
plexed antibody already deposited in the air- 

way, and thus amplifying the response. Addi- 
tionally, the plaslna leakage iielivers a local 
source of the compleme~nt components, wlnlcln 
becollle fixed by the immune complexes to 
~lltlmately generate C j a .  The  alllplification of 
the forlnation of imnnlnc complexes, as well 
as the delivery of a local source of comule- 
mcnt, occurs tlnroilgh substance P acting at 
the microvasculature of the airway mucosa. 

The Drcscnt res~llts thus extend the orcvi- 
ous model of the ilnflamnlatory cascade in 
immune complex-medlated injury (4). In that 
model, Fc receptor engagement in the skin 
was shown to be a critical ilnitiating event in 
the production of edema and neutrophll cxu- 
dation. However, the identity of the mcdia- 
tors that could link the inciting (Fc) stimulus 
with the subseuucnt edema and PMN influx 
relnalned colnjectural(16). Our data proi~ldc a 
pla~~siblc linkage between the Fc stimulus and 
neurohumoral mediators by showing that the 
complement-dependc1nt inflammatory re- 
snonse is C jaR-de~cnden t  alnd is doll-nstream 
from the imnnilnc colllplex release of sub- 
stance P, which amplifies the inflamlllatory 
response. The present data heighten interest 
in ~nvcstigating the tachykinins as beilng crit- 
ical in other ilnflalllmatorv models such as 
inflammatory bowel disease and asthma. 
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ER Degradation of a Misfolded Luminal Protein 
by the Cytosolic Ubiquitin-Proteasome Pathway 

Mark M. Hiller, Andreas Finger, Markus Schweiger, 
Dieter H. Wolf* 

Secretion of proteins is initiated by their uptake into the endoplasmic reticulum (ER), which 
possesses a proteolytic system able to degrade misfolded and nonassembled proteins. 
The ER degradation system was studied with yeast mutants defective in the breakdown 
of a mutated soluble vacuolar protein, carboxypeptidase yscY (CPY). The ubiquitin- 
conjugating enzyme Ubc7p participated in the degradation process, which was mediated 
by the cytosolic 26s proteasome. It is likely that CPY entered the ER, was glycosylated, 
and was then transported back out of the ER lumen to the cytoplasmic side of the organelle, 
where it was conjugated with ubiquitin and degraded. 

T h e  ER is the site of elntry of proteins Into 
the secretory pathway. Such proteins arc 
translocated in an  unfolded statc through 
the membrane of this organelle, and, during 
the subsequent folding process, N- and 0- 
linked glycosylation occurs and disulfide 
linkages arc formed. T h e  large number of - 
ilnfoliied proteins that enter the lumen of 
the ER must be protected frotn aggregation 
and be maintained in a folding-competent 
statc (1 ). T h i ~ s ,  the ER contains a high 
concentration of molecular chaperones that 
promote protein translocation, folding, and 
oligomcrization (2).  Inefficient folding, un- 
balanced subunit svnthesis, or mutations in 
secretory protelns result in the translocated 
polypeptides failing to assume their correct 
conformation 13). T h e  ER can eliminate ~, 

these proteins through selective degradation 
associated with a pre-Golgi compartment 
lnsttut fur Biochemie der Universtat Stuttgart, Pfaffen- 
wadrng 55, D-70569 Stuttgart, Germany 

*To whom corresoondence should be addressed. 

(3,  4). However, little is known about the 
mcchanistns and protcolytic systems that 
mediate this ER degradation of proteins. 

A mutated plaslna tnembrane proteln, 
the cystic fibrosis transmembrane conduct- 
ance regulator (CFTR),  is retained in the 
ER tnetnbranc and degraded by the ilbiq- 
uitin-proteasome system (5). Two mutated 
soluble vacuolar proteins of the yeast Sac- 
charomyces cerevisiae, carboxypeptidase yscY 
(CPY*) and protcinase yscA (PrA*), arc 
imported into the lutnen of the  ER but do 
not reach the vacuole; instead, they remain 
within the ER and are dcgraded (6). T h e  
absence or mutation of the ER membrane 
protein Derlp  abolishes degradation of 
CPY'!' and PrA* in yeast (7) ;  CPY"' is local- 
ized in the ER in cells devoid of Der lp  (7) .  

