (H+-ATPases) have been associated with several 
components of the endomembrane system (e.g. endo- 
somes, coated vesicles, trans Golgi apparatus elements 
and lyso~mes) which develop acidic interior compart- 
ments [1]. "['he proton translocating ATPase demon- 
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strated with isolated Golgi appaiu~.us was electrogenic 
and required chloride or some other perme~nt anion 
for maximal activity [2-4]. Two lines of evidence indi- 
cated that the H+-ATPase was located in the trans 
cisternae. The in situ effects of tile ionophore, mon- 
ensin, proposed to he driven by a pH gradient [5], were 
located at the trans-face. DAMP, a basic congener of 
dinitrophenol which concentrates in acidic compart- 
ments, accumulated only in the trans cisternae and 
secretory vesicles [6]. 

in this report, we demonstrate proton translocation 
by isolated Golgi apparatu:~ driven as well by hydrolysis 
of inorganic pyrophosphate. Pyrophosphate-driven 
acidification is known from bacterial chromatophores 
[7,8] and tonoplast ~,esicles from plant cells [9-11]. 

The H ÷ pyrophosphatase activities were present in 
trans eis~ernal fractions of Golgi apparatus separated 
by free-flow electrophoresls. These activities may rep- 
resent an alternative energy source for membrane 
transport through the Golgi apparatus. 



Materials and methods 

Golgi apparatus isolation and free-flow electrophoresis 
Golgi apparatus were prepared from the livers of 

male Holtzman rats by the rapid procedure of Morr~ 
et. al. [12]. Unstacking and subsequent free-flow elec- 
trophoresis were as described [13,14] using a VAP-5 
continuous free-flow electrophoresis unit (Bender and 
Hobei~., Munich, FRG). 

Cytochemistry 
Cyt~ochemistry was according to Novikoff and Gold- 

fischer [15]. Samples were prefixed in 0.2% glutaralde- 
hyde prepared in 0.1 M sodium cacodylate (pH 7.2) for 
2 h at 4°C and then incubated for 90 rain at 3"PC in a 
medium containing 3.3 mM thiamin pyrophosphate-CI 
(eocarbaxylase), 4 mM lead nitrate, 1.~ mM MgCI 2 in 
80 mM Tris-maleate/5% sucrose (pH 8.0). The filtered 
medium was changed eyeD' 30 rain. Postfixation was 
with 1% osmium tetroxide for 2 h and samples were 
embedded in Epon [16] Thin sections were viewed and 
photographed with a Phillips electron microscope. 

Marker enzyme determinations 
Thiamin pyrophosphatase. The assays contained 50 

mM Tris-HCI (pH 8.0), 15 mM CaCI 2, 3 mM thiamin 
pyrophosphate and 50 to 100 /Lg protein, in a total 
volume of 1 ml [17]. Incubations were at 37°C for 30 
rain. and the reaction was terminated with cold 10% 
trichloroacetie acid. h;organic phosphate was deter- 
mined by the method of Harris [18]. 

NADP phosphatase. The standard assay conditions 
were 50 mM sodium acetate (pH 5.0), 4 mM NADP 
and 250 /~g protein in a final volume of 1 ml [19]. 
Incubations were at 37°C for 60 rain. The reaction was 
terminated and inorganic phosphate determined as for 
thiamin pyrophusphatase. 

NADH-cytochrome-c reductase (EC 1.6.99.3). The 
procedure of Crane and 1_6w [20] was used. Assays 
were in the presence of 50 mM sodium phosphate (pH 
7.0), 0.5 mM KeN and 30 to 50 p.g of protein in a final 
volume of 2.8 ml. The NADH concentration was 2 mM 
and and the cytochrome c was 0.033%. Absorbance 
was followed at 550 nm with reference at 541 nm. 

