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ABSTRACT

Treatment of either haploid mating type cf

Saccharomyes cerevisiae with the appropriate sen pheromzone

induced inrreased sexual agglutinability. D1 fferencec
were noted between the two pheromones in the time and
dose needed for maximal induction of their target cells,
The action of d-factor was completely i1nhibited by
cyclohe:imide, aminophylline, theophylline or tunicamycin,
but only partially blocked by added cAMP. The action cf
a-factor was blocked by lesser concentrations of
cycloherimide, but only if the cells were preincubzted
with the drug. a-Factor induction was only partially
blocked by tunicamycin, even with a preincubation pericd.
Overall, the results suggest asymmetry in the mechanisms
of action of the two phromones.

Cells exposed to g—factor for brief times (lesc than
30 sec.) became committed to induction of increased

agqglutinability, while morphogenesis requires continunus

X

exposure to pheramone. a-Cells in Bl or in G2 of the cel
cycle responded to @¢-factor induction with Linetics
identical to that seen in unsynchronized cells.
Constitutively agglutinable and induced a-cells
exhibited agglutinability across identical ranges of pH,
ionic strength and temperature. All agglutinable

combinations of cells, regardless of exposure to
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pheromone, were identical in response to a wide range of
inhibitors.

Mechanical disruption of ¢g-cells resulted 1n the
splubilization of a molecular species with the predicted
properties of g-agglutinin. This species behaved
homogeneously in heat inactivation experiments, and was
capable of bloecking all possible agglutinins on a-cells.

Electrophoresis of purified g-agglutinin followed by
staining with the new, ultrasensative silver technigue
(Goldman et al., 1981) revealed a total of 8 peptides,
ranging from 3,000 to 120,000 daltons. This pattern
persisted after two diverse purification steps. Cne cf
these steps, affinity chromatography onto lentil lectin,
depended on carbohydrate residues that were only precent
in the 4 bands of highest molecular weight. Thic, along
with supporting evidence, suggests a multi-subunit

structure for the g-agglutinin.



Prologue

Saccharomyces i1n Paradise

While Adam and Eve,
Whom everyone knows,
Were enjoying Eden

Without arny clothecg,

n the skin of the apple,
Hanging on the tree,

Were the fi1r=zt two yeasts:
Xx2180-14 and XZ1EB0-1LE.

Now, this pa:ir of tiny cells,
On that fateful day,
Dizcecvered conjugation

Ir a most pleasurable way.

In the e::change of factors,
X let go first.

When her peptide reached 3z,
He knew it was a flirt.

The effect of K = pheromcne

On a were rather guickh.

He grew more surface agglutinins,
Which made him want to sticth.

Thue it was that when these cells
Just happened to collide;

They could not let each other gc
And held fast side by side.

No longer could poor g hold backh;
He let his factor go.

It took a little longer, but

On &8, the effects did show.

She tightened up her loctk on g.
Which proved a thrill for both.
Unless the pH went too high
Their bond could not be broke.
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The tencion grew by leaps and bounds
Ac cell walls softened up.

And when their cytaplasms minced
They’d hardly had enough.

Frantically, with hearts aflame,
They drew each other 1n.
Instinctively, they | new that sccr
Fulfillmert would begir.

Az organelles excharged and mined,
Confusior reigned i1nside.

Yet two large aorbs mocved stead:ily,
Az 1¥ led by a guide.

Their approach waz gutite uncannil,
Indicative aof collu=sion.

a6nd =0 it wae that yeasts learned of
The joyz of nuclear fusion.

viii
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INTRODUCTION

1. Life Cycle and Mating Type Control.

Haploid cells of the yeast Saccharomyces cerevisiae

exist 1in two alternate mating types designated g and (.

When opposite cell types are mixed, they undergo a mating

reaction. Through the cellular and nuclear fusion of
individual pairs of a-cells and g~cells, diploid ta’an
zygotes eventually form. Such zygotes produce diplo:id

{a’¢) buds which represent the normal vegetative state in

Saccharomyces.

Under conditions of nutrient depletian, diploid cells
will undergo meiosis and sporulation. E£ach cell yields an
ascus containing four haploid spores, two of which are of
mating type a, the other two being of mating type @.

Haploid yeast are capable of exhibiting either of two
alternate life cycles referred to as homothallic and
heterothallic. The gene cantrolling this trait 1is
designated HO. Cells with the dominant (HO) allele are
called homothallic and have unstable mating types. Such
cells are characterized by a high probability of mating
type interconversion during cell division. As a result of
this phenomenon, an a-cell will divide to form two
gdcells, or conversely, an g—cell will divide to form two
a-cells. In such strains, a haploid cell maintained in

culture will invariably give rise to cells of of toth



mating types, and diploidization will occur Hicks and
Herskowitz, 1976b). In heterothallic ¢(heg) haploids,
mating type 1s stable. Thus, pure cultures of either a-
cells or d-cells may be maintained (Herskowitz and
Oshima, 1981) . The events of the life cycle are

summarized in figure 1.

The HD locus is a device for the control of matinr

type stability. Mating type per se 135 determined at the

MAT locus, which 1is located on chromoscome 111 and @

0]

unlinked to HD (Tharner, 1981). The single MAT locus may

be occupied by either of two alternate alleles, MAT3 ar

MATC (Epragque et al., 1981). An a-cell has the former
allele at MAT, whereas an d-cell has the latter. In
diploids, the presence of one of each allele at MAT (a’g}
leads to a suppression of haploid specitic functions and
the expressiaon of diploid features (e.g. sporulating
abi1lity).

MATa contains at least two camplementat:on groups,
MATell and MATH2 (MacKay and Manney, 1974 a,b). M™MATat
mutants are deficitent 1in a number of 5“SpEC1F1C
phenaotypes, while MATGZ mutants exhibit some a-specific
phenctypes (Hicks and Herskowitz, 1927&b3 Tkac: and Machkay,
19793 Strathern et al., 1981). Mutations of MATa do not
seem to affect mating ability (Herskowitz and 0Oshima,
1981). These MATal mutants do, however, behave abnormally
in E/E diploids (Kassir and Simchen, 1974; Klar et al.,
1272h). Such diploids are sporulation deficient.

An interesting feature of the mating type control
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Figure 1. Tne 1:1fe cycle ot Jluccharomyces cerevisiae,
Diploid cells grow by budding (mitersis) until induced to
undergc rmelosis and sporulation, The resulting ascus con-
tains four haploid spores, two of each mating type. Germin-
Ation releases these spores. Those containing the HC gene
will grow humothalically, switching will occur with high
frequency, and any culture will soon ccntain both a and
X-cells.Cells with the hc gene follow the alternate heter-
othallic lifestyle, in which switching 1s a low frequency
event., In either case, when orposite mating types are
mixed, interauctions are initiated that ultirmately lead

to cell fusien and zygote formation. Zygotes produce
characterist.cully shapred, niarrcew diploid buds. Such di;-

loids will grow vegetatively until meicsis is induced.
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system is that mutations in MAT are healed by a mating

type interconversion (switching). Thus, MAT mutants that
are also HD give rise to normal cells when allowed to

divide (Hicks and Herskowitz, 19773 Klar et al., 1979b;
Strathern et al.,1979). The actual mechanism of switching
is not a function of the HO gene itself since ho cells
also erhibit healing upon switching, which they do with
low frequency.

These and similar results were eventually interpreted
to suggest that the yeast genome contains unexpressed

copies of MATa and MATA . These are currently designated

MMLa and HMRd. (These alleles flank the MAT locus left and

right respectively.) Switching occurs by the insertion cf
either into MAT. This insertion 1s non-destructive tc HML
and HMR, but destructive to the allele residing at MAT.
Thus a MAT mutant 1i1s healed by unidirectional insertion of
wild type information rcopied from the spare flanking
sequences (Strathern and Herskowit:z, 12793 Herskaowitz et

al, 1980).

IT1. The Pheromones of Saccharomyces cerevisliae

A major distinction between haploids and diploids is
that the former e:xhibit sex specific functions. Many of
these functions have been shown to appear progressively
as haploids grow after germination (Tohoyama and
Yanagishisma, 1981). Others are expressed immediately.

Conspicuous among these is the ability to mate. The
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mating reaction in Saccharomytes 1s complex and mediated

——

by diffusable peptide pheromones or "factors®. Each
mating type produces at least one such molecule, which 1s

unique to that cell and exerts a number of effects on the

opposite mating type. Thus, a-cells produre a-factor,
which affects tcells. Similarly, @cells produce
a-factor which affects ga-cells. The production of

specific mating factors, as well as aother haploid specitfic
functions, has been shown 1in homothalliec as well as
heterothallic stratns, and 1s wholly controlled as a
function of the information at MAT (Nakagawa and

Yanagishima, 1982).

A, Effocts af o-Factor

g-Factor 1is the more throughly studied of the two
phercmones. It is a ¢tridecapegtide of Y¥nown seguence
(Etot-ler, et al, 197&) . The best understood of the
effacts that this pheromone 2licits in a-cells s a
transient arrest in the progression through the cell cycle
(Duntze et al, 197ZS Bucking-Throcm et al ., 1273). The
point at which this arrest occurs has heen shown to be 1n
very late Gl and has been designated "start" since 1t
represents the point when cells are irreversibly
destined tao enter S-phase (Hartwell, 1%74).
a-Cells eventually recover from ¢-factor induced G1
arrest. The length of the recavery period is dependent on

the dose of g-factor experienced and leaves the cells
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temporarily resistant to d-factor action (Chan, 19771},
During recovery, gffactur is inactivated in a cell
dependent reaction (Chan, 1977; Finklestein and Strauberg,
1979) . This has heen shown to involve specific
proteolytic cleavage of g-factor, probably by cell surface
bound endopeptidase (Ciejek and Thorner, 1279%).

A second effect of g-factor on a-cells is the

induction of a proncunced morphological change. Under
prolonged expeosure to dg-factor (3-4 hours) and 1in the
presence of complete medium, a-cells enlarge, and their
normally round cutlines become pear shaped (Levi, 1954635
Duntze et al., 1970). Such cells have come to he Lnown as
shmoos. The morphological changes during shmeaing are
accompanied by biochemical changes at the cell surface.
Localized deposition of chitin (Schekman and Brawley,
1979), mannan (Tkacz and Mackay, 1979, and acid
phosphatase f(Field and Schelman, 1980) accur at thke shmoe
tip. The overall compositicon of the cell wall changes.
The proportion of glucan to mannan increases, the length
of mannan side chains decreases f(Lipke et al., 19746b),
and a new immunclegical scspecies appears at the cell
surface (Lipke and Ballou, 1980).

A third wmajor response of a-cells to g-factor
involves cell-cell i1nteractions. When an a-cell comes
into contact with an g-cell, the two can specifically
adhere to one another, This interaction is termed sexual
agglutination. Early investigators (Sakai and

Yanagishima, 1971; 19723 Betz et al., 19785 Doi et al.,
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19793 Doi and Yoshimura, 1978) described wild type
haploids as inducible agglutinators, meaning that
pheromone pretreatment is necessary for agglutination.
it tas subsequently been shawn (Campbell, 1973;
Febhrenbacher et al., 19783 Terrance and Lipke, 1981} that
properly grown and assayed wild-type haploids will always
constitutively express significant levels of a to &
binding. a-Cells do, however, show a dramatic increase in
their agglutinablility after dg-factor treatment.

Al though much has been done in terms of
characterization of the physiological responses of a-cells
to d-factor, virtually nothing is known about the d-factor
receptor. Attempts to measure binding of radiclabelled
g-factor to a-cells have been hampered by low levels of
specific interactions of &-factor with a-cells ‘Maness and
Edelman, 1978) . It thas been suggested (Thorner, 192803
1781) that this may be due to the general composition and
negative charge of the yeast cell wall, which would tend
to bind the positively charged o-factor mplecule, to
preferential degradation of the pheromone by &cells ‘by,
for instance, surface endopeptidases), or to the
interaction being transitory in nature.

