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A B S T R A C T
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b y
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Advisor: Reza Green, Ph.D.

In this study we examined the role of  yeast  BiP,  a luminal ER heat  shock 

pro te in ,  in the matu ra t ion of  a triple g lycosyla t ion  mutant  o f  yeast  prepro-ot- 

f a c to r  ( N 1 2 3 - p p a f ) .  Using pulse-chase  radiolabel ing in combinat ion with SDS- 

P A G E  and HPLC,  we initially observed that the mutant strain exhibi ted  a severe 

de fec t  in the secre t ion o f  a f  c o m p a r e d  to w i l d - ty p e  ce lls .  S u rp r i s in g ly ,

t re a tmen t  o f  mu tan t  ce ll s  wi th tun icam ycin  (TM),  an inh ib i to r  o f  Asn- l inkcd 

g l y c o s y l a t i o n ,  e n h a n c e d  the  t r a n s p o r t  and p r o c e s s i n g  o f  N 1 2 3 - p p o t f ,  

suggest ing a poss ib le  f ran .v-ac t ing  invo lvemen t  o f  yeast  BiP. By const ruct ing  

r e co m b in an t  yeas t  s t ra ins  in which BiP ex pres s ion  was  i n d ep en d e n t  o f  TM 

tre a tmen t ,  and und er  the control  o f  the het e ro logous  CUP1 (m cta l lo th ione in )  

p r o m o t e r  we we re  able to ind ep en d e n t ly  regu la t e  the level  o f  in t racel lu la r  

BiP.  W e  o b s e rv ed  that  o v c rc x p rc s s io n  o f  BiP led to the  re ten t ion ,  and

su bsequen t  deg rada t ion,  o f  N123-potf in a pos t-ER compar tment.  This suggested 

that ,  ra ther  than p romot ing fo lding and transpor t,  BiP plays  a negat ive  role in 

the  lumen oS' the ER by binding mutant  and malfo ldcd  prote ins  and promot ing

thei r  degrada t ion.  Suppor t  for an in teract ion between BiP and N123-potf  was

suppor ted  by two addi tional  results:  First,  expression o f  N123-potf  resulted in a

d o s e -dependen t  t ranscr ip t ional  induct ion o f  BiP m RNA. Second ,  co -express ion  

o f  BiP and N123-potf  was inhibitory to growth in a dose-dependent  manner .



V

U s i n g  these  s am e  r e c o m b i n a n t  s t ra in s ,  we a lso d e m o n s t r a t e d  that

o v e r e x p r e s s i o n  o f  B iP  f rom the  h e t e r o l o g o u s  CUP1 p r o m o t e r ,  p r i o r  to

c h a l l e n g in g  the yeas t  ce l l s  wi th TM ,  p rotec ted  the ce lls  from the cytotoxic  

ac t ion o f  the drug,  in analogy to the protec tive  role of  cytoplasmic  heat  shock 

p ro te ins  in response  to thermal  stress.  To ou r  knowledg e ,  this is the first 

exa mple  that  BiP plays a role in protect ing the cell from a lethal ER stress.

F in a l ly ,  the  T M - m e d i a t e d  t r a n s c r i p t i o n a l  i n d u c t io n  o f  B iP  can be

s u p p re sse d  by he ter ol og ou s  o v c r ex p re ss io n  o f  BiP from the CUP1 promoter ,  

s ug ges t ing that  BiP is di rec tly involved in regula t ing its own t ranscrip tion.
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I. IN T R O D U C T IO N

A .  T H E  S E C R E T O R Y  P A T H W A Y  IN  Y E A S T

1 .  O v e r v i e w

O n e  o f  the f u n d a m e n ta l  q u es t io n s  in ce ll  b io lo g y  is h ow  p ro te in s

syn thes ized  in the cytosol ic  co m p ar tm e n t  are targeted  and t ranspor ted  to thei r

f inal  su bce l l u la r  des t inat ions .  Studies  o f  prote in  ta rge t ing and t ranspor t  have 

b e e n  ca r r i e d  out  in o r g a n i s m s  as d iv e r s e  as bac te r i a ,  yeas t ,  p l an t  and

m a m m a l i a n  ce lls .  D esp i t e  the d i f fe renc e  in su b ce l lu l a r  o rgan iz a t ion  am ong

th e s e  e v o lu t io n a r y  d i s t in c t  o r g a n i s m s ,  the  m e c h a n i s m s  o f  p rot e in  ta rge t ing  

and t rans por t  see m to have  been conse rved .  For  e x am p le ,  t rans loca t ion  of  

p ro k a r y o t i c  s e c re to ry  p ro te ins  ac ross  the c y to p la s m ic  m e m b r a n e  o f  E.  coll

shares  mechan i s t i c  fea tures  wi th the pos t - t rans la t i ona l  impor t  o f  prote ins  into

m i t o c h o n d r i a  and  c h l o r o p i a s t s ,  as  we l l  as  w i th  the  c o t r a n s l a l i o n a l  

t r a n s l o c a t i o n  o f  s e c r e t o r y  an d in t e g r a l  m e m b r a n e  p r o t e i n s  ac r o s s  the 

m e m b ra n e  o f  the  en dop lasm ic  re t iculum.

All  c e l l u l a r  p r o t e i n s ,  wi th  the  e x c e p t i o n  o f  a smal l  n u m b e r  o f  

m i to c h o n d r i a l  and ch lo r o p la s t  p ro te in s ,  arc  s y n th e s i z e d  on c i t h e r  free or 

m e m b r a n e - b o u n d  p o lysom es .  T h i s  early  seg rega t ion  d iv id es  ce l l u l a r  protein  

in to  two  d i s t in c t  ca te go r i e s :  F ree  p o l y s o m e s ,  w hi ch  s y n th e s i z e  cy toso l i c

p ro te ins ,  and prote ins  des t ined for the nucleus ,  per ox isom e,  m i to chondr i a  and 

ch lo ro p la s t  ( t hese  la t ter  p ro te ins  arc t ranspor ted  di rec t ly  from the cytoplasm 

by a p o s t - t r an s l a t i o n a l  m e c h a n i s m ) ,  and m e m b r a n e - b o u n d  p o ly s o m e s ,  which 

s y n t h e s i z e  p r o t e i n s  tha t  wi ll  e v e n tu a l ly  be  d e l i v e r e d  to the  r e m a i n in g  

m e m b r a n e s  and o rg an e l l e s  o f  the  ce ll .  Th i s  p ro ces s  is in i t ia ted  by the
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t a r g e t in g  and  s u b s e q u e n t  t r a n s f e r  o f  sec re to ry  p a t h w a y  p r o t e i n s  into or  

across  the  m em bra ne  o f  the ER by a colrans la t ional  mechanism.

In m a m m a l i a n  c e l l s ,  s i g n a l  p e p t i d e - c o n t a i n i n g  s e c r e t o r y  p a t h w a y  

pro te ins  are targeted  to the ER  through the sequentia l  in teract ion o f  SRP,  an 

11S r i b o n u c l e o p r o t e i n  c o m p l e x  o f  a 7 S L  R N A  and six p ro t e in s ,  w hich  

r e c o g n iz e s  the  r i b o s o m e-s ig n a l  p ep t ide  co m p lex ,  and the S R P  recep to r ,  an 

in tegra l  m e m b r a n e  p ro te in  o f  the  ER,  which r ecognize s  SRP  bound  to the 

r i b o s o m e - n a s c e n t  c h a i n  c o m p l e x .  D u r i n g  t r a n s l a t i o n ,  the  p r o t e i n  is 

t rans located  across the ER membrane.  Once access to the ER lumen is obtained,  

t h e s e  p r o t e in s  arc sub jec t  to a bat te ry  o f  p o s t t r a n s l a t i o n a l  m o d i f i c a t i o n s  

i n c l u d i n g  A s n - l i n k c d  g l y c o s y l a t i o n ,  d i s u l f i d e  bon d  f o r m a t io n ,  and s ignal  

p e p t i d e  c l e a v a g e ,  b e f o re  b e in g  t r a n s p o r t e d  to t he i r  f inal  d e s t i n a t i o n  by 

v e s i c u l a r  m o v e m e n t  t h ro u g h  the  cx o c y t i c  p a th w a y .  By th is  m e c h a n i s m ,  

s ec re tory  pa thway prote ins  ini tial ly targeted  to the ER can be t ranspor ted  to 

the Golgi ,  lysosomc,  secret ion granules ,  or  the p lasma membrane,  as well as be 

secreted.  In addi t ion,  at each step in the pathway,  in response  to appropr ia te  

s ignals ,  a prote in  might  be re ta ined and remain associa ted  wi th that  par t icular  

o r g a n e l l e .

In the  o r ig inal  s tud ies  o f  sec re t ion  in m a m m a l i a n  ce lls ,  m e tabo l i c  

l ab e l in g  and ce ll  f r ac t iona t ion were  used to t race the in t racel lu la r  pa thway  

taken  by prote ins  des t ined for expor t .  These  s tudies were soon fol lowed by 

e l e c t r o n  m i c r o s c o p i c  and i m m u n o c y t o c h c m i c a l  i n v e s t i g a t i o n s  to p r o b e  

s t ru c tu re s  and p a th w ay s  invo lved  in in t r ac el lu la r  t ranspor t .  T h ese  methods  

are w id e ly  used in co n ju n c t i o n  wi th  m o l e c u l a r  b io logical  m e th o d s ,  which  

a l l ow c loned  genes  to be mutagcni / .cd  in vitro and r e in t rodu ced  into cells.  

In v es t i g a t io n  o f  the m o lecu la r  m e ch a n i sm s  invo lved  in d i rec t ing in t race l lu la r  

p ro te in  t ra f f ic  b ec am e  p o ss ib le  wi th the d ev e lo p m e n t  o f  in vi tro  prote in
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t ra nspor t  sys tems .  T he  ad v an ta g e  o f  a ce l l - f ree  sys tem  is tha t  it permi ts

b io c h e m ic a l  f r ac t i o n a t io n ,  re co n s t i t u t i o n  and p u r i f i c a t io n  of  the  c o m p o n e n t s  

o f  each re ac t ion .  T h es e  s y s t em s  have p ro v id ed  fu r th e r  e v id e n c e  for the 

c o n s e r v a t i o n  o f  m e c h a n i s m  b e t w e e n  e u k a r y o t i c  and p r o k a r y o t i c  p ro t e in  

t ranspor t ,  s ince many  o f  the com ponen t s  are in terchangeable .  Th is  work has 

p a r a l l e l e d  th e  g e n e t i c  a n a l y s i s  o f  p r o t e i n  t r a n s p o r t ,  w h ic h  has  t ak en  

adva n tage  o f  the ease  o f  genet ic  approaches  in bacter ia  and yeast .  Al though

m am m al i an  ce lls  are not  as easi ly  manipu la t ed  as yeas t  and bacteria,  a number  

o f  m a m m a l i a n  ce ll  l ines  h a v i n g  d e f in e d  d e fe c t s  in c o m p o n e n t s  o f  the i r  

secre tory  pathways  have also been produced.  Th e p o w e r  o f  genet ics  is qui te 

a p p a ren t  wh en  one o bse rves  the l arge  n u m b e r  of  s ec re t i o n - re la t ed  p ro te ins  

ident i f ied  by the com plem en ta t ion  o f  bacter ia l  and yeas t  mutants .

As in h i g h e r  e u k a r y o t e s ,  the l o w e r  e u k a r y o t e ,  S a c c h a r o m y c e s  

c e r e v i s i a e ,  m a in ta ins  the co m p a r tm e n ta l i z ed  o rgan iz a t ion  and func t ion o f  its 

ce l l u l a r  orga nel le s  through the  p rope r  loca l iza t ion o f  new ly  syn thes ized  lipid 

and  p ro te in .  Yeas t  p o l y r i b o s o m e s  s y n th e s i z i n g  s e c re to ry  p a th w a y  p ro te in s  

are d i rec ted  to the  ER m e m b r a n e  by a signal  pept ide ,  im p ly ing  that,  on a

f u n c t i o n a l  l ev e l ,  the  u n d e r l y i n g  m e c h a n i s m  o f  ER t a r g e t i n g  has  been 

con se rv ed  bet w een  yeast  and h ighe r  euk aryot ic  cells.

2 .  Y e a s t  p r e p r o - a  - f a c t o r  as  a m o d e l  s e c r e t o r y  p a t h w a y  p r o t e i n

T he  w ork  desc r i bed in this thes is uses  as a mode l  sec re tory  protein 

p r e p r o - a - f a c l o r  ( p p a f ) ,  a pept ide  h o rm o n e  p re cu r s o r  o f  S. c e r e v i s i a e .  S .

c e r e v i s i a e  can exist  as one of  two haploid cell types; a cells,  which secrete a -  

f a c to r  (a f) and express  cell surface  receptors  for a - f a c t o r  ( a f ) ;  and a  c e l l s ,

w h ich  sec re te  a f  and express  cell surface  receptors  for a f. Mat ing  between 

these  haploid  cells types,  which results in the formation o f  an a / a  diploid,  is
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d e p e n d e n t  up on  these  sec re ted  pep t ides  and thei r  co r r e s p o n d in g  cell  su rface  

receptors ,  the STE2 and STE3 gene products ,  respect ively.  Upon binding to its 

re cep to r ,  e a ch  ce l l ' s  sec re ted  p ep t id e  p h e r o m o n e  p re p a re s  the  o p p o s i t e  cell

type  for mat ing by e l ic i t ing  a nu m b er  o f  we l l -def ined responses  inc luding:  (1)

arres t  in the  G]  phase  o f  the  cell  cycle  j u s t  before  the in i t iat ion  o f  DNA

s y n t h e s i s  ( g e n e t i c a l l y  d e f i n e d  as S T A R T )  [1 -3 ] ;  (2)  c h a n g e s  in the

c a r b o h y d r a t e  co m p o s i t i o n  o f  the ce ll  wall  [4]; (3)  i n d u c t io n  o f  su rf ace

ag g lu t in in s  tha t  p ro m ote  adhes io n  [5]; (4) m o r p h o lo g ica l  changes  know n  as

shmooing  [6]; and (5) the induct ion o f  a number  o f  o ther  genes [7],

The  prote in  precur sors  o f  the a f  p e p t i d e  a r e  encoded  wi th in  a small

m u l t i g e n e  fami ly  c o n s i s t in g  o f  the M F a  1 and M F a 2  genes  that  have been

cloned and sequenced [8, 9], Th e 13 amino acid a f  pept ide is produced by the

m a tu ra t i o n  o f  two c lo sely  re la ted  p re cu rs o rs  o f  165 and 120 am in o  acids  

encoded  by the M F a l  and M F a 2  genes,  respectively.  At least  one M F a  gene is 

required for  a f  product ion and mat ing,  because an m f a l  mfa.2 double mutant  is 

unable  to produce a f  and is sterile [10]. Analysis of  m f a l  and m f a 2  mutants  by 

both halo and mat ing assays  indicate that  the M F a l  gene is responsible for the 

majori ty o f  the a f  produced by the cell [10].

T h e  M F a l - e n c o d e d  165 amino acid p re cu r s o r  prot e in ,  p r e p r o - a - f a c t o r

( p p a f ) ,  con ta i ns  three d is t inc t  s t ructura l  regions  (F igure  1): (1) a N-lcrminal  

19 amino acid hyd ropho bic  signal  pept ide  that  acts as a signal sequence and 

ta rg e t s  the  p r e c u r s o r  to the  e n d o p la s m ic  re t i cu lu m ;  (2) a 64 am in o  acid

p ro r eg io n  that  con ta ins  three  A sn - l i n k cd  g ly c o s y la t i o n  co n s e n s u s  si tes;  and

(3) a C - te rm in a l  region co n ta in in g  four  tand em  repeats  o f  the  m a tu re  a f  

pep t ide  separa ted  from the prorcgion and one ano ther  by spac er  pept ides  o f  6 

to 8 amino acids.



F i g u r e  1. S e c r e t o r y  p a t h w a y  p r o c e s s i n g  o f  y e a s t  p p a f .
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P p a f  is processed wi thin the classical  secretory  pathway  by a ser ies  of 

w e l l - c h a r a c t e r i z e d  s t eps  (F ig u r e  1) [11-15].  F irst ,  the nascen t  pol yp cl idc  is 

t rans loca ted  into the ER,  where  the signal sequence  is c leaved to produce pro- 

a - f a c t o r  ( p a f ) ,  and co re  o l i g o s a c c h a r id e s  are added  to all t h ree  accep to r  

a s p a r a g i n e s  w i th in  the  p r o r c g i o n  [11,  12, 16, 17].  S e c o n d ,  the  co re

o l igo sacchar ides  are ex tende d  in the Golgi com plex  by the sequent ia l  addit ion  

of  a  1-6, a  1-2, and a  1-3 l inked m an n o se  res idues ,  wi th ex ten s ive  e lo nga t ion  of 

the  b ra nched  a  1-6 b ra nched  m an n o se  cha ins  resul t ing in the addi t ion  o f  50- 

100 m annos e  residues per  Asn- l inked ol igosacchar ide  [18, 19]. This  is fol lowed 

by the  K E X 2 -m cd ia t cd  ser ine endopep t idase  c l eavage  on the carboxyl  s ide of  

L y s - A r g  re s idues  at the am ino t erminus  o f  each a f  pept ide  repeal  [11, 2 0 1. 

T h i r d ,  s u b s e q u e n t  t r i m m i n g  by t h e  K E X 1  m e m b r a n e - a s s o c i a t e d  

ca rb o x y p ep l id a s e  r e m o v e s  the two bas ic amino acids from the C - t e rm inus  of  

each a f  pept ide  [20].  F inally,  the r ema in ing amino acids o f  the spac er  arc 

r e moved  from the am ino- tc rm inus  o f  the a f  pept ides  by the STE13  dipcpt idy 1 

a m in o p ep t id ase ,  which  spec i f ica l ly  c leaves  on the C- t crm inus  o f  repea l ing  X- 

Ala s eque nces  [13].  The  mature  a f  pept ide  is then rapidly secreted into the 

e x t r a c e l l u l a r  m e d i u m .

Li t t le  is k now n  about  the fate o f  the pro rcg ion  af ter  KEX2 cleavage.  

A t t e m p t s  to d e tec t  b r e a k d o w n  p ro d u c ts  tha t  co u ld  re p re sen t  the p ro rcg ion  

us ing sec mutants  were  unsuccessful  [ 12]. Studies  in this lab us ing a specific 

p ro reg ion  ant ibody and HPLC analys is  have also been inconclus ive  (J. Rocco,  

u n p u b l i s h e d  o b s e rva t io ns ) ,  su gges t ing  that  the p ro rcg ion  is rapidly  degraded.

T h e  p r e s e n c e  o f  e a s i l y  o b s e r v e d ,  w e l l - c h a r a c t e r i z e d  c o v a l e n t  

m o d i f i c a t i o n s  that  o cc u r  in d is cre te  in t r ace l lu la r  o rg a n e l l e s  o f  the sec re tory  

p a t h w a y ,  c o m b i n e d  wi th  the  e x i s t e n c e  o f  n u m e r o u s  t e m p e r a t u r e  sen s i t i v e
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s e c r e t o r y  p a t h w a y  m u t a n t s ,  m a k e  p p a f  idea l  for  s t u d y i n g  s t ru c tu ra l  

m a tu ra t io n ,  p roces s ing ,  so r t i ng  and secre t ion.

3 .  G e n e t i c  a n a l y s i s  o f  s e c r e t i o n  in  y e a s t

To date,  the genetic d issect ion o f  the mechan isms  o f  protein sor t ing and 

i n t e r c o m p a r t m e n t a l  t r an s p o r t  w i th in  the  y ea s t  s ec re to ry  p a th w a y  has  been 

based on phenot yp ic  metho ds  that  rely on the fo rmat ion o f  condi t ional - le thal  

m u t a n t s .  A p p l i c a t i o n  o f  t h e s e  m e t h o d s  has  led to the  i s o l a t io n  and 

cha ra c te r i za t ion  o f  a large n u m b e r  o f  s ec re t ion -r e la ted  genes .  Howeve r ,  the

in h e re n t  r e q u i r e m e n t  for the fo rma t ion o f  a c o n d i t i o n a l - l e th a l  m u tan t  may

have resul t ed  in only a f ract ion of  the total  sec re tory  pa thway  genes  being

iden t i f i ed  since:  (1) co nd i t ional  lethal  muta t io ns  occu r  p r imar i ly  in essential  

genes ,  and (2) this type o f  muta t ion occurs  at a much lower  f requency than a

s imple  nul l  muta t ion.

T he  orig inal  genet ic  d is sec t ion  o f  the sec re tory  pa thway  in yeas t  was

based  on the  i sola t ion o f  t e m p e r a tu r e  sens i t ive  (ts) m u tan t s  tha t  become  

d e n s e r  at the  re s t r ic t ive  t em pera tu re .  The  ra t i ona le  was  that  ce l l s  which

failed to expor t  protein at the rest rict ive temperatu re  would  s top g rowing due 

to the  b lo ck  in the sec re to ry  pa th w ay ,  yet  the i r  m as s  should  co n t in u e  to

in c rease  s ince  in t ra ce l lu la r  m e tab o l i s m  is not  af fec ted .  Th e isola ted  mutan t  

s tra ins  fell into two separa te  classes :  (1) c lass A sec mutan ts  accumulat ed

i n v e r t a s e  and ac id p h o s p h a t a s e  i n t r a c c l lu l a r l y  and c o m p r i s e  23 sep a ra t e  

co m plem en ta t ion  groups  (seel  through 23); class B sec mutants  nei ther  secrete 

n o r  a c c u m u l a t e  ac t i ve  i n v e r ta se  o r  ac id p h o s p h a t a s e ,  and cons is t  o f  four  

separate  complementa t ion groups  (scc53,  55, 58 and 59). Based on thin-scct ion 

e lec t ron  m ic ro sco p y  and biochem ica l  analys is ,  the orig inal  col lec t ion  o f  SEC 

mutant s  could  be c lassi fied as defect ive  at one o f  four di fferent s tages of  the



8

yeas t  sec re to ry  p a th w ay :  (1) fa i lure  to g ly c o s y l a t e  and proper ly  a s se m b le

polypept ides  in the ER lumen (sec53 and 59); (2) ER to Golgi transpor t (sec 12, 

13, 16, 17, 18, 20,  21, 22, and 23); (3) intra-Golgi  transport  (scc7,  14); and (4)

exocytosis (seel ,  2, 3, 4,  5, 6, 8, 9, 10, 15).

An exam ple  o f  how genet ic  and bioch em ica l  approaches  arc being used

to s tudy prote in  t ranspor t  through the secre to ry  pat hw ay  can be seen in the 

case o f  the s e c l8  mutant.  When s cc l8  cells are metabol ical ly labeled with 3 5 § .

m e t h i o n i n e  at the  r e s t r i c t i v e  t e m p e r a t u r e ,  g l y c o s y l a t e d  p a f  a c c u m u l a t e s

w i th in  the  ER.  T h e  w i l d - t y p e  S E C 1 8  g e n e  p r o d u c t  w a s  c l o n e d  by

complemen ta t ion o f  the growth defect  [21]. At the same time,  a mammali an

prote in ,  NSF,  was identi f ied by its abi li ty to suppor t  ves icular  t ranspor t  in an

in vi tro reconsti tuted  system [22). Af ter  cloning of the cD N A  of  NSF,  sequence

analys i s  found it to be 48 %  ident ical  in am ino  acid sequence  to the yeast

S e c l 8 p .  F u r th e r ,  S c c l S p  co u l d  r ep la ce  N S F  in the  m a m m a l i a n  assay.  

Subseq uen t  analys is  o f  sec 18 mutan ts  dem ons t r a t ed  that S c c l 8 p  is required for

t ranspor t  be tween ER and Golgi,  as well as for later  steps in transport.

To id en t i fy  g e n e s  tha t  co de  for  c o m p o n e n t s  o f  the  t r an s l o c a t io n

m a c h i n e r y ,  a d i r e c t  s e l e c t i o n  for  t e m p e r a t u r e  s e n s i t i v e  t r a n s l o c a t i o n -

de fec t ive  m utan t s  was  dev e lo p e d  [23, 24).  M utant s  were  se lec ted  by thei r

inab i l i ty  to t r an s loca te  a fus ion prote in  cons i s t ing  o f  the prcpro  region o f

p p a f  fused to the cytosol ic enzyme  hist idinol  dehydr ogenase  (His4Cp) .  At the

res tr ic t ive tem perature ,  mutan ts  defect ive  in ER t rans locat ion are able to grow

on his t id inol ,  s ince  they fail to sequeste r  the hist id inol  d eh ydrogenase  activi ty 

o f  the  fus ion protein into the ER lumen.  Three  genes  were ident i f ied  that 

appear  to encode  co mpon en ts  o f  the yeast  t rans location machinery  (SEC 61, 62, 

and 63).  Cons is t en t  with this role,  all three mutan t  s trains ac cu m ulat e  the

u n t r a n s l o c a t c d  p r e c u r s o r s  o f  y e a s t  s e c r e t o r y  p a t h w a y  p r o t e i n s  at the
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res tr ic t ive  temperatu re  (24, 25).  The specif ic t rans location defects  in the sec62

and  sec63  m u t a n t  s t r a in s  h av e  b ee n  r e p r o d u c e d  in v i t ro ,  u s i n g  yeas t

m i c r o s o m a l  m e m b r a n e s  i s o l a t ed  f rom the  m u ta n t  ce l l s  at the  r e s t r ic t iv e  

temperature ;  this supports  the idea that  at least  two o f  the three  prote ins  are 

E R  a s so c ia te d .  In ad d i t io n ,  these  three  p ro te in s  can be p u r i f i ed  as a 

m u l t i subun i t  co m p lex  wi th two add i t ional  u n k n o w n  prote ins  f rom a de te rgen t  

s o lu b i l i ze d  m e m b r a n e  f r ac t ion t rea ted  wi th the th io l - r e v e r s ib le  c ro s s - l in k in g  

agent  d i th io -b is - (s ucc in im i id y lp rop io na le )  (DSP)  (26],  This  result  is consis tent  

wi th  the v i ew  from m a m m a l i a n  s tud ies  that a m u l t i sub un i t  prote in  mach ine

( t r ans locon)  t rans loca te s  pro te ins  across  the  ER mem brane.

D NA sequence analysis of  the SEC62  gene  predic ts  a 32 kD protein with 

two potent ia l  t ransm cm bran c domains ,  whi le  the SEC63 gene was predic ted  to 

e n c o d e  a 73 kD prote in  wi th three  po ten t i a l  m e m b ra n e  sp an n in g  domains .  

Fur ther  analys is  of  the SEC63 p revealed that an internal 70 amino acid domain 

that is predic ted  to lie within the ER lumen has 43% sequence  ident ity to the 

amino terminus  o f  the E.col i  heal shock protein DnaJ 127). In E. c o l i , DnaJ 

i n t e r a c t s  w i th  the  h s p 7 0  h o m o l o g u c  D n a K  to p r o m o t e  b a c t e r i o p h a g e

replicat ion.  By analogy to the interact ion between DnaJ and DnaK,  this loop in 

SEC63p may recruit  the yeast ER luminal hsp70 analog BiP to the t rans location 

app a ra tus  [27].  In suppor t  o f  this hypo thes is ,  muta t ions  wi thin this loop 

inac t ivat e  SEC63p.

S e v e r a l  i n t e r e s t i n g  d i s c r e p a n c i e s  h a v e  e m e r g e d  b e t w e e n  y e a s t  and 

m a m m al i an  sys tems.  First,  not all secretory prote ins  are equal ly  af fec ted  by

mutat ions  in SEC61,  62 and 63 [24, 28). Second,  in vitro studies using yeast  ER 

m ic r o s o m cs  d em ons t ra t ed  that a n u m b e r  o f  yeast  secre tory  pa thway prote ins ,  

i n c l u d i n g  p p a  f, can be p o s t - t r a n s l a t i o n a l l y  t r a n s l o c a t e d  ac ro s s  the  ER 

m e m b r a n e  [29, 30],  sugg es t ing  that fu nda me n ta l ly  d i fferent  m e c h a n i s m s  may
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opera te  in m em bra ne  t rans locat ion in yeast.  Third,  muta t ions  in yeas t  BiP,  the 

ER luminal hsp70 [31], as well as mutat ions in the cytop lasmic  hsp70s  [24, 28] 

inhibi t  t rans loca t ion,  a resul t  with no c l ea r  coun te rpar t  in mam m al ian  cells.

B ased  on these  resul ts ,  a yeas t  m ode l  is d e v e lo p i n g  in w hi ch  two 

sep a r a t e  t r an s lo ca t io n  sy s t em s  o pe r a te  in p a ra l l e l ,  wi th  d i f f e ren t  s ec re to ry  

pathw ay  prote ins  u t i l iz ing the separa te  systems to d i fferent  degrees  [32]. Some 

pro te in s ,  l ike p p a f ,  can engage the t ranslocon in three separa te  ways:  (1) in

an S R P - d e p e n d e n t  c o - t r a n s l a t i o n a l  manner ;  (2) in an S R P - i n d e p e n d e n t  co-  

t r ans la t iona l  m anner ;  and (3) in a pos t - t ra ns l a t iona l  h s p 7 0 - m e d ia t e d  manner .  

O t h e r  p r o t e in s  may  re qu ir e  s t r ic t ly  c o - t r a n s l a t i o n a l  t r an s l o c a t io n  and thus 

w o u ld  e n g a g e  the  t r a n s l o c o n  on ly  p r io r  to the  t e r m i n a t i o n  o f  p ro te in  

synthes is  (as obse rv ed  in m am m al ian  cells).

4 .  R o l e  o f  G l y c o s y l a t i o n  in P r o t e i n  S o r t i n g  a n d  S e c r e t i o n

T h e  in i t i a l  E R - l o c a l i z c d  s teps  o f  A s n - l i n k c d  g l y c o s y l a t i o n  in S . 

c e r e v i s i a e  and high er  euka ry o tes  arc quite s imilar ,  and involve  the s t epwise  

fo rma t ion o f  a core  o l igosacchar ide  chain  on dol ichol  phospha te  that has the 

c o m p o s i t i o n  G l c 3 M a n 9 G l c N a c 2 - This o l igosacchar ide  is then co- t ransla t ional ly 

t r an s f e r r ed  en bloc  from the dol ichol  l ipid ca rr i e r  to the am ide g ro up  of  

a s pa ra g ine  in an A sn -X -T h r ( Sc r )  scquon with in  the nascen t  po lype t idc  chain  

[33, 34], The three Glc res idues  arc then rapidly removed by Glucosidascs  1 and

II. In yeast ,  one mannosc  (and in h igher  euka ry o tes  up to three mannoscs)  

may  be re mov ed from the g l ycopro te in  pr ior to t ranspor t  to the Golgi [ 3 3 1. 

S u b s e q u e n t  p roces s ing ,  h ow ever ,  is qu i t e  d i f f e ren t  in yeast  than in h i gher  

euka ryotes .  In h i gher  euka ryo tes ,  the core  o l igosacchar ide  is conver ted  to a 

c o m p l e x  g l y c a n  c o n t a i n i n g  o n ly  t h r e e  m a n n o s c  r e s i d u e s  s u b s t i t u t e d  

sequen t i a l l y  wi th gal ac tose ,  s ial ic acid,  and N -a c c ty lg lu co s am in e ,  as well  as



fu cose  [33]. In contrast ,  process ing in yeast  involves  the addi tion o f  mannosc

res idue s  wi th in  the Golgi leading to the forma t ion o f  three d is t inc t  types  of 

A s n - l in k e d  o l igosacc ha r ides :  (1) a m od i f i ed  core o l i g o s acc h a r id e  o f  M a n ^ -

1 5 GlcN ac ,  as typi f ied  by C arbo xy pc p t idasc  Y [35]; (2) an in term ed ia t e  length

ex tens ion o f  the core conta in ing over  50 mannose  residues , as typified  by both 

in v e r t a se  and ac id  p h o s p h a t a s e  [36];  and (3) l arge  ex ten s io n s  o f  the core

c o n t a i n i n g  1 0 0 - 2 0 0  m a n n o s e  r e s i d u e s ,  as t y p i f i e d  by the  ce l l  wal l

m an n o p ro te in s .  Syn thes is  o f  these  d i s t inc t  o u t e r  ch a in s  takes  p lace  in the

G olg i  appa ra tus  th rough  the s t epwise  addi t ion  o f  m an n o sc  re s idue s  ca ta lyzed

by a ser ies o f  mannosy l t ran fc rases  [19, 37],

T h e  role o f  g l y co s y l a t io n  in sec re to ry  p a th w a y  p ro te in  s o r t i n g  and 

s e c r e t i o n  is not  u n i fo rm .  C e r t a i n l y ,  e a r ly  s tu d i e s  tha t  s u g g e s t e d  that  

g ly co sy la t io n  is requi red  for all protein  sec re t ion hav e been d i sp ro v ed  [ 3 8 1,

s ince num erou s  examples  o f  non-glycosyla ted  secreted proteins exist  [39].  Two 

g e n e ra l  a p p r o a c h e s  h ave  been used to inv es t i g a t e  the ro le  o f  A s n - l i n k ed  

glycosy la t ion in the cell.  The first approach relies on the use o f  g lycosylat ion

inhibi tors ,  wh i l e  the second  approach  uses s i te-di rec ted  m u tag en es is  o f  cD NA 

to d i s ru p t  A sn - l i n k ed  g ly co sy la t i o n  sites.  Th i s  la t t er  a p p ro ach  may of fe r

adva n tages  over  the use o f  drug t rea tments,  since it makes it poss ible to study

the  ef fec ts  o f  Asn- l inked  glycosy la t ion wi thou t  the sec on da ry  ef fects .

