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Three different expe:imentél_approéches were
used to study the mechanisms regulating thymidylate

synthase levels in yeast, ’

(1) Direct measurement of thymidylate, synthase

levels during the different'growth stages of batch

‘ 4
cultures revealed that post-translational inactivation

played a major role in regulating the levels of
-

thymidylate synthase. W
(2) The study of thymidylate synthase
‘ g

p-galactosidabe fusion proteins localized an amino acid.

seguence on thyq(aylate synthase. This seguence

' post-translatiofial inactivation,

(3) A study of the effects of increases in‘the

TMPl gene dosage showed that yeast cells have no

"apparent regulatory mechanism to compensate for an

increase in the TMPl gene copy number. A variation’
from 6.5 to 15 times ‘the normal steady state levels of-

thymidylate synthase was not detrimental to the cell.

&
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INTRODUCTION

Thymidylate metabolism

0f the 5 nitrogenous bases involved in nucleic acid

. metabolism only thymine is exclusively found in DNA

{reviewed in Kornberg 1986). Pefiurbations in "the cellular
levels of thymidylate (dTMP) have been found to cause a
great deal of damage. Starvaiion for thymidxlate has been
shown to lead to genetic damage and to cell aeatﬁ

(thymineless death) in a wide range of organisms including

E. coli {Cohen and Barner 1954), cultured fibroblasts

(Koyaﬁa et al., 1982) and yeast (Barclay anerittle‘1978).
In addition, increases in\{tfmidqute pools have beenighown
to be mptaéenic (Barcléy and Liggle 1931) and lead to cell
death (Toper et al. 1981).. ; N ‘

[

Requlation of thymidylate synth se: levels

Thymldylaﬁe is made by Ehe enzyme thymldylate
synthase (E.C.2.1.1.45) which catalyzes the methylation of
dUMP to form dTMP (Kornberg 1980). This reaction is the
sole de novo source of thymfdylat;. The dramatic effects
resulting from thymidylate pool imbalances and the periodic
demand for th;midylate during DNA syntﬁesis suggest that
éhe levels of dTMP must be precise}y reﬁulatéd. It is
therefore not surprisiﬁg that the levels of enzymes

involved in thymidylate productfqn, including thymidylate

synthase, have been shown to be highly regulated {(reviewed




~ '/‘ . . .
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in Prescott 1976). In yeast, thymidylate synthasé‘is a key
.éﬁzyme, bécguse unlike most other organisﬁs, yeast does not
have a salvagg péthway ?or the syhthesis of thymidylate
(Grivefl and Jackson'1968; Bis{pn and fhoéner 19772y . .
As far back as 196¢, Maley ané Maley showed fhat'
‘thymidylate synthase levels were low in rat livers, but
activity ihcreased dramatitally when liver cglls were |
induged to divide in respohse to a partial hepatectomy
(Maley and Maley 1960). The same phenomena was{ngsequently
observed in many different cell types (for reviews see.
Kornberg 1981; Rreséott 1976) . In aﬁdition} thy@idylate
synthase ievels were found to be elevated in rapidly
growing cells such as tumor (Jackéon and Niethammer l979ﬁ’
: 3
and embryonic tissues (Parisi aqd DePetrocellis 1976) .

More recently, féhnéon's gtoup havg been sEudying
tﬁe mechanisms involved in regulatiné thymidylate synthase
levels in mouse 3T6 fibroblasts,‘When quiescent (G@) mouse

"3T6 cells were stimulated with serum to divide, the low

. H . -
basal level of thymidylate synthase increased dramatically

4

(Navalgund et al. 1980)._It-wasjfurthe{ shown that élevated
levels of thymidylate synthase were confined to the DNA ’T
synthetic phase gf.the:cell cycle. Ce;l-cyclé-stage T

dependent accumulation of }hymidylate syntpase activity has

B N , AN
been observed in many other cell types including algae

(Bachmann et al. 1983) and yeast (Storms et al. 1984).. In

mouse 3T6 cells the cell-cycle-stage dependedt increase in

J
"."“ ) o
\ | -2
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o | th;ﬁidylake synthase was p:obab}y’due to new synthesis/
because it was blocked by inhibitors of protein and RNA
synthesis (Navalgund et al. 1qsai and because ‘an increase
in thymidylate synthase activity was shown to be coupiqd‘to
an increase in detectable thymidylate.sypthase specifict
‘mRNA (Jenh™et al. l98§).,The lew levels of thymidy{:te
synthaée.in quiéséént mouse 3T6 cells has been attributed
to simple dilution caused- by a fast aectease in'thefrapé Ofﬁﬁ"
th§mipylaté synthase syntpeéfs'ﬁhile total Progein
synthesis continued at’a high rate. Direct measurements. Bp
the stability of thymidylate synthase in mouse 3T6 cells“
. Co demonstratéd that the protein is more stable than thé bulk
of cellular proteins (Navalgund et al. 198¢; Jgph et. al. .
1985). : S . T
Qhe'gesulis presented by our own lab (Storms et al.
1984) suggested that the regulation of thymidylate synthase .
/! syn;hésis'in yeast‘cells was;similar to what is observed ih
mouse 3T6—cells.|Thymidyla;e synthase Iebels were‘found to
be elevated during S phase. Since a periocic increase in

¥

- thymiﬁylate synthase specific mRNA preceded the increase in
. )

thymidylate synthase activity, it was argued that the
cell-cycle dependent accﬁmulation of thymidylate synthase

. was due to new synthesis. In contrast to the results

-obtained with mouse 376 cells, inactivation seemed to play
a role in governing cellular levels of thyﬁidylate synthase

- '
//’,infyggst.’This was concluded after observingta loss of
e

i
//T”-;'. ’ ‘ h . | q'

- A
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thymidylate synthase activity, measured, per ml of
synchronous culture, gfter S period.

In a human gastrointestinaf cell line, thymidylate

W

synthase activity was seen to decay with a half life of -

about 6 hohrs”fsllowing the inhibition of protein synéh?sis
witﬁ cycloheximide kWaéhtien 1984). The observed d;cay rate -
of thymidy15£; syn}hase, following the’ addition of
cycloﬁexfmide, in the human cell line is about four times\
faster than the obsgrved decay rate in mouse 3T6 cells
(half life of about 25 hours; Jenh gt al. 1985}'Navalgund

Y

et al. 1984). These conflicting results suggest that the
in vivo stability of thym&aylate synthase may be cell
type specific, \ ’

1‘ ‘\
Post-translational regulatory ‘mechanisms

Elaborate transcriptional and translational
\ ]
mechanisms exist to control the amount of enzyme synthesis.

[3
-y

Once an e?zymg is synthesized, post-tranggational events
are invoived in coﬁtrollihg the level of ;:iymatic
aétivity. Allosteric fnhibition, covalent modification
(i.e. phosphorylation), ;nd protein degradaﬁion\are known
to be 1nvolved in modulatxng %nzymatlc actxvxtxes. The
1rrever51b1e nature of protein degradation is useful 1n“
differentiating it from the rever51b1e protein

mod1f1cat10ns. To 111ustrate this po1nt we can look at the .

1n;ct1vat1on of fructg§e-l,6-blsphosphatase in yeast. It

~

.
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was observed that the levels oflthis gluconeogenic enzyme
iwere high in cells gréwing on.etﬁhpol but the levels were
low in cells growing on glucose. The éddition of glucose to
a yeast culture growing on ethanol resulted in a 56 to 70 %
decrease in activity within 3 minutes followed by a much
slower disappearance of the remaining activity (Lenz and

Holzer 1980). The initial drop in activity was due to
L

phosphorylatibn and full levels were quickly restored, even

-

in the.presence Jf cycloheximide, if the glucose was

quickly removed. In contrast, activity is irreversibly lost

30 minutes after the addition of glucose due to the

degradation of the enzyme {(Purwin et al. 1982; Mazon et al.

‘ 1982). This was concluded because }oss of activity
paralleled the loss of fructose-1,6-bisphosphatase antigen.
Protein degradation is believed to occur via
lysosomal and non-lysosqmal pathways (reviewed in

1

Ciechanover et al. 1984). The lysosome or vacuolg\is an
organelle containing a&lgfge numﬁez of differené catabolic
enzymes iqcluding RNAses; lipases, and proteases.
Biochemical and genetic evidence have shown that ,kthe
vacuole is responsible for genéral protein degradation such
as the turnover of long lived'proteins.-Vacuolar based
proteolysis has also been shown to play a*major role under

conditions of nutritional deprivétion. The non-lysosomal

pathway is believed.to be responsible for selective

degradation of short lived and aberrant proteins. Ubiquitin

a



' . 6
is a 76 amino acid polypeptide’ whigh has been highly ‘
'conserved during "evolution IOzkaynak et al. 1984). The

- v , ‘ s
covalént gttachméﬁt of ubiquitin‘ha; been shown to target
proteins for non-lysosomal degradation (revigwed in
Ciechanover et al. 1984).‘It igs' ' not yet known if all
non-1¥sosomal protein degradation occurs via the ubiguitin
pathway. %Qrthermore, ubiquitin mediated protein ‘ -
degraéation has been shoua-to occur in only a few cell

~
types (Ciechanov et al. 1984). §
Most proteins are subjected to intracelluTlar

degradation’ (reviewed in Goldberg and St John 1976). In
yeast, evidence has been presented which 5emon§tratéd that’
as much as 88% of the total protein is subject to
degradation (Lopez and.Gancedo I979).'Thg degr;dation rate

of individual proteins reflects the metabolic importance of

the enzyme. Enzymes catglyzing the first or the rate

L
A

deigrmining step of a metaboli?‘pathway usually have shott h
half lives (reviewed in Goldberg %Pd St John 1976). In
addttion, the rate of general protein degradation and the
téte'of dggradation of indiv}dual proﬁ?ins has been shown
to be greatly effected by growth conditions. Yeast cells
growing on'glpéose showgd.albasal rate of protein
'degradatioh of betwéen 0.5 to 1% per hour. Upon Btarvation,
‘the basal rate increased é to 3 fold (Lopez and Gacendo
1979’.,host,‘if not all, the increase was due to an

increase in vacuolar based proteolysis (reviewed in Jones



1983). It is not known if the increase is due to-to the
enhanceé-degra&atﬁ%n/:} all proteins or a subset of yeast
proteins. '

Protein deﬁ}adaéion-has been shbwn fo have an
absdlute requireme&g\igf cellular energy (feyiewed in
Goldberg and St John 1976). The energy requirement probably
reflects the selectivity of the non-lysosomal patﬁﬁéy, and
the necessity to maintaiqla low pH within the lysogsome., A

low pH is required because the vacuolar based proteases dre

largely inactive at neutral ﬁn. ‘

Experimental design

6 =

Although a consxderable amount of descriptive work

has been done, very little is known about theJEegulatory .

Y

] .
events controlling levels of thymidylate synthase. In order

. ‘ '
to rectify this situation, three separate expériwental :

approaches were used to gain insight into e meéhanisms
governxng thymidylate synthase levels in yzgst.