Little 1is known of the mechanism of @g-factor action.
Tanaka and Kita (1978) reacted fluorescein i1sothiocyanate
(FITC) with the available amino groups of a&-factor. They
reported specific binding to a-cells, with the label

entering the cells and migrating to the nucleus. However,
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this seems to contradict the above mentioned experiments
with radiolabelled gifactor, which failed to detect
specific binding. Further, other investigators have found
that reaction of the free amino groups of @-factor with
either acetic anhydride (Lipke, 1974a), +flurcescamine, or
dansyl chloride {(Maness and Edelman, 12788) completel y
destroys the biclaogical activity cof @-factor. Thorner
(1981) has pointed out that Tanaka and Fita di1d not
separate FITC-g-factor from unreacted pheromone and that
they failed to bind FITC-g-factor to g-cells in the
presence of large amounts of unlabelled phercmcone. Thacse
certainly are reasaons sufficient to guestian the results
ohtained.

Liao and Thorner (1980) showed that g-factor 1nhibits
yeast adenyl eyclase in vitro. The enzyme inhibited was
that present in the cell membrane, since solubilization by
the detergent Triton X-100 prevented the inhibiticn Sy
phercmone. Partial seguences of g-factor, which are
inmactive biologically, failed to i1nhibit adenyl cyclase
{Ciejek and Thorner, 1979).

By including cAMP in the growth medium, they were
able to shorten @-factor induced Gl arrest. In later
studies (Liaa and Thorner, 19817, inhibitors of cAMP
phosphodiesterase were used to prevent Gl arrest. Thus,
for this function, gtfactor seems to act through the

lowering of cAMP levels.
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B. Effects of —Factor

Research on g-factor has laqgged compared to that on
g-factor. Indeed, there was initially considerable
difficulty in demonstrating a diffusable hormone from
a-cells (Bucking—-Throm, et atl., 19732). Eventually, a
molecule mediating Gl arrest in @¢cells was shown to exist
(Wilkinson and Pringle, 1974}.

a~Factor has since been shown tc have the full range
of effects on @-cells incliuding the ability to elicit
shmoe formation and to increase @-cell aggutinability
{Betz, Mackay and Duntze, 19775 Bet:z, Duntze and Manney,
1978 Terrance and Lipke, 19817. The molecule has been
purified and found to be an undecapeptide (Bet: and
Duntze, 1979).

It 1is tempting to postulate that g—factor forms cne
symmetrical half of a simple reciprocal system, but as has
been pointed cut (Manney and Meade, 1977), a maore cautious
approach 11s in order. g-Factor has been notoricusly
elusive in attempts at its characterization and there
have been reports of associated molecules {Betz, Mackay
and Duntze, 197%). It has alsao been claimed that g-factor
secretion i1s induced by @-factor (Strazdis and Mackay,
1982), while g-factor production is constitutive (Tanaka
and Kita, 1977).

In fact, an additicnal molecule mediating mating
interactions has already been discovered in g-cells.

Known as barrier factor (Hicks and Herskowit:z, 197435



11

Yanagishima et al., 1977}, this molecule has been shown to
irreversibly inactivate &-factor. Mutant a—cells
deficient in barrier factor are supersensitive tao (-
factor-induced Gl arrest (Chan and Otte, 1982 a,h). This
diffusable barrier factor molecule, however, is nat the
same as the cell-associated endopeptidase involved 1in

recavery from Gl arrest.

C. Significance of Pheromones 1in Mating

Only unbudded cells (i.e. those in G1) are ccmpetaent
to fuse and mate (Hartwell, 19725 Serna et al., 197 Reid

n

[

and Hartwell, 1977). A substance that causes
accumulation of unbudded cells and 1ncrezsed zanual
agglutination in mating mixtures has obvious utility.
Further, cell cycle arrest i1s achieved by inhibitizn =f
nuclear DNA synthesis onlys protein, K|NA, and

mitochondrial DNOA production are rneot diminished (Throm and

Duntze, 192705 Sumrada and Cacper, 19273  Schebmar  zng
Brawley, 1979). This allows synthesis for the mating
praocess to proceed unatated. Continued macremolecul ar

synthesis without cell division has been postulated as the
cause of shmooing {Betz et al., 192815 Thaorner, 1980,1981;
Strazdis and MacKay, 1982). In this view, cshmooing 1s an
artifact resulting fram the disruption of the normal
budding process and has no physiological significance in

mating.
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An attractive hypothesis is that pheromonal influences
are a necessary prerequisite to mating. Hartwell {(1973)

conceived a mating "orgy" which seemed to demonstrate that

a lag or ‘“courtship" period was required in mating
mixtures prior to zygote formation during rotation
cul ture, Further, many mating defective mutants appear

to be deficient tin pheromone production (MackKay and Manney,
19274}, Mating factor resistant mutants are i1nvariably
sterile (Manney and Woods, 1974 and mating factor
production has been demastrated in all fertile haploid
strains (Manney et al., 1981),

However, Manney and Meade (1977) modified Hartwell’' s
mating orgy 1n such a way that germanent cell-czll
caontacts formed during courtship were discounted. The
results were that uncourted cells exhibited rno more of a
lag than did courted cells. Therefore, a caourtship periczd
may be a necessary prelude to mating but chercmonally
elicited effects may not be critical.

These same investigators attempted the definitive
ezperiment by trying to isclate a sterile a-cell deficient
in @-factor production and restoring mating ability by
additon of exogenous g-factor. They focurnd that the
mutants which they selected as unable to produce g-factor
usually mated normally. More ridornus assays revealed that
all actually produced g-factor at reduced levels and were
pleiotropic. It was consequently not possible to unambigu-

ously correlate defects in mating with @-factor production.
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I1I. Sexual Agglutination

A. Physiological Significance of Agglutination

The agglutination reaction 1is specific. It is
distinguishable from "flocculation", which is a non-sexcal
aggregation of diploid cells. Agglutination occurs only
between cells of opposite mating type. In rctaticn
culture, agglutinated aggregates caonsist cof abcout =gual
numbers aof each cell type, regardless of the initial 3/@
ratio ‘Fawanabhe et al., 1979). a-Cells and ®—cells adhere
to each other, but neither type to itself. Although =ach
individual aggregate may consist of bundreds of cells,
fusipns are largely restricted to single a/@g pairs.

As 1n other pheromonally mediated functicnz, it s
liktely that sexual agglutinmation plays an important, if
not essential role. It has been noted that there {35 a
strong correlation between agglutinablility and zygote
forming ability (Sakai and Yanagishima, 19795 ¥Yawanahe ot
al., 19793 Yanagishima and Yoshida, 1981).

However, wild type cells agglutinate cornstitutivels.
It ies therefore unlikely that, in nature, the high level
of pheromonally induced agglutination 1s essential.
Indeed, there 1is a poor coincidence between the kinetics
of ¢@g-factor production and response during the growth
cycle. Production peaks in late exponential or early
stationary phase (Duntze et al., 1927Z%Z3 Tanaka and ¥ita,

1977}, whereas response to pheromone 1s best 1n mid-

exponential cells.
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The close proximity provided by agglutination has the
obvious side effect of increased localized phercomone
concentratiaons (Yanagishima and Yoshida, 1981). It is
possible that this indirectly provides levels of
pheromaone that are high enough to result in Gl arrest in
mi:ed aggregates as well as ¢to induce increased
agglutination. In this case, the latter phenomenon may ke
a device solely for the strengthening aof intercellular

attachments once they have formed.

B. Studies in Hansenula wingei

In the yeast Hansenula wingei, the mating

de2signated type 5 and type 21. These correspeornd o 3-
cells and @-cells respectively. This species exhibits

mating reactions similar to Saccharocmyces ceresvi=iae

{Brock, 19611}, The agglutination reactign in  th:is
species has been es:xtensively studied, and has bteen zh-own
to be due to the activity of cell surface 3lyccocprotisns.
These agglutination mpolecules {or agglutinins? are
confusingly referred tog as S3—factor (fraom type S-cells)
and 21-factor. Each agglutinin specifically adheres to

1ts complement when incubated with the cpposite cell type,

If an agglutimnin is functionally monovalent, it renders
the cells non-agglutinable. If the molecules are
multivalent, the cells become self-agglutinable. This

forms the basis for assays of agglutimin activity.
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The S-factor was purified by solubilization with
subtilisin, followed by gel filtration and affinity
chramatography on type-2t cells (Crandall and Brock,
1988, The maolecule causes self agglutination of type-221
cells from which i1t 135 judged toc be multivalent. Each
molecule has a molecular weigh of 9.6 x 10‘ daltons and
contains between five and eight furctional (i.e. binding}
glycoprotein subunits (MW 2,000 daltons?. These
subunits can be releacsed from a central glycoprotein core
by dithiothreitol and behave as univalent agglutinin
(Taylor, 19&64; Taylor arnd Orton, 19488, 1977, 5-Factor is
inactivated by digestion of either 1ts protein or
carbohydrate moieties {(Yen and Ballou, 19274y but 1s heat
stable (Burke 2t al., 19€0).

The 2!-factor has been solubilized with subtilisin,
but has not been as well characterized (Crandall zand
Broci, 19£8)., Lability 1in response to moderate heating
hac heen reported (Crandall and Brock, 1948). It doces not
agglutinate S—cells, but rather irnhibits their
agglutinating ability. It 13 thus judged to be monovalent

(Crarndall and Brock, 194£8).

C. Studies in Saccharomyces cergvisiae
et R ——__. ]

In Saccharomyces cerevisiae, both constitutive and

induced agglutinability are observed. As previously
mentioned, a number of studies have differentiated between

"constitutively" and "inducibly" agglutinable strains,
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even 1in wild type cells {(Sakai and Yanagishima, 1271,
1972; Betz et al., Doi et al., 1979 Mutant genes
conferring constitutive agglutinibility (Doi and
Yoshimura, 1978) and inducibility (Yanagishima and
Nakagawa, 19803 Nakagawa and Yanagishima, 1981} have been

reported.

Kawanabe et al. (1979) described a "random assembly”
of a—@ cell pairs which occurs before the formation of
true cell aggregates. The latter phenomenon is
distinguishable in their system by its preferential
inhibition by Concanavalin A at 400-S00 ugm/ml.
Fehrenbacher et al., (1978) reported differences in the pH
ma:: 1ima for constitutive and 1nduced agglutination,
suggesting that two sets of moclecules may be involved.

By analogy to H. wingei, one would expect the

—

agglutinins of Saccharomyces cerevisiae to be cell surface

glycoproteins that are complementarily adhesive and whose
properties mimic those of the for mer species.
Predictably, a-cells are rendered nan-agglutinable by
dithiothreitol (Burke et al., 1780). Al though such
treatment would be expected to release @ cell-inactivating
fragments of a-agglutinin, this has not been observed
{N. Wagner, unpublished). Alsa, 3-agglutinin isolated by
a number of different methods and investigators (Shimoda
and Yanagishima, 1975; Yoshida et al., 12745 MWagner,
unpublished) does not agglutinate @d-cells and, therefore,

is probably monovalent.
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g-Cells are not rendered non-agglutinable by
treatment with reducing agents {(Burke et al., 1980).
Fehrenbacher et al. (1978) made an initial report that
g-agglutinin agglutinated a-cells. This indicated
multivalence. Later investigators (see below) have
failed to confirm this.

Yanagishima and collegues have reported most of the
work to date on the purification aof aggqlutinins from

Saccharomytes. Their initial efforts to seclubilize the

molecules were by treatment of mechanically isolated cell
walls with glusulase, a crude enzyme preparaticn from
snail! gut (Shimaoda and Yanagishima, 1975; Shimoda et al.,
1275) . The resulting agglutinins were both functianally
manovalent and inactivated by proteol:tic BNIymeS.
However, they were of very high mclecular we:ight (~10
daltons). This prompted the conclusion that the larger
part of the molecules was made up of non—-functional call
wall components,

More recently, these same i1nvestigateors have uzed
brief autoclaving ((120* €, 5 min.) of cells tao releace
agglutinins from the cell wall (Yoshida et 3l., 12974}
Hagivya et al., 1977). When this treatment was

immediately followed by chilling, htaploid cells released

activities which are sex-specific inhibitors of
agglutinability. After solubilization the following
sequence was followed: (1) acid precipitation, (2) DEAE-
cellulose chromatography, (2) ultrafiltration, (4) gel

filtration, {3) Caon-A-Sepharose affinity chromatography,
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and (L) isgelectrofocusing. The substances ochtained
migrated as single bands in polyacrylamide gel
electropharesis (Yanagishima and Yoshida, 1981).

The a-agglutinin isolated by this method is
monovalent. Its molecular weight, estimated by gel
filtration, 1is 23,000, It is a glycoprotein, containing
appraoximately &1% carbohydrate.

