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ABSTRACT The transport of newly synthesized proteins to the yeast cell surface has been 
analyzed by a modification of the technique developed by Kaplan et al. (Kaplan, G., C. 
Unkeless, and Z. A. Cohn, 1979, Proc. Natl. Acad. Sci. USA, 76:3824-3828). Cells metabolically 
labeled with 35SO42- are treated with trinitrobenzenesulfonic acid (TNBS) at 0°C under 
conditions where cell-surface proteins are tagged with trinitrophenol (TNP) but cytoplasmic 
proteins are not. After fractionation of cells into cell wall, membrane and cytoplasmic samples, 
and solubilization with SDS, the tagged proteins are immunoprecipitated with anti-TNP 
antibody and fixed Staphylococcus aureus cells. Analysis of the precipitates by SDS gel 
electrophoresis and fluorography reveals four major protein species in the cell wall ($1-$4), 
seven species in the membrane fraction (M1-MT), and no tagged proteins in the cytoplasmic 
fraction. 

Temperature-sensitive mutants defective in secretion of invertase and acid phosphatase (sec 
mutants; Novick, P., C. Field, and R. Schekman, 1980, Cell,  21:204-215) are also defective in 
transport of the 11 major cell surface proteins at the nonpermissive temperature (37°C). Export 
of accumulated proteins is restored in an energy-dependent fashion when secl cells are 
returned to a permissive temperature (24°C). In wild-type cells the transit time for different 
surface proteins varies from less than 8 min to about 30 min. The asynchrony is developed at 
an early stage in the secretory pathway. 

All of the major cell wall proteins and many of the externally exposed plasma membrane 
proteins bind to concanavalin A. Inhibition of asparagine-linked glycosylation with tunicamycin 
does not prevent transport of several surface proteins. 

Several independent lines of evidence suggest that eukaryotic 
cell surface proteins are transported via the secretory process. 
The most extensive evidence concerns the biosynthesis and 
export of viral membrane glycoproteins, among which the VSV 
G protein is best characterized. Biochemical, cell fractionation, 
immunoelectron microscopy, and genetic experiments all sup- 
port a pathway in which VSV G protein is synthesized by 
endoplasmic-reticulum-associated ribosomes and transported 
to the plasma membrane via the Golgi-body and vesicles (1, 2, 
3, 4). Less extensive but similar sorts of experiments support 
this mode of export for cellular plasma membrane proteins (5, 
6). 

Recent reports have suggested specialization of  the Golgi 
apparatus to account for movement of distinct groups of ex- 
ported proteins. Monensin, an ionophore that blocks transport 
of most proteins within the Golgi body (7), causes some gly- 

coproteins to arrest before and some after, conversion of N- 
glycosidically linked oligosaccharides from the early high-man- 
nose form to the mature complex form (8, 9). In one extreme 
case, influenza virus, which contains glycoproteins with com- 
plex oligosaccharides, buds normally from cells treated with 
monensin (10). Similarly, Gumbiner and Kelly (11) have pro- 
posed a branch point in the Golgi body to account for the 
production of ACTH granules in a pituitary cell line that 
secretes hormone in a regulated fashion, while exporting an 
endogenous viral glycoprotein constitutively. 

We have developed an alternate approach to the study of  
secretion and cell surface assembly. The cellular components 
that execute the secretory process in yeast have been identified 
genetically by the isolation of temperature-sensitive lethal mu- 
tants that block secretion (12, 13). Secretory mutants (sec) 
accumulate glycoproteins inside one of three distinct organ- 
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d i e s :  e n d o p l a s m i c  r e t i c u l u m  (ER) ,  G o l g i  bod ies ,  or  sec re to ry  

vesicles.  A n a l y s i s  o f  d o u b l e  sec m u t a n t s  h a s  s h o w n  tha t  t he  

b locks  d e f m e  a l inea r  p a t h w a y  a l o n g  w h i c h  g l y c o p r o t e i n  oli-  

g o s a c c h a r i d e s  a re  a s s e m b l e d  m u c h  as in  m a m m a l i a n  cells (14, 

15). T h e  sec m u t a n t s  a re  a lso  de fec t ive  in b u d  g r o w t h  a n d  in  

t he  expo r t  o f  at  leas t  f o u r  p e r m e a s e  ac t iv i t ies  (SO42-, a rg in ine ,  

ga lac tose ,  a n d  p ro l ine - spec i f i c  pe rmease ) .  T h e s e  proper t ies ,  

t o g e t h e r  w i th  t he  s u b s t a n t i a l  a c c u m u l a t i o n  o f  m e m b r a n e  w i t h i n  

sec m u t a n t  cells, l ed  u s  to p r o p o s e  a n  e s sen t i a l  c o n t r i b u t i o n  o f  

t h e  sec re to ry  p roces s  to p l a s m a  m e m b r a n e  a s s e m b l y  (13). 

K a p l a n ,  U n k e l e s s ,  a n d  C o h n  (16) dev i s ed  a p r o c e d u r e  for  
t he  a n a l y s i s  o f  p l a s m a  m e m b r a n e  s y n t h e s i s  a n d  t u r n o v e r  in  

m a c r o p h a g e s  tha t  we h a v e  a d a p t e d  to e v a l u a t e  yea s t  cell 

su r f ace  a s semb ly .  T h i s  p r o c e d u r e  h a s  n o w  a l l owed  a m o r e  

specif ic  a p p r a i s a l  o f  t r a n s p o r t  to t he  cell  wal l  ( sec re ted  p ro te ins )  

a n d  to t he  ex t e rna l  su r f ace  o f  t he  p l a s m a  m e m b r a n e .  T h e  

resu l t s  p r e s e n t e d  he r e  s u g g e s t  t ha t  in  y e a s t  the  sec g e n e  p r o d u c t s  

a re  r e spons ib l e  for  expo r t  o f  t he  m a j o r  cell  s u r f a c e  p ro te ins .  