The first appfgszﬁ\ngflved monltorlng enzyme
activity during batch'culture growth and when cell cycle
progresstP is arrested in Gl w1th the yeast pheromone

O~factor. This analysis showed that thymldylate synthase

levels are elevated in-rapidly proliferating cells and

v

reduced in quiescent or Gl arrested cells. Inactivation of
>

existing activity‘played a major role in governing

éhymidylate synthase. In addition, preliminary evidence is
) .
{1
oA



%’esented which suggests inactivation, occured by a
selective mechanism not affecting the\bulk of cellular
proteins. l

The second eﬁproach involved the use of TMP1 -
Lacz gene fusions. The'hybrids consiséed of a constant
portion of the E. coli LacZ structural nge fused to

-

increasingly larger port1ons of the yeast TMP1l dgene. The

fusion genes encode hyhrid protelns eonsxsting of 13, 97,
116, or 190 N-terminal amino acids of thymidylate synthase
fused to the last 1015 C-terminal amino acids of .

' B-jalactosidase. All the fusion.p:eteins are exbressed from
identical TMPl1 promoters. Such a genetic approach has
proven‘useful in‘identifyinghfhe regulatory sequences
involved in the trangcriptional control of a variety of

'yeast genes (Guarente 1983; Rose and Bostein 1983; -

Casadaban et al. 1983). Similarly, the TMPl - LacZz fusion

genes have- allowed the “identification of a r gulatory
sequence responsible for the periodic accum la;ion(of
thymidylate synéhase (0rd, R.W., PhD thesis| Concordia
University, in preparation). The availability of hybrid )
genes encoding hybrid proteins has’also allowed the
identification of aminb acid sequences re posi?le for such
functlons as nuclear targetlng (Hall et al. 1954; Silver et
al. 1984; G:ltz et al. 1985, goreland et al.“l985),
mitochondrial tagget1n§ (Douglas et al./1984), and DNA‘

‘Here a series of

binding (Johnson and Herskowitch 1985) i



TMﬁl‘- Lac2 hyﬁrid genes was used—to identify an anfino

acid sequence involved in the pos ;transiational

1nactivatxon of thymxdylate syntgzse activxty. "
F1nally,.the cloned gg;_ gene was used to y

dete:mlne the efﬁect of 1ncreas1ng the TMPl gene dosage/

on levels o?ﬁ&h;é1dy1ate synthase and on the phys1ologx/of

~
the cell. Such an approach has proven useful in 1densi%y1ng

post-transcriptional and post-translationnal regulatory

/

. N i /
mechanisms involved in regulating levels of ribosomal
protein§ (Abovich et al. 1985; Warner et al, 1385) and of

histones (Osley and Hereford 1981). /

/

N //

/

/
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nomenclature for the transformants, The name of the strain
X N

‘mating. DlplOldS were selected by st:eaklng on minimal

io

MATERIALS AND METHODS

Strains

= The strains used in this study are shown in table
1. Many of the strains listed in table 1, were also used
when they were transformed with different plasmids.

Throughout this text, I will use the following

1

will be followed by the name of the plasmid. Thus strain

AH22-pTLl will refer to strain AH22 transformed with.... .

\
" plasmid pTL1."

The diploid strains RS421 and RS427ywere

¥
PR

constructed as follows. The haploid cells to be mated were’
g

mixed together and incubated for 48 hours at 30 ¢ on a .

YEPD nutrient plate (rich medla, see below) to allow

e e

‘media plates (YNBD, see ‘below) " supplemented ‘with leucine

(1@ pg/ml).‘The diploid strain obtained by mating BB3@

(lew2”, tmpl”) w1th LLZG (leu2 ; hisz'),

RS421, was selected for growth without exogenously

’ ,,f

" .supplied histidine and deoxythymidine 5'monophosphate

. (dTMP) and then screened for its inability to grow without

leucine. The diploid strain obtained by mating AH22
(1éu2‘, 5154”) with LL20 (leu2”, his3™), -
R8422, was selected for growth w1thout exogenously

L]

s&¥p11ed h1st1d1ne and then screened for its inability to



Table 1

et

v«f@w—’ >
[N *
- Y
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§

.cerevisea strains. used. .

Saccharomyces .cerevisea strains.used.
&
Strain Pehotype Source
!
/
_ /
‘, ; - s288¢ & SUC2 mal ‘me1” Yeast Genetic Stock
| . ™ gal2 CUél
Ltae o« leu2-3 //1gu2'-112 G.R. Fink ‘
' o viiviiss . his3=11. his3-15 ' * r
| ”',”2}80 "gﬁlgaié trpl ééé4l3 Yeast Genetic Stock Cenger
4A 'a leu2-3 leu2-112 S§m Davis- Haploid cell
pepd-3 his4:4l9 trpl oéﬁg{ged g& sporulating
o | a diploid [20B-12 x AH22).
' BB30-3 a leu2-3 leu2-112 J.G. Little |
tmpl tup+
RS 421 a/xX tmpl/+ tup+/- ', This study- Diploid cell
1eu2/1e;2 +/his3 obtained by crossing LL2@
) with BB3@-3. °
RS422 a/x canl/+ leu2/leu? This study- Diploid cell
- ) ‘+/his3  hisd/+ obtained by crossing AH22
' ’ with LL20, -—w -
AH22 a canl-1 leu2-3 G.R. Fink
leu2-112 his4-514

L

11
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grow without }eucine. The complete genotypes of the diploid
strains are shSWh>ig~tab1e 1. The strains RS421 and .RS422

were shown to be'diploid cells by their‘ability to | -}
sporulate in a nitrogen poor grow:&rmedia (Sherman et al.

1979) .

Plasmid construction ' 2

The plasmid§ used in this study are shown in table
2. Here, 1 wiil describe the nature and.conétruction of
plasmids pRS264i and pTL1'. The construction and
N ,
characterization of the other. plasmids will descrgbed
elsewhere (see table 2). |

Plaswid pTL1 contains a 16 Kb Hind III to Hind

III insett of yeast chromosomal DNA containing the TMP1l

gene (Taylor ‘et al. 1982). The insert is cloned within a
unféﬁe Hind III site of a yeast and E. coli shuttle

vector. .In plasmid pTLl, the: 5' endlof the TMPl gene lies
’édjacent to the yeast angrigin of replication., In plasmid
PTL1', the 10 Kb Hind III to Hind III fragment containing
the TMP1 gene is inverted with respect to the vector
sequence so that the g' end of the TMP1l géne now lies
adjacent to the Eggé gene. To construct plasmid pTLl',
PTL1 plasmid.DNA was digested with Hind III, ligated and
transformed” into E, "ggli . Plasmid DNA from the
transformants was isdlgted, and pTL1' was identified by

endonuclease analysis,

Plasmid pRS264 contains a TMPl - lacZz fusion




‘Table 2

_"Plasmids used

Pertinent features

Plasmid Source
pRSSﬁS’ PBR322 AMPr 2n LEU2 R.W. Ord
- | _ TMPl-lac'ZzYA (15.9 Kb) / «
N \t kaZSl same (16.1 Kb)‘af Yip Ho
) PRE 269 same (16.2%b) R.W. Ord
s PRS2641i same (16.4 Kb) “ This study
‘pYT760-ryp3 PBR322 &ﬂéﬁ 2 LEU2 D. Thomas
- ryp3-laczZYA (15.6 Kb)
n ‘5T51;~ '?BR322_5ﬁg£ 2u  LEU2 Tzi%or et él.
p TMP1 (23.4 Kb) 1982
pTL1' same (23.4 Kb) This study

PRS (cen3)471

PBR322 arsl cen3

LEUZ‘ TMPl (10.2 Kb)

x

E.M. Calmels

G
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gene. 'The fusion consists of the lacz structur&l gene

under the transcriptional and translational control of the

e zggl gene. DNA sequences 6f both -the lggz and TMP1 -
;}ﬁ? genes}were used to determine that the f&sion junction is
- not in the correct translational reading frame (R. W. ord,
PhD thesis, Concordia University,-in preparation). To
< .construct plasmid pRS264i, pRS264 plasmid DNA was digested&
with Bam HI, which cut the plasmid only at the T
. LacZ junction. The 4 base pair sinfle str @ed Bam HI

5
-

generated sticky ends were removed by SA nuclease
digestion and the subsequent blunt-ended DNA was ligated,
Plasmid pRS264i was therefore identical to plasmid pRS264

except that the junction on the TMPl - lacZ fusion gene

-«

was in the correct translational reading frame. All
manipulations involving DNA were as described in Maniatis
et al, 1982.

Growth medias

r

2x YNBD consists of 1.34% Yeast Nitrogen Base
(without amino acids, Difco), 4% glucose, and 10 pg/ml of

the required aminq‘acids (Osley-and Hereford 1981). YEPD

S
'

. consigts of 2% B;etopeptone, 1% yeast extraét, and 4%
glucose. To obtain aerobic growth, yeast cells were grown
in YEPG (Sprague ;nd Cronan 1977; Dujon 1981). YEPG is
identical to YﬁPD except that 4% glyce§ol replaces the 4%
glucose. 0.1% consists of @.1% bactopgptone, f.1% yeast I

extract, 1.34% Yeast Nitrogen Base (without/amino acids),

Kl

y




refeeding and o-factor

gE
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e . R ‘. \
4% glucosé and 10 pé/ml af the reéuired amino acids

(Storms et al. '1984). “/\‘ T ’

1

Growth of yeast strains -

All growth and

°

rrest experiments) were

gaccomplished in a 3GGCJ

-

'walk in" type incubator room,
A

temperature shock. Maximal aeration was maintained j}th a
high flask volume to-/Culture volume ratio (5:1). For
routine growth, cells were grown on the minimal media

called 2x YNBD. Cells from a saturated 2 ml overnight

culture (1lx 108 @ells/ml). were used to inoculate 25 to

»

lapproximately 1x 10

f

After overnight gf &th for a minimum of S genexatii:j;/xﬁg

2060 ml of media at cells/ml.

cultures were consiflered to be growing exponentially  as e
- /’
long as the OD 60¢ o6f the culture remained below #.4.

Growth of the cultures was followed by measuring the

optical density, using a 1 cm cuvette, at 60@0nh on a LKB ’ -

ultrospec 4050 or by following increages in turbidity with-

a Klett colorimeter. 1 to 12 ml culture sampleé were
harvested by centrifugation (3.minutés in an IEC Clinical

. - /
Ceﬁtrifuéz)f‘frozen in liguid/pitrogen and stored at ‘\
—SGGC. These samples Qeré then used as a .source of

material for determining total protein content,

. -

‘thymidylate synthase actifity, and B-galactosidase

s

1 o
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activity. All strains were maintained on 2x YNBD media

e

" plates (2% agar) with monthly restreaking to confirm

phénotypes. The:- plated strains’wgre used to set up culture_
ovetnightsﬁ(see above). )

Stat}onary.phase culsyres that had loit upwards'of
90% of, their thyhidylaté synthase activity were used as of
source cells in the refeeding experiments, Statf%na;y 4
phase cells were resuspended in fresh prewarméd 2x YNBD
media with and without 188 mg/ml of cycloheximide. At

various times thereafter samples were harvested and stored

as described above. ‘ .

cX-factor a{;ggt ‘

—~cX~-factor arrest was as described by Hereford at
/ - v
al/ (1981). The supernatant

of the saturated culture of an

»

mating type strain was used as the source of X-factor,

Strain S288C was inocqlaféd in 200 ml of YNBD media (0.67%,

R ] s, .
YNB w/0 .amino acids and 2% glG;ose) with cells taken
i . .
directly from a freshly streaked plate (YNBD plus 2%
1 ’ LS

fpecy

agar). The initial cell density was about 1x 106

cells/ml. After "the cultures were grown with vigorous

shaking on a reciprocal- shaker at BQGC for 48 ‘hours, (

the cells were removed by centrifugation and the

s

supernatant filter-sterilized (Nalgene Filtunit, ©.45 M).
| _ " [

An equal volume of growth media was added\(ﬁQZ% yeast

extract, 0.2% bactopeptone, %} glucose, and 20 pg/ml of

the required amino acids) to the sterilized culture

- v
!

