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Abstract

THE IMMUNOLOGICAL AND MOLECULAR CHARACTERIZATION OF ALPHA- 

AGGLUTININ FROM Saccharomyces cerevisiae

by

Donald Wojciechowicz 

Adviser:Professor Peter N. Lipke

oc-agglutinin is  a c e ll surface glycoprotein expressed 

on mating type oC c e lls  in the yeast Saccharomyces 

cerevisiae. The function of oc-agglutinin is  to  bind to 

a-agg lu tin in , thereby causing agglutination of c e lls  of 

opposite mating type. Agglutination between c e lls  of 

opposite mating type enhances the p robab ility  o f c e ll 

fusion to  form a d ip lo id  zygote. Therefore, oc-agglutinin  

is  an important c e ll adhesion molecule which fa c il ita te s  

mating in Saccharomyces cerevisiae.

The work presented here fu rth er c la r if ie s  the 

structure , function and expression of oc-agglutin in . An 

polyclonal antibody was used to study the c e ll surface 

expression of oc-agg lu tin in . I  have shown that there are 5i
x 10* molecules of oc-agglutin in con s titu tive ly  

expressed per oc c e l l .  Induction with a -fac to r causes a 

modest increase in oc-agglutin in expression to 6.5 x 

104 molecules per c e l l .  The spatia l d is trib u tio n  of 

oc-agglutinin on the c e ll surface in uninduced c e lls  is  

polar while induced c e lls  express oC-agglutinin more
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uniformly. Buds and daughter c e lls  do not express c e ll 

surface o (-a g g lu tin in . Lastly, oC-agglutinin is  expressed 

in the shmoo t ip  region of induced oC c e lls , the location  

were a and o tc e lls  fuse to  form a d ip lo id  zygote.
mm

Using the antibody, I  have also shown tha t the 

AGoi 1 gene codes fo r oC-agglutinin. This gene is  

ot*specific and shown to  be required fo r  a g g lu tin a b ility  of 

AMfoCcells. Notable features of AGail include tha t 

the ORF 1)code8 fo r a 70 kD protein 2)contains an acid ic  

region w ithin the amino h a lf of the glycoprotein 3)contains 

a 15 amino acid hydrophobic carboxy terminus 4)has a 

putative signal secretion sequence and 5)has numerous 

potential N and 0-1 inked glycosylation s ite s  throughout the 

coding sequence.

Phenotypes o f AG&<1 truncation mutants fu rth er  

elucidate the domain structure of oc-agg lu tin in . Using 

molecular cloning to  introduce term ination codons w ithin  

the ORF of AGoCI, I  have shown th a t 1)the carboxy 

hydrophobic terminus o f oc-agglutinin is  necessary fo r c e ll 

wall anchorage and 2) the amino h a lf of the glycoprotein  

(possibly the acid ic  region) contains the binding domain of
i

oc-agglutin in . Most o f the O-linked sugar is  associated 

with the carboxy h a lf o f the molecule while N-linked  

carbohydrate is  found throughout oc-agg lu tin in . Lastly, I  

show that oc-agglutin in  is  e f f ic ie n t ly  transported through 

the secretory pathway.
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Introduction

1. CELL TYPES, LIFE CYCLE AND CELL CYCLE OF 

SACCHAROMYCES CEREVISIAE

Saccharomyces cerev is iae , known as Baker’ s 

yeast, can e x is t 1n three vegetative forms: a, o< and 

a/oc (F ig . 1 ). a and ct c e lls  are haplold forms which can
m

mate with each other to  form d ip lo id  a/oC c e lls . Diploids  

can sporulate under conditions o f nitrogen starvation . 

Haplold c e lls  are normally Incapable of undergoing spore 

formation.

Sporulatlon results  in the generation of an ascus 

which contains four spores. Once germinated, these spores 

give rise  to  2 a and 2 oC haplold c e ll types (F1g. 1 ).

During vegetative growth, Saccharomyces 

cerevisiae  reproduces by budding. Bud formation marks 

the phenotypic beginning of the S phase of the c e ll cycle 

(F1g. 12). Bud enlargement continues through G2 and M 

phases u n til cytokinesis (bud separation). Cells newly 

formed by budding are called  daughter c e lls .

• i
2. HATING AND THE ROLE OF THE AGGLUTININS

An early  step in  mating is  the binding of an o<cell

to  an a c e l l .  Binding of one mating type to the other 1s

mediated by agglutinins which are expressed on the c e ll 

surface (F ig . 2 ). The expression o f these agglutinins is

mating type s p ec ific , since a c e lls  express a-agglutin in



Figure 1. L ife  cycle of Saccharomyces cerev is iae .
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Figure 2. Pheromone action on haploid c e lls . Haploid 

c e lls  exposed to pheromone from the opposite mating type 

undergo a series of morphological ancf physiological 

changes which include: induction of agglutinabi1i ty ,  c e ll 

cycle arrest and c e ll wall changes. Haploid c e lls  exposed 

to  pheromone from the opposite mating type are referred  

to  as induced c e lls .

i
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and ot c e lls  express o(.-agglutin in . Agglutinin expression 

is  con stitu tive  but can be induced by the action of 

peptide pheromones secreted by the opposite mating type 

(F ig . 2 and see below). The modulation of agglutin in  

expression in response to  pheromone is  lik e ly  to  be 

controlled by DNA binding proteins which regulate  

transcrip tion  of these genes (F ig . 3 ). Once stable  

association is  formed between an a and o (c e ll,  the c e lls  

fuse to  form a zygote (F ig . 1 ).

3. CONTROL OF MATING TYPE

A single locus on chromosome I I I  determines whether 

a haploid c e ll is  an a or oc c e l l .  This locus is  

designated MAT (Herskowitz and Oshima 1981), is  

tran s crip tio n a lly  a c tiv e , and contains a copy of e ith e r  

MATa or MATci.

Two other lo c i;  on chromosome I I I ,  HML and 

HMR, also have a copy of e ith e r MATa or MATol 

However, unlike MAT% these loci are tran s crip tio n a lly  

inactive and play no d ire c t ro le  in determining the 

mating type of the c e l l .  Instead, HML and HMR are 

storage loci which allow the c e ll to  maintain a copy of 

MATa and MATo( so the c e ll has the potentia l to  

switch mating type from 0t to a or a to oC.S S
The two a lte rn a tiv e  MAT a lle le s  MAToCand 

MATa control the mating type of the c e ll because 

these loci code fo r proteins which (in  association with
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Figure 3. Control of m ating-type-specific  genes in 

Saccharomyces cerev is iae .

i
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other proteins) e ith e r suppress or induce the expression 

of mating type specific  genes such as pheromones and 

agglutin ins (F ig . 3) (Nakagawa and Yanagishima 1982, 

Manney e t al,. 1983).

4. TRANSCRIPTIONAL CONTROL OF HATING TYPE GENES 

Part of the MAT locus d if fe rs  in two a lle le s  

containing segments of MATa and MATof.. The 

MAToi segment encodes fo r two ONA binding proteins: 

o il and ©C2 (F ig .3 ). 0(1 is  a positive  regulator of 

o t-s p e c ific  gene expression. oCI binds (in  association  

with MCM1 protein) to  a control region upstream of 

©C-specific genes to  promote tran scrip tio n . S p e c ific a lly , 

0(1 binds to a 10 bp sequence, known as the Q box, with  

the aid of MCM1. MCM1 (also known as PRTF) binds to  a 16 

bp near palindromic sequence (known as the P box) which 

is  adjacent to the Q box (Bender and Sprague 1987, Jarvis  

e t a l . 1988, Tan e t a l . 1988). oC1 and MCM1 function in a 

cooperative fashion to bind to  th e ir  respective  

palindromic sequences. Both proteins are necessary to  

promote transcrip tion  of o(>spec1fic genes (Bender and 

Sprague 1987). When a perfect palindromic sequence of the 

P box 1s placed upstream of a reporter gene, 

transcrip tion  occurs without ©<1. This re su lt indicates  

tha t MCM1 1s the transcrip tiona l a c tiva to r and tha t oc 1 

aids only in the binding of MCM1 to the near palindromic 

sequence found in oc-specific  genes (Jarv is  e t a l . 1988).
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The protein product of MATcA2, on the other hand, 1s 

a suppressor of a-spec1f1c gene expression because 1t 

binds (again 1n conjunction with MCM1 protein) to  a 

sequence upstream of a-spec1f1c genes and In h ib its  

transcrip tion  (Johnson and Herskowltz 1985). eC2 may 

In h ib it  transcrip tion  by preventing MCM1 from making 

proper contact with the P box of a-spec1f1c genes (Jarvis  

e t a l .  1988). In  summary, ©C1 is a transcrip tional 

a ctiva to r of <*-8pec1f1c genes while oC2 1s a repressor of 

a-specif1c genes. Thus a c e ll which expresses MAToi\a- 

functiona lly  an oi c e l l .

AM7a does not produce e ith e r oc1 or OC2 (F ig .

3 ). In  the absence o f cC1, oc-specific  genes are not 

transcribed. In  the absence of oC2, repression ofi
a-spec1f1c genes is  re lieved . Transcription of a -sp ec ific  

genes occurs because MCM1 protein is  s t i l l  produced and 

functions as a transcrip tiona l activato r (Jarv is , Hagen 

and Sprague, 1988; Tan e t a l . 1988). Thus, such a c e ll 1s 

an a cel 1.

The MATa segment codes fo r two possible 

products: a1 and a2 (F ig . 3 ). However, neither of these 

genes have been shown to play a ro le  in the transcrip tion  

of mating type-specific  genes in haplold c e lls . In  

dip lo id  c e lls , a1 acts in concert with oi.2 to  repress 

transcrip tion  of the RME gene (a negative regulator 

of melosls) (M itchell and Herskowltz 1986), and possibly 

( in  cooperation with the AAR1 gene product) in h ib its
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transcrip tion  of o(1. (Harashlma e t a l . 1989). Although 

1t has been widely believed tha t a1-oC2 represses 

expression of haplold-speclf1c genes (Herskowltz 1989), 

there 1s new evidence suggesting th a t the product of the 

AAR1 gene 1s Involved 1n regulating hap lo ld -speclfic  

gene expression (Harashlma e t a l . 1989).

5. PHEROMONES

Haploid c e lls  secrete peptide pheromones known as 

sqx factors (Duntze e t a l . 1970). o < -factor, which is  13 

amino acids in length (S to tz le r e t  a l .  1976), 1s produced 

by oC c e lls  and binds to a receptor located on the plasma 

membrane 1n a c e lls . The receptor is  the product of the 

STE2 gene (Burkholder and Hartwell 1985) and 1s 

expressed only on a c e lls . Conversely, a -fa c to r is  12 

amino adds in length (Betz e t a l . 1987), and has a 

farnesyl group attached to Its  carboxy terminus cysteine 

residue (Anderegg e t a l. 1988). a-Factor 1s produced by a 

c e lls  and binds to  a receptor (product of the STE3 

gene, Hagen e t a l . 1986) located on the plasma membrane 

1n ot c e lls .

The pheromoneA are made as larger precursors (Kurjan 

and Herskowltz 1982, Brake e t a l . 1985). In  the case of 

oC-factor, the precursor 1s cleaved by the action of 

proteases to generate smaller, mature, b io lo g ic a lly  

active peptides. Products of the KEX2 (F u lle r  e t a l .

1985), STE13 (Ju lius  e t a l . 1984) and KEX1
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(Omochow8ka e t a l . 1987) genes process precursors of 

eC -factor. S im ila rly , 1t Is  l ik e ly  tha t the products of 

the STE6, STE14 and STE16 genes process 

precursors of a -fa c to r (Cross 1988). The expression of 

pheromone 1s co n stitu tive  but th e ir  expression Increases 

1f c e lls  are Induced with pheromone from the opposite 

mating type (S trazdls and MacKay 1983, Achstetter 1989).

Once pheromone has bound to  receptor, the c e ll  

undergoes morphological and physiological changes which * 

prepare haplold c e lls  of one mating type to mate with  

c e lls  of the opposite mating type (F ig . 2 ). Changes 

Induced by pheromone Include: c e ll cycle a rrest In the G1 

phase of the c e ll cycle (Duntze e t  a l . 1970), c e ll wall 

changes (L1pke e t a l .  1976) and an Increase 1n the 

ag g lu tln ab ll1 ty  and expression of agglutin in (Betz e t a l . 

1978; Terrance and Llpke 1981, 1987; Watzele e t a l . 1988; 

Wojclechowlcz and Llpke 1989).

6. MECHANISM OF PHEROMONE ACTION (F ig . 4)

Upon o<-factor binding to receptor, the 

receptor-1igand complex is  In terna lized  (Chvatchko e t a l .

1985) and i t  appears that both 1Igand and receptor are 

degraded (Jenness and Spatrlck 1986). Pheromone receptors 

possess seven potentia l transmembrane spanning domains.

In th is , they are s tru c tu ra lly  s im ila r to other receptors 

(rhodopsln and beta-adrenergic receptor) which transduce 

th e ir  signal through the action of G proteins. The



Figure 4. Hypothetical pathway of in tra c e llu la r  

s ignalling  by pheromone.
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SCG1 gene ( GPA1) ,  which shows homology to  the oc 

subunit o f mammalian G proteins, has been cloned and 

shown to be necessary fo r  pheromone mediated responses 

(D ie tze l and Kurjan 1987, Miyajima e t a l . 1987). 

A dditiona lly , the STE4 gene shows homology to  the p  

subunit and the STE18 gene exh ib its  weak homology ' 

to  the Y subunit o f mammalian G proteins (Whiteway e t a l . 

1989). Null mutations in e ith e r STE4 or 

STE18 supress mutations in SCG1, A Null 

mutation in SCQ1 is  haploid s p e c ific . Such a mutant 

is  large and grows slowly. This phenotype resembles those 

of cel 1-cycle "s ta rt"  mutants and suggests th a t SCG1 

is  involved in the pheromone response pathway (D ie tze l 

and Kurjan 1987). The observation th a t null mutations of
I

STE4 and STE18 suppress a nu ll mutation in 

SCG1 suggests th a t STE4 and STE18 are

also involved in the pheromone response pathway (F ig . 4) 

(Whiteway e t a l . 1989).

Products of the STE7 (Teague e t a l . 1986) and 

STE11 (Herskowltz 1989) genes (suspected protein  

kinases), appear to  play a role in pheromone mediated 

responses downstream of G protein involvement (F1g. 4 ) .

There is evidence suggesting tha t the product o f the 

STE12 gene, a putative DNA binding protein (Dolan e t  

a l . 1989) is  Involved in setting  the con stitu tive  level 

of expression of mating type-spec ific  genes (F ie lds  and 

Herskowitz 1985, Fields e t a l . 1988). STE12 protein has
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also been 8hown to bind* to an up8tream regulatory  

eequence necessary fo r the Induction of gene expression 

In response to pheromone (Dolan e t a l . 1989). This 

sequence has been referred to as the pheromone response 

element (Kronstad e t a l .  1987).

The observation th a t the STE12 product binds to  

the pheromone response element suggests th a t STE12 

may also play a role 1n modulating the expression of 

mating type spec ific  genes 1n response to  pheromone. I t  

1s thought that binding to th is  sequence by the STE12 

protein Increases the transcrip tiona l ra te  of pheromone 

Inducible genes (which may account fo r the Inducible 

expression of a and o t-a g g lu tin in ) (Dolan e t a l . 1989).

I t  has been shown th a t the STE12 product In teracts  

with the MCM1 product to  bind to  an upstream region of a 

mating type a-spec1f1c gene (Herskowltz 1989). This 

finding fu rther complicates the ro le  of STE12 in 

regulating the expression of mating type-specific  genes. 

I t  1s possible th a t STE12 protein In teracts  with one or 

more proteins to modulate the co n s titu tive  level of 

transcrip tion  and In teracts  with a second set of proteins
I

to modulate the Inducible level o f expression o f the same 

gene during pheromone induction.

Null mutations in STE7, STE11 or STE12 

decrease the transcrip tiona l rate  of mating type specific  

genes (Fields e t a l . 1988). Null mutations in a l l  three 

genes show the same decrease 1n the level of
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transcrip tion  of a mating type specific  gene as a single  

null mutation 1n any one of the three genee. This data 

suggests tha t the dose e ffe c t on the level of 

transcrip tion  by the three genes 1s not add itive . This 

Implies th a t the three genes may act through a single  

pathway. This raises the p o s s ib ility  th a t STE7 and 

STE11 products may act by phosphorylatlng STE12 

protein (Dolan e t a l . 1989). I t  is  speculated th a t  

phosphorylation of STE12 protein by STE7 or STE11 

product Increases the a b i l i ty  of STE12 protein to  

activa te  tran scrip tio n . In  summary, G proteins, protein  

kinases and DNA binding proteins have been Im plicated 1n 

modulating the expression of mating type spec ific  genes 

1n the pheromone response pathway (F1g. 4 ).

7. STRUCTURE AND FUNCTION OF THE AGGLUTININS

A number of agglutinins from various species of 

yeast have been biochemically characterized. These 

Include: a and c *-agg lu tin in  from Saccharomyces 

cerevisiae  (Yoshida e t a l . 1976, Terrance e t a l . 1987, 

and Watzele e t a l . 1988), the 16-ce ll agglutin in
t

(a -ag g lu tin in ) and the 17-cell agglutin in (oC-agglut1nin) 

from Saccharomyces kluyveri (Pierce and Ballou 1983, 

Welnstock and Ballou 1986, and Lasky and Ballou 1988), 

the 5 -c e ll agglutin in  (a -ag g lu tin in ) and the 2 1 -ce ll 

agglutin in  (©«-ag g lu tin in ) from Hansenula wingei 

(Burke e t a l . 1980) and the a and o^-agglutin1ns from
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Pichia amethionina (Mendonca-Prevlato e t a l .

1982). Due to differences in nomenclature, the 

agglutinins from Pichia amethionina are of the 

opposite designation as tha t found in Saccharomyces 

cerevisiae.

7A. Biochemical Characterization o f o<-Agglutinins .

a . Saccharomyces cerevisiae

crt-agglutinin from Saccharomyces cerevisiae  has

been isolated (Yamaguchi e t a l . 1982, Terrance e t a l .

1987). The glycoprotein is  approximately 130 to 200 kD in

i size (as determined by gel electrophoresis) with SO to 75

% of the to ta l mass comprised of carbohydrate (both N and

0 lin ked ). Thus, the size of the peptide portion of

o (-agg lu tin in  is  approximately 50 to 100 kD. Yamaguchi e t

a l . found an in tra c e llu la r  form of agglutin in  (200 kD)

which has a higher molecular weight than agglutin in

isolated from the c e ll wall (130 kD). They ascribe the

difference in size to  differences in glycosylation.
*

Deglycosylation of agglutin in  with endo H produces 

m ultip le  species of peptide: 38, 72, 105, 145 and 160 kD. 

A ll these species are capable of binding to a c e lls  

(Terrance e t a l . 1987). Assuming th a t a l l  N-linked s ites  

are accessable to endo H, th is  re su lt indicates that 

N-linked carbohydrate is  not involved in binding.
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Maximum association of of,-a g g lu tin in  with
$

a-agglutin in  occurs a t a pH of 5 .5 . (Terrance and Llpke

1981). Binding of o (-ag g lu tin in  to  a-agg1ut1n1n 1s 

reversib le  a t pH 9.0 (Terrance and Llpke 1981). Binding 

1s perturbed by 1on1c detergents (0 .05  % SDS) or s a lt  (5 

M NaCl) but not by non-1on1c detergents (1 * Triton  

X -100). These resu lts  suggest th a t 1on1c Interactions may 

play an Important ro le  in © (-agg lu tin in  function. The 

binding a c t iv ity  of the glycoprotein 1s sensitive to  heat 

and proteases but unaffected by treatment with 

2-mercaptoethanol and periodate (Terrance and Llpke 1981, 

Yamaguchi e t a l . 1982).

© (-agg lu tin in  binding 1s monovalent (has only one 

binding s ite  per molecule) (Terrance and Llpke 1981, 

Yamaguchi e t a l . 1982). oC-agglutinin exh ib its  two states  

of binding: a weak and strong s ta te  (Lipke e t a l .  1987). 

The association constant fo r the strong state is  108 

U te rs /m o l. Glycoprotein components responsible fo r the 

two states of binding are Iden tica l since weakly bound 

m aterial can be dissociated from a c e lls  and found to  

e x h ib it strong binding when reassociated with a c e lls .

b. Saccharomyces kluyveri

oc-agglut1n1n from Saccharomyces kluyveri 1s 

s im ila r to th a t of Saccharomyces cerevisiae  (Pierce  

and Ballou 1983, Weinstock and Ballou 1986, Lasky and 

Ballou 1988). o(-agg)ut1n1n extracted by treatment of
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approximately 400 kD. Agglutinin extracted from c e lls  

with Zymolase (glucanaee contaminated with protease) 

resu lts  1n the Iso la tio n  of several forms of agglutin in  

having molecular weights of 40, 00 and 134 kD. When the 

400 kD form 18 exposed to Oerekovia xanthineolytica  

protease, species of 00 and 150 kD are generated. This 

re su lt suggests th a t the smaller peptides are p ro teo ly tl 

fragments of the larger species. The glycoprotein  

contains both N and O-lInked sugar. The 400 kD species 1 

84 to 90 % carbohydrate by weight. The 134 kD species 1s 

75 % carbohydrate and the 00 kD species 1s 40* 

carohydrate by weight. The peptide molecular weight of 

the 00 kD species 1s therefore 32 kD. The apparent 

molecular weight of the 00 kD species 1s not affected by 

treatment with endo H. This resu lt Indicates tha t th is  

species lacks N-lInked carbohydrate. This finding also  

suggests tha t N-lInked carbohydrate does not play a role  

1n binding because the 00 kD species possesses binding 

a c t iv ity .