T h e  d rug  l u n i c a m y c i n  (T M )  c o m p e t i t i v e l y  in h ib i t s  the  t r a n s f e r  o f  

G l c N a c - l - P  from UDP-GlcNac to Dol-P to generate Do l-PP-GlcNac,  the first step

in the  assembly o f  the l ipid- l inked ol igo sacchar ide  [40-42],  Th e inhibi t ion  is

t h o u g h t  to be due to the fact  that  d i f fe ren t  por t ion s  o f  the  TM molecu le  

r e s e m b le  c i t h e r  dol ichol  or  N -a c c ty lg lu c o s a m in e ,  the two s u b s t r a t e s  o f  the

t r a n s f e ra se  [43].  TM is lethal  to both yeas t  and h ig h e r  e u k a r y o te s  a l ter  

p ro lo n g ed  expo su re .  TM  res is tant  s t ra ins  have been ident i f ied  in yeast  and



include:  (1) a s train ovcrcxprcss ing  the ALG7 gene which codes lor  UDP-N- 

a c e t y l - g l u c o s a m i n e - l - P  t r an s f e ra se ;  and (2) a s t ra in  bea r in g  a r ece ss ive  

mutat ion des ignated tunl  [44], T he  ALG7 gene was cloned based on its ability to 

rescue  ce lls  from TM lethal ity when ov er expresscd on a mul t icopy  plasmid (a

dominant  phenotype)  [44, 45].  ALG7 is an essential  gene and encodes  a protein

with  two potent i a l  m em b r a n e - s p a n n i n g  d om ains  and two po tent ia l  A sn- l inked 

glycosylat ion sites. The product o f  the TUN1 gene has yet to be identified.

Studies us ing T M  indicate  that  there is no universa l  role for Asn- l inked 

glycosyla t ion.  Whe reas  some g lycoprote ins  arc unaf fec ted  by TM. others  fail 

to reach thei r  prope r  ce l lu lar  des t ina t ion  or arc deg raded  [39]. For example ,  

inh ib i t ion  o f  o l ig o s a c c h a r i d e  sy n th e s i s  wi th TM resul ts  in the i r r ever s ib le  

accumulat ion  o f  inactive invcr ta sc  ]46].  On the o the r  hand, g lycosyla t ion  is 

not  requ ir ed  for  the p ro p e r  loca l i za t i on  o f  a lk a l in e  p h o s p h a t a s e  [ 47  J and 

ca rboxypept idase  Y to the yeast  vacuole [48],

S t u d i e s  w h ic h  e m p l o y  s i t e  d i r e c t e d  m u t a g e n e s i s  to d i s r u p t  the

glycosyla t ion consensus  sequence have also been used to study the role of  Asn-

l inked glycosyla t ion in the sort ing process  [49-52],  These  s tudies  may be more 

p h y s i o l o g i c a l ,  in tha t  they avoid  the  m a s s i v e  d i s ru p t i o n  o f  A s n - l in k e d  

g l y c o s y la t io n  that  n o rm a l ly  re su l ts  from TM t r e a tm e n t ,  as well  as o the r  

secon da ry  ef fec ts ,  such as inhibi t ion  o f  protein  synthes is  and cha ng es  in the 

secre tory  appara tus  [53]. Use o f  site d irec ted  mutag en es is  to e l iminate  c i ther 

o r  both  A s n- l inked  glycosy la t ion  s ites  in the VSV G prote in  revea led  that 

g ly co s y l a t io n  plays  a gene ra l  role in t ranspo r t  to the ce ll  su rfa ce ,  since 

e l iminat ion  of  c i ther  site alone had no effect  on t ranspor t  while dis ruption of 

both  s ites  resul ted  in in t race l lu la r  aggrega t ion  [54],  In yeast ,  d is rupt ion of  

A sn - l i n k ed  g ly co sy la t io n  s ites  in p p a f  by site d i rec ted  mutagenesis  led to a 

reduct ion in otf secret ion in a dose dependent  manner .  That  is, mutants  with
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all three s i tes  d i s rupted exhibi ted  a g re at er  reduct ion in a f  s ec re t i o n  than 

m u tan t s  wi th e i ther  one  or two s ites  d i s rupted [55].  T h es e  s tudies ,  which 

p ro v id e  the  bas is  for  this thes is,  also sugg est  that  there  arc no dom inan t  

ef fec ts  of  individual  g lycosyl a t ion  sites.

De layed  ER to Golgi  t ranspor t  of  ung lycosyla tcd  glycopro te ins  has been 

observed in o the r  sys tems [56], and may be media ted  by thei r  in teract ion with 

the ER luminal  hsp70,  BiP. As described in greater  detail  below,  BiP is induced 

by t rea tment  wi th d rugs  that  inhibit  Asn- l inked glycosyla t ion  or  by muta t ions

that  cause  accumulat ion o f  secre to ry  precursors  wi thin the ER. Disrupt ion of  

Asn- l ink ed  glycosyla t ion has been shown to result  in the increased associa t ion 

o f  n u m ero u s  g lycopro te ins  wi th BiP and a reduct ion in in t racel lu lar  t ranspor t  

and secret ion in h igher  eukaryotes  [52, 5 7 1. In Ch inese  Hamste r  ovary  (CHO) 

cells ,  t i s sue  p l as m inogen  ac t iva to r  ( tPA),  which  has three u ti l ized Asn- l inked 

g lycosyl a t ion  sites and is ef f ic ient ly  secreted,  exhib i t s  a t rans ient  associa t ion

wi th  BiP.  D is ru p t io n  o f  A sn - l in k ed  g ly c o s y la t i o n  by e i t h e r  s i t e -d i r e c ted  

m u t a g e n e s i s  o r  TM tr ea tment  resul t ed  in redu ced  l evels  o f  sec re t ion  and 

inc re as ed  a s soc ia t ion with BiP,  an ef fec t  en hanced  by high level expr es s ion  

[52],

The role o f  Asn- l inked glycosyla t ion in the s t ructure ,  function,  stabil ity 

and fo lding  o f  g lycopro te ins  is also pro te in-speci f ic .  Phys iochem ical  analyses  

d e s i g n e d  to in v es t ig a te  this p ro b lem  have  been h inde red  by the  inherent  

h e t e r o g e n e i t y  o f  the  o l i g o s a c c h a r i d e  c h a i n  p r e s e n t  a f t e r  b i o c h e m i c a l

p u r i f i ca t io n .  A recent  s tudy [58],  us ing the yeast  g ly co p ro t e in  invcr tase ,

a t t e m p t e d  to c i r c u m v e n t  th is  p r o b l e m  by p r o d u c i n g  and i s o l a t i n g  the 

g lycoprote in  from a s e e l 8 mutant  strain. Since the see 18 mutant  is blocked in 

ER  to Golgi  t ranspor t  at the res t r ic t ive  tempera tu re ,  the addi t ion  o f  outer  

ch a in s  in the G o lg i  is b lo c k e d ,  and c o r e - g l y c o s y l a t e d  i n v c r t a s e  wi th a
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h o m o g en o u s  ca rb ohydra te  chain accumulates  in the ER. C o m p ar i so n s  between 

t h e  c o r e - g l y c o s y l a t e d ,  n o n - g l y c o s y l a t e d  an d  n a t i v e  f u l l y - g l y c o s y l a t e d  

i n v e r t a se  re vea led  seve ra l  ro le s  for c a rb ohydra te .  F irs t ,  g ly c o sy l a t io n  was 

f o u n d  to s t a b i l i z e  the  p r o t e i n  a g a i n s t  t h e r m a l  and d e n a t u r a n t - i n d u c c d  

inac t ivat ion  and unfo ld ing.  S econd,  du r ing refold ing,  g lyc osy la ted  fo rm s  o f  

inve r t a se  were  protec ted  agains t  aggregat ion and could  refold  af ter  guan id ine  

d e n a tu r a t io n  at h igh  con c en t ra t i o n s .  In cont ras t ,  n o n - g ly c o s y la t e d  inv cr ta se  

c o u ld  on ly  be  r e c o v e r e d  at e x t r e m e ly  low p ro te in  c o n c e n t r a t i o n s  w he re  

f o l d i n g  r a th e r  th an  a g g r e g a t i o n  b e c o m e s  r a t e - l i m i t i n g .  T h i s  e f f e c t  o f  

g lycos y la t ion was s imi la r  for both co re -g lycosyla t ed  and high mannosc  forms. 

T h e s e  r e s u l t s  s u p p o r t  the  h y p o t h e s i s  tha t  d u r i n g  b i o s y n t h e s i s ,  co-  

t r a n s l o c a t i o n a l  A s n - l i n k e d  g l y c o s y l a t i o n  m a y  p r e v e n t  n o n s p e c i f i c  

agg regat ion  o f  the fo lding po lypep t ide  chain ,  as well as en hance  its s tabi l i ty  

once  it obtains  its final ter t iary st ructure.

B .  R O L E  O F  BIP  IN T H E  S E C R E T O R Y  P A T H W A Y

1 . M a m m a l i a n  B i P

T h e  78 kD  Ig h c a v y - c h a in  b i n d in g  (B iP) ,  a lso k n o w n  as g lu co s e  

regula ted  protein (GRP78) ,  is an abundant  soluble ER protein that is a m em ber  

o f  the hsp70 family o f  stress proteins  found in all eukaryotes  examined  to date 

[59], for  recent reviews sec [60, 6 1 1. BiP was first ident if ied by its increased 

levels o f  express ion af ter  g lucose  depr ivat ion in f ibroblas ts  [62). It was later 

i n d e p e n d e n t l y  iden t i f i ed  by its t r ans ien t  a s s o c ia t i o n  wi th  i m m u n o g l o b u l i n  

(Ig) heavy chains  prior to their assembly with light chains  to form the mature  

Ig m o lecu le ,  and th roug h its s table  a s soc ia t ion  wi th heavy ch a in s  in the 

absence  of  light chain synthes is [6 3 1. The two proteins  were later shown to be 

ident ica l ,  a result which l inked its regula t ion by glucose  with a b iochemica l
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funct ion [59].  Hypo these s  rega rd ing BiP function have had to in tegra te  the 

l arge  n u m b e r  o f  ce l l u l a r  p e r tu r b a t io n s  tha t  result  in an in duc t ion  o f  BiP

s y n t h e s i s  i n c lu d in g :  (1) i n h ib i t i o n  o f  A s n - l i n k e d  g l y c o s y l a t i o n ;  (2) low

g lucose  levels [64]; (3) d i s rupt ion o f  in t racel lu lar  ca lc ium s to ics  [65, 66]; (4) 

infect ion by env e loped vi ruses  |67 ,  68]; (5) express ion o f  mutant  ER proteins 

de f ec t iv e  in fo ld in g  [57]; and (6) increased  ex p r es s io n  levels  o f  sec re t ion

compe tent  proteins [52, 69, 70].

Even  though the precise function o f  m am mal ian  BiP is still obscure ,  a

genera l  role in the fo lding and assembly o f  prote ins  wi thin the ER has been

proposed [59, 71, 72], Addi t ional  roles for BiP include: marking malfoldcd and 

m utan t  p ro te in s  for deg radat ion [52, 56,  72]; so lubi l iz ing aggregated  proteins

d u r i ng  t imes  o f  s t ress  (59]; and the m ob i l i za t io n  and regula t ion o f  C a 2 + 

sequestered in the ER [73].

N u m e r o u s  s tudies  have d em o n s t r a t ed  that m a m m al i an  BiP binds  to a 

large  n u m b e r  o f  pr ote ins  t r ave rs ing  the ER [60,  61 |. A m a j o r  ques t ion

c o n ce rn ing  BiP's role is w he th e r  it is a com pon en t  o f  the sec re tory  pathway 

u n d e r  n o rm a l  g ro w th  co n d i t i o n s  invo lved  in the fo lding  and a s se m b ly  of

funct ional  prote ins .  Al t ernat ive ly ,  docs  it funct ion p r imar i ly  dur i ng t imes of

s t ress,  by binding to malfoldcd prote ins  and e i ther  assis t ing in the ir  refolding

or  targe t ing them for degradat ion.  This i ssue has been ad dressed di rec t ly  in

mammali an  cells in two recent studies [74, 75]. First, BiP was found to be stably

a s s o c i a t e d  w i t h  the  i n t e r m e d i a t e s  o f  p a r a m y x o v i r u s  h e m a g g l u t i n i n  

n eu r am in id ase  g lycopro te in  [74],  Second,  BiP-hcavy  chain co m plexes  can be 

d issocia ted  in vivo by the addi t ion o f  light chain leading to the secre t ion of  

im m unog lobu l in  into the cul ture  medium [75], Thus ,  in this l imi ted  context ,

B iP  can be considered a normal  co mponen t  of  the secretory pathway,  s ince it

can regula te  the t ranspor t  and matura t ion o f  normal  proteins .
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2 .  K A R 2 :  T h e  Y e a s t  H o m o l o g u e  to M a m m a l i a n  B I P

In S.  c e r e v i s i a e ,  BiP is en c o d e d  by the  K A R 2  g e n e  loca ted  on 

ch r o m o so m e  X. Th e KAR 2 gene was  orig inal ly identi f ied and isolated by two 

in d e p e n d e n t  m e th o d s  [76,  77].  R o se  et al. i so l a t ed  the  K A R 2  g en e  by

com p lem en t in g  the defect  in a k a r2 - l  mutan t  that exhibi ted  a severe  reduction 

in th e  f r e q u e n c y  o f  n u c l e a r  fu s i o n  ( k a r y o g a m y )  d u r i n g  m a t i n g  [78],

Normington ct el. used a murine BiP cDNA as a probe to screen an S. cerevi s iae  

c D N A  l ibrary  at a s t r i ngen cy  that resulted  in a s ingle  s t rongly  h y b r i d iz ing  

b a n d .

T h e  iden t i f i c a t i o n  o f  the  p ro d u c t  o f  the K A R 2  gene as the yeas t

h o m o lo g u e  o f  mam m al ian  BiP is based on the f inding that the product  o f  the 

K A R 2  g ene  po sses ses  s ign i f i can t  s t ructu ra l  s im i la r i t i es  wi th m am m al i a n  BiP

and sha res  severa l  ch a rac te r i s t ic  re gula to ry  fea tures.  The  s eq u e n ce  o f  the

K A R 2 gene predicts a protein o f  682 amino acids that is c losely related to the

hsp70  c l ass  o f  p ro te ins  inc lud ing rat BiP (67% ident i ty) ,  m ur ine  BiP (67%

ident i ty) ,  yeas t  hsp70s  (SSA1,  63% ident ity) ,  Drosoph i l ia  hsp70 (59% ident ity) ,  

and E. col i  DnaK (50% identity) .  S imi lar  to o ther  hsp7() proteins,  the greatest  

deg ree  o f  amino acid d i ve rg ence  in yeast  BiP occurs  in the ca rbox yl - t erminal  

100 amino acids.  However ,  yeast  BiP docs conta in  several  s tructura l  features  

tha t  are absent  am ong  other  hsp70 cogna te s  but present  in m am m al ian  BiP. 

Fi r s t ,  it co n ta i ns  an 18 am ino  acid,  am ino- t e rmina l  s ignal  s eq u e n ce  that is 

c leaved  upo n ent ry into the ER. Second,  it complete ly  lacks  potent ial  sites for 

Asn- l inked  g lycosy la t ion ,  in contras t  to the yeas t  hsp70 protein  SSA1,  which

co n ta in s  8 potent ia l  s ites  for A sn- l inked  g lycosy la t ion ;  d i rec t  co m p a r i so n  o f  

these two protein sequences  reveals that at 6 out o f  8 o f  these si tes,  a single 

am ino acid change  in BiP has d is rupted  the g lycosyla t ion consensus  sequence.
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Third ,  yca s l  B iP  con ta i ns  a C- lcrminal  t c i ra pep t idc  H is -A sp -G lu -L cu  (H D E L ) 

that  has been shown to media te  ER retent ion in yeast  [79] in a manner  s imilar

to the  K D E L  sys tem in mam m al ian  cells [80, 81]. Based on these st ructural

cr i ter ia ,  o n e  can  p ro p o se  that  yeas t  B iP  is an hsp70  that  has  evo lved  to 

function wi thin the lumen o f  the ER. Simply put,  N and C-tcrminal  addit ions 

a l low  fo r  ER ta rge t ing  and re ten t ion re spec t ively ,  whi le  l imi ted  amino acid 

c h a n g e s  b lo ck  the  ad d i t i o n  o f  p o t e n t i a l l y  f u n c t i o n - d i s r u p t i n g  A s n - l i n k e d  

g l y c o s y l a t i o n .

S o u th e rn  an a ly s i s  o f  yeas t  g en o m ic  D N A  u n d e r  c o n d i t i o n s  o f  high 

s t r ingency us ing the cloned KAR2 gene as probe indicated that the KAR2 gene 

was p re sen t  in a s ingle  copy per  genom e  177]. Yeast  BiP was subsequen t ly  

shown  to be essential  for growth by di srupt ion o f  the KAR2 gene [76, 77 ]. 

Prote inase  K diges t ion o f  a crude  yeast  m em bra ne fraction suggested  that yeast  

BiP was  local ized to a m em bra nous  compar tment  that could be the ER. This

i n t e r p r e t a t i o n  w as  s u p p o r t e d  by i m m u n o f l u o r c s c e n l  a n a l y s i s  u s i n g  a

p o lyc lona l  an t ibody  ra ised agains t  the ca rb o x y l - t e rm in a l  316 am ino acids  of  

yeas t  B iP  (most  d iverge n t)  which revealed  a p e r in uc lea r  ring with occas ional  

f i l am en ts  e x t en d in g  into the cy to p lasm  [76],  Th i s  pat tern  o f  s ta in ing was 

consis tent  with yeast  BiP being local ized to the ER and nuclear  envelope,  since 

e a r l i e r  e l ec t ro n mic ro scop ic  s tud ies  o f  ycas l  have sug ges ted  that the nu clea r  

e n v e lo p e  and ER are c o n t in u o u s  [ 82 ]. Rece nt  i m m u n o c lc c t ro n  mic ro scop ic  

s t u d i e s  u s i n g  the  s a m e  c a r b o x y l - t e r m i n a l  a n t i b o d y  h ave  c o n f i r m e d  the 

local iza tion o f  yeast  BiP to the ER lumen and nuclea r  envelope [83], while EM 

s tud ies  in this lab us ing  a yeas t  s t ra in  that  o v c r c x p rc s s c s  BiP have also 

localized BiP to the yeast  ER (data not shown).

Based on s imi lar i t ies  in amino acid s equ ence and m an n er  o f  regula t ion 

bet w een  yeas t  BiP and its m a m m al i an  coun te rpa r t ,  ycasl  BiP was or ig inal ly
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as su m ed  to h ave  a role in the folding and as sembly  of  newly  syn thes ized

prote ins  wi thin the ER lumen [76, 77]. Surpr is ingly,  analys is  of  a temperature  

sens i t ive  muta t io n  in BiP (ka r2 -159)  ident if ied a role for yeas t  BiP in ER

t r a n s lo c a t io n  [31].  A n a ly s i s  o f  th ree  d i f fe re n t  s ec re to ry  p a th w a y  p ro te ins  

( i nve r ta se ,  p p a f  and ca rb ox ypcpt idas e  Y) synthes ized in kar2-159 cells at the

r e s t r i c t i v e  t e m p e r a t u r e  r e v e a l e d  a s e v e r e  b lo ck  in s e c r e t i o n  and the  

a c c u m u l a t i o n  o f  n o n - g l y c o s y l a t e d ,  s i g n a l  p e p t i d e - c o n t a i n i n g ,  f u l l - l e n g t h  

p r e c u r s o r s .  S u b s e q u e n t  a n a l y s i s  u s i n g  a p r o t e a s e  p r o t e c t i o n  a s s a y

d e m o n s t r a t e d  that  the  o b s e rv e d  p h e n o ty p e  was  the  resul t  o f  a b lock in

t r a n s l o c a t io n  and not  the re su l t  o f  yea s t  s ignal  p e p t id a s e  and g ly eo sy l -

t ra ns fe ra se  being dep e n d e n t  upon BiP for  ac t ivi ty.  An ident ical  phenotyp e 

was  also seen after deple t ing wi ld-type yeast  o f  BiP,  suggest ing that the block 

in ER t ranslocation was a direct  consequence o f  a loss in BiP function [31, 84]. 

Th i s  co n c lu s io n  was fur ther  s uppor t ed  by a recent  s tudy o f  the ef fec ts  o f  

muta t ions  in the KAR2 gene on the t rans location o f  p p a f  in vitro [85]. In this 

s t u d y ,  y e a s t  m i c r o s o m c s  p r e p a r e d  f rom t h r e e  i n d e p e n d e n t  t e m p e r a t u r e

s e n s i t i v e  k a r 2  a l l e l e s  ( k a r2 - 1 1 3 ,  k a r 2 - 1 5 9  an d  k a r 2 - 2 0 3 )  e x h i b i t e d

t e m p e r a t u r e - s e n s i t i v e  d e f i c i e n c i e s  in t r a n s l o c a t i o n  th a t  p a r a l l e l e d  the  

thermosens i t iv i ty  o f  the alleles in vivo. In a co m plem en ta ry  s tudy,  yeast  BiP

was ef f ic i ent ly  cross- l inked  to a modi f ied  form o f  p p a f '  that  was  cova len t ly  

coupled to the g lobular  protein avidin and ar res ted in t rans locat ion;  this result

is also  consi s t ent  wi th a di rec t  role for BiP in ER t rans locat ion in yeast .

F u r t he r  s tud ies  using this sam e modif ied  p p a f  suggested  that yeast  BiP may 

also act  at a later stage o f  t rans locat ion to advance the initial interact ion of the 

secre to ry  prote in  with Scc61p  and thus form a mature  t rans locat ion  com plex

[85] ,
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T h e  c o n c lu s io n  that yea s t  BiP plays  a role in ER t r ans loca t io n  is 

p ro v o c a t i v e ,  s ince  there  is no  d o c u m e n te d  r e q u i r e m e n t  in the m a m m a l i a n  

sys tem for  BiP or o ther  ER luminal  prote ins  dur ing t rans locat ion .  In vi t ro  

r e c o n s t i t u t e d  m a m m a l i a n  s y s t e m s  us in g  B iP -d c p lc t e d  roug h m i c r o s o m c s  arc 

still able to t rans locate  and process  secretory prote ins  186]. In addi t ion ,  BiP 

was  not delec table by Western blot  analysis in an in vitro sys tem composed of  

de te rg en t  so lubi l ized ER prote ins  reconst i tu ted  into pro teo l iposomes.  However ,  

a s i m i l a r  s y s t e m  u s i n g  a yea s t  m i c r o s o m a l  d e t e r g e n t  s o l u b l e  f r ac t i o n  

re co n s t i t u t ed  in to  ves ic l e s  wi th  soy bean p h o sp h o l ip id s  was  d e p e n d e n t  upon 

both BiP and scc63p for t rans location [87], This differential  dependence on BiP 

does  raise the poss ib i l i ty  that there may be m ech an i s t i c  d i f fe renc es  between 

the m am m al i an  and S. ce r ev i s ia e  systems.  However ,  it is also plausible that 

BiP func t ions  ca ta ly t ica l ly  in prote in  t r ans loca t ion,  and am oun ts  undetec tab le  

by W e s t e r n  a n a l y s i s  s u p p o r t  the  r e a c t i o n  in the  m a m m a l i a n  sy s t em .  

Al ternat ively ,  it is poss ib le  that BiP may be necessary to reset a compon en t  of 

the  t r a n s l o c a t i o n  a p p a r a t u s  a f t e r  t r a n s l o c a t i o n ,  m a k i n g  that  t r a n s l o c o n  

av a i l a b l e .  T h e  in v i t ro  s y s t e m ,  by not r e q u i r in g  m u l t i p l e  ro u n d s  of  

t r ans loca t io n ,  may not  “ u n c o v e r ” this depe ndence .

B as ed  on these  s tud ies  a b i fu nc t iona l  role for yea s t  BiP may be 

po stul a t ed :  (1) a role in ER t rans loca t ion,  c i t h e r  d i rec t ly  to faci l i tate the

t r a n s l o c a t io n  o f  sec re to ry  pa th w a y  pro te i ns ,  o r  indi rec t ly  to m a in t a in  the 

t rans loca t ion  mach inery  in a functional  state; and (2) an ER luminal  role in 

the  fo ld ing and as sembly  of  sec re to ry  p a thw ay  p ro te ins  af te r  t rans loca t ion.  

How ever ,  unl ike its m am m a l i an  hom ologue ,  a d i rec t  in terac tion between yeast  

BiP and an ER luminal  prote in  has  yet to be d em o n s t r a t e d  in vivo,  and 

consequent ly ,  the hypothes is  that it acts within the ER lumen in ycasl is only a 

result  o f  com par i son  to its mam m al ian  counterpar t .  One  o f  the a ims of  the
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current  work was to inves tigate a potential  luminal role for BiP in yeast  in the 

s t ructura l  m atura t ion  o f  a soluble  secre tory  protein.

C. S E C R E T O R Y  P A T H W A Y  R E G U L A T I O N  T H R O U G H  T H E  I N D U C T I O N

OF BIP

1 . B i P  I n d u c t i o n :  S i m i l a r i t i e s  to  t h e  i n d u c t i o n  o f  o t h e r  h e a t

s h o c k  g e n e s :

BiP  is exp res sed  cons l i tu t i ve ly  at a basal  level  u nde r  normal  growth  

condi t ions .  A var ie ty o f  st ress condi t ions  can increase  BiP t ranscr ip t ion from 

5-25 Ibid in mam mal ian  cells [66], Inhibi tors of  Asn-l inked glycosyla t ion 16 6 1, 

sul fhydryl  re ducing agents  [88],  amino acid analogs ,  viral infec t ion [67, 6 8 1, 

g lucose  deplet ion [64], low extracel lu lar  pH, deplet ion o f  ER calc ium s tores 166, 

89, 90],  oxygen  deplet ion,  express ion of mutant ,  malfoldcd,  incomplete ly  folded 

o r  u n a s s e m b l e d  sec re to ry  p a th w a y  p ro te in s  [91-93] ,  and o v c r c x p rc s s i o n  of 

normal  sec re tory  prote ins  [70],  can increase  BiP t ranscr ip t ion from 5-25 fold. 

T he  abil i ty  o f  these  d iverse  s t ressors  to induce BiP t rans c r ip t ion has  been 

a t t r ibuted to thei r  abi li ty to dam age  the ER and in terfere  with its funct ion,  

which in turn leads to the accumulat ion o f  malfoldcd proteins  in the ER lumen.

T he  s e q u e n c e  o f  ev en ts  that  t r igger s  e l ev a ted  s y n th es i s  o f  BiP in 

re sponse  to ER stress is not known.  It has been proposed that BiP is able to 

s en se  the  sec re to ry  load in the ER and in i t ia te  a s i gnal ing  p a thw ay  that 

u l t im a te ly  r eg u la te s  the n u c l e a r  t r an sc r i p t io n  o f  BiP and o th e r  ER s t ress  

p ro te ins  [57],  in a m a n n e r  s im i l a r  to the feedback r e gu la t ion  p ro posed  for 

cytosol ic  hsp70  prote ins  (see below).

In E. co l i , the induct ion o f  cytoplasmic  heat shock genes  in response to 

e n v i ro n m e n ta l  s t ress  is thought  to be in i t ia led  th rough the s eq u es te r in g  of  

Dn aK (E . coli  hsp70 homologue)  in a complex through its b inding to aberrant



o r  m a l f o l d c d  c y t o p l a s m i c  p ro t e in s .  Thi s  in turn p r e v e n t s  DnaK from

in terac t ing wi th the heat  shock t ranscr ip t ion factor  G ^ 2 j which is then free to

assoc ia te  wi th the R N A  po lym era se  core  and confe r  the specif ic i ty  required to

t r a n s c r i b e  hea t  sh o ck  g en e s  [94,  95] .  T h e  a b u n d a n t  g e n e t i c  e v id e n c e

supp or t ing  this model  has been recent ly substant ia ted  by di rec t  ev idence  for a 

physica l  interact ion between DnaK and G 22 [96],

A s imi l ar  m echani sm  of  regula t ing heat shock gene s  has been proposed 

in euka ryot i c  cell s,  with the addi t ional  specula t ion  that cytosolic hsp70 may be 

the  "cel lu lar  thermom eter "  [ 9 7 1. Again,  the hyp othes is  is that free levels of  

h sp 7 0  arc sensed via thei r  af f in i ty  for spec i f ic  DNA b inding prote ins  (heat

shock fac tors)  that  ac t ivate  the t ranscr ip t ion o f  hcatshock  genes.  If malfoldcd

or  o th e r  abe rr an t  pro te i ns  ac cu m u la t e  wi th in  the cy to p lasm ,  they will t i trate

out  the avai lable  hsp70,  leaving  the heal  shock factors (HSF)  free to migrate 

in to  the  n u c l e u s  and ac t i v a te  t r an sc r ip t io n ,  and the  r e su l t an t  in c re ase  in 

cy toplas mic  hsp70  levels will con t inue  until these HSFs arc rebound by hsp70.

Seve ra l  l ines  o f  ev iden ce  suppor t  this "autorcgu ia lo ry"  model :  (1) the heat

s h o c k  t r a n s c r i p t i o n a l  r e s p o n s e  is c o r r e l a t e d  wi th  i n c r e a s e d  l e v e l s  of  

d e n a t u r e d  and  m a l f o l d c d  p r o t e i n s  [98 ] ;  (2)  a c t i v a t i o n  o f  hea t  shock

t r ansc r ip t io n  can be b l ock ed  by pro te in  sy n thes i s  inh ib i to rs ,  su g g es t in g  that 

n ew ly  syn thes ized  o r  m a l fo ldcd  or  aggrega ted  p ro te in s  in i t iate the response;  

(3) in y ea s t ,  f u n c t i o n - d i s r u p t i n g  m u t a t i o n s  in two co n s l i t i v e l y  ex p r e s s e d

cy toplasm ic  hsp70s  (SSA1 and SSA2)  result in an increased level o f  express ion

o f  the o ther  m em bers  of  the hsp7() family under  non-s t ress  condi t ions  [99]; (4) 

m u ta t io ns  which  e l im ina te  the HSF b ind ing  s ites  in the p ro m ote rs  o f  hsp70

g enes  b lock this increase  in express ion [1()()|; (5) ovc rcxprc ss ion  of  HSF in 

wi ld - type  cells in the absence  o f  heat  shock increases the level of  hsp70 [99);

(6) inact ive  HSF in cy top la smic  ext racts can be conve r ted  to a DNA binding



form by exposure  to heal,  non- ionic  detergents ,  or low pH; howeve r  addi t ion of

hsp 7 0  b lo ck s  this convers ion ;  and (7) o v c rcx p rc ss io n  o f  the  h sp 7 0  prote in  

SSA1 f rom the yeas t  G A L  p ro m o te r  reduces  the heat  sh ock -med ia ted  increase

in express ion from an exog eno us  S S A l - l a c Z  fusion [101].

D e sp i t e  the  large  d eg r ee  o f  ind i re c t  ex p e r im e n ta l  ev id en c e  that  has  

accu m ula ted  for this mode l ,  a d i rec t  dem ons t ra t ion  o f  the nega t ive  regula t ion 

o f  HSF by hsp70 still is lacking,  i.e. binding.  This  issue was  partially addressed 

in a re cen t  s tudy that  d e m o n s t r a t e d  that  in ex t ra c t s  o f  h ea t - s h o ck ed  cells  

hu m a n  hsp 7 0  assoc ia te s  wi th ac t ivated  H S F  to form a com plex  that can be

disrupted by A T P  [102]. In addit ion ,  formation o f  this complex corre la ted with 

the level o f  hsp70 in the cell .  Fur ther  analys is  us ing an in vi tro ac tivation 

assay d em ons t ra t ed  that  add i t ion  o f  ex o g e n o u s  hsp70 co m ple te ly  inhibi ted the 

ac t ivat ion  o f  H SF to a D N A - b in d in g  form and that this inhibi t ion could  be

re l ieved by the  addi t ion o f  ATP. These  results add an addi t ional  degree  of

c o m p lex i ty  to the  p ro p o sed  mode l  for heal  shock gene ac t ivat ion  in h igher  

eukaryo tes  by propos ing  that H SF associa tes  as a m onom er  with hsp70 in non-

hcat -shocked cells.  This  associa t ion prevents  the ac tivation of  HSF into a DNA- 

bi nd ing  form.  Upon heat  shock ,  the newly created  pool o f  d ena tu red  and

m al fo ld ed  p ro te ins  co m p e te s  for hsp70  binding,  which  in turn leads  to the 

release o f  HSF.  The released HSF can now form trimcrs and bind DNA.

W h i l e  the  po ten t i a l  s im i l a r i t i e s  are o b v io u s ,  the  s ignal  t r an sd u c t io n  

pa thway  that  a l lows malfoldcd prote ins  wi thin the lumen o f  the ER to lead to 

the  s p e c i f i c  t r a n s c r i p t io n  o f  ER s t r e s s  p r o t e i n s  w i th in  the  n u c l e u s  is 

e s s e n t i a l l y  u n c h a r a c t c r i / . c d .  C e r t a i n l y ,  an y  c o m p a r i s o n s  b e t w e e n  a 

hyp o thet i ca l  feedback sys tem ope ra t ing  be tween the ER and nuc leu s  and the 

c u r ren t  gene ra l  model  for the t r ansc r ip t iona l  regula t ion o f  c y to p la s m ic  heat 

sho ck  genes  will  be  co m p l i c a t e d  by the addi t ional  s tep  o f  t r an sd u c in g  the
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signal across  the ER membrane.  One study that di rect ly addressed this issue in 

m a m m a l i a n  ce l ls  c o n c lu d e d  that  BIP  was regula ted  in a f eedbac k  manner ,  

s ince C H O  cells that  stably overcxpresscd BIP exhibi ted  a reduced level of  BiP 

induc t ion  in re spo nse  to two t radi t ional  inducer s ,  TM  and C a 2+ i o n o p h o rc  

(A 23187)  t r ea tmen t  [103],  Fu r t her  suppo r t  for a feedback m echan i sm  comes 

f rom a recent study in yeast ,  where the authors  used a yeast  s train contain ing

a K A R 2  p ro m o t e r - / a c Z  repor ter  const ruct  and a G A L p ro motcr -BiP  const ruct  to

demons t r a t e  a reduced level o f  p - g a la c to s id a s c  ac t iv i ty  af te r  ex p o su r e  to TM 

when cells were  grown on galac tose f 104].

