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g p l l 5  is a N- and  0-glycosylated  protein of Saccha- 
romyces  cerevisiae. It is also modified by  addition of 
glycosylphosphatidylinositol,  which anchors  the  pro- 
tein  to  the plasma  membrane.  The  gene  encoding gpl15 
(GGP1) has been  cloned  by a two-step  procedure.  By 
an immunoscreening of a yeast  genomic DNA library 
in  the  expression  vector  Xgtll, a 3’-terminal0.9-kil- 
obase  portion of the  gene  has  been isolated and  then 
used as a molecular probe  to  screen a yeast  genomic 
DNA library  in YEp24. In  this  way,  the  whole GGPl 
gene  has been cloned. Its identity  with  the  gp115  gene 
has been confirmed  by  gene  disruption,  which  has  also 
indicated that  the function of gp115 is not  essential  for 
cell  viability.  The  features of the sequence are also 
entirely  consistent  with  it  corresponding  to  the gp115 
gene. The nucleotide  sequence of GGPl predicts a 60- 
kDa polypeptide, in  agreement  with  the molecular 
mass of the  gpl15  precursor detected in sec53 mutant 
cells at  restrictive  temperature.  Two  hydrophobic se- 
quences,  one NH2- and  the  other COOH-terminal were 
found. The  former  has  the  features of the  cleavable 
signal sequence,  which  allows the  entry of proteins  in 
the  secretory  pathway.  The  latter could be  the  signal 
sequence that  has  to  be removed during  the  addition of 
glycosylphosphatidylinositol. The  predicted  amino 
acid  sequence of gpl15 shows 10 sequons for  N-gly- 
cosylation and a high  proportion of serine-threonine 
residues  (22%) that could provide  several sites for 0- 
glycosylation. The  unusual  concentration of 27  serines 
in  the COOH-terminal  portion of the  protein  shares 
homology with a similar  polyserine  repeat of the  serine 
repeat  antigen (SERA protein) of Plasmodium  falci- 
parum. A two-dimensional  analysis of the “in vitro’’ 
translational  product of the GGPl mRNA has been 
carried  out,  allowing  the  identification of the “in vivo” 
gpl l5  precursor  in a two-dimensional gel. 
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The addition of glycosylphosphatidylinositol (GPI)’  is a 
recently discovered post-translational modification of pro- 
teins (1-3). The  GPI  is a plasma  membrane  anchoring  struc- 
ture  and  an  increasing  amount of evidence indicates  that  it 
constitutes  the only membrane  attachment  for  the  GPI-linked 
proteins so far  characterized. The  GPI  anchor  is  linked  to  the 
COOH terminus of the  mature  protein  through  an  ethanola- 
mine bridge  (1, 2). Treatment  with  bacterial  phosphatidyli- 
nositol-specific  phospholipase C can release the  GPI-an- 
chored  membrane  protein  in a soluble  form. Studies  are  in 
progress to  establish  the physiological role  played by the 
endogenous  GPI-specific phospholipases  in allowing this se- 
lective  release (2, 4). 

The  GPI  addition occurs in a number of proteins mainly of 
higher eukaryotic cells and protozoa. On  the  basis of their 
function,  one  can divide the  GPI-linked  proteins in  several 
categories: cell surface  enzymes, coat  proteins  or surface an- 
tigens, lymphoid antigens,  and  adhesion molecules (1, 2). 
Recent  findings by our  and  other  laboratories (5-7) indicate 
that  GPI-linked  proteins  are  also  present  in  the  yeast  Saccha- 
romyces cereuisiae, showing that  this  type of modification has 
been evolutionarily  conserved among  eukaryotic cells. 

Metabolically  labeled myo- [3H]inositol  proteins of S. cere- 
visiae have  been resolved by high  resolution two-dimensional 
gel electrophoresis (6). Among the four  major  species, we 
found gp115 (115 kDa, isoelectric point 4.8-5), which has  been 
characterized  as  one of the more abundant  plasma  membrane 
glycoproteins  (8, 9). The labeling of gp115 by palmitic acid 
also, its  susceptibility  to phosphatidylinositol-specific phos- 
pholipase C treatment,  and its consequent behavior as a 
soluble protein  in a detergent  phase  separation  technique 
have  indicated  that  this  protein  contains a GPI-like  structure 
(6). 

The  synthesis of gp115 is highly regulated; it  is  active  in 
growing cells and  is  shut off by conditions  that  cause  yeast 
cells to  arrest  in  stationary  phase (10). For  these reasons, the 
synthesis of this  protein  has  been used as a marker of the 
exponential growth (11, 12). Besides, gp115 is a cell cycle 
modulated  protein  that  reaches  its maximal level between the 
G1 and S phases (13, 14). Recently, we have further  investi- 
gated  the  modulation of gp115 synthesis by using  mutants of 
the  cAMP  metabolic  pathway (15). We  found  that  the  syn- 
thesis of gp115 is triggered  by cAMP  in  early  START,  the 
area of the  GI  phase  in which central regulatory events of the 
cell cycle take place. The progression of the cell cycle toward 
DNA  replication  has  been shown to require at  this  stage  an 
increase of cAMP level and  the  activity of CAMP-dependent 

The abbreviations used are: GPI, glycosylphosphatidylinositol; 
ER, endoplasmic reticulum; kb, kilobase(s); SDS, sodium dodecyl 
sulfate; PAGE, polyacrylamide gel electrophoresis. 
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protein  kinases  (15).  The  addition of CAMP  is shown to 
stimulate gp115 synthesis  in cells arrested  in  early  START 
even under  conditions  in which  growth  does not recover (10). 