~, L

. <f}

£

-



supernétant; This mixture is the "&factor arresting © ..
media" and was made fresh for each experiment. Therefore

exponenfially.grogin cultures of the strains to be
//.

arrested were required\at the time the & factor was ready.

To accomplish this, a 2 ml,culture of the required 'strain

v v

was grown, in 2x YNBD media, to be used as a soﬁrée of

inoculum. The following day, the 2 ml culture was

saturated (lx 108 cells/ml) and it was used to

inoculate 200 to 400 ml of 0.1% media at around qulﬂz

cells/ml, The cultures were allowed to grow to a cell

e~

density of between 3 and 5x 10° cells/ml. 200 ml of

2

0
the exponen@ially growing culture was spun down (30°C,
‘

» .
5 minutes) and resuspended in 400 ml of "o factor:-

o

arresting media". The cultures were then aerated at

!
3¢% on a rota?y shaker and cell samples|were .

s

harvested.at t=0¢ and at subsequent time intervals until Gl

o

release.

¥

Bud morphology . SN

, & '
Bud morphology was used to judge the degree of Gl

‘arrest Becausg.of the distinct coupling of bud size and

cell cycle stage (Williamson and Scopes 1961). This was
accomplished by -the microécopic examination of

formaldehyde fixed cell samples. The cell samples were

" sonicated to diSsociate clumped cells. At least 300 cells

were examined for each time.point -

Thymidylate synthase assays .

4

v~



Thymidylate synthase activity was determined using
3 methods, one used permeabilized cells and the éihgrs used
cell extra@ts. ‘

a) Permeabilized cells . Thymidylate synthase

«

activity levels per ml of culture were deteémined by the o
radiochemical procedure measuring the release of tritigml ‘
f£om [5-3H]-dUMP during the formatioq of drmpP, -

following the ﬁodifiéations of Bissoﬁ and Thorner (1977)u

For this, frozen cell samples were resuspended in 100 nl of

cold buffér A (20% glycerolz 16mM 2-me:captoethanol;'10mM

MgCl2, 1lmM EDTA, and 26mM Tris-HCl.pH7.4) Containing 3%

Brij 35 to permeabilize the cells. The samples were then

GC and 106 pnl of prewarmgd buffer B (200uM

placed at }S
[5-3H]—dUMP around 2x104 dpm/nmol, 1.4mM THFA, 40mM

formaldehyde, 20mM MgCl2, 2mM EDTA, G.2M*2—6ercé§loethanol}

ané @9.2M Tris-HCl pH 7.4) was édded to initiate the

reaction. After 30 minutes of incubatiaep, the reaction was
termifqted by the addition of 500 ul of 12% charcoal in 0,1 3 C}
N HCl. After 30 minutes of incubation on‘ice, the samples ©
were filtered through nitrocellulose disks (Millipore, @.45

. jam) . The~levels of tritium 1abe11ed>watér (3H20)

producequauzing the “assay was quantitated by scintillgtiop
c&unting a portion 6f the filtrate (Bray 1960). One aUnit

'of activity is déPined as 1 pmole of*3ﬂ released per

minute (Storms et al, £984). The assay Qas found to bd'

v

linear with time (up to 35 minutes) and with the amount of .

g.
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cell material (up to 10~ cells) (data-not shown but
similar to Bisson and Thorner 1977). The release of

H.,O from'[5—3H]-dUMP was completely inhibited

2
by the stoxch1ometr1c thym1dylate synthase inhibitor FAUMP,

All thymxdylate synthase values shown are the averages of
at least two independent samp1e§.~

i 14
b) Cell extracts . Crudq)extracts were' obtained b;%;

-——

~
resuspending frozen cell pellefs in 2 to 3 volumes of

buffer A fbllowed by vigorous:vortexing with acid washed

Qlass beéds (300 to 660 muM, John's Scientific) at 4GC

fdr S, one\ming}e intervals., Cellular debris and unbroken

L3

cells were removed by centrifugation (40C} 16K, and 3@

I
--

minutes). The supernatant was used as the source of crude

cell .extracts. The protein content of the extracts was

"

determined using the Lbwry assay (Lowry et al. 1951). The

extracts could be stored at -BGGC for several weeks

)
thhout loss of thymidylate synthase activity. The extracts

were used to quantltate thymldylate synthasg/actxvity by .
twq independent methods: (1) by the levels of 3H .
released during assay With'[ST?H]“dUMP and (2) by fﬁe
levels of 16-3H]-FdUMP binding. The 34 releas;

assay using crude extracts wWas essentially as‘described

P,

above. The FAUMP binding assay is esséntially as described

by'ﬁgffo}t et al, (1983). The assay is based on the

A

formation of a stable ternary complex involving

[6-3H]-FdUMP, NSN1l@-methylenetetrahydrofolate and

19



Ve

[6-3H]-FdUMP, NSNIG-methylgnetetrahydrofolate and
thymidylatersynthas%. Since FAUMP binds thymidylate
synthase in a stoichiometric fashion, the levels of
thymidylate synthase can determined by polyacrylamid; gel
electrophoresis of [6-3H1-FdUMP treated total soluble

~o

protein and subsequent fluoroér@phy. Thé [6-3H]-FdUMP "
binding assay was essentially as described for the\3H *
éjggleqse assay except phgl (6-3H]—FdUMP replaced the
[5—3H119DMP. SDS polyacrylamide electrophoresis of
[6-3£:;dUMP treated crude yeast cell extracts was
accomplished by Reno Qlarizio. The detailled protocols can

be found elsewhere (R. Tlarizio, M.Sc. #thesis, Concordia

University, in preparation).

Total protein | N
Total protein content per ml of culture were
‘detﬁr;ined using a modification of the prry-protein‘asgay
préviously described (Steward 1975). Frozen cell pelléts
were washed and resuspended in 1lml of,cola d%sti{led
deionized'wate;. For each time point, 3 independant
'samples consisting of és, 50, and’lGG nl of the ceil//f
suspension were assayed. 500 ul of 1M KOH were then ,added
and the final volumes brought up to 1 ml with distilled
deionized water. After vortexing, the mixtures were placed
in a boiling water 5ath for 11 minutes (this was ’

determined to be the optimal time for strain AH22, data

not shown). After the tubes cooled to roqm temperature, 2

4

=
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ml of a freshly made copper solution -(50ml of 2% NaCo3 and
4ml of 0.125% CuS04:5H20 in 0.25% KNa tartrate) was added
and the samples were incubated at room temperature for 10

minutes when 0.5 ml of pheﬁol“reagent (Folin-Ciocalteu

phenol reagent, Fisher) was vigorously added and
immediately vortexed. It should be .noted that ‘water is
"added to the commercially available phenol reagent to make

it .0 M with respect to acid. This is determined by

titration with KOH to a phenolphtalein end point (i.e,

0.31 mls of H20 and 0.19 mls Folin;Ciacalteau phenol

- .

reagent, for each reaction).;ﬁhe samples were then
incubated at room temperature for at least 30 minutes. At

' . ,} . v ' .
the end of the incubation period the samples were
. ! .

b d

centrifuged for 3 minutes in an IEC Clinical Centrifuge

{(room tempergfure) to remove the white inorganic
¥ - , '

precipitate that forms. Absorbances of the final,solgﬂion

was determined at 54¢ nm (LKB Ultrospec 4058) and protein
/o

content per ml of culture was determined using a standard

curve constructed by assaying 25 to 150 nqg of bovine serum
' @

albumin. The assay 'was linear up.to a fotal of about, 1x
) ” - .

16’ haploid AH22 cells.

‘B-galactosidase assays ,
e N
B-galactosidase was assayed essentially as

described by Miller (1972). Frozen cell samples were
L ¥ -

resuspended in 1 ml of 2 buffer (0.06M. Na2HPO4, 0.04M

-

13 »

<
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Na42P0O4, 0.61M KCl, 0.0881M MgSOd4, ©.05M B-mercaptoethanol,

and HCl to adjust the pH to 7.0) containing G.g\mg/ml of
ONPG (Sigma Biochemicals) and 3% Brij 55 (Fisher) to
permeabilize the cells. When a faint yellow color was
detectable, the assay was términated by the addition‘of
.5 ml of 1M Na2CO3. The cells were then removed by
centrifugation for 5 minutes in an IEC Clinical

+

Centrffuge, and the 0D at 420 nm measured. 1 unit of

>
B-galactosidase activity is defined as 1 pmole of ONPG

cleaved per minute. All B-galactosidase activity'valueé

shown are the average result obtained from assaying at

1

t

least 2 independent samples. It should be noted that for

~a :
the purpose of ‘this assay, cell samples required prior

freezing at -8e’c in order to obtain maximum levels of
activity with Brij 35,

Yeasf transformation

Yeast cells were transformed with;plasmid DNA

using the LiCl method (Ito et al. 1983). Log phase cells °

growing in YEPD media were harvested in late log‘phase
(around 2x\107 cells/ml), washed once in TE (%mM EDTA,
16mM Tris-HCL pH 7) and resuspeéended in TE at about 2x
108 cells/ml. An equal ;olume of cell; and of 0.2M
LiCl were then mixed together and the mixture was:
incubated for 1 hour in a shaking 30%c water bath.
PlasmidlDNA (1-2 npg) was then added and the cells were

incubated at 3¢°C for 30 minutes. The cell samples

22
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were then diluted with an egual volume of 70% polyethy;ené]

glycol-470¢ and incubated without shaking at 30?G‘f6r

1l hour. After 5 minutes at 420C, the samplés were \

washed twice with distilled deionozed water and the cells
were plated on selective media at about 106 .

cells/plate. Because the plaémids used in this study

! contain the yeast LEU2 gene and all the strains .

transformed have a double mutation in the LEU2. gene, all

transformants were selected for on medikh without leucine,

Furthermore because of the double mu}

gene the reversion rate is extremely (low (less than

~10

10 ). Since the rate of transformation is between

5

-

-4 , the leu’ colonies obtained by

10 to 10~
DNA transformation are true transformants. Transformants
usually appeared as distinct colonies after 3 to 5 days of

% on YNBD plates. These colonies were

incubation at 30
then restreaked on qelective YNBD agar plates to purify

the transformants.

T c\i.




