
Role sf Cuel p in Ubiquitination and 
Degradation at the ER Surface 

Thomas Biederer, Corinna Volkwein, Thomas Sommer* 

Endoplasmic reticulum (ER) degradation of aberrant proteins is mediated by the ubiq- 
uitin-proteasome pathway. Here, a membrane-bound component of the ubiquitin sys- 
tem, Cuel p, was identified. It was shown to recruit the soluble ubiquitin-conjugating 
enzyme Ubc7p to the ER membrane. In the absence of Cuel  p, unassembled and thus 
cytosolically mislocalized Ubc7p was unable to participate in ER degradation or in the 
turnover of soluble non-ER proteins. Moreover, ubiquitination by Cuelp-assembled 
Ubc7p and Ubc6p was a prerequisite for retrograde transport of lurnenal substrates out 
of the ER, which suggests that ubiquitination is mechanistically integrated into the ER 
degradation process. 

Formation of ~ ~ b ~ q u l t l i l  coilj~lgates require 
three classes of en:ymes: the i ~ b i ~ l u ~ t i n - a c t ~ -  
vating enzyme (E l  ), i ~ b i i ~ ~ ~ ~ r i i ~ - c o i ~ ] ~ ~ g a r ~ n g  
enzymes (Els  or Ubcs), and occaionall\- 
111-iiluir~n-prote~n ligase (E3s). E l  actir-ates 
the highly conser~.ed pol\-peptliie ubiquitin 
unilel- adenos~de tl-iphosphare (.\TP) hy- 
drolysls ancl transfers ~t to the Uhcs. Both E l  
and Ubcs form a thioester bond hetv-een 
their active-site cystelne and ub~quitin.  U1-cs 
then attach ~ ~ b i ~ l i ~ i t ~ i l  t o  111-strate ororeins 
by an  iso'epticle bonLl that  marks them for 
proreolys~s 1-y the  765 proteasonle ( 1 ) .  

7111s proteolytic path\\-ay 1s also 111- 

volved 111 ER degradation, a p r o c e  that 
helps to prevent m a l f ~ ~ n c t ~ o n s  in the  secre- 
tory patll\val- ( 2 ) .  T h e  ~ n t q r a l  ER m e n -  
brane protein U1-c6p (3)  and the  solul-le 
Ubc7p are key components for ER clegrada- 
tion in \-east. S ~ l b t r a t e s  of t h e e  enzymes 
inchlde a lnilrailr torm o t  the mi~ l t i spann~ng  
ER membrane protell1 Sec6lp (4), encodeii 
hy sec61-2 ( 5 ) )  ailci a lnilrated carhosypep- 
t~dase  I- (CI'Y';') i>f' the  ER lumen, encoded 
1-y pel-l (6 ,  7) .  T h e  l:roteol\-sis of CPY" 
occurs outside the  ER and 1s preceiled bv 
retrograde transport from the ER l~lnlen 
back ~ i l t o  the cvtosol (7). This transport is , , 

iacil~tated hy components of the protell1 
translocation mach~nerv  (8). Viie aildrezeil , , 

the follo\i.ing Isaues: Are add~tii>nal compo- 
nents of the ilbiqult~ll systein present at the 
ER membrane? HOLY is UbcT~3 inr-olved in 
ER ilegradarion? Are retrograde transport 
ailil u l - ~ q i ~ i t ~ n a r ~ o n  f~~nc t iona l ly  coupled 
processes l 

1111tiall~-, me rurlfied membrane-bound 
comr2onents of the ubiiluit~n system from 
yeast hi- their ab111ty to for111 a thioester bond 
~v i th  ubiquitin 111 the presence of' A T P  (9) .  X 
w~ld-t\-pe cytosol~c fraction IS serr,ing as 
soilrce for c\-tosol~c E l  anci Ubcs but d e v o ~ d  

of free u b ~ q u i t ~ n  \\-as used to  preload u h ~ q -  
i ~ ~ t ~ i l - S e p h a r o s e  n71rh these components.  
T ~ v o  coli~inlls were Prerxred from t h ~ s  

L L 

~ ~ b i q i ~ ~ r i n - S e ~ ~ l ~ a ~ - i > s e .  Membrane protellls 
soluhi1i:eil 1vlt11 the  d e t e r ~ e n t  CHAI'S 
\yere applied to one col~llnll  ( I ? ) ;  the  sec- 
o n ~ l  col~llllil \vas loailed in parallel nrith 
the  s o l u b ~ l ~ z a t ~ o n  buffer and served as a 
control.  Thioester-bondeil r r o t e l n  \$-ere 
e lu te~ l  from 1-0th colillnns n-it11 i l i th~othre-  
it01 ( D T T ) .  4 proinilleilt proteln of 23 kD 
\trw detecteil only in  the  eluate of' the  t ~ r s t  
c o l ~ ~ i n l l  (Fig. 1 4 ) .  This p r ~ t e i n  \v;i purl- 
flee1 to homogeneity 1-y reversed-phase 
high-perfc>rmai~ce liquiil chromatography 
(R1'-HI'LC), and its 29 NH1-terminal 
ainiilo acids \\,ere sequenceil. 