In  this  report, a final  characterization of gp115 biosynthesis 
and  the isolation and sequence of the gene (GGPI, glycophos- 
pholipid-anchored glycosylated protein) encoding gp115 are 
presented. The deduced amino acid  sequence is discussed. 

EXPERIMENTAL  PROCEDURES 

Strains, Vectors, and Growth Condition-Escherichia coli strain 
Y1090 (AlacUl69proA+ Alon araD139strA SupF trp22::TnIOpMCS) 
was used  for the  screening of the  yeast DNA library  in  Xgtll. E. coli 
strain Y1089 (AlacU169 proA+ Alon araDl39 strA hflA chr::Tnl0 
pMC9) was lysogenized with  the  recombinant  phages  and used  for 
protein  analysis  and for phage  DNA  preparations.  Both  these  strains, 
originally  isolated  by  Young and Davis (16), were obtained  from G. 
Lucchini  (Dipartimento  di  Genetica e Biologia dei  Microorganismi, 
Universita di Milano,  Italy).  Growth media and phage infection 
conditions were as described  by Sambrook et al. (17).  The  yeast 
genomic  DNA library  in Xgtll (16) was kindly provided  by R. W. 
Davis (Stanford  University,  Stanford, CA). E. coli JMlOl (A(1acpro) 
thi strA supE endA sbcB hsdR F'traD36proAB lac19 lac2 AM15)  was 
the  host  strain for the  transformation  with  pGEM  plasmids  obtained 
from Promega Biotec. E. coli HBlOl  (Fhsd20 (rB-,mB-) supE44 ara- 
14 galK-2  lacy-1  proA2 rpsL20 (str') XYl-5 mtl-1  recA13) was the 
host  strain of the  yeast genomic  DNA library  in  the YEp24 plasmid 
described in  (18).  This DNA library was kindly provided  by  G. 
Lucchini. Plasmid  pVGLP was obtained by cloning  the  5-kb NcoI 
yeast DNA fragment (Fig. 2 A )  in  the NcoI restriction  site of the 
pGEM-5Zf(+) polylinker. Plasmid  YEpBS6 was constructed by clon- 
ing the 4.9-kb BglII-SphI  fragment of pVGLP  into  the  BamHI-  and 
SphI-digested YEp24. Plasmid  pXH was obtained by cloning  the 1.9- 
kb XhoI-Hind111 fragment (Fig. 2 A )  into  the  XhoI-  and  HindIII- 
digested pGEM-7Zf(+). 

S. cereuisiae secretory  mutant  strain  SFNY28-12B  (MATa, sec53, 
his3-11) was obtained by P. Novick (Yale University),  the haploid 
GRF18  strain used  for  gene disruption (MATa, his3-11,15, leu2- 
3,112) was kindly  provided  by A. Hinnen (CIBA-Geigy,  Basel, Swit- 
zerland),  and  the haploid  W303-1B strain  (MATa, ade2-1, canl-100, 
u rd -1 ,  leu2-3,112, tripl-I, his3-11,15)  isolated  by R. Rothstein, was 
supplied by P. P. Slonmiski  (Centre  National  de  la  Recherche  Scien- 
tifique,  Gift-sur-Yvette,  France). The wild type  strain S288C (MATa, 
SUC2, mal, mel, ga12, CUPl) was obtained  from  the  Yeast  Genetic 
Stock  Center  (Berkeley, CA), and  the  strain 6075/5C (MATa, leu2- 
1 ) was kindly  provided  by  M. L. Agostoni (Dipartimento  di  Genetica 
e Biologia dei Microorganismi, Universita  di Milano, Italy). 

Cells were grown in  batches  in  YEPD medium containing 1% yeast 
extract, 2% Bacto-peptone,  and  2% glucose, or  in  DIFCO  yeast 
nitrogen base (YNB) medium  (6.7 g/liter),  2% glucose and  supple- 
mented  with  the  required  amino acids. SFNY28-12B cells were grown 
at 25 "C (permissive temperature) while all  the  other  strains were 
grown a t  30 "C. 

Screening Procedures-A procedure  slightly  modified from Young 
and Davis (16) was used for immunoscreening of recombinant  phages 
(19). Before  use, anti-E. coli antibodies were  removed from  the 
antiserum  anti-gpll5  as described in Ref. 19. 

Immuno-positive clones were characterized by restriction  endonu- 
clease mapping, by the size of the  hybrid  proteins  produced  in 
lysogenes (6)  and by  DNA hybridization  analysis. 

The screening of the  DNA genomic library  constructed by size 
fractionation of partially digested  DNA in YEp24 (18) was performed 
according to  standard  techniques  (17). About 16,000 clones, repre- 
senting more than  99% of the  yeast genome (20) were screened using 
a '"P-labeled RNA  probe  prepared  as described below. 

DNA and RNA Analysis-Standard  protocols, including  cloning 
procedures,  plasmid  DNA preparation,  bacterial  transformation,  aga- 
rose or acrylamide gel electrophoresis, and  Southern  and  Northern 
analyses have  been  described by Sambrook  et al. (17). X g t l l  DNA 
and recombinant phage  DNA were purified using  the  Promega 
LambdaSorbTM  phage  adsorbent.  Transformation of S. cereuisiae cells 
was as described by Ito  et al. (21).  Total  yeast  DNA was prepared by 
the  method of Nasmyth  and Reed (22)  and  yeast  RNA according to  
Elion  and  Warner  (23). Poly(A)'  RNA  was  purified  by affinity 
chromatography  on  Hybond-mAP  paper  (Amersham Corp.). 