Succit;ate-INT reductase (EC 1.3.99.1) and cy- 
tochrome-c oxidose (EC 1.9.3.1). Activities were deter- 
mined as described by Pennington [21] and Sun and 
Crane [22], respectively. All specific activities were 
corrected for zero.time de(erminatmns and for an in- 
cubated blank containing all components except for 
sample. Proteins were assayed according to Lowry et 
al. [23] with bovine serum albumin as the standard. 

Phosphatase assays 
The standard assay conditions were 2.5 ml of 20 mM 

Tris-Mes buffer containing 0.2 M sucrose and I00/ tg  
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protein incubated 30 rain at 37°C. Sodium azide (2.5 
raM) and ammonium molybdate (0.25 raM) were in- 
cluded also as inhibitors of non-specific phosphata.~,e 
activity. MgCl,, pH and substrate concentration were 
varied over a range of concentrations to determine 
optimum conditions for both ATPase and pyraphos- 
phatase activities. Linearity with respect to time and 
protein concentration was verified. Phosphate liber- 
ated was determined as descril~.d [18]. 

Proton transport assays 
Proton transport in the Golgi apparatus was mea- 

sured in 2.5 mM Tris-Mes (pH 7.0) containing 10 mM 
potassium thiocyanate or 50 mM chloride (KCI or 
NaCI), 3 mM MgCI 2, 0.5 mM dithiothreitol (DTr), 6 
p,M acridine orange and 75 to 100/zg protein in a total 
volume of i.5 ml [3]. Proton transport in cisternae of 
the subfractionated Golgi apparatus was measured di- 
rectly with fractions isolated by free-flow electrophore- 
sis, which contained l0 mM triethanolamine-acetic acid 
(pH 6.5), 0.25 M sucrose and 0.5 mM MgCI 2. KCI, 
MgCI 2, DTF and acridine orange were added to match 
tbe transport conditions for whole Golgi apparatus. 

Transport was initiated by the addition of sodium 
ATP or sodium pyrophosphate from stock solutions of 
30 mM for a final concentration of 3 raM. The differ- 
enc¢ between the absorbance at 492 nm and that at 
540 nm was measured using a dual wavelength SLM 
DW2000 spectrophotometer. 

Results 

Phosphatase activity in the Golgi apparatus 
The pyrophosphatase and Mg2+-ATPase activity of 

the Golgi apparatus of rat liver were assayed under 
conditions where activity was proportional to t i m  of 
incubation (5 to 30 rain) and protein concentration (10 
to 100 ~g). ATPase activity was stimulated maximally 
by 0.5 mM Mg 2+ with an optimum pH of 6.6 (Fig. 1 
and Table l). The optima for pyrophosphatase activity 
were less defined, however. Activity was maximal with 
5 mM Mg 2+ at pH 7.6. Neither succinate-lNT reduc- 
tase nor cytochrome-e oxidase (two mitochondrial 
marker enzymes) were present in detectable quantities 
in the isolated Golgi apparatus preparations. 

Phosphatase activity of the Golgi apparatus was 
stimulated by chloride ions and protonophore (Table 
ll). Chloride ions stimulated Mg2+-ATPase (20 to 45%) 
depending on the counter ion (NH4 > Na > K). Mg 2+- 
pyrophusphatase was stimulated by choride ions (20%) 
except for NaCI which inhibited the activity (12%). The 
protonophore, CCCP, stimulated both Mg2+-ATPase 
activity (16%) and Mg2+-pyrophosphatase activity 
(95%). 

ATP- and pyrophosphate-dependent phosphatase 
activities of freshly prepared Golgi apparatus were not 
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Fig. I. Dependency of hydrolysis of ATP (solid symbols) and of 
pyropb~phale (open symbols) of liver Golgi apparatus as a function 
of Mg 2+ (A), as MgCI:~, and pH (B). Optimum MgCI 2 concentration 
was determined at pH 0.6 for ATPa~e and 7.0 for pytophosphalase 
activities. Likewise, optimum pH was determined at 0.5 mM MgCI 2 

fur ATPa~ and 5 mM MgCI 2 for pyrophosphatase activities. 

s t imula ted  by m e m b r a n e  permeabiliz.ing concent ra t ions  
of  de t e rgen t  (Tri ton X-100) or  by repea ted  f reeze- thaw 
t r ea tmen t  (Table  lID. However ,  th iamin pyrophos-  
pha tase  activity was s t imula ted  5-fold by de te rgen t  and 
50% by f reez ing and thawing.  