W e  now describe the  DER2 gclne which, 
when mutated, also results in the accumu- 
lation of CPY*: and PrA*' ( 7 ,  8). T h e  DER2 
gene was cloned by complementation of the  
der2-1 mm~tation (9). Genetic analysis and 
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nucleotide sequencing showed that DER2 is 
identical to UBC7 (QR18) (9), which en- 
codes the ubiquitin-conjugating enzyme 
Ubc7p (10, 11). In yeast, Ubc7p catalyzes 
the conjugation of ubiquitin to the tran- 
scriptional repressor protein MATa2 (1 2), 
which results in destruction of the protein 
by the proteasome. Metabolic labeling and 
immunoprecipitation with CPY-specific an- 
tibodies revealed that deletion of UBC7 
resulted in the same phenotype as that of 
the der2-1 mutant-retardation of degrada- 
tion of CPY* antigenic material (Fig. 1A). 

Introduction of UBC7 on a single or mul- 
ticopy plasmid (Fig. 1A) into the ubc7 dele- 
tion strain restored the wild-type phenotype 
with respect to CPY* degradation. The ubiq- 
uitin conjugation activity of Ubc7p depends 
on the active site cysteine residue at position 
89 of the enzyme (1 1). To investigate 
whether the action of Ubc7p on CPY* deg- 
radation required this active site cysteine, we 
replaced it with serine. The Ubc7p Sers9 
mutant protein could not fulfill the function 
of the wild-type protein, indicating that the 
catalytic activity of Ubc7p was essential for 
CPY* degradation (8). The Ubc6 protein is 

Fig. 1. Effect of UBC7 deletion on the degradation 
of CW.  Cells were labeled for 20 min with 
[35S]methionine and then incubated in the absence 
of label for the times indicated (30). Cell lysates 
were prepared and subjected to immunoprecipita- 
tion with antibodies to CW, and the immunopre- 
cipitates were analyzed by SDSpoly- 
aclylarnide gel electrophoresis (PAGE) and fluorog- 
raphy. (A) Pulse-chase analysis of CPY' degrada- 
tion in the isogenic strains W303-1 C (wild type) and 
W303-CQ (Aubc7) containing either a CEN plas- 
mid without insert (pRS313) or the UBC7 gene 
integrated into a CEN plasmid (pRS313-UBC7) or 
into a multicopy plasmid (pRS423-UBC7) as indi- 
cated (31). The less than maximal restoration of 
degradation of C W ,  especially in the strain har- 
boring the multicopy plasmid, is attributable to 
plasinid loss during cell growth (8). (B) Pulse-chase 
analysis of CPY* degradation in the isogenic strains 
W303-1C (wild type), W303-CP (Aubcq, W303- 
CQ (Aubc7), and W303-CPQ (Aubc6 Aubc7) (31). 

Fig. 2. Effect of blocking 
polyubiquitination with Ub- 
R48 on CPY* degradation. 
CPY* degradation in the 
wild-type strain W303-1 C 
expressing plasmids en- 
coding either wild-type ubiquitin (WT-Ub) or Ub- 
R48 (31) was examined by pulse-chase analysis as 
described in the legend to Fig. 1. 

W T T - U ~  0 

Ub-R4P 0 

Chase 1lme imm) 

a ubiquitin-conjugating enzyme that is 
bound to the ER membrane, its active site 
facing the cytosol (13). Pulse-chase analysis 
showed that deletion of UBC6 also reduced 
the rate of CPY* degradation (Fig. 1B). The 
half-life of CPY* in the Aubc6 background 
was more than twice that in the wild-type 
strain. The Aubc7 and Aubc6 Aubc7 mutant 
strains were indistinguishable with respect to 
CPY* degradation, each showing a 3.4-fold 
increase in the half-life of CPY* (Table 1). 
Of other ubiquitin-conjugating enzymes test- 
ed, deletion of UBC4 (14) also retarded the 
breakdown of CPY* (8). 