Radiolabeled single-strand  RNA  probes were generated by  "in 
uitro" transcription  (24) of DNA  fragments  inserted  into  the  multiple 

cloning site of pGEM-blue  plasmid using the RiboprobeTM  system 
from  Promega Biotec and  [a-"PIUTP (800  Ci/mmol, Amersham 

Gene Disruption-To determine if the cloned fragment  contained 
the  GGPl gene, the procedure of one-step gene disruption described 
by Rothstein  (25)  has been used. The plasmid pVGLP was digested 
with  XhoI  and  SalI,  and  the selectable LEU2yeast gene,  derived  from 
YEpl3 vector (26), was  cloned into  the cleaved DNA fragment. E. 
coli JMlOl cells were transformed,  and  plasmid DNA  analyzed by 
restriction  mapping  to  confirm  the  correct  insertion of the  fragment. 
The recombinant  plasmid was digested with NcoI in order  to excise 
the  yeast  DNA  fragment  from  the vector, and  the whole mixture was 
used to  transform  GRF18 Leu- cells. Disruptions were tested by 
Southern  analysis  to  confirm  the gene  replacement. 

DNA  Sequencing and Nucleotide  Sequence Analysis-Two strate- 
gies were principally used. (i)  Different  restriction  fragments of the 
5-kb  NcoI-fragment were subcloned. (ii)  Deletions were obtained 
using Ex0111 according to  Henikoff (27) or using Ba131 nuclease (17). 
Plasmid  DNA was  purified on CsCl gradients.  In some instances, 18- 
base oligonucleotides were synthesized by  a  DNA synthesizer (Cy- 
clone, Biosearch,  Inc.)  and  used as sequencing  primers.  Sequencing 
on  both  strands was done by the dideoxy chain  termination  method 
(28) using alkaline  denatured DNA templates. The sequencing reac- 
tions were carried  out  with  the  Pharmacia T7DNA  polymerase se- 
quencing  kit  using  the  [Y5S]dATP  as  the labeled  nucleotide.  Promega 
TaqTrackTM  sequencing  system was used to  resolve the ambiguities 
eventually  found  in  the sequence. 

The nucleotide sequence of GGPl  and  the deduced amino acid 
sequence of gp115 were analyzed using the  programs of the  PCGENE 
package from  IntelliGenetics. 

Extract Preparation, Labeling Conditions, Electrophoretic  Proce- 
dures, and Immunoblotting-Protein extracts from E. coli lysogenes 
were prepared according to  the procedure  described  by Young and 
Davis  (16).  Total unlabeled protein  extracts of S. cereuisiae cells were 
prepared  as previously  described (29). [""SIMethionine (20  pCi/ml) 
was added to  sec53 exponentially growing cells or 15 min after  the 
shift  to 37 "C,  as previously reported (8). After 1.5 h, labeling extracts 
were prepared for the  analysis by two-dimensional gel electrophoresis 
(14,  30). 

Proteins were resolved by SDS-PAGE  (31) or by two-dimensional 
gel electrophoresis  (30)  on 8% polyacrylamide slab gels. Labeled gels, 
following electrophoresis, were treated  with  Enlightning  (Du  Pont- 
New England  Nuclear).  Electrophoretic  transfer of proteins  and 
immunodecoration of blots were carried  out  as previously  described 
(32, 33). 

I n  Vitro Transcription  and Translation-About 1-2 pg of HindIII- 
linearized plasmid pXH was transcribed in uitro according to a 
procedure  previously reported  (34).  The  transcription  reaction (40 pl) 
was carried  out  with T7  RNA  polymerase in  the presence of 
miG(5')ppp(5')G for capping a t  37 "C for 1.5  h.  One-twentieth of the 
transcription  product was translated  in a rabbit reticulocyte lysate 
(Promega  Biotec) according to  the  conditions suggested by the  man- 
ufacturer  with 1 pCi/ul of [:%]methionine  for 1 h a t  30 "C.  Aliquots 
of the  reaction  mixture were analyzed  by two-dimensional gel electro- 
phoresis. 

Corp.). 