M A T E R I A L S  A N D  M E T H O D S  

Strains and  Media:  The Saccharomyces cerevisiae strain X21$0-1A 
was from the Yeast Genetic Stock Center (Berkeley, CA). Mutant strains HMSF l 
(secl-l), SF294-2B (sic7-1), HMSFI76 (secl8-1), and HMSFI36 (sic6-4) were 
derived from X2180-1A (12, 13). 

Wickerham's minimal medium (17) was used with the following modification: 
the ammonium sulfate concentration was lowered to 50 ~M unless otherwise 
indicated, ammonium chloride was used as the nitrogen source, and the potassium 
phosphate concentration was raised to 20 mM to increase the buffering capacity. 
The carbon source was 2% glucose unless otherwise indicated. Liquid cultures 
were grown at 25°C in flasks or tubes with agitation, and the experiments were 
initiated with exponentially growing cells at an A~oo of 3.0-4.5. The absorbance 
of cell suspensions was measured in a 1 cm quartz cuvette at 600 nm in a Zeiss 
PM QII spectrophotometer; 1 Ae, oo unit corresponds to 0.15 mg dry weight. 

Reagents: Reagents were obtained as indicated: trinitrobenzenesulfonic 
acid, cycloheximide, tunicamycin, and concanavalin A coupled to Sepharose 4-B 
(8 nag protein/ml gel) from Sigma Chemical Co., St. Louis, MO; carrier-free H2 
35SO4 from Amersham, Arlington Heights, IL; Na t25I and Enhance from New 
England Nuclear, Boston, MA; lodo-gen from Pierce Chemical Co., Rockford, 
IL; fixed Staphylococcus aureus (lgG Sorb) from The Enzyme Center, Boston, 
MA. Antiserum prepared against TNP-keyhole limpet hemocyanin was gener- 
ously provided by Dr. Ann Good. Anti-TNP IgG was purified by adsorption to 
and elution from DNP-bovine serum albumin coupled to Sepharose 4-B (18). 
Lyticase, an enzyme preparation containing both a ill-3 endoglucanase and a 
protease which act synergistically to hydrolyze yeast cell walls (19), was prepared 
by Irene Schauer; purified glueanase (Fraction III lyticase), free of protease, was 
prepared by Janet Scott. 

Evaluation of Cell Surface P r o t e i n s  

IODINATION: CeUs (1-3 Aem U) grown in low-sulfate minimal medium 
were sedimented in a clinical centrifuge, washed twice with 0.15 M NaCI, 20 mM 
sodium phosphate (pH 7.5), resuspended in 1 ml of the same buffer, and gently 
transferred to a tube in which 0.1 mg of lodogen had been dried down from a 
chloroform solution (t mg/ml) (20). Na 12~I (100 /tCi) was added and the 
iodination reaction was allowed to proceed for 15 min at 0 ° C. The cell suspension 
was removed and cells were washed three times with buffer. Cells were lysed by 
the techniques described in the legend to Fig. 1. Extracts diluted in sample buffer 
(2% SDS, 2% fl-mercaptoethanol, 71 mM Tris.C1 [pH 6.8], 14% glycerol) were 
heated in a water bath at 94°C for 2 min. Aliquots (30/tl) were applied to 10% 
polyacrylamide slab gels (21) and electrophoresed at 30 mA for 2 h. Gels were 
dried and exposed on prefogged Kodak X-Omat R film with a Dupont Cronex 
intensifying screen. Molecular weight markers were: RNA polymerase, 165 and 
155 kilodaltons (kdal); phosphorylase, 94 kdal; bovine serum albumin, 68 kdal; 
ovalbumin, 43 kdal; carbonic anhydrase, 30 kdal; and trypsin inhibitor 21.5 kdal. 

TNBS TAGGING: Cells (0.67 ~ U) grown overnight in low-sulfate mini- 
mal medium were sedimented for 1 rain in a clinical centrifuge and resuspended 
in 0.25 ml of fresh medium. The culture was incubated at 25 ° or 37°C and 
radiolabeled (where indicated) with 100-200 p, Ci of a~SO42- for various times. 
Cells were sedimented, washed once with 0.3 M NaCI, 0.25 mM CaCb, 50 mM 
sodium phosphate (pH 7.5), resuspended in 10 mM TNBS, 0.25 mM CaCh, 0.1 
M sodium bicarbonate (pH 9.2), and incubated at 0°C for 30 min. Tagged ceils 