The d-agglutinin obtained is a functionally
mongvalent glycoprotein of about 130,000 daltons. It
contains about 47% carbohydrate.

These twao molecules (in a partially purified state)
have been shown to form a complex in solution , as
evidenced by a disappearence of biclogical activities.
These activities could be recovered by raising the pH
beyond the range for the agglutination reaction, +followed
by chromatography on DEAE-cellulose (Yanagishima and
Yoshida, 1981).

Although these investigatiaons have produced pur:fied
molecular species with the observed properties of
agglutinins, the many possible effects on these entities
of autoclaving at 120° C cannot be controlled. The use of
hoiled tester cells, which wer e used by these
investigators in their agglutination assays, further

complicates interpretation.
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IV. Summary of Research Objectives

The questions that were addressed experimentally were the
following:

1) What pheromone—-triggered biochemical syntheses
are a necessary prelude to the expression of the
pheromonally induced increased agglutinability?

2} Are the agglutinin molecules induced by pheromone
identical to those constitutively present?

) Is tt possible to selubilize agglutinin
molecules by a methaod l2ss harsh than extensive enzymatic
digestion cr autaoclaving? Are the preoperties =§f  a

molecule so obtained different frcm those described by

cther invecstigators?
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Materials

The +following reagents were obtained from Sigma
Chemical Company, St. Louis, Mo.: cycloheximide,
p—chloromercuribenzoic acid (PCMB), actinomicin-D, Trizma
Base (TRIS), chloramphenicol (CP), theophylline,
amingphylline, dithiothreitol (DTT), adenosine 3’5 -cyclic
monophosphate (cAMP), glass beads (430 -500 um), bovine
serum albumin (BSA), d-methyl-mannoside, amberlite XAD-2,
amberlite GC-50, hexyl agarose, DEAE Sephadex A-25 and
Schiff’s reagent.

Ultrogel AcA-34 was obtained from LKB Instruments,

Hicksville, N.Y. The agarose bound hydrocarbon series was
from Miles-Yeda, Firyat Wei zman, Rehovat, Israel.
Agarose bound agglutinin from Lens culinaris was
from Accurate Chemical, Westbury, N.Y. .
Acrylamide, bis—-acrylamide, tetramethylethylened: amine

(TEMED) and Bio-Gel A.S5Sm were purchased from Bio-Rad
Laboratories, Richmond, Ca.. Sodium dodecyl sulfate

{SDS) and Coomassie brilliant blue were obtained from

Pierce Chemical Company, Rockford, I11.. Synthetic g¢-
factor was the generous gi1ft of Dr. Fred Naider of the
College aof Staten Island. All other materials were of

reagent grade and from commercial suppliers.
Protein in solution was determinded by the binding of

Coomassie brilliant blue <(Bio-Rad Laboratories) and
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carbohydrate was determined by the phenal-sulfuric method
(Dubois et al., 1954) . The assay for
fg—fructnfuransidase (EC 3I.2.1.26, invertase) was

as described by Smith and Ballou (1974),
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Methods

I. Strains and Growth Conditions

Sacchargmyces g¢egrevisiae wild-type haploid strains

X2180-1A (a) and X2180-1B (o), obtained frem the Yeast
Genetics Stock Center (Berkeley. Calif.), were used
exclusively. Cells were routinely cultured 1n a minimal
medium (YNB) consisting of 2.2 g yeast nitragen base
(Difco Labs., Detroit Michigan) , 4.5 g ammonium sul fate,
and 20 g glucose per liter. For certain puposes, cells
were grawn 1n a richer medium (YNBP), identical 1in
composition to YNB but supplemented with 1.0 g/liter
peptone {Difco Labs.). Cells were incubated cn a3 rotary
shaker at IQ* €. Cell number was determined by opticatl
density at 460 nm in either a Bausch and Lomb Epectronic
20 or 21%. These readings were calibrated by

hemocytometer counts.

11. Partial Purification and Assay of the Se: Phe-cmones

A. d-Factor

g—Factor was purified by two different methods: that
of Duntze et al. {19732) as modified by Lipke (1976,a);
and that of Strazdis and MacKay (1982). In both these
methods, #-factor was adsorbed from the culture medium.
In the former method, ¢-factor in conditioned medium from

cultures of X2180—-1B was adsorbed onto a column of
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amberlite GC-50. The procedure was as reported

xcept that it was carried out at 4°C and afactor was
stored and used in the pyridine acetate buffer with which
it was eluted.

Strazdis and MackKay (1982) found that i1improved
yields of d-factor could be obtained by incubating
adsorbing resin (in this case, XAD-2 beads) within the
growing culture of d-cells. Whether this results from
increased d-factor production due to 1ts continual
removal or to protection from degradation, has not been
determined. 1 modified their procedure slightly by
replacing the 40°C water jacketed column with eluticn by
ize-cold methanol. Thece methancol fractions were then

concentrated by rotary evaporation, and assay=d for

in

activity, In my experiments, this procedure gave yields
of g-factor that were 5-10 fold higher than that obtained
by the method of Dunt:ze et al.

Activity of d-factor was assayed by its ability to
diffuse from wells 1n agar plates and 1nduce norphogenesics
in a-cells (Duntze et al., 1973). In later purifications,
a similar assay was developed in which serial diluticns of
g-factor were made in the wells of a titer plate. This
assay has been described for a-factor (Terrance and Lipte,
1981). In either of these assays, the minimatl
concentration of g-factor needed to induce morphogenesis

was designated as !t unit/ml.
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B. a—Factor

a-Factar was purified by the method of Strazdis and
Mackay (1982). This method is essentially identical to
that for the preparation of g-factar and the same
maodifications were used. Either methanaol or propanol was
used as elutant and eluted material was concentrated by
rotary evaportion at S0®* C under reduced pressure. When
evaporated to dryness, a small amount of dimethylsul foride
was added to redissolve the residue. ga-Factor was assayed
by 1ts ability to i1nduce merphogenesis i1in o-cells. Tre
assay used was identical tp the titer-plate method for &~
factor described above except that 0.2 mg/ml BSA was added
to all ditutions in order to stabilize a-factor activity
(Terrance and Lipke, 1981}, Az with @-factor, ! unit’s/ml
a-factor was defined as the minimal concentration needed

to induce morphogernesis.

T1I. ~Agglutination Assay

Haploid a-cells and @-cells were grown separately in
minimal medium (YNB) to a density of between 2.2 = 10‘ and
1.4 x 16‘ cells/ml. The cells were harvested by
centrifugation and washed gnce in saline-phosphate buffer
(0.14 M sodium chloride, 0.01 M sodium phesphate, pH &.0).

Cells to be induced with pheromone were then
resuspended in fresh YNB (for d-factor induction) or in

¥NB containing ©.2 mg/ml bovine serum albumen (for a-
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factor induction). The appropriate pheromone was then
added and the cells incubated on a rotary shaker at 30* C.

Maximal induction of agglutinability occurred
following treatment with g-factor at a concentration of 1
urnit/ml far 25 minutes. For a—factor, maximal
agglutination followed treatment at 0,1 umnit/ml for 70
minutes. These were chosen as standard conditions. Cells
that were not induced were maintained on 1ce during the
induction period. Afterwards, all cells were harvested by
centrifigation and resuspended 1n an equal volume of 0.1 M
sodium acetate buffer (pH 35). This buffer contained 10
Mg/ml cycloheximide, which inhibited any further i1nduction
of agglutinability.

Samples (1 ml) of each cell type were added to 12 =
100 mm test tubes. Control tubes received 2 ml. of a
single cell type. The volume aof sach tube was brought to
T ml with 0.1 M sodium acetate buffer (pH 3) with 10 ug/ml
cycloheximide. All tubes were vorte:ed and then the cells
were compacted by gentle centrifugation (200 : g +for 5
minutes) 1n order to force cells 1nto aggregates. This is
essentially identical toc the assay of Hartwell (1980}, the
major modification was that compacted cells were subjected
ta controlled resuspension by stirrFing with a 7 & 20 mm
stainless steel paddle at 1,000 rpm for 4 seconds. A stop
maintained the paddle at a constant distance from the
bottom of the tube and a constant speed control unit

{Cole—Parmer Instrument Co., model 4420) assured
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reproducible results. The resuspended mixtures were
allowed to settle for 20 minutes. The test tubes were then
used as cuvettes in a Bausch and tomb Spectonic model 20
or 21. Dptical density at &80 nm was determined.
Individual samples were run in duplicate or triplicate
tubes. High levels pf agglutination resulted in more and
larger agqgregates; thus, more settling and a lower
average optical density.

The degree of agglutinability was qguantitatively
expressed as an agglutination index (A.I.}. This guantity

was defined as:

a+o

where D is the mean optical density of the tubes
containing the cell types indicated by the superscripts.
The A.Il. varies fraom O ¢to 1, with higher indicies
indicating greater degrees of agglutination.

Thus, the A.I. 1s the ratioc of the amount of
settling 1i1n tubes containing both a-cells and g cells and
tubes containing one cell type. This ratiao therefore
reflects the degree of a to c adhesion and ignores any
non-sexual (i.e. a to a or g to &) pairings.

Microscopic observations of the supernatants from
agglutinated mixtures revealed that suspended particles
consisted mostly of single cells. Plating these cells
gave rise to clones that mostly (™ 9254 agglutinated

normally. These were mostly cells that, by chance did not
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enter aggregates, rather than non-agglutinable cells.
Therefore, agglutination 1index reflected the degree
of agglutinability of the entire cell population and not

the proportion of non—agglutinable cells.

IV, Splubilization and Purification of g—agglutiqig

A. Assay of Q-Agglutinin Activity

A biologically active agglutinin molecule from &-
cells should be able to specifically adhere to agglutinins
on a-cells. Such treatment should render the a-cells less
agglutinable when subsequently mined with t-cells.
Activity of @-agglutinin was thus assayed by inhibit:on cf
a-cell agglutinability. Aliguots of sach elution fraction
were camhined with 2 107 pheraomcnally induced s—cells 1n
a total volume aof 2 ml of 0.1 M =odium acetate buffer (pH
5.0) with 10 ag/ml cyclohe:imide. Incubation was carriad
put on a rotary shaker for 20 minutes at Z0* C. The
incubated a-cells were then resuspended 1n the same volume
of fresh buffer of identical composition. gdCells were
then added, and the agglutinatieon assay carried out as
described above. One wunit of agglutinin activity was
defined as the amount needed to lower the A.I. of induced

a-cells by 0.1 as compared to control.
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B. Reversal of Binding

A species that destroys or otherwise inactivates
agglutinin on a-cell surfaces will mimic g-agglutinin in
the assay described above. Such 1nactivations will
prabably be permanent, especially when the cells are
inhibited by cycleoheximide, since this drug prevents the
e:pression of new molecules. True f@-agglutinin activity,
on the other hand, should be reversible under cornditors
that reverse agglutination. During purification, act:ve

fractions were required to meet this criterign >f

revercibility,

=d

W

Either high urea concentration, or high pH was =
for reversal. Agglutinated mixztures were washed three

1

times in sodium actetate buffer containing 8 M urea and 2

Mmg/ml cyclcheximide. This was follcowed by three washes in
buffer without urea. The mixtures Wwere then
reagglutinated and measured as before. When high pH was

used as the reversal agent, 0.05 M Tris {(pH 2.2 containing
cyclaohe:imide) was used in place ct t-p
urea containing buffer. As an alternative to waching, a
0 minute incubation in 0.08 M Tris (pH 2.0 with
cycloheximide) was followed by a Z0 minute i1ncubation 1n
sodium acetate (pH 5.0). The percent reversibility was

defined as:

% reversibility = D -D x 100
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where D 1is the average optical density of agglutinated
mixtures of a&-agglutinin treated a-cells, " is the
averaqge optical density of these tubes after the reversal

treatment, and Da- is the average optical density of the

control tubes after reversal.

C. Partial Purification of a-Agglutinin

Two schemes were used for the solubilization and
isolation of d-agglutinin. This first scheme was utilized
to abtain the agglutinin used in part I1I of the results
section.