T h e  cloned corresy:ond~ng gene ( I  I ) 
coiles for a protein of' 2L73 alllillc) a c ~ d s  \\-it11 
a calculateil molecular welghr of' 77.3 kD. 
(Fig. l B ) .  X'e called t h ~ s  nonessent~al ( I  I )  
gene CL:EI (factor for coupling o f ' ~ i b ~ i l u i t ~ n  
conjugation to ER degraiiar~on). C ~ l e l p  nras 
preci~cted to have a single NH--terminal 
membrane-sy2anlil1lg seglnellt, anii the 
COOH-termini~s  of C u e l p  \vas oriented to- 
\ ~ a r i l  the cytosol (12) .  Ci le lp  coulii be ex- 
tracted from cruLle rnlcroollles hv deter- 
gents, but not by urea, salt, or all tal~ne 
conLiit~ons (131, ~-erif\-lng that ~t 11-as an  
~ntegral  meml~rane protein (Fig. LC). 

Secruence colnparlson revealed n o  simi- 
larlty of C11e1p to previously ~clentif'ieil corn- 
ponents of the ub~quitin \ -s tem.  Its positloll 
\i.ithin the ul~iquitm system \vas deterlniileii 
by a ublquitin aff~nity chromatograyhy assay 
(14) .  A g lu ra r l~~one-S- t r a~~s f ' e r a se~~b ic lu~ t~ l l  
f~lsion protein (GST-ubiquitln) \vas nonco- 
valently immol~il~zeil on g1~1tathione-Se~3ha- 
rose beails. After ~llcitbarioll of thcse beads 
with fraction IS, enzyme o i  the u b ~ i ~ u i t i n  
systeill had formeii th~oester boilds \ \ - ~ t h  
G S T - u l - ~ i l u ~ r ~ i ~ .  Elut~oil  of' the bound pro- 

uitin 111 the presence of' A T P  anil coulil not 
lie eluted wit11 3.11 hI urea but could he 
eh~reii \virh SDS. T h e  ~llolecillar n e ~ g h r  of a 
p01:ulation ot  U1-clp \\.as ~llcreased hy 3L1 kD, 
\~111ch 1s the size of GST-ul-iqultin. This 
mc~clif~cation n.as reversed by reclucing con- 
cl~t~oils ancl thus represeilteil a thioester- 
boililed form of Ubc lp  (Fig. 2 4 ) .  Therefore, 
detection of' this lllolecillar weight shlft in- 
dicated covalent biniimq of the ehlteLl pro- 
telils to GST-ubiiju~rin. T h e  absence of this 
shift \i.oulil inilicate noncovalent b ind~ng.  
T o  ~naly:e the l~eha~ . io r  of memi-rane- l~o~~nd 
en:ymes of' the ub~q i l~ t in  system, TI-e charac- 
rer~zeil Ubc6~1 111 the follo\ving assay. Bead- 
hounJ GST-u l l~qu i t~n  was preloadeil n-1t11 
fraction I1 in the presence of' ATP,  anil 
soluhil~red membrane proteins n-ere suhse- 
quently added. Ul-cbl: 1-ellaved similarly to 
Uhcly-, (Fig. 2 6 ) .  Cuely: deri~.eii from \vlI1l- 
type inembrane extracts also hounil to im- 
mobiliseei G S T - u b ~ ~ l u i t ~ n  but nra partially 
\~ ,~she i l  off \\.it11 urea. N o  forms of' C u e l ~ i  
with an lllcreaseii mc~lecular lveight \\-ere 
~letected in the eluates. Blndillg of C u e l ~ 3  
was completely depelldeilt on ATI' (Fig. 
26 ) .  Thus. C ~ l e l r  neither tormed a thioeirer 
'onil 1 ~ 1 t h  uhiquitin nor 1-ound to u l ~ i q ~ ~ ~ r ~ n  
noncor~alenrlv. Instead. ~t \vas liltel\- that 
Cue 11. n.a i m m o l ~ ~ l ~ r e d  by noncovalent in- 
teracrlon \\-it11 a th~oesrer-l-ound en;vme of 
the ul-iqu~tin system. 