were sedimented and washed twice at 4°C with 0.3 M NaCI, 20 mM sodium 
phosphate (pH 7.5). An aliquot was placed on a glass fiber disc, dried, and 
;J5SO42- incorporation measured in a Searle Delta 300 liquid scintillation counter. 
Treated cells were diluted with untreated wild-type cells (10 A ~  U), and the 
mixture was sedimented and resuspended in 100 #l of spheroplasting medium 
(1.2 M NaCI, 50 mM sodium phosphate (pH 7.5), 50 mM fl-mercaptoethanol) 
with 120 U of purified lytic glucanase (19). After incubation for 50 rain at 30°C, 
the resulting spheroplasts were chilled and sedimented at 3,000 g for 5 min. The 
supernatant fraction was transferred to a new tube, and the spheroplasts in the 
pellet fraction were lysed by resuspending in 100 #1 of 50 mM sodium phosphate 
(pH 7.5), 50 mM fl-mercaptoethanoL The resulting membranes were sedimented 
at 17,300 g for l0 min; the supernatant fraction which contained cytoplasmic 
proteins was either discarded or transferred to a new tube. SDS (1% final 
concentration) was added to all fractions which were then heated in a water-bath 
at 94°C for 2 min. The samples were cooled to 23°C and diluted with l ml of 1% 
Triton X-100, 0.2 M NaCl, 12.5 mM sodium phosphate (pH 7.6) and centrifuged 
at 17,300 g for 45 min. Supernatant fractions were transferred to microfuge tubes 
which contained 40 #g of anti-TNP IgG, incubated for 16 h at 0°C, and then 
supplemented with 50/d of lgG Sorb (10% suspension). After 30 min at 0°C the 
immune precipitates were sedimented and washed four times with 0.7 ml of 0.1% 
SDS, 0.05% Nonidet P-40, 0.3 M NaC1, l0 mM Tris.Cl (pH 8.6). Final pellets 
were resuspended in a volume of SDS-gel sample buffer that was proportional to 
the incorporation of ~'~SO, ~- into cells; this corrected for variations in the rate of 
protein synthesis among different cultures. Suspended immunoprecipitates were 
heated in a boiling water bath for 3 min, IgG Sorb was sedimented, and the 
supernatant samples were transferred to new tubes. Aliquots (30/d) were analyzed 
by SDS-gel electrophoresis. Gels were processed for fluorography with Enhance 
and exposed on prefogged Kodak X-Omat R fill .  

cONA-SEPHAROSE BINDING: ConA-Sepharosewaswashedtwicewith0.5 
M NaC1, 0.5 M ~t-methylmannoside, four times with 2.5% Triton X-100, 1 mM 
MgCI:,, 0.5 M NaCI, 20 mM triethanolamine (pH 7.5), and resuspended in two 
volumes of the Triton buffer. A 10-#1 aliquot of an SDS solubilized immunopre- 
cipitate was added to a tube containing 200 #1 of the Triton buffer with 33 #1 or 
66 td of the ConA-Sepharose suspension, and the mixture was incubated at 25°C 
for 3 h with agitation. The ConA-Sepharose was then sedimented and washed 
three times with 0.5 ml of 0.05% SDS, 0.5 M NaCI, 20 mM triethanolamine (pH 
7.5), and the final pellet was resuspended in 50 ~1 of SDS-gel sample buffer and 
heated in a water bath at 94°C for 2 min. After sedimentation of the Sepharose, 
the supernatant solution was transferred to a new tube and aliquots were analyzed 
by SDS-gel electrophoresis as described earlier. 

RESULTS 

Identification of Cell Surface Proteins 

Y e a s t  cells a re  s u r r o u n d e d  by  a r igid b u t  p o r o u s  wal l  co n -  

s i s t ing  o f  g lucan ,  a - l , 3  a n d  a - l , 6  p o l y m e r s  o f  g lu co se ,  a n d  

m a n n a n ,  a t e r m  g iven  to a co l lec t ion  o f  sec re t ed  g l y c o p r o t e i n s  

w h i c h  c o n t a i n  la rge  m a n n o s e - r i c h  o l igosaccha r ides .  T h e  

p l a s m a  m e m b r a n e  f o r m s  t h e  p r i m a r y  p e r m e a b i l i t y  l ay e r  o f  t h e  

cell. Secre ted  pro te ins ,  s u c h  as  i nve r t a se  a n d  ac id  p h o s p h a t a s e ,  

a re  t r a p p e d  b e t w e e n  t h e  cell  wa l l  a n d  t he  p l a s m a  m e m b r a n e .  

Cel l  su r f ace  p r o t e i n s  c a n  be  r a d i o l a b e l e d  by  ca ta ly t ic  iodi-  

n a t i o n  o f  in tac t  yea s t  cells. L o g - p h a s e  cells were  l abe led  w i th  

12~I a n d  ex t rac t s  were  p r e p a r e d  by  ag i t a t i on  o f  cells w i th  g lass  

beads .  I o d i n a t e d  p r o t e i n s  were  so lub i l i zed  by  h e a t i n g  t h e  ex-  

t rac t  in  t he  p r e s e n c e  o f  SDS ,  a n d  a n a l y z e d  by  S D S - g e l  e lec t ro-  

phores i s .  R a d i o a c t i v e  p r o t e i n s  wi th  mobi l i t i e s  c o r r e s p o n d i n g  to 

220, 155, 75, 51, 49, 33, 29, a n d  22 kda l  were  de t ec t ed  in 

a d d i t i o n  to m a t e r i a l  w h i c h  d id  no t  m i g r a t e  b e y o n d  t h e  5% 

s t ack ing  gel  (Fig.  1). 