A ll the Isolated forme of Saccharomyces kluyveri 

agglutin in  have binding a c t iv ity . The binding of the 

glycoprotein 1s monovalent and sensitive to heat 

(60°c  fo r 30 m1n.) and proteases (trypsin  and 

pronase) but res is tan t to  mannosldases. Optimum pH for  

binding of a and o (c e lls  1s pH 4 .5 . Binding of the two 

mating types 1s not Inh ib ited  by Triton  X-100 (10X) or
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s a lt  (2 M NaCl). Amino acid analysis of the 60 kD active  

fragment reveals th a t i t  contains large amounts of serine 

and threonine and is  ac id ic  in nature. There are 6 x 

10s molecules o f agg lu tin in  expressed per o l-c e l l .

The asssoclatlon constant of the glycprotein is  1 x 

10».

c. Pichia amethionina

The a -fac to r-Z  from Pichia amethionina (Burke e t 

a l . 1980, Mendonca-Previato e t a l . 1982) is  highly 

glycosylated (about 90X carbohydrate by weight) and is  

greater than 200 kD 1n s ize . Upon s u b tllis ln  treatment a 

27 kD active peptide is  generated. Amino acid analysis of 

the active peptide reveals tha t 1t 1s rich  in serine and 

threonine and is  ac id ic  in nature. The agglutin in  is  

sensitive to heat (100°C fo r  40 minutes).

d. Hansenula wingei

Agglutinin from Hansenula wingei 21 -ce lls  (Burke 

e t a l . 1980) 1s s im ilia r  to a -fac to r-Z  agglutin in  

isolated from Pichia amethionina 1n tha t an active 27i

kD peptide which has binding a c t iv ity  has been p u rified . 

The peptide is  p u rifie d  from c e lls  treated with trypsin  

and is therefore probably a p ro teo ly tic  fragment of a 

larger form. This is  substantiated by the observation 

th a t c e lls  treated with Zymolase release an active  

species with a higher molecular weight.
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The 27 kD peptide contains l i t t l e  carbohydrate (5% 

mannose). Amino acid analysis of the 27 kD peptide 

Indicates a high proportion of serine and threonine 

residues. The peptide 1s also acid ic  and Its  binding to

H. wingei 5 -c e lls  1s pH dependent. This suggests that 

the acid ic  residues on oc-agglutin in may be c r it ic a l  to  

function. The binding a c t iv ity  of o (-agg lu tin in  is  

sensitive  to heat but res istan t to reduction.

e . Summary

Active peptides of o *-agg lu tin in  Isolated from the 

various species have been shown to be heterogenous 1n 

molecular weight and carbohydrate content (Table 1). 

However, comparative examination of the agglutinins  

reveals certa in  s im ila r it ie s :  1) oC-agglutin1n from each 

species Is  generally heat la b ile , sensitive  to  

proteolysis and res is tan t to  treatment with periodate 

(carbohydrate oxidizing agents) and 2-mercaptoethanol 

(reducing agents)(Table 1) 2) Active peptides from these 

species tend to be rich in serine and threonine and 

acid ic  in nature and 3) The binding a c t iv ity  of 

© {-agglutin in  appears to be optimum a t an acid ic  pH (4 .5  

to 5 .5 ) , suggesting th a t charged amino acids (possibly 

acid ic  residues) on eC-agglutinin may be important in 

binding to a-agg1ut1n1n.

7B. Biochemical Characterization of a-Agglutinins
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Table 1

Comparison of Biochemical Characteristics of the
©L-Agglutin1ns

Saccharomyces Saccharomyces Hansenula Pichia  
cerevisiae kluyveri w in g e i(i) amethionina

Molecular 
weight (kD): 150-200 400 27

(Fragment)
>200\

Carbohydrate 
Content (X): 50-75 84-90 5%

(Fragment)
90

N-lInked: YES YES nd Likely

0-1 Inked: YES YES Likely Likely

Binding
Sites: 1 1 1 1

S ensitiv ity
to
1) Reducing 
Agents: NO NO NO NO

2) Periodate: NO nd(2) nd nd

3) Proteases: YES YES nd Likely

4) Heat: YES YES YES YES

nd= Not Determined

(1)= The 27 kD peptide from H. wingei probably represents a 
proteolytic  fragment o f a higher molecular weight form of 
agglutin in.

(2)= Not determined bijt probably resistant to periodate since 
©{-mannosldases to not diminish binding a c tiv ity .
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a. Saccharomyces cerevisiae

a-agglut1n1n has been Isolated from from 

Saccharomyces cerevisiae  (Yosida e t  a l . 1976,

Yamaguchi e t a l .  1984, Watzele e t a l . 1988). When 

a-ag g lu tin in  is  extracted from c e lls  by reducing agents 

an active  peptide of 23 kD is generated (Orlean e t a l .

1986). This peptide contains 29* 0-1 inked carbohydrate by 

weight. Treatment of the peptide w ith hydrogen flu orid e  

generates a 13 kD deglycosylated species (Watzele e t a l .

1988).

The binding of the peptide is  monovalent and its  

a c t iv ity  res is tan t to  heat and endo H but sensitive  to  

treatment with periodate. This suggests th a t 0-1 inked 

carbohydrate on the peptide may be important fo r  

function.

The 23 kD peptide represents the binding fragment of 

a-agg lu tin in  since 1t has been demonstrated tha t in other 

yeasts, especia lly  Saccharomyces k luyveri and 

Hansenula wingei (see below), treatment with reducing 

agents releases small peptides which have binding
i

a c t iv ity . The observation tha t mutants in a -agglutin in  

expression f a l l  in to  a t least two complementation groups 

implies th a t a -agg lu tin in  may be composed of a t least two 

non-identical subunits (Roy e t a l . 1990). I t  is  believed 

th a t one subunit is  the binding fragment and the other is  

the core peptide which anchors the binding peptide to the
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c e ll surface. Because the binding peptide can be released 

from the c e ll surface by reducing agents, i t  1s thought 

th a t the binding peptide 1s bound to  the core peptide by 

a d is u lfid e  linkage. Amino acid sequencing of the 23 kO 

fragment shows th a t the molecule contains a single  

cysteine residue.

Yamaguchi e t a l . Iso lated an in tra c e llu la r  form of 

a-agglut1n1n which 1s approximately 130 kD. During 

Iso la tio n  they did not use reducing agents which would 

dissociate the binding fragment from the core fragment. 

Therefore, i t  is  possible th a t th is  large molecular 

weight form of a-agglut1n1n is  a complex which contains 

both the core and binding fragment.

A polyclonal antibody to the binding fragment wa6 

produced (Watzele e t a l . 1988). Using th is  antibody; i t  

has been shown th a t a -agg lu tin in  expression 1s induced 1n 

response to ©C-factor. This results  in a s ig n ific a n t  

increase in c e ll surface expression of the binding 

fragment of a -ag g lu tin in  (as detemined by 

immunofluorescence). Upon Induction of c e lls  with 

© (-fa c to r, the binding fragment of a-agglutin in  is  f i r s t  

expressed on the c e ll surface in the region of bud 

formation. The binding fragment is  expressed f i r s t  on the 

growing bud because th is  1s the s ite  where new c e ll wall 

synthesis occurs.

b. Saccharomyces k luyveri
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a-agg lu tin in  from Saccharomyces kluyveri (Pierce  

and Ballou 1983) is  s im ila r to a -agglutin in  from 

Saccharomyces cerev is iae . a-agglut1n1n extracted from 

c e lls  with Zymolase has a molecular weight o f 500 kD and 

is  95X carbohydrate by weight. Treatment of th is  

glycoprotein with reducing agents releases a smaller 

binding fragment which has binding a c t iv ity . A binding 

fragment can be libera ted  from a c e lls  by reducing agents 

which has a molecular weight of 35 kD. A mnn1 mutant 

of a c e ll (a mutant defective in terminal glycosylation) 

libera tes  an active  fragment of 25 kD. mnn1 mutants 

glycosylate c e ll wall mannoprotein aberrantly. Instead of 

attaching a maximum of eight side chain mannose residues, 

the mutant can only attach a maximum of three. The 25 kD 

fragment is  30 % carbohydrate. Treatment of the 25 kD 

peptide with trypsin  reduces i ts  molecular weight to 16 

kd without loss o f binding a c t iv ity .

The binding a c t iv ity  of th is  peptide is  heat stable

( 100°C fo r 1 hour) but la b ile  to o<-mannosidases and

treatment with periodate. The peptide binding a c t iv ity  is

monovalent. The susceptabi1ity  of the peptide suggests
«

th a t, lik e  the a -agg lu tin in  from Saccharomyces 

cerevisiae, i t  is  the carbohydrate portion of the 

molecule which confers a c t iv ity . The a c t iv ity  of 

a-agglutin in  iso lated  from the mnnl mutant suggests 

tha t there can be varia tio n  in the carbohydrate content 

without loss of binding a c t iv ity .
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c. Pichia amethionina

Agglutinin from Pichia amethionina (designated 

o<,-agglutinin by the authors, Mendonca-Previato e t a l .

1982) 18 isolated as a large molecular weight species 

which 1s comprised o f 80% carbohydrate. I t  is  rich 1n 

serine and threonine residues (over 50%). Unlike the 

Saccharomyces agglutin ins, the binding a c tiv ity  of . 

th is  agg lutin in  1s m ultiva lent. The agglutin in 1s 

sens itive  to treatment with 2-mercaptoethano^. This 

re s u lt suggests tha t the agglutin in  1s comprised of a 

binding fragment and core fragment which are associated 

through a d is u lfid e  linkage. The binding a c tiv ity  of the 

agglu tin in  1s heat s tab le . i

d. Hansenula wingei

Agglutinin from Type 5 c e ll of Hansenula wingei 

(Taylor e t  a l . 1968; Taylor and Orton 1971; Yen and 

Ballou 1974) is  a large molecular complex. Upon treatment 

with reducing agents the complex separates Into a large 

molecular weight and numerous small molecular weight 

species. The smaller molecular weight species exh ib it 

a c t iv ity  but the larger component is  re la tiv e ly  inactive. 

I t  is  lik e ly  tha t the small molecular weight species of 

about 12 kD represents the binding fragment and tha t the 

la rger fragment represents the core fragment. The small 

fragments are made of predominantly carbohydate with a
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small peptide backbone. Amino acid analysis reveals tha t 

the active form 1s comprised of peptide which 1s over 60% 

serine and threonine.

The binding a c t iv ity  of the In tac t species 

(unreduced) is  heat s tab le  (100°C fo r 30 m1n.) but 

sensitive to exo-o(-mannanase. The association constant 

fo r binding 1s 4 x 108 lite rs /m o l. Again, th is  data 

suggests th a t 1t 1s the carbohydrate portion o f the 

molecule which confers binding a c t iv ity .

e . Summary

I t  appears th a t a -agglutin in  1s comprised o f a 

binding fragment and a core fragment. The binding 

fragment 1s associated With the core fragment through a 

d isu lfid e  linkage. In  the genus Saccharomyces, 

a-agglutin in  a c t iv ity  1s monovalent while in 

Hansenula and Pichia, a -agglutin in  a c tiv ity  1s 

m ultivalent (Table 2 ) . In  a l l  cases, there 1s evidence to  

suggest tha t the carbohydrate portion of the molecule 1s 

important fo r function.

t

8. MECHANISM OF AGGLUTINATION

The s im ila r it ie s  seen 1n the s u s c e p tib ilit ie s  of 

each type of agg lu tin in  to physical and chemical agents 

suggest a molecular mechanism by which the agglutin ins  

function. The observation that a-agglutin in  loses its  

binding a b i l i ty  upon treatment with periodate suggests



T a b l e  2

Comparison of Biochemical Characteristics o f Binding 
Peptides from the a-Agglut1n1na*

Saccharomyces Saccharomyces Hansenula Pichia
cerevisiae kluyveri wingei amethionina

Molecular 
weight (kD): 23 35 12 nd

Carbohydrate 
Content (X): 30_ 30-40 50 nd

N-linked: NO Not lik e ly Not lik e ly nd

O-linked: YES Likely Likely Likely

Binding
Sites: 1 1 1(1) 1(1)

S en s itiv ity
to
1) Reducing 
Agents: YES YES YES YES

2) Periodate: YES YES nd nd

3) Proteases: Generally resistant to  protease treatment

4) Heat: NO NO NO NO

nd= Not Determined

* In  a l l  cases, the binding fragment 1s liberated from a larger 
molecular weight complex by treatment with reducing agents.
The complex contains the binding fragment plus core fragment 
(see tex t for d e ta ils ) . The complex 1s large (has a molecular weight 
greater than 400 kD) arid is  highly glycosylated (generally greater 
than 80 X carbohydrate '•by weight).

(1)= In these species, the complex (binding plus core fragment) is  
m ultivalent.
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tha t carbohydrate In te g r ity  1e important fo r function. 

Conversely, the binding a c t iv ity  of o i-ag g lu tin in  is  lost 

i f  exposed to proteaee but not a ltered  by treatment with  

periodate or endo H. These results  suggests tha t the 

peptide portion of the molecule is  important fo r a c t iv ity  

and th a t the carbohydrate portion is  not essential fo r  

function. C o lle c tiv e ly , th is  data suggests that 

oC-agglutinin is  a le c tin  fo r a -agglu tin in .

Active peptides of eC-agglutinin from Hansenula 

wingei (Burke e t a l . 1980), Saccharomyces kluyveri 

(Pierce and Ballou, 1983) and Pichia amethionina 

(Mendonca-Previato e t a l . 1980) contain a s ig n ific a n t  

number of acid ic  residues. This coupled with the 

observation tha t the binding of oc-agglutinin in 

Saccharomyces cerevisiae  1s optimum a t an acidic pH 

(Terrance and Llpke 1981) suggest tha t acidic residues on 

©C-agglutinin play an important ro le  in binding to  

a-agg lu tin in .

#
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M aterials  and Methods 

Part 1

STRAINS AND GROWTH: X2180-1A (a ) and X2180-1B (oO  were 

grown in minimal medium (Yeast Nitrogen Base with 

glucose) (YNB) to  log phase a t room temperature and 

induced with a or o<-factor fo r 60 minutes as described ■ 

previously (Terrance and Lipke 1981). S tra in  W303-1B (oC) 

was grown in enriched yeast extract-peptone-glucose 

medium (YEPD). W303-1B was induced by adding an equal 

amount o f spent a c e ll enriched medium (source of 

a -fa c to r) which had been buffered to  pH 4.25 with 1M 

sodium c it r a te .  C e lls  were harvested by centrifugation  a t  

1,000 x g fo r 5 minutes and stored a t 4°C in  100 mM 

sodium acetate , pH 5 .5  with 10 ug/ml cycloheximide and 

(bu ffe r A) a t a c e ll density of 1x 10® c e lls  per ml.

GENERAL METHODS: oc-agglutin in  was isolated as described 

(Terrance e t a l . 1987). Treatment of p u rifie d  

©^-agglutinin with*endo-N-acetyl glucosaminidase H (endo 

H) employed 0.001 U o f enzyme fo r 16 hours a t 25°C 

in 10 mM sodium acetate pH 5.5 with 1mM phenyl methyl 

sulfonyl flu o rid e  (PMSF)(Trimble and Maley 1984). 

Q uantitative  agglutination  assays were performed as 

previously described except c e lls  were assayed using 1 x 

107 c e lls /m l (Terrance and Lipke 1981). The a b i l i ty
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of c e lls  to agglutinate 1s defined 1n terms of th e ir  

Agglutination Index (A l) .  Al values vary from 0 to  1 with  

higher values Indicating  greater agg lu tln ab lH ty  

(Terrance and Llpke 1981). SDS-Polyacrylamide gel 

electrophoresis (Laemmll 1970) (SDS-PAGE) was performed 

employing 7.5% polyacrylamide gels.

PRODUCTION AND ADSORPTION OF ANTI-0<-AGGLUTININ: 

Antibodies to  of*-ag g lu tin in  were produced by a primary 

subcutaneous In jectio n  o f 100 ug o f endo H treated  

o<.-agglutinin in Freund’ s complete adjuvant followed by 

booster Intravenous In jec tio n s  of 100 ug of treated  

of*-ag g lu tin in  in phosphate buffered sa line . The antigen 

contained peptide plus cleaved N-lInked carbohydrate. 

Antiserum was adsorbed against an equal volume of a or a  

c e lls  which were grown 1n YNB to la te  log phase, washed 

in 140 mM NaCl, 10 mM Tris-HCl pH 7.5 and 5 mM EDTA pH

8 .0 , and heat k ille d  a t 60°C fo r 1 hour. Following 

incubation a t 60°C, c e lls  were washed three times 

with the same buffer and then Incubated with ant1serum. 

The antiserum was adsorbed twice fo r  a to ta l of 12 hours, 

re trieved  by cen trifugation , and stored a t -20°C.

IMMUNODETECTION OF OC-AGGLUTININ BY WESTERN BLOTTING: 

Transfer of protein from polyacrylamide gels to 

n itro ce llu lo s e  membranes was carried  out 1n a buffer 

consisting of 25 mM T r is , 192 mM glycine and 20* methanol
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pH 8.3 as described by Towbln e t a l .  (1979). Transfer was 

fo r  1 hour a t 100 vo lts  using a Trans-Blot Cell (Bio-Rad, 

Richmond, Ca.) in which 1.5 l i t e r s  of buffer was added. 

The transfer of protein  to n itroce llu lose  membrane (pore 

size  0.45 urn) was monitored by Including Coomassle 

stained molecular weight standards when performing 

SDS-PAGE. Antibody d ilu tio n s  and washings employed 140 mM 

NaCl, 10mM T r is , pH, 7.4 (bu ffer B). A ll Incubations and. 

washings were performed on a platform rotator a t room 

temperature. Blots were f i r s t  Incubated In buffer B with 

3% (w/v) bovine serum albumin (BSA) fo r 30 minutes 

followed by Incubation in an ti-« -agg lu t1n1n  (d ilu te d  

1:100) fo r 2 hours. The blots were washed and Incubated 

1n goat ant1-rabb1t IgG (d ilu ted  1:100) fo r 30 minutes 

followed by washing and Incubation 1n rabbit 

peroxidase-anti-peroxidase (PAP) (d ilu ted  1:1000) fo r  45 

minutes. Blots were washed and placed 1n substrate to  

v isu a lize  bound antibody. Substrate was made by f i r s t  

placing 10 mg o f 4-chloro-1-napthol 1n 5 ml of cold 

methanol. This mixture was then added to 15 ml of buffer 

B to which 600 ul of 3* (v /v ) hydrogen peroxide had been 

added.

ANTIBODY INHIBITION ASSAY: Cells were equ ilib rated  in 140 

mM NaCl, 10 mM T r is , pH 7.4 with 10 ug/ml cyclohexlmide 

(bu ffe r C). 100 ul of ot c e ll suspension was centrifuged  

(1000 x g fo r 5 minutes) 1n 13 x 100 mm glass tubes and
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the c e lls  were resuspended in 200 ul o f antiserum d ilu ted  

in buffer C. This mixture was incubated fo r 90 minutes a t 

room temperature on a platform ro ta to r. The c e lls  were 

centrifuged and the spent antiserum removed. The ce lls  

were washed once in 500 ul of buffer C and resuspended in 

2.9 ml of bu ffer A. a Cell suspension (100 u l)  was then 

added. The c e lls  were mixed and centrifuged (1,000 x g 

fo r  5 minutes). C ells  were resuspended using a constant 

speed mixing device and le f t  undisturbed fo r 20 minutes. 

The tu rb id ity  o f the mixture was determined using a 

Spectronic 21 spectrophotometer a t 660 nM (Terrance and 

Lipke 1981). To demonstrate competition fo r antibody 

in h ib itio n  by p u rifie d  o<-agglutin in , increasing amounts 

of o l-a g g lu tin in  (equ ilib rated  in buffer C) were added 

simultaneously to  ot c e lls  and antibody p rio r to  

incubation. The remainder of the In h ib itio n  assay was 

carried  out as described above.

INDIRECT FLUORESCENT ANTIBODY ASSAY: Cells from 25 ul of 

suspension were washed in buffer C and incubated in 

a n ti-c x -a g g lu tin in .(d ilu te d  1:20) in 100 ul of 140 mM 

NaCl, 30 mM T ris , pH 7 .4 , 10 ug/ml cycloheximide with 1 % 

g ela tin  (w /v) (b u ffe r D). A fte r a 90 minute incubation on 

a platform ro ta to r, the c e lls  were washed 3 times in 500 

ul of buffer D and Incubated fo r 45 minutes in 50 ul of 

a n ti-ra b b it  IgG conjugated with fluorescein (d ilu ted  

1:10). The c e lls  were washed 3 times in 500 ul of buffer
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0 and resuspended in deionized water. The c e lls  were then 

added to microscope e lides  coated with 1% (w/v) 

polyly8ine (70 kD) and allowed to  adhere fo r 10 minutes. 