Using preparar~ons from Uhc  ilelet~oil 
srralns, \ve identitied t h ~ s  component.  I'uri- 
f ~ c a t ~ o i l  of C u e l p  by GST-ul-iiluitin aff~nity 
chromatoqraph\- was not altereil when \ve 
;rpy:l~ed o1ubill:ed membrane proteins from 
A1ibc6 cells (Fig. 7B). XppIicat10~1 (of' frac- 
tion IS from Ittbc7 cells in the preloaillng 
step also haii 110 effect o n  Ci le lp  binding 
(Fig. 7B). But ~ v h e n  fractlon IS and mem- 
hrane proteins \yere 1 ~ 0 t h  derived from 
Ilibc7 cells, C ~ i e l ~ 3  dlii ilor hind to GST- 
ubi i l i~~t in  ally Inore (Fig. 7 6 ) .  T h i ~ s ,  ~ l l l y  
~llembrane-l-oui~il Ul-c'ip could imrno1-1li;e 
Cue lp .  T h e  association of C u e l p  and 
Uhc71: nas  also demonstrated 1-y iminiullo- 
aff'1111ry chromatography \\.~rll antibodies 
s ~ e c ~ f ' i c  tor C u e l p  (15) .  T o  r h ~ s  end, \ve 
consrructeii a myc-tagged verslon of U b ~ 7 ~  
(16) .  Applying sohlbi1i:ecl memhrane pro- 
relils from cells expressing Cue113 and 
UbcTp!""' from mulrlcopy \.ectors, both pro- 
t e ~ n s  coulii be coeh~ted  trolll the xnti- 
C u e l p  imm~~noaff i i~i ry  column. T h e  anti- 
genic peptiile bloclteJ t h e ~ r  p i ~ r l l ~ c a t ~ o l l  
ci>mpletely (Fig. 'C). T h e e  reu l t s  con- 
firineii that C u e l p  and Ubc'ip are a e m -  
bled into a membrane-l-ounil hererodimer 
or a larger protein comy.lex. \Y1hether hot11 
proteuls b111ii each other ii~rectly, or ~vhetll-  

,Azx-Celbl.5ck C6itel ,AolecJlar ,e, t e ins~under  nonreiluclng conilltioils ivlth er aLiiitlondl components are also part of' a 
qssse-st-asse 10 15: 22 S e t  1, ~ e r i i a i ~  SDS preserveLl t h e e  rhioesrer boncis. 4 s  a putative com'les, re~naills to be clar~fied. 

-Ts esl,cndencesi'c,L,lcl beacidresseci E-lTall 
coiltrol, we useci Ul-clp contained in irac- The  assernl~1~- nf CuelP \\.lrh Ubc'ip sug- 

t-- s,tnme-8t'icic-bert- - ::e tion 11. It llounil efficiently ti, GST-ub~q-  gested that Cuelp determineci th t  en:yme's 



Fig. 1. Purification of A DTT eluates 
Cue1 D from crude veast . - 

K U  
mlcrosomes by ub~qultln p* - 175 
affinity chromatography. E l  - -"' - 83 
(A) SDS-PAGE and Coo- - 62 
massie staining of the 
DTT eluates of ubiquitin kD 

********** ******.*.*..*e.e.e. 
B 1 MEDSRLLITL ILVFGVIPLK KPPQSNQWPS AQRLSATGVN AHGRPPCSTQ 

51 NALRRTGRVNGGWWTQMYETVQNLAPNLWPEQIRYSLENTGSVEETVE 

101 RYLRGDEFSPPPGFEPSRAPMGANAAVDNNMGGGEFNDPRKRNMICAEN 

151 LLDKFHVDLNEDMSNLSFKDLDIEERKRLLVWQARKNLETKLQSDKDLQS 

affinrty chromatographies 28 - - - 2 5  201 m 
corresponding to material 23 - - 16 
purified from 4000 equiv- l 4  - a .- 
alents [defined in (lo)] are .- 

8 
shown (9). Lane 1 shows 1 2 C z s g g p  - 
the eluate from a column z z 3 g g  loaded sequentially with cytosolic fraction II and solubilized membrane proteins. Lane 2 shows the eluate of 4 ON 7 2 
the control column loaded with fraction II and the solubilization buffer, in which only the cytosolic components r n Z $ ~ r o  
of the ubiquitin system were contained. When both fraction II and solubilized membrane proteins had been IIIIIIIII~ 

P S  P S  P S  P S  P S  P S  applied, an additional band, corresponding to Cue1 p, was coeluted, which is marked by an asterisk in lane 1. k~ - .  . . - .. - 7 . q  - - -  . - 
(6) Amino acid sequence of Cuel p (24). Underlined amino acids represent the putative membrane anchor; 25 , _ 
asterisks mark the sequenced amino acids. (C) Cuelp is an integral membrane protein. Membrane prepa- 16 - -Cuelp 

rations were extracted with buffer containing 2.5 M urea or 800 mM potassium acetate, with N%CO, (pH 
11.6), or with 1 .O% detergent and 125 mM potassium acetate (13). P, pellet; S, supematant. 