Secre ted  a n d  cell wal l  p r o t e i n s  a re  r e l ea sed  a n d  s p h e r o p l a s t s  

a re  f o r m e d  w h e n  t he  a - l , 3  g l u c a n  l aye r  is d e g r a d e d  b y  a lyt ic 

g l u c a n a s e  in  t he  p r e s e n c e  o f  r e d u c i n g  a g e n t  a n d  o s m o t i c  s u p -  

po r t  (19). I o d i n a t e d  cells were  c o n v e r t e d  to s p h e r o p l a s t s  w i th  

a pu r i f i ed  g l u c a n a s e  o r  wi th  ly t icase  (a lyt ic  e n z y m e  f rac t ion  

tha t  c o n t a i n s  p ro t ea se  a n d  g l u c a n a s e  act iv i t ies  (19) .  Sp h e ro -  
p las t s  were  s e d i m e n t e d ,  lysed  by  o s m o t i c  shock ,  a n d  t h e  re- 
su l t i ng  lysa tes  were  c e n t r i f u g e d  to g e n e r a t e  m e m b r a n e  a n d  

so lub le  c y t o p l a s m i c  f rac t ions .  T h e  secre ted ,  m e m b r a n e ,  a n d  

c y t o p l a s m i c  f r ac t ions  f r o m  e a c h  lyt ic  e n z y m e  d iges t  were  ex-  
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FIGURE 1 Frac t iona-  
tion of iodinated cells. 
X2180-1A cells (20 A6oo 
U) grown in low-sulfate 
medium at 25°C, were 
sed imen ted ,  resus- 
pended in 7.5 ml of 
fresh medium, and in- 
cubated for 65 min at 
37°C. Washed cells 
were iodinated, divided 
into three aliquots, and 
sedimented. Two of the 
cell pellets were resus- 
pended in 100 /tl of 
spheroplasting medium 
with either 150 U of 

purified lytic glucanase or 500 U of lyticase, and incubated at 30°C 
for 1 h. Secreted and membrane fractions were prepared for gel 
electrophoresis as in the TNBS tagging procedure described in 
Materials and Methods. The third cell pellet was mixed with 0.3 g of 
glass beads (0.5 mm) and 50#1 of 2% SDS, 50 mM sodium phosphate 
(pH 7.5), 50 mM fl-mercaptoethanol. Cells were broken by agitation 
on a vortex mixer for 1.5 min, followed by heating at 94°C for 2 min. 
All solubilized fractions were diluted with sample buffer to a final 
volume of 1 ml, heated at 94°C for 2 min, and aliquots (30,ul) were 
applied to an SDS gel. An autoradiograph of the gel is shown. 

amined by SDS gel electrophoresis. The purified glucanase 
released the 75 and 51 kdalton species as well as the material 
that remained in the 5% stacking gel. The membrane fraction 
contained the 220, 155, 49, and 29 kdal species. A 33 kdal 
species was found mainly in the secreted fraction, with some in 
the membrane fraction. This species is found in purified plasma 
membrane fractions (J. Tschopp and R. Schekman, manuscript 
in preparation). Lyticase treatment produced an altered pattern 
of secreted proteins: the 220, and 155 kdal species were dimin- 
ished and new forms with mobilities of 90 and 42 kdal were 
observed. Cleavage of cell wall proteins by the lytic protease 
component of lyticase could account for the altered gel profile. 
For this reason, all further analysis was conducted with the 
purified glucanase. As expected, no iodinated proteins were 
detected in cytoplasmic fractions. 

Isolation of  Cell Surface Proteins 
To assess transport of proteins to the yeast cell surface, we 

have modified the technique developed by Kaplan, Unkeless, 
and Cohn (16). Yeast cells were radiolabeled with 35SO42-, 
sedimented, washed, and treated with TNBS at 0°C. TNBS 
does not readily penetrate across the plasma membrane at 0°C 
but will covalently modify cell surface proteins. Radiolabeled, 
TNBS-tagged cells were resolved into secreted, membrane, and 
cytoplasmic fractions as described in the previous section. Each 
sample was treated with SDS, heated, and TNP-tagged proteins 
were precipitated with anti-TNP IgG and Staph A ceils, lm- 
munoprecipitates were solubilized, and radioactive proteins 
were separated by SDS-gel electrophoresis and visualized by 
fluorography. Fig. 2 (post-tagged) shows that the secreted 
(wall) and membrane fractions contained distinct species (se- 
creted, S] - $4; membrane, M~ - M T )  that corresponded in size 
to proteins detected by iodination of cells. Proteins $4 and M4 
had similar SDS gel mobilities; these bands could represent 
one protein that is largely but not completely released during 
spheroplast formation. The cytoplasmic fraction had no TNP- 
tagged proteins, even though before immunoprecipitation 60% 
of the radioactive protein was in this sample. 

To eliminate the possibility that TNPotagged nonradioactive 
proteins aggregate with untagged radioactive proteins, we per- 
formed a control experiment in which cells were first treated 
with TNBS, washed, and then metabolically labeled with 
35SO42-. These cells contain proteins tagged with TNP and 
other proteins labeled with 3~S but no proteins both tagged and 
radiolabeled. Aggregation was not a problem because neither 
the secreted nor the membrane fraction contained immunopre- 
cipitated radioactive proteins (Fig. 2, pretagged). Addition of 
50 mM fl-mercaptoethanol during solubilization of  the mem- 
brane fraction was essential for the success of this control. 
Nonspecific precipitation of radioactive proteins was reduced 
further by dilution of treated cells with a 10-fold excess of 
untreated cells before fractionation. 