Acidification o f  isolated Golgi apparatus 
Acidif icat ion of  isolated Golgi  appara tus ,  indicated 

by the  decreas ing  absorbance  of  acr idine orange ,  was  

TABLE I 

Optimum conditions ]or phosphatase actil,ity in Golgi apparatus 

All samples contained 20 mM Ttis-Mes buffer. 0.2 M sucrose, 100 
/~g protein and I mM substrate. Values are for lVlg2+-dependent 
activity in the presence of non-specific phosphatase inhibitors 
(NH4)¢,Mo7024 (0.25 mM) and NaN 3 (2.5 raM). 

Condition ATPase Pyrophosphatase 

Mg 2~ 0.5 mM 5 mM 
pH 6.6 7.6 
CI- 50 mM (NaCI) 50 mM (KCI) 

TABLE it 

Stimulation of phosphatase activity by chloride and protonophore 

Phosphatase activity was determined as described in "Fable I except 
using 0.5 mM MgSO 4 and with chloride salts as indicated. Carboxyi 
cyanide m-chloropbenylhydrazon¢, CCCP, a H" specific ionophore 
was added from a concentrated stock in ethanol. Values are based 
on results representative of three separate experiments and repro- 
sent averages of Mg 2*-dependent activity + standard deviations. Val- 
ues in parentheses are percentages relative to determinations with- 
out additions. 

Addition Concn. .u.moi/h per mg protein (% control) 

ATPase pyropbosphatase 

None 1.65 (100) 0.94 (100) 
NaCI 50raM 2.32 + 0.30 (141) 0.83+0.10 (88) 
KCI 50ram 1.9'5+ 0.18 (I 19) 1.13+0.16 (120) 
NH4CI 10mM 2.38+0.33(144) 1.10+0.01 (117) 
CCCP 1.5/~M 1.91+0.10(116) 1.83__.0.46(195) 
Ethanol 0.5% 1.68-1- 0.03 (102) 1.39+0.07(148) 

dr iven by both  M g 2 + A T P  and  Mg2+-pyrophosphate  
(Fig.  2). ATP-d r iven  proton t ranspor t  into the  Golg i  
appa ra tus  lumen  was  observed unde r  condi t ions  opti-  
mized for A T P a s e  activity. However ,  the  proton trans-  
por t  activity was low, especially with c is ternae  sepa-  
ra ted  by free-f low electrophorcsis .  Proton t ranspor t  
activity was  enhanced  2-4- fo ld  by a h igher  subs t ra te  
concentra t ion and  the re fore  3 m M  M g 2 + A T P  was  used 
ra ther  than  0.5 m M .  U p o n  addi t ion o f  A T P ,  isolated 
Golgi  appa ra tus  acidif ied rapidly d a r i n g  the  initial 1 to 
2 min and then more  slowly for up  to 20 min  (Fig.  2A). 
Pyrophosphate-dr iven acidification was  not as  rap id  as  
ATP-d r iven  acidif icat ion (Fig. 2B) bu t  usually contin-  
ued for a longer  per iod of  t ime  before  reach ing  equi-  
l ibr ium (data  not  shown). 