intracellular distribution (Fig. 2D). Ubc7pmYc 
expressed in A u k 7  cells from a single-copy 
vector was detected solely in a crude micro- 
soma1 fraction. In the absence o f  Cuelp, 
Ubc7pmYc was no t  detectable at all. In a Acuel 
strain, overexpressed Ubc7pm" was found ex- 
clusively in the cytosol. Upon  overexpression 
o f  both Ubc7pmYC and Cuelp from multicopy 
vectors, Ubc7pmYc sedimented exclusively 
w i th  the membranes. Consistently, immuno- 
fluorescence microscopy indicated the Cuelp- 

Fig. 2. Cuel p is assem- 
bled with Ubc7p. (A) Be- 
havior of Ubcl p in GST- 
ubiquitin affinity chroma- 
tography (1 4). After ap- 
plication of fraction II to 
GST-ubiquitin Sepha- 
rose, a population of the 
eluted Ubcl p had a low- 
ered mobility in SDS- 
PAGE as compared with 
Ubclp contained in the 
starting material. This 
modification reoresents 

dependent localization of Ubc7p to  the ER 
surface and possibly the nuclear membrane 
(16). 

In order to  ask if the interaction o f  Cuelp 
w i th  Ubc7p at the ER membrane was func- 
tionally important, we analyzed the degrada- 
t ion o f  different substrates in pulse-chase ex- 
periments (1 7). First, the essential multispan- 
ning ER membrane protein Sec6lp, which is 
a key component o f  the protein translocation 
apparatus (18), was investigated. Wild-type 

and various sec61-2 mutant cells were ~u lse -  
labeled at the allele's nonpermissive temper- 
ature. Under this condition. mutant S e c 6 1 ~  is 
short-lived in a wild-type background. ~ k e r  
different chase periods, cells were lysed and 
Sec6lp was immunoprecipitated (Fig. 3A). In 
the absence o f  Cuelp, proteolysis of Sec61-2p 
was abrogated as completely as in cells lacking 
Ubc7p. This observation might have been 
due to  the drastically reduced level o f  Ubc7p 
in Acuel cells. T o  test this, we used cells 

B 
Fraction II: W WT WT-ATP WT h u b 7  Auk7 
I----- 

Membrane: U B C V  WT W-ATP AubC6' WT Auk7 
I----- 

ubC6p- - - 
Cuelp - - -- -- - _- - -- -_ 

a thioester b i n d  be- 
tween Ubcl p and GST-ubiquitin (Ubclp-GST-Ub), 
because it was reversed by reducing conditions (1 0 C .- Q - m D 
mM DTT). (6) Immobilization of Cue1 p on GST-ubiq- 3 3 

m i i i m  i i Z  WT Acuel Acuel CUEIK 
uitin is mediated by Ubc7p. GST-ubiquitin affinity nn n m  
chromatography was performed in two subsequent M Gyl M Cyt M CY~  M Cyt 

rounds of binding. Fraction II was applied first, and - - . . 
thereafter the solubilized membrane proteins were 

Ubc7pmyc - - added. Fraction 11 (9) and microsomes (10) were pre- ~ k 7 ~ m y c  - , , , ,, 
pared from the strains indicated. S, solubilizate; FI, 
flow-through. (C) In the absence of the antigenic pep- - 1 2 3 4  5 6 7 8  