RESULTS

- ) »

SECTION l: Factors effecting the levels of thymidylate

»

synthase

In several eu}aryotic systems, thymidylate
synthase activity is elevated in ra idly dividing célls
and low in quiescent cells. In this work, this variation
in thymid&late synthase activity was demonsttate@ in yeast
and the mechanisms by which variation was gccomplished'

were investigated.
~

¢

o

Thymidylate synthése lesels during entry into stationary
phase o | . ~

Thymidylate synthase levels, protein content, and '
culture turbidity (OD at 688nm) were monitored aslan

!‘ponentially growing culture of strain AH22 entered

statiogq;y phase ﬁfid. l). Thymidylate synthase activity,
per mrlof culture, peaked whep the culture reached an OD
600 of about 1.8. During the following 329 minute :
interval, 50% of the activity was lost aithough protein

. co;tent and culture turbidity continued to increase (fig:
1). Furthgr\incubation resulted in the cq}ture density ‘ \
reaching an OD 68¢ around 2.6 and over 90% of l‘sYnthase

activity disappearing. In contrast to. the thymidylate



FIGURE 1

. —
//
o

 memT5§i;'e synfhasé activity, total protein, and
B-galactosidase activity during‘the éransition'from
1ogari£hmic growth to‘stationar§ phase, Cells were gr&wn
bverhight in 2x YNBD media and sgmples were harvested at
various intervals until étationary phase was reached. The’
final samples were harvested 26 houré after the initial
(t=0) sampies.

A: growth curve as determ}ned by measuring fﬁe turbidity
of the culture with a spectrophotometér at 0.D. 6@@nm and
thyﬁidylate synthisg’activigy levels per ml of culture in
AH22' (circles) and in 20B-12 quuareg) as deferminedhin
Brij 35 permeabilized cells using the radiochemicéi
procedure. The growth curves for RS29¢ and 2180 were
'identical to the one shown for AH22., The results shown are
similar to the results obtaingd when the experiments were
repeated.

B: levels of total protein per ml of culture in AH22 as
determined by the modified Lowry assay (Steward 1975)!'and
B-galactosidase activity levels per ml of culture as
assayed as‘described by Miller (1972) in strain

.AH22-pYT760-ryp3. Experiment was not repeated..

» ]
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synthase actiyity'profile obtained (fig. 1a) tétal protein
increased tﬁroqghout paralleling the growth curve (fig.
1B) .

To furgher monitor protein synthesi§ during entry
into stationary phase, levels of B-galactosidase&;ere
fol}owed in strain AH22 transformed with pla;mid
pPYT7608-ryp3 (called strain AH22-pYT768-ryp3). The
p-galactdsidase activity profile obtagned was very similar
to the pattern observed-for total ﬁrotein (fig. le,‘

The results pregsented in fig, lhhave shown that
tgymidylate synthase levels decreased, when measured in
Brij 35 permeabilizgd cell samptes, during tﬁe entry.into
stationary phase. To show t?at the observed loss of |
thymidylate synthase activity is not due to diffe;ential
permeabilization by Brij 35,\the levels of thymidylate
synthase were detefmined in cell‘freé‘extracts. These

results (table 3) confirmed that thymidy#ate synthase

\activity was lost as yeast cultures leftx}ogarithmic
i ’/).\
\\) '

e

To determine if the loss of thymidylate_synthase

growth and entered stationary phase.

activity was a vacuolar based event, thymidylate synthase
activity was monitored when a pep4-3 mutant entered

stationary phase. Strains carrying the pep4-3 mutation

have drastically reduced levels of several vacuolar blsed

hydrolaéﬁQ\ij:;uding the major proteases (reviewed in
~Jones 1983). e pep4-3 mutant phenotype of strain 2180

A4
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9

Thymidylate synthase specific activity during entry into

stationary‘phasea

L4

82

Source of Ehymidylate synthase
extracts 3 activity (aU/mq) \
-
Py
- A exponentigl phase 21.1
B early stationary phaseb - 16.5 N hS
C  mid stationary phasec ~ i 6.8
. D late stationary phased ’ ‘ g.l
s
. 3strain AH22-pYT76@-ryp3 was grown overn{gh‘ in’2x
. YNBD media as described in methodsand materials. At
— 'various times during batéh culturéngrowth, samples were
) harvested and crude cell frée extracts prepared as
Aeséribed in-materials and methods. Protein concentration
was deéermined using the the Lowry assay with BSA as a
1 staﬁdard. Thymidylate synthase specific acti&ity determined

using the 3H release method as described in methods ﬁPd
materials. Similar results were obtained in 3 seperate

experiments, - ‘ ' -
» ~ (/

bSample was taken approximate1y1§ hours\?fter the

. peak of thymidylate synthase activity obsekved in figure 1.,
!
cSample‘was taken 3.5 hours after samplg b.
“dSample was takeny 17 hours after sample b,

28
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was confirmed:b& the APE (N-acetyl-phenylalanine®B~naphtyl
ester) agar over}ay\test (Zubenko' et al. 1982) (data not
shown). During the transition from log phage growth to
stationary phase, the rate loss of thymidylzfé synthase
activity was Endistingu;shable in strains 218¢ ( pep4-3 )
and AH22 ( PEP4 ) (fig. 1A). Therefore thymidylate
synthase activity disappeared by'a 'gggi 3ndépené;;%”

process and inactivation probably did not odcur by a

" vacuolar based proteolytic event. -6

* \ N
Thymidylate synthase -activity following the refeeding of
b

stationary phase cells .

Is protein syntﬁeqig/required(to regain '
fhymidylate synthase activity which was lost during -
stationary phase? To address this question, increases in
thymidylate synthase were followed when stationary phase
cells were resuspended in fresh media with and without
cycloheximide. A stationary phase culture oﬁ strain‘é
AH22ipYT7GG-ry93 which had lost over 90% of its: .
thymidylate synthase activity was resuspended in fresh
media with and without lﬂﬁvng/ml of cyclohexfmide as
described in materials and methods. Thymidylate synthase
.actiyity, ﬁ-galactosidase activity, protein content, and
the percentdge of unbudded cells were followed during the

subsequent growth of the culture. Within 4 hours,

thymidylate synthase activiﬁy increased approximately 75
: . /

7'29
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s v ’ ’\
fold while B-galactosidase activity and total protein

content 1ncreased by about 30% (f1g. 2), Furthermore,

¢

N

increases in thymidylate synthase a;txvxty pzeceeded entry k
into S phase as\determined by the appearance of small
bddded cells (fig. "2). The addition of cycloheximide
immediately aftéf féfeeding complétely blocked the a
increases in th&midylate synthase actigity,
B-galactosidase activity, anéntotal protein (fig. 2). ’
Because cycloheximide is an inhibitor of protein synthesis.

" . . -

these results are consistent with the potion that

thynidylate synthase was irreversibly 1ost-du;ﬂg5\' '
. ) ' . ,

stationary phase. \, - %
The decrease in thymidylate synthase a&;ivity as

cells entered stationary phase could hate.been Shg‘to the
' @

- -
presence of a soluble inhibitor or the disappearandg of a

. ; /
soluble activator. To address this question, cell free °

extracts were prepared from cells at various stages of
<

" growth. Mixing extracts prepare@ from exponentially *

growing cells (high activity) with extracts prepared from
cells harvested at various_times during the transition

/

frdm log tb»stationary phase (low acfivity)'resu}ted in
additivé levelg of activity (table 4}. Therefore yeast
cell extracts did not contain diffﬁsible soluble effectors
capable of activating ox 1nh1b1t1ng thymxdylateysynthase
activity. Although mixing experiments like these nérz not

reflect ig vivo conditions, the results are nonetheless




? " . Y ‘2 ' w'.

"harvestedtand resuspendeq at 9x 10

follow1ng resuspensxon in fresh media.

- FIGURE 2
Thymidylate synthase act1V1ty, percentage of unbudded
cells, total protein, and‘p galact051dase activity during

outgrowth from stationary phase.kA stationary phase

culture of strain AH22-pYT7608~-ryp3 incubated until over
o, o~ 3 B

9@% of. the thymidylate synthase a;tivit& disappeared was

6 cells/ml in fresh
prewarmed 2x YNBD media w1th (open S mbols) and without

(closed symbols) lGG pg/ml of cycl x1m1de. At various.

Id .

,times thereafter samples were harvestedand stored at

-8e% for- later assay. ) : -

A: relat1ve levels of thymldylate synthase activity as

3

determxned by “H release assay of Brxj 35 .

permeablized cells.: ¥
B:'felgtéve total protein per ml of cult?re following
resuspension in fresh media. |

C: relative p-galactogidase.activity per ml of culture

The results shown were obtained in a total of 3 separate .

experiments.
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Table 4

"~ Effect on thymidylate synthase activity levels upon mixing -

high and low activity extracts

Extract Ratioé Observed Expégked Observed/
mixtures® \yniés units -‘ Expected
A+B 1: 2.1 . 8.6 8.2 1.05
‘A+C 4.7 4.7 1.0¢0
6/8 5.9 l.15
7.0 6.7 l.éS
‘ 7.9 7.3 1.08
~;o 5.3 . 4.0 1.08 %
3cell extracts were mixed in various proportions, \v

allowed to stand on ice for 16 minutes, and thYmidylate
synthasé activities determined by the sh release éssay.
This experiment was not repeated. Extracts used were the
same as those'used in the experiments presented in table 3.

.

A:exponential phase, B:early stationary phase, C:mid

stationary phase, and D:late stationary phase.

'bl corresponds to €.19 mg of solub

protein.,

! . K N
“1 corresponds to 0.17 hg of soluble\protein.

Y



~consistent with thymidylate.synthase activity being.

i
| /\
{

~

-

irreversibly lost.

~

The effect of ofactor induced Gl arrest on the levels of

thymidylate synthase

N Previous resblts had shown that thymidylate

synthase activity and its specific mRNA accumulated in.a
/Peefaqfélfashion negdr the béginajng of S phase of the
yeast cet cycle (Storms et a1:/1984). Therefore cells
arrested §n Gl should have low levels of thymidylate
synthaséI;pecific mRNA and show a reduced rate of
phymid&iate g?ﬁghase synthesis, As a preliminary test of
tﬁis hypofhesis, strain AH22 was arrested jn Gl using
X-factor (see matgrgéls and methods) . Tw? samples.wer;
harvested, one at t=0 and one 2.hours later when.92% of
the‘cells were unbudded indicating thgt the culture had
been ar;ésted~in Gl. Crude cell free extracts were made
and used to determine thymidylate synthase specific
activity. The resultsyobtained show a 50% reduction in the
specific activity of thymidylate synthase from 23.1 pU/mg
protein in asynchronous cells (45% unbudded cells) to 12.1
pU/mg protein in X-factor arrested cgils. "
To determine if loss of thymidylate synthase
activity contributed to the decsgase in the specific
activity of thymidylate sinthase, the levels of activity

Ay

were followed per ml of culture during o&factor ariestﬂ

° , | . | 'x/\

S
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Strain AH22 was treated with &-factor and samples were
hatvested at t=@ and at 30 minute intervéls thereafﬁér.
These samples were used to measure thymidylate synthase
activity per ml of culture using Bri? 35 to”permeabilizé
the éells. After the addition of d&f;ctor, there was a
progressive decrease in the thymidylate syntbasé level per
ml of culture (fig. 3A). Over 28% of the total activity
was lost after 2.5 hours of treatment. E

Thymidylate synthase levels inéreased dramatically
"at about 3 hours, when the culturevspontaneously released
from &« factor induced Gl arrest as shown by the decrease

&

in the percentage of unbudded cells (typical results

obtained in several experiments). This suggested’that

o¢-factor arrest was responsible for the observed loss of

‘thymidylate synthase activity.