Thermoreversible Export in Secretory Mutan ts  

Wild-type and sec mutant cells were radiolabeled at a per- 
missive temperature (25°C) and the pattern of  exported pro- 
teins was examined by the TNBS-tagging procedure. Fig. 3 
shows that the pattern of secreted (wall) and of plasma mem- 
brane surface proteins was similar in wild-type and mutant 

electrophoresis; a fluorograph of 

FIGURE 2 TNBS pretagged and 
posttagged wild-type cells. X2180- 
1A cells were grown in low-sulfate 
medium at 25°C, and two aliquots 
(0.67 A6oo U cells each) were cen- 
trifuged. One cell pellet was re- 
suspended and tagged with TNBS. 
These cells were then washed, re- 
suspended in 0.25 ml of fresh me- 
dium, and labeled with 36/.tCi of 
35SO42 for I h at 37°C (pretagged 
cells). The other cell pellet was 
first labeled with asSOZ- and 
then tagged with TNBS (post- 
tagged cells). Cells were fraction- 
ated and aliquots of solubilized 
samples were analyzed by SDS gel 
the gel is shown. 

FIGURE 3 Mutant and wild-type cells labeled at 25°C. Mutant 
(sec6, sec7, sec18) and X2180-1A cells were grown in low-sulfate 
medium at 25°C, labeled with 100/.tCi of a5SO4~- for 1 h at 25°C, 
tagged with TNBS, and fractionated. Solubilized immunoprecipitate 
fractions were analyzed by SDS gel electrophoresis; a fluorograph 
of the gel is shown. 
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cells at 25°C. At the nonpermissive temperature (37°C), how- 
ever, export of all major surface proteins was blocked in sec 

mutant cells (Fig. 4). Mutants secl  (accumulates secretory 
vesicles), sec7 (accumulates Golgi bodies), and sec18 (accu- 
mulates endoplasmic reticulum) showed no detectable export 
of proteins $1 to $4, although a return to 25°C (in the presence 
of  cycloheximide) allowed export (Fig. 4A). As was shown for 
invertase (15), reversible secretion of proteins SL to $4 was 
blocked by an energy poison. Proteins M1 to M7 at the plasma 
membrane surface were exported at a much reduced level in 
mutants secl  and sec7 at 37°C but were restored upon return 
to 25°C (Fig. 4B). The M3 species appeared not to be reduced 
as completely as the other major proteins in the secl  and sec7 
membrane fraction. 

The pattern of export at 37°C was examined in representa- 
tives from all sec complementation groups and, although some 
were not blocked completely, most strains showed substantial 
reduction of all major surface proteins. Two exceptions were 
noted, sec11, a mutant which blocks secretion of acid phospha- 
tase more completely than invertase (13), also showed anoma- 
lous behavior of the TNP-tagged secreted proteins: export of 
proteins $3 and $4 was blocked, while proteins SL and $2 were 
secreted normally (data not shown). The membrane fraction 
from some of the mutants showed a series of TNP-tagged 
radioactive proteins that were not prominent in wild-type cells 
labeled at 37°C or in mutant cells labeled at 25°C. The 
intensity of  these radioactive bands varied considerably. Cer- 
tain mutants, such as secl  and sec7 (Fig. 4B), displayed low 
levels of these proteins at 37°C, while in other mutants, such 
as sec18, these bands were as prominent as the Ms to M7 species 
seen in wild-type cells (not shown). Similarly, a series of new 
bands appeared in the secreted fraction when sec18 cells were 
radiolabeled at 37°C (Fig. 4A). The abnormal proteins de- 

tected in the mutants may not be at the cell surface, or they 
may not be apparent unless the export of major proteins is 
blocked. Evidence suggesting an intracellular location for these 
proteins is reviewed in the Discussion. 

Glycosy la t ion  and Export o f  Surface Proteins 

The glycoprotein nature of  isolated surface proteins was 
examined by binding to ConA-Sepharose. Wild-type cells were 
radiolabeled, tagged with TNBS, and TNP-modified proteins 
isolated with antibody. Immunoprecipitates were solubilized 
with SDS, diluted with buffer containing Triton X-100, and 
mixed with ConA-Sepharose. Proteins bound to ConA-Seph- 
arose were sedimented, solubilized again with SDS, and ana- 
lyzed by SDS-gel electrophoresis. Fig. 5 shows an SDS gel 
fluorograph in which ConA-Sepharose-bound samples were 
compared with equal fractions of the original immunoprecipi- 
tates. Proteins Ss to $4 and M2 and M4 were efficiently retained 
by ConA-Sepharose. Proteins Ms, M3, and M6 showed partial 
binding, while M5 and M7 did not bind. Addition of more 
ConA-Sepharose did not enhance the recovery of any protein. 
In contrast, among the minor proteins recovered from the 
membrane fraction ofsec6  cells (accumulates secretory vesicles) 
labeled at 37°C, none were bound by ConA-Sepharose. 

The role of N-linked glycosylation in export of yeast surface 
proteins was examined with tunicamycin, a drug that blocks 
synthesis of the core oligosaccharide (22). Treatment of  wild- 
type cells with tunicamycin during the period of radiolabeling 
resulted in altered electrophoretic profiles for the secreted and 
membrane fraction immunoprecipitates (Fig. 6). Tunicamycin" 
treatment affected surface proteins in different ways. Protein 
$4 appeared to be secreted normally but with a reduced molec- 
ular weight; protein M2 appeared not to be exported; and 
protein M6, which did not bind to ConA, appeared to be 