RESULTS 

Biosynthetic  Pathway of gpll5-In previous papers from 
our  laboratory, a partial  characterization of the gp115 biosyn- 
thesis  has  been described (6, 9). By using tunicamycin,  an 
inhibitor of N-glycosylation but  not of GPI  addition,  an 88- 
kDa polypeptide  (p88) is  detected (6,  35). N-Core oligosac- 
charide  chains  linked  to  the  protein  contribute  to  the  forma- 
tion of a 100-kDa intermediate  precursor (p100). Transport 
from endoplasmic reticulum (ER) and  final  maturation of 
pl00  into gp115 takes places in  the Golgi and  can be blocked 
by the s e d 8  temperature-sensitive  mutation (6). Here, we 
used  the sec53 mutant  to  study  the early steps of gp115 
biosynthesis  and,  in  particular,  whether 0-glycosylation  oc- 
curs  in gp115. The SEC53 gene is known to encode the 
cytoplasmic  enzyme phosphomannomutase  that  is required 
for the  production of GDP-mannose (36). It  has been  shown 
only  very  recently that  this sugar donor is required not only 
for  the  N-  and  0-glycosylation,  but also  for the  formation of 
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the glycans  moiety of the  GPI  structure  (7).  In  order  to 
roughly estimate  the  contribution of the  0-linked  mannoses 
and of GPI  to  the mass of the p88 N-unglycosylated  form, 
SDS-PAGE-fractionated  protein  extracts from sec.53 cells 
grown a t  25 "C or incubated for 2  h a t  37 "C were analyzed by 
an  immunohlot  using  anti-gpll5  antibodies.  A  65-kDa  im- 
munoreactive  hand ( ~ 6 5 )  was accumulated a t  37 "C (Fig. lA, 
lane b ) .  The gp115 accumulated before the  temperature  shift- 
up was also det,ected since  this  protein is rather  stable  (ahout 
10% of degradation/h)  (data  not  shown).  Since  GPI  contrib- 
utes only for ahout 2-4 kDa of the  apparent molecular mass 
of a polypeptide ( l , G ) ,  it appears  that gp11.5 is also modified 
hy 0-glycosylation. A schematic  representation of gpllfi hio- 
synthesis is shown in Fig. 1R. 

Isolation of the &ne (GGPI) Encoding gpll.5-We have 
screened a genomic yeast DNA library in the  expression  vector 
X g t l l  (16)  (2 x lo" recomhinant  phages)  using  antibodies 
anti-gpll5 previously obtained  (9).  Phages from 135 plaques 
giving  positive signals at   the initial  screening were replated 
and rescreened  several times.  The  last  immunoscreening of 
12 recomhinant clones  was performed with antihodies  affin- 
ity-purified from p88 (6, 9).  One  recomhinant  phage (X7) 
containing  a 2.7-kb EcoRI yeast DNA fragment (Fig. 2 A )  
inserted in the LacZ gene and  producing a 137-kDa hybrid 
protein was further analyzed. A 0.9-kb EcoRI-Hind111 frag- 
ment  contiguous  to  the 3' end of the LacZ gene was sequenced 
and it was shown to  contain a coding region in  frame  with 
LacZ and a stop  translation codon close to  the Hind111 restric- 
tion  site,  thus  making likely that i t  could encode  the 23-kDa 
heterologous  polypeptide  moiety of the  137-kDa  hyhrid  prod- 
uct, 114 kDa being the molecular mass of @-galactosidase in 
the fusion protein  (19). 

The 0.9-kb EcoRI-Hind111 fragment found  in X7 (Fig. 2 4 )  
was used as a probe in Southern  analysis of total  yeast DNA 
(Fig. 2R), allowing the  construction of a preliminary  restric- 
tion map of the  yeast cloned  genomic  locus  (Fig. 2 A ) .  To 
isolate  the  entire  gpl15 gene, we used this  fragment as a 
molecular  probe to  screen a yeast genomic  DNA library in 
YEp24  plasmid (18). All the 17 recomhinant  clones selected 
after several  hybridization steps  contained genomic inserts of 
about 10 kh with  an  internal  5-kh NcoI fragment  common  to 
all the classes of plasmids. This  internal  fragment (Fig. 2 A ) ,  
cloned  in the high copy number vector  YEp24 (YEpRSG 
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FIG. 1. Biosynthetic  pathway of gp115. A, total  extracts  from 
exponentially  growing .scc59 cells at 2.5 "C (lone n )  and  after 2 h 
incuhation at 37 "C (lnnc h )  were  fractionated hy SDS-PAGE. Blots 
were  prohed  with  anti-gpll5  antiserum  and  ""I-laheled  protein A. R ,  
schematic  representation of gpl15 hiosynt  hesis. 
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FIG. 2. Isolation of GGPl gene. A. structure of the  yeast D S A  

insert in X7 recomhinant  phage (upprrpnncl ) .  with  an nstcrisl: indi- 
cating  the  point of  fusion  with  the  3'-end of the  1,acZ gene (nnt 
shown). Imrw pancl, restriction  map of yeast  genomic DSA. T h e  
arrow indicates  the  direction of transcription.  The shndrd hOx6.s in 
both pnnrls indicate  the  M;Pl-coding region. [I. Southern  analysis 
of restricted  genomic D N A  prohed  with  the O . 9 - k h  I.:colll-/l~ntllll 
fraament  from X7. 
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FIG. 3. Overexpression of gpl1R. Total  extracts  from  exponen- 
tially  growing \V:!O3-ll3 cells (Innr- a )  and  from  cells  transformed  with 
the  multicopv  plasmid YEpHSf (/ant h ) ,  whose  construction is de- 
scribed under  "Experimental I'rocedures."  were  fractionated hy SI)S- 
PAGE, hlotted on nitrocellulose.  and  immunodecorated as in  Fig. 1.4. 
The  same  amount  of proteins  was  loaded on each lane. 

plasmid, see "Experimental  Procedures"), was used to  trans- 
form the haploid strain W303-1R. The  transformed Ura+ cells 
were shown to  contain  the YEpRSG plasmid hv Southern 
analysis  (data  not  shown)  and  to overproduce the  gpl15  about 
5-fold over  the  control cells (Fig. 3 ,  lanrs  a  and b ) ,  thus 
indicating  that  the  complete gene is contained in t h e   5 k h  
NcoI fragment. In Fig. 3, / m e  h, besides gp115, other  immu- 
noreactive  hands of lower molecular weight were present, 
prohahly due  to gp115 degradation or to  partiallv processed 
forms of gpll.5. 