Treatment with g¢-factor caused a marke

h.‘v;
nﬁift cell

in cell size which can be'attributed to the faé
cycle progregsion was arrested while synthesis of most
protein and RNA species continuéd. In fact, &&factor
arrest does.not affect the rate of protein and RNA

accumulation (Throm and Duntze 1978). TPo show that éhis is

L
\
i

also true for the conditions used hére, strain
AH22-pYT766-ryp3 was treated with d&factor and sampies
were harvested at t=? and at subsequent time iétervals to
determine both B-galkctosidase activity and total protein
'éontent. The resu1t4 of such an experiment (figure‘3B)

I . 1

(
|

35
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were grown overnight to cell densityvof about 5x 1@

. : FIGURE 3 .~

Effect of . X-factor on thyﬁidylate synthase activity,
pro;eih content, and B-galactosidase activity. Cultures

6

cell%/ml, Cells were teéuspended in o-factor containing
media at t=0 and samples were collected at the times
indicated. o

A, thymidylate synthase activity, per ml of culture,
following addition of o&factor to a cultufe of AH22. At
t=ﬂ,there weré about 2x 106 cells/ml. The experiment

was repeated two ﬁore times with similar results,

B, B-Galaétosidase activity and protein content, per’'ml of
culture, following adéition of of~-factor to a éulture.of

RS29¢. At t=0 there was about 1x 1@6 cells/ml;

Experiments were not repeated.
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showed that both protein content and p-ga}aqtﬂgidase
activity per ml of culture continued to increase even
after prolonged periods of Gl arrest. Furthermore, the
release from Gl arrest caused no ch;nge in the rate of
accu ulation of both B-galactosidase activity and total
proteiwn. This is unlike the results obfained for
thymidylate synthase. f?ken togather these results
suggested that thymidylate synt:zég\is unlike the bulk of
cellula; proteins. Its rate of accumulation did chanée in
response to a&facto£ induced Gl arrest. In fact, becadse
activity of the culture actually decreased } inactivation
played a role in determining activity levels.

The results depicted in figure 3A showed that
st?ain AH22 spontaneously released from pheromone arrest.
about 2.5 hours after o-factor was added. Re&ease from
arrest occurs because a mating G;pe cells metabolize
of-factor (Buéking-Thom et al. 1973). Release from cell
cycle arrest, showniby a significant increase in the
percentage of cells with Buds, resulted in a dramatic .

. o
increase in TMP1 encoded mRNA (Storms et”al, 1984) and
ﬁhymidylatg synthase activity {fig. 3A, and Storms et al,
1984). The concomitant increase in thymidylate synthase
mRNA and activity suggested that new synthesis is
respbnsiblé for the burst in thymidylate synthase

activity. Further evidence that the increase resulted from

# burst of synthesis is shown in figure 4. Here a culture



FIGURE 4 o

Effect of cycloheximide on the increase in thymidylate
synthase activity following release frqm-o@factor a{rest.\
4ﬂgculture of strain AH22 was_treated with o&factoi as
déscribed in materiais and methods. When the culture
reached over 9¢% -unbudded morphology, &~factor was quickiy
- removed by filtration.a;d the cells were resuspended in
s fresh 6,1$ media with and without 100 ng/ml of
\ cyclohexiﬁide. Following release, samples were taken at
~ iqtérvals and thymidylate synthase and bud morphology
.determined. Thymidylaté synthase activity (closed
symbols), bud morphology (open symbols). The culture
without‘cyc1ohékimide is reéresénted by squarei; and thé
culture'Qith cycloheximiée by circles. Experimént was not

t

repeated,
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of strain AH22 was arrested in Gl with o-factor. When

greater than 90% of the cells were unbudded, ot factor was

quickly removed and the cells resuspended in two flasks of °

fresh 8.1% media, one with 100 py/ml of cycloheximide and
one without cycloheximide. The results showed that

cycloheximide prevented the accumulation of thymidylate

synthase activity following removal of Q& factor.

Tt .

-

Levels of thymidylate synthase ipcreased in response to an

increase ‘in the cell doubling time

Steady state levels of thymidylate synthase were
i R ! '
measured in strain AH22 grown in 3 separate media. Table 5
shows that the specific,activity of twgmidylate synthase

increased and the generation times of AH22 decreased with

'increasingly rich media. These ‘results sgggested'that

N

o e -

yeast cells somehow modulate thfmidylate syntﬂ&$e activity

levels(in response to alterations in the generation times

(see discussion).

ol
v
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Table 5

Thymidylate synthase levels in response to. an incrgase in

N growth.ratea -
. " & .
growth mediav genera;ion synthase activity: -
’ time (min) pU/mé pU/lG8 éeils
. 2XYNBD | | :
(minimal) 150 . , ?/ 44,8 Y
YEPD - . o
(rich) . 120, 32,3 75.7 -
0.1% '
("super-rich™)* ‘9g . 37,3 NDD
. , . )
7

aExponentially growing cultures of strain AH22 were
geﬁerated in 3 diffé;ent growth medias. At variods time :
intervals during gxégnential growth, the turbidity of tﬁe-
culture was measureﬁ‘JOD.6GG nm) to determine cell

doubling times, Samples.were also harvested to determine

o - .

the steady state levels of thymidylate synthase. Results

shown are similar to the resul'ts obtained in 2 more

L . ?
experiments,

ﬂbND, not determined. ' Vet >

¢

L
Y
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- ' SECTION 2: Genetic app oacb

' Description of fusions

/ We next us'ed ; genetic épproacn to further look at ;é
//the factors governing the levels oﬁ thymidylate synthase
activity. This.appfoach involved{stqulng a series of 4
gene fusions between the TMP1l gene a*d the E, coli
lacz structural gene. These fusion genes encode fusion
pzoéeins which contain a constant portion of the lacz
structural information fused iJ‘frame (for translation) to
increasing amounts’ of N-terminal TMP1 str;ctural
information. Fig. 5 is a schematic repreéentation of the
.different hybrid proteins encoded by the TMPl - LacZ

«

gene fusions. Since the first 8 amino acids of LacZ are

lacking, the translational start site (ATG) in the fusions
are supplied by the TMP1l gene. In addition, the 5' end

of the TMP1 gene is responsible for promoking
C L
//rf‘f}transcription of the‘fusion genes, The construction of the

. e
gene fusions will be described elsewhere (R W. Orq4, PhD

™~
\J///}he51s in preparatlon, Concordia Un1ver51ty, and R.W. Ord,
N et al., manuscript in preparation). For the[purposegpf '
N -+

this thesis, I will only describe certain features of :

these fusiohs which are essential for the 'hese
\ |
experiments. ;o
A

All the fusion genes are carried on identical

m

giasmids, the only dxfference being the variable amount of -

’-
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Schematic representation of the different.thymidylate

synthase B~galactosidase hybrid proteins. The hybrig

proteins consistigf‘an igsreasingly large portidn‘bf‘

: . . "
thymidylate synthase (full lines) at the amino terminal

b o . ~ . ‘

and a constant portion of B—galactosiéase (dashed line). t

-

the' carboxy terminal. Also depicted, the'ﬁumber of

thymidylate synthase gnd.ﬁLgalactosidase amino acids in.

. [
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the native and hybrid proteins, . . : -
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TMPi structural information fused to lacz (table 2).
The plasmids contain a portion of the 2u circle and the*

entire LEU2 gene. This allows for replication and

[ »

selection in yeast., A total of four different protein

fusiaons were studied. These are encoded by plasmids
) :

(B AN
pRS535, pRS757, pRS269, and pRS264i which contained the .
first 13, 97, 116, and 19¢ amino acids of thymidylate
synthase respectively (table 6 and fig. 5). :

All the TMPl - LacZ hybrid gene; produce hybrid

proteins containing a po?ﬁion of the N-terminal aminew
acid; of thymidylate synthase. As é control, we made use
of plasmid pYT768-ryp3 which coQtained a fusion gene
consisting of the EEEZ structural gene expressed from an
unknown yeast promoter (r?p-3). Thé ;est of the plasmid is
otherwise identical to the other fusion containing

plasmids. The B-galactosidase hybrid protein'expressed

from plasmid pYT760-ryp3 contains no thymidylate synthase

amino acids.
_—

/
Expression of. the *Mpl-iagz fhsions

-

%

The plasmids containing the fusion geﬁés'were'
"introduced into yeastystrain AH22 bf Epe t?chniquﬁ\of\\
transfozmation.‘The transformants were selected- -for gpd
maintained by their abilify to grow without exogenously
supplied leuqine‘(see materials and methodsi.‘To éétermine

the levels of p-galactbsidase expressed from thshvarious

~ ' L A
”/U {, .
Ly . &

L6 .

L e
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>‘,/fﬁaigg,génes, cultures of the fusion bearing strains were

grown to mid-exponential phase as defined in method; and
paterials and samples collected. These samples were used |,
‘to measure the levels’of B-galactosidase and thymidylate
synthase. The values obtained are shown in table 6,
Thymidylate synthase acgivity can be seen to be similar in
éll strains suggesting tﬂgt the plasmids did not effect
expression of the chromosomal TMPl gene. In cénprést,

, N
B-galactosidase activity in the different fusionxj
containing strainé variéd by as much as 286 fold. ° [
Examination of the data showéd‘thaf the levels of
B-gélagﬁosidase activity increased with increasing amounts
ofl lﬂél sstructural information_ptesent in the fusion
gene. | : \

s | %

‘g-galactosidase activity during the transition from log

/
growth to stationary phaseé

*

~

Thymidylate synthase activity was rapidly lost as

A

log phase cultures entered stationéry phase (fig. l). The
loss o thymidyl;te synthase activity is presuﬁably due to

a Qﬂ{:::;'of its amino acid sequence being recognized by

an "inactivation machinery". If this was so,

B¥galactosidase hybrid proteins containing the thyﬁfgylate
Qynthase "inactivation §equence" would r;nder B
p-galacgosidase activity unstable in a ﬁanner similar to

:thymidylate synthase. In order to test this hypothesis,,
. .

x

4

-



i

- Table 6
Thymidylate‘sYnEhasé and B-galactosidase actiVities of

strain AH22 transformed with different plasmids

4

plasmid number of generation, JActivities ¢
TS amino time-(min)b B-gal synthase ..
acids in |
fusion®
none- - l 150 <@.01 5.4
PRS264i 190 160 8.1 4.6
tpR9269‘ 110 169 . 1.3 | ’4.9
pRS757 97 np9 0.7 ND
PRSS535 13 150 ‘ 0.4 4.1
* pRS306° 110 156 .+ 0.04 ' ND
pYT766- '
ryp3® -- - 15¢ . 1.2 -

[ 4 ¥
4a11 fusion proteins have the last 1005 amino acids

of the native p-galactosidase protein (1€13 amino acids).

bGen'ezation time was determined during‘gxnuth on 2x

YNBD med%a. Leucine was omitted to maintain plasmid

selection.