Midlog cultures of X2180-1B (d-cells) grown 1n YNB
wers harvested and washed once in 2.1 M scdium acetate
buffer {ipH S.0). The cells were resuspended at an
cptical density {5580 nm}) of 20 to 100 and the suspension
brought to S mM EDTA and dithiothreitol (DTT). To this
mixture was added 2T g/ml glass besads (450 - TO00  jam).
Homogenization was carried cut at 4* C 1n a €Sorval
Omnimizer set at the highest speed. Blending for 4 tao &
minutes was usually sufficient to disrupt 30 - 207 of the
cells, as judged by observation by phase contrast
microscopy. Glass beads and cellular debris were cleared
fram this extract by centrifugation at 120 x g for S
minutes and then at 28,000 x g for 30 minutes in a Sorvall
55-34 rotor. The supernatant was applied to a & x B0 cm
column of Ultragel AcA-34 at 3°C. In later preparations,

a similar column of BioGel A.Dm was used. The column was



50

eluted with 0.1 M sodium acetate buffer {(pH 5.0). The

results of one such run are shown (Figure 2). Three
active fractions were cbtained. Region I {(peak I) was

specific in its ability to inhibit a-cells and was 100%
reversible by either urea or high pH. It was maximally
active at pH 9 to 7. Thus this material met 3ll of the
criteria for the g-agglutinin.

Region 11 (peak 1I) exhibited specificity for g-
cells, but was of intermediate (204 - &£0%) reversibility.
This material was discarded.

The material in region IIl /peak III) specifically
inactivated a-cells; it had no effect an gjcells. It was
very different from @-agglutinin 1n that 1t was campletely
tnactive at pH 7.0, and was alwaysz 1004 irreversible 1n
its effocts. Treatment of a-cells with peak 11! did rot
release g-agglutinin activity into the medium.

The inactivation of a-cells by peak II1I material was

progressive (Figure 3I) even under standard assay
conditians in which the cells were pol soned by
cycloheximide. Feak IIl 15 therefore probably not

inducing the metabolism of agglutinins by the cells
themsel ves since induction and implementaion of a cell-
mediated reduction of agglutinins i1ia likely ¢to require
protein synthesis at some point. An enzymatic
inactivation of a-agglutinins through destruction seems

the most likely mechanism af action.
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Figure 2. Gel [iltration of o-cell extract on AcA-34,
A cruide extract from X-cells wac Jlayered cnto a 4x8O cr,
colury: at 4 C, Elution waz with 0.1N sodium acetate(pHS)
and 16 ml fracticns were collected: (@) activity,{a)

protein.
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Figure 3. Time course of inactivation of a-cells by peak [1:
material, a-Cells were incubated with peak ITI material in
0.1M sodium acetate(pH5.0) for the times indicated. These
cells were ther wached once in fresh buffer and assayed for

agglutinatility with ®-cells under standard ccrditions,
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D. Purification of drﬁggkutinin

This scheme was used tp obtain the agglutinin used in
part IV of the results section. 100 titer cultures of
X2180-1B were grown in  YNBP medium in a Magnaferm

Fermentaor {(New Brunswick Scientific, New Brunswick, N.J.).

Growth was at I0* C and cells were harvested at 3.4 x 10
cells/ml. Packed cells were divided 1nto blecks
{approximately 70g each!) and stored frozen. For

extraction, ane frozen block of cells was thawed and
suspended in 150 ml of 0.1 M sodium acetate buffer
containing 0.03% Triton X—100 and 1M
p—chloromercuribhenzoic acid (FPCMB) . The 1ncluzion of
detergent and protease irhibitor was found to <=tabilize
agglutinin activity. This mizture was transferred to the
chamber of a Bead-Beater blender {Biospee Products,
Bartlesville, Ok.) and the remaining space in the chamber
filled with glass beads. The chamber was submerged 1n an
ice bath and homogenized for 4 » 1.5 minutes with 1 minute
cocling periods after each homogenization. This was
usually sufficient to obtain 90% disrupted cells.

The resulting extract was cleared by twice
centrifuging at 28,000 x g for 30 minutes at 4°C. The
supernatant was maintained at 4°C and brought to SO%
saturation with ammonium sul fate. This mixture was then
cleared by centrifugation at 28,000 x g for 10 minutes.
The pellet was discarded and the supernatant brought to

100% saturation with ammonium sulfate. This was
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centrifuged as above, the supernatant discarded, and the
pellet placed in a dialysis bag and dialyzed vS. 4
liters of 0.1 M sodium acetate (pH 5.0) containing 0.03%
Triton X-100 and ituM PCMB. Dialysis was carried out at
4*C aver a period of 34-48 hours with at least 2 changes
of buffer. The dialysate was centrifuged at 28,000 : g
for 10 minutes and applied to a I.8 % 6.5 cm column cof
DEAE-Sophadex A-25 equilibrated in 0.1 M sodium acetate
(pH  S5.0) with O0.03% Triton and 1 uM PCMB at 4°C. The
caolumn was washed wth 20 ml of this buffer and then =luted
in a stepwise manner with 20 ml of buffer containin S0
mM, 10CmM, and 500 mM NaCl.

Reversible activity was limited to the active S M
and 100 mM fraction. These were ponled and dial,-ed vs.
4 liters of 0.1 sodium acetate with Triteon and FCME i1n the
cold overnight. The resulting dialysate was brought to
i1mM 1n CaCl and MnCl and applied to a 1.2 @ 0.9 c=m
column of agarose-bound lectin from Ltens culinaris (lentil
lectin) at room temperature. The calumn was washed with
10 ml of Ca++ and Mn++ containing buffer and eluted
stepwise with two aliquots of 10ml each of this same
buffer containing tM NaCl and 1M d-methyl mannoside.
Active fractions from this step were pooled and dialy:-ed
(4*C) VS. 0.01 M spdium acretate (pH S.0) with 0.003%
Triton X-100 and 0.1 uM PCMB. This dialysate was
alternately used as is in hydrophobic chromatography or

frozen (-80*C) and lyophilized for use in polyacrylamide
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gel electropharesis. The purification of d-agglutinin

is summarized in figure 4.

E. Hydrophobhic Affinity Chromatography

A 1.2 % 0.9 cm column of agarose bound hexane was
equilibrated in 0.01 M sodium acetate (pH 5.0) with ©Q.003I%
Triton X-100 and 1uM PCMB. An active peool from lectin
affinity chromatagraphy was dialyzed into this same huffer
fac described above) and applied to the column a2t room
temperature. The column was washed with T ml buffer and
then eluted with, I ml each, buffer containing NaCl at:
100 mM, 200 mM, 500 mM and 1000 mM. Most activity eluted
with 120 mM NaCl. This material was dialy-ed =

distilled water (4°C), frozen and lyophilized in

preparation for polyacrylamide gel eleactrophoresis.

F. Polvyacrylamide Gel Electrophoresis

The procedure was a mcdification of that =of Liemmli
11970), Slab gels (120 x 160  0.4625 mm) were used. A
solution of 7.5% acrylamide, ©0.032Z7% BIS, 2.1% SbDS5, and
0.003% TEMED in O0.&8M Tris buffer (pH 8.8) was prepared for
the running qgel. Polymerization was i1nitiated by the
addition of 0.01% ammonium persulfate, freshly prepared. A
layer of either 0.1% SDS or water saturated butanol was
carefully applied to the gel after pouring to avoid

evaporation during polymerization. A stacking gel



Figure 4, Flow chart for purification of ®-agelutinin,
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solution was prepared that was essentially identical to
the running gel except that it was 4% acrylamide with the
BIS proporticnately reduced. After removal of the layer
of the layer of SDS or butanol, the surface of the running
gel was washed twice with the stacking gel solution. The
remainder was then initiated with ammonium persulfate,
poured and a 10 well (SOl /well) comb inserted. The
running buffer was 0.025M Tris-glycine (gH 8.8) with
0.1% SDS. The samples were brought ¢to Q.08 M Tris
{(pH 8.8), 1.0%4 SDS, 0.1% DTIT, and 5% (hy volume}) gycerocl.
Gels were run at 10 mA overnight.

Gels were simultaneously fized and stained with
Coomassie blue hy sgaking i1n a sclution of 30% methanal,
19% acetic acid and 2.1% Cocmasie overnight at  room
temperature or for 1 hour at A0°C. Destaining was in 10%
acetir acid, 10% isppropanol under the same conditions.

Proteins present in the later stages of purification
failed to stain by this method. The new and highly
spncitive silver staining procedure (Goldman, et al.,
1981}, however, did reveal protein bands.

Gels were fired in a solution of 50ZL metharnol, 17%
acetic acid for 30 minutes, and washed (3 x 10 minutes) 1n
10% ethancl, 5% acetic acid. Gels were washed in acidic
dichromate (0.0034M potassium dichromate, O.0032M nitric
acid}) for S minutes, and washed extensively in distilled
water until clear. The distilled water was replaced by a
silver nitrate solution (0.012 M <silver nitrate 1in

distilled water) and the gel exposed to bright flourescent
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light by placing it in a clear glass tray on a light box
for 3I0 minutes. After washing once in 0.28 M sodium
carbonate, fresh sadium carbonate with 1.4835%4 formalin was
added. The gel was agitated gently and bands soon
appeared. When color development was sufficient,
extensive washing in distilled water stcpped the reaction.
In my hands, this technique was at least 10 fold mcre
sensitive than Coamassie staining, routinely detecting
bands containing ©O.1 ug or less protein.

Carbohydrate was detected in gels by the rperiocdic
acid Schiff method of staining (PAS; Fairbanks, et al.,
1771) . After fixation overnight in 40% ethanol and 3S%
acetic acid, gels were plared in periodate salution (0.7%
sodium pericdate in 5% acetic acid) for Z - 3 haours. 0Gels
werg then washed in sodium metabisulfite (0.24 in 35X
acetic acid) until clear, after which they were placed in
Schi1¥f’s reagent. Pink-colored bands developed after a
few minutes and intensified after <scaking overnight.

Thecse gels were permanently stored in Schiffs reagent.
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Resul ts

I. Pheromone Induction of Agglutinability

A. a-Factor induces increased a-cell agglutinability

The sex pheromones 1solated were specifici d-factor
affected a-cells and a-factor affected a-cells. Neither
altered the agglutinability of the cell type from which it
was derived or induced agglutinability in diploid cells.

The dose response for g-factor induction of a-cells
is shown (figure 9). Pheromone, prepared by the method of
Duntze et al. (1973 (closed circles), induced maximum
agglutinability at a concentration aof 1 unit/ml. Higher
concentrations resulted in  lowered agglutinability.
a-Cells treated at 10 units/ml actually agglutinated less
than control (uninduced) cells. I felt that i1t was
important to investigate the cause of this :(nhib:ticon,
since much higher (20 - 30 units/ml) doses cof partially
pure d-factor have freguently besn used 1n enxper:ments  to
induce Gl arrest. To demonstrate that this was nct due to
the effects of pyridine added with the pheromones, a samgle
of g-factor was repeatedly evaporated under reduced
pressure, with additions of distilled water. This
treatment was sufficient to remove most of the pyridine in
that sample. When used to induce g-cells, however, the
results were the same (open circles). Further, pyridine
added with lower concentration of g-factor failed ¢to

exhibit this inhibitory effect. When pheromcne was
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Figure 5. Dose-resporse for #-facter induction of a-cell
agglutinability. a-Cells were incubated in minimal medium
(YNB) with the indicated concentration of w-facter for

25 min., Then acsayed for zgglutinability under stardard
cenditions, Shewn 1s the duta for: «-factor prepared by
the method of Dunitze et al.(157/0)( @®); the sare X-factor
with the pyridine removed by rerecated evarcration (Q);
and ®-factor prepnsred by the rethcd of Strardis «nd

MacKay(1382)( X ).
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isolated by the method of Strazdis and MackKay (1982},
however, dosage was not critical; bhigh concentrations of
pheromane resulted in maximal induction ( (x) figure 5).
In this assay system, ¢g-factor induction was rapidij
maximal results were seen within 20 - Z0 minutes after
exposure to pheramone (figure &). In this experiment, 3-
cells were incubated with g-factor 1n minimal medium. At
the times indicated, the reaction was stopped by the
addition of 10 pug/m! cycloheximide. The results indicated
a 19 minute cyclohexrimide-sensitive lag period, during
which g-factor induct:on was not expressed, followed by a

rapid expression of increased agglutinability.