Slides were then washed with deionized water to  remove 

unbound c e lls . C ells  were observed and photographed (2 

minute exposure, 800 ASA) using Tri-X-pan 400 film  

(Kodak) employing a UV microscope (Ze iss ). To demonstrate 

antibody s p e c ific ity  with adsorbed antibody,

©C-agglutinin adsorbed antibody was prepared by 

incubating 5 ul of a -c e l1-adsorbed anti-o c-ag g lu tin in  

with 270 ng (50 u l)  o f p u rified  oc-agglutinin  

(equ ilib rated  in buffer C) overnight a t 4°C. This 

mixture was then used d ire c tly  in the ind irect 

fluorescence antibody assayL

ENZYME IMMUNOASSAY: Antibody incubations in 13 x 100 mm 

tubes were identica l to  tha t described in the flourescent 

antibody assay except tha t the labelled  second antibody 

was a 1:250 d ilu tio n  o f a n ti-ra b b it  IgG conjugated to  

a lka lin e  phosphatase. Upon completion of the second 

antibody Incubation, the c e lls  were washed 3 times with 

500 ul of buffer D and placed in 800 ul of substrate 

solution (0.1 M glycine, pH 10.4, 0.01 mM CaCl2 ,

0.01 mM Mg2S04, and 1 mg/ml of p-nitrophenyl 

phosphate). The mixture was then placed a t 37°C fo r

1 hour. NaOH (1M, 200u1) was added followed by 2 ml 

deionized water. The c e lls  were centrifuged (1000 x g fo r



5 minutes) and the absorbance of the supernatant was 

determined a t 405 nm. Antibody concentrations used were 

1n 5 -fo ld  excess over the amount o f antigen being
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Part 2

CONSTRUCTION OF PLASMID CODING FOR FUSION PROTEIN: A 670 

bp Bam HI fragment encoding 226 amino acids from 

w ith in  the AGoi 1 open reading frame (ORF) was 

isolated by GeneClean (Bio 101, La J o lla , C a.) and 

subcloned into the Bam HI s ite  o f pRAIO to create  

pDW1. The region of the ORF subcloned and expressed in 

pDW1 is  shown in Figure 22. pRA10 is  an E. c o li 

expression vector which uses the lambda promoter le f t  

(pL) fo r  expression o f cloned genes (Mai Ion e t  a l . 1986). 

To construct pDW1, pRA10 was lin earized  by digestion with 

Bam HI and its  term ini dephosphorylated by the 

addition of c a lf  in tes tine  a lk a lin e  phosphatase fo r 15 

minutes a t room temperature. Dephosphorylation prevented 

vector from lig a tin g  on i t s e l f .  The plasmid was then 

electrophoresed on a 0.8% agarose gel and the band 

excised and the DNA isolated using GeneClean (Bio 101, La 

J o lla , C a .). The 670 bp Bam HI fragment of AGcil 

was isolated from pH27 using the same methodology except 

the dephosphorylation step was omitted. Vector and insert
i

were ligated overnight a t 8°C in a 30 ul reaction  

mixture containing 25 mM Tris-HCl pH 7 .5 , 10 mM 

MgCl2,10 mM DTT, 3mM ATP to which 1 un it of T4 DNA 

ligase had been added. The ligated  mixture was then 

transformed into E. c o li s tra in  M21, which contains a 

temperature sensitive ( ts )  c l repressor which allows
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expression of fusion protein under the control of pL when 

the temperature of the culture is  raised from 32 to  

42°C. pDW2 was constructed by digesting pH27 with 

Eco RI and Hpa I I  and the resu lting  1500 bp 

fragment ligated  in to  pRA10 which had been cut with 

Eco RI and Nar I .  pDW3 was constructed by 

digesting pH27 with Nhe I  and Hpa I I  and the 

resu lting  800 bp fragment ligated  in to  pRA 10 which had 

been digested with Xba I  and Nar I .  Clones 

harboring plasmid were selected by p lating  the mixture on 

Luria agar plates supplemented with 100 ug/ml of 

ampici11 in .

Aap CII^V Baa BI/Baa HI
Kŝ t S a i l~

pDWl if-Baa BI/Baa HI

Construction of pDUl froa pKAlO

PRODUCTION OF FUSION PROTEIN: Transformants were picked
I

and grown in Luria Broth (LB) with 100 ug/ml ampici11 in 

to an O . D . 0  6O of 0.2 a t which time they were 

transferred to a 42°C water bath fo r  1.5 hours to 

induce the expression of fusion pro te in . Following 

induction, c e lls  were centrifuged a t 10,000 x g fo r 5 

minutes and the c e ll p e lle t  stored a t -20°C.
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ISOLATION OF FUSION PROTEIN: Induced c e lls  from 75 ml of

cu ltu re  were thawed and resuspended in 10 ml o f 50 mM

EDTA, 1* glucose, 25 mM Tris-HCl pH 7 .5 , 10 ug/ml 

lysozyme, 1% Triton-X100 and incubated fo r  10 minutes at

4°C. This mixture was then centrifuged a t 10,000 x g

fo r 5 minutes a t room temperature. The gelatinous p e lle t  

was then so lub ilized  in 2.5X SDS and equal portions 

electrophoresed on a 10 X SDS-PAGE gel. Upon completion 

of electrophoresis, the gel was placed fo r 30 seconds in 

Coomassie s ta in  (0.025X (w/v) Coomassie b r i l l ia n t  blue,

50 % methanol, 5% acetic  ac id ). The gel was then washed 

b r ie f ly  in water and the prominently staining band, 

representing fusion prote in , was excised from the gel.

Gel s lices  from 2 gels were then cut in to  1 mm squares 

and placed in 2 ml o f 150 mM NaCl, 10 mM T ris  pH 7 .5 , 1mM 

EDTA, 5 mM DTT and 0.01 % (w/v) SDS. This mixture was 

incubated overnight a t room temperature on a platform  

ro ta to r to  fa c i l i t a te  passive e lu tion  of fusion protein . 

T yp ica lly , the amount of protein isolated from 2 gels 

equalled 50 ug.
a

PRECIPITATION OF PURIFIED FUSION PROTEIN FOR ANTIBODY 

PRODUCTION: Protein eluted from gel s lices  was 

p rec ip ita ted  using ion -pa ir extraction (Konigsberg and 

Henderson 1983). 50 ul of eluted protein was precip itated  

by adding 950 ul of 85X (v /v ) acetone, 5% (v /v )
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t r ie th y l amine and 5% (v /v )  acetic  acid. This mixture was 

le f t  fo r 15 minutes a t 0°C. The mixture was then 

centrifuged a t 10,000 x g fo r 5 minutes a t room 

temperature. The protein  p e lle t  was washed once with 500 

ul of acetone and a i r  dried a t room temperature.

PRODUCTION OF ANTIBODY TO FUSION PROTEIN: Antibodies were 

raised in female New Zealand White rabbits . 100 ug of 

precip itated  fusion protein was em ulsified in 1 ml of 

Freund’s complete adjuvant and in jected subcutaneously. 

This was followed by in jectio n  of 100 ug of protein  

emulsified in Freund’ s incomplete adjuvant a t 10 day 

in te rva ls . This was repeated three times so tha t each 

rabbit received a to ta l of four in jections over a period 

of 40 days. Rabbits were bled weekly and the antiserum 

stored a t -20 °C .

PRODUCTION OF CELL EXTRACTS AND WESTERN BLOTTING: Cell 

extracts of W303-1B and ago^i: :LEU2 mutant 

(a g & 1 -)  were prepared as follows. Cells from 1 

l i t e r  of culture in YEPD (O.D . 0 0 0  0 .8 ) were 

centrifuged a t 1,000 x g fo r 5 minutes and resuspended in 

50 ml of 100 mM sodium acetate, 0.03 % Triton X-100 and 

1mM p-chloro mercuribenzoate. The suspended c e lls  were 

added to 10 ml volume of glass beads and disrupted by 

placing th is  mixture on a bead beater (Terrance e t a l .

1987) t i l l  90 % o f the c e lls  were broken as determined by
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phase contrast microscopy. The mixture was then poured 

o ff  from the glass beads and then centrifuged a t 28,000 x 

g fo r 10 minutes. The supernatant (crude c e ll ex trac t) 

was collected and stored a t -20°C t i l l  assayed.

Protein quantitation  of crude ex tra c t was determined 

using the BCA Protein Assay (P ierce Chemical Co., 

Rockford, 1 11 .). For Western b lo ts , 5 ug of c e ll extract 

was incubated with 0.001 U of endo H as described in Part

1. Western B lotting was performed as described in Part 1 

except tha t: 1) the primary antibody incubation (w ith  

anti-O C -agglutinin or antibody to  fusion protein) was 

overnight a t room temperature and 2) n itroce llu lose  was 

incubated with 3% (w/v) ge la tin  instead of BSA to prevent 

non-specific binding by antibody.

INHIBITION OF AGGLUTINATION ASSAY EMPLOYING FUSION 

PROTEIN: Assay was performed as in  Part 1 except tha t 

increasing amounts of p u rified  fusion protein were 

incubated with 15 ul of an ti-o *.-agg lu tin in  fo r 1.5 hours 

p rio r to assay.

i
ADSORPTION OF ANTI-0^,-AGGLUTININ FOR WESTERN BLOTTING:

100 ul of o<-agglutinin (540 ng) was incubated with 0.003 

U of endo H overnight a t room temperature as described in 

Part 1. The following reagents were added to the reaction  

mixture to the concentrations indicated: EDTA 1mM, pH

8 .0 , Tris-HCl 10 mM, pH 7 .5 , NaCl 150 mM. To th is  f in a l
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i

mixture, 30 ul of a n ti-o t-a g g lu tin in  was added and 

incubated overnight a t 4°C. The adsorbed antiserum 

was used to determine whether p u rifie d  o *-agg lu tin in  

could neutra lize  binding of antibody to  fusion protein as 

determined by Western b lo ttin g .

i
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Part 3

PREPARATION OF MINI-PREPARATIONS FOR SCREENING 

TRANSFORMANTS: Because most of the re s tr ic tio n  s ite s  used 

fo r the f i l l - i n  reactions are recognized by enzymes which 

do not function well 1n the presence of contaminants (eg. 

tRNA), a procedure was developed to  Iso la te  plasmid DNA 

from a small scale cu ltu re  which y ie lds  plasmid DNA which 

is  re la tiv e ly  free  o f such contaminants. This is  a 

m odification of a protocol communicated by^Dr. Robert 

Mai Ion of Schering-Plough Corporation. 1 ml of an 

overnight cu lture  was centrifuged a t 10,000 x g fo r  3 

minutes and the supernatant discarded. The c e ll p e lle t  

was resuspended in 100 ul o f a solution containing 1 % 

(w/v) glucose, 25 mM Tris-H C l, pH 7 .5 , EDTA 50 mM, pH

8 .0 . To th is  m ixture, 200 ul of a solution containing 1* 

(w/v) SDS and 0 .2  N NaOH was added and mixed gently . The 

mixture was then placed on ice fo r 10 minutes and 150 ul 

of 5 M potassium acetate, pH 5.0 was added, mixed gently 

and the mixture once again placed on ice fo r 10 minutes. 

The mixture was then centrifuged fo r  5 minutes a t 10,000 

x g and the supernatant (400 u l)  transferred to a new 

tube. 800 ul o f cold 95* ethanol was added and the 

mixture placed on ice fo r 20 minutes. A centrifugation  at

10,000 xg fo r 5 minutes followed. The supernatant was 

removed and the p e lle t  dried by placing the tube in a 

45°C water bath. The p e lle t  was then dissolved in
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250 ul of 50 mM NaCl, 10 mM Tris -H C l, pH 7.5 and 1 mM 

EDTA, pH 8 .0 . 200 units (2 u l ) o f RNase T1 (U.S. 

Biochemical, Cleveland, Ohio) was then added and the 

mixture incubated a t 37°C fo r  1 hour. Next, 60 ul of 

2 M NaCl, 10 mM Trie-H C I, pH 7 .5 , 1 mM EDTA, pH 8 .0  was 

added followed by the addition o f 300 ul o f a 50/50 

mixture of phenol/chloroform. The mixture was vortexed 

fo r 20 seconds and then centrifuged fo r 5 minutes a t

10.000 x g. 250 ul o f the top aqueous phase was then 

removed to a new tube and toTth is  500 ul of cold 95* 

ethanol was added. The mixture was placed on ice fo r 20 

minutes followed by cen trifugation  a t  10,000 x g fo r 5 

minutes. The supernatant was discarded and the p e lle t  

washed with 500 ul o f ,70 X ethanol. The p e lle t  was 

harvested by a b rie f centrifugation  (10,000 x g fo r 5 

seconds). The supernatant was discarded and the p e lle t  

was dried by placing the tube in a 45°C water bath

fo r 5 minutes. The p e lle t  was dissolved in 30 ul of 

water. Typ ica lly , 4 to 6 ul o f DNA was used fo r each 

re s tr ic tio n  enzyme digest.

I
LARGE SCALE PREPARATION OF DNA: This procedure was 

communicated by Dr. Robert Mai Ion of Schering-Plough 

Corporation. Cells were grown in LB with ampici11 in 

overnight (100 to 200 ml cu ltures) and centrifuged at

5.000 x g fo r 10 minutes. The p e lle t  was resuspended in 

10 ml of 25 mM Tris-HCl, pH 7 .5 , 50 mM EDTA, pH 8 .0  and 1



*  (w/v) glucose. To th is , 20 ml of 1% (w /v) SDS, 0 .2  N 

NaOH was added and gently mixed. The mixture was then 

placed on ice fo r  10 minutes, a fte r  which 15 ml o f cold 5 

M potassium acetate (pH 5 .0 ) was added and gently mixed. 

The mixture was then placed on ice fo r 10 minutes 

followed by centrifugation  a t 5,000 x g fo r 5 minutes. To 

the supernatant (40 m l), 80 ml of cold 95 % ethanol was 

added and placed on ice fo r 20 minutes. The mixture was 

centrifuged a t 5,000 x g fo r 10 minutes and the p e lle t  

dissolved in 20 ml o f 10 mM T ris , pH 7 .5 , 1 mM EDTA, pH

8 .0 . Ammonium s u lfa te , 3 .8 g, was then dissolved in the 

mixture. The mixture was placed on ice fo r 20 minutes 

followed by centrifugation  a t 5,000 x g fo r 10 minutes. 

The resulting p e lle t  contained high molecular weight RNA 

which was discarded. The supernatant was placed in two 

volumes of cold 95 % ethanol and placed on ice fo r 20 

minutes. The mixture was centrifuged a t 5,000 x g fo r 10 

minutes and the p e lle t  dried in a 45°C water bath.

The p e lle t  was then dissolved in 2 ml of 50 mM NaCl, 10 

mM Tris-HC l, pH 7 .5 , 1 mM EDTA, pH 8 .0 . To th is  500 U (5 

u l) of RNase T1 was added and the mixture placed a t
a

37°C fo r 1 hour. 600 ul of 2 M NaCl, 10 mM Tris-H C l, 

pH 7.5, 1mM EDTA, pH 8 .0  was then added followed by 2.5  

ml of a 50/50 mixture of phenol/chloroform. The mixture 

was then vortexed fo r 30 seconds and centrifuged a t 5,000 

x g for 5 minutes. 2 ml of the aqueous phase was removed 

and placed in 4 ml of cold 95X ethanol. The mixture was
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then placed on ice fo r 20 minutes and centrifuged a t

5,000 x g fo r 5 minutes. The resu lting  p e lle t  was washed 

once with 1 ml of 70 % ethanol, centrifuged b r ie f ly  and 

a ir  dried in a 45°C water bath. The p e lle t  (plasmid 

DNA) was then dissolved in 200 ul of s te r i le  deionized 

water.

TRANSFORMATION OF DNA INTO E. COLI: This protocol was 

communicated by Dr. Robert Mallon o f Schering-Plough 

'Corporation. S train  DC646 was made competent by the 

following procedure. Cells were grown in LB broth (250 ml 

cultu re) overnight to an O.D.eeo o f 0 .4  a t which 

time they were centrifuged a t 4,000 x g fo r 10 minutes. 

The c e lls  were resuspended gently in 5 ml of 100 mM 

CaClz and placed on 1ce fo r 5 minutes. The c e lls  

were then centrifuged a t 1,000 x g fo r  5 minutes a t  

4°C. The c e lls  were then placed in 5 ml of 100 mM 

CaCl2 overnight a t 4°C. 500 ul of s te r i le  

glycerol was added and mixed very gently into  the c e ll 

suspension. 200 ul a liq o ts  were then prepared and frozen 

a t -70oC.

A 200 ul a liquot of competent c e lls  was quickly  

defrosted and placed on ice. DNA to be transformed was 

placed in 100 ul of 100 mM CaCl2 . To th is  100 ul of 

competent c e lls  was added. The c e ll suspension was placed 

on 1ce fo r 45 minutes then heat shocked a t 42°C fo r  

2 minutes. 1 ml of LB was added and the mixture placed a t
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37°C fo r 1.5 hours a fte r  which a portion (usually  

100 u l)  was plated. YEp351 and pRA10 transformants were 

selected on LB agar p lates containing 100 ug/ml 

ampici11 in . pH27 containing transformants were selected  

on LB agar plates with 100 ug/ml kanamycin.

TRANSFORMATION OF DNA INTO SACCHAROMYCES CEREVISIAE:

A lith ium  acetate procedure was used to Introduce plasmid 

DNA (YEp351-AGc.1) in to  Saccharomyces cerevisiae  

(Johnston 1988). C ells  (Lc.21) were grown in YEPD (100 ml 

cu ltu re ) overnight a t room temperature to an O.D.aeo 

of 0 .2 . The c e l l8 were centrifuged a t 4,000 x g fo r 5 

minutes and resuspended in 10 ml of 10 mM Tris-HCl pH 7.5  

and 1mM EDTA pH 8 .0  and centrifuged a t 200 x g fo r 5 

minutes. The c e lls  were resuspended 1n 1.5 ml o f 100 mM 

lith ium  acetate, 10 mM Tris-HCl pH 7.5 and 1 mM EDTA pH

8 .0 . The c e ll suspension was incubated a t 30°C fo r 1 

hour. 200 ul of c e ll suspension was removed and 2 to  5 ug 

of plasmid DNA added. The c e lls  were incubated a t 

30°C fo r 30 minutes. 1.2 ml of 50% polyethylene 

glycol was added and mixed gently but thoroughly in to  the 

c e ll suspension. The suspension was then incubated a t 

30°C fo r 1 hour. The c e ll suspension was then heat 

shocked a t 42°C fo r 5 minutes. The c e lls  were spun 

down a t 10,000 x g fo r 3 to  5 seconds and the 

polyethylene glycol removed. C ells  were washed tw ice, 

each time with 1 ml water to  remove traces of
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polyethylene g lyco l. C ells were resuspended 1n 200 ul 

water. Each p la te  received 100 ul of resuspened c e lls . 

C e ll8 transformed with YEp351 were selected on YNB plates  

supplemented with amino acids minus leucine. C ells were 

plated and transformants detected 2 to 3 days th e re a fte r. 

Typ ica lly , 50 to  300 transformants would re su lt from a 

transformation employing 5 ug of DNA.

RESTRICTION SITE FILL-IN REACTIONS IN AG0L1: In  most

cases pRA10 was used as a shuttle  vector to  construct

spec ific  deletions o f re s tr ic tio n  s ites  in the ORF of

AGc< 1. Once a re s tr ic tio n  s ite  was modified, DNA

coding the ORF was cut out of pRA10 and ligated  into

YEp351-A(?oc / which contains a 4 .5  kb Xba

I -H ind  I I I  fragment o f AG&1. This 4.5 kb
¥

fragment contains the en tire  AGot 1 gene and essential 

upstream sequences. Both pRA10 and YEp351 have ampici11 in 

resistance markers so tha t transformants containing these 

plasmids were selected on LB agar with 100 ug/ml 

ampici11 in . A ll transformations of E. c o li  employed 

s tra in  DC646, a d eriva tive  of HB101.

To create pCL4 which contains most of the ORF of 

AGot. 1, pRA10 was cut with Sma I  and Nar I  and 

YEp 351-AGoC 1 was cut with Nar I  and Eco RV.

Vector and In s ert were ligated . pCL4 was used to make the 

Sac I  deletion by cutting the plasmid with Sac I  

and f i l l i n g  in  the 5' termini with T4 DNA polymerase
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under the following conditioner DNA (approximately 500 

ng) in 33 mM T ris -ace ta te , pH 7 .9 , 66 mM potassium 

acetate, 10 mM magnesium acetate, 2 mM dNTP's, 1 mM OTT 

and 2 units o f T4 DNA polymerase. The mixture was 

incubated fo r  30 minutes a t 37°C in a water bath.

The DNA was isolated by using GeneClean and then lig a ted . 