A



%. Téble 6 (cont'd)
\
|

Samples from exponentlally growing cultures (in 2x

“

YNBD media) of the dlffergnt strains were harvested at an

(m

0D 600 of’betwéen 0.5 and ﬂ.3lor at 70 Klett units
B-galactosidase "and hyhidxlate synthase activities éie
expressed per ml of cultuire of 1 OD unit at 688 nm. »
B-galaétosidase and %hymidylate synthase'agtivities were
determined as descriéed in materials and methods. Results
were similar in 3 seperate experlments..
'qNot determined. !
€plasmid PRS 3066 mus; integrate into the yeast genome
since it lacks an or1pln of repllcat1on. Strain RS45"§’>
contains 1 copy of pl?smld PRS3066 integrated into the
yeastﬂgenome at the lég_ site in strain AH22 (see text).
fPlasmd pYT760-®yp Ltpnta1ns a lacz fusion wlth

no TMPlL information hut-is otherwise identical to the.-

others (see texth. '’
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strains AH22-pRS535, AH22-pRS269, and AH22-pRS264i were
grown to late exponentiat phase, and sampling was then

[ ] .

initiated and continued for a further 29 hours, ' ?
Aélthé cultures entered stationary phase,
B-galactosidase activity encoded;by the'z largest fusion
genes disappeared, at a rate similar to that observed for
thymidylate synthasé itself (compare fig. 1A with fig. 6
upper and middle panels). In contrast, B-galactosidase )

activity encoded by the smallest fusion-‘:gene continued to

increase during late stationary phase (fié. 6 lower panel)

Taken together, these results éuggeséed that the
\ :
information bétween amino acids 13 and 110 may serve as . a
signal which lets the ce}l know that proteins containing
it .are to be rapidly turned over during fhe transition
from log growth to stationafy phase.

Similar experiments, measuring B-galactosidase P

activity during the transition from log grow

Stationary pPase were carried out using the
mutant gtrain 4A carrying plasmid pRS269. B-gallactosidase
activity was seen to decay when logarithmically growihg
cultures of strain 4A-pRS269 ( 2624-3'5 entered staf&onary
phase in a similar manner to the observed loss in strain
£H22—pR82qw ( PEP4 ; Sym Davis, personal commipication).

This suggested that the loss of ﬁ-éalactosidase activity .

during entry into stationary phase, like the loss of

thymidylate synthase acéivity, fﬁ%Nnot depend on vacuolar s

N &
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FIGURE 6

-

, ‘ i "
B-galactosidase activity and growth curve-during the }/ ‘

12
.

- . .
transition from logarithmic growth to stationary phase.
Samples were harvested from exponentially growing

cultures, at intervals, until stationary phase was

reached. These samples were used to determine boty:

- . /
B~galactosidase activity and culture QQgsity4&od 600 nm) ..

The final samples were taken 29 thré after the first

N

samples.

Upper panel: AH22-pRS264i leG thymidylate synthase amino

~~acids)

iy

Middle panel: AH22—pR8269,&110 thymidylate syntﬁé§§ amino

acids)

Lowér paneg AH22-pRSS3é (13 thymidylate synthase"amino

acids) r/}/

! ; .
Similar results were obtained in a total of 3 separate

experiments. /

51
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based proteases.

B-galactosidase activity in response to afactor induced

Gl arrest

Thymidylate synthase activity per ml of culture

A3

has been shown to decrease when célls are arrested in Gl

with & factor (fig. 3A). The same experiment was performed

{
with the strains bearing the different TMPl - lac?

fusions., When these strains are arrested in Gi by
. W~factor, ﬁ-galactosidaéeqactiviéy of the 2 lgfgest fusion
proteins dec;eased while the activity of the smallest
'fusion progein continued tS increasé\(fig; 7). Theée'
results further confirmed the localization of an
"inactivation signal”™. b

~3

Levels of B-galactosidase in response to cycloheximide

In order to obtain the actual rate loss of
B-galactosidase activity for the different fugion
proteins, exponentially growing cultures were treated with
cycloheximide (an inhibitor of protein synthesis).
Cultures of strains harboring the various fusion genes

iy

were grown to an OD 600¢ of around G.3qénd 160 ng/ml of
cycloheximide wgﬁ*ngggig Samples were harvested before‘the
addition of cycloheximide (t=0) and at.intetvals after
treatment. After the addition of cycloheximide,

ﬂ-galacﬁOSidasevactivity of fusion proteins 264i, 269, and:

2



S4 '
FIGURE 7
- @
Effect of-&-factor on B~galactosidase activity and on bud
morphology. Exponentially growing cultures were allowed to éi

reach a cell density of about 5 xlB6 cells/ml, The ¢

‘cultures were then resuspended in o-factor containing

media at about 2x 106 cells/ml, During tﬁe subsequent
gréwth, samples were harve;ted at intervals. These samplgg”
were later used to determine B-galactosidase levels and )
bud md&phology. .

Upper panel: AHZZ-bR8264i (experiment was repeated twice)
Middle panel: AH22-pR3269 (experiment was repeated tQice)
nger panel: AH22-pR§535 (expe;iment was repeated 4 times)

—
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L
757 decayeé with an tnitial half life of 80, 4¢, and 4¢
yinutes respectively (fig. 83;'8, and C). In contrast,

' B-galactosidase activity from the smallest~fusion protein
(535) was coqpletely sﬁable‘for over 5 hours after the
addition of cycloheximide (ffg. 8D). The B-galactosidase
activity encoded by the contfol fusion on pYT?GGiryp3,
which contained né TMP1 information, Qas aléb stable
(fig. 8E). These'resuItS“showed that fusing ‘the N-terminal
amino acids of thymidylaée §ynthase to B-galactosidase
renders the normglly.stable B-galactosidase ;ctivity
unstable in yeést. °

Wé wanted to determine the effect of decréasing R
the level of B-galactosidase on the rate loss of activity.
To accomplish‘this, 1 made use of strain RS458, which was
constructed by Lydia. Lee. This ;train contained a single
copy of a fusion gene encoding- a B-galactosidase protein,
identical to 269, integrated at the 1leu2 -locus (L. Lee,
personal communication). It was found that this strain
RS458, produced approximatively 3¢ times less
ﬁ-galactosf&qse\activity than strain AH22-pRS269 (table
Sfﬁ Treatﬁent of an exponentially growing culture of
strain.RS458 with 1080 ug/ml of cycloheximide resulted in
B-galactosidase activity being lost at a rate which was
indistinguishable from that found with AH22-pRS5269

(compare fig. 8B with 8F). It can therefore be concluded

//fg;£ levels of B-galactosidase uncodéd'by'pR5269 did not

-
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FIGURE.8 Pt

: . Lk ' l .
EfPect of cycloheximide alone and in combination withy

R . . "‘\'\/.) . , .
fazide on B-galactosidase activity’. Exponentially growing "

cultures were generated as described in materials and’ )
! L
.

methods. When the culture density teached about 1x 10

cells/ml, cyclohex1m1de (IGG pg/ml) was added For strains

’

AH22-pRS264i and AH22-269, exponentially growing cultures

Wwere separated into 2, one culture received cyéloheximide”

alone and the‘other received bbth'cycloheximide and Na

azide (1060 pg/ml). Following the additions, 1 to 10 ml

clilture samples wer& harvested and stored ::‘—BGGC as
described in mater1als and methods. B-galactosidase

adtivity per ml of cultUre‘Qas determined.using Brij 35~to )
permeabilize the cell samplés.'

With cycloheximide .alone (¢losed circles) . .
wiéh cycloheximide and Na azide (open circles)

"A: AH22-pRS2641i (repeatqd twice); B: AdZZ-pj@ZGQI(repeaéed

i

6 times); C: AHZZ-pRi]S?(repeated once); D: 'AH22pRS535
(repeated once); E: AH22-pYT7608-ryp3 (repeated once); F:

RS4$8 {not ri?eated).

A
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‘saturate the "inactivation machinery" and did not T

60

- N

influence the rate of decay. T ) A\

|
-

. A - N .
Energy dependent inactivation of Bogalactosidg§e activity
v \

The in vivo degradation of proteins was shown

s mreT A
- -

to have an absolute requirement for energy im many

N 2 (Q, . .
. organisms (reviewed in Go#berg and St John '1976). iThat

" this is also true in yeast was shown by Lopez and Gacendo

(1979) . To determine the energy requirements for the loss

of ﬁ-galactosidaée, two potent inhibitors of cellular:

energy prqduction were used, cyanide and azide. Both

ey

»

compounds have been shown to effect energy production by
interfering with the.flow of electrons along the electron
transport chain of mité% ondria (Lardy and Ferguson 1969).,

Expanentially growing ures of strains AH22-264i and

' AH22-269 were allowed to reach an OD 600 of around 0.3. At

this point each culture was separated into 2 flasks, one

was treated with cycloheximide while the other received

cycloheximiae and 6.1 mg/ml of either Na azide or K
cyanide. Samples were harvested prior ﬁo éhe additions and
at intervals thereafter and! usg? to determine levels of
B- galactos1dase; Treatment of cul tures w1th cycloheximfde

alone resulted 'in the loss of activity (fig. Gﬁé B, and

fig. 9) . The concomitant addition of azide (fig.-8A and B)

k]

or of cyanide (fig. 9) with cycloheximide greatly . »

decreased the loss of p-galactosidase activity.

' \ S
x " /l‘?\ ..
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FIGURE 9 o o ‘

Effect of cloheximide and of cycloheximide iﬁ
; &Y -y Y : y

combination with cyanide on the levels of B-galactosidase

of strain AH22-pRS269 grown with different Earbon sources. _f

Exponentially growing cultures of straiﬁ AH22-pRS269 were. -
geﬁerated in either 2x YNB media with glucose or in YEP
media with glycerol as described in materials aﬁq;methods.
wﬁen the cultu?gldensitieé reached 1x 10' cells/ml,

. the cultules were separated into 2, .One cultﬁre'receiveé -

. ~

_cycloheximide a¥one and the otafr.culture received both
cycloheximide and K cyanide. Jusgtpr}or to the'aaditioes
(t=0@0) and at intervals theYeafter, cﬁltgxe sampleé were .

‘harvested to determzne B-galactosidase levels.