B. a-Factor 1nduces increased g-cell agglutinability

The dose response for a—-factor i1nduction 1s shown 1in
fiqure 7. aCells were incubated with E—factar in YNB
supplemented with 0.2 mg/ml BSA 1n order tgo stabilice a-
factor activity. This pheromone 1nduced increased
agglutinability when the treated d-cells were tested

against either uninduced a-cells (@) or g-factor i1nduced

acells (B). a-Factor induction was maximal at a lower
-3 -

concentration of pheromone (1 x 10 — 5 % 10 umnits/ml)

compared to.g—factor induction (1 unit/ml}. Since the

concentrations of pheromones are measured by their ability
to shmoo target cells, this means that the agqglutination

inducing ability of a-factor was greater relative to 1its
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ability to induce morphogenesis.

Agglutinability of @g-cells increased steadily, with
no lag, fraom the time of exposure to a-factor, whether
tested against wuninduced or induced a-cells (figure B).
Maximal induction was at about 90 minutes in both cases.

After this time, agglutinability began to fall tawards

contral levels. Thus, faor the cbservation of the ma:i:imal
effect, time was critical. Since a-factor induction did
not stop immediatel y, even upon the addition of

cycloheximide (see figure 10) a standard i1nducticn time

of 70 minutes was chosen.

C. Effpcts opf antibiotics on pheromone inducticn  cf

agglutinability.

Cycloheximide has previously bheen reported to inhibit
pheromone induction . Under the induction and assay
ronditions used here, cycloheximide completely 1nhibited
od~factor induction at 1Qug/m! when included 1n the
induction medium. The drug had no effect cCn the
constitutive agglutinability af a-cells (figure ).

Cyclohe:imide also inhibited a-factor 1nductioen.
Although this effect was evident at lower concentratians
of the drug (lug/ml), a preincubation period hbefore the
addition of pheromone, was necessary in order to hold the
agglutination index (A.I.) to contral levels (figure 10).
When cycloheximide was added at the time of pheromone

addition, anly partial blockage pf induction was observed.
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Pheromone induction may require ribosomal protein
synthesis. These experiments, however, do not indicate
whether ar not the critical peptide ar peptides
synthesized include the actual agglutination molecule.
Since agglutinins have been postulated to be glycaproteins
on the basis of analogy with vyeasts of the genus
Hansenula and reports of glycoprotein agglutinins from

Saccharomyces (see introduction) a reagent that

specifically blocks glycoprotein synthesis may alsa
inhibit induction. Tunicamycin, an antibotic originally
isolated from tunicates, 1s just such a reagent. It
inhibits the formation cf N-glycosidic protein-
carbohydrate linkages by blocking the transfer aof N-
acetylhexosamine-i-phosphate to dolichol manophesphate
(Mahony and Dustin, 19792) and is effective in yeasts (Kuo

and Lampen, 1974},

When a-cells were induced 1n the presence of
tunicamycin, their increase itn agglutinability was
inhibited. At concentrations aof SO ug/ml  tunicamycin,

induction was totally blocked (table ID.

This drug, on the other hand, had l:ittle effect on a-
factor induction. In view of the results with
cyclohezimide, in which a preincubation was necessary to
inhibit induction, this experiment was performed with and
without gsueh incubation (table I1). At concentrations of
tunicamycin twice as high as those needed to completely
inhibit g-factor induction, ga—-factor induction was only

partially inhibited.
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TABLE I
Effe~r of Turicamyein ou -Factinr Induction

Cor.centration of £.18
Tunicarycin {(pg /mi}

¢ hF
J e
. L 7b
5 €3
10 .59
20 il
50 .35

a. AFflutination ind
in trhe precen
turicamyein i
a-cells was ,

ices are for a-cells induced
¢ ¢of the corncentration of
dicated.The A.]1., for uninduced
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TABLE II

Effect . f Tunicomycin on a-facter Induction

Cornicentration of A.1. A:I.
Turnicamycin (pig/ml) Without . With Y
PreiacubuticonS reincubation
0 . Gu n.d.
1C LBE . GO
g B0 LE2
100 n.d. LE2

a, d-cellc were induced in the presence of the
indicated crncentration of tunicamycin, then
agglutinated with induced a-cells,

b, -cells were incubated with the indicated
coricentration of turnicarycin for 30 min,
tefecre the aidditicn of phercrone.

n,d. Data rnct available,

m
s
-
r+
—
a)
o
o~
]
j )

The agglutination ndex for M-cell
was .75.
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Actinomysin D is a well known antibiotic that binds
to DNA blocking the action of RNA polymerases. Since
pheramone induction requires complete medium and since ¢g-
factor is known to i1inhibit selectivly the initiation of
DNA synthesis anly, RNA synthesis may be a part of the
response ta g-factor. Specifically, the necessary
riboscmal protein synthesis or syntheses may be triggered
by the sudden availability of g-factor induced mRNA. Az
can be seen {table III), actinomycin D up ta 350 ug/ml

during induction did not block the effects of d-factor.

This, and the experiments reported hereafter, were not
repeated for a-factor induction due to the 1rabil:ty to
consistently isolate thisg very hydrophcbic and

tempermental molecule.

Calleja et al. (1981) have studied the "fission®

yeast Schizosaccharomyces pombe, so—-called because,

instead of an asymmetric budding, cells divide equally {(or

fission) into two daughter cells. In this genus, haploid
cells undergo an agglutination referred tg as
flocculation. This terminology is saomewhat unfortunate,

since thig is a sexual process that i1s analogous to sexual

agglutination in Saccharomyces. (The term flocculation in

Saccharomyces is reserved for a non-sexual aggregation of

diploid cells commanly utilized by brewers to help clear
their product after fermentation.) The so-called
"flocculation”, ar sexual agglutination, in

Schizosaccharaomyces requires cells aof both haploid mating
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TaA="F 111

Effect of Acuimomycin-0 »r -S4 tor "nduction

Coricentraition of , .
Actinorycin-D (pg/nl}d AT
0 E1
1 L E1
3 e
2 B2
6 £
30 LEE
ot &1

a. a-cells were incubizted with the indicated
corncentration of actinemycin-D for &5 min.
before the addition of pherocrone,
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types. It differs form the agglutination reaction in

Saccharomyces i1n that: it is not inhibited by salts ar

proteolytic enzymes, it is induced by oxygenation rather
than by pheromones, and it is believed to involve hydrogen
bonding (Calleja et al., 1981). An intriguing aspect of
this system, however, is that in order for the induction
of agglutinability to take place, mitochondrial function
is essential. Consequently, chloramphenicol blocks
tnduction in this genus (Calleja, 1973).

To test +Ffor this possibility 1in  Saccharomyces, a

culture of a-cells was grown in YNB to the usual density
used in agglutination experiments. This culture was then
diluted twofold with fresh ¥YNB and divided 1nto halves.
One half was grown to the original density 1n plain  YNE,
the ather was brought to 2 mg/ml chloramphenizol for the
final doubling.

Bath cultures were then divided i1nto parts that were
uninduced, induced under standard conditions, and induced
in the presence af chloramphenicol. The results are shown
in Table IV. As can be seen, chloramphenicol 1nhibition
of mitochondria during the latter stages of growth
inhibited neither uninduced (constitutive) nor 1nduced
agglutination. Indeed somewhat higher A.1.°s were oberved
for those cells either grown and/or i1nduced in the

presence of the drug.



TABLE IV

Effect of Chloramphenicol on -Factor Induction

Treatrment of a-cells A.T1,

Uninduced Induced CF Dur'inga CcP Durjngb
Without CP Induction Growth

+ - - - .23
- : . . 66
+ - - + L2E
- + - + .79
- - + + LE2

o\

Cells were induced in the presence of 2.0mg/ml
chlorampheniceol,

b. Cells were grown during their final doulling
time in the presernce of 2.0rg/ml chlorarmpheniccl.
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11. Some Aspects of the Mechanism of Action of g-Factor in

Induction.

Although little is known of the mechanism of ¢g-factor
action, the lowering of cAMP levels has been implicated as
an intermediate step in g—factor’s effect of cell cycle
arrest (Liaoc and Thorner, 1980; Ciejeck and Thorner, 1979:
see also the introduction). These investigators
identified several substances as specific 1nhibitors of
yeast membrane-bound XI’3” -phosphate (cAMP}
phosphodiesterase, and reported that they, or the addition
of exogenous cAMP, could block g factor-induced cell
cycle arrest.

d-Factor, however , exerts three major effects on a-
cells: rell cycle arrest, morphogenesis, and increased
agglutinability. I tested the effect of two 1nhibitors
(aminophylline and theophylline) as well as exogenous cAMP
on the ability of @d-factor to i1nduce agglutinability. The
resultes are shown 1n figure 11.

Liao and Thorner repcorted that 1mM aminophylline, SmM
theophylline or 5SmM cAMP blocked cell cycle arrest. In
this experiment 10mM aminophylline or 20mM theophylline
totally blocked induction of agglutinability. 20mM cAMP,
however, resulted in only partial 11nhibition. To wmake
certain that the relatively fast-acting ¢-factor (see
figure &5 see also figure 13) did not complete its

function before these reagents took effect, a
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preincubation period (5 minutes) was allowed before the
addition of pheromone. Thus it seems that cAMP can
interfere with but not block d-factor induction.

Since E?factnr arrests cells in Gl preparatory to
mating, it is a reasonable speculation that only cells 1n
61 agglutinate or respond to &~-factor. Cell cycle studies
are facilitated in yeast by the fact that they exhibit
distinct marpheological markers during different stages:
unbudded in G1; bud emergence at S; large buds in G2. To
test the possibility of differential grfactor action
during the cell cycle, the feollowing euperimernt was
performed in cooperation with Dr. V.t. MacKay of the
Waksman Institute for Microbiology of Rutgers University.
Cultures of 5*:9115 were grown as usual for agglutiraticn
assay. After harvesting, cells were resuspended as a thick
slurry and layered carefully onte 8 to 32I5% sorbitol
gradients and centrifuged. The cells sedimented according
the their size and shape; thus, it was possible to i1zoclate
small unbudded (Gl) cells by carefully drawing off the
upper layers with a bent needle syringe. Fractiaons
caontaining 80% or more small, wunbudded cells were pooled
as G1.

Cells 50 isolated were washed once with digtilled
water and resuspended in fresh medium (YNB). These cells
were induced with gi-factor under standard conditions to
obtain the G1 curve (figure 12). Alternately, these cells

were re—cultured for 100 minutes until they synchronously
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entered < as evidenced by carrying large buds. These
tells were then induced under standard conditions to
aobtain the G2 curve in figure 12. In both cases,
induction occured with kinetics that were identical to
that for unsynchronized cells (figure &).

The fact that a given effect of g-factor appears over
a certain period af time does not necessarily mean that
exposure to pheromone is needed far the entire period. I
therefore compared @g-factor induced morphogenesis, which
requires a period of 4 hours tao bhe fully expressed {(Liplke

et al., 1974y, to increased agglutirnatility, whiczh is

camplete in 20 - 30 minutes (figure &).
Cells were prepared as usual for induction.
Multiple, small induction cultures were prepared. at

itntervals after the addition of pheromone { 1 urmit’/ =ml) a
culture was quickly harvested by suction filtration =nto a

Millipore filter and washed with YNB without pheromane.

The cells were then transferred to fresh YNB for the
remainder of a normal induction period. Thus, all c=11s
were 1n nutrient medium for 25 minutes, Lut  were n

pheromone containing medium for a variable part of =3
minutes.

A similar procedure was followed with a-cells 1nduced
ta undergo morphogensis. Here, canditions designed ta
induce morphogenesis 1n all cells were used:! 20 units/ml
gd-factor and 4 x 10’ cells/ml. The time intervals between
sacrifices of cultures was longer and cells were incubated

for a full 4 hour period.
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The results of this experiment are shown 1n figure
13. The left hand portion shows the agglutirnability of
the cells tested. Those from which the g¢-factor was

removed i1mmediately show &7% of the total inductive

effect. Due to the time needed to filter and wash the
cells, these were probably in contact with g-factor rich
medium for some 20-30 seconds. It is nonetheless clear

that cells need not remain in g?factor caontaining medium
mare than a few minutes for the effect to be fully and
irreversibly initiated.