TABLE I I I  

Effect of detergent and freezing o n  phosphatasc actirily of Golgi 
apparatl.~s 

Phosphatase activity was determined in ~.ac, plcs containing 100 /zS 
Golgi apparatus, Tris-Mes (pH 7.5), 0." M sucrose, 50 mM KCI, I 
mM DTT, 0,5 mM MBCI 2 at~d 1 mM substratc, with or without 
Octergent, after a 20 rain incubation at 37°C. For freeze/thaw, 
samples were frozen (-20°C) and warmed to 37°C twice before 
addition of substrat¢. Values based on results of two experiments 
with different preparations and represent MgZ+-dependent activity 
using controls minn.', MgCI 2. Values in parenthesis arc perce,tages 
relative to determinations without additions. 

Treatmcot /.t mol/h per mg protein (% control) 

ATPasc pyropbosphatase TPPase 

None 6.3(100) 5.2 (100) 0.36(100) 
Triton X-100 0.05% 6.3 (100) 5.4 (104) 1.90 (528) 
Triton X-t000.10% 6.1 (97) 5.1 (98) 2.00(555} 
Freeze/Thaw 7.8(123) 5.4(104) 0.87(150) 
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Fig. 2. Spcctrophotomctr;c tracings of proton pumping induced by 
ATP (A) and inorganic lrdrophosphate (B). After 10 min 1.5 p.M 

nigcricin (N) was added to collapse the proton gradients• 

Phosphatase activity of free-flow electr¢,phoretic subfrac- 
tions 

Unstacked Golgi apparatus separated into 12 to 16 
subfractions by free-flow electrophoresis. C-'ytochem- 
istry with thiamin pyrophosphate marked thc trans 
cisternae and possibly portions of the trans Golgi appa- 
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ratus network in whole tissue (Fig. 3) and the most 
electrophoretically mobile subfractions of Golgi appa- 
ratus separated by free-flow electrophoresis (Fig. 4A- 
C). Golgi apparatus subfractions were further charac- 
terized with thiamin pyrophosphatase, NADP phos- 
phatase and NADH-cytochrome-c reductase, marker 
enzymes for trans, medial and cis cisternae, respec- 
tively (Fig. 5). MgZ+-ATPase specific activity was maxi- 
mal in the most mobile fractions corre%nonding to the 
highest specific activity of thiamin p~,'rophosphatasc 
(Fig. 6). Pyrophosphatase specific activity also was max- 
imal in the trans region of the electrophorctie separa- 
tion of Golgi apparatus (Fig. 7). but was ab~nt from 
the most mobile fractions (which may represent the 
trans Golgi apparatus network), with the highest spe- 
cific activities of ATP-dependent activities. Moreover. 
as seen also with cytochemistry (Fig. 3B). a significant 
amount of pyrophosphatas¢ activity was present 
throughout the Golgi apparatus and on free-flow elec- 
trophoretic separation migrated with fractions corre- 
sponding to the cis and medial regions as well. 

"~;~:--':;, "~ ~ - ,2~, ,g~-i~.  -~'~ ~ . ,  . . . .  ~ , ~  ~i 
~ ~ , . ~ % . , , ~ , g ' ~ '  : ~  ,~, , .~ i,~ , > : ~ _  ~ - ~ :  , ;, , ,  . . . .  ,,.~i, :~ " . ~ . . : , . ; .  

Fis. 3. Thiamin pyrophosphatase cytochemistry in Golgi apparatus of rat livur parenebyma. Reaction products with thiamin pyrophosphate (A) 
and inor£anic pyrophosphat¢ (B) as substrate were localized most heavily in the traos-most cisterr.ae (arrows). Bar = 0.5 p.m. 
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Acidification of Golgi apparatus subfractions 
ATP-driven p~'o~on transport was highest in tile 

trans region of the electrophoretic separation, signifi- 
cantly less in the medial fractions and was absent from 
cis fractions (Fig. 6). ~,rophosphate-driven proton 
transport was found exclusively in etectrophoretic frac- 
tions 33 to 35 of Fig. 7, a subset of the trans Golgi 