mRNA Analysis-Northern analvsis of yeast  polv(A)' RNA 
was carried  out.  Two RNA prohes  complementary  to  the 0.9- 
kb EcoRI-Hind111 fragment  (see Fig. 2 A )  and  transcrihed in 
two different  orientations allowed us  to  detect a 1.9-kh  mRNA 
(Fig. 4), which is transcrihed in the EcoRI-Hind111 direction 
according  to  the  orientation of the  yeast DNA insert found in 
X7 (Fig. 2 A ) .  The size of mRNA is compatihle with the 



Sequence of the Yeaqt Gene  Encoding gp115 1224.5 
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FIG. 4. Northern  blot  analysis of yeast poly(A)* RNA. Iden- 
tical  samples of al)or~t 20 wg of poly(A)+ RNA from  strain S288C 
prepared  as  descritjed  under  “Experimental  I’rocednrrs”  were hybrid- 
ized  with  romplementary  single-st  rand  ~‘~‘l’-lal>eled  prohes.  These  were 
prepared by transcribing with SI% (Inn<, n )  or with TS (Innr h )  RNA 
polymerases  the O.9-kt) IhRI -Hind l I l  fragment  cloned  into  the 
I:‘c.oliI- and  Hindlll-digested  pGEM-t)lue  vector. 
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Flc. 5.  Disruption of the GCPI gene. A ,  schematically  shown 
is the  replacement of the  Xhol-Snl l  fragment  from  the  GGPl  gene 
with a 2.2-kh Xh~~l -Sn l l  fragment  harboring  the S. crwcisine LKU2 
gene. H ,  Southern  analysis of  restricted D N A  of GRFIR strain (Innrn 
h and r )  antl o f a  Leu’  transformant (lanes n a n d  d )  prohed  with  the 
0.9-kh F,‘ccoliI-Hindlll fragment.  Yeast DNA was  digested  with I’stI 
(lnnrs n and h )  or with I:’coltl and Hind111 (Innes c and  d ) .  C’, total 
protein  extracts of exponentially  growing GRFlR cells (Innr n )  and 
of the Leu’ transformant (Innr h )  were  fractionated I y  SDS-I’AGIS 
and  analvzed hy immnnohlot  as  descrihed in  Fig. 1A. D ,  meiotic 
progeny  from  dissected  tetrads  of  diploids  heterozygous  for  the 
ggpl::lAEU2 disruption is shown. 

apparent  molecular  mass of the  precursor of gp115 (65 kDa). 
Confirmation of Gene  Identity-To  unambiguously  ascer- 

tain  whether  the GGP I gene is contained  in  the  cloned  region, 
a null  mutation of the  GGPI locus  was  generated  in  the 
haploid  strain  GRF18  by  the  one-step  gene  disruption  proce- 
dure  using  LEU2 as a selective  marker  (Fig. SA) .  T h e  
ggpI::LBU2  disruption  construct is described  under  “Experi- 
mental  Procedures.”  Southern  analysis of one of the  Leu2’ 
transformants,  showing  correct  chromosomal  integration of 
the  disrupting  fragment  is  shown  in Fig. 5R. The  hybridization 
with  the  0.9-kh I.:coRI-HindIII shows  that   the  expected 2.4- 
kb  PstI  and  0.9-kb  EcoRI-Hind111  fragments  are  detected  only 
in   the wild t-ype cells  (lanes h and c ) ,  whereas  bands of higher 
molecular  weight,  due  to  the  integration of LEU2,  are  present 
in  the  disrupt,ed  cells  (lanes a and d) .  

Total  protein  extracts of these  transformant  cells  were 

analyzed  by  immunohlot. As shown  in  Fig. 5C, Inn(. h, neither 
gp115 nor a truncated  form of it  are  produced  by  the  disrupted 
strain.  The  lower  molecular  weight  band  present  both in the 
control  and  the  disrupted  strains is due  to a cross-reactive 
protein  that  is detected  when  anti-gpll5  antiserum  instead 
of affinity  p88-purified  antibodies is used (9). 

The  abil i ty of haploid  mutant  cells to grow  indicates  that 
this  gene is not  essential.  Nevertheless.ggp1  disruptants  show 
severe  morphological  aberrations.  Cells  are  larger  than wild 
type  ones,  round-shaped,  often  contain  more  than  one  hud 
even  when  stationary  phase  has  been  reached,  and  thus  appear 
to be  defective  in  cell  separation  (data  not  shown).  The 
duplication  time is from 20’; up  to lower than  that of 
the  isogenic  strain,  and  cellular  viability  during  stationary 
phase is greatly  reduced. 

T h e  haploid  null  mutant  cells  (gpp1::IX~E)  were  crossed 
with  the wild t.ype strain 6075/SC. Diploid  cells  were sporu- 
lated,  and  segregants  were  examined hv tetrad  analysis. All 
tetrads  gave  rise  to  four  viable  spores  with a 2:2 segregation 
of Leu+:I,eu-  colonies, the  smaller of which  were o f  LeuP’ 
phenot-ype  (Fig. 5 D ) .  T h e  morphological  aberrations  deter- 
mined  by GGP I gene  disruption  cosegregated  exactly  with  the 
Leu+  phenot.ype,  whereas  the  Leu-  one  was  always  associated 
to  a wild type  morphology.  This  provides  further  confirmat  ion 
that  integration  has  occurred  at  the (;(;PI locus. 