FIGURE 4 Mutant and wi ld- type cells labeled at 37°C. Cells were 
grown in low-sulfate minimal medium and labeled with 150/~Ci of 
3%042- for I h at 37°C. Two additional cultures of secl cells were 
labeled and centrifuged; one cell pellet was resuspended in medium 
containing 0.1 mg/ml of cycloheximide, the other in medium with 
cycloheximide and 20 mM sodium azide but wi thout  glucose. These 
two cultures were incubated at 25°C for 2 h whi le the other samples 
were washed and stored at 0°C. All samples were then tagged with 
TNBS, fractionated, and solubilized immunoprecipitates (20-/~I ali- 
quots) were analyzed by SDS gel electrophoresis. (a) Cell wall 
fraction from: seal 37°C; sec7 37°C; sec18 37°C; secl 37°C shifted 
to 25°C with sodium azide, cycloheximide, w i thout  glucose; secl 
37°Cshifted to 25°C with cycloheximide; X2180-1A 37°C. (b) Mem- 
brane fraction from: sec137°C; sec737°C; sec137°C shifted to 25°C 
with cycloheximide; X2180-1A 37°C. 
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FIGURE 5 Binding of radiolabeled, TNP-tagged proteins to ConA- 
Sepharose. Solubilized immunoprecipitates, prepared from samples 
such as in Fig. 4, were di luted and treated with ConA-Sepharose. 
Bound material was released from the Sepharose and compared in 
adjacent lanes of an SDS gel with an equivalent volume of the 
original immunoprecipitate. A fluorograph of the gel shows (starting 
at the left): (a) immunoprecipitate from X2180-1A membrane frac- 
tion; (b) same material bound to ConA-Sepharose (66/.d); (c) same 
bound to ConA-Sepharose (33 #1); (d)  immunoprecipi tate from 
X2180-1A cell wall fraction; (e) same bound to ConA-Sepharose (66 
~1); ( f )  immunoprecipitate from a sec6 membrane fraction; (g) same 
material bound to ConA-Sepharose (66 /~1); (h) same bound to 
ConA-Sepharose (33/~1). 



were analyzed by SDS gel electrophoresis; 
is shown. 

FIGURE 6 Proteins ex- 
ported in the presence 
of tunicamycin. X2180- 
1A cells (0.67 Aooo U) 
were suspended in two 
cultures of minimal me- 
dium; one contained 
tunicamycin (20 btg/ 
ml). After 30 min at 
25°C, 190 /LCi of 
a5so42- was added to 
each, and labeling con- 
tinued for 45 min at 
the same temperature. 
Cells were tagged, frac- 
tionated, and solubi- 
lized material was im- 
munoprecipitated. Ali- 
quots of the solubilized 
i m m u n o p r e c i p i t a t e s  
a fluorograph of the gel 

eration of growth. TNP-tagged and iodinated cells were frac- 
tionated and aliquots of each sample were analyzed before and 
after precipitation with TNP-antibody. At time zero, 46% of 
the cell wall protein '25I and 73% of the plasma membrane 
surface 125I were immunoprecipitated. SDS gel analysis (Fig. 
9) showed virtually identical patterns of total and TNP-tagged 
iodinated proteins. The principal loss of '25I label in the cell 
wall fraction was due to incomplete precipitation of protein S,. 
After growth for 2 h (one doubling time), the yield of surface 

exported normally with no change in mobility. It was not 
always clear whether a protein species was shifted or not 
exported; however, unlike the effect of the sec mutations, 
protein export was not generally blocked by inhibition of 
oligosaccharide synthesis. 

Transit  T ime a n d  T u r n o v e r  o f  Surface Proteins 

The transit time of newly synthesized protein to the cell 
surface was analyzed in a pulse-chase experiment. Wild-type 
cells were radiolabeled with a5SO4 2- for 2 min and transferred 
to nonradioactive medium for various chase periods. Cells were 
tagged with TNBS, fractionated, and analyzed as before. Fig. 
7 shows that proteins Sz, M3, Ms, M6, and M7 appeared at the 
cell surface between 3 and 8 min of chase. By 30 min, proteins 
S,, $3, $4, and M, emerged. Proteins M2 and M4 appeared last 
and continued to increase in intensity between 58 and 88 rain 
of chase. 

The asynchronous appearance of surface proteins implied a 
differential delay in transport along the secretory pathway, sec 
Mutants blocked early (seel8, ER-blocked) and late (sec6, 
secretory vesicle-blocked) in the secretory pathway were used 
to evaluate the site of delay. Cells were labeled with 35SO42- 
for 4 min at 37°C and then chased at the same temperature for 
45 min in nonradioactive medium. Aliquots were withdrawn 
at various times after return to 25°C, and secreted proteins 
were analyzed by TNBS tagging. If  asynchrony developed 
before the secretion block, the chase at 37°C could allow 
proteins to be exported with similar kinetics during recovery at 
25°C. Fig. 8 shows that, in sec6, proteins $2 and $4 were 
released coordinately at 25°C. Proteins MI, M2, and M3, which 
appeared asynchronously in the experiment in Fig. 7, were 
exported coordinately in the sec6 experiment (not shown). The 
same experiment with sec18 showed a lag between proteins $2 
and $4 just as was seen in the pulse-chase labeling of wild-type 
cells (data not shown). These results suggested that protein $4 
was delayed either in the ER (after the sec18 block) or in the 
Golgi body. Unfortunately, sec7, the Golgi-blocked mutant, 
was not thermoreversible under the conditions of  this experi- 
ment (15). 