Cfcloheximide alone (closed_circles)

Cycloheximide a%d'cyahide (open\circles) > : !
Upper panelg AH22-pRS269 grdwn in YNﬁ with glucose
. repeated 6 timeé) - , . ‘ ' .
| Lower panel: AH22-pRS269 growniin YEé with glycerol (not-. .
. repeate%‘) S o o ' a ’
? ‘ ‘ [} < ’

*
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As observed in figures 8 (A and B) and 9 (upper
. panel), ‘the addition of azide or of cyanide did not
- comélétely prevent the loss B-galactosidase activity which
-Joccured after the addition Sf cycloheximide. Azide and ‘
cyanide inhibit ATP production by blocking oxidative
phosphorylation (Lardy and Fe;guson 1969). Yeast cells are _
— capable of growth with a fermentable carborn source (i.e.
'glucose) in the apsence of oxidativ: phosphoryiation ‘ /"»
(reviewed in Dujon 1981). Therefore, azide or cyanide may
not totally inhibit energy product1on in yeastcells e
growing on glucose. This m xplain the small loss of /’
p-galactosidase activity after the addition of cyanide or
azide to cells growfng on glucose. As a preliminary test )
of tqﬁs hypothesis, the effects of cyanide were examined
in yeast cells growing wih a non-fermentable carbon source
{glycerol). Because strain AH22-269 could not. grow on o
mirimal media with glycerdl as the sole energy source, we
had to use rich media (YEP) to obt;in aerobié growth. I£
should be noted that an energy ‘source (i.é. g}ucbse or
glycérbl) must be added to YEé'ﬁédia to obtain cell growth ~
(T. Downing, pers, comm,). . |
,Cyclohekimide alone or cycloheximide with cyanide
‘qu added to a culture of strain AH22-pRS269 which was
exponentially érowing in rich media supélemented with \
. glycerol as the solé energy s&ufce (YEPQ).epygor to thé _

trea&mehts, and at time inferva}s thereafter culture



-

samples were harvestéd and t¥eir levels of p-galactosidaééﬁ
determined. Figure 9 shows that the simﬁltaneous addition
of cyanide with.cycloheximiée complefely prétects
P-galactosidase aétivityzin cells growing on glycerol
(YéPG) but ﬂ;t in cells growing on glucosé (2x ¥YNBD).

" Taken together théselresults show -that the #Bq; of

B-galactosidase activity is energy dependent,

‘ | ,”?_

-

‘e



PTLl, contains the ,TMP1 gene on a 10 Kb Hind III to @

¢~ ’ : L}

o | | .

3,
SECTION 3: Levels of thymidylate synthase in response to

A -
C»A\,K-J;{lterations in the dosage of the TMPl gene

Description of plasmids

The availability of the cloned TMP1 gene (Taylor B
e} al. 1982) allowed a detailed study correlating leveis of
thymidylate synthase in response to alterations’iﬂ the gene
copy number. In order to acpomplish such a study, the

original TMPl containing plasmid‘was used. This plasmid,

£

/

Hind III-frag@ent of genomic yeast DﬁA (Taylor et ai~~—
1982). The}Salient features of this plasmid includé the
entire EEEE gene and a‘portion of the 2u circle to allow

v !
for selection and Fepliéation respectively (table 2). That
this plasmid conta?ned tﬁe yeast gene coaihg for
thymidylate synthase ( TMPl ) has been previously shown
(Ta&lor et al. i982; Storms et al. 1984). Plasmid pTLl1' is
identical to plasmid pTL1 except that the 10 Kb gigg 111 ["r
to Hind IIl fragment, containing the TMPl gene has been
invereed relative to the vector sequence. Plasmids like
pTL1' and pTL1l are usually maintained at between 1@ and 3§
copies per cell (Futcher and Cox 1983; Martinez-Arias and
M. J. Casadaban 1983; R, W, Ord et al. manuscfipt in ‘ -
preparation). |

"

I have also used plasmid pRS(cen3)471 (E.M.

o
]
0

Calmels, personal communication). Thi% plasmid has an

S ’

'

-—
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sequence and the LEU2 gene to allow for replication and
_selection respectively in yeast. In addit@oﬁ glasmid

pRS(cep3)471 has the centromere sequence originally

) 3]
isolated from chromosome number 3 (Clark and Carbon 1980).
The centromere in association with the chromosomal . ars
sequence is responsible for maintaining a plasmid at

between 1-2 copies per cell (Clark and Carbon 19§d).
> ) l ' /

¢ -
The effect aE increased TMPl .gene dosage on the steady

state 1¢vels of thymidylate synthase

. Plasmids pTL1l, pTL1l', and pRS(cen3)471 wete”used
to,tr&nsform strainnAHZZ to leucine prototrophy.
Exponentially growing cultures of all ; strains (AH22,
AH22-pTL1l, AH22-pTL1', and AH22-pRS (cen3)471) were
”generated’and the increase in culture turbidity was
followed (OD.GGGnm ané Klett unigé) during the subsequent

. exponential growth until stationary phase was reached.
Theseyféadings were used to determine the éenezation times
of the different strains. Samples were harvested from ‘

, tﬁese cultures and used to measure the steady levels of
‘thymidylatg:synthase per ml of culture and per mg soluble
protein, Th? results of these experiments showed that the

‘ presence‘of the - TMP1 containing plasmids had no
d able effect on the generation times of
logarithmically growing AH22 gtable 2). Megsuiements of

3

thymidylate synthase activit&, by the “H release

N -
'

66
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Table 7 )
) '

Steady state levels of thymidylate synthase in strain AH22

‘containing different doseages of the” TMP1 gene?

. TS‘activity'
, .Strain ;;51 generation nu/mg. BU/ml
| . copy # time,(min)b Trial 1/Trial 2 \<§
' AH22 j 1 150 ' 26 25.3 6.9
AH22-
- PRS(cen3) ' Y
471 2-3 160 © 84 57,2 1.9
AH22-pTLl ° 8-15 - 160 226 279.7 13.7
AH22-pTL1l' 8-15 140 283 255 7.1

aSamples were harvested fﬁom exponentially growing
W Ty

CUIt%;fs and stored at -80 C as described in materials
€ . 9 -

‘ aﬁﬂ methods. These samples were then.used to determine

4

- , thymidylgte synthase levefs.per‘ml of culture (at 70 Klett
unitg)'in Brij 35 permeabilized célls or levels were
‘ determined per mg soluble protein in crude cell extracts,
Reéults~}rom é third experiment fell within the wvalues
" shown. B
bGeneration times were Aefermined by fallowing e

inqreases in turbidity with a Klett and with a.

spectrophotometer (OD 600 nm) . Where necessai&; leucine

. 1’ 4
- N
N ~
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-G ' Table 7 (cont'd) '
,was omited from the YNBD media to maintain plasmid
selection, . . .
- . ! ' ‘ ! y Q
™
e :
\
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v

-



¢ : g -~
s,

Bty v

assay,tin the 4 strains showed that levels increased in a.
gene dosage dependent manner (table 7). |

When thymidylate synthase levels were determined
bfvthe radioactively labelied FAUMP binding assay, a
similar increase in activity was seen to occur in%response
to increased gene désage (fig. 10). The [6-3H]-FdUMP'

o

binding assay is based on the stoichiometric and covalent

binding of radiolabelled FAUMP with thymidylate synthase

and N5,Nl@methylenetetrahydrofolate. Crude cell extracts
from AH22, AH22-pTL1l, and AH22-pRS(cen3)47]1 were treated

with_[6-3H]-FdUM§ as described in materials and

_methods,” After ternary c¢omplex formation, 25 ng of total

protein was boiled in SDS and subsequently separated by
" ' \ .
SDS-polyacrylamide gel electrophoresis. The resultant

.

- 1
Coomassie blue stained gel and the subsequent
” .

autoradiograph are shown in figure 1@8. The results show

that in 25 ng of soluble yeast protein there is ‘an O

increased QFvél of [3H]-FdUMP binding capacity as the
\ i \ - "
dosage of the TMPl gene increased., Ln addition the

autoradiograph showed that the molecular weight of the

thymidylate synthase monomer is about 32,000, whic¢h agreed.

with previously published estimates (Bisson and Thorner
1981; Storms et al. 1984). )

In order to determine the levels of thymidylate

synthase with a variable number of chromosomal copies of

* the TMPl gene, diploids with 1 and 2 functional copies

69



FIGURE 10

[

-Gene @nsage dependent increase in [6-3H]-FdUMP

binding. Cell free extracts were prepared from samples of
exponentially grbving cultures of strains AH22,
AH22-pTL1,‘and AHZ?-pRS(cen3)47L. These extracts were
then treated with (663H]F-dUMP in the presence of .

- NS-Nld-methylentetrahydrofolate to allow ternary codplex

formation (Belfort et al. 1983). 25 ug of total soluble
B

——
——

',fﬁrbtein, from each extract, was then separated on a 12.5%

polyacrylamide gel. The ordering on the gel is, from left

’ L3

a
to right, AH22, AH22-pTL1l, and AH22-pRS (cef3)471l.

A, the coomassie blue stained gel

‘B, fluorogram of the gei@gftez 120 days of exposure at
-80%

Molecular weight scale (in thousands) is shown.

The experiment was repeaﬁe&ﬂmﬂnhr—

70 —~
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of the TMP1 gene werg'QQnstzucted.mStzain RS422 results
from mating haploid strains Agzz and LL2@ and has 2 copies
of the TMP1 gene; while straianS421 results from mating
haploid strains BB30-3 and LL2@ and has 1 functional copy
of the TMP1 gene. The complete genotypes as well as the
' method-used to construct the diploids are described in
materials'and methods., i

Expoﬁentially growing cultures of strains RS421
and RS422 were genetated to allow the determination of -
cell doubling times; In addition, cell samp}es-were'
‘harvested from both cultures to determine the steady state

, ‘
levels of thymidylate synthase per ml of culture and per

mg soluble protein: The generation times of the 2 diploid

!

strains are indistinguishable, but strain RS£22 has twice
v’ r 4 .

as much thymidylate synthase activity a ~does strain RS421
(taBle 8). These resultsmsquested that 50 % of thé wild
type diploid ievel of thymidylate synthase activity is
sufficient to supply enough‘dTMP to maint&in. normal Trate's

/

of DNA replication.

i
1 —

Is the excess thymidylate synthase activity

physiologically functional?

Yeas? cells are not normally permeable to
o b

phosphorylated compounds such as dTMP or FdUMP (Brendel

and Haynes 1972). Mutants (called tup ) have been

isolated"which are permeable to these cémpounds (Bisson

™~

72
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Table 8

, S Lo
. —— L, a
s . \\Jigguhx}ate-synthaSe activity in diploids?
-
) \ - . —

® .
l.' H - \ A,

;Q. . b 3 \——\"\ . .
Strain number of * generation TS activity

P4 R [

functional time (min)€  uu/mg  uu/ml
.. -

" IMP1 genes ,

)‘ © " -RS421 1. ‘ 162 6.2 6.96

-

RS422 -2 h ©", 168 . 14,9 2,06

, - .
_%samples were harvested from expopentially.growing

"

Co . ﬂ 70 Klett unxts) in Brij 35 rmeabxlized cell samplds
¢ »
Mff’, T Results shown here were similar to the results obtgﬁned

¢ ’

when the experlment was repeated a second t1me.

.
. " A
4 [} o

C 7/ D1p101d strains RS421 and RS422'were contrusted as

Y : de?er;bed in materla;s‘and methods. .