Transformants were selected and mini-preparations of 

plasmid DNA prepared to id e n tify  a clone which had the 

Sac I  s ite  elim inated. pCL8 was id e n tifie d  as being 

id en tica l to pCL4 except th a t the Sac I  s ite  was now 

missing.
Construction of pCL* and pCLS ( m  p*A10 

r<7V S u  I/Eco nSaa I

pKAIO Lac Zl
3.63kb J

Orl
•Hat I

ACoCl
pCU
6.5U> Sac I

war I/Nar I

Saa I/Eco IV

pCLS
6.SU> AMI

war I/War I

A Ban I I  s ite  was elim inated in the same way as 

th a t fo r the Sac I  s ite  except tha t pCL8 was 

employed. The reason fo r using th is  plasmid is th a t there  

were o r ig in a lly  2 Ban I I  s ite s  in pCL4 and destroying 

the Sac I  s ite  simultaneously elim inated a Ban I I  

s ite .  Thus, pCL8 had only one Ban I I  s ite  remaining, 

the one to  be modified. pCL8 was cut with Ban I I ,  

incubated with T4 DNA polymerase and ligated  as described 

above. Transformants were selected and a transformant 

id e n tifie d  which had a plasmid with both Ban I I  s ites  

elim inated. This plasmid was designated pCL10.
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Fragments containing the ORF from pCL8  and pCL10 

were subcloned in to  YEp351-AG0( / by cutting with  

Spe I  and Hind I I I  lib e ra tin g  1445 bp from pCL4 

and pCL8 . YEP351-AG©C 1 was cut with the same enzymes. 

Fragments containing the deleted re s tr ic tio n  sites.were  

then ligated  in to  YEP351-A<?et /. These constructs were 

id e n tif ie d : pAGoClesa + 23 ( Sac I  de letion) and 

pAGoc 14944 3  (Ban I I  d e le tio n ).
Construction of P*C*l635+23 «nd P«S*»„4+3 fro. YEp35l-AGotl

' _ TEp351-
Aapr ACotl 
k lO.lkb

r pACotl- 
1 623+23 
10.1 kb

Aap pACotl- 
496+3

2u I0-1 kb 
k  LEU2

ACotl 
■Spe X

For uniform ity and c la r ity ,  the f in a l constructs 

(modified re s tr ic t io n  s ite  subcloned into YEp351) were 

designated pAGol1x i+x 2 where XI is  the number of 

amino acids coded by AGec1 and X2 is  the number of 

residues coded by out of frame sequence.

The Spe I  f i l l - i n  was constructed by cuttingi

YEp351-AGoC1 w ith Spe I  and f i l l i n g  in the 3 ’ 

term ini with Klenow fragment of DNA polymerase I  under 

the follow ing conditions: DNA (approximately 500 ng), 50 

mM Tris-H C l, pH 7 .5 , 10 mM MgCla, 10 mM DTT, 2 mM 

dNTP’ s, and 5 units  of Klenow enzyme. The reaction  

mixture was incubated fo r 30 minutes a t 23°C. DNA



51

was Isolated by GeneClean and lig a te d . Transformants were 

screened fo r the proper construct: pAGoOssi by 

demonstrating th a t the Spe I  s ite  was elim inated.
Conttruction of pACtbljjj froa YEp351-AG**l

ACol)

n»)3i

l ln d  Ill

pAGotl

fid I I I

The Bsp HI f i l l - I n  was constructed by digesting  

PH27 with Bsp HI and f1ll1ng-1n the ends with Klenow 

fragment as described above. The plasmid was ligated and 

a transformant selected which carried  pH27 which had the 

Bsp HI s ite  replaced with an Nsi I  s ite  

(pH27BSF&). The presence of an Nsi I  s ite  Indicated a 

proper f i l l - i n  with Klenow enzyme. pH27BSPA was digested 

with Spe I  and Hind I I I  and 11 gated Into  

YEp351-AGo< 1. This construct was designated

PAGOC16 2 1+5 .
Construction o f pH27BSPA fro a  pH27

Hind I I I

ACotl

Hind I I I

Hind I I I

O rl

PR27BSP6 8.6kb r
IBpJSl AC otl

■Bj£ HI

Hind 111

Con.tructlon  o f pACMl62l+J froa  YEp351-ACctl 

lb .  1 Xb. I

Hind I I I

ACetl621+3

Hind I I I

To construct pNSII^, pCL4 was digested p a r t ia lly  

with Nsi I ,  Incubated with T4 DNA polymerase, 

lig a te d , transformed and a clone selected which had one 

of the two Nsi I  s ite s  1n pCL4 elim inated. 

Unfortunately, the clone Id e n tifie d : pCL4NSIA, had the 

Nsi I  s ite  w ith in vector sequence elim inated.



Construction of pCLAHSIA froa pCIA
M a i  V

pCMNSIA
6.5kb

Orl

AGaCl 
•Hsl 1
Mar 1/lUr I

PCL4NSIA, was redigested with Nsi I  so th a t the 

only other s ite  in the plasmid, the one w ithin the ORF, 

would be cleaved. Once digested with Nsi I ,  pCL4NSlA 

was incubated with T4 DNA polymerase, ligated , 

transformed and a clone selected which both Nsi I  

s ites  eliminated^- This clone was designated pCL4NSI2&.
Construction of pCUNSI2A froa pCUNSIA

r ■ ac*!I pCUNSIA I ______
I 6.5kb r  jut iV JV  Hsr I/Nar 1

PCL4NSX2A
6.5kb

Orl

YEp351-AOpc1 was digested with Xba I  and 

Eco R I. pCL4NSI2& was cut with the same enzymes. A 

1060 bp fragment (containing a Bgl I I  s ite )  was 

isolated from a YEp351-AGpC 7 digest and subcloned 

in to  pCL4NSI2A. This plasmid was designated pCL4’ NSI2A. 

This construct was made so tha t the re s tr ic tio n  s ite  

Bgl I I  would be present upstream of the modified 

Nsi I  s ite  to allow easy subcloning of the modified 

Nsi I  s ite  into YEp351-AG<X 1. Subsequent 

digestion of pCL4’ NSI2& with Bgl I I  and Hind I I I  

liberated  a 3485 bp fragment containing the deleted 

Nsi I  s ite  in the ORF of AQoi 1. This fragment was 

then ligated into YEp351-AG<X 1 which had also been



cut with Bgl I I  and Hind I I I .  The resu lting  

plasmid was designated pAGoC1a7«*e.
Construction of pAC«l;?0|̂  froa YEp351-ACall

r YEp351- 
AGotl 
lO.lkb

' U112

r pAGotl- 
278+6 
10.1 kb

ISOLATION OF 0<-AGGLUTININ FROM CULTURE MEDIUM: 

Transformed clones o f LOC21 were grown in 200 ml of YNB 

with leucine d e fic ie n t synthetic medium a t room 

temperature overnight to  stationary phase. The medium was 

collected by cen trifugation  a t 3,000 x g fo r 5 minutes to  

p e lle t  the c e lls . The supernatant was dialyzed overnight 

against 4 l i t e r s  o f 10 mM sodium acetate, pH 5.5 a t 

4°C. The dialyzed cu lture  medium was processed 100 

ml a t a time. A 1 ml (bed volume) column of DEAE Sephadex 

(equ ilib rated  in 10 mM sodium acetate) was made using a 3 

ml syringe. The dialyzed medium was placed over the 

column and allowed to flow through by g rav ity . The column 

was then washed with 3 ml of 10 mM sodium acetate and the 

column eluted with 2 ml of 250 mM NaCl, 10 mM sodium 

acetate (pH 5 .5 ) .  A ll the a c t iv ity  a ttrib u ted  to  

« -a g g lu t in in  (see Results, Part 3) could be isolated  

from the medium in th is  fashion. Typ ica lly , 600 to 1000 

units of a c t iv ity  was isolated from 100 ml of cu ltu re .

The isolated m aterial was then dialyzed overnight against 

500 ml of 10 mM sodium acetate (pH 5 .5 ) to remove NaCl. 

The d ia lys is  tubing used to d ia lyze culture media and
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isolated o t-ag g lu tin in  was pretreated with 0.1 % (w /v)

BSA to prevent loss o f agglutin in due to  non-specific  

adsorption to  tubing.

WESTERN BLOTTING OF ISOLATED OC-AGGLUTININ: ©c-agglutinin  

was deglycosylated with endo H as described in Part 1. 

Typically  3 to  15 units  of a c t iv ity  was incubated 

overnight a t room temperature with 0.001 u n it of endo H. 

Western b lo ttin g  was performed as described in Part 2.

CELL FRACTIONATION: C ells  were grown to log phase in YNB 

with leucine d e fic ie n t synthetic medium. C ells  from 20 ml 

of culture were harvested a t 1,000 x g fo r 5 minutes.

C ells were washed once in 5 ml of 30 mM T r is , pH 7.5 and

resuspended in 500 ul o f 30 mM T ris , pH 7.5 with ImM PMSF

and 5* (v /v ) 2-mercaptoethanol. The c e ll suspension was 

incubated a t 37°C fo r 30 minutes and the c e lls

harvested by centrifugation  a t 1,000 x g fo r  5 minutes.

The supernatant was dialyzed overnight in 10 mM sodium 

acetate, pH 5.5 to  remove 2-mercaptoethanol. The dialyzed  

m aterial was labelled  the periplasmic fra c tio n . The ce lls  

were then resuspended in 500 ul of 1* T riton  X-100, 1mM 

PMSF, 10 mM T ris , pH 7 .5 . An equal volume of glass beads 

were added and the mixture vortexed fo r  1 minute (4 

times)(Conzelmann e t a l . 1990). This treatment resulted  

in 65X of the c e lls  being lysed (as determined by phase 

contrast microscopy). The mixture was then centrifuged at
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10,000 x g fo r 5 minutes. The supernatant was labelled  

cytoplasmic fra c tio n .

DNA SEQUENCING: F il le d - in  re s tr ic t io n  s ite s  were 

sequenced by the dideoxynucleotide chain-term inating  

method (Sanger e t a l . 1977) using doubled stranded DNA as 

template. Sequence was derived using e ith e r DNA 

polymerase I  (Klenow fragment) (Mierendorf and P fe ffe r  

1987) or T7 DNA polymerase (Sequenase, U. S. Biochemical 

Corp.) (Tabor and Richardson 1987). Label was 38S 

dATP. Sequencing using Klenow enzyme was carried  out as 

described (Mierendorf and P fe ffe r  1987). Sequencing using 

Sequenase was done as outlined in instructions supplied 

with the enzyme. Mn+2 was added to the reaction  

buffer to f a c i l i t a te  reading sequences close to  the 

primer. 18 mer oligonucleotide primers were made by the 

Hunter College Sequence and Synthesis F a c ility . The 

primer sequences were approximately 40 bp upstream of 

sequences to  be determined.

i



RESULTS AND DISCUSSION
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Part 1

1. ANTIBODY SPECIFICITY AND REACTIVITY

1a. Introduction

An antibody was made to study the c e ll surface 

expression of o t-ag g lu tin in . The antiserum was produced 

in rabbits against p u rified  0 4 -ag g lu tin in  which had been 

pre-treated  with endo H to cleave N-linked carbohydrate.- 

When the antiserum was tested by Western b lo ttin g  of 

crude c e ll extracts from a and c tc e lls , the pattern of 

immunostaining was identical fo r both extracts . In  

addition , the antiserum caused both a and occells to 

immunostain in an in d ire c t immunofluorescence assay.
i

These results  indicated that the antiserum contained 

antibodies which recognized epitopes common to both c e ll 

types. I t  was reasoned that antibodies might have been 

produced against carbohydrate epitopes since 1) the 

o t-ag g lu tin in  preparation used to in je c t rabbits s t i l l  

contained soluble N-linked sugar which had been cleaved 

from the protein and 2) the oC 1-3 mannose linkage 

present in N-linked carbohydrate (F ig . 5) is  an 

immunodominant epitope in rabbits and goats (Ballou 1970, 

1982). To te s t th is  hypothesis, the antiserum was 

absorbed once with h e a t-k ille d  a c e lls  (s tra in  X2180-1A). 

This s tra in  is  isogenic to 04 s tra in  (X2180-1B) used in 

th is  study. These two strains of opposite mating types
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Figure 5. Glycosylation in Saccharomyces cerevisiae. 

Moieties present in N-linked (A) and 0-1 inked (B) 

carbohydrate. Each N-linked glycosylation s ite  may 

contain from 50 to  100 mannose residues which contribute  

s ig n ific a n tly  to  the molecular weight of glycoproteins in  

S. cerevisiae. 1B) Short, 0-1 inked carbohydrate 

contains from 1 to 4 mannose residues. C) Major 

immunodominant epitope in mannan from s tra in  X2180 

(Ballou 1982).
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express Identica l forms o f 0 and N-lInked carbohydrate. 

Adsorption o f antiserum with X2180-1A therefore results  

in the elim ination  o f antibodies which recognize epitopes 

on 0 and N-lInked carbohydrate.

1b. Results

A fte r adsorption, the antiserum was tested by 

in d ire c t Immunofluorescence to  monitor the e ffic ien cy  of 

adsorption. The absorbed antiserum s t i l l  caused a weak 

fluorescence of a c e lls , Ind icating  th a t a single  

adsorption was not adequate 1n removing contaminating 

antibodies. A fte r the an t1serum was adsorbed a second 

time, i t  no longer reacted with a c e lls  but s t i l l  caused 

the fluorescence of oc c e lls  (F ig . 6 ) . This resu lt 

indicated tha t a population o f antibody remained 1n the 

antiserum tha t recognized a t least one antigenic  

determinant which was spec ific  to o< c e lls . To determine 

the nature of immunofluoresence seen 1n tx c e lls , the 

adsorbed antiserum was Incubated with p u rified  

c i -ag g lu tin in  p rio r to  assay. The preincubated antiserum 

did not bind to  ©<. c e lls  in in d ire c t fluorescent antibody 

assays. Therefore, the antibody which bound to ©< c e lls  

was directed against oC-agglutin1n-spec1f1c antigenic  

determinants. Western b lo ttin g  (F1g. 7) Indicated th a t 

the adsorbed antiserum was able to recognize native and 

a l l  the major forms o f endo H treated  oC-agglutinin ( I . e .
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Figure 6. S p e c ific ity  o f antibody and c e ll surface 

d is tr ib u tio n  of oc-agg lu tin in . Phase micrographs (Top) 

and matching fluorescent micrographs (Bottom). Uninduced 

c* c e lls  express o t-a g g lu tin in  in a polar fashion while  

induced c e lls  express o t-ag g lu tin in  more evenly, a C ells; 

which do not express e<-agg lu tin in , are a negative 

c o n tro l.



a cells a lp h a  cells a lp h a  cells  
induced
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Figure 7. a c e ll adsorbed antiserum recognizes p u rified  

9*.-ag g lu tin in  by Western b lo ttin g . Lane A, 250 ng of endo 

H treated o t-a g g lu tin in . Lane Ct 250 ng native  

ot,-agglutin in . Lane B, endo H alone. Arrowheads id e n tify  

e t-ag g lu tin in  peptides. Numbers indicate kD.

«
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72, 105, 145, 160 kD species). A ll these species are 

capable of binding to  a c e lls  (Terrance e t a l .  1987).

The absorbed antibody was tested fo r I ts  a b i l i ty  to  

In h ib it  the binding of o< c e lls  to  a c e lls . Ant1serum 

Inh ib ited  the agglutinin-mediated binding of the two 

mating types when 1t was preincubated with o< c e lls  (F1g. 

8) but not 1f the preincubation was with a c e lls . Neither 

prelmmune serum (data not shown) nor antiserum 

preadsorbed with ot c e lls  Inh ib ited  agglutination (F lg^  

8 ). In h ib itio n  effected  by antibody was neutralized by 

adding p u rified  ot-agg1utin1n to compete )v1th cell-bound 

ol-agg1ut1n1n fo r antibody. N eutra lization  of antibody 

In h ib itio n  was found to be dependent upon the amount of
i

p u rified  o ',-agglutin in  added to the mixture (F ig . 9 ). 

These results  demonstrate tha t the a-agglut1n1n binding 

s ite  on o (-ag g lu tin in  is  a t least p a r t ia lly  blocked by 

these ot-agg1utin1n-spec1f1c antibodies.

2. QUALITATIVE EXPRESSION OF ©(-AGGLUTININ

The spatia l d is trib u tio n  of crt-agglutinin on the 

c e ll surface was determined by In d ire c t 

immunofluorescence. S tra in  X2180-1B exhibited poor 

fluorescence when grown a t 30°C (data not shown).

These c e lls  had an agglutination Index of 0 .5 -0 .6 . When 

X2180-1B was grown at 22°C, c e lls  stained much more 

Intensely (in d ica tin g  a higher level of o (-agg lu tin in
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Figure 8. In h ib itio n  of agglutination by 

a n t i-d -a g g lu t in in . Increasing amounts of a -c e l1-adsorbed 

antiserum ( • )  or © I-cell-adsorbed antiserum (▲) were 

incubated with cl c e lls . The c e lls  were washed and a 

c e lls  added. The a g g lu tin a b ility  of the c e ll suspension 

was then assayed. Error bars (range fo r n=2) not v is ib le  

are smaller than symbols.
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Figure 9. Competition of antibody in h ib itio n  by p u rifie d  

oC-agglutinin. Increasing amounts of purified  

ot-agg lu tin in  were incubated with ei c e lls  and antiserum. 

The c e lls  were then washed and a c e lls  added. The - 

agglutinabi1ity  of the mixture was then assayed. Error 

bars (range fo r n=2) not v is ib le  are smaller than 

symbols.

t
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expression) and had a higher agglutination Index 

(0 .7 5 -0 .8 2 ). These resu lts  suggested that a t the lower 

temperature, there was a higher level o f con stitu tive  

expression of ot-agglut1n1n (see Discussion). Because 

c e lls  grown a t 30°C did not sta in  Intensely enough 

to  obtain su itab le  micrographs, c e lls  were grown a t  

22°C fo r a l l  the assays described below (unless 

otherwise noted). Non-1nduced oc c e lls  expressed 

oC-agglutinin 1n a polar fashion (F1g. 6) while Induced 

oC c e lls  ( c e l l8 Incubated with a -fa c to r) expressed 

-ag g lu tin in  more evenly.

A second feature  o f be -agg lu tin in  expression was 

th a t the buds of o<, c e lls  did not express 0 i-ag g 1 u t 1n1 n 

(F ig . 10) (5 immunostained buds out of 50). The frac tio n  

of buds which expressed oc -agg lu tin in  did not appreciably 

change upon exposure to  the pheromone a -fac to r (4 out of 

35). Smaller c e lls  w ith in  the population also fa ile d  to  

express oC-agglut1n1n (F ig . 10). In contrast to  

o^-agglutin in , a -agg lu tin in  1s expressed f i r s t  on buds of 

a c e lls  exposed to of,- fa c to r  (Watzele e t a l . 1988).

S train  W303-1B was treated with a -fac to r fo r 5 hours 

a t 30°C. Some c e lls  exposed to pheromone showed c e ll 

wall changes which re s u lt 1n an aberrant morphology 

(shmoos). Cells producing shmoos expressed oC-agglutinin  

in the region of the shmoo t ip  (F1g. 11). a -agg lu tin in  1s 

also expressed 1n the region of the shmoo t ip  (Watzele e t 

a l . 1988). Some o f the c e lls  not producing shmoos formed
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Figure 10. o f-agg lu tin in  expression in uninduced c( 

c e lls . Phase micrographs (L e ft)  and matching fluorescent 

micrographs (R ight) o f log phase o<cells . Buds (la rge  

arrows) and smaller c e lls  (small arrows) which do not 

express c e ll surface o t-ag g lu tin in  are id e n tif ie d .
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Figure 11. ©c-agglutinin expression in shmoo t ip  region 

of induced oc c e lls . Phase micrographs (Top) and 

flurescent micrographs (Bottom). Cells induced with 

a -fac to r were assayed fo r oc-agglutinin expression. Shmoo 

tip s  (arrows) immunostain indicating the presence of 

O t-agg lu tin in .

i
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buds which did not express o (-ag g lu tin in .

3. QUANTITATIVE EXPRESSION OF 0(-AGGLUTININ

3a. R elative  Changes in Expression in Response to  the 

a -fa c to r Pheromone

I t  has been shown that exposure o f a c e lls  to  

©C-factor results  in an increase in the c e ll surface 

expression of a -agglutin in  (Terrance and Lipke 1987, 

Watzele e t  a l . 1988). S im ilarly , an increase in the 

expression of ©C-agglutlnin might occur in ci c e lls  

exposed to a -fa c to r (Yanagishlma e t a l . 1976, Betz e t  a l.  

1978, Terrance and Lipke 1981). To investigate th is  

p o s s ib ility , re la tiv e  changes in the c e ll surface 

expression of o t-agg lu tin in  in response to  pheromone were 

studied.

Changes in the c e ll surface expression of 

oC-agglutinin were determined using an enzyme immunoassay 

(E IA ). S trains X2180-1B (grown at 22°C) and W303-1B 

(grown a t 30°C) wefe exposed to a -fa c to r and the 

c e lls  assayed fo r expression of c e ll surface 

oC-agglutinin. As seen in Table 3, W303-1B exhibited a 

2.4  fo ld  increase in agglutinabi 1 i ty  and the expression 

of o t-ag g lu tin in  Increased 6.7 fo ld . For s tra in  X2180-1B, 

the agg lu tinab i11ty increased 1.1 fo ld  and the expression 

of ©^-agglutinin 1.3 fo ld . The increase in oc-agglutin in
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expression may be responsible fo r both the increases seen 

in the a g g lu tin a b ility  of of, c e lls  upon treatment with  

pheromone (Yanagishima e t a l .  1976) and the uniform c e ll 

surface expression o f o l-ag g lu tin in  in induced c e lls  

(F ig . 6 ).