Degradation of proteins by the ubiquitin 
pathway requires the synthesis of a polyubiq- 
uitin chain on a lysine residue within ubiq- 
uitin (15, 16). Lysine residues 29,48, and 63 
of ubiquitin are the main targets in this pro- 
cess, with Lys4' being the most commonly 
used site ( 16). Overexpression of plasmid- 
encoded ubiquitin species with lysine residues 
29,48, or 63 replaced with arginine (Ub-R29, 
Ub-R48, or UbR63) (1 6) in a strain express- 
ing CPY* revealed that only Ub-R48 mark- 
edly inhibited CPY* degradation (Fig. 2) (8). 
Thus, polyubiquitination at Lys48 of ubiquitin 
was required for CPY* degradation. Degrada- 
tion of two substrates of the proteasome, the 
MATa2 repressor ( 1 7) and fructose- 1,6- 
bisphosphatase (1 8), also depends on polyu- 
biquitination at Lys48 of ubiquitin. 

Degradation of polyubiquitinated pro- 
teins is mediated by the 26s proteasome 

Fig. 3. Effects of mutations in the 
proteasome on the degradation of 
CPY*. The experiments were per- 
formed as described in the legend 
to Fig. 1. (A) Pulse-chase analysis of 
CPY* degradation in the isogenic 
strains WCGY4a (wild type), 
WCGY4-11 a, WCGY4-11/22a, 
and YHIY29/14, the latter three of 
which contain prel- 7 ,  prel- 7 pre2- 
2, and prel- 1 pre4- 7 mutations, re- 
spectively, affecting the catalytic 
core of the proteasome (31). (B) 
Pulse-chase analysis of CPY deg- 
radation in the wild-type strain 
YPH499Y and the congenic mu- 

CPY' - 

Table 1. Summary of the half-lives of CPY* in 
wild-type and mutant strains. Protein bands cor- 
responding to the pulse-chase experiments 
shown in Fig. 1 B and Fig. 3A were quantified with 
either a Fuji BAS 2000 or a Molecular Dynamics 
imaging system. The members of each set of 
strains were isogenic and varied only in the ubc or 
pre background. 

CPY* 
Strain Genotype half-life 

(min) 

wild type 
Aubc6 
Aubc7 

Aubc6 Aubc7 
wild type 
prel-1 

pre 7 - 1 pre2-2 
pre 7 - 7 pre4- 7 

complex (19). We investigated the possible 
role of this enzyme complex in the degrada- 
tion of CPY* with the use of mutants that 
are defective either in the 20s proteolytic 
core (20, 21 ) or in the 19s cap subunits of 
the complex (22, 23). Pulse-chase analysis 
revealed that the rate of CPY* degradation 
was markedly reduced in proteasome mu- 
tants defective in one (pel-1) or two 
(pel - 1 pe2-2 or p e  1 -1 pe4- 1 ) subunits of 
the proteolytic core, otherwise being of 
identical genotype (Fig. 3A). The half-life of 
CPY* was increased about twofold in the 
pel-1 mutant strain and 2.5-fold in the 
pel-1 pe2-2 and the p e l  -1 pe4-1 double 
mutants, relative to that in the wild type 
(Table 1). The previously undetected par- 
ticipation of the proteasome in the degrada- 
tion of CPY* (6) can be explained by the 
use of nonisogenic strains in these experi- 
ments. The involvement of the entire 26s 
proteasome in the degradation of CPY* was 
demonstrated with the use of mutants defec- 

Wild type 

Chase time (mln) 

I Wild twe I cim3-7 I cim&l I 

0 90 0 30 60 900 30 60 90 - 
Chase ttme (min) 

tants CMY762Y and C M Y ~ O ~ Y  
harboring the cim3-7 and cim5-7 mutations, respectively, affecting components of the 19s cap of the 
26s proteasome (31). Incorporation of 35S into the wild-type strain was about four times that in the 
mutant strains, which was probably attributable to an effect of the cim mutations [as was independently 
shown for the cim3-7 mutant by complementation (811. 
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tive in the Cim3p (Suglp) or Cim5p sub- 
units of the 19s cap of the complex: Prote- 
olysis of CPY* was markedly reduced in 
cirn3-1 and cim.5-1 mutants (Fig. 3B). 