It is possible that g-factor is 1rreversibly binding
to 1ts receptor or being 1nternalized in the cells. 1f

either of these are part of the mechanism of 1ts acticn,

and 1¥ they occur guickly, the above result would he
obtarned. It is also possible that g-factor pulls an
irreversible "“trigger", =such that onge the cells have

erxperienced p-factor, for pven a brief amount of time, the
prezence of the pheromone 1s no longer needed.
This latter hypothesis is supported by the results cf

the morphogenesic part of the experiment (figure 13, right

hal+}. Here, marphological response to pheromone was
graded as follows: budding inhibition, +13 cell
enlargement , +1 to +25 appearence of small, pear-shaped

cells (commas), +3; and appearence af large, pear-shaped
cells (shmoos), +4. All cells that were washed prior to
70 minutes showed no ohvious response to pheromone.

Indeed, anly the morphological changes that were normally
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present at the time of washing were evident at 4 hours.
This result indicated that g-factor must be continually
present in the medium to induce maorphological changes and
suggests that it can be removed by washing, since the
expression of its effects can be stopped. This experiment
was repeated with synthetic tridecapeptide d-factor,
which gave qualitatively identical results (figure 13).

Induction of increased aggqlutinability presumably
occurs through the elevated expression of agglutination
molecules (agglutinins) at the cells surface (Terrarce and
Lipke, 19817 . In the Materials and Methods sectiocn 1s
described a substance (peak I11}) that was isolated as  a
by-product of the purification of the d-cell agglutination
molecule {(d-agglutinin}. This substance was specifically
destructive to a-agglutinin as judged by its ability to
specifically and permanently inactivate a-cells (figure
I).

The availability of such a reagent allowed the
possibility of testing the regulation of expression of
agglutinability 1in response to d-factor. a-Cells were
digested with peak III material by i1ncubation with this
material in 0.1 M sodium acetate buffer {(pH 5.0} fgor 20
minutes. Cells were subjected to various series of
digestians and @-factor inductions. These experiments are
illustrated in Table V. As can be seen, digestion with
peak III material eliminated the agglutinability of either
uninduced or induced a-cells. I1f cells were digested,

then induced, the cells aggutinated at a level that was
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essentially equivalent to cells that were induced without
digestion. This result was unexpected, since these former
cells increased their agglutinability from almost zero
n ., whereas the latter cells increased their
agglutinability from a strong constitutive base level. It
would ceem that d-factor induction increases
agglutinability to a certain high level, regardless of the
initial concentration of agglutinins on the cell surface.
More information is to be gained from the e:periment
in which cells were sequentially 1nduced, digested, and
then reinduced. Here, the second i1nductian brought the

agglutinability to levels that were actually slightly

higher than undige=zted induced cells. This Further
confirms the previous conclusion. It shows that a cell
can respond twice to d-factor but only if 1t "needs" to

{i.e. it lacks functional cell-surface agglutinins) since
second doses of d-factor given to normally induced cells

have na effect.

Demonstration of a Single Interacting System in

Saccharomyces Agglutinatian

The agqlutination system of Hansenula wingei has been
characterized on the molecular level. In this yeast, a
single pair of complimentary molecules, one on =2ach mating
type, interact to cause sexual agglutination (see
Introduction). The existence of bhoth constitutive and

induced agglutination in Saccharomyces cerevisiae suggests




76

TABLY. V

KRepulztion o7 Coil-durfiace Exprocssion o a-igeiatinin

Treztpont 51 2-cells AT
Uninduced L3l
Tnauced” ALY
Unoonducena, digestedb .07
[ngduced, then d1gested 15
igected, then induced .70
Induced, digezted, then reinduced .3

a. All inductions were carriec cut under stardard
conditicns.

b. Cells werc digested by !rncutzaticn with poakITl]
materialidescribed in the text) in pH5.0 butfer
for 9C min.
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the possibility of the existence of two different adhesive
mechanisms. This hypothesis is further indicated by the
existence of genes canferring constitutive and inducible
aggqlutinability (Doi and Yoshimura, 17?783 Yanagishima and
Makagawa, 12805 MNakagawa and Yanagishima, 1981) and by
the early report of differences in the pH maxzima for
constitutive and induced agglutination {Fehrenbacher et
al., 1978 . It would also explain the initial "random
assembly” wve, the "true cell aggregates” described by
Fawanabe et al. (19793 see Introduction also).

I¥f two or more sets of complementary molecules are

involved in Sactcharomyces, tken 1t mighkt he cossible to

affect gach set differertially. Speci1fi1cally, conditions

may enist in which inhibttion of agglutination eshikits a

bi-phasic or multi-phasic character. Fur ther, 1f¥f cne of
the different adhesive mechanisms 1§ preferentially
expressed through pheromone 1nduction, the behaviocr of

different combinations of i1nduced and uninduc=sd cells

should vary.

A. Similarity of conditicns for agglutination af both

uninduced and induced a-cells.

This problem was 1nitially addressed by examining the
conditions wunder which uninduced a-cells and induced
a-cells would agglutinate. The results are shown in

figqures 14 - 16,
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The agglutination reaction showed a broad pH maxima
(pH 5 - 7). This value was identical for both induced and
urninduced g—-cells (figure 14). Similarly, both types of
a-cells agglutinated across the <same range of ionic
strengths when either sodium chloride or sodium acetate
was the salt used (figure 13). Finally, agglutination
required the same minimal temperature {(12* C, figure 14)
regardless of the phercmone treatment of g-cells,

The induction of g—cells by @-factor 1leads to a
greater increase in the A.I than does the induction cf g-

tells by g—factor (see figures 5 - B). It would seem

M

therefore, that the comparison of unindueced a-—cell to
1induced 3g-cell agglutination 13 most likely +to reveal

di:1 fferences in conditions,

B. Inhibiton of Agglutination 1n A1l Agglutirnable

e e,

Combinations of CTells.,

There are, nonethel ess, four different agglutinakle
combinations of cells: nesithker cell type induced: @g-c=lls
only induced; a-cells only induced; and both cell types
induced. These combinations are listed in the inverse
order of their relative agglutirability. This order,
incidentally, iz always the same. It is possible that a
second adhesive mechanism comes into play only with a-
factor induction of @-cells, and/or when cells are mixed

in some particular combination.
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Duerendence of agglutinatiorn oo pHo Haploidr
rcted under ctarndard e diticrn, excert for
in the agplutination tuffer: '0,0), aggslutin-

Voscdlum ncetate buiter; (@), agslutinatl o

i C.1k tric—drrenloride; (OB), cell mixtures In whic:

the z-cell:

mixtures in

whiledly thee e cells wore unir, 2uce

were Lroluced with O-fuctir; (O,0), cell
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Figure 19, Dependerce cof qypgiutin:ticn on 1rnic ctrength.
Uninducei (0. @), and inducel (O, W) -cellrs were ngpluting-
ted 1n codiurn wcetite LufZer{pHES. 00 at the jonlce etrength
indic:ted, In the curves murked bty cpen syricly,the jonic
strerngth waz sitered by odlurting the concentrution of
codium mcetate in the otundird agglutinution buffer, In tre
curves riarkel by clooel syrmbtole, tre 1onic strength v
adiucted by trne wdditicn of sodiur chloride to tre oty dard

agglutination tuttrer,
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I investigated this possibility by inhibiting
agglutination in all four agglutinable combinations. A
simple way to do this is to agglutinate the cells by
gentle centrifugation as usual, and then resuspend them at
a range of speeds above and below the standard. The
results are shown in figure 17. The standard resuspension
speed was 1000 rpm. This was chosen because it yielded
high 1levels of agglutinability while maintaining maiimum
differences between uninduced and induced a-cells. At
higher speeds (more shear force), the A.I. of all cell
combinations was reduced proportionately. None zshowed
a clear-cut difference in resistance to shear.

Another strategy was to include chemical inhibitors
in the agglutination buffer aor to treat c=!lils with
potential inactivating reagents btefore agglutination. The
results of these experiments are shown i1in Takle VI. As
can be seen, NaCl at 1M and SM , ©O.3M KI, 0.01%4 DS, 1%
Tween—-80 and 1M pyridine all inhibited each combination cf
cells to about the same extent. EDTA had no effect, ror
did added di-valent cation (data not shown? . oTT
treatment 1nactivated a-cells but not d-cells. This wWas

expected from analogy to Hansenula wingei S-cells. In rno

casze was agglutination preferentially inhibited in cocne or
two agglutinable combinations. These inhibitaons were
reversible at the concentrations of inhibitors used. The
inclusion of cycloheximide in both agglutination and
reversal media precluded cell-mediated alterations 1n

agglutinability. Thus, only the in vitro, physical
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Figure 17, Inricition of wpglutizaai.on by mecnanical
shear, Cellic wers agolutinated o, gerntie cortr Tugation
Az uruwial, ther recaspornded witt the otirrer cet ot the
speeds indiested, All four ageiutinstle o ~tintiono of
cell= were tected: neitrner cel: tyre induccd (@); N-cell:

cnly induced (@); n-ceils only inituced @); bt cell

types induce i (M),
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TABLE VI

Eff=:t o Foteniial Inhioltorc on Agglutination

. . &
Fercentage o Control AT

inkibitor?  Neither @g-cells  a-cellc  Beth
Induced ITnduced Tnduced Induced
1M NaCl ar, s e 83
SM NaCl 20 26 18 2&
0,3 kKl aC g Uiy 97
0,01% SDS A1 &7 90 93
1% Tween-£€C 95 ary GG GE
1IN Pyridine Ly 57 56 71
20my, EDTAC 10€ 101 104 9%
50mV DTT:
a-cells 4
pretreated Lg 3] 26 23
p-cells
rretreatedd Qs £ G2 103

a, Inhibitors were included in the agglutination
buffer urless ctherwise noted.

b. Control A.I. wuZ obtained by agglutinating cells
under stendard conditions.,

o

fgelutination waz charried out ot pH 7.0,

d. Cells were pretreated with dithisthreltol for
30 min., washed ornee with buffer at pH5.0,
and thten =geglutirated under staniard corditions.
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interaction between agglutinins was being affected.
The inhibition experiments were carried further by
performing complete titrations of agglutination in all

caombinations of cells in the presence of cycloheximide.

Three inhibitors were chosen for this experiment: urea,
pyridine, and SDS. The effects of these inhibitors were
reversible at the concentrations used. Therefore, the:r

action was probably via interference with the actual
aqglutination mechanism. The results are shown in figure
18. All the titration curves =howed sharp inflection
points which were identical for all cell combinations.

To demonstrate that these inhibitors were affecting
the agglutination mechanism differentially +Ffrom cther
cell-surface functions, invertase, a cell wall associated
enzyme, was assayed under the same conditiaons. For this
experiment, a-cells and gcells were grcwn in  minimal
medium with sucrose as the carbon csource. Invertase
activity was measured in these cells by the appearence of
reducing sugar (Smith and Ballou, 1274) in the presence of
the indicated concentrations of inhibitors (broken curves,
figure 18). Invertase was clearly more susceptible than
agglutinin to the presence of urea and less susceptible to
SDhSs. The increase to above 1007 in the latter case may be
due to permeabilization of the cells and consequent assay
of both extracellular and intracellular enzymatic

activity.
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C. Experiments with Partially Purified a-Agglutinin.

The above evidence suggests a single interacting

system in Saccharomyces, but is largely circumstantial in

nature. More direct evidence can be obtained by
examination of the agglutinin molecules themselves.

p-Agglutinin was partially purified by gel filtration
of crude ¢-cell extracts on AcA-34 as described 1n the
Methods section. The epluted material (peak I) exhibited
the properies of a monovalent ¢o-agglutinin. It had no
effect on o-cells and did not render a-cells agglutinable
with each other. 1t did, however, inactivate a-cells in
terms of their ability to agglutinate with d-cells.
Agglutinin activity was removed from salution by
tncubation with a large excess 2f a-cells, but not by a
similar incubation with o-cells (Table VII). Fepeated
attempts to recover activity from a-cells by washing 1in
buffer at high pH or at high concentration of salt or
detergent were unsuccessful (see discussion sectiron),
even though the a-cells recaovered their agglutinability.

The tinetics of 1nactivaticon of a-cells by a-
agglutinin was progressive (figure 1?) and was 1dentical
for both uninduced and induced cells. The agglutinin was
active across a range aof pH (3 - 7) that was identical to
that for agglutination (see figure 14}.