Turnover of ceU surface proteins was examined with 1251- 
labeled cells that were TNBS-treated before or after one gen- 

FIGURE 7 Transit time of cell surface proteins. X2180-1A cells (4 
A6oo U in 1 ml), grown in low-sulfate minimal medium at 25°C, 
were incubated at 37°C for 5 min and then labeled with 1.5 mCi of 
asSO42 for 2 min. Ammonium sulfate (0.5 mM final concentration) 
was added and the cells were sedimented, resuspended in 1.5 ml of 
fresh medium, and incubation was continued at 37°C. At the 
indicated times, 0.25-ml samples were removed and chilled to 0°C. 
At the end of the experiment, all samples were processed for TNBS 
tagging. The chase was effective because the amount of total 
radioactive protein did not vary by >6% from the zero-time sample. 
Aliquots of solubilized immunoprecipitates from the cell wall and 
membrane fractions were analyzed by SDS gel electrophoresis; a 
fluorogram of the gel is shown. 

FIGURE 8 Synchronous 
export  of secretory 
proteins accumulated 
in sec6. sec6 Cells (4 
A6oo U in 1 ml), grown 
in low-sulfate minimal 
medium at 25°C, were 
incubated at 37°C for 2 
min and then labeled 
with 0.4 mCi of a5SO42- 
for 4 min. Cells were 
sed imen ted ,  resus- 
pended in 15 ml of min- 
imal medium contain- 
ing 0.5 mM ammonium 
sulfate, and incubation 
was continued for 45 
rain at 37°C. Cyclohex- 
imide (0.1 mg/ml) was 
added and the culture 

was cooled to 25°C. At the indicated times, 0.25-ml aliquots were 
removed and chilled to 0°C. At the end of the experiment, all 
samples were processed for TNBS tagging. Aliquots of solubilized 
immunoprecipitates from the cell wall fraction were analyzed by 
SDS gel electrophoresis; a fluorogram of the gel is shown. 
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FIGURE 9 Turnover of iodinated surface proteins. X2180-1A cells 
(4.5 Asoo U), grown in low-sulfate minimal medium, were iodinated 
and resuspended in 1.1 ml of fresh medium. Two aliquots (0.25 ml) 
were removed, washed, and stored at 0°C. The remaining culture 
was incubated for 2 h at 37°C; growth resumed after a 15 rain lag. 
Two aliquots (0.25 ml and 0.125 ml) of the 2-h culture were taken 
and all samples were washed, tagged, fractionated, and solubil ized 
in SDS. A 0 time, and the larger 2-h sample, were di luted to 1 ml 
with SDS gel sample buffer. The tagged proteins were immunopre- 
cipitated from the remaining samples, then solubil ized in either 1 
ml (0 time sample) or 0.5 mt (2-h sample). Aliquots (35/~1) of all 
samples were analyzed by SDS gel electrophoresis; an autoradi- 
ograph of the gel is shown. 

protein was unchanged: 44% recovery of cell wall label, and 
76% recovery of  plasma membrane label. Only protein $2 
disappeared during the growth period. 

DISCUSSION 

We have demonstrated common genetic requirements for ex- 
port of the major secreted (cell wall) and externally exposed 
plasma membrane proteins in yeast. Although there appears to 
be one major transport pathway, proteins move to the cell 
surface at different rates and are affected unequally by inhi- 
bition ofglycosylation. These differences may reflect variations 
in the interaction of exported proteins with the processing, 
sorting, and transport machinery, rather than alternate path- 
ways of localization. 

The components of the yeast cell surface have been defined 
by two techniques. The first, radioiodination of  intact cells, 
identifies surface proteins with exposed tyrosine residues. The 
other, TNBS treatment and TNP-antibody precipitation, al- 
lows identification and isolation of radiolabeled surface pro- 
teins that have reactive amino groups. Both probes label se- 
creted and plasma membrane surface proteins but not cyto- 
plasmic proteins. The cell wall fraction contains proteins with 
apparent molecular weights of >250 kdal (S,; could be several 
protein species), 140 ($2), 51 (Sa), and 33 kdal ($4). Iodination 
reveals a 75 kdal protein that is detected only marginally by 
the TNBS procedure with cells that are radiolabeled at 25°C 
(compare Figs. 1 and 3). The membrane fraction contains 
proteins with apparent molecular weights of 220 (M1), 155 
(Mz), 49 (M3), 33 (M4), and 29 kdal (M6). In addition, a 31 kdal 
protein (Ms) can often be resolved from protein M4 (Fig. 2), 
although synthesis of both M4 and M.~ is reduced at 25°C 
(compare Figs. 2 and 3). A protein with an apparent molecular 
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weight of 19 kdal (M7) is detected by the TNBS procedure but 
not by iodination. A good correlation between the two tech- 
niques is most apparent from a comparison of  125I-labeled 
surface proteins from TNBS-tagged cells before and after TNP- 
antibody precipitation (Fig. 9). When the yield of 12~I in the 
TNP-antibody immunoprecipitate is taken into account, the 
cell wall protein accounts for 0.9%, and the plasma membrane 
surface protein accounts for 0.5%, of the total 35SO42- incor- 
porated into cells during a l-h incubation. 

The TNBS procedure has allowed an evaluation of protein 
export in mutants that are temperature-sensitive for secretion 
and growth. Earlier work on the sec  mutants suggested a 
pleiotropic defect in export of cell wall glycoproteins and a 
plasma membrane permease activity (13). The results presented 
here demonstrate that the conditional block is a general phe- 
nomenon. Furthermore, with the exceptions noted below, rep- 
resentative mutant alleles of 22/23 class A sec  genes show the 
same pattern of blocked transport. In some of the mutants, 
export of  the major surface proteins is reduced but not elimi- 
nated. This is best explained by mutations that are not com- 
pletely restrictive at 37°C. On the other hand, s e c l l  blocks 
export of two secreted proteins, with no effect on two others. 
This mutant also shows unequal effects on secretion of acid 
phosphatase and invertase and, unlike the other sec  mutants, 
s e c l l  does not accumulate organelles (13). The S E C l l  gene 
may only be required for export of a subset of cell surface 
proteins. 