Sequencing  and  Structural Ana1.vsi.v of thc G C P I  (;cn4>- 
The  sequence of the GGPI gene  and of its flanking  regions 
has  been  obtained as described  under  “Experimental J’roce- 
dures.” The  sequence  contains a single  extended  open  reading 
frame  that  initiates  with  the  ATG  at  nucleotide 1 and  spans 
to the  TAA  at   nucleotide 1677 (Fig. 6). In  this  region.  the 
sequence is 5856 A+T,  whereas  the  nucleotide  sequences 
between -300 to  -1 and  +I680 to +I996 are 67 antl 72’;. 
respectively.  Such  AT-rich  noncoding  sequences  have  been 
found  adjacent  to  most of the  yeast  genes  already  sequenced 
(37).  In   the region 5’ upstream  the  reading  frame  several 
sequences  similar to the  canonical  TATA  box  are  present, as 
is  typical of yeast  genes.  The  first  methionine  codon in the 
reading  frame is surrounded  by a sequence  that is n six-out- 
of-nine  match  with  the  yeast-optimal AUG start  codon  con- 
text ( 3 8 ) .  Moreover, t.he region 3’ downstream of the  gene 
contains  elements  similar to the  consensus  sequence  proposed 
hy  Zaret  and  Sherman  (39)  to  be  involved  in  transcription 
termination  in  yeast.  The  open  reading  frame  would  encode 
a protein of 559 amino  acids  with a molecular  weight of 59,581 
Da  and  a predicted  isoelectric  point (p l )  of 4.14. Several 
features  associated  with  the ( X P 1  open  reading  frame  are 
consistent  with  the  expected  properties of the  product of the 
gp115  gene  (Figs. 6 and ’7). At  the  amino  terminus of the  open 
reading  frame, a hydrophobic  sequence  spanning  from  amino 
acid  2 to 22 is present (I,FKSI,SKI,ATAAFFA~;VATA) (Figs. 
6 and 7 A ) .  According to the  method of MohanaRao  and  Argos 
(40), it can  be  predicted  that  this  sequence  should give origin 
to a transmembrane  n-helix.  This  prediction is also in agree- 
ment  with  results  obtained  with  the  method of Eismherg ct 
al. (41).  Other  additional  features,  such as the  presence of a 
hydrophobic  core  and of a potential  cleavage  site  after  amino 
acid  residue  22,  obeying  the  rule  “minus 3 minus 1” (42)  with 
both  residues  being  alanine,  make  this  sequence  similar  to  the 
signal  sequences of many  secretory  proteins of prokaryotic 
and  eukaryotic  cells.  The  presence of a putative  signal  se- 
quence is in  agreement  with  the  fact  that gpl15 is transported 
to  the  plasma  membrane  through  the  secretory  pathway (6, 
9). T h e  size of the  putative  product of the ( X P  I gene is fairlv 
consistent  with  the  size of the  gpll5 protein, of which  ahnut 
44% is constituted  by N -  and  0-linked  carhohydrates  and 
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FIG. 6. Sequence of the GGPI 
gene. The complete  sequence of the 
GGPJ gene, as  well as 819 and 316 nu- 
cleotides of its 5'- and 3"flanking re- 
gions are  presented. The predicted gp115 
open reading  frame starting a t  nucleo- 
tide 1 is shown under  the  corresponding 
nucleotide  sequence. The NH2- and 
COOH-terminal hydrophobic  sequences 
are underlined. The  potential N-glyco- 
sylation sites, Asp-X-Ser (0) and Asp- 
X-Thr (0), are shown. 

GPI.  The  putative gp115 protein  has  10  potential N-glycosyl- 
ation  sites  (Asn-X-Ser or Thr)  and a high proportion of 
serines  and  threonines (22%) (Fig. 6).  The  distribution of 
serines  and  threonines is shown in Fig. 7B. The profile  shows 
the presence of a remarkable region in  the  COOH-terminal 
portion of the gene in which the  serine residues are  particu- 
larly  concentrated.  The  serine  and  threonine residues  could 
provide possible sites for 0-glycosylation. 

Overall, the high content of hydroxyamino acids  (Ser,  Thr, 
and  Tyr = 28%) can  account for the  slight discrepancy  be- 
tween the  predicted molecular  weight of gp115 (59.85 kDa) 
and  the  apparent molecular mass of 65  kDa of its  precursor, 
as determined by SDS-PAGE (Fig. lA, lane b) ,  as described 
for  other  proteins (43, 44). 

The  last 22 amino acids of the derived protein sequence 
(from position 537 to 558) also contain a  hydrophobic se- 
quence (LAQVVFTSIISLSIAAGVGFAL) (Figs.  6 and 7A) 
for which the  formation of a transmembrane  a-helix  is  pre- 
dicted by two different  methods of analysis (40, 41). The 
presence of a COOH-terminal hydrophobic  sequence is com- 
mon  to  all  the gene products so far  characterized  that  undergo 
GPI  addition  after  translation (1, 35).  A similar sequence has 
been found in  the  COOH-terminal of the  yeast cell surface a -  

agglutinin and  KREl gene product,  therefore suggesting that 
these  are  also  GPI-linked  proteins (44, 45). In  the  case of 
gp115, the  presence of the  putative recognition  sequence 
required for  GPI  addition  strengthens  the previous  findings 
indicating  that  this  protein  contains  GPI  (6). 