tide, Cue1 p and Ubc7p were copurified in anti-Cue1 p Peptide block u ~ c p y ~  sc UBC7"'YC 
immunoaffinity chromatography (75). Membrane pro- 
teins were prepared from a AcuelAubc7 strain expressing Cuelp and Ubc7pmvC from multicopy vectors. (D) Partitioning of Ubc7p to crude microsomal 
preparations depends on Cuel p. Equal portions of membrane proteins and cytosol were loaded. Extracts were prepared (1 0) from a Aubc7 strain expressing 
Ubc7pmYC from a single-copy vector (lanes 1 and 2) or from a Aubc7AcueI strain expressing Ubc7pm" either from a single-copy (lanes 3 and 4) or a rnulticopy 
vector (lanes 5 and 6) or expressing both Ubc7pmyc and Cuelp from multicopy vectors (lanes 7 and 8). Cross-reactions with myc antibodies were detected 
at longer exposures (left panel). Proteins were expressed under control of their native promotors. Detection was performed after nonreducing [(A) lane 1 
through 4 and (B)] or reducing [(A) lane 5, (C), and (D)] SDS-PAGE by immunoblotting. M, membrane proteins; Cyt, cytosol preparation; sc: single-copy 
ARS-CEN vector; mc, multicopy 2 - ) ~ m  vector. 
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Fig. 4. In vivo analysis of retrograde transport of CPY by a combined pulse-chase and protease- 
protection approach (21). (A)prcl-1 cells were lysed with glass beads under conditions that allowed the 
formation of outside-out vesicles. The crude homogenates remained untreated or were treated with 
proteinase K in the absence or presence of the detergent Triton X-100. The protease accessibility of 
CPY and Cuel p was detected by immunoblotting with specific antibodies. (B) No significant fraction of 
pulse-labeled CPY was accessible to exogenously added proteinase K during ER degradation. 
prcl-1 cells were pulse-labeled, and at each time point of the chase, cells were lysed. These 
homogenates were treated as described (21). Thereafter the homogenates were solubilized, precip- 
itated with trichloroacetic acid, resuspended, and subjected to immunoprecipitation with CPY- 
specific antibodies. lmmunoprecipitates were quantitated after SDS-PAGE with a Phosphorlmager. 
(C) Loss of ER-bound ubiquitination does not allow detection of accumulated CPY outside the ER. 
prcl-lAubc6Aubc7Acue1 cells were analyzed as described in (B). 

C Chase time 
(min) 

'0 2040'  

Ubc7~ did not destabilize CPY*. Ubc6~ and dicates a lack of retrograde transport. 
Cuelp is the first factor known to localize 

a component of the ubiquitin system. The 
compartmental targeting of the soluble 
Ubc7p to the ER caused by assembly with 
Cuelp is a prerequisite for Ubc7p's function. 
This represents a new way to locally define 
substrate s~ecificities of the ubiauitin svstem. 

Acuel ubcfP also recognize the ~ e ~ l  degradation 
simal of the short-lived soluble transcri~tion- 
al-repressor mata2 (1 9). Unassembled ~ b c 7 ~  
was inactive in this pathway (Fig. 3C) and 
also in protection of cells against cadmium 
toxification (20). Thus, all identified Ubc7p- 
mediated pathways, including a pathway that 
originates outside the ER, absolutely required 
association with C u e l ~  at the ER. 

Fig. 3. Cuelp integrates Ubc7p into ER-bound 
ubiquitination and degradation. mc, multicopy 2- 
pm vector. (A) Cuelp-assembled Ubc7p deter- 
mines the half-life of mutant Sec6l p. Pulse-chase 
analysis was performed as described (4). Equal 
amounts of cells of the indicated strains were shift- 
ed to the restrictive temperature of 38°C for 1 hour 
before the pulse-labeling with 35S-methionine. At 
each time point of the chase, equal amounts of 
cells were lysed and microsomes were prepared. 
The proteins contained in the microsomes were 
solubilized and subjected to immunoprecipitation 
with Sec6l p-specific antibodies. (B) Cuel p-as- 
sembled Ubc7p determines the haif-lie of CPY. 
Pulse-chase analysis of C W  was performed as 
described in (A), with the exception that the cells 
were always kept at 30°C and total lysates were 
prepared. (C) Cuelp-assembled Ubc7p deter- 
mines the half-life of a fusion protein containing the 
Degl -degradation signal. Degl -P-galactosidase 
@-Gal) was expressed from a multicopy vector, 
and pulsechase analysis was done as described 
(19). All immunoprecipitates were analyzed by 
SDS-PAGE and fluorography. 

- 1  

Our observations strengthen the view of the 
ER surface as a cellular "ubiquitin conjuga- 
tion platform." Even soluble non-ER pro- 
teins containing the Degl -degradation signal 
are also targeted to this membrane-bound 
ubiquitination machinery before proteolysis. 
Because the components of the ubiquitin- 
proteasome pathway could be preassembled 
at the cytosolic surface of the ER, such a 
targeting step could increase the efficiency of 
ubiquitin-dependent proteolysis. In fact, pre- 
vious results have indicated an ER localiza- 
tion of El and the 26s Droteasome (22). 

Next, we analyzed the cellular distribu- 
tion of CPY* in the Dresence and absence of 
the membrane-bound ubiquitination activity 
in vivo. If retrograde transport and ubiquiti- 
nation on the ER surface are coupled pro- 
cesses, CPY* would be retained inside the 
ER in the absence of membrane-bound ubiq- 
uitination. If not, it would be transported 
into the cytosol and thus become sensitive to 
protease attack. To differentiate between 
these possibilities, we combined the pulse- . . 