After entering the ER, CPY* undergoes 
core glycosylation (6). The misfolded en- 
zyme accumulates in the ER of mutants 
defective in Derlp (7). On the other hand, 
the proteasome is located in the cytoplasm 
and nucleus of cells of higher eukaryotes 
(24), and ubiquitin is not present in the ER 
of these cells (25). Ubc7p is a soluble yeast 
enzyme with no ER targeting sequence (1 1 ), 
and Ubc6p is located on the cytoplasmic 
face of the ER membrane in yeast (13). 
Together, these observations suggest that 
the degradation of CPY* by the. cytosolic 
ubiquitin-proteasome system may occur via 
retrograde transport of CPY*, or fragments 
thereof, from the ER lumen to the cytoplas- 
mic side of the ER. Studies on the transport 
of small peptides (26) indicate that such a 
retrograde transport system might exist. To 
search for and localize ubiquitinated species 
of CPY*, we overexpressed ubiquitin tagged 
with an epitope of influenza virus hemagglu- 
tinin (HA) (HA-Ub) (17) or, as a control, 
untagged ubiquitin (WT-Ub) (17) in vari- 
ous yeast strains. Crude extracts were pre- 
pared, and CPY* was immunoprecipitated 
with CPY-specific antibodies (7). separated 
by SDS-polyacrylamide gel electrophoresis 
(PAGE), and transferred to nitrocellulose. 
Immunoblot analysis with HA-specific anti- 
bodies revealed no immunoreactive material 
in cells synthesizing HA-Ub that either ex- 
pressed wild-type CPY or harbored a dele- 
tion in the PRCl gene (coding for CPY); 
cells expressing WT-Ub and CPY* similarly 
lacked immunoreactivity {Fig. 4A). In con- 
trast, substantial amounts of immunoreac- 
tive material were apparent in cells express- 
ing HA-Ub and CPY*. Reduced amounts of 
HA-Ub-conjugated CPY* were detected in 
cells in which UBC7 was deleted (Fig. 4A); 
the residual HA-Ub-conjugated CPY* in 
these cells is attributable to the action of 
other ubiquitin-conjugating enzymes such as 
Ubc6p (Fig. 1B). HA-Ub-conjugated CPY* 
was also virtually absent from cells in which 
the DERl gene was deleted (Fig. 4A). We 
separated crude extracts of cells expressing 
CPY* and HA-Ub into soluble and partic- 
ulate fractions. Only the particulate fraction 
contained HA-Ub-conjugated CPY* (Fig. 
4B). However, treatment of the membrane 
fraction with tiypsin resulted in complete 
disappearance of the HA-tagged protein ma- 
terial, whereas Kar2p, which is localized in 
the lumen of the ER (27), remained resis- 
tant to trypsin digestion (Fig. 4B). The ad- 
ditional treatment of the particulate fraction 
with Triton X-100 rendered Kar2p also sus- 
ceptible to trypsin digestion. Thus, the HA- 
Ub-conjugated CPY* did not reside inside 

the ER but w d  most probably located on the 
cytosolic face of the ER membrane. HA- 
Ub-conjugated CPY* was glycosylated: 
Treatment of the protein with endoglycosi- 
dase F resulted in deglycosylation, apparent 
as an increase in the mobility of the protein 
bands (Fig. 4C). Furthermore, HA-Ub-con- 
jugated CPY* bound to concanavalin A 
(Con A)Sepharose in an endoglycosidase 
F-sensitive manner (Fig. 4D). Thus, CPY* 
must have entered the ER in order to un- 
dergo glycosylation. 

Our data are consistent with the follow- 
ing sequence of events: After import and 
glycosylation in the ER, CPY*, or fragments 
thereof, undergoes retrograde transport out 
of the ER, becomes ubiquitinated, remains 
associated with the ER membrane, and is 
subsequently degraded by the 26s protea- 
some. ER-associated degradation of mis- 
folded proteins on the cytoplasmic side of 
the ER is supported by the observation that 
degradation in vitro of the yeast secretory 

protein pro+-factor, mutated so as to be 
incapable of undergoing glycosylation, re- 
quired cytosol and adenosine triphosphate 
(28). The ER-associated degradation of 
CFTR is likely facilitated by the large 
(-60%) cytoplasmic domain of this pro- 
tein, which should be readily accessible to 
the ubiquitin-proteasome system (5). Deg- 
radation of major histocompatibility com- 
plex (MHC) class I heavy chains by the 
proteasome as a result of the action of the 
ER-resident human cytomegalovirus US1 1 
gene product has been described (29). This 
protein is thought to mediate the disloca- 
tion of glycosylated MHC class I heavy 
chains from the ER membrane to the cy- 
tosol (29), indicating the possibility of 
translocation of a glycosylated membrane 
protein from the ER lumen to the cytosol. 