A homology search of the  protein  data  banks  SWISS-PROT 
and  NBRF showed no  significant homology of this  protein  to 
any  other. The protein  with  the  highest  match score is the 
serine  repeat  antigen  protein  precursor, encoded  by the SERA 
gene, of Plasmodium  falciparum  (46). The  match between 26 
out of the 37 amino acids of the  serine  repeat of the  SERA 
protein  and a serine-rich sequence of gp115 (see Fig. 7C) 
accounts  almost  entirely for the  similarity between the two 
proteins. A rather  scattered  similarity  has also  been  found 
with  some cell surface glycoproteins of S. cereuisiae (for 
example the  a-  and  a-agglutinins  (45,47)  and  the  KREl gene 
product  (44)). Also in  these cases, the  similarities  are re- 
stricted  to  the  matches between the serines. The 27 serines 
present  in  the  serine-rich sequence of the gp115 are  prefer- 

entially coded by the  TC codons (48). (E) 
Two-dimensional  Electrophoretic  Analysis of in Vitro Trans- 

lation of GGPl mRNA-The HindIII-linearized  plasmid  pXH 
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FIG. 7. Structural features  of gp115. A, Kyte  and  Doolittle 

analysis ( 5 2 )  for hydrophilic and  hydrophobic regions with a window 
of 21 amino acids. The scale of Kyte  and  Iholittle  was  normalized 
according to Hopp ( 5 3 ) .  H ,  frequency of Ser and Thr  residues using 
a value of 1 for Ser and  Thr  and  a value of 0 for all other  amino  acids 
with a window of  21 amino acids. C.  alignment hetween sequences of 
serine-rich regions of gpl15 and of t.he SERA protein of P. falcipnrurn. 
The astrrisk indicates  the position of the conserved amino acids. 
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FIG. 8. Two-dimensional analysis of the in vitro and in vivo 
labeled p65. A ,  a rahhit  reticulocyte lysate  supplemented with ['"'S] 
methionine was inruhated with the in vitro transcript from HindIlI- 
linearized pXH, and  the  translational  products were analyzed hy two- 
dimensional gel electrophoresis. The closrd arrow indicates  the  trans- 
lational  product of W / ' l  mRNA. H ,  exponentially growing srcFiq'l cells 
laheled a t  25 "C with ["'Slmethionine. The oprn arrow indicates  the 
gp115. C, src.53 cells shifted  to 37 "C and laheled 1.5 min later with 
[ "%]methionine. The in vivo p65 is indicated by the closrd arrow. I ) ,  
a total labeled extract  ohtained  as in C was  mixed  with the in vitro 
translational product. The closrd arrow indicates  the  comigration of 
the two spots. Acidic sect.ions of two-dimensional gels are  shown in 
H-I). The pH range is from 5.5 (lrft) to X6 (right) .  The  same  amount 
of disintegrations/min was loaded  on each of t,he gels of &I). I E F ,  
isoelectric focusing. 

was  transcribed in vitro with  the  T7  RNA  polymerase,  as 
described  under  "Experimental  Procedures."  The  synthetic 
mRNA  obtained  was  then  translated i n  vitro in a rabbit 
reticulocyte  lysate,  and  the  translational  products  were  ana- 
lyzed  by  two-dimensional gel electrophoresis.  As  shown  in 
Fig. BAA, the  GGP1 mRNA is efficiently  translated i n  vitro in 
a polypeptide of about 62-65 kDa  with a PI of 4.1, perfectly 
in  agreement  with  the  molecular  mass of the  gp115  precursor 
(see Fig. lA, lane b )  and  with  the  theoretical  PI 4.14 calculated 
from  the GCPl open  reading  frame.  The  presence  of  another 
basic  protein of about 50 kDa  in  Fig. 8A can  be  ascribed  to 
t h e  in  vitro translation  of  the  globin  mRNA  that is present  in 
t h e  reticulocyte  lysate  used. 

T h e  availability of the  in vitro translational  product of 
GGPI mRNA allowed us  also to identify  the " i n  vivo" gpl15 
precursor  (see Fig. lA, lane b )  in a two-dimensional gel. For 
this  reason, sec53 cells  were  labeled  both at   25  and  37 "C with 

[""S]methionine,  and  at  the  end of the  labeling  period (1.5 h) ,  
proteins  were  subjected  to  two-dimensional gel electrophore- 
sis (Fig.  8, H and C). T h e  laheled  extract  ohtained  at :37 "C 
was also comigrated  with  the in  vitro translational  product, 
and  the  two-dimensional  fluorogram is shown in  Fig. 81). At 
25 "C, gpl l5   (115  kDa  and PI 4.8-5) is clearly  recognizahle, 
whereas  at  37 "C, it is no  longer  detected as labeled  protein 
since  the  [:'%]methionine  added  15  min  after  the  shift to the 
restrictive  temperature is incorporated  onlv  in  the  proteins 
synthesized  during  the S P C ~ . ?  block.  Moreover, hv comparison 
of the  patterns  shown  in  Fig. 8, C and I), one  can  identifv  the 
i n  vivo gpll5 precursor (p65) that  on  two-dimensional gel 
comigrates  with  the in  vitro synthesized  one.  This  precursor 
is  specifically  accumulated  in src.53 at  37 "C,  hut its level 
appears  lower  than  expected  on  the  hasis of SDS-PAGE 
analysis.  This is prohahly  due to a very  poor  soluhilization of 
this  protein  in  the  urea  lysis  huffer  used  for  two-dimensional 
gel electrophoresis, as reported  for  other  precursors  hlocked 
at t h e   E R  level (49). 