Furthermore, retrograde transport of ER deg- 
radation substrates seems to be functionally 
coupled to ubiquitination on the ER surface. 
Such a coupling could prevent a substrate's 
escape into the cytosol before targeting it to 
the 26s proteasome, and the ongoing ubiq- 
uitination might contribute to the unidirec- 
tionality of the retrograde transport. 

chase approach with a protease protection 
assay (21). The integrity of the prepared 
microsomes as well as the activity of the 
protease and the accessibility of proteins on 
the cytosolic ER surface were controlled in 
parallel immunoblots (Fig. 4A). The pulse- 
labeled CPY* of prcl-1 cells was insensitive 
to exogenously added proteinase K during 
its rapid degradation (Fig. 4B), indicating 
that cytosolic intermediates are rare spe- 
cies. In the absence of membrane-bound 

lacking Cuelp but containing large amounts 
of overexpressed Ubc7p in the cytosol. This 
unassembled Ubc7p was unable to participate 
in ER degradation of Sec61-2p. In a similar 
pulse-chase approach, we determined the 
half-life of CPY* in different isogenic prcl -1 
mutant strains (Fig. 3B). In the absence of 
Cuelp, CPY* was significantly stabilized. The 
additional deletion of both UBC6 and UBC7 
in the Acuel background had no further in- 
fluence. Again, cytosolically mislocalized 
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Dreer, E. Hartmann, S Kostka, T A Rapoport, Ce!! 
81, 561 (1 995)]. 

11. CUE1 was solated from a genomlc I b ra~y  (generat- 
ed In the pasmd  pSEY8) by hybr~dzation w ~ t h  o g o -  
nucleotdes. CUE1 IS located on chromosome Xlll 
(YMR264W:. A n u  allele of CUE7 vias constructed 
by ampl~ficat~on of 433 base pars (bp) 5'  from the 
start codon and 650 bp 3 '  from the stop codon by 
polymerase cha r  reacton (PCR) and nsertion of the 
2 2-kb fragment contanng LEU2 A second dsrup- 
t on  allele carrles tlie ,HIS3 gene Inserted n t o  the 
snguar Eco R slte of CUE1. N u  alleles ,$/ere ntro- 
duced n t o  yeast cells by the one-step gene dsrup- 
t on  metliod and monitored by Southern (DNA) hy- 
br~d~zaton [F. M, Atlsubel eta!.. Si:oi: Protocols :n 
Moiecuiar Biology \Greene Pub~shng  Assocates, 
New York, 1992)l Both disrupt.ons showed no obvi- 
ous grovith defect i23). 

12 Cuelp antbodes were raised against the peptide 
CKLOSDKDLQSLLT ( 2 4  correspond~ng to the 
COOH-termnus of the protein pus  an addit~onal 
NH,-terminal cyste~ne. Aff~nity pur~ficatlon and im- 
lnob~lzat~on of tlie antbodies ,$/ere carved O L ! ~  as 
descrbed (13). Theantbodes detected a s n g e  pro- 
ten of about 23 kD exclusively in crude microsolnes 
of wd- type but not of 1cue l  cells \231 Protease 
protect~on assays of intact microsomes re\!eaed that 
the COOH-termnus of Cuel p was orented toward 
the cl~tosol (23). 

13. Mcrosomes (1G) viere extracted as In (3). 
14. GST-ubqutin was expressed and ~mmob'l~zed as de- 

scribed [M Scheffner, J. M. HJlbregtSe, R. D. Vierstra, 
P Ivl, Howey, Celi75, 495 \1993)]. Bindng of fracton 
I and CHAPS-solubil~zed membrane protens ,$/as 
done on a small scale but essentaly as n (9) The first 
elution was performed \r/ith 3 0 Ivl urea and I .3% 
CHAPS at room temperature. the second with nonre- 
d ~ c i n g  sample buffer containing 4 0% SDS. Bound 
GST-ubiqutin vias not eluted vi~th 3.3 M urea but ~ 1 1 t h  
SDS 123). Bindlng of Cuepl to GST-ub~qu~tin ,$/as 
dependent on the preoadng step w~ th  fraction I (23) 
Fractons ,$/ere analyzed by ~mlnunoblott~ng. 

15 mmunoaff~nity chromatography vias performed es- 
sentay  as descrbed [D. Gorch,  S. Prehn. E Hari- 
mann, K U. Kalies, T A Rapoport. Cel! 71. 189 
(l992)] Solubilizaton of mcrosomes and chronia- 
tography were performed In 25 mM tris (pH 7.5). 125 
mM potassium acetate, 5 mM magnesum chorde, 
1 .Y'c Trton X-130 (Fuka. Buchs, Swtzerand). 250 
mM sucrose. 0 1 mM DTT, bovne serum albulnn 
\I .3 mgtml), 3.5 mM phenylniethylsulfonyl fuorde, 
leupeptin (13 kgiml), and chy~mostatin \5 kgtrnl). 