The membrane fraction from s e c  mutant cells radiolabeled 
at 37°C contains TNP-tagged proteins that are less apparent in 
a comparable wild-type cell preparation, or in sec  mutant cells 
labeled at 25°C (Figs. 3 and 4). Either these proteins are not 
really exposed at the cell surface and are recovered in the 
membrane fraction because of  some artifact, or they are surface 
proteins that become apparent only when the export of major 
surface proteins is blocked. Several lines of  indirect evidence 
support the first explanation. First, unlike many of the wild- 
type membrane surface proteins, none of the labeled proteins 
in a s e c 6  membrane fraction binds to concanavalin A (Fig. 5). 
Second, the labeling of these anomalous proteins varies irreg- 
ularly among sec  mutant strains; there is no pattern of appear- 
ance with respect to the stage in the secretory pathway that is 
blocked. Third, the sec  mutants that show pronounced labeling 
of  these species also reveal a series of  new polypeptides in the 
cell wall fraction ( s e c l 8 ,  Fig. 4A). We suspect that the anom- 
alous proteins are of cytoplasmic origin. A small and variable 
percentage of sec  mutant cells may become permeable during 
incubation at 37°C so that subsequent TNBS treatment allows 
tagging of  intracellular proteins. Although the results with 
mutants s e c l  and s e c 7  (Fig. 4) clearly indicate that transport of 
the major surface proteins is blocked at 37°C, the possibility 
that a minor class of membrane proteins is exported by a 
different mechanism deserves further analysis with more spe- 
cific probes. 

We have previously shown that the organelles and glycopro- 
teins accumulated in single and double sec  mutant strains 
define a unique, linear secretory pathway (14, 15). Although 
the TNBS-tagging experiments support this conclusion, the 
results are also consistent with parallel pathways in which 
subsets of exported proteins travel in different compartments. 
This possibility will be tested by analysis of secretory organelles 
purified from sec  mutant cells. 

Alternate, or parallel, transport pathways have been invoked 
to explain the widely varying rates at which newly synthesized 
proteins are exported. Strous and Lodish (9) reported transit 



times of  23 min for albumin and VSV G protein and 40 min 
for transferrin in rat hepatoma cells. Monensin causes transport 
of transferrin to arrest before, and VSV G protein after, 
conversion of N-glycosidically linked oligosaccharides from 
the early high-mannose to the mature complex form. In spite 
of these differences, the two proteins accumulate in the same 
Golgi body vesicles (H. Lodish, personal communication). 
More dramatic, however, is the recent demonstration of two 
pathways for the secretion of ACTH (11). A pituitary cell line 
secretes mature ACTH by regulated exocytosis of granules; the 
transit time of mature ACTH in unstimulated cells is 3-4 h. 
The same cells display constitutive export of  a viral membrane 
glycoprotein, and the precursor of ACTH, with a transit time 
of  40 min. Furthermore, the granules responsible for secretion 
of mature ACTH have been purified and contain neither 
ACTH precursor nor viral glycoprotein. Gumbiner and Kelly 
propose a branch point at the Golgi body to account for 
regulated and constitutive limbs of  the secretory pathway. 

There is no precedent for regulated secretion in yeast. Thin 
sections of budding yeast cells show very low levels of secretory 
organdies (12). Transport rates in yeast are generally greater 
than in mammalian cells: yeast invertase transits in 5 rain or 
less (15), and a protease secreted by Saccharomycopsis lipolytica 
requires only 3 min for transport (D. Ogrydziak, personal 
communication). The TNBS-tagging procedure has revealed 
major yeast surface proteins that are secreted rapidly, like 
invertase, and others that emerge more slowly (Fig. 7). The 
asynchrony appears to develop at a late step in the ER, or in 
the Golgi body. When sec mutant cells are pulse-labeled and 
chased at 37°C, synchronous secretion occurs upon return to 
25°C if the mutant is blocked after, but not before, the Golgi 
body stage (Fig. 7). A similar conclusion was drawn by Strous 
and Lodish (9) who found that pulse-labeled glycoprotein 
precursors show transit time-dependent variation in the rate of 
oligosaccharide processing, reflecting asynchronous passage 
through the Golgi body. 

Although many of the yeast surface proteins are glycosylated, 
as judged by their binding to ConA (Fig. 5), glycosylation 
appears not to be a general requirement for export (Fig. 6). A 
30 kdal polypeptide, perhaps related to protein $4, is synthe- 
sized and secreted when cells are treated with tunicamycin. 
Protein M2, on the other hand, appears not to be exported 
without glycosylation. This heterogeneity in the effect of tuni- 
camycin-treatment on protein transport has been noted in other 
systems (9, 23). Glycoproteins may vary in the degree to which 
oligosaccharides participate in protein folding, and this may 
be reflected in the rate of transport through the secretory 
pathway. 

Turnover of yeast cell surface proteins is slow with respect 
to the generation time. All but one surface protein remains in 
place during one cell-doubling time (Fig. 9). Although endo- 

cytosis has not been examined in yeast cells, the possibility 
remains that surface proteins are subject to internalization and 
recycling. 
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