The CPY* protein is transported into the 
lumen of the ER, where it accumulates. Its 
degradation must require machinery respon- 
sible for recognition inside the ER and ret- 

Fig. 4. Ubiquitination and 
glycosylation of CPY'. Ex- 
pression of CPY' was in- 
duced in cells of isogenic 
strains expressing wild- 
type (W-Ub) or HA 
epitopetagged (HA-Ub) 
ubiquitin (31). (A) After cell 
lysis under alkallne condl- 

A 

I I 
I D tlons, CPY* was ~mmuno- 

Wlld hlpe 

precipitated, separated 
by SDS-PAGE, and 
transferred to nitrocellu- 
lose. HA-Ub-conjugated 
CPY' (HA-Ub,-CPY') 
was visualized with HA 
epitope-specific antibod- 
ies (32). Nonspecific 
cross-reactions of the 

B 20 owg 

I secondan/ antibodies used for immunoblot detection with the 

WT / A ~CWI CPY 

derl 

Lysate 

poiyclonai ant~bodles to CPY used for ~mmunoprecipitation are 
indicated (IgG). Stralns expressing HA-Ub and either wild-type 
CPY (W303-1 B) or no CPY antigenic material (CB018) areshown 

I 3 .: in lanes 1 and 2, respectively. CPY' was present in a wild-type 

S P P P  

genetic background (W303-1 C) and W - U b  or HA-Ub was overexpressed (lanes 3 and 4). CPY' and HA-Ub 
were present In a l d e r l  deletion strain (W303-CD) (lane 5), a Aubc7 deletion strain (W303-CQ) (lane 61, or 
a Ader7 lubc7double-deletion strain (W303-CDQ) (lane 7). (B) Wild-type (W303-1 C) cells expressing CPY' 
and HA-Ub (37) were deprived of their cell wall and gently lysed (33), and HA-Ub,-CPY' was immunopre- 
c~pitated and subjected to immunoblot analysis as in (A). Lanes 2 and 3, the distribution of HA-Ub,-CPY' in 
the supernatant (S) and pellet IP) after centrifugation at 20,000g (33) before immunoprecipitation, as 
compared with the unfractionated lysate (lane 1). Equal portions of the pellet fraction were treated with 
trypsin alone (lane 4) or together with Triton X-100 (lane 5), as compared with an untreated sample (lane 3). 
As a control, the yeast Bip analog Kar2p in samples taken before immunoprecipitation with the CPY-specific 
antibodies was subjected to ~mmunoblot analysis. The aberrant mobility of the Kar2p band in lane 4 is due 
to the high concentration of ttypsin In the sample, as was shown in an independent experiment (8). (C) CPY' 
antigenic materlal immunopreclpitated from cells of the wild-type strain W303-IC and the isogenic lubc7 
stra~n W303-CQ (37) overexpresslng HA-Ub was incubated in the absence or presence of endoglycosidase 
F (Endo F) (32) as indicated. lrnrnunoblot analysis with antibodies to HA revealed that enzyme treatment 
resulted m a shift of bands to lower molecular mass. The Aubc7 strain showed more specific bands 
(arrowheads) than the wild type. (D) CPY' irnmunoprecipitated from cells of strain W303-CQ (31) overex- 
pressing HA-Ub was incubated with Con A-Sepharose (34) and separated into a nonbinding supernatant 
(lane 1) and a Con A-Sepharose- bound fraction (lane 2). both of whlch were then subjected to immunoblot 
analysls with antibodies to HA. The experiment was repeated but the immunoprecipitated material was 
treated with endoglycosidase F (32) before Con A-Sepharose fractionation (lanes 3 and 4). 