I 6  To tag tPe NH,-terminus of Ubc7p \r/~tIi tPe lnyc 
epitope a unlque Spli I slte was Introduced into 
UBC7 by mutageness IC Papviortli, J. C Bauer J. 
Braman, Sit-ategres 9 3 (1996)] A PCR fl-agment 
conta~ning three successl\!e lnyc epltopes [B. L 
Scline~der. W Seufert, B. Ste~ner, Q. H. Yang B 
Futclier, Yeast 11 1265 (1 996)l was ntroduced Into 
ti-s s~te. U b ~ 7 p ~ ' . > ~  was expressed under control of 
t s  natlve promotor froln pRSLl6 (ARSiCEN) or 
pRSL26 \2 pm). T l is  version of Ubc7p ,$/as fully 
functona n degradaton of mutant Sec6l p (23). Us- 
n g  Ubc7pn>>=, \r/e also perforlned ~mmunfluorescen+ 
microspcopy A per~n~~c lear  r~ng-shaped stalnlng 
was v s b e  w~ th  antibodies to myc, v/i-ch ,$/as n d s -  
t ng~ l shabe  from that of Kar2p ithe ER-ulnenal l io- 
moog of malnrnaan BP) .  Cells tliat do not express 
ti-e myc epitope sliowed v~rtually no stanng \23) 

17. Pulse-chase experiments and mmunopreclpltatlon 
,$/ere done as descr~bed (4 19). Tlie \r/ild-type stran 
used In t l is study was VNO2 (mata, trpl-lia"l), h:s3- 
1200, .;ra3-52, !ys2-807, ieu2-3,-112) RSY521 (mata, 
leu2-3.-7 12, da3-52. t p l - 1 ,  iljs4-401, HOL1-7) and 
YFP338 \~~ -a ta ,  sec61-2, leu2-3,- 112, .1ra3-52, aok2-3, 
p e p - 3 )  were kndy supped by b11. Roseana R Schek- 
man M X 5  \mat&, 1ubcE. .HIS3 rrp1 -l(an:), iyis3- 
1200, ~ra3-52, l!/s2-80 1, leu2-3, - 1 12) and YTG3 
( ra ta ,  sec61-2. _\[,be7 LEU2, !e~2-3,-112, ura3-52, 
ao'e2-3, ,ce,c4-3) viere as descrbed (41. I~Autaits used In 
th~s study TiX135 (matn, I c u e l  HiS3, !f;c1-1(amJ, 
i-:s3-1200, ura3-52, l!/ss2801, leu2-3.- 112) YTXI 06 
(mata, 1~,bc7..LEi/2, rr~1-l iam). '31~3-1200, ura3-52. 
1!/s2-801, le.;2-3,-7 12i, and YTX121 (main. secE1-2, 
l c u e l  ,LEU2, !e.R-3,-7 12, .1ra3-52, ane2-3, pep4-3)] 
viere generated by drect transforn-at~on of n u  alleles 
(1 1). N u  alleles of UBC6 and ilBC7 have been de- 
scrbed pre,!ousy (3, 20). The p rc l - 1  alee vias intro- 
duced into hapod ?:Id-type cells as desc-bed \7) to 
generate MX143 (liiata, p r c l -  1, t1;~1-1 (am,,, i-1s3- 
A200 .1ra3-52, I!/sP-801, leu2-3.-772:. ;\!l~~Itlple mu- 
tants viere generated by a second round of transforma- 
ton m i 4 1  (mata, l c L i e l  ,:HIS3, ,cicl-1, rye 1- lfam;, 
ih:s3-1200. .11a3-52, l!/ss2801, !eLi2-3, -1 12). MX142 
(mata, I c u e l  .H!S3, 1.ibc7: LEO2 1~1bc6  .TRP1. 
prcl-1, i ial-l ianl), hrs3-1200, ura3-52, !j/s2-801. 
le,12-3,-1 12)] or by crossing of snge mutants and sub- 
sequent tetrad dssection m i 3 3  tlnata, Ac.ie1. .HIS3, 
l ube7  : L E U  vp 1 - 1 ianl). n:s3-1200, .1ra3-52, !J/s~- 

801, le.;2-3 - 112)] 
18 T A. Rapoport, B. Junqnckel, U Kutay, Ann.;. Re'/ 

Bioche~ro 65, 271 ,1966). 
19 P Clien, P. Johnson T. Sommer, S. Jentsci- M. 