W h i l e  the natur e  o f  the  s ignal ing  pa th w a y  is u n k n o w n ,  the initial

s t i m u l u s  that  ac t i va te s  this  p a th w a y  is cu r r en t ly  u n d e r  in ten se  scrut iny.  

B ased  on the  re su l ts  o f  the  " f e e d b a c k ” s tud ie s ,  cu r rent  h y p o t h e s e s  have 

focused on an indirect  mechani sm of sens ing the level of  malfoldcd or mutant 

p ro te in s  wi th in the ER throug h thei r  in t erac t ion  wi th BiP,  wi th the signal  

be ing  e i t h e r  the  d ep ic t ion  o f  free BiP or  the fo rma t ion o f  a BiP-pro tc in  

com plex  (bound BiP).

Expe r im enta l  a t t empts  to de te rm ine between w he the r  free BiP or  bound 

BiP  is the  signal have been inconclus ive .  In one  s tudy,  the authors  c la imed

that  the level o f  bound BiP was the signal,  based on an in vivo analys is  using

COS cells  t ransformed with immuno glob ul in  p chain cDNA. The formation of  a 

s table  com plex  between  p  chain  and BiP correlated  with the induct ion of  ER 

s t ress  p ro t e in s  as m eas u re d  by both N or the rn  and W es te rn  ana lys is  | 9 3 | .

Unfor tunate ly ,  the authors  did not  enter tain the poss ib il i ty  that a d e c r e a s e  in 

the level of  free BiP could be responsible,  an al ternative  hypothes is  suppor ted 

by thei r  data.  Evidence  for the level o f  free BiP being the signal  is more

substant ial .  Th e exper iments  in CHO cells support  the hypothes is  that the level
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o f  f ree  BiP is the initial s ignal ,  s ince ovcr cx prc ss ion  o f  BiP d am p e n s  the 

t r a n s c r i p t i o n a l  r e s p o n s e .

Fu r t her  suppor t  for a feedback m echa n ism where  the level of  free BiP

is sensed comes  from a study in yeast  where  the C-lcrminal  retention signal of

yeas t  BiP (HDEL ) was deleted,  result ing in the loss o f  in t racel lu lar BiP through

secret ion.  Th e compensa to ry  increase  in the synthes is of BiP can be att ributed

to a feedback mechani sm dependen t  upon the level of free BiP wi thin the ER 

lumen,  s ince  the in t racel lu lar  levels  o f  BiP were found to be ident ical  in both 

the  w i ld - ty p e  and H D E L  co n t a i n i n g  s t ra in s ,  whi le  the  level  o f  potent ia l  

subst ra t es  should be unchanged  11 0 5 1.

To  m on i to r  the levels o f  free BiP, the cell must  be able to d ist inguish 

be tw een  bound  and un bound ,  or  free BiP.  Ins ight  into how this could  be 

ac com pl is hed  com es  from two s tudies  which analyzed the role o f  BiP post- 

t rans lat ional  modif ica t ions  on binding [106, 107]. In the first s tudy,  heat shock 

and glucose  s tarvation were  show n to reduce  the incorporat ion of radiolabeled

ADP-r ibose  into BiP in avian and mammal ian  cells.  In the second s tudy,  free 

BiP was  sh own  to be posl -t  ra ns la t i ona l l y  m o d i f i ed  by p h o s p h o ry l a t i o n  and 

A D P - r ib o s y la t i o n ,  and both  m o d i f i ed  and unm o d i f i ed  forms o f  BiP coexist

wi thin the cell.  Most important ly,  BiP bound to Ig heavy chain was not labeled 

wi th e i ther  radioact ive  phos phat e  or adenine.  Further,  when BiP was induced

by glucose  starvat ion,  the ratio o f  unmodif ied  (bound) to modified  (free) forms

o f  B iP  increased,  poss ib ly  indicative of  an increase in the level o f  bound BiP. 

Thus  one could postulate that the cell monitors  the level of  free BiP through a 

mechani sm that is dependent  upon the ratio of  modified  to unmodif ied  BiP.



2 .  T r a n s c r i p t i o n a l  R e g u l a t i o n  o f  K A R 2  G e n e  E x p r e s s i o n

Yeast  B iP  appears  to be regulated  in a m a n n e r  s imi la r  to m am mal ian

BiP,  s ince  d rug  t r ea tmen ts  and mutat io ns  that  lead to the ac cum ula t io n  of  

secre tory  prote ins  wi thin the ER lumen result  in an increase  in KAR2 mRNA

levels [76, 77], However ,  in contrast  to mammalian  cells,  transcript ion o f  KAR2 

is also s timulated by heal shock [76, 77]

Recent ly ,  two deta i led  ana lyses  o f  the KAR 2 p ro m o te r  were per formed  

by gen e ra t ing  a set  o f  5' un id i rec t ional  de le t ion mutant s  lacking progress ively  

large r  segmen ts  o f  ups t ream seq ue nces  [104, 108]. Based on these analyses,  a 

236 bp Xho l -S al l  f ragment  was shown to conta in  all the informat ion necessary

to t r ansc r ip t iona l ly  regu la t e  the KAR2 gene.  In addi t ion ,  cons t ru c t ion  of  a 

ser ies o f  5' de let ions  wi thin this 236 bp fragment  resulted in the ident if icat ion 

o f  three ctA’-acl ing sepa ra te  t r ans c r ip t iona l  con tro l  e l em en ts :  (1) a 22 bp

s eq u en ce  located  be tw een  -131 to -110 that confer re d  re spons iveness  to the 

p re sence  o f  malfoldcd  prote ins  within the lumen of  the ER referred to as the 

u n f o l d e d  p ro te in  r e s p o n se  e l e m e n t  (U PR );  (2) a G C - r i c h  reg io n  located

between  -148 to -133 that is s imi l ar  in sequence to the consensus  c lement  for 

b ind ing  o f  the mam m al ian  t ranscr ip t ion factor S p l ,  and is responsible  for the 

high level of  const i tu tive express ion of  the KAR2 gene; and (3) a 20 bp region 

b e tw een  -168 to -149 co n ta in ing  the consensus  s eque nce  for the heat  shock 

e lement  (HSE) that responds  to elevated temperatures .  By const ructing a scries 

o f  10 bp delet ion mutants  wi thin each of  the three identi f ied e lements  it was 

d e t e r m in e d  that these  e lem e n t s  work independe n t ly  o f  each other .  Fur ther  

analy s i s  o f  the UPR clemen t  dem on s t ra te d  that it was capab le  o f  conferr ing 

t ranscr ip t iona l  induct ion to the accumulat ion  o f  mal fo ldcd  prote ins  wi thin the 

ER lumen to a heterologous  CYC1 promoter.  Using DNA gel shift analysis,  a 

t r a n s - a c t i n g  fa c t o r  tha t  b inds  s p ec i f ic a l ly  to the UPR e l e m e n t  was  also
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iden t i f i ed  (U P R F -1 ) .  S im i l a r  to the  re su l ts  repor ted  for the  heat  shock 

t ransc r ip t ion  fac tor  HSF,  UPRF-1 is pre sen t  in equal  co n c en t ra t io n s  in both 

s t r e s s e d  and u n s t r e s s e d  cell  e x t r a c t s ,  s u g g e s t i n g  that  the  t r a n s c r i p t i o n a l  

ac t iva t ion  that  occ urs  in re sp o n se  to the ac cum ula t io n  o f  unfolded  prote ins  

with in  the ER lumen may invo lve  the modi f ica t ion o f  a pre-ex is t ing  pool of  

U P R F- 1 .

D .  M T  E X P R E S S I O N  IN Y E A S T  A N D  ITS R E G U L A T I O N  BY C O P P E R

T h e  ab i l i ty  an o rg a n i s m  to su rv ive  in an e n v i ro n m e n t  that  con ta ins  

e i t h e r  toxic or e x c e s s iv e  c o n c e n t r a t i o n s  of  essen t ia l  meta l  ions  is a well

conse rv ed  s t ress response.  Th e detoxi f ica t ion o f  meta l  ions can occu r  e i ther

by r egula t ing thei r  upt ake ,  a m ech an i sm  more  co m m o n  in p ro k a ry o tes  [109, 

110] o r  by in t r ace l lu la r  s eques t r a t ion ,  a m ech a n i s m  p re fe rr ed  by euka ry o tes

[111].  Whi le  S. c e r e v i s ia e  requires  co ppe r  ( C u 2 + ) at low concen tr a t ions  for 

p ro p e r  growth  [112] ,  C u 2 + is a potent  fungicide at h igher  concentra t ions .  In 

yeast ,  res is tance to the toxic ef fec ts  o f  excess ive  C u 2+ is mediated  through the 

induct ion o f  m c la l lo th ion c in  (MT),  a low molecu lar  weight  (6.5 kD)  cys tcinc-  

r ich,  C u 2+ binding protein encod ed  by the CUP1 locus [113, 114], Th e CUP1

p r o m o t e r  sa t i s f i es  m an y  o f  the  cr i te r ia  for an ef f ic ient  and re gula ted  yeas t

p r o m o t e r  [113] .  Most  importantly for this work,  addition o f  C u 2+ to the media 

resul ts  in a 25-fold increase  in the t ranscript ional induct ion o f  the CUP1 gene.

Since  M T  represses  its own gene t ranscr ip t ion,  the induct ion ratio of  a

p lasm id -b o rn e  MT gen e fus ion is d i rec t ly propor t ional  to the n u m b er  of  MT 

genes  pre sen t  on the yeast  ch ro m o so m es  [115,  116). When a cup 1-disrupted

s t ra in  is used as a host,  t ranscrip tion is partially const i tu t ivcly  act ive ,  whi le if

a c h r o m o s o m a l ly  am pl i f i ed  C U P l r .strain is used, a complete  repression to basal

levels  is observed.  Thus ,  by choosing an appropriately  yeast  strain a range of
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basa l  and in d u c ib l e  t r an s c r ip t io n  level s  o f  CUP1 g en e  e x p r e s s io n  can be

selec ted .  In this work,  we use  the CUP1 p ro m ote r  to provide  an ex ogenous  

m ea n s  o f  regula t ing BiP expres s ion .

E .  B R I E F  H I S T O R Y  O F  T H I S  P R O J E C T

T he  work desc r ib ed  in the thesis grew  out o f  a co l l abora t ion between

our  lab and that o f  Dr. Janet  Kurjan.  Dr. Shari Caplan,  as a Ph.D. s tudent  in the

Kurjan  lab, const ructed  a large n u m b er  o f  mutant  M F a l  gene s  and subst i tu ted

then ind iv idua l ly  for the w i ld - t ype  ch rom osom al  M F a l  gene.  She then tested

thei r  func t iona l i ty  us ing two b ioas say s  that de tec t  secre ted  a f :  Format ion of

ha los  us ing M A T a  cells ( induction o f  Gj  arrest) ,  and mat ing  between a  and a 

cells.  T hes e  assays,  however ,  arc l imi ted in their accuracy and sens it ivi ty  by

technical  and theor e t ic a l  fac tors.

I en te r ed  the pro jec t  at  this point ,  h av in g  d ev e lo p e d  a quan t i t a t i v e  

b iochem ica l  assay for t ranspo r t  and p ro c es s ing  o f  p a f .  As descr ibed in the 

Resul ts ,  the combinat ion o f  pul sc-chase  label ing,  SDS-P A G E,  and HPLC allowed 

us to determine  the functional  effec ts  o f  muta t ions  in p p a f .  1 analyzed a large 

n u m b e r  o f  mutan ts ,  and the re sul ts  have been p ub l i shed  | 5 5 | .  Th e work 

de sc r ibed  here  focused on the t r iple g lycosy la t ion mutant  N 1 2 3 - p p a f ,  since it 

exhibi ted  the most  seve re  defect  in t ranspor t  and process ing.



28

I I .  E X P E R I M E N T A L  P R O C E D U R E S

A .  M I C R O B I A L  T E C H N I Q U E S

1 . Ye a s t

a. Yeast M ed ia :

Th e ycasl  media  used in this project  were as descr ibed [117]: C o m p l e t e

d e x t r o s e  m e d i a  (Y PD) con ta ined  1% (w/v)  yeas t  ext rac t  (Difco) ,  2% (w/v)  

Bacto-Pep tone (Difco) and 2% (w/v) g lucose (Sigma);  Synthet ic  minimal  m e d i a  

(SD) con ta ined  0 .67% (w/v)  yeas t  n i t rogen base  wi thout  amino  acids (Difco),  

2% (w/v)  g lucose,  supplemented with adenine (50 pg /m l) ,  h is tidine (25 p g / m l ) ,  

l euc ine  (30 p g /m l ) ,  lys ine (30 p g /m l ) ,  uracil  (25 p g / m l )  and t ryp tophan  (30

p g / m l )  as needed  (all from Sigma).  For plates 2% (w/v)  selec t  agar  (Sigma)  

was  included.  Media were s teri lized by autoclaving at 121° C for 15 min. All 

s u pp lem en ts  were added from concent ra t ed  s tocks  pr ior  to a u to c la v in g . -

b. Yeast  T r a n s f o r m a t i o n s :

Y e a s t  c e l l s  w e r e  t r a n s f o r m e d  w i th  c c n t r o m c r i c ,  e p i s o m a l  and

in t eg ra t iv e  p l a s m id s  by the l i th ium aceta te  m e thod  e s sen t i a l ly  as des c r ibed  

[118].  Briefly,  cells were incubated in TE conta in ing 100 mM l ithium acetate

(T ELA  buffer)  at 30°  C for 60 min before adding sheared salmon sperm DNA (as 

carr ier )  and t rans fo rming  DNA (1 p g  D N A /1 0  ODfiOO cells).  After a 30 min 

incubat ion at 30°  C, cells  were t reated with PEG 4000  (G ibco-B RL) and heat- 

sh ocked  as descr ibed.  Final ly,  samples  were  spread on se lec t ive  med ia  plates  

and incubated  at 30°  C until co loni es  appeared.  In gene ra l ,  co lon ics  were 

clearly visible in two days  and ready for p icking in three days.

T h e  t em p e r a tu re  sens i t ive  sec 18 s t rain  was t r an s f o rm ed  in e s sen t ia l ly  

th e  s a m e  m a n n e r  e x c e p t  that  all the i n c u b a t i o n s  w e re  d o n e  at room
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t em pera tu re  and were doubled in length.  In mos t  cases  yeas t  co lon ics  were 

clearly visible in three to four days and ready for picking in four  to five days.

c. Yeast  DNA Quick P rep :

T o ta l  yea s t  D N A  for PCR am p l i f i c a t io n  and S o u th e r n  an a ly s i s  was  

o b t a in ed  us ing  the " T en-m inu te  DNA Prep for Yeast"  as desc r ib ed  w i thou t  

m od i f i ca t ion  [119].

d. Growth  curves  and v i ab i l i t y :

The growth of  all yeast  s t rains was moni tored by di rec t  count ing of  cell

n u m b e r  u s in g  a B r ig h t - L in e  H e m a c y t o m e t e r  (R e ich e r t )  wi th p h a s e - c o n t r a s t  

mic roscopy  (Zeiss) at 400X magnif ica t ion.

T he  per cen t  v iab i l i ty  was  de f in ed  as the  abso lu te  n u m b e r  of v iable

or ga n isms  present ,  d iv ided by the total n um ber  of o rgan isms present ,  dead or

alive. In this s tudy,  the yeast  cell was considered viable if it was capable  of  

forming a colony on selec tive solid media  after a def ined per iod o f  growth on 

selec t ive plates.  The % viabi li ty was ca lculated  by spreading equal numbers  of  

control  and TM treated cells  and count ing the num ber  of  colonies present  after

five days  of  growth.

e. S ta r t i ng  ycasl  s trains :

The initial s trains from which all s trains  were cons t ructed  arc shown in

Table 1. Strains 2C, N123 and 0 ] 0 2  arc isogenic to the parent strain W3031-B at

all loci except  in strain N123,  where  m f a l - N 1 2 3  has been in tegra ted  into the 

M F a l  locus, and in strain 0 ) 0-2 , where  LEU2 has been in tegrated into both the

M F a l  and M F o 2  loci. A su mmary  o f  all the const ructed  s trains is shown in

T ab le  5 (sec Exper imenta l  Procedures ,  Strain Const ruct ion) .
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T a b l e  1.  S t a r t i n g  Y e a s t  S t r a i n s

S t r a i n  G e n o t y p e S o u r c e

W303-1B  M A T  a . ade 2 - l ;  can 1-100; Ieu2-3,112; h is3-l  1,15; t rp l -1 ;  J. Kurjan
u r a 3 - 1.

2C M A T  a . M F a l .  mfot2: :LEU2C.  a d e 2 - l ;  c a n l - 1 0 0 ;  leu2- J. Kurjan
3,112; h i s 3 - l l , 1 5 ;  t r p l -1 ;  u ra3- l .

N1 23 M A T a . m f a l - N 1 2 3 .  m f«2 : :LE U2C.  adc2 - l ;  can l - 1 0 0 ;  J. Kurjan
lcu2-3,112;  h i s3 - l  1,15; t rp l -1 ;  ur a3 - l .

a l a 2  M A T a , m f q l : : L E U 2 C .  m f a 2 : : L E U 2 C .  adc2- l ;  canl -100 ;  J. Kurjan
lcu2 -3 , l  12; h i s 3 - 11,15; t rp l -1 ;  u ra3- l .

s e e l  8 MAXffl.. s e c  1 8 -1 ;  t rp l -2 89 ;  I c u 2 -3 ,U 2 ;  ura3-52.  P. Bohni

Y262  M A T a . ura3-52; r p b l - 1 .  R. Young
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2 .  B a c t e r i a

a. Bacter ia l  M e d i a :

T h e  bacter ia l  m ed iu m  used in this pr oj ec t  was  Te r r i f i c  Bro th  [120).  

M ed ia  w e re  s teri l ized by autoclaving at 121° C for 15'. Ampici l l in  was added 

after  autoclaving to a final concentra t ion of  50 ( i g / m l .

b. Bacter ia l  S t r a i n s :

Th e E s c h e r i c h i a  col i  s t ra ins  M C 1 0 0 0  or  HB101 were used in all the 

m o lecu la r  man ipu la t ions  o f  this projec t  as specif ied.

c. Bacterial  Trans fo rm a t ions  and DNA i s o la t io n :

T r a n s f o r m a t i o n  c o m p e t e n t  E. coli cells  were prepared ac co rd ing  to the 

o r i g i n a l  C a C l 2  m e t h o d  o f  M a n d c l  and Higa  1121] w i th o u t  m o d i f i c a t i o n .  

T ra ns fo rm at ions  with p lasmid DNA were as descr ibed 11 221. Small  (mini -preps)  

and l arge  sca le  (m a x i -p r e p s )  p re p a ra t i o n s  of  bac te r i a l  p l a s m id  DNA were 

p e r fo rm ed  us ing the  a lka l inc - ly s i s  met hod  as desc r ib ed  w i thout  m od i f i ca t ion  

[120]. P lasmid DNA from large scale prepara tions  was puri fied by precipi ta tion  

wi th polyethy lene  glycol  as desc r ibed without  modif i ca t ion 11 2 0 1.

B .  P L A S M I D  C O N S T R U C T I O N

1 .  S t a r t i n g  p l a s m i d s

The  plas mids  used as vec to rs  or as sou rc es  o f  DNA inserts  for the 

const ruct ion o f  new plasmids  arc shown in Table  2. The ol igonucleot ides  used 

for KA R 2 cloning,  KAR2 sequencing and the synthes is  of  c h rom osom al  K.AR2 

probes  are shown in Tab le  3. The result ing  new const ruc ts  (descr ibed below) 

are shown in Table 4.
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T a b l e  2.  S t a r t i n g  P l a s m i d s

N a m e D e s c r i p t i o n S o u r c e

V e c t o r s :

pG EM -1 In v i t ro  t r a n s c r i p t io n  v e c to r  wi th  the  m u l t ip l e  
c l o n i n g  s i t e  f l a n k e d  by T 7  and S P 6  R N A  
p o l y m e r a s e  t r a n s c r i p t i o n  i n i t i a t i o n  s i t e s ;  (2 8 6 5  
bp); Am p selec tion.

P r o m c g a

p R S 3 14 Yeast  c e n t r o m e r i c  p las m id  (TRP1 m ark e r )  wi th 
the mul tiple cloning site flanked by T7 and T3 RNA 
p o l y m e r a s e  t r a n s c r i p t i o n  in i t i a t i o n  s i t es ;  (4 7 8 5  
bp); Amp select ion.

P. Heiter

p R S 3 1 6 Ycasl  c e n t r o m e r i c  p la smid  (U RA3 m ark e r)  with 
the mul tiple cloning site f lanked by T7 and T3 RNA 
p o l y m e r a s e  t r a n s c r i p t i o n  i n i t i a t i o n  s i t es ;  (4 8 9 5  
bp); Amp select ion.

P. Heitcr

p Y E P 3 5 3 Yeast  e p i s o m a l  p lasmid (URA3 marker);  (8000 bp); 
A m p  se l ec t ion.

G. Small

p Y S K 1 3 6 Yeast  e p i s o m a l  p lasmid with the TRP1 marker  and 
with the mul t ip le c loning site flanked by the C U P 1 
p ro m ote r  and C Y C 1  t ransc r ip t ion t e rm in a to r  (6258 
bp); Am p select ion.

J. Kur jan

I n s e r t s :

p H K 2 pBR322 with the 1.7 kb M F a l  gene cloned into the 
EcoR 1 site; (6061 bp); Amp selection.

J. Kurjan

M 1 3 - N 1 2 3 M 13 mpl()  with the 1.7 kb m f a l - N 1 2 3  gene cloned 
into the EcoR 1 site; (8950 bp); Amp selection.

S. Caplan

pC M P171 Y e a s t  c e n t r o m e r i c  p l a s m id  c o n t a i n i n g  a t an d em  
repeat  of  the 1.76 BamH I fragment  o f  the yeast  
H I S 3  gene.

M. Brenn an

pGACT p G E M -4  with the 700 bp EcoR 1 - Hind 111 yeast  
A c t i n  gene inser ted  into the mul tip le  c loning site; 
(3571 bp); Amp select ion.

A. T / a g o 1off



T a b l e  3 . O l i g o n u c l e o t i d e s

O l i g o L o c a t i o n S e q u e n c e U s e

K2 -3 2 7 9 - 2 9 6 5' - GGGGGGTCGACrATACCATGTTTTTCAAC - 3' C l o n i n g
K 2 - 4 2 3 1 9 - 2 3 3 6 5' - CCCCCGTCGACTATCTACAATTCGTCGTG - 3’ C l o n i n g

K2S1 CUP1 * 5' - GTCTTGTATCAATTGCAT - 3' KAR2 Seq.
K2S2 4 0 1 - 4 1 8 5' - AGTTAGAGGTGCCGATGA - 3’ KAR2 Seq.
K2S3 6 4 1 - 6 5 8 5' - GATCGGTTTGAAATATAA - 3' KAR2 Seq.
K2S4 8 8 1 - 8 9 8 5’ - GCAAAGACAAGCCACCAA - 3' KAR2 Seq.
K2S5 1 1 2 1 -1 1 3 8 5’ - CTATAAGATCGTTCGTCA - 3’ KAR2 Seq.
K2S6 13 6 1 -1 3 7 8 5' - GAAGCCTGTCGAGAAGGT - 3' KAR2 Seq.
K2S7 1 6 0 1 -1 6 1 8 5' - CAACGCTTTGACTCTTGG - 3' KAR2 Seq.
K2S8 1 8 4 1-1 858 5' - CACATTTGCACTTGACGC - 3’ KAR2 Seq.
K2S9 2 0 8 1 - 2 0 9 8 5' - CCTAGGTGAAAAATTGGA - 3’ KAR2 Seq.

K 2 - 1 0 3 - 2 0 5' - CG AGC A A AGTGT AG ATCC - 3’ P r o  be
K2-11 2 7 6 3 - 2 7 8 0 5’ - CTCGAGCCTTTCAACTCT - 3' P r o  be
K2G-1 2 4 9 -2 71 5’ - CGCTTTTTCCCTTGAGACTACTC - 3' P r o  be
K2G-2 2 3 5 5 - 2 3 7 2 5' - GCTGCTGGAAGCTTCAAG - 3' P r o b e

Ol igonucleot ide  K2S1 is homologous  to a sequence in the CUP1 promoter,  
and s e q u e n c e s  ac ro s s  the  t r an s c r ip t io n  s tar t  into the  K A R 2  co d in g  
r e g i o n .
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T a b l e  4 . C o n s t r u c t e d  P l a s m i d s

P l a s m i d  D e s c r i p t i o n

p G K 2  pGEM-1 with the 2.0 kb Sal I f ragment  conta in ing the K A R 2
c o d i n g  r e g i o n  c loned  into the uniqu e Sal I si te o f  the 
mul t ip le  c loning site (4865 bp).

p G K 2 - H IS 3  pGK2 wi th the 1765 bp BarnH I f ragment  conta in ing the  yeast
H I S 3  gene cloned into the unique Stu I site within the K A R 2  
c o d i n g  r e g i o n  (6 6 2 5  bp).

p HCK2 pYSK13 6 with the 2.0 kb Sal 1 f ragment  contain ing the K A R 2
c o d i n g  r e g i o n  cloned into the unique Xho I s ite between the
C U P 1  promoter  and C Y C 1  terminator  (8258 bp).

pL C K 2-T  p R S314  wi th the 2.8 kb BarnH I-Cla I fragment  contain ing the
C U P 1 - K A R 2 - C Y C 1 cloned into the mul tiple cloning site (7585 
b p ) .

p L C K 2 -U  pR S316  with the 2.8 kb BarnH 1-Cla I fragment  conta in ing the
C U P 1 - K A R 2 - C Y C 1  cloned into the mul tiple cloning site (7695 
b p ) .

p L C a F - T  pR S314  with the 1.7 kb Eco R 1 fragment  containing the M F a l
gene cloned into the unique EcoR 1 site o f  the mul tip le  cloning 
site (6485 bp).

p L C a F - U  pRS316 with the 1.7 kb Eco R I fragment  containing the M F a l
gene c loned into the unique EcoR 1 site o f  the mul t ip le cloning
site (6595 bp).

p L C N 1 2 3 -T  pRS314  with the 1.7 kb Eco R 1 fragment  conta ining the m f a l -
N 1 2 3  gene cloned into the unique EcoR 1 site o f  the mul tiple
c loning site (6485 bp).

p L C N 1 2 3 -U  pRS316 with the 1.7 kb Eco R 1 fragment contain ing the m f a l -
N 1 2 3  gene cloned into the unique EcoR I site o f  the mul tiple
c loning site (6595 bp).

p H C a F  pYEP353 with the 1.7 kb Eco R 1 fragment containing the M F a l
gene cloned into the unique EcoR 1 site o f  the mul tip le  cloning
site (9700 bp).

p H C N123  pY E P 3 5 3  wi th the 1.7 kb Eco R I f ragment  co n ta in ing  the
m f a l - N 1 2 3  gene cloned into the unique Eco R I site of  the 
mul t ip le  c loning site (9700 bp).
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2 .  C o n s t r u c t i o n  o f  C U P 1 - K A R 2  c o n t a i n i n g  p l a s m i d s

a. PCR Isolat ion o f  (he KAR2 coding region and s eque nc ing :

The  co d ing  region o f  the KAR2 gene was i solated from yeas t  genomic

D N A  (st rain 2C) by PCR ampl i f ica t ion us ing the o l igonucleot ide  KAR2 cloning 

pr im er s  K2-3 and K2-4 (see Tab le  3). P r im er  K2-3 conta ins  18 nucleot ides  

co m p l e m e n t a r y  to the 5 ’ end o f  the K A R 2  co d in g  re g io n  ( in c lu d in g  the 

in i t i a to r  co don) ,  as well  as an 11 nucleot ide  ex tens ion con ta i n i ng  the Sal 1 

res tr ic t ion enzyme  co ns ensus  sequence.  P r im er  K2-4 conta ins  18 nucleot ides

co m p lem en ta r y  to the 3 ’ end o f  the KA R 2 cod ing region ( includ ing the stop

codon) ,  as well as an 11 nucleo t ide  extens ion conta in ing the Sal I res tr ict ion

enzyme consensus  sequence.  Th e 100 pi PCR reaction was carried out in 25 mM 

KC1, 2.5 m M  MgCl2,  20 mM Tris-HCl (pH 8.3), 0.2 mM of  each dNTP,  1.0 mM of 

each  primer ,  25 U/ml o f  Taq DNA Polymerase  (P rom cga )  and 1 p g  o f  yeast  

genomic  D N A  from s train 2C as the source o f  the target KAR2 gene.  Thirty

cycles o f  90 seconds at 94°  C, 150 seconds at 53° C, and 150 seconds at 72° C in a

Perkin El m er  Cctus DNA Thermal  Cycler  were used to ampl ify the KAR2 coding 

region.  Th e react ion was  than ext r ac ted  wi th ph eno l / ch lo ro fo rm  and ethanol  

precipi ta ted .  T he  PCR ampl i f ied  insert was digested  with Sal 1 to complet ion

and the resul t ing  2.0 kb insert  was puri f ied  on a 1.0% T B E  agarose  gel and 

l igated into the Sal I site o f  the p lasmid pGEM -1,  genera t ing the new plasmid

pGK2  (See Figure 2).

Th e 2.0 kb insert  was shown to be ident ical  to the publ ished sequence 

for  the coding  region of  the KAR2 gene by DNA sequencing using a series of 

nes ted  o l ig o n u c leo t id e  pr im er s  K2S1 to K2S9 (Table  3). A u to m ated  DNA 

sequencing was performed at the Mount Sinai DNA Core facility on an Appl ied 

B io sy s l e m s  Model  373A S e q u e n c e r  us ing Taq  p o l y m e r a s e  and d y c - l a b e l cd -  

d i d c o x y n u c l c o  t ides .



F i g u r e  2.  C l o n i n g  o f  t h e  K A R 2  c o d i n g  r e g i o n  a n d  c o n s t r u c t i o n  

t h e  p l a s m i d  p G K 2 .

PCR amplification o f  yeast 
genomic DNA using primers 

K2-3 & K2-4

D igested reaction 
with Sal I

Gel purify 2.0 kb KAR2 
insert

ATG - ►  TAG

K A R 2 C oding Region

SP6

pGEM-1 
(2865 bp)

Amp R

I
D igested with 

Sal I

I

Ligation
Transformation
Orientation
Maxiprcp

SP6
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b. High-copv C up1-K AR2 plasmid (pHCK21 :

A yeas t  ep i som al  p l a s m id  wi th the K A R 2  co d in g  reg ion u n d e r  the

cont rol  o f  the CUP1 co p p e r  re sponsive  p ro m o te r  was  co ns t ru c te d  as fo l lows

(Figure 3). D N A  from plasmid pGK2 was diges ted  with Sal I to regenera te  the

2.0 kb in ser t  co n ta in in g  the  K A R 2  co d in g  region and su b c lo n ed  into the

un ique  X ho  I si te o f  the poly l inker  of  the C U P1 -co n ta in in g  epi somal  p lasmid,  

pYSK136.  This p laced the cod ing  region of  the KAR 2 gene between the copper-

r e spons ive  CUP1 p r o m o t e r  and the CYC1 t ransc r ip t ion  t e rm in a to r  of  p lasmid

pY SK 136 ,  gene ra t ing  the new  episomal  p lasmid pHCK2.

c. Low-copv Cup1 -KAR2 plasmids  fpLCK2-T & p L C K 2 - U ) :

Ye as t  c e n t ro m cr i e  p la sm id s  co n ta in ing  the C U P 1 - K A R 2  cons t ruc t  were 

constructed as fol lows (Figure 4). DNA from the new plasmid pH CK2  was double 

d iges ted  wi th  BarnH I and C la  1, g en e ra t ing  a 2.8 kb C U P 1 -K A R 2 - C Y C 1  

c o n t a i n i n g  in se r t .  T h e  i n s e r t  was  than gel  p u r i f i e d  and d i r c c t io n a l l y

su b c lo n ed  into the mul t i p le  c lo n in g  s ites  o f  the yeast  c e n t ro m cr i e  p las m ids  

p R S 3 1 4  and pR S316 ,  gene ra t ing the new yeas t  cen t r om cr ie  p lasmids ,  p L C K 2 -T  

and p L C K 2 -U ,  respect ively .

d. Const ruct ion o f  p lasmid p G K 2 - H !S 3 :

As a first step in the disruption o f  the chromosomal  KAR2 gene the HIS3 

gene  was  inser ted  into the KA R2 cod ing region o f  p lasmid  p G K 2  as fo l lows 

(Figure 5). First,  plasmid pCMP171 was diges ted with BarnH I to produce a 1.76 

kb DNA fragment  that conta ined the HIS3 gene.  Th e 5' and 3' termini  were 

filled in wi th the Klcnow fragment  o f  DNA polymerase  1 to genera te  a blunt-

ended fragment,  which was then puri fied on a 1.0 % T B E  agarose gel. The 1.76

kb f ragment  was  then l igated into the unique Stu I res tr ic t ion  site wi thin the 

KAR2 gene of  p lasmid pGK2 to generate the new plasmid pGK2-HIS3.
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F i g u r e  3 .  C o n s t r u c t i o n  o f  p l a s m i d  p H C K 2 .

SP6 CUP1

pGK2 
(4865 bp)

Amp R

Digested pGK2 
with Sal I

I
Gel purify 2.0 kb KAR2 

insert

A1G TAG

KAR2 Coding Region

CYC1

pYSK136 
(6258 bp)

TRP1

Digested pYSK 136 
with Xho I

Ligation
Transformation
Orientation
Maxiprcp

CUP1

KAR2 Coding Region
pHCK2 

(8258 bp)

CYC1

TRP1
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F i g u r e  4 .  C o n s t r u c t i o n  o f  p l a s m i d s  p L C K 2 - T  a n d  p L C K 2 - U .