3b. C onstitutive Expression: Determination of S ite  Number

The results in Figure 9 were used to calculate the 

number of of,-a g g lu tin in  molecules con stitu tive ly  

expressed. Because antibody is  t it r a te d  by soluble 

o(-agg1utin in, the assay is  analogous to a competitive 

binding radioimmunoassay (Fahey e t a l . 1963) where 

soluble unlabelled antigen competes with labelled antigen 

fo r antibody. I f  one assumes th a t 1) antibody binding is  

proportional to a decrease in agg lu tinab i1ity  and 2) tha t 

antibody can bind equally to both cell-bound and soluble 

of,-ag g lu tin in , then one can calcu late the number of 

-agg lu tin in  molecules c o n s titu tive ly  expressed in oc 

c e lls . Given the peptide molecular weight of 

cf,-ag g lu tin in  to be approximately 70 kD (Terrance e t a l .
t

1987), the number of of.-a g g lu tin in  molecules expressed 

per oC c e ll is  5 x 104 . This value is  the same as 

th a t calculated by Watzele e t a l . using labelled  

a-agglutin in  to  determine the number of e t-ag g lu tin in  

molecules expressed on of, c e lls .
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Discussion

1. QUALITATIVE EXPRESSION OF 0<-AGGLUTININ 

1a. Introduction

o t-ag g lu tin in  is  presumed to be anchored to the c e ll  

surface by attachment to the c e ll w a ll. The yeast c e ll 

wall is  composed o f an outer layer o f mannan (Lipke e t  

a l . 1976), which contains 7 to 10 % protein by weight 

(Falcone and Nickerson 1956); a glucan layer, which forms 

a f i b r i l l a r  network which 1s believed to  give the c e ll 

wall its  mechanical strength (M atile  1969); and c h it in , 

which is Involved in bud formation (Roberts e t a l . 1983). 

I t  is  speculated th a t oC-agglutinin 1s anchored to  the 

wall by the mannoprotein component. I f  th is  assumption is  

correct, then the spatia l expression of oL-agglutinin may 

be dependent on the c e ll surface expression of other 

mannoproteins.

1b. Expression of rpannan and its  re lationship  to  

o^-agglutinin expression

FITC-conjugated Concanavalin A, which b1nd6 

s p e c ific a lly  to  oC mannosides and ot glucosides, was used 

to study the spa tia l d is trib u tio n  of mannan on the yeast 

c e ll surface by Tkacz and MacKay (1979). The probe was
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found to be spec ific  fo r ot-mannan; since la b e llin g  could 

be inh ib ited  by methyl-oC-D-mannopyranoside (Tkacz e t a l . 

1971). Uninduced ot c e lls  (s tra in  X2180-1B) express 

mannan uniformly over the e n tire  c e ll surface. The 

observation th a t c e lls  grown a f te r  exposure to FITC-Con A 

produce buds which do not s ta in  suggests th a t there is  no 

detectable re lo ca liza tio n  o f ex is tin g  mannan on the c e ll 

surface (Tkacz and Lampen 1972). Also, pulse-chase cel 1 

surface la b e llin g  experiments suggest strongly th a t newly 

synthesized mannan is  deposited 1n the growing bud only 

(Tkacz and Lampen 1972). S im ila r ly , c e lls  labelled  with 

14C D-mannose show th a t the label is  stable w ithin  

the c e ll wall fo r  a number o f c e ll d ivisions suggesting 

tha t there is  l i t t l e  turnover o f the mannoprotein 

component (Pastor e t a l .  1984).

The above results  indicate th a t 1) the mannan 

component of the c e ll wall is  a stable structure which is  

expressed evenly over the surface of uninduced o< c e lls

2) newly synthesized mannan is  deposited in the bud of 

growing c e lls  and 3) there is  l i t t l e  re lo ca liza tio n  or 

turnover of ex is ting  mannan on the c e ll surface.

As seen in Figure 6, o t-ag g lu tin in  is  expressed in a 

polar fashion on uninduced c e lls . This is  in contrast 

to mannan which is  expressed uniformly over the e n tire  

c e ll surface. A dd itiona lly , in buds (where new mannan is  

deposited) oC-agg1utin1n is  not expressed in detectable  

amounts (F ig . 10).
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These resu lts  suggest th a t o i-ag g lu tin in  and bulk 

mannan do not necessarily co -lo c a lize  to  the same area on 

the c e ll surface. However, there is  so l i t t l e  known about 

the molecular arch itectu re  o f the c e ll wall th a t the 

p o s s ib ility  of other c e ll wall components regulating the 

spatia l d is trib u tio n  o f o t-ag g lu tin in  cannot be 

dismissed.

1c. The spatia l d is tr ib u tio n  of a t -ag g lu tin in  suggests 

models fo r regulating expression

Since o^-agglutin in  is  not expressed in the bud 

region of c e lls , i t  is  speculated th a t o4-agglutin in  

expression may be re s tr ic te d  to  the G1 phase of the c e ll 

cycle. Saccharomyces cerevisiae  goes through a c e ll 

cycle s im ila r to th a t seen in most eucaryotic c e lls  

(Cross e t a l . 1989). Bud formation occurs during the S 

phase of the c e ll cycle and proceeds through G2 u n til bud 

separation which marks the end o f the M phase of the c e ll 

cycle (F ig . 12). Newly synthesized mannan is  deposited in 

the bud region of c e lls  (see above) during S, G2, and M 

phases of the c e ll cycle. In  contrast, the observation 

th a t o t-agg lu tin in  1s not detected in the bud region 

suggests tha t the glycoprotein 1s not expressed during 

these phases of the c e ll cycle. Therefore, 1t is  possible 

th a t the expression of ot-agglut1n1n is  e ith e r c e ll cycle 

or mother/daughter regulated. Regulation of e t-ag g lu tin in
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Figure 12. Cell cycle of Saccharomyces cerevisiae.

Bud formation (BF) s ta rts  the S phase of the c e ll cycle. 

Bud enlargement (BE) occurs throughout the G2 and M 

phases of the c e ll cycle u n til cytokenesls (CK); which 

marks the end of the M phase. As a re s u lt o f cytokenesis, 

a daughter c e ll (DC) Is  formed. Daughter c e ll enlargement 

(DE) occurs during G1 u n til a c r i t ic a l  s ize  1s reached a t 

which time the daughter c e ll s ta rts  DNA rep lic a tio n  and 

bud formation (S phase). The c e ll cycle 1s then repeated.
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expression by e ith e r model would explain why both buds 

and small c e lls  (daughter c e lls )  f a i l  to  express 

o(-agglut1n1n (F ig . 10).

The G1 phase encompasses about 35 to 45 % o f the 

c e ll cycle (Johnston e t a l .  1980). From the study of 

CDC mutants, the G1 phase can be divided up in to  a t  

least two subphases; a pre-START and a START phase 

(Pringle and Hartwell 1982).

In d irec t biochemical evidence suggests tha t 

o(-agg1utinin may be p re fe re n tia lly  expressed during the 

G1 phase. I t  has been observed th a t maximum co n stitu tive  

a g g lu tin a b ility  (agg lu tin in  expression) occurs when o( 

c e lls  are grown under conditions which support a 

prolonged generation time (reduced temperature) (Doi and 

Yoshimura 1977, 1978, 1985, Tohoyama e t a l . 1979, 

Wojciechowicz, Castro and Lipke, unpublished 

observation). I t  has also been shown that c e lls  grown 

under conditions which lim it  growth and increase the 

generation time have re la tiv e ly  constant S, G2 and M 

phases but longer G1 phases (Carter and Jagadish 1978, 

Pringle and Hartwell 1982). I t  is  l ik e ly  th a t c e lls  grown 

under reduced temperature spend more time in the G1 phase 

than when grown under conditions which favor a shorter 

generation time. Therefore, a positive  corre lation  

between increased agg lu tinab i1ity  and growth conditions 

which favor a prolonged G1 phase suggests that 

oC-agglutinin may be p re fe re n tia lly  expressed during the
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G1 phase of the c e ll cycle.

When Saccharomyces cerevisiae  d ivides, the 

daughter c e ll which is  formed 1s smaller than the mother 

c e ll (Hartwell and Unger 1977). Consequently, daughter 

c e l l8 must increase in size before they can divide  

(Johnston e t a l . 1979). Daughter c e ll enlargement occurs 

during the G1 phase o f the c e ll cycle (Hartwell and Unger 

1977, Johnston e t a l . 1979). This results  in a daughter 

c e ll having a longer G1 phase than mother c e lls  (c e lls  

which have divided a t least once) (F ig . 13). Because 

small daughter c e lls  f a i l  to  express oC-agglutinin, i t  is  

the time a fte r  the c e ll reaches a specified s ize but 

p rio r to S phase (bud emergence) in which 0(-agg1ut1n1n 

might be expressed. I t  has been observed th a t up to  82% 

of small unbudded c e lls  in a growing population can be 

daughter c e lls  (Hartwell and Unger 1977). This la t te r  

re s u lt is  consistent with the model proposed fo r  

oc-agglutin in expression, since most small c e lls  1n the 

population (which are presumed to represent daughter 

c e lls )  f a i l  to express c e ll surface oc-agglutin in .

That small c e lls  do not express oC-agglutinin may be 

a mechanism the species has evolved to prevent 

inappropriate mating. I t  is  possible tha t small o< c e lls  

are incapable of mating. Thus, the absence of 

©C-agglutinin would be a mechanism which prevents 

in teraction  between an immature oC c e ll with a mature a 

c e l l .  Although i t  is not known whether daughter c e lls  are
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Figure 13. Model o f o t-ag g lu tin in  expression. I f  

PC-agglutinin expression is  regulated, its  expression 

( l ig h t  lin e )  is  most l ik e ly  re s tric te d  to the G1 phase 

(dark lin e s ) from a point a fte r  daughter c e ll enlargment. 

(DE) to  a point in G1 ju s t p rio r to  bud formation (BF, S 

phase). The G1 phase o f a daughter c e ll 1s longer than 

th a t of a mother c e ll because i t  is  not necessary fo r a 

mother c e ll to sub stan tia lly  increase in size before i t  

undergoes c e ll d iv is io n .

i
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capable of mating before they have reached a c r it ic a l  

e ize , evidence suggests tha t there is  a relationship  

between c e ll s ize  and the a b i l i t y  to  mate. A dominant 

mutation in DAF1 ( WHI1) ,  the product of which is  

a putative  cyc lin  (Cross 1988t Nash e t a l . 1988) results  

in haploid c e lls  which are phenotypically smaller than 

the parental s tra in . These c e lls  can divide and produce 

pheromone, but are unresponsive to  pheromone arres t in G1 

and are unable to  mate e f f ic ie n t ly .  These results suggest 

th a t these c e lls  pass through G1 quickly and s ta r t  

m ito tic  c e ll d iv is ion  because of an altered c r it ic a l  size  

requirement. C ells  under such c e ll cycle res tra in ts  would 

be expected to  be less responsive to  pheromone and 

in e f f ic ie n t  in mating because the in terva l between 

budding and in it ia t io n  of ONA synthesis (the G1 phase) is  

sm all. I t  would be in teresting  to  determine whether these 

c e lls  express normal levels of o<,-agg1ut1nin. I f  

<X,-agglutinin expression were res tric ted  to  the G1 phase, 

these c e lls  would be expected to express l i t t l e  

oc-agglutin in  on th e ir  c e ll surface.

A lte rn a tiv e ly , the expression of o^-agglutinin may
i

be under mother/daughter control ( SWIS con tro l). I t  

has been demonstrated that mother c e lls  can switch mating 

type but daughter c e lls  cannot (Strathern and Herskowitz

1979). Mating-type switching is  contro lled, in p art, by 

the product o f the HO gene which codes fo r an 

endonuclease necessary fo r mating-type switching
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(Kostriken e t a l . 1983). The SWIS gene Is a 

transcrip tional ac tiv a to r of the HO gene and Its  

expression appears to  be c e ll-c y c le  regulated (Nasmyth e t  

a l.  1987). The c e ll-c y c le  regulated expression of 

SWIS causes a tran s ien t expression of HO during 

G1 (Nasmyth e t a l . 1987). I t  1s speculated th a t daughter 

c e lls  do not switch mating type because they do not have 

a s u ffic ie n t amount of SWI5 to In i t ia te  transcrip tion  

of the HO gene (Nasmyth e t a l . 1987). Why daughter
.jr

c e lls  do not have a s u ffic ie n t amount of SWIS may be 

due to  proteolysis (Herskowitz 1989) or asymmetric 

d is trib u tio n  of SWIS during c e ll d iv ision (Nasmyth e t 

a l.  1987).

I f  e(-agglut1n1n were under SWI5 contro l, the 

expression of o(,-agg1ut1n1n would lik e ly  p a re lle l the 

expression of HO. This would mean tha t o(,-agg lu tin in  

expression would also be res tric ted  to the G1 phase of 

the c e ll cycle 1n mother c e lls  and not expressed in 

daughter c e lls  (due to  an in s u ffic ie n t amount of 

SWIS) .

1d. Possible mechanisms behind the control of 

o(,-agglutinin expression

I f  the level of ©<-agglutinin expression 1s 

regulated, i t  is  most l ik e ly  to  be controlled a t 1) the 

level o f tran scrip tio n ; s im ila r to tha t seen fo r the
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HO gene (c e ll-c y c le  or SWI5 contro lled) (Nasmyth 

1985, Nasmyth e t a l .  1987) or 2) the level of protein  

s ta b il i ty ;  as th a t seen fo r cycllns (Murray e t a l . 1989, 

Murray and Klrschner 1989).

The HO gene 1n Saccharomyces cerevlaiae  1s 

transcribed predominantly during G1 and the DNA sequence 

CACGAAAA has been shown to be s u ff ic ie n t to confer 

transcrip tiona l control which is  c e ll-c y c le  regulated 

(Nasmyth 1985). There are ten such "ce ll-cyc le  control 

boxes" upstream 6 f the HO gene open reading frame. I t  

18 not known whether th is  sequence is  the binding s ite  

fo r SWIS (see above). Examination of the 

oC-agglutinin gene {AGO(7 ) upstream regulatory  

sequence (Lipke e t a l . 1989) reveals a s im ila r sequence 

to the c e ll-c y c le  control consensus sequence found in the 

HO gene. The sequence AACGAAAT is  found a t position  

-183 in AGoi 1. This sequence f a l ls  w ith in a 13 

nucleotide imperfect inverted repeat

(ATCATGTAACGAA/ATGCAATCTTCTA). I t  is  in teresting  to note 

th a t sequences s im ila r to the inverted repeat found 1n 

AGoi 1 also appear a t approximately the same position  

in DAF1 (a putative cyc lin ) implicated in G1 arrest 

at START (Cross 1988) and FUS3, a suspected protein  

kinase also implicated 1n G1 modulation (E lion e t a l.  

1990) (F ig . 14). The inverted repeat sequence was not 

found in the 5 ’ region of AGa1 (Roy e t a l . 1990),

FUS1 (Truehart e t a l . 1987), STE2, STE3,
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Figure 14. Comparison o f upstream sequences of AGcM, 

DAF1 and FUS3. Dash a fte r  13th nucleotide in  

sequence denotes middle of imperfect tandem repeat. 

Asterisk denotes nucleotides in DAF1 and FUS3 

which show Id e n tity  with tha t found in AG& 1.

Underlined sequence Indicates region which shows 

s im ila r ity  to  "C e ll-cyc le  box" consensus sequence which • 

1§. shown a t bottom o f fig u re . Position indicates number 

of nucleotides upstream of the open reading frame that 

the sequence s ta r ts . DAF1 and AGot 1 sequences 

show 53% id e n tity  and FUS3 and AGo<1 show 62 % ^

id e n tity .
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STE12 (Dolan e t  a l .  1989) or CDC28 (Lorincz e t

a l . 1984) (a protein kinase also Involved 1n G1 c o n tro l).

The sequence A(A/T)C{G/C)AAA(T/A)GCAA, a stretch of

nucleotides w ith in  the Inverted repeat which shows

Id e n tity  between DAF1 and AQpil was used to

search the GenBank fo r other genes which contain the same

sequence. No matches to  th is  sequence were found when

over 900 genes from Saccharomyces cerevisiae  were

examined. The significance of the Inverted repeat 1n

AGe(7 , FUS3 and DAF1 is  unknown. I t  Is

tempting to  speculate th a t 1t might represent an

additional upstream regulatory region.

There is  genetic evidence to  suggest that the 

expression o f oC-agglutinin 1s under an additional 

control (other than through the pheromone response 

pathway) which regulates the con stitu tive  level of 

expression. Two temperature sensitive mutants 1n 

o t-agg lu tin in  expression have been Isolated and 

characterized (Do1 and Yoshlmura 1985). These mutants 

c o n s titu tiv e ly  express high levels  of c i-ag g lu tin in  a t 

elevated temperatures (36°C) whereas the wild type
i

parental s tra in s  do not (Do1 and Yoshlmura 1979). The

mutations were found to  be recessive and oC

cel 1-s p e c if ic . One mutation ( CAG1) maps very close to

the MAT locus while the other ( CAG2) 1s unlinked

to MAT. Cells carrying th is  mutations can s t i l l  mate,

respond to pheromone (a rre s t 1n G1), and produce th e ir
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own pheromone. These resu lts  suggest that the CAG 

genes code fo r products which are capable of s p e c ific a lly  

regulating eC-agglutinin expression. Other mutants have 

been Isolated which express agglutin ins (a and o f ) a t 

22°C but not a t 28°C (Yanagishima and Nakagawa

1980). These mutants responded to pheromone but the 

mutations were shown not to  be mating type sp ec ific . From 

these studies 1t is  c lear th a t of,-agg lu tin in  expression 

can be temperature dependent depending upon the genotype

of the s tra in . I t  is  possible th a t the upstream region of

AGofl contains sequences (possibly the Imperfect

tandem repeat) which are binding s ite s  fo r the

temperature sensitive  products of these mutations.

I f  oC-agglutinin 1s not under c e ll-c y c le  or

mother/daughter tran scrip tio n a l contro l, then an

a lte rn a te  p o s s ib ility  is  th a t oc-agg1ut1n1n 1s

susceptible to p ro te o ly tic  action by an Inactivato r whose

a c t iv ity  is  c e ll-c y c le  regulated. This mechanism has been

postulated to explain the ro le  of cyclin  1n regulating

the c e ll cycle. Evidence suggests th a t cyclin accumulates

during G1 to a c r i t ic a l  level and then Induces m itosis.
«

Once mitosis has s ta rted , cyclin  is  rap id ly  degraded 

(Murray e t a l . 1989). The observation tha t oc-agg1utin1n 

peptide which contains i ts  carboxy terminus is  

susceptible to p ro te o ly tic  processing 1n vivo (see Part

3) suggests that the mature form of ©C-agglutinin is  

susceptible to p ro teo lysis . I f  the expression of
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o (-ag g lu tin in  were regulated by such a mechanism,

OC-agglutinin would be produced throughout the c e ll cycle 

but degraded by a p ro teo ly tic  action which is  c e ll-c y c le  

regulated. The p ro teo ly tic  action would be minimal or 

absent during the G1 phase of the c e ll cycle and increase 

a t the s ta r t  o f m itosis (S phase). In  th is  model, the 

s u s c e p tib ility  of oC-agglutinin to  proteolysis would be 

temporally s im ila r to  tha t seen fo r the eye1 ins. At 

present, however, there is  no d ire c t evidence supporting 

such a model.

In  summary, the data on the spatia l expression of 

oc-agglutin in  suggests that oC-agglutinin c e ll surface 

expression is  regulated and that oC-agglutinin is  

expressed p re fe re n tia lly  during the G1 phase of the c e ll 

cycle; during or a fte r  c e ll enlargement but p rio r to S 

phase. The mechanism by which oC-agglutinin expression is  

modulated is  not known but is speculated to occur a t the 

level of transcrip tion  or peptide s ta b il i ty .

2. QUANTITATIVE EXPRESSION OF Q<-AGGLUTININ

»
2a. C onstitu tive and induced levels of oc-agglutin in in 

s tra in  X2180-1B

a c e lls  (s tra in  X2180-1A) express low levels of 

a-agg lu tin in  (Doi e t  a l . 1979, Watzele e t a l.  1988). Upon 

exposure to  oC-factor, there is  a s ig n ific a n t induction
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of a -agglutin ln  expression (about 20-fo ld ) (Watzele e t  al

1988). This induction results 1n the Increased 

agg1ut1nab111ty of a c e lls  (Do1 e t a l .  1979).

In  contrast, the constitu tive  expression of 

oc-agglutin in  in s tra in  X2180-1B (an Isogenic s tra in  of 

X2180-1A) is  high, since exposure o f th is  s tra in  to  

a -fa c to r does not appreciably change I ts  agg1ut1nab1lity 

(Yanagishima e t a l . 1976). This suggests th a t there 1s 

l i t t l e  Induction of o *-agg lu tin in  expression. To 

determine whether th is  1s the case, re la tiv e  leve ls  of 

c e ll surface oC-agglutinin were measured 1n X2180-1B 

before and a fte r  treatment with a -fa c to r.