'iochstrasser, Cel! 74. 357 (1 9931. 
20 Growth of 1cue l  and I c u e l  cells overexpressing 

Ubc7p from a multcopy vector on m n m a  meda 
contanng cadmum \23) ,$/as tested as decribed in 
J. Jungniann, H A. Rens C. Schoberi, S Jentsch, 
i\!aiL;re 361 369 (1 993) 

21 Pulse-ci-ase \4) and protease protecton assays (3) 
were done essentially as descr~bed Tlie cells were 
ysed n 50 1mM trls \pH 7 5), 230 mM sucrose, and 
13 mM EDTA vi~t l i  one vo l~~ lne  of glass beads by four 
repeated cycles of m x n g  \r/ti- a Vortex for 30 s at 
lmaximulm speed. Interrupted by 33-s ncubatons on 
Ice In every pulse-chase experment, tlie extracts 
were untreated, treated \r/rP protenase K \0  1 n g ~  
ml) or treated witi- protenase K \0  1 nigiml) and 
3 . ic6  Trton X-100 on Ice for 15 m n  No mmunopre- 
c~p~table CPY' was detected a?er treatment \r/lti- 
prote~nase K and detergent (23) 

22 A L Schwartz, J S Trausch, A. C~eclianover, J. W 
Slot, H, Geuze, Pine Wail, k cad  Sa, U.SA 89 5512 
\I 992); A. Panier e i  al. , B:.ci-em. J 31 6. 431 ( I  996). 

23. T. B~ederer. C. Vo kwe~n, T. Sommer, data not 
sllo$/ll 

24. Snge-etter abbrevatons for the amino a c d  resi- 
dues are as follows. A Ala: C. Cys, D, Asp: E,  G u .  F. 
Phe; G, Gly; H, HIS I, e ;  K, Lys, L Leu, M, Met: N. 
Asn: P P ro  Q G n  R, Arg. S, Ser: T. Thr; \I, Val; W, 
Trp; ana Y. Tyr 

25 We thank E. Harilnann for ad\!ce on the generaton 
of Cuel p-specf~c antibodes; R. Krat. and S. Kostka 
for protein sequencng; M Hochstrasser (Degl-p- 
gaactosidase fuson), S Jentsch (Ubcl p antbodes 
Iubc7.LEU.  and pSEY8UBC7), T, A Rapoport 
(SecElp ant~bod~es) M Scheffner (GST-ubiquitin), 
and D \!Volf i ~ r c l - 1 )  for gene constructs and affnity- 
purlfled antbodies, and E. Hartmann, U K ~ t a y .  A 
Bergfeld. K. Breitschopf, T A Rapopori, and the 
members of the laborato?, for I iep fu  d isc~~ssons 
and crt ica reading of t hs  manuscript. T l is  work was 
supported by a grant from the De~~tsche For- 
schungsgemenschat. to T S. 

20 A ~ ~ g u s t  1997, accepted 23 October 1997 

Multistep Control of Pituitary Organogenesis 
Hui Z. Sheng, Kenji Moriyama, Tsuyoshi Yamashita, Hung Li, 

S. Steven Potter, Kathleen A. Mahon, Heiner Westphal* 

Lhx3 and Lhx4 (Gsh4), two closely related LIM homeobox genes, determine formation 
of the pituitary gland in mice. Rathke's pouch is formed in two steps-first as a rudiment 
and later as a definitive pouch. Lhx3 and Lhx4 have redundant control over formation of 
the definitive pouch. Lhx3 controls a subsequent step of pituitary fate commitment. 
Thereafter, Lhx3 and Lhx4 together regulate proliferation and differentiation of pituitary- 
specific cell lineages. Thus, Lhx3 and Lhx4 dictate pituitary organ identity by controlling 
developmental decisions at multiple stages of organogenesis. 

Pituitary organogenesis is driven by a series 
of del~elopmental decis~ons colltrolled by 
transcription regulators. Pit-1 /GHF-1 ( 1-4) 
and prophet-1 ( 5 )  direct establishment of 
certain pitultary cell lineages [for review, 
see (6)]. Targeted mutation of the Lhs3 
gene revealed its role in the specification of 
most pituitary lineages (7). This study fo- 
cuses o n  earlier steps In pitultary organ 
forrnatlon. X'e analyze the  effects of 11~111 
lnutatiolls in Lks3 and Lhx4 ( a ) ,  a gene 

closely related to Lhs3 (8-1 1 ). and show 
that hot11 genes direct 'formation of the 
pituitary gland in mice. 

T h e  anterior and intermediate lobes of 
the  n i t ~ ~ i t a r v  are derived from the  oral ec- 
toderln that invaginates to  form Rathlte's 
pouch ( 1  2 ) .  Rathke's pouch elves rlse to  a t  
least slx pituitary-specific cell lineages (6 ,  
12) .  

Lhs3 and Lhx4 are expressed throughout 
the  inlraglnating pouch a t  day 9.5 of gesta- 
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