CUP1

KAR 2 
Coding 
RegionpHCK2 

(8258 bp)

CYC1

TRP1

CEN-ARS TRP1
or

URA3pRS314 
(4785 bp)

or

Amp pRS316
(4895 bp)

T7
Ori T3

Digested with
I

Digested with
BarnH I & Cla I BamH I & Cla I

Gel purified 2.8 kb 
CUP1-KAR2-CYC1 insert

CYC1CUP1

KAR2 Coding Region

Ligation
Transformation
Orientation
Maxiprcp

CEN-ARS TRP1

Amp /

Ori

pLCK2-T 
(7585 bp)

pLCK2-U 
(7695 bp)

CYC1

URA3

i CUP1

KAR2
Coding
Region
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F i g u r e  5 .  C o n s t r u c t i o n  o f  p l a s m i d  p G K 2 - H I S 3 .

SP6

Amp

KAR2
coding
region

pGK2 
(4865 bp)

Digested pCMP171 
with BamH I

▼
gel-purified 1.76 kb 

HIS3 insert

Amp

Digested 
with Stu 1

HIS3
Filled in with 

Klcnow

HI S3

Ligation
Transformation
Maxiprcp

SP6

5' KAR2 
coding region

pGK2-HIS3 
(6625 bp)

HIS3

3' KAR2 
coding region
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3 .  C o n s t r u c t i o n  o f  l ow a n d  h i g h - c o p y  w i l d - t y p e  a n d  m u t a n t

M F a l  p l a s m i d s

H i g h  a n d  l o w - c o p y  p l a s m i d s  c o n t a i n i n g  th e  M F a  1 g en e  we re

const ruc ted  as fol lows. D N A  from plas mid  pH K 2 was diges ted  wi th EcoR I

g en e ra t i n g  the 1.7 kb M F a l  co n ta in ing  inser t ,  which  was  gel pur i f ied  and

subcloned into the unique EcoR 1 site o f  the polyl inker  of  p lasmids  pRS314 and

pRS316,  result ing in the new plasmids  p L C a F - T  and p L C a F - U ,  respect ively.  The

or ien ta t ion o f  the  M F a l  gene was chosen such that  in vi tro t ranscr ip t ion of

the  M F a l  gene was under  the control o f  the T7 promoter.  Th e 1.7 kb M F a l  

c o n ta in in g  inser t  was  also su b c lo n ed  into the  un ique  EcoR 1 si te o f  the

p o l y l i n k e r  o f  the  yea s t  e p i s o m a l  p l a s m id  p Y E P 3 5 3 ,  g e n e r a t i n g  the  new

episomal  p lasmid p H C a F .

High and l o w -c o p y  p la s m id s  c o n ta in in g  the  m f a l - N 1 2 3  g en e  we re

constructed  as follows.  DNA from plasmid M13-N123 was digested  with EcoR I

genera t ing the 1.7 kb m f a l - N 1 2 3  con ta in ing insert  which was gel puri f ied  and

subcloned into the unique EcoR 1 site o f  the polyl inker  o f  p lasmids  pRS314 and

pRS316,  result ing in the new plasmids  pLC N 123-T  and pL CN123 -U ,  respectively.

T h e  o r i e n t a t i o n  o f  the  m f a l - N ' 1 2 3  gene  was  c h o se n  such that in v i t ro

t ranscr ipt ion o f  the m f a l - N 1 2 3  gene was under  the control of the T7 promoter.

The 1.7 kb n t f a l - N 1 2 3  insert was also subcloned into the unique EcoR I site of

the  p o ly l in k e r  o f  the yeas t  ep isom al  p la sm id  p Y E P 3 5 3 ,  gen e ra t i n g  the new

episomal  plasmid pHCN123.  Maps  o f  these plasmids  arc shown in Figure 6 .
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F i g u r e  6 .  L o w  a n d  h i g h - c o p y  p p a f  a n d  N 1 2 3 - p p a f  e x p r e s s i n g  

p l a s m i d s .
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Ori
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Amp R
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(6595 bp)

Ori

m f ot 1 -N 123
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MFal
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C. S T R A I N  C O N S T R U C T I O N

1 . K A R 2  d i s r u p t e d  s t r a i n s

a. Const ruct ion  o f  the  low-copy  C U P 1 -K A R 2  con ta in ing s t r a in s :

T h e  low copy  C U P 1 - K A R 2  e x p r e s s i n g  s t ra ins  w e re  c o n s t r u c t e d  by

t ra n s f o rm in g  the  s tar t i ng  s t ra ins  2C and N123 wi th the  cen t r o m cr ie  p lasmid 

pLCK2- T ,  genera t ing the new s trains 2 C L C K 2 and N123LC K 2,  respect ively.

b. Disrupt ion o f  the KAR 2 G e n e :

T h e  K A R 2  g en e  w as  d i s ru p ted  us in g  the  o n e - s t e p  g ene  d i s ru p t io n  

method  (F igure  7) as descr ibed [123],  Th e 3.8 kb inser t  resul t ing  from the 

d igest ion o f  p lasmid pG K2- HIS 3  with Sal I conta ined the HIS3 gene flanked on 

e i ther  side by the KAR2 coding region.  This insert  was then used to transform 

s trains 2 C L C K 2  and N 1 23L C K 2 to d is rupt  the ch romos omal  copy o f  the KAR2 

gene and genera te  the new s trains  2CA and N123A.  His+ yeas t  co lo n ic s  were 

selec ted  and screened for a successful  d is rupt ion as descr ibed below.

c. Conf i rmat ion  o f  the KAR2 d i s ru p t io n :

Disrupt ion o f  the genom ic  KA R2 gene in s t ra ins  2CA and N123A was

co n f i rm e d  by three i n d ep en d e n t  m e thods .  First ,  S outhe rn  blot  analys i s  was 

per formed on genomic  DNA isolated  from a num ber  o f  H1S+ putat ive  2CA and

N123A colonics .  Ge nom ic  DNA from the s tart ing s trains  2C and N123,  or the 

H I S + putat ively d isrupted st rains 2CA and N123A,  was d iges ted  with Xho 1 and

pro b ed  wi th  n ick - t r a n s l a t ed  KA R 2 co d in g  region DNA. T h e  n o n -d i s ru p lcd  

s t ra ins  had a s ingle  react ing band o f  2775 bp consi s t en t  wi th the Xho I

f r ag m en t  o f  g e n o m ic  K A R 2  D N A ,  wh i l e  su cces s fu l ly  d i s ru p ted  s t ra ins  had

three react ing bands of  7643 bp (l inearized plasmid pLCK2-T) ,  2821 bp (1494 bp 

of  5' KAR2 sequence + 1327 bp of  H1S3 sequence) ,  and 1719 bp (1281 bp of 3' 

KA R 2 sequence  + 430 bp o f  3' H1S3 sequence) .  Second,  colonics  ident if ied as

d isrupted by Southern  analysis were analyzed by PCR using the KAR2 cloning
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F i g u r e  7 .  O n e - s t e p  d i s r u p t i o n  o f  t h e  c h r o m o s o m a l  K A R 2  g e n e .

5'-KAR2 
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coding region

f
Transformation

Homologous 
gene recombination

chromosomal KAR2

Select H1S+ colonics 
Screen for successful disruption

3'-KAR25'-KAR2
HIS3 coding region

Disrupted chromosomal KAR2 gene
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pr im ers  K 2 -1 0  and K2-11. In non-d is rup ted  and control  s trains use o f  these

two  pr im er s  ampl i f i ed  a band  2775 bp in length  co r re sp o n d in g  to the intact

K A R 2  gene,  whi le in the d isrupted s trains the ampl i f ied  band was  45 40  bp in 

length co rrespon d ing  to the KA R 2 gene with a 1765 bp HIS3 insert.  As the 

t h i rd  and f inal  m e th o d  o f  c o n f i r m a t io n ,  s t ra in s  tha t  w e r e  s h o w n  to be

di s ru p ted  by both S ou the rn  an alys i s  and PCR am pl i f i ca t ion  were  sub jec t  to 

N or t he rn  analys i s  us ing probes  specif ic  to the 5' and 3' un t rans la ted  regions  

(UTR) o f  the KAR 2 gene (Figure 8 ). Th e absence of  BiP genomic  m R N A  after 

N o r t h e r n  a n a ly s i s  was  c o n s i d e r e d  to be  an e v i d e n c e  for  a s u c c e s s f u l ly  

d i s rupted gene (see Resul ts ).

d. Const ruct ion o f  the h igh-copy A s t ra in s :

In a d d i t i o n  to the  l o w c o p y  A s t r a in s ,  K A R 2  d i s r u p t e d  s t r a in s  

o v e r e x p r e s s i n g  e i t h e r  p p a f  (H C 2 C A )  or  N 1 2 3 - p p a f  ( H C N 1 2 3 A )  w e re

co n s t ru c te d  by t r an s fo rm in g  the  new s t ra ins  2CA or  N123A with the h igh-

copy episomal plasmids  p H C a F  and pHCN123,  respect ively.

2 .  O t h e r  s t r a i n s

a. Const ruc t ion  o f  the h igh-copy  C U P 1 -K A R 2  conta in ing  s t r a in s :

T h e  h igh copy  C U P 1 - K A R 2  e x p r e s s i n g  s t ra in s  we re  c o n s t ru c te d  by 

t r a n s f o r m in g  the  s ta r t ing  s t ra in s  2C and N123 wi th  the ep i so m al  p las m id

pHCK2,  genera t ing the new st rains 2C HCK2 and N123 HCK2,  respectively.

b. Const ruc t ion  o f  the h igh-copy p p a f  and N 1 2 3 - p p a f  s t ra ins :

H i g h - c o p y  p p a f  and N 1 2 3 - p p a f  s t ra ins  were  c o n s t ru c te d  by t r a n s f o r m in g  

s t ra in  a i « 2 wi th  the ep i som al  p la sm ids  p H C a f  o r  p H C N 1 2 3  r e sp ec t iv e ly .

S u c c e s s f u l  t r a n s f o r m a n t s  w e re  c o n f i r m e d  by N o r t h e r n  a n a l y s i s ,  w h ic h

demons t ra ted  10-fold higher  levels of  p p a f  and N 1 2 3 - p p a f  mRNA.
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F i g u r e  8 .  C o n s t r u c t i o n  o f  D N A  p r o b e s  s p e c i f i c  f o r  c h r o m o s o m a l  

a n d  p l a s n i i d - d e r i v e d  B i P  m R N A .

Chromosomal-der ived BiP:

■ATG ■TAG AAAAA-3'

C
K2-10

K2G-1

I PCR
w  Amplification

280 bp 5' UTR 
DNA fragment

I Nick 
w  Translation

♦

K2G-2

I

K2-11

PCR
Amplification

r/r-r/r/v.-1.-- v- ■■■ v.- ■/.■i
440 bp 3' UTR 
DNA fragment

Nick
Translation

m i n i u m

5’ ■ATG TAG
♦

AAAAA-3’

Chromosomal-derived BiP mRNA

Plasmid-derived BiP mRNA:

5’

800 bp CUP1/CYC1 
DNA fragment

  / / / / / / / / /  TTt
CYC1CUP1

Nick
Translation

EZ

*
CUP1

■ATG
KAR2 coding region ♦

TAG
CYC1

AAAAA-3’

Plasmid-derived BiP mRNA
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T a b l e  5 .  C o n s t r u c t e d  Y e a s t  S t r a i n s

S t r a i n G e n o t y p e

P P « f

2CLCK2 M A T a .  M F a l ,  m fa2 : :L E U 2 C .  ade2 - l ;  c a n l -1 0 0 ;  Ieu2-3 ,112; 
11,15; t rpl -1 ;  u ra3- l ;  p L C K 2 - T .

h i s 3 -

2CA M A T a .  M F a l ,  m f a 2 : : L E U 2 C ,  k a r 2 : : H I S 3 .  a d c 2 - l ;  c a n l - 1 0 0 ;  
leu2-3 ,112; h is3- l  1,15; t rp l -1 ;  ur a3 - l ;  p L C K 2 - T .

HC2CA M A T a .  M F a l ,  m f a 2 : : L E U 2 C ,  k a r 2 : : H I S 3 .  a d e 2 - l ;  c a n l - 1 0 0 ;  
l eu2-3 ,112; h i s 3 -11,15; t rp l -1 ;  u ra3- l ;  p L C K 2 - T ;  p H C a F .

2CHCK2 M A T a .  M F a l ,  m fa2 : :L E U 2C .  ade 2- l ;  can l - 1 0 0 ;  lcu2-3 , l  12; 
11,15; t rp l -1 ;  ura3- l ;  p H C K 2 .

h i s 3 -

HC2C M A T a .  m f a l : : L E U 2 C ,  m f a 2 : : L E U 2 C .  adc2- l ;  can l - 100 ;  
3,112; his3-l  1,15; t rp l -1 ;  ura3- l ;  p H C a F .

Icu2-

N 1 2 3 - o o a f

N123LCK2 M A T a .  m f a l - N 1 2 3 ,  m fa2 : :L E U 2 C .  adc 2 - l ;  c a n l -1 0 0 ;  l eu 2 -3 ,112; 
h i s3 -11,15; t rp l -1 ;  u ra3- l ;  p L C K 2 - T .

N 1 2 3 A M A T a .  n i f a l - N  1 2 3 ,  m f a 2 : : L E U 2 C ,  k a r 2 : : H I S 3 .  adc2- l ;  
100; Ieu2-3 ,112; h is3- l  1,15; t rp l -1 ;  u ra3- l ;  p L C K 2 - T .

c a n l -

HCN123 A M A T a .  n i f a l -  N 1 2 3 ,  m f a 2 : : L E U 2 C ,  k a r 2 : : H I S 3 .  adc2 - l ;  c a n l -  
100; l c u 2 - 3 , 1 1 2 ;  h i s 3 - l  1,15;  t r p l - 1 ;  u r a 3 - l ;  p L C K 2 - T ;  
p H C N 1 2 3 .

N123HCK2 M A T a .  m f a l - N 1 2 3 ,  m f a2 : :L E U 2 C .  adc 2 - l ;  c a n l - 1 0 0 ;  lcu2-3 , l  12; 
h is3-l  1,15; t rp l -1 ;  ura3- l ;  p H C K 2 .

HCN123 M A T a .  m f a l : : L E U 2 C ,  m f a 2 : : L E U 2 C .  ade 2 - l ;  can l - 1 0 0 ;  
3,112; h is3- l  1,15; t rp l -1 ;  ura3 - l ;  p H C N 1 2 3 .

lcu2 -
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D .  Y E A S T  R N A  I S O L A T I O N  A N D  N O R T H E R N  A N A L Y S I S

1 . Yeas t  RNA Iso la t ion

Yeast  R N A  was isolated as described with only minor  modif icat ion [124| .  

Briefly,  5 to 10 ml cultures were grown under  select ive pressure to an ODgoo  of

1.0 to 1.5 (mid-log phase).  The  cells were harves ted and resuspended in 400 p L  

o f  ice-cold AE buffer  (50mM Na acetate pH 5.3, 10 mM EDTA) to which 40 p L  of  

10% SDS and 440 p L  o f  hot  phenol  (equil ibra ted in A E  Buffer)  at 70°  C were 

added.  Th e suspension was vor texed,  incubated at 70°  C for 5 min,  snap-frozen

in l iquid n i t rogen,  and then a l lowed to thaw dur ing a 1 0  min centr i fugat ion at

12,000g at room temperature .  Th e upper  aqueous  phase  extracted  with 440 p L

o f  p h e n o l / c h l o r o f o r m ,  and R N A  w a s  p r e c i p i t a t e d  wi th  e t h a n o l .  R N A

co n c e n t r a t i o n  and pu r i t y  w e re  d e t e r m in e d  by m e a s u r in g  the a b s o r b a n c e  at 

260 and 280 nm. The qual ity of  the RNA was determined by c lh idium bromide 

s t a i n i ng  o f  total  R N A  run on a RNA fo r m a ld e hyde  gel (sa mples  show ing

ev idence  o f  18S and 28S rRNA degradat ion were discarded).

2 .  P r e p a r a t i o n  o f  N o r t h e r n  b lo ts

R N A  was separa ted in 1-1.3% agarose gels con ta in ing for ma ldehy de  and

t rans fe rred  to n i t ro ce l lu lo se  essent ia l ly  as descr ibed [125].

3 .  P r o b e s

a. D N A  inserts for probe syn thes i s :

D N A  fr agm ent s  for  p ro be  syn thes is  by nick  t rans la t i on were  prepared

as fo l lows:  (1) The aclin insert  was prepared by double  d iges t ion o f  p lasmid

p G A C T  with EcoR I and Hind 111, fol lowed by gel puri fica t ion of  the result ing

700 bp f ragment ;  (2) The p p a f  inser t  was prepared by diges t ion o f  p lasmid

p H K 2  wi th  Eco R I, fo l lowed by gel pur i f ica t ion  o f  the re su l t ing  1700 bp
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f r ag m e n t ;  (3) The  inser t  spec i f ic  for  p l a s m id -d e r iv e d  BiP  was  p re p a re d  by

dou ble  d iges t ion o f  p lasmid p Y S K 1 3 6  with B am H  1 and Clal  fo l lowed by gel 

pur i f i ca t io n  o f  the resul t ing  800 bp f r agm en t  (F igure  8 ); (4) Inserts specif ic 

for  ch ro mosom al -der ived  BiP were prepared by PCR ampl i f ica t ion of  the 5' and 

3' U T R  o f  the KA R2 gene us ing the o l igonucleot ide  pr imers (K2-10,  K2G1)  and 

(K2-11,  K2G2)  fol lowed by gel puri ficat ion o f  the result ing 280 (5' UTR) and 440 

(3'  U T R ) bp f ragments  (Figure 8 ).

b. L a b e l in g  and p u r i f i ca t io n :

R ad io labe led  DNA pro bes  for Nor thern  b lo t t ing  were  p repared  by nick 

t rans lat ion (P rom cga  Nick Transla t ion Kit) o f  DNA fragments us ing dC T P  as the 

radionucleot ide.  In a typical 50 pi  reaction, 12.5 p i  o f  dCTP  (800 Ci /mmolc)  was 

used to label 1.0 p g  o f  target DNA. Specific activit ies were typical ly 1-2 x 10^ 

c p m / p g .  R ad io labe led  DNA was separa ted  from free ra d ionuc lcot idc  by spin 

c h r o m a t o g r a p h y .

4 .  H y b r i d i z a t i o n

R a d i o l a b e l e d  p r o b e s  w e r e  h y b r i d i z e d  to R N A  i m m o b i l i z e d  on 

n i t r o c e l l u l o s e  m e m b r a n e s  in h e a t - s c a l a b l c  b a g s  as d e s c r i b e d  1 1 2 0 1. 

A pproximate ly  0.2 ml of hybrid iza tion solut ion (6 X SSC, 5X Dcnhardt ' s  reagent.  

0 .5% SDS,  100 p g / m l  sh ea red  sa lm on  sperm D N A )  was  added  per  square  

ce n t im e te r  o f  m em bra ne .  M e m b ra n e s  were  p rc in c u b a t cd  for a m in im u m  of

two hours  at 65°  C befo re  adding dena tured probe.  Nick t rans lated probe was

d e n a tu r e d  by bo i l in g  for 5 min  be fo re  ad d in g  d i r ec t ly  to the bag at a

concentra t ion o f  1 x 106  cpm/ml .  Hybridiza tion was carried out for at least 16 

hours  at 65°  C. At the end of  the hybr id iza t ion per iod the m em bra nes  were 

wa shed  sequent ia l ly  with IX SSC and 0 .1% SDS (20 min at room temperature)
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and three t imes in 0.2X SSC and 0 .1% SDS (20 min at 65°  C). The membranes  

were then a l lowed to dry and exposed  to film.

T h e  h y b r id iza t i o n  o f  p ro b e s  was  quant i f i ed  in the fo l l ow ing  manner .  

M e m b r a n e  s l i c e s  c o n ta in in g  the  b a n d s  o f  in te re s t  we re  ex c is e d  us ing  the 

expo sed  film as a template.  5.0 ml of  scint il lat ion cocktai l  were added to each 

m e m b r a n e  s l ice and the samples  were counted in a B eckm an  LS1801 counter .  

M em b ra n e  s lices  from regions  wi thout  R N A  were  cut  and counted in t ripl icate

and subtrac ted  as background from all data.  In addi t ion,  all da ta points  were

n ormal i zed by thei r  relat ive level of  actin mRNA.

5 .  M e a s u r e m e n t  o f  mRNA decay  rates

BiP m R N A  decay rates were measured using a yeast  condi t ional  mutant  

s t ra in  (Y262 )  tha t  rapidly ceas es  syn thes is  o f  m R N A  when incubated at the 

n o n p e r m is s iv e  tem perature .  m R N A  decay rates were  m easu red  in cul tu res  o f  

1 0 0  ml in which the tem per at u re  o f  the cul ture was  abrupt ly  swi t ched  from

2 4 °  C to 36°  C by add ing an equal  vo lu m e  of  YPD m edium at 48 °  C and

tr an s f e r r in g  the cul ture  to a wa te r  bath at 36°  C for the re m a in d e r  o f  the 

incubat ion.  1 0  ml a liquots o f  the cul ture  were removed at the indicated  l ime 

points to ext ract  total RNA as described.  The relative level o f  BiP m R N A  was 

d e te rm in ed  by Northern  analys is  fo l lowed by di rect  coun t ing o f  excised bands 

as desc r ib ed  above.

E .  P U L S E - C H A S E  A N A L Y S IS  O F  a f  B I O G E N E S I S

1 . P re p a r a t io n  o f  r a d io la b e le d  cel l  lysates  and  media

An overn ight  cul ture  of  the yeas t  s train o f  interest  was grown up from 

a single colony in 100 ml of  select ive media in a 500-ml  Er lenmcyer  flask at 30°

C. M id - lo g  phase  cells were  harves ted  by cent r i fugat ion ,  resuspe nded at an
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OD^OO of  1.0, and incubated for an additional 3 hours. The OD^oo was measured 

and 50 OD600  units were harves ted  by centr i fugat ion and rcsuspendcd in 4.0 ml 

o f  pre warmed  selec tive media  at a concentra t ion o f  12.5 ODgoo/ml .  Cells were 

then pre incubatcd at 30°  C for 15 min.  during which t ime cells were exposed to 

T M  (50 p g / m l ) .

To initiate the pulse,  ^ 5 S - m e t h i o n in e  (1 OOOCi/mmoIc o f  3 5 g - T R  A N S  - 

Label)  was added to the specif ied concentra t ion,  and cells  were then incubated 

fo r  5 min.  A l iq u o t s  we re  ce n t r i fu g ed ,  and ce lls  we re  spun d o w n  and 

r e su sp e n d cd  in se l ec t ive  m ed ium  cont a i n i ng  un labc lc d  m e th io n in e  at 10 mM 

and 1.0 mg/ml  o f  BSA. Samples  were brought  to 1 mM PMSF and 10 mM N a N 3  ̂

r a p id ly  ch i l led  and ce n t r i fu g ed  to pel le t  the  ce ll s .  T h e  s u p e rn a t an t  was

careful ly  removed and stored on ice. The cell pel lets were washed once  with 

i ce -co ld  10 mM N a N 3 and rc susp endcd  in ice-cold  Yeast  Extrac t ion Buffer  

conta in ing 1 mM PMSF.  An equal volume o f  glass beads  was 'added and the cell 

pel lets were d isrupted by vorlcxing for 20 min at 4°  C. Total  disrupt ion of  the 

yeas t  cell  wall  was a lways  conf i rmed by ex amin ing the sample  for intact yeast 

ce l l s  by phase  m icros co py  (400X) .  Th e yeast  cell  lysa te  sample  was  then

adjusted  to 2.5% SDS,  boiled for 5 min and centri fuged.  The supernatant  (cell 

lysate)  was careful ly  removed and TCA precipi ta ted  cpm were determined.

2 . /  m m u n o p r e c  i p  i t a t i o  n

a. A n t i b o d i e s :

T he  ant i -B iP ant ibody (gift  o f  M. Rose)  was prepared in New Zea land 

W h i t e  rabbi ts  us ing a fus ion prote in  co n ta in in g  the ca rb oxy  te rm inal  216

residues o f  yeast  BiP fused to the E. coli TrpE  expressed from plasmid pATH2 

[76]. The a n t i - a f  ant ibody (gill  o f  D. Shields) was prepared from New Z ea l an d
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W h i t e  r a b b i t s  u s in g  the  m a t u r e  a f  p e p t i d e  c o u p l e d  to k e y h o l e  l im pe t  

h e m a c y a n i n  (K L H ) .

b. Im mun op rec ip i ta t ion  o f  cell  lysates  and media  s a m p l e s :

The  cell  lysa t e  sam ples  were  prepared for im m u n o p rec ip i t a t io n  by the 

addition of  1.0 ml o f  IX  Ant ibody Buffer A (190 mM NaCl,  50 m M  Tris-HCL pH 7.4, 

6  m M  EDTA, 2.5% (v/v) Triton X-100,  1 m M  PMSF, 1 mg/ml  BSA).  5 pi of  ant i -af  

ant ibody were added and the samples  were incubated for  12-16 hours  at 4 °  C 

wi th rotation.  75 p i  o f  a 33% (v/v) solut ion o f  Protein  A Sephar os e  C1-4B 

(Sigma) in Antibody Buffer B (150 m M  NaCl, 10 mM Tris-HCL pH 8.3, 5 mM EDTA, 

0 .1% (v/v) Tri ton X-100,  1 m M  PMSF,  1 mg/ml  BSA) was  then added and the

s a m p l e s  w e r e  i n c u b a t e d  for  an a d d i t i o n a l  3 h o u r s  at 4 °  C. Each

immunoprecipi ta t ed  sample was  then sequentially washed 4X with 1.0 ml of Ab 

Buffer  B fol lowed by 2 washes  with PBS.

T h e  m e d i a  s a m p le s  w e re  p re p a re d  fo r  i m m u n o p r e c i p i t a t i o n  by the 

addition of  0.35 ml of  4X Antibody Buffer A. 5 to 10 p i  o f  a n t i - a f  ant ibody were 

added,  and the samples  were processed as jus t  descr ibed.  The PAS pellets,  in 

this case,  were prepared for HPLC  as described below.

3 .  S D S - P A G E  a n a ly s i s

Th e PAS pel lets were rcsuspendcd in SD S -P A G E  sample buffer,  boiled for

5 min,  cent r i fuged,  and the resul t ing supernatant  (cell lysate)  was  analyzed by

SD S-P A G E on a Hoeffer  SE 600 Cooled Vertical Slab Unit using 1.5 mm slab gels 

wi th a 5% s tacking gel and a 18% separa t ing gel. Fo l lowing e lec trophores is ,  

labe led  p ro te in  bands  in gels  were v isua l i zed  by f l u o ro g r ap h y ,  us ing 2,5- 

Diphenyl-oxazolc (PPO) in DMSO. Gels were then dried in a Hoeffer  Easy Breeze 

Gel drier  and exposed to film (Kodak XAR5) at -80° C. Protein bands of  interest 

were  quant i t a ted  by densi tometry  using the LKB 2222-020  Ul l roscan XL Laser
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d en s i to m e te r  on gel f i lms o f  equal  exposu re  t ime, and no rm al ize d  us ing cell 

lysate  T C A  prec ipi table  counts.

4 .  H ig h  P e r f o r m a n c e  L i q u i d  C h r o m a t o g r a p h y  (H P L C )

P A S  pe l l e t s  c o n ta in in g  im m u n o p r e c i p i t a t e d  s ec re ted  a f  were prepared 

for  H P L C  analys is  by re suspending the  washed PAS pel lets in 50 p L  of  TEU 

bu f f e r  ( 8 M Urea,  5 0 0 m M  Tris -H Cl  pH 8 .8 , 20 m M  EDTA , lOOmM DTT) and 

incubat ing at 50°  C for 30 min. An additional 50 p L  o f  TEU buffer  conta in ing 

0.66 M iodoacct ic  acid was then added and the samples  were incubated in the 

dark  at room temperature  for 10 min. Each sample was then spun for 1 min in 

a mic rocent r i fuge  and the supernatcnl  was removed and saved. The PAS pellet 

was then washed with 50 pL of  TE U and combined with the first supernatant .  

20 p L  o f  1.5% (w/v) TFA-80% C H 3 CN was then added and the sample was filtered 

t h r o u g h  a 0 .22  pm M i l l i p o r c  U l t r a f r c e - M C  F i l t e r  ( U F C 3 - 0 G V - 2 5 )  by 

ce nt r i fuga t ion at 2500g in a Mil l ipore  mini -ccn tr i fugc .  The sample was then 

t ransferred to a 300 pi  HPLC vial for automated sample injection. The samples  

were  analyzed using a Hewlet t  Packard  1090 HPLC equ ipped  with a V YD AC 

Rever se  Phase  C j g  analytical column (4.6 mm ID x 1/4" x 25 cm L, 5 pm).  35$ _ 

m e t h io n in e  labeled  sec re ted  a f  was  sepa ra ted  us ing 0 . 15% (w/v)  T F A - H ? 0 -  

aceloni t r i le  as the mobi le  phase.  The  e lut ion gradient  used to resolve the a f  

pept ide was as follows: 0-5 min - 20% C H 3 CN; 5-30 min - 20-60% C H 3 CN, 30-35

min - 60-100% C H 3 CN; 35-40 min - 100-20%; C H 3 CN, and from 40-45 min 20% 

C H 3 CN (Figure 9D). The HPLC flow rate was 0.5 ml/min.  Under these conditions 

two m a jo r  a f - c o n t a i n i n g  peaks  o f  radioact iv i ty  were typical ly observed .  The 

p e a k  at  18 .5 min  r e p r e s e n t s  m e t h i o n i n e  s u l f o n c - c o n t a i n i n g  a f ,  s ince  

t rea tmen t  o f  the immun op recip i t a t ed  media  sample  with 5%; H 2 O 2 results in a 

single peak at 18.5 min (data not  shown).  The peak at 21 min represents  the
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u n o x i d i z e d  m e t h i o n in e  form o f  the  m a tu re  a f  pept ide.  Th e peak at 7 min

re p r e s e n t s  u n i n c o r p o r a t e d  -^ S -m c th io n in e .  Th e ^ ^ S - m c t h i o n i n e - l c i b e l c d  a f  in 

the  e l u a t e  w as  d e t e c t e d  by m i x in g  wi th  a h ig h  e f f i c i e n c y ,  n o n - g e l l i n g  

sc in t i l la t ion  fluid (F L O -S C IN T  II) and applied to a Rad iomat ic  F L O -O N E  Beta 

d e t e c t o r  fo r  d e t e c t io n .  T h e  l ev el s  w e re  q u a n t i f i e d  us in g  m a n u f a c t u r e r ' s  

s o f t w a r e .

F .  D E T E C T I O N  O F  B I P  B Y  W E S T E R N  B L O T T I N G

1 . P r o t e i n  e x t r a c t i o n

Total  yeas t  p ro te ins  were  ex t r ac t ed  essent ia l ly  as de sc r i bed  with only 

m in o r  modif ica t ion [126], Briefly,  25 ODfioo units o f  mid-log phase cells ( O D ^ qq

= 1.0) were harvested,  washed twice in ice-cold 10 mM Tris-HCl ,  1 mM EDTA (pH

7.0),  and re susp ended  in 250 pi  o f  ice-cold  Ex t rac t io n  buffer  con ta in ing  1% 

Nonidet  P-40,  0 .5% dcoxychola te,  0 .1% Sodium dodccyl  sulfate,  150 mM NaCl,  50 

m M  Tris-HCl  (pH 8.0), 1 mM EDTA, Ieupeptin (1 gg/ml) ,  Pcpstat in ( l p g / m l )  and 

1 m M  p h en y lm e lh y l s u l fo n y l  f luo r ide  (PM SF).  An equal  vo lu m e  o f  42 5-6 00  

m i c r o n ,  a c i d - w a s h e d  glas s  b e a d s  ( S ig m a )  was  ad d ed  and the  ce l ls  we re  

d i s rupted by vor lcxing for 15 min at 4°  C using a VW R Vo rlc x-Gcn ic  2 Mixer  

wi th the  large sample  head. Total  disrupt ion of  the yeast  cell wall was always  

c o n f i r m e d  by e x a m i n i n g  the  p ro t e in  e x t r a c t  for  in t ac t  c e l l s  by p h as e  

m i c r o s c o p y .  T h e  p ro te in  ex t r a c t  was  then c la r i f i ed  by c e n t r i f u g a t i o n  at 

12,000g for 1 min at 4°  C in a microcentr i fuge .  The supernatant  was carefully 

r e m o v e d  and s n a p  f rozen  in l iqu id  N 2 . P r o t e i n  c o n c e n t r a t i o n s  w e r e  

d e t e r m in e d  us ing  the DC Pro te in  Assay  (B io -R ad) ,  a co lo r i m e t r i c  assay for 

p r o t e i n  c o n c e n t r a t i o n  f o l l o w in g  de te r g en t  s o lu b i l i z a t io n .
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2 .  W e s t e r n  a n a l y s i s

Pro te ins  ana lyzed  by S D S - P A G E  on a Hoe ff e r  mini -gel  appara tus  were 

t r a n s f e r r e d  to n i t r o c e l l u l o s e  (S ig m a )  us in g  a H o e f f e r  S e m i -d r y  ap p a ra tu s .  

U p o n  c o m p l e t i o n  o f  p r o t e i n  t r a n s f e r ,  the  n i t r o c e l l u l o s e  m e m b r a n e  was

blocked by incubat ing in Immunoblot  buffer  (500 mM  NaCl ,  25 m M  Tris-HCl(pH 

7.5) cont a i n ing 10% (w/v)  nonfat  dried milk (Carnat ion)  and 0 .1% (v/v) Tween 

(B io -R ad ) .  A n t i -B iP  an t ibody  at a 1 /20,000 di lu t i on  was  added ,  and the

m em b ra n e  was  incubated for an addi t ional  3 hours .  T he  m em b ra n e  was then

ex te n s i v e ly  w a sh e d ,  and in cu b a te d  wi th  the  s ec o n d a ry  an t ib o d y ,  an t i - r abb i t  

I g - H o r s e  r a d i s h  p e r o x i d a s e  ( H R P )  l i nked  F ( ab ' ) 2  f r ag m en t  from D o n k e y  

( A m e rs h a m )  at a 1 /5000 di lu t ion for exact ly  1 hour ,  fo l lowed by ex ten s ive  

w a sh in g .  T h e  a n t i g e n - a n t i b o d y - a n t i b o d y  co n j u g a t e d  to H R P  was  d e tec ted

u s i n g  the  E n h a n c e d  C h c m i l u m i n c s c e n c c  ( E C L )  s y s t em  a c c o r d i n g  to the

m a n u f a c t u r e r ' s  p r o t o c o l s  ( A m e r s h a m ) .