apparatus membrane from which elements of the trans 
Golgi apparatus reticulum may be excluded. This rep- 
resented a difference between the activity profiles for 
Mg2+ATP-driven acidification and pyrophosphate- 
driven acidification in that the two pooled most clcc- 
trophoretieally mobile fractions, with the highest 
Mg~+ATP-driven specific activitic's (Fig. 6), had little 

i:! 
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Fig. 4. Thiamin p:,'rophosphalase cytochcmislry in fractions of rat liver Golgi apparatus separated by freu-Ilow ¢lectrophoresis. Fraction 41 (A) 
reprcscntatlve of clsternae of Ihe cis face, the least electrophoretieally mobile portion of thu separation, showed no evidence of staining, 
Cislernal fraction 36 (B) from the center of the separation showed somu cytochcmical reactivity. Cistcrnae from the most eluctrophorcticaily 

mobile fraction 31 (C) showed strong reaction product indicative of thiamin pyrophosphatas¢ activity. Bar - 0.5/~m. 
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Fig. 5. Electrophosetic separation of unstaeked rat liver Go|gi appa- 
ratus comparing specific activities of thiamin pyrophosphatase with 
those of NADP phosphatase and NADH-cytochrome-c reductase as 

markers of specific Ool~i apparatus domains. 

or no capacity for pyrophosphate-driven acidification 
(Fig. 7). Pyrophosphatase activity also was low or "-'o- 
sent in these fractions but thiamin pyropbosphatase 
remained high (Fig. 5). 

Discussion 

A correlation between the localization of thiamin 
pyropbosphatase and ATPase activities in free-flow 
electrophoresis fractions was observed in that both 
activities had cis to trans profiles of  increasing activity. 
As well, pyrophosph.. tase activity was the highest in 
the trans cisternae o!  subfractionated Golgi apparatus.  

The Mg2+-dependent activities of ATPase and py- 
rophosphatase differed greatly in optimal conditions. 
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Fig. 6. Distribution of ATPase and ATP-induced proton pumping 
activities in fractions separated by preparative free-flow elec- 
trophoresis. ATPase activity showed two peaks but ATP-dependent 
pro:on pumping paralleled the hydrolysis of thiamin pymphosphate 

of Fig. 5. 
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Fig. 7. Specific activities of pyrophosphatase and pyrophosphate- 
dependent proton pumping io rat liver Golgi apparatus subfraction- 
ated [W free-flow electrophoresis. The~c activities are diMribuled 
differently from those of ATPase and ATP-dependem proton pump* 
ins of Fig. 6. The pylophosphatase activity if. widely distributed 
among Golgi apparatus subfractions in parallel with the cytochemical 
observations (Fis. 3B). The PPi-indueed proton pumping is concen- 
trated in the Golgi apparatus subfractions of greatest electrophorelic 

mobility corresponding to hans-derived elements. 

ATPase functioned best at pH 6.6 with 1 mM ATP and 
0.5 mM MgCI2 and with sodium as the counter  ion for  
chloride. Pyrophosphatase activity was optimal at  pH 
7.6, with I mM inorganic pyrophosphate and 5 mM 
MgCI 2. Potassium was the preferred counter ion for 
pyrophosphatase.  The differences in conditions may 
not represent suffic: .at evidence to conclude that  
ATPasc and pyrophosphatase are distinct enzymes but 
both by cytochemistry and by free-flow electrophoresis, 
ATP- and  PPi-bydrolyzing activities distribu*.ed inde- 
pendently one from another.  

The lack of  stimulation by detergent  of either ATP- 
ase or  pyrophosphatase,  in contrast  to the stimulation 
of TPPase,  would suggest that  the substrate binding 
site for ATPase and pyrophosphatase are cytoplasmic 
as woald be expected for an  inward pumping mecha- 
nism of energy driven acidification. In contrast  the 
substrate binding site for thiamin pyrophsophate is 
luminal (Table Ill). The stimulation by chloride and 
ionophore indicates that  the hydrolysis activity for els- 
ternal fractions from the trans Golgi apoaratus  is cou- 
pled electrogenically to ion transport  for both ATP and 
PPi [3]. The r e a ~ n s  for the differences in optimal 
s u ~ : r a i e  concentrations for phosphatase and proton 
transport  activities are not clear. However, the higher 
substrate concentrations at which proton transport is 
more easily measured,  represent those, used widely by 
others [2-4]. 