Dose-response to @-agglutinin was linear at low
concentrations. Of interest is the fact that a-cells were

completely inactivated at sufficiently high concentrations
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TABLE VI1

Effect »f Incurat ine & sgglutinin 4otivity witn a-Cells

Sabatancs Teated Fercentag» X-4gglutinin
Activity Rermuining

X-agglutinin, N

hefore incubation 100
Z-agglutinin,
iricubated without cells 77

Supernatart frorm M-agglutinin
‘necubated with ¥-cells &C

Sapernatant from X-agglutinin
incutated with a-ceils

~ . - . a 3 -
s, A1l irncubations were at pHS.0 arnd 30 C, fcr G0 rir,
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Figure 1%, rinetico ol 4-cell incsctivoation by N-ugglutinin.,
(nirduced (@) und induced (@) z-cells were incubzted with
3.7 units K-ngelutinin/tule Tnocodiue acetate buffer for

the tires 1rdic:ted belfore =gelutinaticor.
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of d-agglutinin regardless of their state of pheromone
induction (figure 20). Such g-cells were totally
inactivated even when tested against induced &-cells
(data npot shown).

All of this indicates that the d-agglutinin can block
all a-cell binding sites. To show that the @-agglutinin
isaglated was a single molecular species, the kinetics of
its inactivation by heat was investigated. Intact cells
are highly resistant to heat (Table VIII). Both uninduced
and induced a-cells, as well as g-cells show only marginal
reductions in A.I. after being maintained at 55% C faor 20
minutes in pH 5 buffer.

Solubilized d-agglutinin, on the other hand, was
quite heat labile. Heating far 12 minutes at SS®C
destroyed all such activity (figure ZJ1). At SO*C, the

kinetics of this inactivation was lcg-linear regardless af

the state of induction of the tester cells (figure 22).

IV. Purification of @-Agglutinin

Attempts to purify the aqgglutinin isolated hy gel
filtration of crude cell extract were only partially
successful .. The gel filtration medium required frequent
replacement, which proved to be prohibitively expensive.

Contaminating proteins could be removed from crude by



TABLE VIII

Heat Sensitivity of Intact Cells

a-Cells X -Cells
Induced Time Heated” Time Heateda’b AT
(min) (min}
- 0 0 .53
- 2 C A7
- 5 0 .51
- 10 0 ., 56
- 20 0 .51
- 30 0] 49
- 0 2 A2
- 0 g 1
- 0 10 A3
- 0 20 Az
- 0 30 .35
+ 0 O .86
+ 2 0 82
+ 5 0 .86
+ 10 0 B2
+ 20 4] .87
+ 30 0 .73
+ 0 2 .83
- 0 5 .80
+ 0 10 .79
+ 0 20 .80
+ 0 30 .77

a. Cells were heated to &5 C, for the times 1ndlicated,
b. All N-cells were uninduced,
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basic precipitation at pH ? before chromategraphy, but the
resulting agglutinin activity was unstable and would often
inexplicably become irreversible. These problems were
eventually resolved by the addition of Triton X-100
(0.03%) and PCMB (it M) to the isnlation buffer and by
replacing basic precipitation with ammonium sul fate
precipitation. Dialysis of the ammanium sul fate
precipitated material left a residue consisting mostly of
contaminants, thus resulting in further purification. Gel
filtration was abandoned due to poor yields and possible
column interactions with agglutinin activity. DEAE-
Sephadex at pH S bound all agglutinin activity, which
could by eluted by S0 - 100 mM MNaCl. After rzmovz]l of the
salt by dialysis, this material was applied to agarcse-
bound lentil lectin. This lectin interacts most strongly
with mannose residues and bound all agglutinin activity.
Concanavalin-A also bound agglutinin activity, but the
interaction was much stranger. Activity could nct be
2luted from Con A, even hy 1M d-methly-mannoside. Elution
fraom 1lentil lectin was with 1M NaCl and/or 1M d-methyl-
mannoside. The procedure for the purification of
g-agglutinin 1s detailed in the Methods section. The
purification is summarized in figure 4 and the results of
one such purification are shown in Table IX.

The active fractions from lentil lectin were of high
and constant specific activity. Polyacryl amide gel

electrophoresis and subsequent silver staining of this



TARIE TX

Purification of &X-Agglutinin

o o : U .
Fraction Volume Activity Total Specific Activity Y}g%d Purification
{ml) {U/ml) Units U/mg u/mg fof}
Protein Carbohydrate

a a
Crude Extract 180 350 63,000 5.8 35 - -

Ammonium
Sulfate b b
100% Pellet 30 400 12,000 32 200 100 1

DEAE-Sephadex
0.5 Nagl 20 Loo B,000 2500 8900 67 78

Lentil Lectin
{200 units

applied) 2 140 280 19,000 50,000 94 597

a. Activity estimates in crude extract were inaccurate due to the presence of
competing irreversible activities,

b. Yield and purification are based on the dialyzed ammonium sulfate pellet,

S0t
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material ravealed a number of protein bands (figure 23}
along with diffuse staining at lower molecular weights.
Periodic acid— Schiff (PAS) staining indicated that only
the four bands of highest molecular weight contained
carbtobydrate (figure 24). These same bands are diffuse,
suggesting the possibility of heterogeneity. This is a
resonable expectation if the included carbohydrate
moieties are variable.

g-Agglutinin purified through 1lentil lectin was
subjected to hydrophobic affinity chromatography. The
affinity of ®-agglutinin activity was first determined by

laading equal amgunts of material purified through *he

0]

DERE-Sephade: step onto a series of s=mall agarcse ccolumnz,
2arh containing hydrocartons of different chain  langth.
The results are shown in figure 25. d-Agglutirnin act:ivity
did not associate with the agarose beads themselves, since
100% of loaded activity passed thrcough the colurn without
canjugated hydrocarhon. As the chain length 11ncreazed,
activity was progressively bcound. All activity remained
in the column when the hydrocarbon chains contairned six or
more carbons.

Activity could be eluted by either rarsing the

concentration of detergent (1% Triton X-100) or salt (100
mM NaCl).

The lentil lectin purified material was then
subjected to chromatagraphy on hexyl agarose. This chain

length was chosen since it was the minimum needed to bind

all activity. The column was eluted with 100mM NaCl since
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Triton X-100 was difficult to remove by dialysis and
interferred with electraophoresis. The details of this
procedure are described in the Methods section.

wWhen the active pool from he:yl agarose was subjected
to electrophoresis, it showed a banding pattern that was
sssentially identical to that obtained after lentil lectin
(figure 26). The only difference was that the diffuse
material of low molecular weight was removed to reveal two
low malecular weight bands. Thus, there were a total of B
protein bands, of apparent molecular weights: 114,0003%
100, 00034 X,000; 7&,000;5; &7,0005 &LT,0005 25,0005 and

TT,000 daltons,
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Figure Z€. Frotein bunds precent in hydrophobic
affintty rractions of f-agglutinin, &-Agglutinin

wag subjected to polyacrylamide gel electrorhoresic

as decscrited in the methods zecticn., luanes 1 znd 2
contained the following ctiundards: a, B-galactosidase,
116,000 dalterns; b, phosphoerylase B, 97,400 daltenc;
¢, bovine serum alburmin, 66,000 daltons; d, covalburin,
45,000 daltons; e, carbonic anhydrase, 2G,00C daltonc.

Lanes 3 and & cortiined X-agglutinin,
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Discussion

I. The Sex Pheromones of Saccharomyces cerevisiae

A. Pherome induction aof agglutinability.

Several of the experiments on the pheromcnal
induction of increased agglutirnahility were carried out 1in
both cell types. A review of these results reveals
distinct differences in the parameters of the two
induction reactions as well as 1in their individual
suceptibilities to inhibition. These results are
summarized in Table X. Tcgether, they suggest asymmetry
in the mechanisms of action of 8-factor and a—factor.

The fact that a-factor induction takes about three

times as 1long as @-factor induction suggests that the

mechanisms of induction are at least guantitatrvely
different in a-cells and o-cells. The antibictic
experiments support this idea. Cycloheximide 1s a well
known blacker o©of induction, but 1n  this study, a

difference was noted in the sensitivity of a-cells as
compared to f@-cells. Cycloheiimide blocked the induction
of a-cells when added along with the pheromone (g_
factor), whereas induction of ¢g-cells (by a-factor) was
totally blocked only when the cells were preincubated with

the drug.



Asvreienry of

Dose -Resspenoe

Time Course

Cvzlcheximide

Tanicamycin

TABIE X

K-Fycoor Inducthion

.
units/ml needed foc

Cuncentraticns 3]
.
maximal inducticr

Induction 15 complete
n 20 to 30 min. Cell-
induced 30 to 6C rmin,
exhitit maxiral
induction,

Inhibits induction at

5 to 16 pg/ml and takes
effect £5 min. after
additi~n, Complete block
when drug 1s added with
pheromcne,

loeks induction at
50 Me/ml,
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Frercomer:l Inducticor of incre oied Al atinability

1=-F:anar Imdhuetion

Cocrnmentrtions
from 0,001 to

0.1¢ aritz/ml
needed for maximal
indurtiaon,

Induction requires
60 to 90 min.Cells
G0 to 120 min,
exhibit submaximal
induction,

Inhibits inducticn
at 1 to 2 ug/ml and
takes effect 30 nmin.
after addition.
Partizsl block of
induction when added
with pheromone,

Partizl block of
induction at 50 t-~
1¢0 ug/nl.
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Bar-1ng possible differences in the ahsorption and/or
action of the drugs in the two mating types, the following
speculation can be made regarding pheromone induction.
3-Cells alone seem to require ribosomal protein synthesis
throughout the induction period. The glycosylation of at
least one protein is important since tunicamycin fully
blocked the induction of these cells (table I). This drug
too, seems only to be ahle to create a partial block in
&-cells (table II).

gCells on the other hand, might contain an
intracellular poaol of peptides that are mobilized or
ctherwise utilized during i1nduction. If these molecules
are being rapidly turned over, and need to be replenished
by new synthesis during the course of i1nduction, then a
preincubation with antibiotic would he needed to deplete
this pool and completely block a—-factor i1nducticn of
agglutinability in g-cells.

The inability of actinomycin-D to i1nhibit induction
of a-cells suggests that synthesis of new mRNA may not be
involved in d-factor effects (table III). The results
with chloramphenicol demonstrate that, unlike

Schizosaccharomyces, mitochondrial gene expression is not

invaolved in Saccharomyces induction (table IV).
Figure S illustrates that impurities isolated along
with g-factor by the method of Duntze et al. (1973) act

antagonistically tao the pherocmone in the induction of
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agglutinability. At high concentrations, these inhibitory
substances block or reverse the induction by @g-factor, and
can lower agglutinmability to levels below that of
untreated cells. This effect is seemingly not present at
low concentrations of pheromone, since d-factor lacking
inhibrtors due to isolation by a different method
(Strazdis and MacKay, 1982) did not shaw any apparent
increase 1n 1nducing ability at low doses. Such an
increase was e:xpected in the absence o©of inhibitors.
Alternately, the proposed inhibitors may antagonize both
morphogenesis ({(which was used to estabhlish pheromone
concentration) and induction of sqgglutinability egually.
In either of these cases, the only change that would be
pbserved upon the elimination of inhibitors would be the
loss of inhibition at high concentrations. In any event,
the possibility of competing activities is important to
the interpretation of many classical studies (e.g.
Bucking-Throm et al., 1973} in which similarly purified
d-factor was wused at very high concentrations. (50

units/ml}.

B. The mechanism of &—factor action.

As described 1n the i1introduction, the GI arrest
induced by g@factor can be reduced or eliminated by the
addition of CcAMP or specific blockers of yeast cAMP

phosphodiesterase (Liao and Thorner, 1980, 1981). Two of
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these inhibitars, aminophylline and theophylline, inhibit
induction of agglutinability, albeit at higher
concentrations than reported for Gl arrest (figure 11).
This difference in concentration may be easity explained
by differences in the strains used. Yet cAMP caused only
partial inhibiton. Since Liao and Thorner reported that
cAMP was added at the same time as pheromone, it seems
certain that this reagent entered the cells readily ard
blocked the intracellular drop in 1ts concentration. The
lack of complete inhibition i1in the case of agglutinabil:ty
suggests that this effect is not mediated by cAMP per se.
If th:s i35 true, then the effects cf amimophylline and
theophylline may be due tao their inhibition of anotrer
enzyme thanm CcAMP phospheodiesterase. In this case, - AMP
may interfere by competing with the i1ntended substrate of
this enzyme.