G .  IN V I T R O  T R A N S C R I P T I O N  AND T R A N S L A T I O N

1 . In vi tro  t r a n s c r i p t i o n  a n d  t r a n s la t io n

a. In v i t ro t r a n s c r i p t i o n :

R N A  was synthes ized in vitro from l inear ized DNA templates  us ing S P 6

o r  T 7  R N A  P o l y m e r a s e  ( P r o m c g a  o r  B RL ) a c c o r d i n g  to m a n u f a c t u r e r ' s

ins t ruct ions .  The DNA templat e  was then removed by the addi t ion of  RNasc-

free DNase (P ro mcga or  Pharmacia) .  The react ion was  then ext rac ted  with an

e q u a l  v o l u m e  o f  p h e n o l  : c h l o r o f o r m ,  f o l l o w e d  by an e x t r a c t i o n  wi th  

ch lo ro fo rm alone.  The RNA was then recovered essential ly free o f  nucleot ides

by th r e e  s u c c e s s i v e  e th a n o l  p re c i p i t a t i o n s .  The  final  R N A  pel le t  was  

resuspe nded  in 50 pi  o f  d d H 2 0 . Th e concentra t ion  and puri ty was determined
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by measu r in g  the  A 2 6 O and A 2 8 O. The RNA was stored at -80° C. Using this 

protocol ,  yields o f  5-10 p g  R N A / p g  o f  DNA template  were rout inely obtained.

b.  In v i t ro t r a n s l a t i o n :

Prote in  was synthes i zed  in vi tro from R N A  tem pla te s  in the fol lowing 

manner.  A typical 25 pi  reaction contained: 0.2-1.0 p g  RNA; 2.5 p i  o f  lOx WGCB

(20 m M  Hepes-pH 7.2, 90 mM  KAc,  16 m M  Mg(Ac)2,  and 0.8 mM Spermine);  2.5 pi 

o f  lOx EGS-Met  (12 mM ATP,  2.4 mM GTP,  96 mM creat inine phosphate,  Amino 

ac id  mix (4 0 0  m M )  w i t h o u t  m e t h i o n i n e ,  c r e a t i n i n e - p h o s p h o k i n a s e  ( 0 .6 4  

mg/ml);  2.5 pi  of  35s_Met  (10 p C i /p l ) ;  10 pi  o f  Wheat  Germ extract and 1 p i  o f  50 

m M  DTT. When specified, DPRM were included at 2.0 p  1/25 pi  reaction and 1.0 pi 

o f  0 .05 % Nikkol  was added to enhance t ranslocat ion ef f ic iency.  Th e react ion 

component s  were all added on ice, and the typical reaction was incubated at 28° 

C for 60 min.

c. Prepara t ion of  Wheat  Germ Ex t rac t :

Wheat  Germ was prepared as described with several  modif ica t ions  J127).

Briefly,  Wheat  Germ (General  Mills)  was ground in a chi lled  mort ar  and pestle

in W G  Ext rac t ion Buffer  (10 m M  Tri s-aceta tc  pH 7.6, 90 mM KAc,  3 mM

M g 2 + ( A c ) 2 ,  1 m M  DTT). Th e result ing suspension was centri fuged in a SS34 

rotor  at 14 ,000 rpm for 10 min.  Th e supernatant  was removed,  adjus ted by 

add ing 200 pi of  1.0 M Tris-acetatc pH 7.6 and 20 pi  of  1.0 M M g2 + (A c)2  for every

10.0 ml o f  su p e rn a tan t ,  and rc ccn tr i fugcd un de r  ident ical  condi t ion s .  Th e

resul t ing supernatant  was appl ied  to a Scphadex G-25 gel fil tration column (1.5 

x 25 cm; med ium grade) equi l ibrated  in WG Elut ion buffer (1 mM Tris-acetatc 

pH 7.6, 50 mM KAc, 1 mM M g 2 + ( A c ) 2 , 0.028% p-mcrcap tocthanol) ,  and the void 

volume was col lected and centri fuged in a SS34 rotor at 14,000 rpm for 10 min 

before  being snap frozen in l iquid N 2 .
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2 .  R o u g h  i n i c r o s o i n e s

a. I n t r o d u c t i o n :

Can ine  pancrea t ic  rough m ic rosom es  (D P R M )  were  used in this project  

at se ve ra l  p o in t s  to g en e ra t e  in v i t ro  t r an s la t ed  ppo i f  and BiP  that  had 

u n d e rg o n e  ER process ing.  Th e D P R M  prepara t ion ,  h o w ev er  was  par t  o f  an 

ea r l i er  projec t  in which I dev e loped  a modif i ca t ion to thei r i solat ion protocol  

w h ich  s ign i f ican t ly  im proved thei r  puri ty and ac tivi ty.

b. I s o la t ion  and c h a r a c t e r i z a t i o n :

D P R M  were  ini t ial ly i so lated  as desc r ib ed  in the  orig inal  protocol  by 

W al te r  and Blobel  [128].  All steps were carried out a 4°  C in the cold room as

quickly  as possible.  Briefly,  the pancreas  was removed,  r insed twice  wi th ice- 

cold bu ffer  A (250 mM Sucrose ,  50 mM TE A (pH 7.5), 50 ntM KAc,  6  mM 

M g 2 + ( A c ) 2 , 1 m M  EDTA, 1 ntM PMSF and 1 mM DTT), cleaned,  minced with a 

ra zo r  b lade ,  and hom ogen ized  in 4 .0 ml bu ff er  A per  gram o f  pancreas  in 

e i t h e r  a m o t o r - d r i v e n  P o t t c r - E l v c h j c m  h o m o g e n i z c r  or  T c k m a r  p o ly t ro n .  

A s s a y  o f  seve ra l  d i f fe re n t  p r e p a r a t i o n s  re vea led  that  the P o t t e r -E l  veh jem 

h o m o g e n i z c r ,  w h ic h  d i s r u p t s  by l iqu id  shea r ,  p ro d u c e d  m e m b r a n e s  wi th  

g re at er  ac t ivi ty  than the T c k m a r  polyt ron,  which uses mechanical  shear.  The 

l iquif ied pancreas  was then loaded into 30.0 ml Corcx tubes  and centr i fuged for 

10 minutes  at 1000 gav hi a SS34 rotor (Sorval) to pellet  nuclei  and cell debris.

T he  f loat ing fat layer  was aspi ra ted o ff  and the result ing supernatant  was then

ce n t r i f u g e d  at 10 ,000 g a v 1’or  10 minutes  in a SS34  rotor (Sorval)  to pellet

m i to c h o n d r i a  and large shee ts  o f  n o n -v es ic u la tcd  en d o p la s m ic  r e t ic u lum and 

p l a s m a  m em b ra n e .  Again  the  f loa t ing fat l aye r  was  asp i ra ted  o ff  and the

resu l t ing  s u pe rna tan t  was layered o v e r  a 1.3M sucrose  cush ion in buffer  A 

( loadtcush ion  was 3:1) in 25.0 ml Sorval  tubes  and centr i fuged at 4 °  C for 2.5 

hou rs  at 140,000 g av (40,000 rpm) in a Ti 50.2 rotor (Sorval) .  The result ing
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s u p e r n a t an t  and m e m b r a n o u s  in t er face  we re  re moved  by aspi ra t ion,  and the 

p e l l e t  c o n t a i n i n g  r o u g h  m i c r o s o m c s  w a s  r c s u s p e n d c d  by m a n u a l  

homogenizat ion (4 strokes) in Buffer  B (250 mM Sucrose,  50 mM TEA (pH 7.5), 

and 1 m M  DTT) using a Douncc homogcnizcr  (type B).

c. Pu r i f ica t ion  by gel f i l t ra t ion :

T o  as su re  co n s i s t e n t  p e r f o r m a n c e  wi th m in im a l  t r an s la t io n  inhibi t ion  

and backgr ou nd ,  the D PRM  we re  fur ther processed by a co lumn wash ing step 

to remov e adsorbed r ibosomes and proteins.  DPR M  prepared in this way were 

typi ca l ly  much  less inhibi tory  to prote in  syn thes is ,  but  s how ed  no loss o f  

t r a n s l o c a t i o n  ac t i v i ty  when  c o m p a r e d  to the  o r ig in a l  u n w a s h e d  D P R M .  

Briefly,  the DPRM in buffer  B were taken up in 100 volumes of wash buffer (50 

mM  TEA (pH 7.5), 6 mM M g2+( A c ) 2 , 0.5 mM EDTA and 1 mM PMSF) and applied to 

a Scphacryl  S-1000 column equi l ibra ted in wash buffer.  Th e size o f  DPRM is 

est imated to be > 100 xlO6 Da, whi le smal l po lysomes and r ibosomes have  been 

es t imated to be less than 20 x lO 6 Da based on size fract ionat ion on Scpharose  

columns.  Gel Fil tration on Scphacryl  S-1000.  with a measured  exclus ion limit 

o f  100 x lO6 Da, should be able to exploit  this f ive-fold d i f ference  in size and 

rapid ly  sepa ra te  D PRM  from free p o ly so m e s  and r ibos omes .  T he  resul t ing 

m icrosom al  fract ion e luted at the Vo of  the column,  well separa ted from frcc- 

p o lysom cs  and r ibosomes.  T he  DP RM con ta in ing  fract ions  were then pel leted 

by centr ifugat ion at 4 °  C for 1 hour at 90,000 gav (32,000 rpm) in a Ti 50.2 rotor 

(Sorval ) .  Th e DPRM pel lets were rc suspendcd by manual  hom ogeni za t i on  (4 

s t rokes) in buffer  B using a Douncc homogcn izc r  (type B). The yield of  rough 

m ic ro s o m es  was then quant i f ied  by absorb ance  at A 2 6 O and A 2 8 O in 1% SDS. 

Ap pl i ca t ion o f  this protocol  typically  y ielded 50 A 2 8 O units of  m em bra nes  per 

gram o f  ca n in e  pancreas .  The  ef f ic iency of m em b ran e  t rans loca t ion o f  the 

pu r i f ied  D P R M  was det er mined by assay ing  the ef f i c iency  of  s ignal  pept ide
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c l e a v a g e  and c o r e  g l y c o s y l a t i o n ,  u s ing  p p a f  m R N A .  P ro tec t ion  o f  the 

p ro ces sed  sec re tory  prote ins  from ex o genous  t ryps in was  used to conf i rm the 

lum enal  locat ion o f  the  p ro ces sed  p re-prote in .  P p a f  is proces sed  by DPRM 

with  at leas t 80% eff ic iency,  and the processed p roduct  is res is tant  to trypsin 

d iges t ion,  co n f i r m in g  a lumina l  location.
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I I I .  R E S U L T S

C H A P T E R  I. BI P  F U N C T I O N  IN T H E  Y E A S T  S E C R E T O R Y  P A T H W A Y

A .  Role  o f  A s n - l in k e d  g lycosy la t ion  in the t ran spor t  and  

p r o c e s s i n g  o f  y e a s t  p r e p r o - a - f  a c t o  r

To tes t  the  ro le  o f  A sn - l i n k ed  g ly co s y la t io n  in p r o - a - f a c t o r  ( p a f )  

t ra nspor t  and p ro ces s ing  w i thou t  the use o f  lu n icam yci n  (TM) ,  we  s tudied a 

yea s t  s t ra in  (des igna te d N123) ,  which expr es ses  a t r iple g lycosy la t ion  mutan t  

o f  p r e p r o - a - f a c t o r  ( N 1 2 3 - p p a f ) .  The N123 strain, const ructed by Dr. S. Caplan,  

c o n t a i n s  an in t e g r a te d  m u t a n t  M F a  1 gene  in which  all three  A sn- l inked  

g lycosy la t ion  re cogni t ion  s ites  have been chang ed  from A s n - T h r - T h r  to Asn- 

Thr-Ala  by si te-directed mutagenesis  1129). Since the N123 strain is i sogenic to 

the wi ld- type strain (2C) at all loci except  the MFcxl locus,  any di fferences  in a f  

b iogenesis  can be a t t ributed to the express ion o f  N 1 2 3 - p p a f .

To quant i fy the effect  of  a lack o f  glycosylat ion on p p a f ,  we uti lized two

paral lel  approaches .  First,  N 1 2 3 - p p a f  process ing and sec re t ion were measured  

in s t rain  N123 by pul sc -c hase  analys is  in the absence  and p re sence  o f  TM. 

S econd ,  as an a l t erna t ive  but  c o m p lem en ta r y  appr oach ,  an ident ica l  analys i s  

was  performed on strain 2C in the absence and presence o f  TM. In both cases,

ear ly  log- ph ase  yeas t  were  pul se- l abe led  with ^ ^ S - m c t h i o n i n e  and ch ased  for

increas ing l imes in the p resence  o f  excess  unlabeled meth ion ine .  Cell lysates 

and media  samples  were prepared as descr ibed in the Exper imenta l  Procedures .  

T he  level of  3 5 S - m e t h i o n i n c - l a b e l c d  i n t r a c e l lu l a r  p r e c u r s o r  w as  q u a n t i t a t e d  

by  i m m u n o p r e c i p i t a t i o n  w i t h  a n t i - a f  a n t i b o d i e s  f o l l o w e d  by SDS 

p o ly ac r y l am id e  gel e l ec t ro phore s i s  (S D S-P A G E ) .  R ad io labeled  protein  marke rs
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F i g u r e  9.  A n a l y s i s  o f  w i l d - t y p e  a n d  m u t a n t  p p a f  t r a n s p o r t  a n d  

p r o c e s s i n g .

( A )  In vitro translat ion (IVT) o f  wi ld-type and mutant p p a f  mRNA . m R N A  was 

synthes ized  by T7 R N A  po lym era se  us ing plasmids  p L C a F  or  pLCN123.  The 

resu l t ing  m R N A  was t rans la ted  in a wheal  germ IVT sys tem conta in ing 3 5$  . 

m e t h i o n i n e ,  in th e  a b s e n c e  o r  p r e s e n c e  o f  c a n i n e  p a n c r c l i c  ro u g h  

m ic rosom es  (RM) as descr ibed.  For  pro tec t ion s tudies ,  the IVT react ion was 

incubated with Proteinase K (PK) on ice for 1 hour. ( B )  S D S -P A G E  prof ile of  

v i t ro  s y n th es i z ed  m a r k e r s  and im m u n o p r c c i p i t a t c d  p a f  from a typical pulsc- 

chase analysis using strain HC2C in the presence of  TM. (C) S D S - P A G E  pr of i le  

o f  im m u n o p r c c i p i t a t c d  g p a f  and N 1 2 3 - p a f  from a typical  pul se-chasc  analys is  

us ing strains HC2C & HCN123.  In both B and C yeast  cell lysates were prepared 

as d e s c r ib e d  and su b jec ted  to i m m u n o p r e c i p i t a t i o n  wi th  a n t i - a f  a n t ib o d y ,  

fo l lowed by SD S-P A G E on 18% polyacryl imidc  gels. (D) HPLC  elut ion gradient  

p ro f i le  for ana lys ing im m u n o p r cc ip i t a t cd  m ed ia  sam ples  for sec re t ed  a f .  The 

grad ie n t  o f  0 .15 % T F A -a ce to n i t r i l c  (organic  phase )  is indica ted  (dol led  line).  

Elut ion  o f  radiolabeled  a f  from a typical  im muno pr cc ipi t a t cd  media  sample  is 

supe r impo sed  on the e lut ion grad ien t  (solid line).  ( E )  H PLC  elut ion  prof ile  

t ime point s  from a typical  p u l se -c h asc  ana lys is  us ing s train IIC2C.  Media  

s a m p l e s  w e re  p r e p a r e d  as d e s c r i b e d ,  and the  s ec r e t e d  a f  l ev el s  were  

d e t e r m in e d  by i m m u n o p r e c ip i t a t i o n  wi th a n t i - a f  ant ibody fol lowed by HPLC 

a n a l y s i s .



F i g u r e  9 .  A n a l y s i s  o f  w i l d - t y p e  a n d  m u t a n t  p p a f  t r a n s p o r t  

p r o c e s s i n g .

A .  In  v i t r o

PPaf NI23-ppaf

+ + + + RM

+ - - + P K

- g p a  I'

- p p a  f
- p a  f

B .  In v i v o
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C.  P u l s e - c h a s e  a n a l y s i s  o f  w i l d - t y p e  a n d  m u t a n t  p a f

HC2C HCN123

chase  t ime (min)

0 5 15 45 0 5 15 45

g p a f -

D. H P L C  e l u t i o n  g r a d i e n t

-N123-pa f

100-1 r  1000

80 - -800

60 - -600

40 - -400

- 2 0 020

15 200 5 10 25 30 35 40

Time (min)



cpm
 

cp
m

64

E .  T y p i c a l  H P L C  a n a l y s i s  o f  s e c r e t e d  a f

Chase time 0 min Chase t ime 5 min
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we re  genera ted  from in vitro t rans lat ion ( IVT)  of  p p a f  or  N 1 2 3 - p p a f  m R N A  in 

the  pr e sence  o f  can ine  panc rea t ic  rough m icrosom es  (RM).  In vi tro,  p p a f  is

c o n v e r t e d  to g p a  f by  RM th ro ugh  s ignal  pep t ide  c l e a v a g e  and A s n- l inked

g l y co s y la t i o n  at all three  a c c e p t o r  s ites ,  wh i l e  N 1 2 3 - p p a f  is conv er t ed  into 

N 1 2 3 - p a f  by s ignal  p ep t ide  c l ea v a g e  a lo ne  (F igu re  9A) .  Use o f  these

r a d i o l a b e l e d  m a r k e r s  a l l o w e d  i d e n t i f i c a t i o n  o f  i n t r a c e l l u l a r  r a d i o l a b e l e d

precursors  (Figure  9B).  A typical  pulse-chase  prof ile is shown in Figure  9C.

In the same exper iments ,  the level of  mature  3 5 s _ m c t h i o n i n e - l a b Cled a f 

in the ex t ra ce l lu la r  med ium was  quant i f i ed  by im m u n o p r ec ip i t a t io n  wi th anti- 

a f  an t ibo dy ,  fo l lowed  by h ig h -p e r fo rm an c e  l iquid ch r o m a to g rap h y  (H P L C ) on 

a C ] 8  reverse phase column (Figure 9D). Under  these condit ions,  two major  a f -  

conta in ing peaks  o f  radioact ivi ty arc typical ly observed.  Th e peak at 18.5 min

r e p r e s e n t s  m e t h i o n i n e  s u l f o n c - e o n t a i n i n g  a  f, s ince  t r e a tm e n t  o f  the

i m m u n o p rcc ip i t a t cd  m ed ia  sam p le  wi th 5% H 2 O 2  results in only a single peak

at 18.5 min (data not shown).  The peak at 21 min represents the unoxidized

m e t h i o n in e  form o f  the m a tu re  a f  pept ide.  The peak at 7 min represents  

u n i n c o r p o r a t e d  3 5 S-m ethion inc .  A typical  scr ies  o f  e lu t ion prof i les  from a 

pu lse-chasc  analys is  is shown in Figure 9E.

Compar ison  o f  the wi ld- type  and N123 s trains  revealed that, in the wild-

ty pe  s t ra in ,  p u l s e - l a b e l e d  g p a f  rapidly d i sappea rs  from cells  ( t i / 2  < 5 min),

wi th  a c o r re sp o n d in g  rapid appe a ra n ce  o f  ra dio la be led  a f  in the ext racel lu lar  

med ium  (Figure  10, top panel,  ci rcles).  In contrast ,  in strain N123,  N 1 2 3 - p a f  

d is appea rs  much more  s lowly O 1/2 = 25 min),  and the secretion o f  a f  is delayed 

and neve r  at tains  as high a level as that seen in the wi ld - type  s train (Figure 

10; top panel,  squares).  By the end o f  a 60 min chase per iod,  the total amount  

o f  a f  secreted by the mutant strain was only 1 0 % o f  the amount  secreted by the 

wi ld- type  strain,  yet 75% of  N 1 2 3 - p a f  had disappeared.  Since equal amounts  of
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F i g u r e  1 0 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  o f  w i l d - t y p e

a n d  m u t a n t  p a f .

E q u a l  a m o u n t s  o f  l o g - p h a s e  w i ld - ty p e  ( 2 C )  and p p a f  t r ip le  g l y c o s y l a t i o n  

m utan t  ( N 1 2 3 )  cells were  pulse- labeled  wi th ^ S s . u m i h j Q m n g  (2 0 0  pC i /m l )  for 

5 m in  and ch ased  for increas ing t imes in the p re sence  o f  ex ces s  un labclcd 

methionine .  TM (50 pg /m l )  was added where indicated 15 min pr ior  to the start 

o f  the  pulse.  Yeast  cell lysates  were  prepared as descr ibed,  and the level of 

i n t r a c e l lu l a r  p r e c u r s o r  was  d e t e r m in e d  by i m m u n o p r e c i p i t a t i o n  wi th a n t i - a f  

ant ibody fol lowed by 18% SDS -PAGE .  The relative level of  radioact ivity in each 

ba nd  w as  d e t e r m in e d  by d e n s i to m e t r y .  M ed ia  s am p le s  were  prepa re d  as 

d esc r ib ed ,  and sec re ted  a f  l evels  we re  d e t e r m in e d  by im m u n o p r e c i p i t a t i o n  

wi th a n t i - a f  ant ibody fol lowed by HPLC analys is .  The amount  o f  radioact ivity 

in the e lu ted  a f  p ea k s  w e re  d e t e r m in e d  by c o n t i n u o u s  f low s c in t i l l a t i o n  

count ing.  Th e re la t ive levels o f  in t racel lu la r  p re cu rs o r  and secre ted  a f  were 

n o rm a l ized  to the level o f  T C A -p r cc ip i l ab l c  ^ 5 S-labeled  prote in  (cpm) in the 

cell lysates at t ime zero. T o p  p a n e l ,  com par i so n  o f  s t ra ins  2C (open ci rc les),  

and N123 (open squares)  in the absence  o f  drug t rea tment.  M i d d l e  p a n e l ,  

s t ra in  2C  in the absence  (open  c i rc les) ,  or  p re sen ce  (sol id  c i rc les )  o f  TM. 

B o t t o m  p a n e l ,  s train N123 in the absence  (open squares) ,  or presence  (solid 

squares)  of  TM.
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F i g u r e  1 0 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  o f  w i l d - t y p e

a n d  m u t a n t  p a f .
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wi ld - t ype  and m utan t  p p a f  m R N A  are present  in the two s trains as measured 

by N ort he rn  analys i s  (data  not  shown) ,  wc infer  that  e q u iva len t  am ou nt s  of  

p p a f  and N 1 2 3 - p p a f  were synthes ized during the 5 min pulse.  This leads to the 

conc lu s ion  that  a s igni f icant  propor t ion o f  the new ly  synthes ized  N 1 2 3 - p a f  is 

de g raded  dur ing the chase  wi thou t  gene ra t ing mature  a f .

T re a tm en t  o f  s train 2C wi th TM resul ts  in a s lo w e r  d i sap p e a ra n c e  of  

n o n - g l y c o s y l a t e d  p a f  re la t ive  to g p a  f ( t i / 2  = 1 2  min) ,  and a s igni f icant  

reduction in a f  secret ion (Figure  10, middle  panel,  solid circles).  By the end of 

a 60 min chase period,  the total amount  of  a f  secreted  by the TM -trea t cd  cells 

was 36% of  the amount  secreted  by the control  cells, yet  all o f  the intracel lular  

n o n - g l y c o s y l a t e d  p a f  has d i sappea red .  As in the case  o f  N 1 2 3 - p a f ,  this 

o b se rv a t io n  su g g es t s  tha t  a s ign i f i can t  p ropor t i on (6 0%) o f  n o n -g ly co sy la t e d  

p a f  is degrad ed  in traccl lu lar ly .

A surpr i s ing resul t  was obta ined  when s t rain  N123 was  subj ec ted  to 

p u l se -c h ase  analys i s  in the pr esen ce  o f  TM (F igure  10, bot tom panel ,  solid 

squ ares ) .  U nde r  these  c i r cu m stan ces ,  N 1 2 3 - p a f  d i sappea rs  m ore  rapidly than 

in the absence o f  TM  (U /2 = 13 min vs. t j / 2  = 25 min).  Most important,  the level 

of  a f  secreted in the N123 strain in the presence  o f  TM is 2.5-fold g r e a t e r  than 

in the absence  o f  TM trea tment.  It appears that  TM trea tment  mobi l izes  an 

add i t iona l  p ro p o r t i o n  o f  i n t r ace l lu la r  N 1 2 3 - p a f  to support  the process ing and 

secre t ion o f  mature  a f .

Thi s  analys i s  dem ons t ra t ed ,  first,  that  the d is rupt ion o f  the Asn- l inked 

glycosyla t ion  s ites  o f  p p a f  by s i te-di rec ted mutagenesis  or TM trea tment  leads 

to a severe reduct ion in a f  secret ion.  C oncom ita n t  with the reduced secret ion 

was  a delay in ER to Golgi  t ranspor t  o f  the precursor ,  as mani fes ted  by the 

c o r r e s p o n d i n g  a c c u m u l a t i o n  o f  i n t r a c e l l u l a r  n o n - g l y c o s y l a t e d  p a f .  Since 

some mature  a f  is still secreted  in the absence  o f  Asn- l inked glycosyla t ion,  we
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c o n c l u d e  tha t  g l y c o s y l a t i o n  o f  p a f  is impo r t an t  but not  essen t ia l  for the 

b iological  activi ty o f  the proregion in ER-to-Golgi  t ranspor t  and KEX2 media ted  

p r o t e o l y t i c  p r o c e s s i n g .

M o re  i n t r i g u in g  w as  the  ap p a re n t  r e scu e  o f  a f  s e c r e t i o n  by TM  

t rea tm en t  in s train N123.  In this case,  the m u tan t  p recu r so r  is i t se l f  neve r

glycosyla ted ,  thus the effec t  o f  TM on N 1 2 3 - p a f  process ing and secre t ion must  

be due  to t r a n s - a c t i n g  factors.  One poss ib le candidate  is the yeas t  ER lumcnal

heat  shock protein BiP. The documented  ability o f  TM to induce the express ion 

o f  BiP in yeas t  is consis tent  with its proposed  funct ion in h ig h e r  euka ryot i c  

ce l l s ,  w h e re  it is b e l i ev ed  to re co g n ize  n o n - g l y c o s y l a t e d  (and p r e s u m a b ly  

m a l fo l d e d )  p o l y p e p t i d e s  and p oss ib ly  ac t  to re fold  them o r  m ed ia t e  the i r  

d eg radat ion.  T he  obser va t ion that  a f  secre t ion can be e n ha nced  by t rea ting

the  N 1 2 3 - p p a f  express ing ce l ls  with T M  suggested  that BiP might be involved

in the t ranspor t  and process ing o f  N 12 3 - p a  f.

B ,  N 1 2 3 - p p a f  is an  i n d u c e r  o f  B i P  e x p r e s s i o n

The defect  in a f  t rans por t  and p rocess ing exh ib i t ed  by non-g lycosy la ted

p a f  and N 1 2 3 - p a f  might be due to thei r interact ion with BiP in the lumen of

the  yeas t  ER. To gain supp or t  for this hypothes is ,  we asked w he the r  s imple

e x p r e s s i o n  o f  N 1 2 3 - p p a f  cha ng es  the level of  BiP express ion wi thin the cell. 

T h o u g h  th e  p r e c i s e  s ignal  t r a n s d u c t i o n  p a t h w a y  i n v o l v e d  has  not  been 

ident if ied,  in h ighe r  euka ryot i c  cells it is c lear that accumulat ion  of  malfolded

pro te ins  in the ER can induce BiP t ranscrip tion.  T hou gh  o the r  c i rc umstances

h av e  been sh ow n  to induce BiP  in yeast  (TM trea tmen t ,  ex p res s ion  o f  sec 

mu ta t io ns ,  heal  shock) ,  to o u r  k n o w led g e  no m utan t  yeas t  sec re to ry  protein

has  yet been shown to be an inducer of BiP.
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I therefore compared the steady slate level o f  BiP m R N A  in strain 2C to

that  in s train N123 by Northern  analysis.  S ince the mutan t  s train is i sogenic 

to the wi ld- type  strain at all loci except for the M F a l  locus [55], I reasoned that 

any di f ferences  in s teady s tate BiP levels could  be a t t r ibuted to the express ion

o f  N 1 2 3 - p a f .  T o  ensu re  tha t  subt le  d i f f e ren c es  in m ed ia  or  incuba t ion 

con di t ion s  could  no t  inf luence  the  results  o f  these  s tudies ,  both  s t ra ins  were

analyzed in paral lel  (see exper imen ta l  p rocedures)  and the level o f  BiP m R N A  

was norm al ized  to that  of  actin m R N A  in each sample.  Quan t i t a t i on  o f  BiP 

m R N A  levels in the  two s trains grown and analyzed und er  ident ical  condi t ions  

revealed  a s teady s tale BiP m R N A  level approxima te ly  2-3 fold greater  in the 

mutan t  s train than in the wi ld- type  (Figure 11).

T o  extend  this observat io n,  we tes ted  w he th e r  increas ing the express ion  

level  o f  N 1 2 3 - p p a f  could induce BiP m R N A  to an even grea ter  extent .  The 

s teady state level o f  BiP was compared between strains HC2C and HCN123,  which 

conta in  the M F a l  or m f a l - N 1 2 3  gene,  respectively ,  on cpisomal  p lasmids.  The 

levels  o f  p p a f  m R N A  are ap p r o x im a te ly  10-fold g re a t e r  in these  h igh-co py  

s t ra ins  re la t ive  to those con ta in ing a s ingle ch r o m o so m al  copy  o f  M F a l  (see

Figure  12). Th e start ing strain a i a 2 , in which both the M F a l  and M F a 2  loci

had been disrupted,  was included as a control  to sec if ovcrcxprc ss ion  of  wild-

type  p p a f  would in i tself  induce BiP.

W e o b s e r v e d  that  h igh level  ex p r e s s io n  o f  N 1 2 3 - p p a f  resulted in a

s teady state level of  BiP m RNA that is 5 to 6 -fold greater than the level seen in

the  h igh -c opy  wi ld- type  s train (F igure  12). Fur thermore ,  when co m p ar ed  to 

the null a  i a 2  s tar t ing  s t ra in ,  ovc r cx p rc ss io n  o f  w i ld - typ e  p p a f '  had no effect

on BiP m R N A  levels,  a rguing that the effect  o f  N 1 2 3 - p p a f  was not due to the

increased flux of  a secretory  protein through the ER. Notably,  all three st rains

re sponded  equal ly  to TM trea tmen t ,  a rgu ing  that induct ion o f  BiP m R N A  by
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F i g u r e  11 .  E x p r e s s i o n  o f  N 1 2 3 - p p a f  i n c r e a s e s  t h e  s t a t e - s t a t e  l e v e l  

o f  B i P  m R N A .

Total  R N A  was isolated from log-phase  wi ld- type  (2C) o r  mutant  (N123)  cells,  

sepa ra ted  on a 1 .0 % agarose  gel con ta in ing 2 % fo rm a ld ehyde ,  t rans fe rred  to 

n i t ro ce l lu lose  and s im u l t an e o u s ly  pro be d  u n d e r  co n d i t i o n s  o f  h igh s t r i ng ency  

with labeled f ragments o f  DNA that recognized ei ther aclin or  BiP mRNA. ( A )  

Level o f  steady state BiP and actin mRNA in 5, 10, or 20 p g  of  total RNA. ( B )  The 

a m o u n t  o f  r a d io a c t i v e  label  h y b r id i z e d  to B iP  and ac t in  m R N A s  we re  

quant i ta ted  by excis ing individual  bands  and l iquid sc in t i l la t ion count ing.  The 

level o f  BiP m R N A  (cpm) was normal ized to the level o f  actin mR N A  (cpm) at 

each data point.  The data are presented as the fold induction over  the steady 

s la te  level  fo und  in the w i l d - ty p e  s t ra in  ( i n d i ca te d  ab o v e  the r e spec t ive  

c o l u m n ) .
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F ig u r e  11. E x p r e s s io n  of N 1 2 3 - p p a f  in creases  the  s ta te -s ta te  leve l  

o f  BiP mRNA.

Toial  RNA ( pg)
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F i g u r e  12.  D o s e - d e p e n d e n t  i n d u c t i o n  o f  B i P  m R N A  by N 1 2 3 - p p a f .

Total  RNA was isolated from strains a i a 2 (NulI), HC2C and HCN123 that had been 

in cu bat ed  in the absence  or  pr e sence  of  5 p g / m l  TM for two hours ,  and 

analyzed as in Figure 11. (A )  Level o f  steady state BiP and actin m RNA in 10 p g

of  total yeast RNA. ( B )  The Northern blot data was quant itated as in Figure 11. 

The data arc presented as the fold induct ion ov er  the steady slate level found in 

strain a \ a 2  in the absence o f  drug treatment.
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F i g u r e  1 2 .  D o s e - d e p e n d e n t  i n d u c t i o n  o f  B i P  m R N A  b y  N 1 2 3 - p p a f .
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N 1 2 3 - p a f  does not  saturate the transcriptional capaci ty o f  the KAR2 gene. This 

argues  against  a synergist ic effec t  be tween TM and N 1 2 3 - p a f  on BiP induct ion,  

and su gges t s  tha t  the  u n d e r ly in g  m ech a n i s m  o f  t r an sc r i p t io na l  i nd uc t ion  o f  

t h e s e  two s t im u l i  are  s i m i l a r  and may  be m e d i a t e d  th r o u g h  the  s a m e

m e c h a n i s m .