ubc7 
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regrade transport ot' the glycosylated protein 
into the c\-toplasm~c environlnent, in order 
ti) reniler it accessil~le to the u1.icru~tin-nril- 
teawme systeln. Derlp in the ER mrmhrane 
( 7 )  lna\- 1.e a component of this maihil-iei-\-. 
Given that Pr.\:"is clegraileil n.ith siniilar 
kinetics to C:PY::: (6)  ant1 the misf~~lileil prk)- 
teni also ,iccumulate? in tit.r2-1 (zibc7) mu- 
tants (7. 8), 11.e suggest that ~ t s  hreaki1k)~vn 
also ileuel-iils on the uhlauit i i~-~-ri-otei is~)i~~e 
system. Iniieecl, it is possllile that this cyt~)-  
solic system is respi~nsllile for most ER-asso- 
ciateil protein ilegrailatiol-i 
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2 ~1, i ts  of optca dens~ty at 600 i m  (CD,jll: (0 6 x 
1 Oi to 3 8 u 1 C- cells] were taken froln a ogartitim- 
c a y  gro3.~!ny cu l t~~ re  for each t me .,oiit an:i labeled 
~v~tl: [ 'S]rneth~on~ne. Growtl: a b e i g  and cl:ase 
condtons, as well as a otlier expermental :,rote- 

dures l e e  breakage rnn i~~nop rec~ .~~ ta t~on  and 
S3S-PAGE,. were as descrbed !G, 

31 The $.A! Id-tt!.,e strans m e d  n ths stud)! were L'J303- 
1 6  lr'~.4AT~\ ade2- 7 "  ' l i ra37 !-s3-7 7, 75 :e;,2-S 7 72 
t:p7-i cao7-7001 [H. L. Cti~ana and R. Sctiekman. 
h!ature 350, 31 3 id331 I]. l0VCG4a ii;ATci i7,sS-i 7, 75 
,e112-S.7 72 m 3 )  (273 and YPH499 tPd;iiTa ora3-52 
!eo21\ 7 '3s31\20G t:p 7 163  !:,~s2-80 7 ade2- 70 7 I (22: 
Stran de12-7 was delved from ethylmethane sufo- 
nate nwtagenesls of cells of stran YAFG (IJiATa 
pra7 lSS prc7-7 18~12-3 i 72 3Rk3 HISS: Stra~ns 
L'JCGY4a and YPH499Y were der \,ed from strans 
LS'CG4a and YPH433 by reaacng the ctirotnosomal 
PRCl alee V/I~I ttieorc.-7 a lee (encodli3 CPY'r by 
the two-step gene repacelnent method [S. Sclierer 
and P. 1V 3av1s. Proc hat,' Acac So. U S A  76 
4951 (1973)] '.~!~th Bal I-digested 3NA of plasm~d 
.~RS306pc7- 7 13 The lnutant stra~ns CMY762Y 
(IJiATa c,1n3-7 .m3-52 ,eL,217 hs312GG prci-71. 
CMY806Y 1lJiATa ct:?5- 7 ura3-52 ,'e~,21\ 7 '-isS12GG 
prc7 - I , ,  1VCGY4-1 1 a ,Pd;ATr< ! 7 1 ~ 3 i  7. 15 'e~,2-S. ..2 
~,ra3 01-ea- i prca-7 I. LS'CGY4-11'228 (IJiATcl ' 3 ~ ~ S -  
7 i 7 5 'eo2-3 7 72 ~ r a 3  ore7 - 7  p1.e2-2 ore7 -1 :  and 
YHlY23 14 1lJiATii i ~ s 3 - 7  l 75 ,'e;12-3 7 72 0ra3 
01.e1-7 oreA-7 orc7-7 I were clerved from tl:e resaec- 
t ve mutants CMY762 CMYSO6 1221 '?/CG4-11 a. 
LS'CG4-11 22a (271 and YH29'14 ( I ' V  H t  and 3 H. 
Il'olf unpubsled data1 by re.,Iacing the PRC7 ~ v d -  
type alee w~th the prc7- i  alee, as descr bed abo>,e. 
Strais L'J303-1 C (hiATir ade2-7- ;1,a3-7 '7.~3-7 7 75 
)e,12-3.7 72 t(07-7 car;i-7 50 p ~ 7 - 7  I and L'J303-CD, 
der>,ed from L'J303-1 C but P,arborn'; the der7 .:U,QA3 
-r>~~tato. i ,  were provded by M Kno., !7i Stran CBOl8 
tL!ATa ?,'iS-i ' 7 ~ 3 -  i 7 7 5 ,ei12-3 7 72 ::,oi- 7 ade2- 7 '  