DISCtJSSION 

In  this  paper,  we  descrihe  the  isolation  and  the  molecular 
characterization of the  gpll5  structural   gene, (;(;I)/. T h e  
results of Southern  analysis  and  gene  disrupt  ion  suggest  that 
this  gene is present as a single-copy  gene  in  the  yeast  genome 
and  it is not  essential for cell  viahility,  although gcpl disrup- 
tants  show  morphological  aherrations.  The  predicted  amino 
acid  sequence  analysis of GGPI allows  the  deduction  and 
confirmation of relevant  structural  features of' gpI15.  Con- 
sistent  with  the  fact  that gp115 is one of the  major  yeast 
glycoproteins,  the GGP1 open  reading  frame  contains 10 
consensus  sequences  (sequons)  for  N-glvcosvlation.  Previous 
studies  have  indicated  that  approximately six to  seven  core 
N-linked  chains  are  attached  to  gp115 (6, 9). This  implies 
tha t   no t  all the  sequons  are  actually  modified,  probably  due 
to  steric  hindrance to the  modifying  enzymes.  In  this  paper, 
we  show  that gpl15 also undergoes  O-glycosylation.  Haselheck 
and   Tanner  (50) have  shown  that,  in  yeast,  0-glvcosvlation 
begins  with  the  addition of 1  mannose  residue to serine  or 
threonine  in  the  ER  and  i t  is completed  in  the Golgi hv  the 
addition of other  3-4 mannose  residues.  In  agreement  with 
the  finding  that  gp115 is highly  O-glvcosvlated,  a  high pro- 
portion of serines  and  threonines  has  heen  found.  Serine is 
about 14.6% and  threonine is ahout 8 ' ;  of the  total  amino 
acids  present  in  gpll5, as compared  with  an  average  value of 
ahout  7  and 5.7%. respectively, in all  the  yeast  proteins 
present  in  the  Protein  Identification  Resourse  datahasp (51). 
In  particular, a total of 27  serine  residues is concentrated  in 
a 37-amino  acid-long  stretch  inside of which two clusters of 9 
and  6  consecutive  serines  are  present  (Fig. 7 C ) .  This  is a 
rather  unusual  structural  feature  for  yeast cell wall  manno- 
proteins.  In  fact, a high  proportion of serine  and  threonine is 
known to he  common  to  this  kind of protein,  forming  in  some 
cases a serine-threonine-rich  region (45).  However,  in  none 
of the  so far  characterized  mannoproteins  has  such a high 
number of consecutive  serines  heen  found.  We  propose  that, 
in   gpl l5 ,   most  of the  0-linked  carhohydrates  are  in  this 
portion of the  protein  and  that  such a modified  serine-rich 
domain  assumes  an  extended  and  stahle  conformation.  Since 
this  structure is localized  in  the  COOH-terminal  portion of 
the  protein,  one  can  tentatively  suppose  that  it   could  function 
as a spacer  between  t,he  GPI-anchoring  site  in  the  plasma 
membrane  and  the  exterior of the  cell wall. T h e  great  concen- 
tration of ordered  negative  charges  hrought  by  the  clustered 
carbohydrates  in  such  an  ahundantlv  present  protein  could 
play a role  in  keeping  positive  ions  in  close  proximitv of the 
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plasma membrane. This  hypothesis, as well as  the possible 
structural role of gp115 in  the  microarchitecture of the cell 
wall, is currently  under  investigation  in  our  laboratory.  For 
the homologous polyserine structure of the  SERA  protein of 
P. falciparum, no biochemical function  has  yet  been proposed 
(46). The  SERA  protein  is a blood stage  antigen  able  to  induce 
parasite-inhibitory  antibodies (46). It  has been recently  pro- 
posed that  it could function at  the  red blood cell membrane 
stage  as a component influencing the invasion  process. In 
agreement  with  the  observation  that  this  antigen  is  exported, 
a potential leader  sequence has  been  found  in  the  amino acid 
sequence  predicted  from the cloned SERA gene (46). N -  
Glycosylation sites  and a  high proportion of serine  and  thre- 
onine residues are  also  present. Also, in  this case, the possi- 
bility that 0-glycosylation  could  occur a t  any of many possible 
sites  has been proposed (46). The  advantages of yeast  as  an 
experimental  system for the  analysis of cloned  gene products 
offer the possibility of exploiting  the  structural  features of 
gp115 to gain insight  into  the  function of serine-rich regions. 

The  finding  that a  hydrophobic  sequence is  present  in  the 
COOH terminus of the  predicted gene product  is  consistent 
with  the  addition of GPI  to gp115. In  fact,  it is known that 
GPI-linked  proteins  are  synthesized  as  precursors  with  the 
hydrophobic  carboxyl termini (1). The linkage of the  GPI 
occurs  in the  ER  and involves the removal of the hydrophobic 
sequence and  the covalent attachment of the  carboxyl-termi- 
nal  amino acid of the  mature  protein  to  the  anchor.  The 
recent findings of similar  terminal sequences in AGal and 
KREl genes, respectively encoding  for  the cell surface a- 
agglutinin (45) and for an  enzyme involved in  the  production 
of cell wall (14)-@-glucan (44), suggest that  in  yeast also the 
GPI-linked  proteins  exhibit  different physiological functions. 
The elucidation of the  structure-to-function  relationship  in 
gp115 is the object of our  present  studies. 
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