T hese  resul ts  are the fi rst  dem ons t ra t ion  in yeas t  that  express ion  o f  a

de f ec t iv e  yeas t  sec re to ry  pro te in  ( N 1 2 3 - p p a f )  induces the express ion o f  BiP in 

a d o se - d ep e n d e n t  m anner ,  and argues  for a po ss ib le  in terac t ion  between  BiP 

and  N 1 2 3 - p a f  wi th in the yeas t  ER lumen. Further,  these data,  a long with the 

e n h a n c e m e n t  o f  a f  sec re t ion  seen in s t ra in s  e x p r e s s in g  N 1 2 3 - p p a f  in the 

p r e s e n c e  o f  T M ,  p ro v id ed  the bas is for two a l t e r n a t iv e  h y p o th e s e s  which 

inves t iga ted  w h e th e r  yeast  BiP serves  a pos i t ive  or  neg a t ive  function in the

b io g en es i s  o f  N 1 2 3 - p a f .  The "rescue" hypothesis  presumes a posi t ive role for 

BiP and argues that induct ion o f  BiP fol lowing exposure  to TM results in a level 

o f  free B iP  suff ic ient  to bind N 1 2 3 - p a  f, pr om ote  its fold ing and subsequen t  

t ranspor t ,  which in turn leads to a h igher  level o f  a f  secret ion.  On the o ther 

hand,  T M  trea tment  also induces  the accu m ulat io n  o f  large am oun ts  o f  o ther

n o n - g l y c o s y l a t e d  s e c r e t o r y  and  m e m b r a n e  p r o t e i n s ,  w h ich  m ay  a l so  be 

s u b s t r a te s  for  BiP and thus  com pe te  wi th N 1 2 3 - p a f  for BiP binding.  The 

a l ternat ive  "escape"  hypo thes i s  pre sumes  a nega t ive  role for BiP and predic ts  

tha t  in the  p r e s en ce  o f  TM  the bulk level  o f  n o n - g l y c o s y l a t e d  p ro t e in s  

o v e r w h e l m s  even  the  T M - i n d u c c d  level  o f  f ree  BiP,  r e s u l t i n g  in the 

c o m p e t i t i v e  d i s p l a c e m e n t  o f  N 1 2 3 - p a f  from BiP and a co rrespo nd ing increase 

in the level o f  a f  secret ion.  Th e escape hypothes is  ac com m oda tes  an addit ional  

pos tula te ,  that  BiP m ed ia t es  prote in  degradat ion wi thin the sec re to ry  pathway,  

perhaps  with in  the ER.
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C .  C o n s t r u c t i o n  a n d  v e r i f i c a t i o n  o f  y e a s t  s t r a i n s  e x p r e s s i n g

C U P 1 - K A R 2

In o r d e r  to d i s t in gu i sh  b e tw een  the  rescue  and es cape  hy p o th eses ,  I

const ruc ted  f rom s trains  2C and N123 a n u m b er  o f  new  yeas t  s t ra ins  in which

B iP  ex p r e s s io n  cou ld  be  regu la ted  in d ep e n d e n t ly  o f  indu ce r s  such as TM 

t rea tment  and the presence  of  malfolded prote ins  wi thin the ER lumen. As a 

fi rst  s tep,  we  isolated the cod ing region of  (he KA R2 gene and cons t ructed  a 

ser ies of  p lasm ids  that  put  the KAR 2 cod ing region under  the control  o f  the

yeas t  m e ta l l o th io n in e  p ro m o te r  (CUP1) .  Thi s  was done so that  the ce l lu lar

level o f  BiP mRNA, and thus the level of  BiP protein,  could be regulated by the 

c o n c e n t r a t i o n  o f  c o p p e r  s u l f a t e  ( C u 2+) wi th i n  the g ro w th  med ia .  Af te r  

t r a n s f o r m i n g  the  h ap lo id  w i l d - t y p e  (2C)  and t r ip le  g l y c o s y l a t i o n  m utan t  

(N123)  s t ra ins  with a ccn t r om cr ic  p lasmid conta in ing the KAR2 coding  region 

under  the control  o f  the CUP1 promoter ,  we disrupted the genomic  copy of  the

K A R 2  gene using a one- s te p  gene d is rup t ion method .  Th e resul ts  of  these

m a n i p u l a t i o n s  w e re  i so g en ic  s t r a ins  e x p r e s s i n g  p p a f  or  N 1 2 3 - p p a f ,  who se  

level  o f  B iP  was  un re spons ive  to TM and was  now under  the control  o f  the

c o p p e r - r e s p o n s i v e  CUP1 p rom ote r .

T h e  co d ing  region o f  the KAR2 gene was i solated from yeast  genomic  

D N A  (st rain 2C) by PCR using ol igonucleot ide  primers  com pl imenta ry  to the 5'

and 3' ends of  the KAR 2 coding  region.  Th e resul t ing 2.0 kb f ragment  was

c loned into the in v i t ro  t ransc r i p t io n  p la sm id  p G E M -1 ,  gen e ra t i n g  the new

plasmid pGK2.  DNA sequencing conf i rmed that the insert cor respon ded to the

publ ished KAR2 gene (data not shown).

T h e  2.0 kb f ragment  was show n to conta in  a funct ional  copy of  the KAR2

coding  region by two independen t  methods  (Figure  13). First,  p l asmid pGK2 

was  l i nea r iz ed  d o w n s t ream  of  the 3' end o f  the KA R2 cod ing  region and
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t ranscr ibed  in vitro using SP 6  RNA polymerase .  The resul t ing 2.1 kb m RNA

directed  the synthes is  in the wheat  germ sys tem of  a 71 kD protein that  was

r e c o g n iz e d  by a B iP - s p c c i f i c  a n t ibody  in W e s te rn  analys i s .  F u r th e rm o re ,

s u p p l e m e n t i n g  the  w h e a t  g e r m  t r a n s l a t i o n  s y s t e m  with  RM re su l t ed  in 

cot ra ns la t io na l  t rans loca t ion o f  the protein  into the RM and c leav ag e  o f  its

s ignal  pept ide  (Figure  13A). Overexpre ss ion  o f  this insert  in yeast  from the 

epi somal  p lasmid pH C K 2 resulted in Lhe appearance  of  a protein band that co­

migra ted  wi th a major  band o f  approximately 71 kD that was induced by TM in 

the  w i ld - ty p e  s t rain  (F igu re  13B).  S econd ,  a yeas t  c c n t r o m c r i c  p la sm id

(p LC K2- T)  conta in ing the c loned KAR2 coding region under  the control  o f  the

CUP1 p romote r  was  capable  of  providing the essential  function of  yeast  BiP in

s trains  whose  genomic  KAR2 gene was d isrupted (see below).

To disrupt  the KAR2 gene in strains 2C and N123, a two-s tep  approach 

was  used.  Since the KAR 2 gene is essential  for growth,  and the s trains of  

in teres t  are haplo id ,  it was necessary  to first t ransform both  o f  these s trains 

wi th the yeas t  ccn t romcric  p lasmid pLCK2 -T ,  which conta ins  the KAR2 coding 

region under  the control of  the CUP1 promoter .  The result ing st rains,  2CLCK2

and N 123L C K 2,  were then disrupted using the one -s tep  gene disrupt ion method

as descr ibed [123], Briefly,  a 1.76 kb fragment  contain ing the yeast  HIS3 gene

was b lunt -end l igated into the unique Stu I rest r ict ion site wi thin the coding

region o f  the KAR2 gene.  T he  result ing 3.8 kb fragment conta in ing the HIS3 

gene f lanked by the cod ing region o f  the KAR 2 gene was  used to t ransform 

yeas t  s trains 2CLCK2 and N123LC K 2,  and HIS+ t rans fo rman ts  (des igna ted  2CA

and N123A) were  screened for  successful  r ecombinat ion by three independen t  

methods .  (1) Southern  blot a n a ly s i s : genomic DNA was isolated from a number

o f  H1S+ putat ive 2CA and N123A colonies,  as well as from the start ing strains 2C 

and N123,  digested with Xho I, and probed with nick-translated KAR2 DNA. The
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F i g u r e  13.  E x p r e s s i o n  o f  t h e  c l o n e d  K A R 2  c o d i n g  r e g i o n  in  v i t r o  

a n d  in  v ivo.

( A )  In v i t ro t rans lat ion ( IVT)  o f  in vi tro t ranscr ibed BiP m R N A .  BiP m RNA 

was s yn thes ized  in v i t ro us ing S P 6  R N A  p o ly m era se  and p las m id pG K 2 as 

template.  T h e  resul t ing 210 0  bp m R N A  was t ranslated in a wheat  germ IVT 

s y s t e m  c o n t a i n i n g  3 5 S - m c t h i o n in e ,  in the  a b s e n c e  or  p r e s e n c e  o f  RM. 

Proteinase K t rea tment was as descr ibed in Figure 9. (B )  Yeast  protein ext racts

we re  p re p a re d  from ea r ly  l o g - p h a s c  ce l ls  tha t  had been incuba ted  in the 

absence or  presence  of  TM (10 pg /m l ,  2 h) o r  Cu2+ (0 .2mM, 3 h) as indicated.  

Yeast  protein ext racts (25 pg) were separated by 10% S D S -PA G E  and visual ized 

by s ta in ing with Coomass ic  Blue. The migrat ion o f  IVT BiP af ter  Proteinase K 

p ro tec t ion is indica ted.
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F igu re  13. E xp ress ion  o f  the c loned K A R 2 cod in g  reg ion  i 

and in vivo.
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non-di srupted s trains  had a s ingle hybr id iz ing band o f  2775 bp consis tent  with

the Xho I fragment  of  genomic  KAR2 DNA, whi le successful ly  d is rupted strains 

had three reacting bands  consis ten t  with the presence  o f  the HIS3 insert  (data

not  shown).  (2) P C R : Colon ies  ident if ied by Southern  analys is  were analyzed

by PCR using the o l igonu cleo t ide  pr imers  K2-10 and K2-11.  In non-d isrupted 

and con trol  s t ra ins ,  use o f  these  two pr im er s  ampl i f ied  a band 2775 bp in

length  co r re spond ing  to the intact  KA R 2 gene,  whi le  in the d is rupted  s trains  

the  ampl i f ied  band was  45 40  bp in length co r re sp o n d in g  to the KAR2 gene

with a 1765 bp HIS3 insert. (3) No r th e rn  an a ly s i s : Total RNA was isolated from

s t r a i n s  s h o w n  to be d i s r u p t e d  by both  S o u t h e r n  a n a ly s i s  and PCR 

ampl i f ica t ion,  and subjected  to Nor thern  blot  analys is  us ing probes  specif ic to 

the 5' and 3' unt rans lated  regions  (UTR) o f  the KAR2 gene (see below).  The 

absence  o f  BiP m RNA der ived from the genomic  copy of  the KAR2 gene was 

cons idered  to be conf i rmatory  ev idence  for a successful ly  d is rupted gene.

D .  D i f f e r e n t i a l  r e g u l a t i o n  o f  B i P  e x p r e s s i o n  in  t h e  n a t i v e  a n d

r e  co  m b  i n a n t  s t  ra  i n s

O nce the K A R 2 -d i s ru p tc d  s trains exp res s ing  p p a f  and N 1 2 3 - p p a f  were 

c rea t ed ,  we w i sh ed  to co n f i r m  the d i f f e ren t  e x p e c t e d  p a t t e r n s  o f  KAR2 

regula t ion.  Probes  were developed that could  d iscr iminate  between BiP m RNA 

t ran sc r ib ed  from the  c h r o m o s o m a l  KA R2 gene and that p roduced  from the 

C U P 1 - K A R 2  co n ta in in g  p la sm ids ,  as well  as measu re  total  ( c h ro m o so m a l  +

p lasm id -d e r iv ed )  BiP m R N A  (sec Exper im en ta l  P rocedures) .

To compare  BiP express ion levels among the di fferent strains,  total RNA 

was isolated from: (1) the s tar t ing  s trains  2C and N123 (conta in ing an intact 

c h r o m o s o m a l  K A R 2  ge ne ) ;  (2)  the  d i s r u p t e d  s t r a i n s  2CA and N123A,  

(c o n ta in in g  the C U P 1 - K A R 2  co n s t ru c t  on a l ow -c opy  c c n t r o m c r i c  p l asmid ) ,



and (3) the undisruptcd s trains 2C H C K 2 and N1 23H CK2,  (conta in ing the CUP1-  

KA R 2 const ruct  on a h igh-copy episomal p lasmid).  The RNAs were hybridized 

in paral lel  wi th the three sets o f  probes  descr ibed (Figure  14). The relat ive 

level o f  total BiP m R N A  is consis tent  with the increase  in levels predicted  by 

the  copy  n u m b e r  o f  the C U P 1 -K A R 2  con ta in ing  p las m ids  (F igure  14A).  It 

should  be noted that  the level o f  basal  t ranscript ion from the CUP1 pro mote r  is 

ap p a r e n t l y  s e v e r a l - f o ld  h ig h e r  than f rom the  e n d o g e n o u s  K A R 2  p rom ote r ,  

expla in ing the increase  in total BiP m R N A  seen in s train 2CA over  strain 2C. 

Fu r t herm ore ,  the speci f ic i ty  o f  the p lasmid -der ived  probe is demons t r a t ed ,  and 

again the intensi ty  of  the signal reflects the copy n u m b er  of  the C U P 1-K A R 2

c o n t a i n i n g  p l a s m i d s  (F ig u re  14B).  F ina l ly ,  in the d i s r u p t e d  s t ra in ,  no 

c h r o m o s o m e - d e r i v e d  m R N A  can be det ec ted  (F igure  14C).  Taken  together ,

these  ex pe r i m en ts  dem onst ra te  both the predic ted  speci f ic i ty  o f  the probes ,  as 

well  as the iden t i ty  o f  the r e co m b in a n t  s t ra ins .  Para l le l  ana lys is  o f  the 

co r re spond ing  N123 s trains gave  ident ical  m R N A  pat terns (data not shown).

Th e s tar t ing  (2C)  and K A R 2-d i s ru p lc d  (2CA) s t ra ins  were then treated 

with e i ther  C u 2 + , TM, or both, prior to isolation o f  total RNA (Figure 15). These 

t r ea tm en ts  had the p red ic ted  ef fec ts:  T he  e n d o g e n o u s  KAR2 p r o m o te r  was

u n r e s p o n s i v e  to C u 2 + , but was  h ighl y  in duced  by t r ea tm en t  wi th TM. 

Converse ly ,  the CUP1 pro moter  was induced by C u 2 + but unaffected by TM. In 

nei ther  strain did the combinat ion of  C u2+ and Tm have an addi tive effect.

To opt imize  CUP!-m ed ia te d  expression o f  BiP, strain 2CA was treated with

in c r e a s i n g  c o n c e n t r a t i o n s  o f  C u 2+ pr ior to RNA and protein isolat ion.  We 

obser ved  a dose- dependent  increase  in BiP m R N A  and protein  levels,  with a 

max im a l  induct ion evident  us ing 0.5 mM C u 2+ (Figure 16). In this case,  a 3 

hou r  incubat ion t ime with C u 2+ was chosen,  based on pre l iminary  t ime-course  

ex p e r im en ts ,  and this bec am e the s tandard  incubat ion l ime for induct ion  of
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F i g u r e  14.  B i P  e x p r e s s i o n  in  n a t i v e  a n d  r e c o m b i n a n t  y e a s t .

Total  R N A  (5 p g )  was  i sola ted  f rom yeas t  s t ra ins  2C, 2CA, an d  2 C H C K 2 ,

t r an s f e r r ed  to n i t ro ce l lu lo se  and  h ybr i d ized  wi th probe s  that  re co g n ize  total

BiP m R N A  ( A ) ,  p lasmid-der ived BiP mR N A  (B)  or  chromosomal  BiP m RNA (C ) .

Labeled actin probe was included in all three blots as a control  for loading and

t ransfer  to n i t rocel lu lose .  L o n g e r  exposure  o f  the blot  in ( C )  did not reveal 

genomic  BiP m R N A  in strain 2CA (data not  shown).
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F i g u r e  15.  D i f f e r e n t i a l  r e g u l a t i o n  o f  B iP  m R N A  by C u 2+ a n d  T M  in 

n a t i v e  a n d  r e c o m b i n a n t  y e a s t  s t r a i n s .

Total  R N A  was isolated from yeast  strains 2C and 2CA after t rea tment with C u 2 + 

(0.2 mM, 3 h), TM  (1 pg/ml ,  1 h), or a combinat ion o f  C u2+ and TM , t ransferred  

to  n i t r o c e l l u l o s e  and h y b r i d i z e d  w i th  p r o b e s  t h a t  r e c o g n i z e  c i t h e r  

c h r o m o s o m a l  ( A )  o r  p las mid -d er ived  ( B )  BiP mRNA.  ( A )  Level o f  BiP and

actin m R N A  af ter  C u 2+ and T M  treatment  in strain 2C. ( B )  Level of  BiP and

actin m R N A  af ter  C u 2+ and T M  trea tment in strain 2CA. Labeled actin probe

was included as a control  for loading and t ransfer  to ni t rocellulose.
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F i g u r e  15 .  D i f f e r e n t i a l  r e g u l a t i o n  o f  B i P  m R N A  by C u 2 + a n d  T M  in 

n a t i v e  a n d  r e c o m b i n a n t  y e a s t  s t r a i n s .

A .  S tra in  2C

- + - + C u 2 +

- - + + TM

mm ohp - B i P

m  m m  m  . Ac t i n

B.  S tra in  2CA

+ - + C u 2+

+ + TM

  - B i Pi m p  W r

t o  f i t  i  - A c t i n

- C U P !
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F i g u r e  16. C u 2  + - m e d i a t e d  i n d u c t i o n  o f  B i P  in t h e  r e c o m b i n a n t  

s t r a i n .

Ear ly  log-phase  ce lls  from s train 2CA were  t rea ted with C u 2+ at the indicated 

co ncen t ra t ion  for three hours be fo re  removing al iquots  o f  ce ll s  for total RNA 

and protein isolation.  (A) Northern  analys is  o f  total RNA. Total  ce l lu lar  RNA 

(5 p.g) was i solated as descr ibed,  separated  on a 1.0% agarose gel contain ing 2% 

f o r m a l d e h y d e ,  t r a n s f e r r e d  to n i t r o c e l l u l o s e  and p r o b e d  wi th  a l ab e led  

f r agm ent  o f  DNA that recognized BiP m RNA ( i n s e r t ) .  Labeled actin probe was 

included as a control  for loading and t ransfer  to n it rocellulose.  The amount  of 

r a d io a c t iv e  label  h y b r id i ze d  to BiP and ac tin m R N A s  we re  quan t i f i ed  by 

exc is ing  individual  bands  and l iquid scin ti l la tion count ing.  The level o f  BiP

m R N A  (cpm) was  norm al ized to the level o f  actin m R N A  (cpm) at each data

point .  The  data  arc presented as the fold induct ion ov er  the level found in

s train 2C in the absence  o f  drug t rea tment .  ( B )  Wes tern  analys is  of  total 

prote in .  Cell lysates  were prepared as descr ibed and equal  amoun ts  of  total 

p ro te in  (2.5 pg) was sepa ra ted  by 8 % S D S -PA G E ,  t ransferred  to n i trocel lu lose  

and pro be d with ant i -B iP  ant ibody ( i n s e r t ) .  BiP protein was v isual ized using 

t h e  E n h a n c e d  C h c m i l u m i n c s c c n c c  s y s t e m  a c c o r d i n g  to m a n u f a c t u r e s

i n s t ru c t io n s  (A m c r s h a m ) .  R e la t i v e  BiP prote in  l evels  were  d e t e r m in e d  by 

d en s i to m et ry  and presen ted  as the fold induct ion over  the BiP protein level 

found in strain 2C in the absence of  drug treatment.
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F i g u r e 16.  C u 2 + - m e d i a t e d  i n d u c t i o n  o f  B i P  in t h e  

s t r a i n .

A .  P l a s m i d - d e r i v e d  B i P  m R N A
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CUP1 in later  expe r imen ts .  To  ar rive at a s tandard  C u 2  + c o n c e n t r a t i o n  for 

i n duc t ion ,  it was  n ec es sary  to take  into acco u n t  the t r ans la t ion al  inhib i t ion  

ef fe c ts  o f  i n c reas in g  c o n c e n t r a t i o n s  o f  C u 2 + . Under  the g rowth cond i t ions  

used,  C u 2+ t rea tment at a concentra t ion > 0.3 mM resulted in a 50% reduct ion in 

the  inco rporat ion o f  3 5 s . m c l j1jo n inc ; n l 0  t o t a i p ro tcin (data  not  shown) .  For 

this reason,  a s tandard  t rea tmen t  o f  0.2 m M  C u 2+ was used in all subsequent 

exper iments ;  this gave < 5% inhibit ion  o f  t rans lat ion but a l lowed a 10 to 15-fold 

i n d u c t i o n  in the  level  o f  m R N A  and p r o t c in .  T a k e n  to g e t h e r ,  thes e  

e x p e r im en t s  ver if ied  the  identi ty o f  the di fferent yeast  s trains ,  and es tabl ished 

condi t ions  for maximal induct ion o f  BiP by C u 2 + .

E .  C o - e x p r e s s i o n  o f  B i P  a n d  N 1 2 3  is d e l e t e r i o u s  to g r o w t h

T h e  ex p e r im en ts  des c r ibed  above  put us in a pos i t ion  to com p are  the 

ef fec ts  o f  BiP o v c rcx p rc ss io n  on the t ranspor t  and p ro ces s ing  o f  gpotf  and 

N 1 2 3 - p a f .  To control for unpredictable ef fects  on growth o f  both the wild type 

an d  m u t a n t  s t r a in s ,  the  f o l l o w i n g  e x p e r i m e n t  was  p e r f o r m e d .  S t r a in s  

c o n t a i n i n g  e i t h e r  the  c h r o m o s o m a l  K A R 2  g en e ,  c c n t r o m e r i c  C U P 1 - K A R 2  

plasmid,  o r  the cpisomal  C U P 1-K A R 2 plasmid were t reated with 0-0.5 mM C u 2  + 

fo r  inc re as ing  t imes,  and cell  d iv is ion was  m on i to red  by di rec t  coun t ing  of  

ce l l s  in a h e m a c y t o m e te r  (F igu re  17). F irst ,  it is ev iden t  tha t ,  at these 

c o n c e n t r a t i o n s ,  C u 2+ has no effect  on the growth of  the original 2C and N123 

s t ra ins .  Secon d,  increas ing  the  ex pr es s ion o f  BiP from the CUP1 p ro m o te r  

con t ro l  has  no ef fec t  on  ce l ls  exp res s ing  wi ld type  pot f until  the h ighes t  

con c en t ra t i o n  o f  C u 2 + , and hence BiP, was reached.  By contras t,  in the N123- 

p p a f  s t ra ins ,  the dose-depend ent  inhibit ion of  growth was more  apparent .  For 

example ,  in strain N123A,  a 50% reduct ion in cell num ber  was observed at the
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F i g u r e  17.  O v e r e x p r e s s i o n  o f  B i P  f r o m  t h e  C U P 1  p r o m o t e r  r e s u l t s  

i n  a d o s e - d e p e n d e n t  g r o w t h  r a t e  r e d u c t i o n  in s t r a i n s  

e x p r e s s i n g  N 1 2 3 - p p a f .

Equal  amounts  o f  early log-phase  cells from the wi ld- type s trains (2C, 2CA, and 

2C H C K 2 ;  open symbol s)  and the mutant  s trains (N123, N123A and N123HCK2;  

solid symbol s)  were diluted to a final concentrat ion of  5 x 1()5 cell s/ml  in 100 

ml  o f  se lec t ive  m ed ium  con ta in ing  C u^+ at 0.0 (c ircles),  0.1 (d iamond s) ,  0.3 

( t r iangles )  and 0.5 mM (squares) .  The  ce l ls  were  incubated at 30°  C with 

con t inous  shaking .  At the indicated  t imes ,  an a l iquot  o f  each cul tu re  was 

re moved  for determinat ion of  cell  num ber  as descr ibed.
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highes t  dose  of  C u 2 + , and the growth of  strain N123 HC K2  was almost  completely 

inhib i ted  u n d e r  the  same cond i t ions .

T he  s t r ik ing di f f e rence  in re sponse  to C u 2  + bet w een  isogenic  s t ra ins  

d i f fe r in g only  at the M F a l  locus  s t rongly  sugges t s  tha t  c o - acc u m u la t io n  o f

N 1 2 3 - p a f  a n d  BiP has a dele ter ious  ef fect  on cell growth,  and argues  that a 

phys ica l  in terac t ion be tw e en  these  two po ly p ep t id e s  occ ur s  in the lumen  o f  

the ER.  Th is  may  ref lec t  the  ph en o m en o n  o f  "synthe t ic  le thal i ty"  observed

a m o n g  genes  whose  products  physica l ly  associa te  [130],

F. E f f e c t  o f  B i P  o v e r e x p r e s s i o n  o n  N  1 2 3 - p p a f  t r a n s p o r t  a n d

p r o c e s s i n g

Q u a n t i t a t i v e  p u l se -c h ase  ana lys is  was  used to co m p a r e  the levels of  

i n t r a c e l l u l a r  p a f  and secreted  a f  in s trains  expr es s ing p p a f  and N 1 2 3 - p p a f

f rom h igh-copy  cpisomal  p lasmids  (Figure  18). Use o f  these h igh-copy st rains 

a l lowed us to mainta in  the level o f  the secreted a f  s ignal ,  while lower ing  the 

level o f  USC(] jn (ilc pulse,  and reducing the sample  s ize from

1.0 ml to 0.5 ml (which resulted in a signi ficant  reduct ion in the ut ilization of

a n t i - a f  an t ib o d y ) .  O th e rw i s e ,  the ex p e r im e n ta l  p ro to co l s  we re  e s se n t i a l ly

ident ical  to those performed in the in tegrated s trains  (sec Figure 10).

Th e pat terns  o f  p a f  d is appea ranc e  and a f  secretion and the effect  of  the 

N123 muta t ion  in the h igh-copy s trains  are very s imi lar  to those observed  in 

the  or ig inal  2C and N123 s t ra ins .  F irst ,  the N123 sec re to ry  defect  is as

p r o n o u n c e d  u n d e r  high ex p r e s s io n  co n d i t i o n s  as in the s ingle  copy s train 

(Figure  18, top panel) .  Second, p p a f  responds  to TM treatment  with a s imilar  

reduct ion in p a f  transport  and a f  secret ion (Figure  18, middle panel) .  Finally,  

T M  trea tment  of  the high copy N123 strain results  in a 2.5-fold enhancement

of  a f  secret ion (Figure 18, bottom panel).
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F i g u r e  1 8 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  i n  s t r a i n s  t h a t

o v e r e x p r e s s  w i l d - t y p e  a n d  N 1 2 3 - p p o c f .

E q u a l  a m o u n t s  o f  l o g - p h a s e  h i g h - c o p y  w i ld - ty p e  ( H C 2 C )  and N 1 2 3 - p p a f  

(H C N 1 2 3 )  ce lls  were  pu lse- labe led  wi th 3 5 s . m e t i1 io n ine  ( 7 5  jj.Ci/ml) for 5 min 

and  c h a s e d  for  i n c r e a s i n g  t i m e s  in the  p r e s e n c e  o f  e x c e s s  u n l a b c l e d  

methionine .  TM (50 pg /m l )  was added as indicated 15 min prior to the start of 

the pulse  and main ta ined  th ro ughou t  the chase  per iod.  In t racel lu lar  p a f  and 

e x t r a c e l lu l a r  a f  were  i solated and quant i f ied  as descr ibed ear l ier  in Figure  10. 

Compar ison o f  s trains H C 2C  (open ci rcles),  and HCN123  (open squares)  in the 

a bse nce  o f  d rug  t r ea tm en t  ( t o p  p a n e l ) ;  s train H C 2C  in the abs ence  (open 

ci rcles),  or  presence  (solid ci rc les)  of  TM ( m i d d l e  p a n e l ) ;  and strain HCN123 

in the absence  (open squares) ,  or  p re sence  (sol id squa re s )  o f  TM ( b o t t o m  

p a n e l ) .
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F i g u r e  1 8 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  i n  s t r a i n s  t h a t

o v e r e x p r e s s  w i l d - t y p e  a n d  N 1 2 3 - p p a f .
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To  di s t ingu ish  between  the "rescue"  and "escape"  h y po theses  proposed  

ear l i er ,  q u an t i t a t i v e  p u l s c -c h a s e  an alys i s  was pe r fo rm ed  us ing  the h igh-copy 

A st rains,  which contain a d isrupted K A R 2 gene as well as h igh-copy p p a f  and 

N 1 2 3 - p p a f  express ing p lasmids  (Figures 19 and 20). S ince the level of  BiP 

express ion in these s trains  is both und er  the control  of  C u 2+ and u n r e s p o n s i v e  

to T M ,  the  l a rg e  a m o u n t s  o f  n o n - g l y c o s y l a t c d  s e c r e to ry  and  m e m b r a n e  

pro te ins  ar ising from T M  trea tmen t  should  act as subst ra tes  for BiP and thus

decrease  the level o f  free (i.e. un complexed)  BiP. Under  these condi t ions  o f  a

re la t ive  BiP de f i c i ency ,  the  "escape"  h ypo thes i s  p re di c t s  that  TM trea tment

should  cause  an i n c r e a s e  in the level of  secreted a f  in the s train express ing 

N 1 2 3 - p p a f ,  whi le the "rescue" hypothes is  predic ts  a co r responding  d e c r e a s e  in 

a f  secret ion.  In ci ther case,  by prc treat ing the cells with C u 2  + to elevate the 

level o f  BiP pr ior  to TM trea tment ,  we should be able to block TM's  ability to 

m o d u l a t e  N 1 2 3 - p a f  t ranspor t  and proces s ing,  co n f i r ming  ou r  a ssum pt ion  that 

T M  t r e a t m e n t  i n f l u e n c e s  N 1 2 3 - p a  f t ra nspor t  and p ro c e s s i n g  th ro u g h  its 

abi li ty to change the level o f  free BiP within the ER.

In s t rain  HC2CA, p u l se - l abe led  g p a f  d isappears  rapidly (t 1/2  < 5 min),  

wi th  a co r re sp o n d in g  rapid appe a ra nce  o f  radiolabeled  a f  in the ext racel lu lar  

m ed ium ,  a result  s imi lar  to that seen in the both the low-copy  and high-copy

n o n - d i s r u p t e d  s t r a in s  ( F ig u r e  19, top  pane l ,  so lid  l ines) .  A f t e r  C u 2 +  

p r e t r e a t m e n t  (w h i c h  i n c r e a s e s  B iP  l ev e l s  a p p r o x i m a t e l y  10 -f o ld )  s i m i l a r  

re sul ts  arc seen (Figure  19, lop panel ,  dashed l ines),  h o w e v e r  app rox ima te ly  

1 0 % o f  the radio labe led  p re cu r so r  re ma ins  as s ignal  p ep t id e - co n ta in in g  p p a f  

for  the ent ire chase per iod (data not shown) .  A small  cor re spo nd ing  decrease 

in a  f  secre t ion is also o b se rv ed  u n der  these cond i t ions .  As  in the non- 

d i s ru p t ed  K A R 2  s t ra ins ,  ex p o s u r e  to TM s lows  the d i s a p p e a ra n c e  o f  n o n ­

g l y c o s y l a t e d  p a f  re la t ive to g p a f ,  and s ign i f i can t ly  re duces  a f  s e c r e t io n
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F i g u r e  1 9 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  o f  p p a f  i n  t h e

h i g h - c o p y  w i l d - t y p e  A s t r a i n s .

Equa l  am oun ts  o f  log-phase  ce lls  from s t rain  HC2C A were  pu lse- l abeled  with 

3 5 S - m e t h i o n i n e  (12 5 p.Ci/ml) for  5 min and chased for increas ing t imes in the 

p r e s e n c e  o f  ex ces s  un lab el ed  m e th ion in e .  T M  (50 | i g / m l )  w as  ad d ed  as 

indicated  15 min pr ior  to the start  o f  the pulse  and mainta ined throughout  the 

c h a s e  p e r io d .  I n t r a c e l l u l a r  p a f  and e x t r a c e l l u l a r  a f  we re  i so la t ed  and 

q u an t i f i ed  as desc r ib ed  ea r l i e r  in F igure  10. The  t o p  p a n e l  c o m p a r e s  

t r a n s p o r t  and p r o c es s in g  o f  g p a f  in the absence  (sol id  l ines)  or  presence  

(dot ted  l ines) o f  C u 2+ pre l rca tmcnt .  The  m i d d l e  p a n e l  c o m p a r e s  t ranspo r t  

and process ing in the absence (open circles),  or presence  (solid ci rcles) of  TM. 

Th e b o t t o m  p a n e l  compares  t ranspor t  and p roces s ing o f  TM trea ted cells in 

the absence  (solid lines),  or presence  (dotted l ines) of  C u 2+ p r e l r c a t m c n t .
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F i g u r e  1 9 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  o f  p p a f  i n  t h e

h i g h - c o p y  w i l d - t y p e  A s t r a i n s .
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( F igu re  19, m id d le  pane l ,  so l id  c i rc les) .  C u 2+ p r c t r c a i m c n t  p r io r  to TM 

ex p o s u r e  resul ts  in an increas ed  a c cum ula t io n  o f  in t ra ce l lu la r  p a f ,  and a 3- 

fold reduct ion in a f  secret ion (Figure  19, bot tom panel,  dashed lines).

In s train HCN1 23A ,  pu l se- l ab e led  N 1 2 3 - p a f  d isappears  s lowly ( t ] / 2  = 35 

min) ;  the  secret ion of  a f  is delayed,  and is only 8 % o f  the level seen in strain 

HC 2C A (Figure  20,  top panel,  solid lines).  Af ter  C u 2+ p r c t r e a t m c n t ,  t r a n s p o r t  

and p rocess ing are mi ldly inhibi ted  and the  level o f  secre ted  a f  is so m ew h a t  

re du ced  re la t ive to the unt rea ted  control  (F igure  20,  top panel,  dashed lines).  