The regulation of agglutinability 18 chvicusly
complex. Such diverse factors as the compaosition of the
growth medium, growth temperature, and culture density all
atfect the competence of cells to agglutinate. Drce
expressed, agglutinins are stable and permanent parts =f
the cell-surface. This is evidenced by their persistence
and slow disappearance from the cell wall after :zygote
formation (Tohoyama et z2l1., 1979}).

In this study, it was found that digestion of 2a-
agglutinins does not lower the ultimate level to which
cells are induced (table V). This suggests that the

induction of a~agglutinin is regulated by some perception
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of the numbers of molecul es already expressed.
Conventional feedback control seems an unlikely mechanism
for a molecule that is presumably firmly embedded in the
external cell wall. Nonetheless, insertion of new
agglutinins 1s regulated by the presence of molecules
already deployed.

The experiment recorded in figqure 13 gave a most
unexpected result: cells cease to undergo marphogenesis
if washed free of Q-factor containing medium; they
continue to increase in agglutinability in spite of such
washing. This suggests that there is a tenuous and slow
external interaction with pheromone, which can be
disrupted, and a second interaction, that either cannot be
disrupted or is completed very quickly. This 15
consistent with the existence of two different d-factor
receptors for morphogenesis and agglutinability,
exhibiting a weak and strong binding respectivel y.
Alternately, there may be one receptor that triggers two
response mechanisms, one of which requires continual
stimulation.

If two or more totally different receptors (i.e.
recognizing twe different portions of the gd-factor
molecule) exist, then it might be possible to alter one
recognhition site on Q;factar molecule such that a single
effect is abolished.

Recently, a rather comprehensive series of modified

d-factor peptides have been synthesized, and their
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potencies in agglutinability induction and morphogenesis
have been measured (Shenbagamurthi et al., 1983; Baffi et
al., in preparation). The fidelity of certain amino acid
side groups has been found to be critical ¢to the
biological activities of g-factor, but a peptide
exhibiting only one activity (e.g. the ability to induce
agglutinability but not morphogenesis} has not been found.

Nonethel ess, the ratio opf inducing ability to
morphogenizing ability can be drastically changed by
altering the ¢g-factor molecule. Moreover, modified @~

factor molecules that are inactive in both biological

effects can block the effects of active peptides,
presumably through competition for binding sites (i.e.
receptors). Yet vastly different concentrations of

competing peptide are needed in arder to block the two
different biological effects. Thus, 1t is actually
possible to block the increase in agglutinabiliy without
blocking marphogenesis. The conditions required to
achieve this result are a low concentration of competitor
cambined with a high concentration of active peptide. It
would seem then, that the receptor through which Q—{actor
induces increased agglutinablity may be distinguishable
from that mediating morphogenesis by virtue of a
drastically lower Km . The hypothesis of high and low
aftffinity ¢g-factor receptors mediating increased
agglutinability and morphogenesis respectively is fully
consistent with the experiment reported in figure 13. The

available evidence therefore, suggests that o-factor
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elicits increased agglutinability and mor phogenesis
through mechanisas that are different from the time of

recognition at the cell surface.

C. Pheromones in the mating reaction of Saccharamyces

cerevisiae.

1t has not, as yet, bheen definitively demonstrated
that mating pheromone production or response is essential
to mating (Thorner, 1981). Yet, pheromonal interactions
clearly facilitate the mating process.

Reciprocal pheromone induction af aggqlutinability has
sometimes been described as the first step of the mating
process. This, however, is unlikely. Although relatively
low concentrations of pheromone are needed (0.1 - 1.0
units/ml @d-factor, and ©0.01-1.0 units/ml a-factor) for
maximal induction, these substances appear in these
concentrations only as cells enter stationary phase
{(Scherrer et al., 1974) 0Obviously then, the observation
of significant concentrations of pheromone throughout the
environment of a cell can occur only in the laboratory.

The fact that wild type cells exhibit constitutive
agglutination suggests that this may be the first step in
the mating sequence. The purpose of this intial
agglutination, brought about by random encounters between

cells of the opposite mating type, might be to raise local
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pheromone concentrations in the vicinity of the
agglutinated cells. This would allow reciprocal induction
of agglutinability without the need for the accumulation
of large amounts of pheromones in the medium as a whole.
That this sort of induction can occur is shown by the fact
that cells in an agglutinated pellet, in the absense of
cycloheximide, intrease in agglutinability according to
the amount of time that they are allowed to remain in such
intimate contact (Lipke, unpublished). 0f course, it is
possible that a cell-contact mediated induction is being
observed in this case. The potency of the hormonal
system, however, suggests that it is the primary, if not
the sole system of induction.

Several of the experiments in this study support the
idea of pheromonal induction through cell proximity.
Cells in both Gl and GZ are caompetent to induce (figure
12). Since the initial random collision, and subseqguent
constitutive agglutination is probably a rare event 1in
nature, it 1is practical for all cells to be able to
induce. In this way, 1intercellular associations will be
immediately strengthened whenever they happen to form
during the cell cycle. The fact that induction is rapid,
especially in the case of d-factor, is consistent with
this line of reasoning. Induction then seems most likely
as the second step in the mating process.

Once a mating pair is tightly bound, the cells are
certain to remain together until they reach late Gl.

Since localized pheromone concentrations remain high,
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arrest will occur at "start“. This would then be the next
logical step in the mating sequence; it makes the cells
fusion competent. Cell fusion, nuclear fusion, and the
appearance of the first diploid bud follow in order. The

events during mating are summarized in figure 27.

II. Sexual AggqQlutination

A. Demonstration of a single interacting system.

When either a-cells or g-cells alone are pheromonally
induced, they agglutinate ketter with uninduced cells aof
the onosi1te mating type. The simplest model to explain
this +fi1nding is aone in which phercnocne treatment reszults
in an increased number cof a single t,pe of agglutinaticn
molecule (agglutinin) at the cell surface. In this case,
the complement to each agglutinin will pececssarily be
present on the opposite cell type (figure 28,A).

I+ a new species of agglutinin 1s expressed 1in
response to pheromone, its complement must already be
present an its uninduced mate (figure 28,C). Alternately,
a new species may appear, along with an increase in the
old species. In this case, only one species need be
initially present on each mating type, and the second
system would come into play only when both cell types are

induced (figure 28,C).
By analogy to Hansenula wingei, it would be expected

that sexual agglutination in Saccharomyces is due to the

reciprocal interaction of a single pair of agglutinins,
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one on each mating type. Fehrenbacher et al. (1978},
however, reported a difference in the pH maxiaa for
induced and non-induced a-cells. Kawanabe et al. (1979)
described two types of agglutination, distinguishable by
their senitivity to inhibition by Concanavalin A.

In this study, the pH differences reported previously
could not be reproduced. It was found that uninduced and
induced a-cells exhibited identical profiles across a wide
range of pH, temperature and ionic strength. Con A was
found to promote self-agglutination among both a-cells and
d-cells. This makes it impossible to assess the effects
of this lectin on mixed agglutination.

The proposal that only one species of agglutinin
exists on each cell type rests on two types of evidence.
First, all agglutinable combinations of cells are
inhibited similarly by a wide range of inhibitors (table
vIi). This holds true for the complete titrations of
agglutination with the inhibitors tested (figure 18). The
effects of these latter substances were reversible at the
minimum concentrations causing complete inhibition. Thus,
if two or more agglutination systems are operating, the
molecular interactions involved must be very similar.

The second line of evidence involves @a-agglutinin.
The molecule isolated from uninduced d-cells causes the
progressive, dose-dependent inactivation of a-cells. 1t
can totally inhibit a-cells, regardless of their state of

pheromone induction or the state of the tester cells.
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Thus, whatever is present in the ¢-agqlutinin preparations
is adequate to mask all binding sites on a-cells.

The kinetics of heat inactivation of agglutinin
preparations is log-linear, indicating that a single
molecular species is involved. This inactivation was
measured in blocking the agglutination of induced g-cells
to induced o-cells. The inactivation measured is
therefore that aof a single species that blocks all
possible a-agglutinins. Since a single molecular species
is competent to do this , the agglutination system must
consist of a single pair of interacting molecules: a-

agglutinin and o-agglutinin. Thus, the model for

agglutination shown in figure 28A i1s the correct one.

B. The d-agglutinin molecule,

The agglutinins of Saccharomyces function in cell~-

cell interactions. Thus, their active sites at least, must
be located on the external cells wall. The cell wall of
yeasts consists almost wholly of two components glucan
and mannan (McMurrough and Rose, 194&67). Glucan is a
poalymer of glucose containing both Bl1-6 and P1-3 linkages

(Manners et al., 1973 a,b). Mannose is a glycoprotein
that contains two types of polymannose chains: short
chains O-linked to seryl or threonyl residues and 1long,
branched chains attached to chitobiose, which is in turn
N-linked to asparagine (Nakajima and Ballou, 1974). The

side chains of the latter contain phosphodiesters, which
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impart and overall negative charge to the cell wall. The
structure of yeast mannan is illustrated in figure 29.

Specific amino acid sequences are an essential part
of the active structure of agglutinins, as evidenced by
the differential susceptibility of g—cells and g-cells to
proteases (Shimaoda et al., 1973}). It is therefore likely
that agqlutinins are mannoproteins.

During purification, the g-agglutinin behaved
accordingly. It bound to anion exchanges, and to lectins
specific for mannpose residues. Thus, mannan type side
chains seem to be present. These were not needed for
agglutinin function, however, since mnn2 mutants, which
lack side chains, agglutinate narmally (Lipke,
unpublished).

If d-agglutinin binds to DEAE and to lentil lectin by
virture of a major carbohydrate moiety, then it would be
expected to stain by both the silver and periodic—-acid
Schiff (PAS) procedures. The fact that anly the high
molecular weight bands seem to contain carbohydrate was
initially perplexing. It was interesting that such a
variety of proteins could co-purify on a lectin specific
for mannose containing carbohydrate. This was especially
true in view of the fact that all of these bands resisted
elution with 1M NaCl (with which the column was washed
before elution). Thus, the interactions of all of these
species with 1lentil lectin and/or each other was quite

strong.
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when g-agglutinin purified through lentil lectin was
subjected to hydrophobic affinity chromatography on hexyl
agarose, all of the previously observed protein bands
eluted coincident with activity. The interaction between
the molecule and this column is through the hexane side
chains {(as illustrated by figure 235). This interaction,
therefore, 1is probably through a different portion of the
molecule than is involved in DEAE or lectin affinity.

All of this suggests that the functional #&-agglutinin
consists of a number of peptides that are physically
associated. Alternately, it is possible that many of the
molecules observed are coincidentally released from d-
cells during disruption and have a high affinity for the
actual d-agglutinin.

The former of these hypotheses is, [ believe, favored
on the basis of several aobservations. First, g-agglutinin
could not be purified by affinity chromatography on a-
cells. This was an obvious technigue to try, since the a-
agglutinin on a-cell surfaces is a natural and readily
available affinity reagent for @-agglutinin. Indeed,
incubation of g-agglutinin with a large excess of 3-cells
caused the disappearance of solubilized agglutinin
activity (table ). Attempts to elute this activity by
washing cells at high concentrations of salt, SDS, at high
pH (9.0), or with a combination of the preceeding met with
uniform failure. During such treatment, the a-cells would
become competent to agglutinate once more, even under

conditions of continual cycloheximide inhibition. Yet 8-
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agglutinin activity could not be recovered in the wash,
even after extensive dialysis to remove the disruptive
reagent. It is possible that any treatment capable of
releasing the #-agglutinin from g-cells was also capable
of disrupting its structure.

Second, soluble d-agglutinin activity is generally

unstable. Although the agqlutinability of intact cells

could be restored by washing after treament with
inhibitors, solubilized g—agglutinin was readily
destroyed. The results of the a-cell affinity

experiments, described above, are in accord with this.
Note also the loss aof activity at 30° C in table VI. The
rapid inactivation at temperatures above 40° C has already
been discussed, and contrasts with the heat stability of
intact cells (table VIII).

Finally, the g—agglutinin behaved as a molecule of
high molecular weight in gel filtration. Activity elutes
very early when run on AcA-34 or Bio-Gel A.Sm (figure 2).
These have exclusion limits of 340 Kdal. and 3500Kdal.
respectively. The maolecular weights of these proteins, as
observed by electrophoresis, total 574 Kdal, which
indicates a minimum molecular weight that is high enough
to explain this behavior.

Thus, the @-agglutinin isolated by gentle methods
appears to be a highly labile molecule consisting of a

nusber of different subunits.
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