cat; i 7 00 oeo41\:,,Y!SS oi,I .'7,sG pl.c71\' htsS1 was 
l:rovded lby S Fuller. The o l ~ b  deet o i  s t ra i  L\!'303- 
CP was coistructed by tra,isformng cells of s t ra i  
'::303-1 C ~vtl: H nd I-dgesred DNAof aasmd .,TX33 
iobcG LEU21 I 731 followed by se1ecto.i for L e u  trais- 
formants The ~1bc7  deleton stra1.i 'P1303-CC was con- 
sir-~cted by transforlnng cells LVI~I Pst I- a i d  Ea~n  
H -d~gested DhA of a asr- d aGR172 :Libc7.  LEU^) 
(79 followed by seecto i  for Leu tra,isfor~'-ants 1.1 all 
,isfa,ices the 1:omologous recovbnatoi  eveits '.Alere 
corfrmed by Sout~er, i  I ~ N A I  blot a,ialys~s 11'303-COa 
was derhed frov 11'303-CC through matlrg tyl:e 
sw~tcl:iig w tP, the Llse of the .,las~n d aGaHO [J B 
Hcks a i d  I Herslio~v~tz. Secet,cs 83. 245 11 97611. and 
subsecluent screenng for tie a-~i iatng iyae L\!'303- 
CPC and 3303-C3C were d e r ~ e d  from crosses of 
'::303-CQa wtl: 11'303-CP and 11'303-C3 respectve- 
y For all stra1.i construct~ons standard yeast ge,ietc 
tec1:niques were usecl [C. Guthr~e anc S. P. Fiik, Eds. 
5!eti,ods E:7zyn7o, 194 (1 931 i The 1 1 -lib Eco R-Pst 
I geioni c fragr-e,it contan ng tP,e UBC7 gene, made 
b l ~ ~ i t  a the Psi I eici '!:as subconed i i to  t?e Eco Rl- 
a i d  Eco R\!-digested CEN pIasn71:i aRS313 [R S. 
S korsk ancl P. Hieter, Ge:>ettcs 122 19 11 353:: or 2p. 
.~lasm'd pPS423 IT ':: C?r~st,anson R. S. S~korsk~. Ivl 
3ante J H. Shero. I. Hieter. Ge1;e 110 119!19921] to 