M o s t  impor tant ,  T M  t rea tment  increases  the  rate o f  N 1 2 3 - p a f  d i s a p p e a r a n c e  

( t l / 2  = 11 min),  and a 2.5-fold enhancement  of a f  secret ion is observed (Figure

20,  middle  panel ,  sol id squares).  Prct rea tmcnt  o f  cells with C u 2 + prior to TM

t r e a t m e n t ,  i n c r e a s e s  the  level  o f  i n t r a c e l lu l a r  N 12 3 - p a  f and dec reases  a f

secret ion 2-fold (Figure  20, bot tom panel,  dashed lines).

T h e  key f ind ing  in this  se r ie s  o f  e x p e r i m e n t s  is tha t  even under  

c i rc um sta nces  in which the level  o f  BiP cannot  be induced,  TM still has the 

capac i ty  to increase  the u ti l iza t ion o f  N 1 2 3 - p a f  as measured by an increase in 

a f  secret ion.  Further,  this effec t  can be reversed by ovcr cxprc ss ing  BiP from 

the  CUP1 p r o m o t e r  p r io r  to t re a t in g  the ce lls  wi th TM. T h e s e  dat a  arc

cons is ten t  with the "escape"  hypothes is ,  which pos tula tes  that  BiP funct ions  to 

re ta in  N 1 2 3 - p a f  wi thin the ER lumen,  prevent  ER-to-Golgi  t ranspor t ,  and thus 

supp re ss  subs equent  process ing and secre t ion o f  mature  a f .
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F i g u r e  2 0 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  o f  N 1 2 3 - p p a f

i n  t h e  h i g h - c o p y  m u t a n t  A s t r a i n s .

Equa l  am oun ts  o f  log-phase  cells from s train HCN123A were  pulse- l abe led  with 

3 5 S - m e t h i o n i n e  (125  pCi /ml)  for  5 min and chased for increas ing t imes in the 

p r e s e n c e  o f  ex c es s  u n labe led  me th ion in e .  T M  (50 p g / m l )  was  added  as 

ind icated  15 min pr ior  to the  start  o f  the pulse and main ta ined  th roug ho ut  the

ch a s e  per iod .  In t r ace l lu la r  N 1 2 3 - p a f  and ext racel lu lar  a f  were  quant i f i ed  as 

d e s c r ib ed  ea r l i e r  in F igure  10. Th e t o p  p a n e l  c o m p a r e s  t r a n s p o r t  and 

p r o c e s s i n g  o f  N 1 2 3 - p a f  in the absence  (solid l ines) or  presence  (dot ted lines) 

o f  C u ^ + p rc t rea tm cn t .  Th e m i d d l e  p a n e l  c o m p ar e s  t ranspo r t  and p ro ces s ing  

o f  N 1 2 3 - p a f  in the absence (open squares),  or  presence  (solid squares)  of  TM 

trea tment.  Th e b o t t o m  p a n e l  c o m p a r e s  t ranspor t  and p ro ces s in g  N 1 2 3 - p a  f

in T M  trea ted  cells  in the absence  (solid l ines),  o r  presence  (dotted l ines) of

C u ^ +  p r e t r e a t m c n t .
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F i g u r e  2 0 .  C o m p a r i s o n  o f  t r a n s p o r t  a n d  p r o c e s s i n g  o f  N 1 2 3 - p p a f  

in  t h e  h i g h - c o p y  m u t a n t  A s t r a i n s .
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G. I n t r a c e l l u l a r  s i t e  o f  N 1 2 3 - p a f  d e g r a d a t i o n

O ur resul ts  d em o n s t r a t e d  that  a substant ia l  f ract ion o f  no n-g lyco sy la t cd  

p a f  and N 1 2 3 - p a f  is degraded intracel lularly,  most  probably  pr ior  to the KEX2- 

m ed ia t ed  pro teolyt ic  c leavage wi thin the Golgi  appara tus .  To fur ther  local ize 

the  d e g r a d a t i v c  s ite w i th in  the  yea s t  s ec re to ry  p a th w a y ,  the  t em p e ra tu re -  

sens i t ive  s e c l 8 s t rain o f  S. c e r e v i s i a e  was  t r an s f o rm e d  wi th a c cn t r om cr ic

p la sm id  (p L C N 1 2 3 - U )  con ta in in g  the mutant  m f a l - N 1 2 3  gene.  Since ER-lo-

G o lg i  t r a n s p o r t  is t ig h t l y  b l o c k e d  in th is  s t r a in  at  the  n o n p c r m i s s i v c  

temperature ,  use o f  this strain a l lowed us to examine the fate of  both g p a f  and 

N 1 2 3 - p a f  in the same cells and de te rm ine wh e the r  degradat ion of  N 1 2 3 - p a f  

occurs prior to the sec 18 secretory  block. Early log phase cells growing at the 

p e r m is s iv e  t em p e ra tu re  o f  25 °  C were shi fted to the rest rict ive t emperatu re  of 

3 7 °  C for 15 min,  labeled  with 3 5 S -m cth ion in c  for 10 min,  and chased for

increas ing  l imes  in the p re sence  o f  unlabclcd meth ionine .  Cell  lysates and

media  samples  were prepared as described before.  Equal amounts  o f  cell lysate 

f rom  each  l ime point  we re  im m u n o p r c c i p i t a t c d  wi th a n t i - a f  a n t ibody  and 

a n a l y z e d  by S D S - P A G E .  In a d d i t i o n ,  t h e  m e d i a  s a m p l e s  w e re

im m u n o p r c c i p i t a t c d  wi th  a n t i - a f  ant ibody to moni tor  the secret ion of  a f .

A p p ro x im a te ly  equal  am ou nt s  of  p p a f  and N 1 2 3 - p p a f  were  synthes ized 

during the 10 min pulse (Figure 21, zero time).  The level of  wi ld-type g p a f  did 

not change  during the chase per iod,  a result previously  observed in the sec 18

st ra in .  Im p o r t an t ly ,  N 1 2 3 - p a  f also pe rs is ts ,  indi ca t ing that no deg rad at ion

o cc u r re d  unde r  these  condi t ion s .  F u r t he rm ore ,  none  o f  the m ed ia  sam pl es

conta in ed  secre ted  a f  (data not shown),  consistent  with a tight b lock o f  ER-to- 

Golg i  v es icu la r  t ranspor t .

The most  s t ra ight forward  in terpre ta t ion of these data is that the site o f

N 1 2 3 - p a f  degradat ion is distal to the sec 18 block (i.e. post-ER).  An alternative
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F i g u r e  2 1 .  D e g r a d a t i o n  o f  N 1 2 3 - p a f  d o e s  n o t  o c c u r  w h e n  E R - t o -  

G o l g i  t r a n s p o r t  is  b l o c k e d .

E a r ly  l o g - p h a s e  c e l l s  from  strain  s e c l 8 - N 1 2 3  g r o w in g  at th e  p e r m is s iv e  

tem p era tu re  ( 2 5 °  C) were sh ifted  to the restrictive temperature ( 3 7 °  C) for 15 

m in prior to pu lse- lab e lin g  with 3 5 S -m e th io n in e  (2 0 0  p.Ci/ml) for 10 min. Cells  

w ere  than ch a sed  for  in c r e a s in g  t im es  in the p r e se n c e  o f  e x c e s s  u n la b e led  

m e th io n in e .  In tracellu lar  g p a f  and N 1 2 3 - p a f  w ere iso lated  and quantitated as 

described in Figure 10. ( A )  18% S D S -P A G E  analys is  o f  intracellu lar g p a f  and

N 1 2 3 - p a f .  ( B )  T he  data are presented as the percentage o f  the peak lev e l  o f  

g p a f  (c irc les ) ,  or N 1 2 3 - p a f  (squares) .
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2 1 .  D e g r a d a t i o n  o f  N 1 2 3 - p a f  d o e s  n o t  o c c u r  w h e n  E R - t o -  

G o lg i  t r a n s p o r t  is b l o c k e d .
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p o s s ib i l i t y  is  that d egradation  n orm ally  occu rs  in the E R , but the e lev a ted  

tem perature used  in this ex p er im en t  inh ib its  the p ro teo ly t ic  p rocess .
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C H A P T E R  II .  IN D U C T I O N  O F  Y E A S T  B IP  B Y  T M : IN V E S T I G A T I O N  O F

M E C H A N I S M  A N D  F U N C T I O N  O F  T H E  R E S P O N S E

In the s tud ies  ju st  descr ibed , B iP  w as ass igned  a sp e c i f ic ,  n eg a t iv e ,  role  

in the p r o c e s s in g  and transport o f  a mutant secretory  p athw ay  protein  (N 1 2 3 -  

p a f ) .  T h e  data s u g g e s t  that B iP  b in d s  n o n - g ly c o s y la t e d  and p resu m a b ly  

m a lfo ld e d  p a f  p o ly p e p t id e s ,  p rev en t in g  their  "escape" and p o s s ib ly  m ed ia tin g  

their  entry into  a degradative  pathw ay.

In the studies  detailed b e lo w , w e  exam ined  the general role o f  B iP  in the 

ce l lu la r  s tress  resp o n se ,  u s in g  in d u ct ion  by T M  as a m o d e l .  A lth o u g h  the

ex p ress io n  o f  B iP  in yeast  is  induced by a variety o f  stressors ,  in c lu d in g  T M  

treatm en t, in n o n e  o f  th ese  c ir c u m s ta n c e s  has the p r e c is e  e f f e c t  o f  B iP

in d u ction  b een  determ ined . W e  set  out to ask tw o  q u es t io n s .  First, d oes  

induction  o f  B iP  by T M  represent a functional response  to a secretory pathway  

s p e c i f i c  stress;  and, se c o n d ,  is  the transcriptional in d u ct ion  se n s i t iv e  to the  

intralum inal concentration  o f  B iP  in the ER?

For th e se  s tu d ie s  w e  w ere  able  to u t i l iz e  a su b se t  o f  the p rev io u s ly  

co n stru c ted  stra ins ,  i .e .  th ose  e x p r e s s in g  w i ld - ty p e  p p a f  and c o n ta in in g  the

ch rom osom al and/or p lasm id -d er ived  B iP  gen e .  A s  a first step, w e  thoroughly  

characterized  the response  o f  the ch rom osom al B iP  prom oter to TM  treatment. 

In the p u lse -ch a se  exper im ents  descr ibed  in chapter 1, a h igh  d ose  o f  T M  (50  

p g /m l)  w a s  used for a short t im e to inhibit g ly c o sy la t io n  rapidly (presum ably  

by q u ick ly  d e p le t in g  the lev e l  o f  the N -a c e ty lg lu c o sa m in e  PPj d o l i c h o l  w ith in

the c e l l ) .  In th ese  s tu d ie s ,  in contrast , w e  w ish ed  to in d u ce  B iP  to an 

in te r m e d ia te  l e v e l .  W e  th ere fo re  a n a ly z e d  in d eta il  the d o s e  and t im e-  

dep en d en ce  o f  B iP  induction in response to T M  in the control strain 2C  (Figure  

22 ).
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F i g u r e  2 2 .  D o s e  a n d  t i m e - d e p e n d e n t  i n d u c t i o n  o f  B iP  m R N A  a n d  

p r o t e in  b y  T M .

Early  lo g -p h a se  c e l l s  from the w ild -ty p e  strain 2C  w ere  treated with  T M  at a 

concentration  o f  0 .2 5  p g /m l  (open c irc les) ,  1.0 p g /m l  (op en  c irc les  w ith  dotted  

line) or 5 .0  p g /m l  (so lid  c irc les) .  A t the indicated t im es , a liquots o f  c e l l s  were

rem oved  for the iso lation  o f  total R N A  or protein as described . (A )  L evel o f

B iP  m R N A  after T M  treatment. Total ce l lu la r  R N A  (5 p g )  w a s  iso la ted  as

d e sc r ib e d ,  sep arated  on a 1.0% a g a ro se  g e l  c o n ta in in g  2% fo r m a ld e h y d e ,  

transferred to n i tr o c e l lu lo s e  and probed under c o n d it io n s  o f  h ig h  str in g en cy  

w ith  la b e led  fragm ents  o f  D N A  that r e c o g n iz e d  B iP  and actin  m R N A . The  

am ount o f  radioactive label hybridized to B iP  and actin m R N A s  w as quantified  

and norm alized  as described  in Figure 11. The data are presented as the fold  

induction over  the B iP  leve l  found at tim e zero. ( B )  L eve l  o f  B iP  protein after 

T M  treatm ent. Y e a s t  c e l l  ly sa te s  w ere  prepared and a n a ly zed  as d escr ib ed  

p r e v io u s ly  in F igu re  16. R e la t iv e  B iP  p rote in  l e v e l s  w ere  d e term in ed  by 

den sitom etry  and presented  as the fo ld  induction  over  the B iP  le v e l  found at

tim e zero.
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Figu r e  22. Dose  and t im e -d e p e n d e n t  induc t ion  o f  B iP  m R N A  and  

protein by TM.
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B . BiP  Prote in
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C e lls  w ere  incubated at the indicated  d o se  o f  T M  for increasing  t im es,

after w h ich  c e l l s  were harvested  and split  into tw o aliquots. One aliquot was  

u se d  to i s o la te  total R N A , w h ic h  w a s  su b jec ted  to  N orthern  a n a ly s is  to 

d eterm in e  B iP  m R N A  le v e ls  (F igure  2 2 A ) .  T he  se c o n d  a liquot w as  used to 

generate  ce l l  ly sa tes ,  w h ich  w ere  ana lyzed  by W estern b lo tt in g  u s in g  an anti- 

B iP  antibody (F igure 2 2 B ) .  T he results indicated that a d o se  o f  1 | i g /m l  T M  

produced an interm ediate lev e l  o f  induction o f  both B iP  m R N A  and protein that 

w as linear over  a period o f  9 0  min, and that this response  saturates at 5 p -g /m l  

TM.

A .  Induc t io n  o f  y e a s t  B iP  enhances  cel l  surv iva l  o f  TM

t r e a t m e n t

W e tested  w h eth er  the o v e r e x p r e ss io n  o f  B iP  prior to T M  treatm ent

en h an ces  the ce l l 's  ability  to su rvive  the c y to to x ic  e f fe c ts  o f  this  drug. S ince  

B iP  is a h sp 7 0  heat shock  prote in  that has e v o lv e d  to fu n ction  w ith in  the

lum en o f  the ER, w e  h yp oth es ized  that overexp ress ion  o f  B iP  could  protect the 

c e l l  from T M . Such  a f in d in g  w o u ld  be a n a lo g o u s  to the p ro tec t iv e  role

conferred  by c y to s o l ic  heat sh o ck  proteins in response  to thermal stress [131,  

132] .

T o  d irect ly  test this h y p o th es is ,  I perform ed exp er im en ts  com p ar in g  the 

e f fe c t  o f  T M  on cell  v iab ility  in strains 2C and 2C A . B r ie f ly ,  lo g -p h a se  c e l ls  

from these  tw o strains were incubated for 3 hours in the ab sen ce  or presence  

o f  C u 2+ to induce B iP  protein lev e ls  about 10-15 fo ld over  basal leve ls .  It is 

important to note that, even  in the absence  o f  ex o g e n o u s  C u2 + , strain 2CA has 

steady state B iP  protein le v e ls  that are approxim ately  4 -5  fo ld  greater than the 

le v e l  seen  in strain 2C. C e l ls  from both strains w ere  then c h a l len g ed  with  

three different doses  o f  TM  (0 .2 , 0 .5 ,  or 5 .0  p g /m l) .  At the sp ecif ied  time points,
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a liq u o ts  w ere  rem o v ed  to d e term in e  both c e l l  num ber and v ia b i l i ty .  C ell  

nu m b er  w a s  d eterm in ed  by d irect  co u n tin g  in a h e m a c y to m e ter  as d escr ib ed  

in the E xper im enta l  P rocedures.  Cell v iab i l i ty  w as determ ined  at each  tim e  

p o in t  by  spreading c e l l  on to  s e le c t iv e  p lates and co u n tin g  c o lo n ie s  after f iv e  

days  o f  growth.

S tra in s  2C  and 2CA are s im ilar  in their  s e n s i t iv i ty  to T M 's d o se -  

d ep en d en t ab ility  to inhibit c e l l  d iv is io n  (F igure  23 ) .  T he  ab ility  o f  T M  to 

arrest c e l ls  in the G i  phase  o f  the ce l l  c y c le  w ithout inhib iting  c e l l  growth is 

w ell  docum ented  [133 , 134], A s  a consequence , yeast ce l l  growth was monitored  

by d irec t  c o u n t in g  in a h e m o c y to m e te r  rather than by m e a su r in g  o p t ic a l  

d en sity ,  s in ce  the continued  increase  in optical density  o f  c e l ls  treated with TM  

is due to the increase in ce ll  s ize ,  not an increase in ce l l  number. Exam ination  

o f  the  T M -tr e a ted  c u ltu r e s  in d ic a te d  that c e l l s  from  both  stra in s  w ere  

ap p rox im ate ly  tw ice  the d iam eter  o f  the control c e l l s ,  a result co n s is ten t  with  

that reported by other in vest iga tors  [44, 134], C om parison  o f  the grow th  o f  

strain 2CA in the absence  and presence o f  C u2+ su g g es ts  that o v erex p ress io n  o f  

B iP  d o es  not have a deleter ious affect  on growth in the w ild -typ e  strain. 

E x a m in a t io n  o f  c e l l  v ia b i l i ty  in response  to in creas in g  co n cen tra t io n s  o f  TM  

d em on strates  that the w ild ty p e  strain 2C is dram atica lly  m ore s e n s i t iv e  to the 

lethal e f fec ts  o f  T M  than is strain 2CA (Figure 24) .  Com parison o f  ce l l  v iability  

betw een  these tw o strains after f iv e  hours at the indicated dosage  o f  TM , in the 

a b s e n c e  and p r e s e n c e  o f  C u 2+ pretrea tm en t,  arg u es  that c e l l  v ia b i l i ty  is  

e n h a n c e d  in d irect proportion  to  the in itia l B iP  le v e l  (F igu re  2 4 A ) .  The  

o b served  proportionality  betw een  the level o f  B iP  express ion  at the tim e o f  TM  

c h a l le n g e  and m a in te n a n c e  o f  c e l l  v ia b i l i ty  during  e x te n d e d  in c u b a t io n s  in 

the p r e se n c e  o f  this drug s u g g e s t s  that, under our ex p er im en ta l  c o n d it io n s ,
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F ig u r e  23. D ose -d e p e n d e n t  inhib it ion  o f  yeast  cell  d iv is ion  by TM.

L o g -p h a se  c e l l s  from yeast  strains 2C  and 2CA w ere d iluted  to a concentration  

o f  1.2 x 106 ce l ls /m l and incubated for 3 hours in the ab sen ce  or p resence  o f  

0 .2  m M  C u2+ as specif ied . At time zero, TM  was added (so lid  sym bols)  to a final 

con centration  o f  0 .2 ,  0 .5 ,  or  5 .0  |i.g/ml as ind icated . At the s p e c i f ie d  t im es,  

a liquots  w ere  rem oved  to determ ine c e l l  num ber as descr ibed .



I l l

F i g u r e  2 3 .  D o s e - d e p e n d e n t  i n h i b i t i o n  o f  y e a s t  c e l l  d i v i s i o n  b y
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F igure  24. B iP  o v e r e x p r e s s io n  m a in ta ins  cel l  v ia b i l i t y  in resp onse  

to TM  challenge .

L o g -p h a se  c e l l s  from yeast strains 2C  and 2CA were d iluted  to a concentration  

o f  1.2 x 106 c e l l s /m l  and incubated for 3 hours in the ab sen ce  (so l id  line) or 

p resen ce  (dotted  l in e )  o f  0 .2  m M  C u2 + . A t tim e zero , T M  w as added (so lid  

sy m b o ls )  to a final concentration  o f  0 .2 ,  0 .5 ,  or  5 .0  p g /m l .  At the indicated  

t im e s ,  a l iq u o ts  w e r e  r e m o v e d  to d e te r m in e  ce l l  n u m b er  and v ia b i l i t y  as 

described . ( A )  D o se  response  o f  cell v iability  in response  to 0 .2 ,  0 .5 ,  and 5 .0  

p g /m l  T M  c h a llen g e .  (B) T im e course o f  ce l l  v iability  after a 5 .0  p g /m l  TM  

c h a l le n g e .  C ell  v ia b i l i ty  w a s  d eterm in ed  at each  t im e  po in t  by sp read in g  

aliquots  o f  the reactions on to s e le c t iv e  p lates and cou n tin g  c o lo n ie s  after f iv e  

days o f  growth.



113

Figu r e  24. B iP  o v e r e x p r e s s io n  m a in ta ins  cel l  v ia b i l i ty  ii 

to TM  chal lenge .
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e le v a te d  l e v e l s  o f  p r e - e x i s t i n g  B iP  are m ore e f f e c t iv e  than B iP  in d u ced  in 

resp o n se  to stress.

T he  extrem e sen sit iv ity  o f  strain 2C  to 5 p g /m l o f  TM  is also  ev ident in 

the  t im e  co u r se  e x p er im en t ,  w h ere  on ly  0 .2%  o f  the  treated c e l l s  rem ained

v ia b le  at the end o f  a f ive  hour incubation (F igure 2 4 B ) .  In com parison , strain 

2 C A  is  s ig n if ic a n t ly  m ore resistant, w ith  9 .3%  o f  the c e l l s  rem ain ing  v iab le  

after the sam e treatment. In the presence  o f  C u2 + , w h ich  in creases  the B iP  

le v e ls  10-fo ld  over  those  found in strain 2C, strain 2CA is even more resistant to 

T M  treatm ent, w ith  25 .7%  o f  the c e l l s  rem ain ing  v ia b le  at the end o f  the 

i n c u b a t i o n .

W e  c o n c lu d e  that o v e r e x p r e s s io n  o f  B iP  in crea ses  the ce l l 's  long-term

ability  to su rvive  a lethal ER stress as represented by T M  treatment. H ow ever ,  

o v e r e x p r e s s io n  o f  B iP  has n o  e f f e c t  on c o u n te r a c t in g  the acu te  d iv is io n a l  

arrest that occu rs  during T M  treatment. M o st  important, hav in g  a pre-stress

e lev a t io n  o f  B iP  (as seen  in the e leva ted  basal transcription in the 2CA strain

in the ab sen ce  o f  C u 2 + ) w as  observed  to con fer  a greater degree  o f  protection  

than the B iP  induced  during the stress.

c

B .  O v e r e x p r e s s io n  o f  B i P  f r o m  the CUP1 p r o m o t e r  in h ib i t s  the

induct ion  o f  genom ic  BiP  by TM

T he se q u e n c e  o f  ev en ts  that results in the e leva ted  sy n th es is  o f  B iP  in

response  to an ER stress such as T M  treatment is not w ell  understood. It has 

b een  proposed  that the ce l l  is able to sen se  the secretory load w ithin  the ER

lu m e n  and in it ia te  a s ig n a l in g  p a th w ay  w h o s e  u lt im a te  e f f e c t  is in crea sed

transcription o f  the B iP  gene. A fundamental question  is: what is the primary

s ig n a l  in the ER that u lt im ate ly  in it ia tes  the transcriptional response?  Is it 

the aberrant or  m a lfo ld e d  prote in , a co m p le x  o f  B iP  with such prote ins ,  or
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perhaps the le v e l  o f  free B iP ?  A s  a first step to d is t in gu ish  b e tw een  these  

p o s s ib i l i t i e s ,  I e x a m in e d  the k in e t ic s  o f  B iP  in d u ct io n  in r e sp o n se  to TM  

treatm ent after o v erex p ress in g  B iP  from the e x o g e n o u s  C U P1 prom oter  (Figure  

2 5 ) .

T o  e x a m in e  the potentia l  feed b a ck  regu lat ion  o f  B iP  transcription , the  

c o n tro l  strain (2 C )  and s tra ins  c o n ta in in g  the lo w - c o p y  (c e n tr o m e r ic ) ,  and  

h i g h - c o p y  ( e p i s o m a l )  C U P 1 - K A R 2  p la s m id s  w ere  p retreated  w ith  C u 2+ t o  

st im u la te  the production  o f  "exogenous"  B iP  from the CUP1 prom oter. A s  a 

c o n seq u en ce ,  the leve l  o f  B iP  m R N A  prior to cha llen g in g  the ce l ls  with T M  was  

ap p rox im ate ly  15 -fo ld  h igher  in the lo w -c o p y  strain, and 4 0 - fo ld  h igher in the  

h ig h -c o p y  strain (F igu re  2 5 A ) .  A ll  three strains w ere then c h a l le n g e d  with  

1 p g /m l  T M  for increasing  t im es. At each tim e point, an aliquot o f  c e l ls  was  

rem oved  and total R N A  w as extracted and subjected  to Northern ana lys is ,  using  

a probe sp e c i f ic  for ch ro m o so m e-d er iv ed  B iP  m R N A  (F igure  2 5 B ) .  T h e  basal 

l e v e l  o f  c h r o m o so m e -d e r iv ed  B iP  m R N A  is identica l in all three strains; this  

su g g e s ts  that s im p le  o v erex p ress io n  o f  B iP  protein  d o es  not in f lu en ce  the basal 

transcr ip tion  rate o f  the  B iP  g e n e .  Furtherm ore, w e  c o n s is te n t ly  o b se r v e d  

that in crea s in g  the in itia l le v e l  o f  B iP  prior to a T M  c h a l le n g e  produced  a 

s ig n if ica n t  t im e lag in the induction o f  B iP  m R N A . F in a lly ,  the absolute  leve l  

o f  B iP  m R N A  at the end o f  the study w as consistently  on ly  50% o f  the control 

l e v e l .

T h e  o b s e r v a t io n  that B iP  o v e r e x p r e s s io n  d a m p e n s  the  T M -m e d ia te d  

transcr ip tiona l in d u ction  o f  the  K A R 2 g e n e ,  p r o v id e s  s o m e  in s ig h t  into  the  

m e c h a n is m  by w h ic h  the c e l l  s e n s e s  the p r e s e n c e  o f  m a lfo ld e d  p ro te in s  

w ith in  the ER lum en. If  the acute leve l  o f  m a lfo ld ed  prote ins resu lting  from  

T M  treatm ent rem ains con stan t  during B iP  o v e r e x p r e s s io n ,  then the le v e l  o f  

B iP -m a lfo ld e d  prote in  c o m p le x e s  shou ld  a lso  in crease  under th ese  co n d it io n s .
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F ig u r e  25.  Induct ion o f  chrom osom al-der iv ed  BiP mRNA by TM can 

be i n h ib i t e d  by o v e r e x p r e s s io n  o f  p la s m id - d e r iv e d  BiP  

m R N A .

E qual am ou n ts  o f  ear ly  lo g -p h a s e  c e l l s  from  stra ins 2C  (c ir c le s ) ,  2C L C K 2  

(squares)  and 2C H C K 2  (tr iangles)  w ere  pretreated w ith  0 .2  m M  C u2+ for three 

hours, prior to ch a llen g in g  c e l ls  with TM . Total R N A  w as iso la ted , transferred  

to n i tr o c e l lu lo se  and subjected  to Northern an a lys is .  ( A )  P la m id -d e r iv e d  B iP  

m R N A  le v e ls  after C u2+ treatment, detected  using  a probe sp ec if ic  for p lasm id-  

d er ived  B iP  m R N A . The am ount o f  rad ioactive  labe led  p lam id-der ived  B iP  and  

actin m R N A s  w ere  quantitated and norm alized  as described  in Figure 11. The  

data are presented as the fo ld  induction  o ver  the le v e l  found in w ild -typ e  c e l ls  

in the absence  o f  treatment. (B) Induction  o f  c h r o m o so m a l-d e r iv e d  B iP  m R N A  

le v e ls  in response  to T M  (1 p g /m l )  c h a l len g e  after C u 2+ induction o f  p lasm id-  

d erived  B iP . T h e  am ount o f  rad ioactive  labe led  c h r o m o so m e -d e r iv ed  B iP  and 

actin m R N A s  w ere quantitated and norm alized  as described  in Figure 11. The  

data are presented  as the fo ld - in d u ct ion  o v er  the le v e l  o f  ch rom osom al-d er ived  

B iP  prior to the TM  ch a llen ge .
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F igure  25. Induction  o f  chromosom al-der ived  BiP mRNA by TM can 

be i n h ib i t e d  by o v e r e x p r e s s io n  o f  p l a s m id - d e r iv e d  BiP  

m R N A .

A.  Induct ion o f  plasmid-derived  BiP mRNA
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In th is  c a se ,  our data s u g g e s t  that the le v e l  o f  th ese  c o m p le x e s  is not the

param eter sen sed  by the c e l l .  Instead, the results  support a m od e l in w hich  

the lev e l  o f  free B iP  is  sen sed  by the ce ll  and the leve l  o f  transcription o f  the 

K A R 2  g e n e  is  regulated accordingly . T hough  this experim ent d o es  not identify  

the m olecu lar  entity  that acts as the signal, it supports the idea that B iP  itse lf  is 

in v o lv e d  in its  ow n  regulation  ( see  d iscu ss io n ) .

C . TM -m ed ia ted  induct ion o f  BiP  occurs  a t  the level  o f

t r a n s c r i p t i o n

In the course  o f  these  studies , w e  o cca s io n a lly  ob served  a m ild  increase  

o f  p la sm id -d e r iv e d  B iP  m R N A  in T M -treated  sa m p le s ,  s u g g e s t in g  that th ese

transcripts w ere  s tab il ized  by TM  treatment. T o  in vest iga te  this observation , I 

m easured  the h a lf - l i fe  o f  B iP  m R N A  d irectly  in the a b sen ce  and p resen ce  o f  

TM . T o accom plish  this m ost s im ply , I utilized the R Y 2 6 2  strain o f  S. cerevisiae , 

w h ic h  c o n ta in s  a m utant R N A  p o ly m e r a se  II that is  rapidly  in activa ted  at

n o n p e r m is s iv e  tem p eratu res .  B r ie f ly ,  c e l l s  w ere  g ro w n  at the p e r m is s iv e  

temperature in the absence  or presence o f  1 p g /m l  T M  for tw o hours, abruptly 

sh if te d  to the n o n p e r m is s iv e  tem perature and incubated  for in crea s in g  t im es ,  

after  w h ic h  tota l R N A  w a s  iso la te d  and su b je c te d  to N orthern  a n a ly s is .  

C om parison  o f  the absolute le v e l  o f  B iP  m R N A  as a function o f  tim e fo l lo w in g  

the sh ift  to the n o n p erm iss iv e  temperature a l lo w ed  the stability  o f  B iP  m R N A  

to be  d irec t ly  o b serv ed  (F ig u re  26 ) .  T h e  resu lts  u n e q u iv o c a l ly  dem onstrate  

that T M  d o e s  not s tab il ize  B iP  m R N A , and may in fact m ild ly  d esta b i l ize  it.

T h e r e fo r e ,  th e  in c r e a s e  in s t e a d y - s ta te  B iP  m R N A  le v e l s  f o l l o w i n g  T M  

t r e a tm e n t  is  m o s t  c e r ta in ly  a c o n s e q u e n c e  o f  an in c r e a s e d  rate o f  

t r a n s c r i p t i o n .
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F i g u r e  2 6 .  B i P  m R N A  d e c a y  in  t h e  a b s e n c e  a n d  p r e s e n c e  o f  T M .

E ar ly  lo g - p h a s e  c e l l s  from  th e  t e m p e r a tu r e -s e n s i t iv e  R N A  p o ly m e r a s e  II 

m utant strain Y 2 6 2  w ere  gro w n  at the p e r m is s iv e  tem perature ( 2 5 °  C) for 2 

hours in the absence  (open  c irc le s )  or presence (c lo se d  c irc les )  o f  1 p g /m l  T M  

b efo re  sh i f t in g  to the n o n p e r m iss iv e  tem perature ( 3 6 °  C) to stop transcription. 

Total ce l lu lar  R N A  (5 p g )  w as  iso la ted  from each point as descr ibed , separated  

o n  a 1 .0%  a g a r o s e  g e l  c o n t a i n i n g  2% f o r m a ld e h y d e ,  tr a n s fe r r e d  to  

n i t r o c e l l u l o s e  and h y b r id iz e d  u n d er  s tr ig e n t  c o n d i t io n s  w ith  p r o b e s  that  

r e c o g n iz e  act in ,  p p a f ,  and B iP  m R N A  ( A ) .  T he am ount o f  radioactive  label 

h y b r id ized  to B iP , actin and p p a f  m R N A s  w a s  d e te r m in e d  as p r e v io u s ly  

d escr ibed  in F igure  11. ( B )  T he  data are presented as the p ercentage  o f  the

starting B iP  m R N A  leve l ,  prior to the shift  to the restrictive temperature.



121

Figure 26. BiP  m R N A  decay  in the absence  and presence  o f  TM.
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IV. DISCUSSION

G enera l  role  o f  g lycosy la t ion  in the b iogenes is  o f  p p a f

T he use  o f  a triple g ly c o sy la t io n  mutant o f  p p a f  c o m b in e d  w ith  p u lse -  

c h a se  la b e l in g  and H P L C  a n a ly s is  o f  secre ted  rad io labeled  a f  a l lo w ed  us to 

e x a m in e  in a r ig o r o u s  and q u a n t i ta t iv e  m a n n er  the  ro le  o f  A s n - l in k e d  

g ly c o s y la t io n  in the transport and p r o c e s s in g  o f  a w e l l -c h a r a c ter iz e d  m o d e l  

y e a s t  secre tory  prote in . Our an a ly s is  dem on stra ted ,  that d isruption  o f  A sn-  

l in k ed  g ly c o s y la t io n  le a d s  to a s e v e r e  red u ct io n  in a f  se c r e t io n  and a 

co n c o m ita n t  de lay  in E R -to -G o lg i  transport o f  the precursor ( s e e  F igure 10). 

Im p o r ta n t ly ,  th e s e  r e su lts  w e r e  c o n f ir m e d  in the w i ld - t y p e  stra in  u s in g  

tu n ic a m y c in  (T M ) treatm ent as an a lternative  s trategy  to inh ib it  A sn - l in k ed

g ly co sy la t io n .  T he  data su g g est  that the observed  reduction in a f  secretion is a 

co n se q u e n c e  o f  a lo ss  o f  A sn - l in k ed  g ly c o sy la t io n ,  and not a secondary e ffec t  

o f  T M  trea tm en t or  o f  the m u ta t io n s  u sed  to d isrupt the g ly c o s y la t io n  

c o n s e n s u s  s e q u e n c e s .