ATP-driven proton pumping by Golgi apparatus  is 
now well established [2-4]. A spectrophotometrie assay 
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using acridine orange has been employed [3,24] to 
demonstrate the development of an acidic pH within 
isolated Golgi apparatus elements. Using this assay we 
find that, in addition to ATP, inorganic pyropbosphate 
supports proton pumping. This possibility was indi- 
cated from studies with bacterial chromatophores [7,8] 
and was supported later with results from plant mem- 
branes [9-11] where hydrolysis af  inorganic pyrophos- 
phate was shown to generate the energy required for 
proton transport in these systems. 

A trans localization of ATP- and pyrophosphate- 
driven proton pumping activities was established by 
direct measurements in subfractions of Golgi appara- 
tus prepared by free-flow electrophoresis. Comparison 
with the trails distribution of thiamin pyrophosphatasc 
activity, determined both cytochemically and biochemi- 
cally, placed the peak of preton transport activity in 
the trans cisternae with only slight overlap with the 
,~. edial cisternae. The difference between the localiza- 
tion of maximal ATP-driven activities and maximal 
pyrophosphate-driven activities may reflect two sepa- 
rate sites of proton translocation activity, with the 
pyrophosphate-driven activities being reduced in the 
most eloctronegative fractions of greatest elec- 
trophoretic mobility. 

Monensin, nigericin and CCCP dissipated the ATP- 
and pyrophosphate-induced proton gradients formed 
within the is61ated and subfractionated Golgi appara- 
tus. These ionophores have been shown previously to 
arrest or block the intracellular transport of proteins by 
disruption of Golgi apparatus secretory functions [25- 
32]. The proposed requirement for a proton gradient to 
sustain monensin-induced swelling of trans Golgi appa- 
ratus eisternae [5] would be consistent with the cis to 
trans distribution of phosphatase activity and trans 
localization of ATP- and pyrophosphate-driven proton 
pumping. 

Identification of energy sources for secretion and 
transport by Golgi apparatus membranes has not re- 
ceived much clarification beyond initial studies that 
demonstrated that these processes were susceptible to 
blockage by respiratory inhibitors and compounds that 
led to the depletion of cellular ATP stores [33,34], A 
role for ATP in vesicle acidification of Golgi apparatus 
[2-4] has provided one specific example to help explain 
these early observations. In the present study, evidence 
is provided for the utilization by Golgi apparatus of yet 
another abundant energy source, pyrophosphate, to 
support acidification. 

Acknowledgments 

Work supported by grants HD 11508 and GM 44675 
from the National Institutes of Health to D.J.M. We 
thank Keri Safransk; and Dorothy Werderitsh for ex- 
cellent technical assistance in the operation of the 

free-flow electrophoresis and in the cytochemical 
preparations. The assistance provided by Professor 
Charles Bracker in making electron microscope and 
darkroom facilities available is gratefully acknowl- 
edged. 

Refer~fices 

I Maxfield, F.R. (1985) in Endocytosis (Pastan, 1. and Willingham, 
M.C.. eds.), pp. 235-257, Plenum Press. New York. 

2 Zhang. F. and Schneider. D.L. (1983) Bit'chem. Biophys. Res. 
Commun. 114, 620-625. 

3 Ghckman. J, Croen, K.. Kelly, S. and AI-Awqati, 0. (1983) J. 
Cell Biol. 97, 1303-1308. 

4 Ban'. R., Safranski, K., Sun, I.. Crane, F.L and Morr~, D.J. 
(1984) J. Biol. Chem. 259,14064-14067. 

5 Boss, W.F., Mon.~, D.J. and Mollenhauer, H.H. (1984) Eur. J. 
Cell Biol. 34, I-8. 

6 Anderson. R.G.W. and Pathak, R.K. (1985) Cell 40° 635-643. 
7 Banscheffsky, M. and Nyren, P. (1984) in Information and Energy 

Transduction in Biological Membranes, pp. 199-207, Alan R. 
Liss, New York. 