F irs t , unInduced and Induced c e lls  were examined by

In d ire c t Immunoflurescence to  determine the re la tiv e1
differences in the expression of oc-agglutinin (F ig . 6 ).  

The expression of oc-agglut1n1n in uninduced and Induced 

c e l l8 was not markedly d iffe re n t. However, Induced c e lls  

expressed o i-ag g lu tin in  more uniformly than unInduced 

c e lls . This suggests tha t a -fac to r effected e ith e r 1) a 

red is trib u tio n  of exis ting  c e ll surface o<-agglut1n1n or 

2) induced the expression of additional agg lu tin in . Since 

there is  no evidence suggesting tha t c*-agglut1n1n 1s 

red istributed  on the c e ll surface (see above), 1t was 

reasoned that a -fa c to r induced a modest increase 1n the 

c e ll surface expression of ©C-agglutinin.

To confirm th is , q uan tita tive  analysis of 

©C-agglutinin expression was measured in uninduced and



induced c e lls  by enzyme immunoassay. Upon exposure to  

a -fac to r, there is  a 1.3 fo ld  increase in the c e ll 

surface expression o f oc-agglutin in in induced c e lls  of 

s tra in  X2180-1B. A dd itiona lly , these c e lls  show a 1.1 

fo ld  increase in th e ir  a g g lu tin a b ility , which is  

consistent with the resu lts  of others (Yanagishima e t  al 

1976). I f  there are 5 x 104 molecules/cell of 

oc-agglutinin cons itu tive ly  expressed on X2180-1B (see 

re s u lts ), then an estimated 6.5 x 104 m olecules/cell 

are expressed on c e lls  induced with a -fa c to r.

2b. E ffect of growth temperature on constitu tive  

expression of oc-agglutin in .

i

When grown and induced with a -fa c to r a t 30°C, 

there is  a 6.7 fo ld  increase in the c e ll surface 

expression of oc-agglutin in  in s tra in  W303-1B (Table 3 ). 

This resu lt is  consistent with the 20-fo ld  increase seen 

in the transcrip tion  rate of oc-agglutinin a t 30°C 

when exposed to a -fa c to r (Lipke e t a l . 1969). I t  is  also 

observed that the constitu tive  level of expression of
i

oc-agglutinin is  low in th is  s tra in  a t 30°C (Tables 

3 and 4 ). Conversely, when s tra in  W303-1B is  grown a t 

22°C, the a g g lu tin a b ility  index of these c e lls  

increases to 0.6 (from 0.3 a t 30°C) with an 

accompanying increase in the in tensity  of immunostaining 

(Table 4 ). When s tra in  X2180-1B is grown a t 30°C,
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Table 3

Comparison o f Cell A g g lu tin ab ility  and Cell Surface 
Expression of o<-agglutinin

Stra in
Enzyme Immunoassay 

Substrate hydrolyzed 
( 10-5 uMol/min)*

Agglutination
Index

X2180-1B
uninduced 5.24 0.S1

induced 6.42 0.89

W303-1B
uninduced 0.37 0.33

induced 2.45 0.79

*  Values are means fo r t r ip l ic a te  determinations a fte r  
subtraction of a c e ll controls.

i
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Table 4

V a r ia b ility  in C onstitu tive Levels of A g g lu tin a b ility  and 
Immunostaining in Strains Grown a t D iffe re n t Temperatures

Temperature
(°C)

S tra in Agglutination
Index

Immunostain
In ten s ity

30 X2180-1B 0.62 ++
W303-1B 0.30 + /-

22 X2180-1B 0.81 ++++
W303-1B 0.60 ++

t
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the a g g lu tin a b ility  index of these c e lls  decreases to

0 .50-0 .60  (from 0.75-0.81 a t 22°C) and they 

1mmuno8tain with only moderate In ten s ity  (Table 4 ).

This data suggests th a t when grown a t 30°C, the 

co n stitu tive  level o f c .-a g g lu tin in  is  lower in  s tra ins  

W303-1B and X2180-1B (as compared to growth a t 

22°C ). This phenomenon has been reported by others 

(Ooi e t a l .  1977, 1978, 1985; Tohoyama e t a l . 1979) who 

demonstrate tha t the induction o f oC-agglutinin  

expression by a -fa c to r is  most pronounced a t elevated  

temperatures where the con stitu tive  level o f expression 

of the glycoprotein is  lower. Doi, lik e  others 

(Yanagishima e t a l .  1976, Tohoyama e t a l . 1979) find  

l i t t l e  induction in o t-ag g lu tin in  expression when c e lls  

are grown a t temperatures below 30°C. Lastly, the 

level o f agg lu tin in  expression varies from s tra in  to  

s tra in  (compare X2180-1B and W303-1B). This has been 

observed previously (Manney and Meade 1977). These 

authors found th a t X2180-1B agglutinates s lig h tly  better  

than other o< c e ll s tra ins  tested. This resu lt in fers  

th a t X2180-1B expresses more agglutin in  than other 

stra ins  ( ie .  XT1219-18A and XP300-26C).

In summary, there is  an increase in the c e ll surface 

expression o f oc-agglutin in  upon exposure to a -fac to r.

The amount o f induction is dependent upon the 

co n stitu tive  level of expression. The constitu tive  level 

of expression is  influenced by the temperature of growth.



At higher growth temperatures lees cC-agg lu tin in  

const1tu tiv e ly  expressed.
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3 .SUMMARY

A polyclonal antibody was used to study the c e ll 

surface expression o f o<.-agglutinin. S tra in  X2180-1B was 

used to study the c e ll surface expression of th is  

glycoprotein. The spatia l d is trib u tio n  of o<-agglutinin  

in uninduced c e lls  is  polar; the significance of which is  

unknown. Upon induction with a -fa c to r, oC-agglutinin  

becomes uniformly d is tribu ted  on the c e ll surface due to  

a modest increase in o (-agg lu tin in  expression. The 

con stitu tive  level o f ©C-agglutinin expression is  5 x 

104 m olecules/cell and induction with a -fac to r  

causes a modest increase in the expression of 

ot-agg lu tin in  (to  6.5 x 104 molecules / c e l l j .

The basal level of © (-agglutin in  expression has been 

shown to be dependent upon the temperature of growth. 

Cells grown a t lower temperatures ( i . e .  22°C) 

c o n s titu tive ly  express more oC-ag g lu tin in  than c e lls  

grown a t 30°C. This suggests tha t c e lls  which spend 

more time in G1 express more at,-ag g lu tin in . This 

observation in conjunction with a resu lt which 

demonstrates th a t o(-a g g lu tin in  is  not expressed on buds 

and newly formed daughter c e lls  in s tra in  X2180-1B 

suggests tha t © (-agg lu tin in  expression may be c e ll cycle 

res tric ted ; possibly to  the G1 phase of the c e ll cycle.
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Part 2

1 . INTRODUCTION

To clone the OC-agglutinin gene, mutants in 

oC-agglutinin expression were made by Lipke and Kurjan by 

f i r s t  mutagenizing s tra in  W303-1B with ethyl 

methanesulfonate followed by selecting fo r agglutination  

minus clones. Agglutination defective clones were 

selected by Incubating mutagen1 zed c e lls  with a c e lls  and 

iso la tin g  those c e lls  which did not agglutinate with a 

c e lls . Agglutination defective mutants were assayed fo r  

pheromone production and mating. Mutants which showed 

diminished capacity to  produce pheromone were removed 

from fu rth er study. The remaining mutants were crossed 

with a c e lls  and te trad  analysis performed. Most

segregants showed defects 1n both a and oc-agglutinin2&
expression. This re su lt Indicated th a t the mutations were 

not o( c e ll-s p e c if ic  and were therefore elim inated from 

fu rth er study. The remaining 5 mutants showed 

m ating-type-specific defects 1n agglutination . These 

clones were crossed (by spheroplast fusion) and shown not 

to  complement each other. This resu lt Indicated that the 

mutants f e l l  In to  a single complementation group. Fusion 

of the mutants with the parental clone showed that the 

mutation was recessive. A yeast genomic lib ra ry  in YEp13 

was used to transform two of the f iv e  mutants.
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Transformants were aesayed fo r th e ir  a b i l i t y  to  

agglutinate with a c e lls . A single plasmid, pL<X21, was 

shown to complement mutants 1n ©C-agglutinin expression. 

P a rtia l digestion o f pLot21 with Hind I I I  revealed 

tha t a 6.1 kb fragment could complement mutants 1n 

oC-agglutinin expression.

DNA sequencing of the 6.1 kb fragment revealed the 

presence of an open reading frame (ORF) of 2 kb. Numerous 

observations suggested strongly th a t the product of the 

ORF is  ©C-agglut1nin.^Flrst, the ORF codes fo r a protein  

of 70kD. Second, the ORF contains a putative secretion  

sequence a t the amino terminus. Third, the ORF contains 

12 potentia l N-1Inked glycosylation s ite s . Fourth, the 

ORF has a high proportion of serines and threonines. 

Lastly, the ORF has possible upstream regulatory  

sequences s im ila r to  others found under MAToc 1 

contro l. These characteris tics  were consistent with the 

ORF encoding fo r  ©C-agglutinin. However, biochemical 

evidence was lacking to  support th is  contention.

2 .RESULTS

A f i r s t  approach to determining whether the ORF coded 

fo r oc-agglutin in was to demonstrate that protein  

sequence from biochemically p u rified  oC-agglutinin  

matched the peptide sequence of the ORF. Approximately 1
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mg of oc-agglutin in  was Isolated as described (Terrance 

e t a l .  1987) and deglycoslyated with hydrogen flu o rid e  

(Mort and Lamport 1977). Following deglycosylation, 

o t-ag g lu tin in  peptide was subjected to  SDS-PAGE and 

transferred  to  Immobllon membrane (Matsudaira 1987). 

Molecular weight species of 63 and 55 kd were detected by 

Coomassie sta in ing o f membrane (F ig . 15). Membrane s lices  

containing these peptides were then subjected to amino 

acid sequencing by Edman degradation employing an Applied 

Biosystems gas phase sequenator. Unfortunately a sequence 

could not be determined from these peptides. Failure  to  

derive a sequence could have been due to 1) insufficen t 

peptide 2) a blocked amino terminus or 3) incomplete 

ideglycosylation, resu lting  in the presence of residual 

carbohydrate which in terfe red  with sequence analysis. I t  

was therefore necessary to try  an a lte rn a tiv e  approach to  

iden tify in g  the gene.

A clone of s tra in  W303-1B (oC c e l l )  was made which 

had a disruption o f the gene in question (Lipke e t a l . 

1989). Immunoblotting was performed on crude extracts  

from th is  clone using a n ti-o c -ag g lu tin in  to determine 

whether oC-agglutinin peptides could be detected. 

Disruption of the gene resulted in the dissappearence of 

©C-agglutinin peptides from crude c e ll extracts of th is  

clone (F ig . 16). Although th is  re s u lt suggested that the 

gene codes fo r o l-a g g lu tin in , the disappearance of 

o^-agglutin in peptides from th is  clone could also have



104

Figure 15. Iso la tio n  and deglycosylation of o<-agglutin in  

fo r sequence analysis. o i-A gg lu tin in  was isolated as 

described previously (Terrance e t a l . 1987) and 

deglycosylated with hydrogen flu o rid e . Lanes A and B: 

Samples of hydrogen flu o rid e  treated o t-agg lu tin in  a fte r  

Western b lo ttin g . Lane C: Molecular weight standards. 

Membrane stained with Coomassie blue. Arrows indicate  

major species of peptide id e n tif ie d . Numbers indicate kD.

i
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Figure 16. Immunoblot analysis of crude c e ll extracts  

using a n ti-c x -a g g lu tin in . A AGotJ::LEU 2 disruption  

mutant (Lane A) fa ile d  to express oc-agglutin in peptides 

while oc-agglutin in peptides could be detected in wild  

type oc c e ll ex tract (Lane B). Crude extracts (5 ug) were 

treated  with endo-N-acetyl glucosaminidase H p rio r to 

Western b lo ttin g . Numbers indicate kD.
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resulted from disruption of a gene necessary fo r  

oC-agglutinin expression.

More d e f in it iv e  evidence suggesting tha t the gene 

codes fo r oC-agglutinin was obtained by demonstrating 

th a t the ORF product was immunoreactive when tested with 

a n t1 -o (-a g g lu tin in . This was accomplished by expressing 

parts of the ORF as a fusion protein in E. co l i .

Numerous DNA fragments which encoded d iffe re n t parts of 

the ORF were cloned into  pRAIO, a vector which expresses 

a C II fusion protein a t high levels 1n E. col i  

(Mai Ion e t a l . 1986). Three constructs were made which 

would express d iffe re n t parts of the ORF: pDW2 contained 

most of the ORF, pDW1 contained most of the amino h a lf  

and pDW3 contained the carboxy h a lf of the ORF. The 

a b i l i t y  of these constructs to express fusion products 

was determined by the a b il i ty  of transformed E. co l i  

s tra in  MZ1 to express a product of the correct s ize a t 

the derepressing temperature (42°C). SDS-PAQE of 

c e ll lysates showed that only MZ1 transformed with 

construct pDW1 could express a fusion product a t high
i

levels  (F ig . 17). MZ1 with pDW3 could express a fusion 

protein a t low levels  while no detectable fusion product 

(expected molecular weight of fusion prote in , 65 kD) was 

seen in MZ1 containing plasmid pDW2. The only induced 

protein in s tra in  MZ1 containing pDW2 was a heat shock 

protein of 68 kD. This resu lt was v e r ifie d  by 

demonstrating th a t induced pDW2 transformants did not
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Figure 17. Expression of Fusion Proteins In E. co l i .  

Various segments o f the AGOi 1 ORF were cloned into  

pRA10 to create pDW1, pDW2, and pDW3. MZ1 ce lls  

containing these plasmids were grown under repressing 

conditions (C) or derepressing conditions ( I ) .  The c e lls  

were lysed and subjected to  SDS-PAGE followed by 

Coomassie s ta in ing . Arrows fn pDW1 and pDW3 indicate  

fusion protein . Arrow ? in pDW2 indicates induction o f a 

66 kO heat shock protein but no apparent fusion pro te in . 

Numbers indicate kD.

I
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express an Immunoreactive product of the expected 

molecular weight. The reason fo r the d iffe re n t levels  of 

fusion protein expression from pDW1 and pDW3 is  unknown. 

Because MZ1 transformed with pDW1 expressed fusion  

protein a t the highest le ve l, fusion protein made from 

th is  transformant was used fo r a l l  subsequent 

experiments.

Fusion protein  was p u rified  so tha t antibodies  

could be raised. F irs t ,  the fusion protein was p a r t ia lly  

p u rifie d  by lysing Induced c e lls  in lysozyme with 1X 

Triton  X-100. This step lyses the c e lls  and separates 

soluble endogenous E. col i  proteins from insoluble  

fusion protein . The p a r t ia lly  p u rified  m aterial was
t

solub ilized  in SDS and subjected to  preparative SDS-PAGE. 

Fusion protein was then eluted from gel s lices  (F ig . 18, 

lane D). The p u rifie d  fusion protein was then tested by 

immunoblottlng to  determine whether 1t was immunoreactive 

with an ti-o C -agg lu tin in . Fusion protein was recognized by 

anti-oC -agg lu tin in  (F ig . 18, lane E) and neutra lized  the 

antibody mediated in h ib itio n  of agglutination effected  by 

th is  antibody (Fig.* 19). The neuralization  of antibody 

mediated in h ib itio n  o f agglutination by fusion protein  

was specific  fo r  mannan had no neutra liz ing  a c t iv ity  even 

when used in concentrations up to 1 ug/ml (F ig . 19).

Although these results suggest that the gene codes 

fo r o<-agglutin in , i t  was necessary to demonstrate tha t 

the same population o f antibody recognized both
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Figure 18. Expression, p u rific a tio n , and immunoreactlvity 

of fusion prote in . The fusion protein  expressed in E. 

coJi from pDW1 consists of the N-terminal 13 amino 

acids of lambda c2T, 12 amino acids specified by the 

M13 poly lin k e r , amino acids 128 to  356 of AGoiU and 

39 amino acids encoded by vector DNA. Coomassie stains  

are as follows: lane A, c e ll lysate from pDW1 containing 

c e lls  grown under repressing conditions; lane B, c e ll 

lysate from c e lls  containing a plasmid with the AG&1 

in s e rt in the opposite o rie n ta tio n , grown under 

derepressing conditions; lane C, an extract from 

pDW1-containing c e lls  grown under derepressing 

conditions; lane D, 250 ng. of g e l-p u rifie d  fusion 

pro te in . Lane E, Western b lo t o f 250 ng of fusion protein  

probed w ith a n ti-o t-a g g lu tin in  antibody, followed by 

secondary antibodies. Apparent molecular weights in kD.
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Figure 19. Fusion Protein Neutralizes the Antibody 

Mediated In h ib itio n  o f Agglutination. Crude yeast mannan 

(■ ), increasing amounts of d -a g g lu tin in  (A) or fusion  

protein (# ) were incubated with a n t i-d -a g g lu t in in  

followed by incubation with o< c e lls . An equal number of 

^  c e lls  were then added. The a g g lu tin a b ility  of the 

mixture was then assayed.
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OC-agglutinin and fusion prote in . To demonstrate th is ,  

antiserum was preadsorbed with p u rified  e<-agglutin in  and 

then tested by Immunoblotting using fusion protein as 

antigen. Immunoblots Incubated with preadsorbed antiserum  

show a 70 % reduction 1n the 1mmunostain1ng of fusion  

protein (as compared to  a control b lo t incubated with  

unadsorbed antibody) (F1g. 20). This resu lt confirms tha t  

there 1s a population of antibody 1n the antiserum which 

recognizes both o(-agg1ut1n1n and fusion protein . This 

resu lt demonstrates immunological crossreactiv ity  between 

ol-agglutin1n and fusion prote in .

An antiserum was then raised against fusion 

prote in . The antiserum recognized © t-agglutin in  peptides 

in crude c e ll extracts  from wild type c e lls  but not 1n 

extracts from a clone 1n which the c i -agg lu tin in  gene had 

been disrupted (Figure 21). This resu lt Indicates tha t 

the antiserum is  re la t iv e ly  free  of contaminating 

antibodies since no immunoreactive species (other than 

c i -ag g lu tin in  peptides) could be Id e n tifie d  in 

immunoblots.

C o lle c tiv e ly i these results  indicate that the 2 kb 

ORF present in the 6.1 kb fragment codes fo r  

oi-agglut1n1n.
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Figure 20. Immunological crossreactiv ity  between 

o i-ag g lu tin in  and fusion protein. Id en tica l amounts (100 

ng) of fusion protein were Western b lotted and incubated 

with an ti-o ^ -agg lu tin in  (B) or anti-© C -agglutin in  

preadsorbed with p u rified  oc-agglutinin (A ). This w.as 

followed by incubation o f blots with secondary 

antibodies. Comparison o f blots (in se ts ) show""relative 

reduction in immunoreactivity of fusion protein when 

incubated with adsorbed antibody (A) as compared to  

fusion protein incubated with non-adsorbed antibody (B ). 

R elative d ifference in immunoreactivity was quantified  by 

densitometric scanning of bands (compare d ifferences in 

peaks highlighted in b lack). Fusion protein incubated 

with adsorbed antibody was shown to be 70% less 

immunoreactive than that seen fo r fusion protein  

incubated with non-adsorbed antibody.
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Figure 21. Immunoblot analysis of crude c e ll extracts  

using antibody to fusion protein . An AGof,1::LEU 2 

disruption mutant (Lane A) fa ile d  to express 

of,-a g g lu tin in  peptides while o t-agg lu tin in  peptides could 

be detected in wild type o< c e ll extract from s tra in  

W303-1B (Lane B). Crude extracts (5 ug) were treated  with 

endo-N-acetyl glucosaminidase H p rio r to  immunoblotting. 

Numbers indicate kD.



-116
- 9 7

-66

-42



121

Discussion

1. THE BINDING DOMAIN MAY RESIDE WITHIN THE ACIDIC 

REGION OF 0(-AGGLUTININ

The region of the ORF coded by the fusion protein  

represents the most acid ic  portion o f AGcM (F ig .

22). I t  is  speculated (Lipke e t a l . 1989) tha t th is  

region of the ORF contains the binding domain o f the 

glycoprotein since ionic in teractions between appear to  

play an important ro le  in the binding of the two 

agglutin ins because: 1) the binding of one agglutin in  to  

the other is  pH dependent (maximum binding a t pH 5 .5 ) and 

2) agglutination is  in h ib ited  by ionic (0.05% SDS) but 

not nonionic detergents (1% Triton-XlOO) or Urea (up to  

3.0  M) (Terrance and Lipke 1981). These observations 

suggest th a t agents which perturb Ionic interactions  

disrupt or in h ib it  binding of o (-a g g lu tin in  to  

a-agg lu tin in . A d d itio n a lly , binding fragments of 

c i -agg lu tin in  from other re lated  species have been found 

to be rich in acid jc  residues (Burke e t a l . 1980, Pierce 

and Ballou 1983). The observation th a t the most acid ic  

part of the ORF is  between residues 200 and 300 suggests 

th a t the region coded by the fusion protein  contains the 

binding domain o f oc-agglutin in .