yeld tl:e plas~nds pRS313-UBC7 and pRS423-UBC7, 
res.~ect~vely. The plas~n~ds Ye.,96, YepllO, a i d  
Ye .~ l12  coitain VWUb Ub-R48 and HA-Ub ~ ~ n d e r  the 
conto  of the CUP7 promoter 0.1 a2p. pasmd ( 7  3. The 
lbasmids contai.1 ng Ub-R2S a,id Ub-R63 are der~>,a- 
tlves of Ye.396 (76.  
Cells ex.~ressing the dtferent ~ ~ b q ~ ~ ~ t i i  &ants fro~n 
pasmds iS7)3.~!ere gro3.A!n at 3C-C n covaletesynthet- 
ic meduln ICM nto 0 3  phase u n t  a.1 03,,,:, of 2 u.its 
was acl:ie>,ed. TP,ey were then tra,isferred , i to Clvl con- 
taiina 0.1 glucose an:i 100 ~ L M  coaaer sulfate 
ICD,?, ,:, 101 a,i:l gro3.A!n for 4 hours to a o ~ v  for i iducton 
of CPY' and the synthess of the respectve ~ lbqut i , i  
>,at ant. Cells 103 , , < ,  100 ~1nits1 !3 x 1 0  to 4 :\ 1 0  
cells: were s~~bjected to a,kane ys,s 10.25 14 NaOH. 
1"" n~erca.~toethand for 10 m l i  017 ce, f oo~ved  by 
.~recpitaton 3~1th  1O0o p.~!',,) tr~ctiloroacet~c acd I TCA: 
for 10 m n  on ce. Aftercentrfugat on 110 mn,  20 00031. 
the res~~It , ig aelet $.A!as 8,vashed once ~vith ice-cod eth- 
anol resuspended I 500 IL of UREA buffer [5'0 S3S. 5 
M Llrea 200 ~nlvl tr~s-HC lpH 6 8) 0 1 n W  E3TA bro- 
mo.,I:eno blue], d~luted 1 to 20, and subjected to n i -  
lnuioprec a tation ~.~!tIi antbodes to CPY essentaly as 
descr~bed arev~ousy 161 3eglycosylat1on of salnples 
$.A!as perfort-r>ed as descrbed [D. 0 .  Sporniai i  J. Hem 
3 H l'ilolf. J. 5.3,. Ci7e:i~. 267. 8021 (1 99211 1rnmu.i~- 
arecl.,tated tnatera was boed  n 60 of UREA butfer 
before S3S-PAGE CPY- antlgenlc lnater~al corre- 
spond1'i3 to 15 OD,?,-,,, unts of cells (4.5 x 10"cesj  as 
separated on an SO6 SDS-.~olyacr~~la~n~de gel and 
transferred to n~trocellulose vembranes accordna to 
standard nietP,ocls. HA-Ub was detected '.~!ltP, tl:e 
1 2 C A  ant body to HA and enlyanced chemlun~nes- 
cence IECL: An~ershaml. Kar2.~ s n a r y  detected 
witl: saecf~c poycona ant bodes. 
Cells 3.A!ere gro3.A!n as descrbed 621. Salieropast gen- 
eraton and cell breakaae were ae?or~-r>ed essentaly 
as descrbed [P Egner. Y Mahe. R Pandja~tan. K. 
K-lc~ler Go). Ce,:: Bo,' 15, 5873 '1 995:) ~ v t h  an addl- 
tonal treatlnent w th 20 mlvl N-etl:ylmale~m~de before 
spheropast generaton Spheropasts were generated 
frov 300 03,., un~ts of cells and aently ysed ~vl t l i  a 
t1ss.e grnder The ysate was cleared of rema~ning 
cells and debrs by ,epeated centrfuaaton for5 m n  at 
30003, a i d  the f ~ n a  supernatant 3.A!as d~vded nto aor- 
t ~ o i s  correspond~ny to 60 03,,,,. ~ rn~ ts  of cells From 
the t me of ys s, a rnater~al '.A!as ma~nta~ned on c e  
Membranes were separated frov tlie sol- be fracton 
by ~ e t i t r f ~ ~ g a t ~ o n  at 20.000g for 30 v1.i at 4'C For 
protease treatnTent, tl:e pellet 3.A!as resuspended and 
t ~ - ~ p s i i  was added to a conce,itration of 0 5 mg tnl. 
The samae was Incubated for 30 v n  on c e  11f added 
TrtonX-100 was present at 1 % d~t r i ig  this ~ncubattonl. 
All treatments were terv,iated by arecp~taton of aro- 
tens '.~!tl: 1 On" TCA for 10 v n  011 ce. S o ~ ~ b i z a t o n  of 
the TCA aelet, mm~~nop rec~ .~ ta ton  of CPY antiaenc 
materal. SDS-PAGE, and detecton of HA-Ub-co,iju- 
sated CPY' were pe~forrned as descrbed (S2: 
The seaaratioi of ~~nalycosylated from alycosylated 
aroteis by Con A-Septiarose (San~ai was ae-iorved 
n C o i  A buffer [0.01 M tr~s-HC II:H 7 5:, 0 15 M NaCl 
1 v M  CaCl, 1 mM MnCI2:, ~ 1 n ~ l ~ 3 r e ~ l . ~ l t a t e d  CPY' 
a,itaenc matera '.A!as ~ o l ~ b l l i ~ e d  in UREA buffer '32,. 
dl~l ted 1 2 0  n Con A buffer and 1,icubated w~th Con 
A-Sepharose 11 0 to 16 n7g of Con A per m~ll~liter of ael. 
1 1 111 of gel per C3,-,,, -lilt of cells: for 3 Ikours at rooln 
tet--3erat-lre w~th gentle agtation Tlie Con A-Seala- 
rose was seaarated by ce,itr~fugat~o.i 11500g. 3 lnlii 

a,id washed tw~ce wtP, C o i  A butfer Protens of the 
cotiibned su.,ernata,it and wasl:es were prec1:tated 
~,~!th l ooo  TCA for 10 n7n on ce  a,id solubil~zed n URE3 
buyer 1321, as were the aroteiis bound to Co,i 
A-Seaharose. SDS-PAGE and detectlo,? of HA-Ub- 
conjuaated CPY' were pe-iormed as descrbed (S2:. 
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