Our results  strengthen  the c o n c lu s io n s  o f  earlier  s tu d ies  that exam in ed

the im p act  o f  A sn - l in k e d  g ly c o s y la t io n  on  a f  secret ion  by m ating  and halo  

assays [55, 135]. In those  studies , the role o f  A sn-linked  g lycosy la t ion  on p p a f  

transport and secret ion  w as ob served  to be dose -d ep en d en t,  i.e . a p p a f  mutant 

in w h ic h  all three A sn - l in k e d  g ly c o s y la t io n  s ite s  are d isrupted (strain N 1 2 3 )  

exh ib ited  a greater reduction in a f  secretion , than p p a f  g ly c o s y la t io n  m utants

w ith  any c o m b in a t io n  o f  tw o A sn - l in k ed  g ly c o s y la t io n  s ite s  d isrupted (strains  

N 1 N 2 ,  N 1 N 3 ,  and N 2 N 3 ) .  T h e se ,  in turn, ex h ib it  a greater reduction than

m utants w ith  any on e  s in g le  s ite  disrupted (strains N l ,  N 2 ,  and N 3 )  [55]. In 

addition , no one site  predom inates  in its e f fec t  on a f  secre t io n ,  supporting  a 

general role  for o l ig o sa c c h a r id e s  in p p a f  transport and p ro cess in g .
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O ne p o ss ib le  exp lanation  for these  results is  that co-translocationa l A sn-  

l in k ed  g ly c o s y la t io n  prevents  an in itia l n o n -s p e c i f ic  a g g regat ion  o f  p p a f  as it 

is  b e in g  translocated  through the ER m em brane. At a subsequent stage , the  

p r e s e n c e  o f  c o r e - g ly c o s y la t io n  on  g p a f  m ay  p rev en t  n o n - s p e c i f i c  p ro te in -  

p rote in  in teraction s  w ith in  the lum en o f  the ER that co u ld  lead to protein  

a g g r e g a t io n  and fa i le d  transport.

Support for th is  m o d e l  c o m e s  from sev era l  s tu d ies .  In v itro  s tud ies  

u s i n g  p u r i f ie d  y e a s t  in v e r ta s e  r e v e a le d  that g l y c o s y l a t i o n  s t a b i l i z e s  the  

p r o te in  and p r e v e n t s  a g g r e g a t io n  d u r in g  r e fo ld in g  a fter  g u a n id in e  HC1

denaturation . In add it ion , the p resen ce  o f  g ly c o s y la t io n  a l lo w s  invertase  to  

f o l d  p r o p e r ly  u n d er  c o n d i t i o n s  o f  h ig h  p r o te in  c o n c e n t r a t io n ,  w h e r e

a g g reg a t io n  is k in e t ic a l ly  favored  o v e r  fo ld in g .  In v iv o  s tu d ie s  have  a lso  

d e m o n s t r a t e d  a r o le  fo r  A s n - l i n k e d  g l y c o s y l a t i o n  in f o l d i n g ,  s i n c e  

u n d e r g ly c o s y la t e d  or im p ro p er ly  g ly c o s y la t e d  p ro te in s  are o f te n  m is fo ld e d ,  

ev en  in the presence  o f  functional B iP  [1 3 6 -1 3 9 ] .

W e  h y p o t h e s i z e  that  d u r in g  b i o s y n t h e s i s ,  rap id  c o - t r a n s la t io n a l

tra n s lo ca t io n  and c o r e -g ly c o s y la t io n  help  to a v o id  n o n s p e c i f ic  a g g regat ion  o f  

n e w ly  s y n th e s iz e d  g ly c o p r o te in s .  S in c e  the h y d r o p h i l ic  carb oh yd rate  units  

in c r e a se  the  s o lu b i l i ty  o f  partia lly  u n fo ld ed  p rote in s ,  the ten d en cy  to form  

a g g reg a te s  d ecrea ses  w ith  the am ount o f  g ly c o s y la t io n  [1 4 0 ,  141]. B e c a u se  

c o r e - g ly c o s y la t io n  o c c u r s  w ith in  the ER, the s o lu b i l iz a t io n  o f  the n a scen t  

p o ly p e p t id e  c h a in  m ay  p r o v id e  a m e c h a n is m  to a v o id  m i s f o l d i n g  and  

aggregation  at the high protein le v e ls  typ ica lly  found within the ER [142 , 143].

Lu m in a l  role f o r  B iP  in the maturat ion  o f  N 1 2 3 - p a f

M any prote ins require the aid o f  m o lecu la r  ch a p ero n es  to attain their  

f in a l  tertiary structures, and co n se q u e n t ly ,  ch ap eron es  have been found in all
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s u b c e l lu la r  c o m p a r tm e n ts  w h e r e  p ro te in  f o ld in g  o c c u r s .  It i s  b e c o m in g  

in c r e a s in g ly  c le a r  that the m e c h a n ism  by w h ich  th e s e  p ro te in s  exert  their  

e f fe c t  is through their ab ility  to aid protein fo ld in g  and assem b ly  by binding  

n a sc e n t  p o ly p e p t id e  ch a in s  and p rev en t in g  the form ation  o f  "improper", but 

th e r m o d y n a m ic a l ly  s ta b le ,  a l te r n a t iv e  s tru ctu res  or a g g r e g a te s  in c o m p a t ib le  

w ith  p ro te in  fu n c t io n .  It w a s  p red ic te d ,  and s u b s e q u e n t ly  v e r i f ie d ,  that  

c h a p e r o n e s  r e c o g n iz e  and b ind s p e c i f ic  structural m o t i f s  that are present in

n a s c e n t  (or  m utant)  p o ly p e p t id e s ,  but are ab sen t  or  in a c c e s s ib le  in their

m ature  (o r  w i ld - ty p e )  counterparts .

T h e  m o s t  in tr igu in g  resu lt  from our in it ia l s tu d ie s  w a s  the apparent  

rescue o f  a f  secretion  seen in the N 123  strains after T M  treatment (F igure 10). 

T o  account for th is  o b servat ion  w e  proposed  tw o  alternative hyp oth eses:  The

"rescue" h y p o th e s is ,  w h ich  p ostu la tes  that induction  o f  B iP  fo l lo w in g  exp osu re

to T M  leads to a relative s u r p l u s  o f  B iP  within the ER w hich is free to bind 

N 1 2 3 - p a f  and n o n -g ly c o sy la te d  p a f  and prom ote  their fo ld in g  and subsequent  

transport ou t  o f  the E R , e f f e c t iv e ly  re sc u in g  them  from a g g reg a t io n .  In 

contrast ,  the "escape" h y p o th e s is  p o stu la te s  that in the  p resen ce  o f  T M  the

r e l a t i v e  level o f  B iP  is de f ic ie n t ,  s ince treatment with T M  a lso  results in a large 

n u m b e r  o f  n o n - g ly c o s y la t e d  s e c r e to ry  and m em b ra n e  p r o te in s  w h ic h  m ay  

c o m p e te  for B iP  b in d in g ,  lea d in g  to the e sc a p e  o f  n o n -g ly c o sy la te d  p a f  and

N 1 2 3 - p a f .  M ost importantly, these results su g g est  for the first tim e a luminal  

role  for  y c a s i  B iP , s im ilar  to that identif ied  in m am m alian  c e l ls ,  and d istinct  

from the identified role o f  yeast B iP  in ER translocation [31, 84, 85, 144],

T o  d is t in g u is h  b e tw e e n  th e se  h y p o th e s e s  w e  p er fo rm ed  q u a n t ita t iv e

p u l s e - c h a s e  a n a ly s i s  u s in g  the  h ig h - c o p y  A s tra in s ,  w h ic h  c o n ta in e d  a

disrupted  K A R 2  g e n e ,  as w e l l  as h ig h -c o p y  p p a f  or N 1 2 3 - p p a f  e x p r e s s in g  

p la sm id s .  S in c e  the lev e l  o f  B iP  ex p r e s s io n  in th ese  strains is under the
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co n tro l  o f  C u 2+ and u n r e s p o n s iv e  to T M , w e  w e r e  a b le  to  in d e p e n d e n t ly  

regu late  the le v e l  o f  B iP . U nder co n d it io n s  w here B iP  le v e ls  w ere  constant,  

e xp osu re  to T M  enhanced  a f  secretion  in both strains w h ile  dep let in g  the leve l  

o f  in trace llu lar  precursor  ( s e e  F igures  19 and 2 0 ) ,  a result  in c o n s is te n t  with  

the rescu e  h y p o th e s is .  Rather, pretreatm ent w ith  C u2 + (w h ic h  e le v a te d  B iP  

l e v e ls )  resulted  in a decrease  in a f  secret ion  and an increase  in the le v e ls  o f  

in trace llu lar  p a f  and N 1 2 3 - p a f  (see  Figures 19 and 20 ) ,  a result consistent with  

the  e s c a p e  h y p o th es is  and in d ica tive  o f  n eg a t iv e  role for B iP  in transport and  

p ro cess in g .  E xam ination  o f  the e f fe c t  o f  B iP  o verexp ress ion  in the absence  o f  

a surplus o f  potential substrates (C u2+ treatment in the absence o f  TM ) suggests  

that the basal le v e l  o f  B iP  resu lt ing  from the CUP1 prom oter  is  adequate to 

p reven t e sc a p e  o f  N 1 2 3 - p a f  in the absence  o f  T M , s in ce  o verexp ress ion  o f  B iP  

has litt le  im pact on the le v e l  o f  secreted  a f  or in tr a c e l lu la r  N 1 2 3 - p a f  ( s e e  

F igure  2 0 ) .  In add it ion , o v e r e x p r e s s io n  o f  B iP  had m in im al im pact on the 

transport and p r o c e s s in g  o f  the  w i ld - ty p e  p p a f  (Figure 19). Our results are 

co n s is ten t  w ith  the "escape" h yp oth es is ,  and support a n eg a t iv e  role for B iP  in 

the  p r o c e s s in g  and se cre t io n  o f  n o n -g ly c o s y la te d  w i ld - t y p e  p a f  and m utant  

N 1 2 3 - p a f .

T h e  q u est ion  then arises, w hy d oes  o v erexp ress ion  o f  B iP  not co m p le te ly  

inhibit  a f  secret ion  in strain H C N 123A ? O ne p o ss ib i l i ty  is that the b iogen etic  

d e fe c t  re su lt in g  from the lack o f  g ly c o s y la t io n  is in c o m p le te ,  and a sm all  

p ercen ta g e  o f  the precursor is co m p eten t  for transport and p ro cess in g .  There  

m ay b e  an e q u i l ib r iu m  b e tw e e n  m a lfo ld e d ,  t r a n sp o r t - in c o m p e te n t  p recu rsors  

that are bound to B iP ,  and properly  fo ld e d ,  tra n sp o r t-co m p eten t  precursors  

that are not substrates. In the ca se  o f  the g ly c o sy la te d  precursor ( g p a f ) .  this  

eq u il ib r iu m  sh o u ld  favor  the tran sp ort-com p eten t  form , w h i le  in the c a se  o f  

the  m utant N 1 2 3 - p a f  or n o n -g ly c o sy la te d  p a f ,  the equ ilibr ium  m ay favor the
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t ran sp ort- in com p eten t  form . O ne m ig h t  predict  that, ir r e sp e c t iv e  o f  the  B iP  

con cen tra t ion ,  a sm all  am ount o f  n e w ly  sy n th e s iz e d  N 1 2 3 - p a f  w il l  never  bind  

to BiP.

Role  f o r  B i P  in y e a s t  t ranslocat ion

A  r o le  fo r  B iP  in y e a s t  t r a n s lo c a t io n  w a s  f ir s t  o b s e r v e d  after  

d em o n stra t in g  that a tem perature  s e n s i t iv e  m utant o f  y e a s t  B iP  accu m u la ted  

s ig n a l  p e p t id e -c o n ta in in g  secre tory  precursors on  the c y to p la s m ic  s id e  o f  the 

E R  m e m b r a n e  [3 1 ] ,  and w a s  su b s e q u e n t ly  c o n f ir m e d  by  d e m o n s tr a t in g  a 

s im ilar  p henotype  in w ild -type  c e l ls  depleted  o f  B iP  [31, 84] ,  B ased on genetic  

and c r o s s - l in k in g  s tu d ie s ,  y e a s t  B iP  has b een  p ro p o sed  to  fu n c t io n  at tw o  

distinct stages  o f  ER translocation [85]. First, B iP  appears to play a role in the 

in i t i a l  in te r a c t io n  b e t w e e n  th e  s e c r e to r y  p r o te in  and  S e c 6 1 p ,  p erh a p s  

p ro m o tin g  or acting  to s ta b i l iz in g  this interaction. S e c o n d ,  after the secretory  

protein is in contact w ith  S e c 6 1 p ,  B iP  is n ecessary  to advance the translocation  

rea c t io n  from an in it ia l  c o m p le x  w ith  S e c 6 1 p  to  a m ore  m ature  c o m p le x  

c o n s is t in g  o f  the secretory  prote ins ,  S e c 6 1 p  and S e c 6 3 p ,  w h ich  is capab le  o f  

translocating  the secretory protein into the lum en o f  the ER.

Our data do not co m p le te ly  ex c lu d e  a role for B iP  in an earlier stage o f  

N 1 2 3 - p p a f  b io g e n e s is .  U nder  co n d it io n s  o f  m a ss iv e  B iP  o v e r e x p r e s s io n ,  a 

sm all  am ount o f  s ign a l p ep t id e -co n ta in in g  p p a f  and N 1 2 3 - p p a f  w as  observed ,  

su g g e s t in g  that an e a r l y  in teraction  b etw een  B iP  and p p a f  or N 1 2 3 - p p a f  was  

s ta b i l iz e d  (data  not s h o w n ) .  In terest in g ly ,  treatm ent o f  the c e l l s  w ith  TM  

a b o l i s h e d  an y  e v i d e n c e  o f  th e  p r e p r o h o r m o n e s ,  a r g u in g  th a t  th is  

p h e n o m e n o n  is a lso  s e n s i t iv e  to the re la t ive  am ounts o f  B iP  and secretory  

protein  substrates. In any c a se  on ly  a sm all percentage  o f  nascent p p a f  and 

N 1 2 3 - p p a f  w as subject to this effect.
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P o s s ib l e  in te rac t ion  o f  N 1 2 3 - p a f  and  BiP

T h e  e f f e c t s  o f  m anipu la ting  B iP  le v e ls  on  the b io g e n e s is  o f  N 1 2 3 - p a f  

lead  to the h yp oth es is  that th ese  proteins interact d irectly  in the lum en o f  the 

ER. D irec t  dem onstration  o f  this interaction  is  lack in g . T he  h y p o th e s is  is  

supported h o w e v e r ,  by tw o  ob servation s:  (1 )  induction  o f  B iP  ex p ress io n  by

N 1 2 3 - p p a f ,  and (2 )  the grow th-inhib itory  e f fe c ts  o f  co -ex p ress io n  o f  B iP  and 

N 1 2 3 - p p a f .

E x p r e s s io n  o f  N 1 2 3 - p a f  from an integrated ch ro m o so m a l co p y  o f  the 

g e n e  in d u ces  B iP  l e v e l s  within the c e l l  by approxim ately  2-3  fo ld  ( s e e  Figure  

11), and o v erex p ress io n  from a h igh  co p y  ep iso m a l p lasm id results  in an even  

greater le v e l  o f  B iP  induction (see  F igure 12). Importantly, o v erex p ress io n  o f  

the  w i ld - t y p e  p p a f  had no e f fe c t  on steady state B iP  le v e ls ,  c o n f irm in g  the 

sp e c i f ic i ty  o f  the response . T o  our k n o w le d g e ,  this is  the first dem onstration  

that a m utant yea st  secretory  prote in  ( N 1 2 3 - p p a f )  w ith  a w e l l -c h a r a c ter iz e d  

d e fe c t  in in tra ce l lu la r  transport in d u c e s  the e x p r e ss io n  o f  B iP  in a d o se -  

d e p e n d e n t  m a n n e r .

T h e  str ik ing  d i f feren ce  in grow th  rates b e tw een  the m utant and w ild -  

typ e  strains in resp o n se  to o v e r e x p r e s s io n  o f  B iP  su g g e s t s  that the p h ys ica l

in teraction  b e tw een  B iP  and N 1 2 3 - p a f  is deleterious to the ce ll  (see  Figure 17). 

Perhaps the presen ce  o f  large am ounts o f  B iP  in a c o m p le x  with N 1 2 3 - p a f

s ign a ls  a reduction in ce l l  growth s im ilar  to the arrest in the G i  phase  o f  the 

ce ll  c y c le  that occurs in the presence  o f  TM  [133 , 134], H ow ever ,  unlike the

g ian t  c e l l s  se e n  after  T M  treatm ent, the grow th-retard ed  N 1 2 3  m utant c e l l s  

se e n  in the p r e se n c e  o f  B iP  o v e r e x p r e s s io n  are norm al in s iz e  (data not

s h o w n ) .
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Si te  o f  degrada t ion  o f  N l 2 3 - p a f  in the secre tory  pa thw ay

Q uantitation  o f  the capacity  o f  a g iv en  am ount o f  w ild - ty p e  or mutant  

precursor to generate  a g iv en  am ount o f  secreted  a f  lead s  to the c o n c lu s io n  

that a s ig n if ica n t  fraction  o f  n o n -g ly c o sy la te d  p a f  and N 1 2 3 - p a f  is  degraded  

w ith in  the y e a s t  secre tory  p a th w ay , and that c o m m itm e n t  to a d egrad ative  

pathw ay  m ost  probably  occu rs  prior to the K E X 2 -m ed ia ted  p ro teo ly t ic  w ithin

the late G o lg i .  B y  us in g  a sec  18 strain transformed with a centrom eric  plasm id  

c o n ta in in g  the m utant m f a l  g e n e  w e  were able to b lock  transport o f  N 1 2 3 - p a f  

out o f  the ER and dem onstrate a lack o f  degradation. T he  m ost  straightforward

interpretation o f  th ese  data is that the site  o f  N 1 2 3 - p a  f  is distal to the sec 18 

b lock  (i .e .  p ost-E R ), though there are other p o ss ib le  exp lan ation s  (see  R esu lts) .  

S in ce  K E X 2 proteo lytic  c lea v a g e  has been demonstrated to occur in a late G olg i

c o m p a rtm en t  p r o x im a l  to , or  id en t ica l  w ith ,  the s i te  o f  v a c u o la r  p rote in

so r t in g [1 4 5 ] ,  it is p o s s ib le  that the m ajority  o f  N 1 2 3 - p a f  is degraded in the 

G o lg i ,  or m ore likely  within the vacuole .

B iP  p r o t e c t s  y e a s t  f r o m  secre to ry  p a t h w a y  s tress

The fact that c e l ls  respond to d ifferent types o f  secretory pathway stress

by inducing  the syn th es is  o f  B iP  su ggests  that B iP , in analogy  to the c y to so l ic  

h eat  sh o c k  p ro te in s ,  p la y s  a role  in p ro tec t in g  c e l l s  from  the d e le te r io u s  

e f f e c t s  o f  ER stress .  S u rp r is in g ly ,  prior to this  study , this  a ssu m p tion  had 

n ev er  (to our k n o w le d g e )  been tested directly .

W e therefore  d e s ig n e d  an exp er im en t  in w h ic h  the in trace llu lar  le v e l

o f  B iP  w a s  a d ju sted  u s in g  a h e te r o lo g o u s  s t im u lu s  ( i . e .  C u 2 + ) prior to 

ch a l le n g in g  c e l l s  w ith  TM . W e  predicted that o v erex p ress io n  o f  B iP  prior to 

T M  ch a llen g e  w ould  counteract the cy totox ic  e f fec ts  o f  TM . The data confirm ed  

a p rotect ive  role for B iP  and w e  observed  that the lev e l  o f  ce l l  survival was
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p r o p o r t io n a l  to  th e  l e v e l  o f  B iP  p r e - in d u c t io n .  M o s t  im p o rta n t ly  the  

enhan cem en t in v iab il ity  w as  seen  in a strain w h o se  ch rom osom al c o p y  o f  the  

B iP  g e n e  had  b e e n  d is r u p te d  (2 C A )  and h e n c e ,  c o u ld  n o  lo n g e r  

tra n scr ip t ion a lly  respond  to T M  treatm ent. T h e  o b serv a t io n  that the 5 - fo ld  

in crease  in s tead y  state B iP  protein le v e ls  resu lt in g  from basa l transcription  

from  the C U P 1 p ro m o ter  in the 2C A  strain is m o re  p r o te c t iv e  than the  

su b se q u e n t  in d u ct io n  o f  transcr ip tion  se e n  after T M  treatm ent in the w ild -  

type strain (F igure 16) su g g ests  that it is the B iP  level at the initiation o f  the 

c h a l le n g e  that is important for  survival.

Support for the o b servation  that B iP  protects  the c e l l  from ER stress

c o m e s  from a n egative  study in m am m alian c e l ls  [146].  In this study, the role  

o f  B iP  ex p ress io n  on  c e l l  v iab il ity  w as  exam in ed  by integrating approxim ately

800  c o p ie s  o f  a 3 6  bp region con served  in the promoter o f  all g lu co se  regulated  

proteins (G R P), in c lu d in g  B iP , into the g en o m e  o f  C h in ese  ham ster ovary  c e l ls  

(C H O ) .  T h e  s tra teg y  w a s  to  u se  the  in teg ra ted  "decoy"  p r o m o te r  to  

c o m p e t it iv e ly  inhibit the activation  o f  the G RPs by co m p et in g  for t r a n s - a c t i n g  

factors .  U n d er  th ese  c o n d it io n s ,  transform ed c e l l s  ex h ib ited  reduced v iab il ity  

and a 50%  reduction  in grow th  rate after ex p o su re  to ca lc iu m  ion op h ore  (a 

w ell-characteri7 .ed  in d u cer  o f  G R P s) .

Transcr ipt ional  induct ion o f  BiP by TM: What  is the s ignal?

H a vin g  estab lish ed  that the transcription and induction o f  B iP  by T M  is  

a p h y s i o l o g i c a l l y  s ig n i f i c a n t  r e s p o n s e ,  w e  w ish e d  to in v e s t ig a t e  the ER

lum enal c o n d it io n s  that m igh t regulate  this p h en om en on . T he  transduction  o f

a s ig n a l  from  the ER lu m en  to the n u c le u s  is  a b ea u t ifu l  e x a m p le  o f  

in trace llu lar  h o m e o s ta s is .  T o  date, there are few  e x a m p le s  o f  this  ty p e  o f  

re trograd e  c o m m u n ic a t io n  b e tw e e n  in tra ce l lu la r  o r g a n e l l e s  and the n u c le u s
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[1 4 7 ] .  O ne str ik ing  ex a m p le  in yea st  can be se e n  in the in f lu en ce  o f  the 

m ito c h o n d r ia l  s ta te  on  tran scr ip tion  o f  the p e r o x is o m a l  iso fo r m  o f  citrate  

synthase  (C IT 2 g e n e ) ,  w here alteration o f  m itoch on d ria l  function  ( p ° )  e lev a te s  

transcription  6 -3 0  fo ld  o v er  that seen  in respiratory i s o g e n ic  co m p eten t  (p + ) 

c e l l s  [1 4 7 ,  148 ] .  Im portantly , the in f lu e n c e  o f  the fu n c t io n a l  state  o f  the 

m ito c h o n d r ia  on  e x p r e s s io n  o f  the  C IT 2  g e n e  h a s  b e e n  a ttr ib u ted  to  

transactivation  through a n o v e l  U A S  e lem en t  that is  r e sp o n s iv e  to alterations  

in m itochondria l function  [1 4 8 ] .  In our sy stem  the quest ion  then arises, what  

is the signal in the ER that initiates the transcriptional activation o f  BiP?

To address this question , w e  tested w hether pre-induction o f  B iP  prior to 

T M  c h a l le n g e  w ou ld  in f lu en ce  T M -m ed ia ted  transcription, and found that such  

trea tm en t  d a m p e n s  the  tra n scr ip t io n a l  r e s p o n s e .  T h is  is  c o n s i s t e n t  w ith  

s t u d ie s  in m a m m a l ia n  c e l l s ,  in w h ic h  o v e r e x p r e s s io n  o f  B iP  from  a 

r eco m b in a n t  p la sm id  s ig n i f ic a n t ly  red u ces  the in d u ct io n  o f  the ch ro m o so m a l  

B iP  gen e  after exposure  to T M  or calc ium  ionophore [103 ] .  Importantly, G R P94  

in d u c t io n  w a s  a lso  su p p ressed  by B iP  o v e r e x p r e s s io n ,  argu in g  that e lev a ted  

l e v e l s  o f  B iP  serv e  to shut d o w n  the transcriptional act iv a t io n  o f  the G R P  

gen es .  S in ce  the g e n e s  for B iP  and G R P 94  are coord in ate ly  regulated at the 

transcriptional le v e l  by c o m m o n  t r a n s - a c t in g  fa c to rs  a c t in g  through co m m o n  

regu latory  d o m a in s  [1 4 9 ] ,  it is p o s s ib le  that the p u ta t iv e  s ig n a l  transm itted  

from the ER co n verges  on these factors.

In ou r  s tu d ie s ,  s im p le  o v e r e x p r e s s io n  o f  B iP  w a s  not c o m p le t e ly  

e f f e c t i v e  in b l o c k i n g  th e  T M - m e d ia t e d  in c r e a s e  in c h r o m o s o m a l  B iP  

transcr ip tion . T h ere  are sev era l  p o s s ib le  e x p la n a t io n s  for the in term ed ia te  

le v e l  o f  feedback  inhib it ion . First, e lectron  m ic r o sc o p ic  ex a m in a t io n  o f  yeast  

c e l l s  that m a s s iv e ly  o v e r e x p r e s s  B iP  r e v e a le d  s a c - l ik e  e x p a n s io n s  o f  the  

n u c lea r  e n v e lo p e ,  as w e l l  as large ten n is -racq u et  sh ap ed  v e s i c l e s  throughout
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th e  c y to p la s m  (data  not sh o w n ) .  Im m u n o -e le c tr o n  m ic r o s c o p y  d em on stra ted  

that th ese  m em branous structures conta in  a h igh  con cen tra tion  o f  B iP . T his  

s u g g e s t s  that s o m e  o f  the e x c e s s  B iP  is s e q u e s te r e d ,  and thus rendered  

in e f f e c t iv e  in b in d in g  su b stra te  or in tera c t in g  w ith  the p u ta t iv e  s ig n a l in g  

ap p aratu s . N o ta b ly ,  trea tm en t  o f  th e s e  c e l l s  w ith  T M  a b o l i s h e d  th e se  

structures,  s u g g e s t in g  that th ey  on ly  a ccu m u la te  w h en  B iP  is o v e r e x p r e s se d

inappropriate ly . S o m e  precedent e x is t s  for this observation , In D r o s o p h i l i a  

c e l l s ,  con st itu t iv e  o v erex p ress io n  o f  h sp 7 0  lead s  to a reduction in grow th  rate, 

w h ic h  is  fo l lo w e d  by recovery  and a redistribution o f  intracellu lar h sp 70  from

a d i f f u s e  pattern into  d is c r e te  in tra ce l lu la r  g r a n u le s  [ 1 5 0 ] .  T h e  prote in  

granules  appeared to be irrevers ib ly  inactivated , cou ld  not be d ispersed  with  a 

s e c o n d  h e a t  s h o c k ,  and c e l l s  c o n t a in in g  th e s e  g r a n u le s  d o  n o t  s h o w

t h e r m o t o l e r a n c e .

A  se c o n d  reason that the  le v e l  o f  B iP  transcription is not c o m p le te ly  

su p p r e s s e d  m ay  be  the  p o o r ly  c h a r a c te r iz e d  e f f e c t  o f  p o s t - t r a n s la t io n a l  

m o d if ica t io n s  on B iP  function . W h ile  yeast  B iP  has not been dem onstrated to 

be post-translationally  m od if ied ,  in m am m alian c e l ls  B iP  is e x is t s  in tw o pools;  

post-translationally  m od if ied  free B iP , and u nm odif ied  bound B iP  [151].  It may  

b e  that u n d e r  c o n d i t io n s  o f  o v e r e x p r e s s io n ,  y e a s t  B iP  is  in a p p ro p r ia te ly  

m o d if ie d  and thus incapab le  o f  s ign a lin g .

In an a ttem pt to further ch a ra c ter ize  the nature o f  the s ig n a l ,  w e

ex a m in e d  the le v e l  o f  c h r o m o so m a l B iP  m R N A  in a h ig h -c o p y  N 1 2 3  strain  

c o n ta in in g  the C U P 1 -K A R 2  g e n e  on a centrom eric  p lasm id  (pL C K 2). In this  

c a s e ,  the  in crea sed  le v e l  o f  p la sm id -d e r iv e d  B iP  w as ab le  to  a b o l ish  the  

in d u ct ion  o f  the ch ro m o so m e -d e r iv ed  B iP  m R N A  by e x p r e ss io n  o f  N 1 2 3 - p p a f  

(data  not sh o w n ) .  B e s id e s  su p p o r t in g  our feed b a ck  h y p o th e s is ,  th is  result
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s u g g e s t s  that the s ig n a l in g  pathw ay  o f  N 1 2 3  and T M  treatm ent m ay share  

m e c h a n i s t i c a l ly  s im i la r  fea tu res .

F u t u r e  e x p e r i m e n t s

W hat are the c o n se q u e n c e s  o f  B i P - N 1 2 3 - p a f  in teraction ?

B y  d e v is in g  procedures to ly se  yeast  c e l l s  in a m ore gen tle  fash ion  than 

is c o m m o n ly  used  it should  be  p o ss ib le  to iso la te  co m p le x e s  o f  B iP  and N 1 2 3 -  

p a f .  T his  w ou ld  a llo w  for the investigation  o f  related issues ,  e .g . d oes  substrate  

a ssoc ia ted  B iP  turn over  m ore rapidly than free BiP? It m ay be p o ss ib le  to

c r o s s - l in k  N 1 2 3 - p a f  to BiP, or to the yeast translocon. In addition, the use o f  ts 

m utants  o f  B iP  m ay  p in p o in t  the ro le  o f  w i ld - ty p e  B iP  in retention  and  

d egrad at ion  o f  N 1 2 3 - p a f .  F inally  the use o f  vps mutants (d e fec t iv e  in vacuolar  

targ e t in g )  m ay  a l lo w  us to id en t ify  the in trace llu lar  s i te  o f  d egrad ation  o f

N 1 2 3 - p a f

W hat are the c o m p o n e n ts  o f  the E R -to -n u c le u s  s ig n a l  t r a n s d u c t i o n

p a t h w a y ?

A  m e th o d  to s e l e c t  fo r  m u ta n ts  d e f e c t i v e  in the  tr a n sc r ip t io n a l

induction  o f  B iP  in response  to ER s igna ls  w ou ld  a l lo w  proteins all a long  the

retrograde co m m u n ic a t io n  pathw ay  f io m  the ER lu m en  to the n u c le u s  to  be

c lo n e d  and id e n t if ie d .  W h ile  s p e c i f ic  transcription  fac tors  in v o lv e d  in the 

a ct iva t ion  o f  B iP  transcription have been id en tif ied  in yeast  c e l l  ly sa tes ,  they

have yet to be  c lon ed  [104 , 108], M ost importantly, the fo l lo w in g  sch em e would

a l lo w  us to id en t ify  n o v e l  prote ins in v o lv ed  in transm itting the s igna l across

the  ER m em b ran e ,  and c o n s e q u e n t ly  a l lo w  the in it ia l ch a ra c ter iza t io n  o f  a 

n o v e l  s ig n a l  transduction  pa th w ay .
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T h e  b a s is  o f  the s e le c t io n  for m utants  w h ic h  fail to transcr ip tiona lly  

induce B iP  in response  to ER sign a ls  is based on the published observation  that 

d e le t io n  o f  the c a rb o x y  term inal H D E L  te trap ep t id e  in a K A R 2  con stru ct  

c o n ta in in g  the w i ld - ty p e  p ro m o ter  resu lts  in a co r r e sp o n d in g  transcriptional  

induction  o f  this  construct to m aintain  the le v e l  o f  B iP  w ith in  the ER [105] .  

T he important characteristic  o f  this strain is that the lo ss  o f  the H D E L -d eleted  

B iP  v ia  secre tion  results  in a strain w h o se  retrograde co m m u n ica t io n  pathway  

is  con st itu t ive ly  activated to m aintain  B iP  le v e ls .  T he  n ex t  step w ou ld  be to 

transform this strain with a w ild -ty p e  co p y  o f  the K A R 2 g en e  on a centromeric  

plasm id  con ta in in g  the U R A 3 g e n e  as a s e lec ta b le  marker. T he  p resen ce  o f  

w ild - ty p e  B iP  sh o u ld  turn o f f  the  c o n s t i tu t iv e  a c t iv a t io n  o f  the retrograde  

c o m m u n ic a t io n  p a th w a y  (a resu lt  that c o u ld  be  d o c u m e n te d  by N orthern  

a n a ly s is ) .  C e l l s  w o u ld  then be m u ta g e n iz e d  by  standard t e c h n iq u e s  and  

screened  for temperature sen s it iv e  m utants that fail to gro w  on 5 -F O A  plates ,  

w h ic h  s e le c t s  aga in st  U R A 3  c o n ta in in g  p la sm id s .  M utant c e l l s  that cannot  

in crease  the le v e l  o f  transcription from the rem ain in g  K A R 2 g e n e  co n ta in in g  

the H D E L  d ele t ion  should  be unable to lo se  their cop y  o f  the w ild -typ e  K A R 2  

gen e  on the U R A 3 plasmid and hence , w ould  fail to grow on 5 -F O A  plates. It is  

anticipated  that m utations exh ib it in g  this p henotype  cou ld  occu r  in any o f  the 

c o m p o n e n ts  o f  the s ig n a l in g  pathw ay .
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