Observations th a t: 1) fusion protein  can neu tra lize  

the in h ib ito ry  a c t iv ity  of a n ti-o c -ag g lu tin in  and 2)
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Figure 22. R estric tion  map and s tructura l features of 

AGcM. (A) R estric tion  map of 6.1 kb fragment of DNA 

containing AGa. 1. N= amino terminus and C= carboxy 

terminus of AGoi 1 ORF. (B) Sequences of tandem 

repeat found approximately 2 /3  through the ORF of 

AGoM. (C) Potentia l N-linked glycosylation s ites  (O) 

or ( • ) ,  position of in terna l repeats, and sequence 

contained w ith in  fusion protein  coded by pDW1. (D) 

Hydrophobicity as determined by K yte -D o o little  analysis  

(Kyte and D o o litt le  1982), with a window of 20 amino 

acids. (E) Frequency o f Ser and Thr residues using a 

value o f 1 fo r Ser and Thr and 0 fo r a l l  other amino 

acids, with a window of 30 amino acids. (F) Acidic and 

basic regions of AGof. 1 using a value of 1 fo r Arg and 

Lys and His, -1 fo r  Asp and Glu and 0 fo r a l l  other amino 

acids, with a window of 30 amino acids.
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antibody to the fusion protein can in h ib it  the binding of 

the two mating types suggests tha t the fusion protein  

contains an antigenic sequence or sequences which reside  

near or w ithin the binding domain of e t-a g g lu tin in . These 

results provide in d ire c t evidence tha t the binding domain 

of the glycoprotein resides w ithin the region contained 

within the fusion pro te in .

Antibody to the fusion protein recognizes three  

peptides of 36 to 38 kO in crude extracts of w ild  type ot 

c e lls  (F ig . 21). I t  has been shown previously th a t three  

deglycosylated fragments of o l-ag g lu tin in  which are 

approximately 38 kD have the a b i l i ty  to  bind to  a c e lls  

(Terrance e t a l . 1987). The observation th a t the 38 kD 

peptides are highly immunoreactive suggests tha t the 38 

kD peptides contain a t least part of the region contained 

within the fusion pro te in . This data suggests th a t the 

region contained w ith in  the fusion protein may reside  

near or w ithin the functional domain of the glycoprotein  

because the 38 kD peptides are functional. In lig h t  of 

these resu lts , i t  is  thought tha t the 38 kD species are 

pro teo ly tic  fragments of OC-agglutinin which contain the 

amino h a lf of the glycoprotein.

C o llec tive ly , data which is presented suggests that 

the binding domain of oC-ag g lu tin in  resides w ith in  the 

amino h a lf of the glycoprotein.
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2. IMPLICATION OF THE CARBOXY TERMINUS IN CELL WALL 

ANCHORAGE

I t  1s a8 8 umed tha t o t-ag g lu tin in  is  anchored to  the 

c e ll wall because l)AGOL1 does not appear to  contain 

a stretch  of hydrophobic amino acids s u ff ic ie n t in length 

to  constitu te  a transmembrane domain and 2 ) the 

hydrophobic stretch o f amino acids found 1n AGoC 1 is  

not followed by basic residues, a feature  found 1n many 

transmembrane sequences. A d d itio n a lly , 1f oc-agglutin in  

were c e ll membrane associated, 1 t  would need to  pass 

through the c e ll wall to reach the c e ll surface. Since 

the c e ll wall is  approximately 100 to  150 nm th ick  

(Ballou 1982), oc-agglutinin would need to be 1n an 

extended conformation to reach the c e ll surface from the 

plasma membrane. I t  1s therefore lik e ly  tha t 

oc-agglutin in  is  c e ll wall associated.

Examination of the carboxy terminus reveals a 

stretch  of 15 hydrophobic amino acids (F ig . 22). This 

stretch  1 s not long enough to constitu te  a transmembrane
i

domain but is  s im ila r in length to  hydrophobic stretches  

seen in proteins which are anchored to  c e ll surfaces 

through a phosphatidyl Inos ito l glycan t a i l  (P IG -ta il)  

(Ferguson and Williams 1988, Low and S a lt le l 1988). In  

Saccharomyces cerevisiae , a 125 kd membrane 

glycoprotein has been found to be associated with the
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l ip id  b ilayer by a s im ila r anchor (Conzelmann e t a l .

1988). This resu lt suggests th a t in th is  organism, 

anchorage by a mechanism s im ila r to  tha t of a P IQ -ta il is  

possible. At present i t  is  d i f f ic u l t  to  speculate whether 

mannoproteins are anchored to  the c e ll wall by such a 

mechanism because: 1 ) o i-ag g lu tin in  is  the f i r s t  c e ll  

wall protein to be cloned in yeast, and 2 ) the molecular 

architecture of the c e ll wall is  largely unknown.

3. SUMMARY

AGotl has been id e n tif ie d  as the gene which 

codes fo r o t-a g g lu tin in . Id e n tif ic a tio n  was made by 

demonstrating tha t: 1 ) the gene product is  recognized by 

antibody made to  o (-ag g lu tin in  2 ) fusion protein  

neutralizes the in h ib ito ry  e ffe c t of an ti-o c -ag g lu tin in  

and 3) disruption of the gene results  in the loss of 

expression of OC-agglutinin peptides. In  addition , an 

antibody was produced against fusion protein and found to  

recognize e t-ag g lu tin in  peptides by Western b lo ttin g .

I t  is speculated th a t an acid ic  region w ithin the 

amino h a lf of AGcf.1 codes fo r the binding domain of 

cC-agg lu tin in  while the carboxy terminus contains 

sequences important fo r  c e ll wall anchorage. Genetic 

analysis of AGoC1 was then undertaken to determine 

whether these regions were involved in ©<-agglutin1 n 

function.
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Part 3

1 . INTRODUCTION AND STRATEGY

o t-ag g lu tin in  1 s reported to be transported to  the 

c e ll surface through the secretory pathway (Tohoyama and 

Yanagishlma 1985). This 1s supported by the observation 

th a t AGtX, 1 has a putative secretion signal sequence 

a t the amino term inal. I  reasoned th a t products of 

AGoi 1 would be secreted in to  the cu lture  medium 

i f  sequences responsible fo r c e ll wall anchorage were 

deleted. Therefore, i f  the carboxy end of AGoc 1 

was responsible fo r c e ll wall attachment, then 

term ination o f the ORF p rio r to th is  sequence should 

re s u lt in an AGoi 1 product which is  secreted.

To te s t th is  hypothesis, premature term inations of 

tran s la tio n  in AG&1 were made by cutting  the DNA 

coding the ORF a t spec ific  re s tr ic tio n  s ite s  and e ith er  

f i l l i n g - in  or removing the single stranded DNA overhangs 

created by the re s tr ic tio n  endonuclease with Klenow 

fragment of DNA polymerase or T4 DNA polymerase. 

Modifying the re s tr ic tio n  s ites  in th is  manner resulted  

in the addition (or deletion ) of 4 base-pairs to  the 

coding sequence o f the ORF. The addition or subtraction  

of these base-pairs caused sequences 3 ’ to  the 

re s tr ic tio n  s ite  to  be read out of frame resu lting  in 

premature term ination of trans la tion  a t the next out of
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frame term ination codon.

R estric tion  s ite s  selected fo r  modification were 

chosen to obtain information about the possible function  

o f spec ific  regions w ithin the p ro te in . Five re s tr ic tio n  

s ite s  were chosen (F ig . 23) fo r m odification which were 

ju s t  upstream o f, or w ithin sequences coding 1 ) the 

hydrophobic carboxy terminus, 2 ) the imperfect tandem 

repeat and 3) the acid ic  region, located between amino 

acids 200 and 300 of the ORF.

Once a re s tr ic tio n  s ite  was modified, fragments of 

DNA containing the modified s ite s  were subcloned into  

YEp351-A£?« 1 (see M aterial and Methods, Part 3 

fo r  diagram of th is  plasmid). YEp351 is a high copy
i

plasmid which has LEU2 (a selectable marker allowing  

transformants of s tra in  L<X21 to grow on medium devoid o f 

leucine). LEU2 codes fo r isopropylmalate 

dehydrogenase, an enzyme used in the biosynthesis of 

leucine from pyruvate. YEp351 also contains a 2u segment 

of DNA which allows autonomous rep lica tio n  of plasmid in  

Saccharomyces cerevisiae. Lastly , YEp351 contains an 

o rig in  of rep lica tio n  (O ri) and an am p lc illin  resistance  

marker (AmpR) which allows re p lica tio n  and selection  

in E. c o li.
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Figure 23. Truncations made in AGoil and summary of 

the biochemistry of transformants expressing these 

truncations. Bars represent the lengths of truncated 

products as compared to wild type AGot 1 

(AGoUcso). N= amino terminus, C= carboxy terminus. 

Stippled area a t carboxy end of AGo( 1 6 3  5+23 

indicates residues coded by out of frame sequence. Black 

bars indicate position and length o f: 1 ) the hydrophobic 

t a i l  (between AGoOsso and Ago<1«3 5*23), tandem 

repeat (between Agot14 8 4+3 and AG0 CI351 and 3) 

acid ic  region (between AG0 O 351 and
I

AGol 12 7 8 ♦e ) . nd=not determi ned.

I
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2 .RESULTS

Once subcloned Into YEp351, the modified 

re s tr ic tio n  s ite s  were sequenced by double stranded DNA 

sequencing. As an example, the results of a typ ica l 

sequencing reaction appear in Figure 24. These plasmids 

were designated pAGc.1xi+x2 were XI is the number of 

amino acids coded by AQoi 1 sequence and X2 is  the 

number of residues coded by out of frame sequence (F ig .

25). Wild type AGof. 1 (YEp351+AQcX 1) is  designated 

pAGotleso. R estric tion  s ite s  modified by T4 DNA 

polymerase: Nsi I(pAGot1278+e) , Ban I I  

(pAGotI4 9 4  + 3 ) and Sac I  (pAGOC 1es3 + 2 3 ) were 

trimmed back (the 4 base single stranded overhang 

elim inated (F ig . 25) and those modified by Klenow 

fragment of DNA polymerase: Spe I  ( pAGot I 3 3 1 )  

and Bsp HI (pAGot 1b21  + 5 ) were f i l le d - in  so th a t  

a 4 base pair repeat o f the single stranded 4 base 

overhang was created (F ig . 25).
1

These constructs were then introduced in to  Lot21 (a  

s tra in  of o (c e ll which f a i ls  to: 1 ) agglutinate a c e lls  

(Lipke e t a l . 1989) and 2) express immunoreactive 

ot-agg lu tin in  peptides (as determined by 

immunofluorescence and Western b lo tt in g ). Transformants 

were selected on medium devoid of leucine. Transformants
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Figure 24. Sequence o f modified Sac I  s ite  in 

pAGoOeas*2 3 . T7 DNA polymerase was used to perform 

double stranded DNA sequencing using an 18 mer 

oligonucleotide primer. Sequence o f modified s ite  (read 

from the bottom) confirms trimming back of the single  

stranded 4 base p a ir overhang by the exonuclease a c t iv ity  

of T4 DNA polymerase.

1
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Figure 25. Nucleotide and amino acid sequences of 

truncations in AGoiU The sequence found in the top 

h a lf o f each box is  th a t found in w ild type AQo*.1 

(AGot1e 5 o ), the bottom sequence i s the new 

nucleotide and amino acid sequence a fte r  m odification of 

the re s tr ic tio n  s ite .  The double underline in each w ild  

type sequence denotes the sequence of the re s tr ic tio n  

s ite  used to  create the truncation. Number a fte r  the la s t  

amino acid in the w ild  type sequence indicates the 

residue number w ith in  the ORF.

t
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AGCC1650
Val Asa Ala Leu Gin Ser Leu Pro Ala Aan2 » 7  

GTT/AAT/GCA/TTA/CAA/TCT/CTA/CCC/GCT/AAT/...

AGoa278+6 GTT/AAT/TAC/AAT/CTC/TAC/ CCG/CTA/ATG/TAA 
Val Asn Tyr Asn Leu- Tyr Pro Leu Mac *

AGoa650
Asn Thr Ser Alas 9 2  

AAC/ACT/AGT/CCC/...

AGoll351 AAC/ACT/AGC/TAG 
Asn Thr Ser *

ag«ii650
Glu Glu Pro Thr Phe**! 
CAA/CAG/CCC/ACT/TTT/...

AGoU 494+3 GAA/GCA/CTT/TTG/TAA 
Glu Ala Leu Leu *

AGotl650
Leu Mec lie Ser Thr Tyr Glu Gly« 2 7  
CTC/ATG/ATT/TCA/ACC/TAT/GAA/GGT/...

AGatl 621+5 CTC/ATG/CAT/GAT/TTC/AAC/CTA/TGA 
Leu Met Hia Asp Phe Asn ,Lpu *

AGocl650
Ala Glu Leu Gly Ser lie lie Phe Leu Leu Leu Ser Tyr Leu Leu Phe«so 
GCT/GAG/CTC/GGT/TCG/ATC/ATT/TTT/CTG/CTT/TTG/TCG/TAC/CTG/CTA/TTC/TAA

AGofcl623+23 GCT/GCG/GTT/CGA/TCA/TTT/TTC/TGC/TTT/TGI/CGT/ACC/TGC/TAT/TCT/AAA/ACG/GGT/ACT/GTA/CAG/TTA/GTA/CAT/TGA 
Ala Val Val Arg Ser Phe Phe Cyst Phe Ser Arg Thr Cys Phe Ser Lys Thr Gly Thr Val Gin Leu Val His * 135
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were then assayed fo r th e ir  a b i l i ty  to 1) agglutinate  

with a c e lls , and 2) secrete functional o t-ag g lu tin in  

peptide (as determined by the a b i l i t y  of spent culture  

medium, when preincubated with a c e lls , to  in h ib it  the 

binding of these c e lls  to oc c e lls ) .  Once © t-agglu tin in  

a c t iv ity  was detected in culture media, the secreted 

product was isolated from culture medium by ion exchange 

chromatography (DEAE Sephadex). The isolated product was 

then deglycosylated with endo-N-acetylglucosaminidase H 

(endo H) and analyzed by Western b lo ttin g  using antibody 

to  the fusion protein (See Part 2) to determine the 

molecular weight of the secreted peptide (Figs. 26 and 

27).

3. AGGLUTINABILITY OF TRANSFORMANTS AND 

CHARACTERIZATION OF SECRETED PRODUCTS

3a. pAGO<18 3 3+23

The glycoprotein produced from pAGoc1e3s+23,i
designated AGeCl63s+23, is 8 amino acids longer than 

AGotlsso with 23 residues a t the carboxyl end. coded 

from sequences which are out of frame (F ig . 25). This 

out of frame sequence codes fo r a carboxy terminus which 

is  markedly less hydrophobic (F ig . 29).

Cells transformed with pAGodess+23 were
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d iffe re n t from c e lls  transformed with pAGodeso in 

th a t they agglutinated poorly (Agglutination Index 

(A I)= 0 .17 as compared to  an AI o f 0.65 fo r pAGc.laso 

transformants) and expressed only 10 % of the c e ll 

surface associated e i -ag g lu tin in  as compared to w ild type 

as determined by immunoquantitation.

However, pAGoCleases transformants secreted

cC-agglutinin a c t iv ity . Secreted a c t iv ity  was

deglycosylated with endo H and analyzed by Western

b lo ttin g . Secreted deglycosylated peptides ranged in

molecular weight from 45 kd to  180 kD (F ig . 26).

pAGe< 163 5423 transformants secreted approximately

3.3 U/ml of a c t iv ity  (F ig . 23). Conversely, transformants

carrying wild type AGcM (pAGodeso) secreted

only 0.18 U/ml or only 5% of the a c t iv ity  secreted by

pAGot1635423 1 u n it o f a c t iv ity  is  defined as the

amount of oC-agglutinin, when incubated with induced a

c e lls , that w il l  lower the AI of these c e lls  by 0.1 AI

u n it below the control value. I f  p u rified  oc-agglutinin

has an average spec ific  a c t iv ity  of 27,000 U/mg (Terrance

e t a l . 1987), then there is  about 150 ug of
«

AGoc16 3 5 4 2 3 peptide present per l i t e r  of spent 

culture medium. In  contrast, there is  only about 8 ug of 

AGodeso present per l i t e r  of spent culture medium 

from transformants of pAGodeso.

M aterial iso lated  from culture medium of c e lls  

transformed with AGodeso showed the same peptides



138

Figure 26. Id e n tif ic a tio n  o f secreted peptides by Western 

b lo ttin g . Peptide was isolated from media by ion exchange 

chromatograhy and 4 units o f each peptide were 

deglycosylated with endo H. peptides were subjected to  

Western b lo ttin g . Membrane was probed with antibody to  

fusion protein followed by secondary antibodies. Lane A, 

sample of a mock peptide iso la tio n  using medium in which 

c e lls  transformed with YEp351 were grown. Lane B,

AGoclssi ; Lane C, AGcO404 + b ; Lane D,

AGoC1«2i +5; and Lane E, AGoO«s5 + 23 peptides.

Numbers indicate kD.

i



180

COVO
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(which ranged in molecular weight from 45 to  180 kD) by 

Western b lo ttin g . However, in s tra in s  of 04 c e ll 

(W303-1B, X2180-1B) which contain a single copy of 

AGotl, oC-ag g lu tin in  a c t iv ity  could not be 

detected 1n the cu lture  medium. This suggests that the 

material iso lated from the medium of transformants 

carrying the w ild  type gene secrete product because of 

AGo<1 overexpression on a multicopy plasmid 

(YEp351).

Most o f the product made from pAGot1ess+2s 1s 

secreted because: 1)only 10 % of the peptide (as compared 

to  w ild type) 1s stably expressed on the c e ll surface and 

2) pAGot 1es5 + 23 transformants secrete as much active  

peptide (3 .3  U/ml) as other transformants which do not 

express any active c e ll surface AGoa 1 product 

(F ig . 23).

This data suggests th a t the hydrophobic t a i l  1s 

necessary fo r e f f ic ie n t  anchorage of «C-agglutinin to  the 

c e ll surface and confirms the e a r l ie r  speculation (see 

Part 2) tha t the carboxy terminus is  involved in 

anchorage of © (-agg lu tin in  to  the c e ll w a ll.

3b. pAGoc1s 21 +s

AGot1s2i+5 has a truncated carboxy terminus 

and is 29 amino acids shorter than f u l l  length
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AGoAI. Five residue8, coded by out o f frame 

sequence, are present and comprise the carboxy terminus 

(F ig . 25)

pAGol 1«2i+5 transformants were 

non-agglutinable (A I=0.03) and did not express c e ll 

surface associated oC-agglutinin (as determined by 

immunofluorescence) (F ig . 23). These transformants 

secreted a functional oC-agglutinin. A deglycosylated 

peptide of approximately 180 KD is  detected by Western 

b lo ttin g  (F ig . 26). The observation tha t pAGoC1e2i+s 

transformants are non-agglutinable confirms the 

supposition tha t the carboxy terminus of AGc<1 is  

necessary fo r anchorage. Approximately 2.7 U/ml of 

a c t iv ity  is  secreted from pAGoC1e2i+s transformants 

(Fig  23).

3c. pAGoC 14 9 4 + 3

AGc<I4 9 4 + 3  is 497 residues in length (153 amino 

acids shorter than,w ild  type AGoC1) and has the 

addition of three amino acids coded by sequence which is  

out of frame (F ig . 25). Cells transformed with 

pAGoC 1494 + 3 were also non-agglutinable (A I=0.09)

(F ig . 23). Functional o<-agglutinin was secreted by th is  

transformant. Once deglycosylated with endo H, the 

peptide has an apparant molecular weight of 120 kD (F ig .
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26). The secreted peptide is  s t i l l  functional (2 .8  U/ml 

secreted, Fig. 23), indicating th a t the binding domain of 

eC-agglutinin is  in ta c t and resides closer to the amino 

terminus.

3d. pAGoClssi

Transformants with pAGoClssi secreted 

functional o t-agg lu tin in  peptide. The deglycosylated 

peptide has a molecular weight of 45 kD (F ig . 26) which 

contains approximately h a lf  of the ORF but lacks the 

imperfect tandem repeat (F ig . 23). No residues are added 

due to out of frame sequence (F ig . 25). Approximately 3.4  

U/ml of a c t iv ity  is  secreted by pAGoClssi 

transformants (F ig . 23). A functional AGoHssi 

peptide indicates tha t the tandem repeat does not 

comprise part o f the binding domain and demonstrates th a t  

the binding domain of the glycoprotein resides w ithin the 

amino h a lf of the ORF (possibly w ithin the acid ic  

region).

Endo H-treated AGoClssi was incubated with  

e ith e r induced a c e lls  or Loc21 transformed with YEp351. 

These c e lls  were then incubated in an ti-o c -ag g lu tin in  and 

fluorescein conjugated IgG. a c e lls  incubated with  

AG0 H 3 3 1  immunostained confirming tha t AGoClssi 

had bound to the c e ll surface. Conversely, YEp351
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transformants of Loc21 did not 1mmunosta1n. This data 

confirms th a t deglycosylated AGoClssi binds 

s p e c ific a lly  to  a c e lls .