8 Shaker, Y., Nyren, P. and Bal~:schcffsky, M. (1982), FEBS LeU. 
146. 177-180. 

9 kea. P.A. and Peele, R.J. (1~85) Plant Physiol. 77. 4h-52. 
l0 ChurchilL K.A. and Sze, H, (1983) Plant Physiol. 71,610-617. 
II Bennett, A.B., O'Neill, S.D. and Spanswiek. R.M. (1984) Plant 

Physiol, 74, 538-544. 
12 Morr~, D.J., Chectham. R,D., Nyqaist, S.E. and Ovtraeht, L. 

(1972) Prep. Biochem. 2. 61-69. 
13 Mon.~', D.J., Mon.~, D.M. and Heidrich. H.-G. (1983) Eur. J. Cell 

Biol. 31,263-274. 
14 Mon.~, D.J.. Creek, K.E., Matyas, G.R., Minnifield, N. Sun, I., 

Baudoin, P., Morr~, D.M. and Crane, F.L 0984) BioTechniqucs 
2. 224-233. 

15 Novikoff, A.B. and Goldfischer. S. (1961) Prec. Nat]. Acad. Sci. 
USA 47, 802-810. 

16 Luft, J.N. (1961) J. Biophys. Biochem. Cytol. 15, 481-487. 
17 Cheetham. R.D.. Mon.~, D,J., Pannek, C. and Friend, D.S. (1971) 

J. Cell Biol. 49, 899-tJ05. 
18 Harris. W.D. (1954) J. Am. Oil Chem. Soc. 31. 124-127. 
19 Novas, P., Minnifield. N., Sun, I. and Mon.~, D.J. (1986) Biochim. 

Biophys. Acta 881.1-9. 
20 Crane, F.L. and L~'w, H. (1976) FE,cJS LeU. 68,153-156. 
21 Pennington, R.J. (1969) Biochem. J. 80, 649-654. 
22 Sun. I. and Crane, F.L. (1969) Biochim. Biophys. Acta 172, 

417-429. 
23 Lowry. O.H., Roscbrough, N.J., Fan., A.L. and Randall, R.J. 

(1951) J. Biol. Chem. 193, 265-275. 
24 Gluck, S., Kelly, S. and AI-Awqati, Q. (1982) J. Biol. Chem. 257, 

9230-9233. 
25 Pressman, B.C. (1976) Annu. Rev. Biochem. 45. 501-530. 
26 Tartakoff. A.M. and Vassalli. P. (1977) J. Exp. Med. 146. 1332- 

1345. 
27 Tartakoff, A.M. and Vassalli, P. (1979) J. Cell Biol. 83, 284-299. 
28 Kaariainen. L., Hashimoto, K. Saraste. J., Virtanen, I. and Penni- 

nen, K. (1980) J. Cell Biol. 87, 783-791. 
29 Johnson. D.C, and Schlesinger, M.J. (1980) Virology 103, 407-424. 
30 Ledger. P.W., Uehida, N. and Tanzer. M.L, (1980) J. Cell Biol. 

87. 663-671. 
31 Uchida, N., Smilowi[z, H.. Ledger, P.W. and Tanzer0 M.L. (1980) 

J. Biol. Chem. 255, 8638-8644. 
32 Tartakoff, A.M. (1983) Cell 32, 1026-1028. 
33 Jamieson. J.D. and Palade, G.E. (1968) J. Cell Biol. 39. 580-603. 
34 Men.6. D.J.° Jones, D.D. and Mollenhauer. H.H. (1967) Planta 

74. 286-301. 