36 . pAGÔ 12 7 8 4 6

A 32 kD species can be Id e n tif ie d  1n endo H treated  

spent culture medium of pAGoc127846 transformants •

(F ig . 27). By comparing the 1mmunosta1n1ng In ten s ity  of 

the AGoC12 7 8 4 6 and AGoOssi peptides by Western 

b lo ttin g  (F1g. 27) I  estimate tha t the amount of 

AGoc 127848 secreted by pAGoi 127848 

transformants 1s 200-fold less than AGoclasi 

secreted by the pAGoilssi transformants. The low 

y ie ld  of AGoC127846 peptide may be due to  peptide 

la b i l i t y .  Immunoblots of culture media from these 

transformants show a broad Immunoreactive smear from 

approximately 25 kD to  20 kD. This suggests th a t the 

product 1s susceptible to proteolysis.

Comparative 1mmunoquant1tat1on of the AGoClssi 

and AGoC12 76 48 products was performed by 

1mmunoblott1ng (F ig . 27). Using equivalent amounts of 

1mmunoreact1ve AGoClssi and AGoC 12 7 8 48 peptides 

in bioassay, i t  was found that a c t iv ity  could be detected 

with the AGoClssi peptide (0 .4  un its ) but not with  

the AGoC12 78 46 peptide. Up to f iv e - fo ld  more 

AGoc127646 was assayed and s t i l l  no a c t iv ity  could
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Figure 27. Id e n tif ic a tio n  o f AGo(l278+e peptide from 

concentrated cu lture  medium and its  immunoquantiation as 

compared to the immunoreactivity of AGoClssi. 5 ml 

of spent medium from cultures of pAGoCl278+e (Lane 

B) and YEp351 (Lane A) transformants were concentrated 

and treated with endo H. Samples were then subjected to  

Western b lo ttin g . The membrane wes incubated with  

antibody to fusion protein followed by secondary 

antibodies. Lane B, arrow id e n tif ie s  32 kD 

AGOM278 + 6 product in medium of pAGo<1278+6 

transformant. Lane C, arrow id e n tif ie s  the minimum amount 

of immunoreactive AGodlssi needed to be detected by 

bioassay (0 .4  u n its ). From comparison of the in ten s ity  of 

immunostaining of AGoClssi (Lane C) and 

AGo(12 7 8+e (Lane B), i t  is  estimated that there is  

twice the amount of immunoreactive AGo(l2 7 8 +e in 

Lane B as there is  AGcllssi in Lane C. Up to 2.5  

times the amount of AG0 CI2 7 8 + 6  has been bioassayed 

without detecting a c t iv ity .
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be demonstrated. This data suggests th a t the 

AGot1z7 a + e peptide 1s a t least f iv e - fo ld  less active  

than the AGoHsbi peptide. Since no a c t iv ity  has yet 

been detected with the AGotl2 7s+« peptide, 1t 1s 

possible tha t th is  peptide 1s completely In active . The 

In a b il ity  to demonstrate that AG0 I I 2 7 8 + 6  binds to  

a-agglutin1n on a c e lls  Indicates th a t the binding domain 

has been a t le as t p a r t ia lly  perturbed 1n th is  peptide.

AGoc12 78+e could not be Iso lated  by 

1on-exchange chromatography. Although the peptide binds 

to  DEAE sephadex, only a small percentage o f the peptide 

elutes with NaCI concentrations up to  1M. This suggests 

tha t may be the peptide 1s adhering to  the column through 

non-specific In teractions (such as hydrophobic 

coalescing). I f  so, then the resu lts  of experiments 

demonstrating lack of binding a c t iv ity  with  

AGoc 1278 + e should be taken cautiously. I t  1s 

possible that the peptide may be unable to  In te ra c t with 

a-agglut1n1n not because i t  1s Inactive  but because i t  

non-spec1fIcally binds to p la s tic  or c e ll surface before 

1t can In te rac t with ligand. However, the observation 

th a t deglycosylated AGoClssi binds s p e c ific a lly  to a 

c e lls  suggests th a t AGoil products do not bind in a 

non-specific fashion.

The Nsi I  s ite  modified to  make 

pAGo<l2 78+e resides near the end o f the acid ic  

region (F1gs. 22 and 23). The acid ic  region is  located
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between amino adds 200 and 300 o f the ORF (Figs. 22 and 

23). Within th is  region the protein  has 16 acid ic  and 3 

basic residues. Although most o f the acid ic region is  

contained w ithin AGo<l2 78+e (pAG«rtl2 78*e 

elim inates only 3 acid ic  and 1 basic residue), i t  1s 

possible tha t the secondary structure of the acid ic  

region is  s u ff ic ie n tly  perturbed (by the elim ination of 

downstream sequences) so as to  make AGotl2 78*e 

non-functional (see Discussion, Part 3 ). Regardless of 

the mechanism by which function is  lo s t, i t  is  apparent 

th a t the acid ic  region comprises an Integral part of the 

binding domain of c {-a g g lu tin in . This conclusion is  

consistent with the observation th a t the binding 

fragments of oC-agglutinin from other species of yeast 

( Hansenula wingei and Saccharomyces k luyveri) are 

acid ic  in composition (Burke e t .  a l . 1980, Pierce and 

Ballou, 1983).

4. PEPTIDE SYNTHESIS, PROCESSING AND SECRETION

•

I t  was important to  determine the re la tiv e  rate of 

synthesis and secretion of the truncated peptides. 

Therefore, c e llu la r  fractions  o f transformants were 

prepared from Lo<21 c e lls  transformed with e ith er  

pAGeOssi or YEp351 (a control plasmid) and analyzed 

by Western B lotting  to  determine the re la tiv e  amount of
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peptide present in  cu ltu re  medium, the periplasmic 

frac tio n  and c e ll ex tra c t (cytoplasm). Western blots  

demonstrate tha t almost a l l  o f the AQo41asi peptide 

was secreted and th a t only a very small percentage of 

th is  peptide may be present in tra c e llu la r ly  in the form 

of s lig h tly  lower molecular weight species (F ig . 28). 

These species could represent underglycosylated forms of 

AGoClasi . No AGoClssi peptide was detected in 

the periplasmic space, indicating, e f f ic ie n t  export of 

peptide from the plasma membrane to  the culture medium.

No detectable amount of AGoCl2 7e+e peptide was 

found in tra c e llu la r ly , indicating tha t low levels of

peptide secretion was not a ttr ib u ta b le  to  in e ff ic ie n t
!

processing or export of th is  peptide through the 

secretory pathway. Transformants containing the other 

constructs showed the same resu lt: a l l  of the truncated 

products were e f f ic ie n t ly  secreted.

5. GLYCOSYLATION OF ©(-AGGLUTININ: PATTERNS OF 

GLYCOSYLATION

In a ll  cases, the molecular weight of the secreted 

peptide was sub stan tia lly  larger than the weight 

predicted from the peptide sequence even a fte r  treatment 

with endo H. However, the d isparity  between the expected 

and observed molecular weight (by SDS-PAGE) lessened as
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Figure 28. C e llu la r d is trib u tio n  o f AGo£1 peptide. 

pYEp351 and pAGotl3 5i transformants were grown and 

fractionated  (see M aterial and Methods). Culture medium 

(250 u l)  and periplasmic frac tio n  and c e ll extract made 

from c e lls  present in 250 ul of cu ltu re  medium were 

analyzed by Western b lo ttin g . M ateria l from transformants 

carrying YEp351 (YO and pAGollssi (S) were compared.

AG©413 5 1  peptides are present in cu ltu re  medium 

(arrows) a t high levels and possibly in c e ll extract at 

barely detectable levels in the form of s lig h tly  lower 

molecular weight species (arrows ? ).
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Figure 29. Comparison of hydrophoblclty of AGodeso 

and AGot1ess*2s carboxy term in i. Hydrophoblclty was 

determined as described (Kyte and D o o little  1982) with a 

window of 8. P lot s ta rts  a t amino acid 610 1n AQoi 1. 

S tarting  a t residue 638, AGoCle35+23 (so lid  lin e )  

becomes markedly less hydrophobic than wild type 

AGocl6so (stipp led  l in e ) .

i
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longer stretches of the Ser/Thr rich region were 

elim inated from the secreted product (Table 5 ). This 

suggests th a t numerous Ser/Thr residues w ithin th is  

region are s ite s  o f attachment fo r 0-1 Inked sugars. 

Although comparative trends in the degree of 

glycosylatlon of the peptides can be made from 

comparative examination of th e ir  molecular weights by 

SDS-PAGE, the absolute amount of glycosylatlon cannot be 

determined.

N-linked carbohydrate adds substantial mass to  

pC-ag g lu tin in  and In h ib its  the a b i l i ty  of the peptide 

portion o f the molecule to  be recognized by antibody 

(F1g. 7 ). To e f f ic ie n t ly  detect small amounts of secreted 

product by Western b lo ttin g , a l l  the secreted products 

needed to be f i r s t  treated  with endo H. This observation 

indicates th a t regardless of th e ir  s ize , some N-linked  

carbohydrate 1s associated with the truncated peptides. 

This suggests th a t N-1Inked glycosylation s ites  

throughout the ORF are u t i liz e d  (See Fig. 22 fo r s ite s ) .

C o lle c tiv e ly , these observations confirm that 

© (-agglutin in  is  heavily glycosylated and that 

glycosylation 1s due to  the presence of s ig n ific a n t  

amounts of 0 and N linked sugar.
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Table 5

Comparison of Predicted and Observed Molecular Weights
of Secreted Products*

Product Expected Observed (Observed) - ( Expected)

AGolIs so 70,000 180,000 110,000

AGoc 16 S 5 ♦ 2 3 70,000 180,000 110,000

AGOC18 21* 5 67,000 180,000 -- 113,000

AGoc 14 9 4 ♦ S 53,000 120,000 67,000

AGOC 13 5 1 37,000 45,000 8,000

AGoc 12 7 8 ♦ 6 29,500 32,000 2,500

* A ll values determined by SOS-PAQE and expressed in 
Daltons.
A ll products deglycosylated with endo H p rio r to  
SDS-PAQE.
A ll products produced in transformants o f Lot21.

i
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Discussion

The data presented confirms tha t the carboxy 

terminus of AGci 1 is  involved in c e ll wall 

attachment and th a t the ac id ic  region in the amino h a lf  

of the protein is  neccessary fo r  function of the binding 

domain of oC-ag g lu tin in .

1. (X-AGGLUTININ: PIG-TAIL ASSOCIATED?

Results demonstrate th a t removal of the hydrophobic 

carboxy terminus elim inates c e ll surface association o f 

o*-agg lu tin in . This data confirms the ro le  of the 

hydrophobic carboxy terminus in anchoring oC-agglutinin  

to the c e ll surface. I t  has been speculated tha t 

©C-agglutinin is  anchored to  the c e ll wall by a mechanism 

s im ila r to that seen fo r proteins bound to c e ll membranes 

by a phosphatidyl in o s ito l glycan anchor (P IG -ta il)(L ip k e  

e t a l.  1989).

P IG -ta ils  have been shown to mediate the anchorage 

of numerous c e ll surface c e ll glycoproteins to  the plasma 

membrane in a wide v a rie ty  of eucaryotlc c e ll types 

(Ferguson and Williams 1988). A schematic representation  

of the process by which a protein is  anchored to a 

P IG -ta il is  depicted in Figure 30. An important feature  

of P IG -ta il associated proteins is  that a hydrophobic
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stretch of amino acids (15 to 25 amino acids in length) 

is  located a t the carboxy end o f the primary trans la tion  

product o f a P IG -ta il associated protein  and is  cleaved 

p rio r to attachment o f the P IG -ta il (F ig . 30 ). The 

hydrophobic sequence serves as a signal to  a protein (or 

protein complex) in the endoplasmic reticulum  to have the 

P IG -ta il added to the carboxy end o f the p ro te in . A fte r  

cleavage of the carboxy terminus, the protein  is  then 

transferred to  a P IG -ta il which is  probably preassembled

(F ig . 30). The P IG -ta il associated protein  is  then
*•

transported through the secretory pathway to  the plasma 

membrane. Removal o f the hydrophobic carboxy term ini from 

various P IG -ta il associated proteins by s ite  directed
i

mutagenesis resu lts  in th e ir  secretion (Ferguson and 

Williams 1988, Su and Bothwell 1989). This re su lt  

confirms the importance of the hydrophobic carboxy 

terminus in s ig n a llin g  P IG -ta il attachment.

Although a d ire c t comparison between AGoc/ 

and P IG -ta il associated proteins cannot be made (because 

AGoC/ is believed to be c e ll wall associated and 

P IG -ta il associated proteins are membrane associated), a 

number of observations point to a re la tionsh ip  which may 

ex is t between AGoc/ and P IG -ta il associated 

proteins. F irs t , AG©</ has a hydrophobic sequence 

s im ila r to  th a t seen in  P IG -ta il associated proteins  

(Llpke e t a l . 1989). Furthermore, removal of the 

hydrophobic carboxy terminus from AGoc/ resu lts  in
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Figure 30. Mechanism of protein  attachment to a P IG -ta il .
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i ts  secretion. This resu lt is  s im ila r to what is  observed 

when the hydrophobic carboxy terminus is elim inated from 

P IG -ta il associated proteins and suggests a role fo r the 

hydrophobic carboxy terminus in the c e ll wall anchorage 

of AGoL 1. Second, there is  a p o s itiv e ly  charged 

residue (Lys) 22 amino acids upstream from the carboxy 

end of AGoi 1. A p o s itive ly  charged residue 

appears a t approximately the same location in many 

PIG’* ta il  associated proteins (Ferguson and Williams 

1988). Third, the sequence Leu-Leu-Phe or some closely  

re la ted  sequence appears in the hydrophobic t a i l  of many 

PIG t a i l  associated proteins (W illiam s and Ferguson 

1988). Both related and identica l matches to th is  

sequence are found in the carboxy terminus of 

AGoil: Leu-Leu-Ser-Tyr-Leu-Leu-Pheeso. I t  is 

evident tha t s tructura l and functional s im ila r it ie s  do 

e x is t between the carboxy term ini of P IG -ta il associated 

proteins and AGoA 1.

I  th ink th a t AGoC1 is  bound by a P IG -ta il 

u n til i t  reaches the plasma membrane a t which time i t  is  

cleaved (possibly by a phospholipase, see Fig. 30). By 

some unknown mechanism, eC-agglutinin is then integrated  

in to  the c e ll w a ll. The apparent relationship  between the 

loss of the hydrophobic t a i l  in AGot 1 and peptide 

secretion suggests tha t P IG -ta il association and c e ll 

wall in tegration  are not independent events. This in fers  

th a t P IG -ta il association may be the signal which d irects
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the deposition o f o t-ag g lu tin in  into the c e ll w a ll.

2. DEFINING THE BINDING DOMAIN OF a-AGGLUTININ

The observation th a t the AGocissi peptide 1s 

active but the AGoCl27e+e peptide is  not Indicates  

tha t sequences near or w ith in  the acidic region are 

important fo r binding to  a -agg lu tin in . This confirms 

e a r l ie r  speculation th a t th is  region contains the binding 

domain (see Part 2 ) . The acid ic  region also contains 4 

out of the 7 cysteine residues found in the glycoprotein. 

I t  is  possible th a t the secondary structure of the 

peptide (due to  the presence of d isu lfide  bridges between 

cysteine residues) may also play an important ro le  in  

defining the binding domain of oC-agglutinin (H e lle r and 

Lipke, unpublished observation). I f  th is  is  the case, 

then the binding domain may not consist of a lin e ar  

stretch of residues but residues separated by some 

distance but brought in to  close proximity by peptide 

folding and the formation of d isu lfid e  linkages. The 

AG©<12 78+e peptide contains most of the acidic  

region (F ig . 23), but due to termination a t the Nsi I  

s ite , lacks one of those cysteines. Therefore, the 

peptide may be inactive  not because of the deletion of 

part of the acid ic  region per se, but because the 

region cannot maintain a proper secondary structure (due
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to  loss of a d is u lfid e  bond). Treatment of oc c e lls  with 

50 mM DTT fo r 30 minutes a t room temperature does not 

diminish th e ir  a b i l i t y  to agglutinate a c e lls  (Terrance 

and Lipke 1981). This resu lt suggests tha t d is u lfid e  

linkages are not necessary fo r the glycoprotein to  

maintain a functional conformation. However, because the 

mature secreted form of oC-agglutinin is  so highly  

glycosylated, there is  no assurance th a t a l l  (or any) of. 

the d is u lfid e  linkages in oC~agg1utinin are accessible to  

DTT. In addition, the large amount of carbohyrate 

associated with oC-agglutinin may be s u ff ic ie n t to keep 

the molecule in a functional conformation even in the 

absence of d is u lfid e  bonds.
i

The loss of a d isu lfid e  linkage in the 

AGoc1278+e peptide may also place the peptide in an 

a lte rn a te  conformation which makes the product more 

susceptible to proteolysis. This would explain why so 

l i t t l e  AGo41278+8 peptide is  id e n tif ie d  in culture  

medium.

1
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3. SUMMARY

By truncating the AGo( 1 ORF a t selected 

locations i t  is  shown tha t: 1) e lim ination  of the 

hydrophobic carboxy terminus resu lts  in the secretion of 

AGoL 1 products 2) e lim ination of a tandem repeat 

sequence within AGoi 1 does not diminish the 

products a b il i ty  to bind to a. cel Is , suggesting th a t th is  

region does not comprise part o f the binding domain and

3) e lim ination of residues w ith in  the acid ic region
✓

abolishes the a b i l i ty  of the glycoprotein to  bind to  § 

c e lls . This suggests tha t the ac id ic  region may contain  

the binding domain o f o<-agglutin in .

i
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CONCLUSION

In previous studies oC-agglutinin has been 

biochemically p u rifie d  and Its  function and expression 

p a r t ia lly  characterized. Biochemical p u rific a tio n  of 

o t-ag g lu tin in  revealed th a t i t  is  a glycoprotein which is  

heavily glycosylated (50 to 75 % carbohydrate by w eight), 

1s monovalent in I ts  binding a b i l i ty  and has two binding 

states: a .tig h t and weak binding. Endo H treatment of 

biochemically p u rifie d  ©C-agglutinin generates peptides 

of: 38, 72, 105, 145 and 160 kD. A ll of these species 

bind to § c e lls . Treatment of p u rified  ©C-agglutinin with 

sodium periodate does not diminish its  binding a c t iv ity ,  

suggesting tha t 1t 1s the peptide portion o f the molecule 

which confers the a b i l i t y  to bind to  a c e lls . Treatment 

of oi c e lls  with the peptide pheromone a -fac to r (a -fa c to r  

is  secreted by a c e lls )  Increases s lig h tly  the c e llu la r  

agglu tinab i11ty of o (c e lls . I t  was assumed that 

oC-agglutinin is  bound to the c e ll surface by attachment 

to the c e ll w a ll. A dd itiona lly , a gene ( AGocl) was 

cloned which could*complement mutants in ©C-agglutinin  

expression.

The work presented here fu rth er c la r if ie s  the 

structure, function and expression of o t-a g g lu tin in . I  

have shown that the AGoC 1 codes fo r ©<-ag g lu tin in .

This gene is  oc c e ll-s p e c if ic  and shown to be required  

fo r  agglutinabi 1 ity  o f MATof,c e lls . Notable features
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of AG&1 include th a t the ORF 1)codes fo r a 70 kO 

protein 2)contains an acidic region w ithin the amino h a lf  

of the glycoprotein 3)contains a 16 amino acid 

hydrophobic carboxy terminus 4)has a putative signal 

secretion sequence 5)has numerous potential N-linked  

glycosylation s ite s  throughout the coding sequence and 

6 ) is comprised o f 40% Ser/Thr w ith in  the carboxy h a lf of 

the ORF.

Phenotypes o f AGOi 1 truncation mutants fu rth er  

elucidate  the domain structure o f ©C-agglutinin. 

S p e c ific a lly , I  have shown th a t 1)the carboxy hydrophobic 

terminus of oc-agglutin in  is  necessary fo r c e ll wall 

anchorage and 2) the amino h a lf o f the glycoprotein  

(possibly the acid ic  region) contains the binding domain 

of oC-agglutinin. Molecular weight analysis shows that 

©C-agglutinin is  highly glycosylated with both 0 and 

N-linked carbohydrate. Most of the 0-1 inked sugar is  

associated with the carboxy h a lf of the molecule and that 

N-linked carbohydrate is  found throughout © (-agg lu tin in . 

Lastly , I  show tha t ©C-agglutinin is  e ff ic ie n t ly  , 

transported through the secretory pathway, since only 

small amounts of oC-agglutinin precursors can be found 

in tra c e llu la r ly .

I  have shown that the increase in the 

agg lu tinab i1ity  of o< c e lls  in response to a -fa c to r is  

due to an increase in the expression of c e ll surface 

©C-agglutinin. There are 5 x 104 molecules of
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c<-agglutin in const1 tu t iv e ly  expressed per ot c e l l .  

Induction with a -fa c to r causes a modest increase in 

e(-agg1utin in expression to  6 .5  x 104 molecules per 

c e l l .  The spatia l d is tr ib u tio n  of o t-agg lu tin in  on the 

c e ll surface in uninduced c e lls  is  polar while induced 

c e lls  express o t-ag g lu tin in  more evenly. Buds and 

daughter c e lls  do not express c e ll surface o<-agglutin in . 

Lastly , oC-agglutinin is  expressed in the shmoo t ip  

region of'induced 0 6  c e lls , the location were a and ex 

c e lls  fuse to form a d ip lo id  zygote.

I
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