 .? ol Ccéneration'times‘wete determined by fol%owing /
increeses,in Eulturevturbity at OD 600 nm,

. - . N
. ' L ,
L . . Too.
+ N a

e . ’ cultures to determlne thym1dy1ate synthase levels Qer mg

of prote1n in cell frée extracts and per ml of cult&re (at

-d‘ll
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and .Thorndyr 1977). These tup mutants can Qré@ with

exogenoﬁ;ly supalied dTMP and are inhibited by FdUMP.‘The
\stOppage of DNA synthesis due to FAUMP in theée tup

;m@;$9t§ is‘beiievéd to be due to ifs inhibitory effect,on‘)
fth?mid&late synthase (Bisson and Thorser 1982). This is
partly beca;se exogenously supplied dTMP can §ﬁpport

growéh in the presence of FAUMP. 1t was therefore reasoned «

\

that yeast cells having increased levels of thymidylate

-t

®»synthase (i.e., due to plasmid pTL1l) would have an-
increased resistance to FAUMP. Strain BB3@-3 was used to

verify this was the case. This strain is leu2 ,

- + . <
tmpl , and tup , and therefore required
- . 1

exogenously supplied éTMP and leucine for groyth. Ip"
addition this strain can take up FAUMP. - ) ) '
BB30-3 was transfo:med’to leucine prototrobhy with
plasmids ;¥L1 (dlls copies/cellf.ané PRS (cen3)471 (1-2
copiés/cells.:;ransfotmants which could grow without
Leuéine were algo capable of growtﬁ‘in the absence of
ggogéqously suppl}ed.dTMP, suggesting'that the plasmid
So;n TMP1 }gedés wefé present agd fﬁnctioﬁal. 0.2 ml of“
freshly satgrated cpltu;ﬁé of bo;h BB3¢-3~-pTL1 ané
pB3G~3-pRS(cen3)47l\waé evenly spreaé/ggkp agar growth.
plates containihg 25 ml 'f minimal media (ZXJXNBDQ. 200 ui
of a 10 mg/ﬁi-solutiod‘of\EQPMP (4Gmﬁ) was él?ceQ»in the
wells cut }n the center of,the gﬁltes.‘Aftériipcubating
tﬁe)élates for 48 %éuréw the zone of growth and the zone

. i s
e

<
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-0f grthh iphibition were measured. The size of the zone
(; ) . of growth inhibition is a good indication of the FAUMP

resistance.of a strain. Such FdUMP well tests have been

previously used to measure the relative efficiency of

FAUMP uptake of the different classes of tup mutants

\ (Bisson and Thorner 1982). Strain BB30-3-pTL1 was not at
- : 1 affected by the concentration of FAUMP used, giving a .
' -
comp Q\f lawn of growth all the way to the edge of the )
r X
' ’ well Iﬁ\t\\iiast BB30 3-pRS(cen3)471 gave a central zone
of 1nh1b1t1on txtending out 2.,5.cm from the well, Thus it T
.\ ? Ay
_ can be concluded gﬁﬁt\igsiiﬁsed levels of thymidylate
) synthase resulted in increaséajresistance to FdUMP which
suggested -that the excess thymidylate synthase was ' )
b functional,
' .
] 4 .
L ' \ Q)
¢ ! .
— 2
L4
: R
. ' ' ’ ' v .
K . l[. ’
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t " DISCUSSION

2

SECTION 1l: Factors effecting the levels of thymidylate

-

L
S

In this work, levels of TMP1 gene product were
"followed during batch culgqré growth and during ma;ing‘\
phéromone induced Gl arrest. The major findings were: (1)
“levels of thymidylate synthase activity were much higher
in actively proliferating cells than ?n quiescent cells:or
?n & factor induced Gl arrested cells, (2) inactivation’bf
thymidylate synthase played a major.iole‘in determining
aczivipy levéls, and (3) the mechanism responsible for
(inacgivation of thymidylate synthaseldoes not efée;t the

«

bulk of cellular protein. ] -

Thymidylate synthase activity iL elevated in rapidly

proliferating cells and|feduced in-stationary phase cel}ls

Evidence has been presented to.éhow that

thymidylate synthase activity in log phase cells_isﬁaé

least Ewo orderé of magnitude highet'thany;eQels in, S

.

stationary phase cells (fig. 1 and table 3). Qheée results -
'ate in basic agreement with, the data oﬁtainqd for geveral .
higher gukaryoteALwhich showed that {hymidylate4synthasé'

levels were low in G@ (quiescent) cells but‘}ctivity

BT e _/"'a'

-



increa8¢d dramaticaily when g;owth resumed_(tevfewed in
Prescott 1976)wif was shown that inactivation of
thymidylate synthase activity played a major role in the.
oﬁsetved'deéreasg in yeasf cells (fig. 1l). This is in

e 3T6 cells, wheré

contrast to the situation in mouseg

-

thymidylate synthase was found to be more stable than the
‘bulk of cellular proteins (Jehn .et’al. 1985).

In mammalian cells, both thymidylate synthase and

— —

- thymidine kinase play important roles in theus§nthesis of
dTMP. Thymidylatg synthase is an igéortant enzyme in -de

novo ‘synthesis of ATMP while thymidine kinése plays an

I f .

.important role in>;he qelvage pathway of dTMP synthesis
4

berg 1980). In mouse  3T6 cells, thymidine

(reviewed in Ko

kinase was found to be unstable in  vivo (Johnson et ,

al. 1 52) while thymidflate synthase wd% extxemgyy stable .
(fMavalgund et al. 1980; Jehn et al. 1985a). The loss of
thymidylatér;ynthase acxiV;Ly asu};g phase yeast qpltureég//
entgred stapionary phgse (fig. 1) was similar to the
observed loss of ‘thymidine kfnase activity in mouse 3T6

. cells (Johnson et al. 1982). These rgsulté suggested that \\y~

,.:;/thYmidihe kihaée and thymidylate synﬁhasé maf be éﬁbjécted _ |

to similar post-translational. requlatory processes in the
\ N - ’

2 different cell types.’
" In contrast to the high stabjlfty of the
thymidylate synthase protein in mouse 376 cells (a

- ‘\
'\\ " half-life of around 25 hougf; Navalgund et al. 198@; Jenh
: ' .
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&€t al, 1985a), thym1dylate synthase ‘has been shown -to be
lost in a human gastrointestinal cell line with a halfi&9
life of around 6 hours (Washtien 1984). Therefofte the

relative degradation rates of thymidylate synthase appears

J

to vary in different cell types.

& :
' ®
Thymidylate synthase levels correlate with cell growth - ' -

~ ®

status
~Many enzym®tic activities have peen correlated

with overall growth rates. It has beeo shown that most
enzymatlc activities’ dlrectly 1nvolved in DNA synthesis Z;
1nc1ud1ng thymidylate synthase, DNA polymerase, thymidine
klnase, thymlgylate‘kxnas? are low in quiescent cells: and
efevated ip proliferating'ceils (reviewed in Prescott . -
1\76$ In yeast, Kay et al showed a close correlation f.“r
between th# levels of ornithine decarboxylase and growth
(Kay et al. 1980).’The specific act1v1ty was found to be
high,in growlng cells and low in non-proliferating cells.

¥ L . A

1though tke correlatlon was qulte good, it was shown 'to

\ C
be i?perfgct. when'stat1pnary phase cells Wwere placed in-
!ge§%fmedrg;mEHE"Beyinning of'DNQ synthesis'preceded an . o
inc'ease in ornithine‘decarboxylase activity by severaf*

:hours. fugthermo}e grow}h continuei woen or%}thine‘,

decarboxylase expression was repressed.

The results presented in this study showed that
' " l ’ ' .
g . e
thymidylate synthase activity is an excellent indicator o



the growth status of yeast cultures. Levels were ‘shown to

- be high in proliferating ceils'and decreased in quiescent

cells eventually reaching the lihits of detection (fig. 1

and table‘B). Ip'addition, thymidylate synthase levels
-}

'increased within 20 minutés (earliest sample point) of

resuspending stationary phase cells in fresh media (fig.
2A). The increase in thymidylate synthase preceded

detectable increases in total protein content by as much

' as 80 minutes (fig. 2B). Furthermore the increase in

2 - —

activity has also beeﬁ'ehown,to prec&de DNA'syhthesis as

determined by the appearance of small budded cells (fig.

2). Yeast cells which have stopped dividing in response to

4
3

the addition of Obfactor lost thymidylate éynthase

- actiVity even though total protein continued to increase

(fig.33). Finaliy thymidylate synthase levels ﬁncreased in

response to a decrgase in the cell doub11ng time (table 5 _

- and see below). It would therefore appear that t m1dy1ate
‘synthase levels are a reliable measure of the gxow h

,staghs of a yeast cultu:e. This point was further

strenghthened by the fact that thymxdylate synthase
wo oL f

act1v1ty was. shown to be absolutely essent1a1 for the

proliferat;on‘of wild type yeast cells gBisson and Thorner
L] 2 & . .

1977). - ¢ : L . . o

Thymidylate synthase is irreve}sibly inadkivated by a

. Belective mechanism

/_ N
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Three observations suggested thymidylate synthase -

was irreversibly inactivated,

(1) when stationary phase cells were stimulated to

grow by resuspension in fresh media, the rapid increase in
activity, whicﬁ reestablished log phase levels within four
hé&;s, is prevented by cycloheximide (fig. 2A). The:efore;
piotein synthesis is requirea for the increase in activity
following refeeding. ‘ .

(2) Miging extracts from statioqary phase eeils

having low levels of actibity and extracts from log phase

éel}s having high levels of activity resulted in additive

'levels of activity in the resultant mixtureé_itable 4), If

: . .
an activator or an inhibitor were involved and present in

I

one of the extracts, miﬁing should not have produced

additive levels of,aetivity.
(3) The bursts in thymidylate synthase

accumulation observed following >§f€edihg stationary phase

@

"cells and following release from O factor induced ‘G

arrest, coincide*with rapidaincreaseé in thymidylate

>

synthase mRNA (E. M Calmels, pers. comm. and see Storms et
al, 1984) Proport1onal1ty between levels of thym1dy1ate
syqthase mRNA and ;ftes of accumulatlon of thymidylate
synthase activxty suggested that the reappearance of

activity resulted from new synthesis.

The bulk of Yeast'proteins are degraded at the.

1 . ('Y




rate of 0.5 to 1% per hour in log phase cultures growing

on glucose (Lopez and Gacendo 1979). The degradation rate

- ” .
was shown €0 increase 2 to 3 fold during starvation (i.e.

stationary phase). During entry into stationary pha§e,
thymidylate synthase activity was lost at a fa§te: rate
than the rate of degradation 6f bulk protein (fig. 1); It
should be noted that the rate at which activityf"
disappeared provided a minimum estimate of the turnover
rate because it did not take.inéo consideration the
contribution of ongoing syntheéis. When the TMP1

I

promoter directed the”synthesis of a stable
]

B-galactosidase protein (fusion 535), synthesis continuéd

late during stationary phase (fig., 6) at a time when

--thymidylate synthase activity was decreasing (fig. 1).

t

Furthermore significant levels of thymidylate synthase

81

mRNA were shown to be present late during the growth cycle

(E.M, Calmels, pers. comm,) at a timé when thymidylate
sytithase activity was‘actually disappearing. It then
seemed likely that synthesis was continuing, although at a
reduced rate, éuggesting the turnover rate was
significantly greater than the rate measuréd. o
During nitrogen starvation, the turnover of bulk
‘yéast proteins was shown to be rg@uced by 608 to 75% in a
pepi-3 background (Jones 1983),.whiie the disappearance
of thym%dyyate synthase activity was unaffected in a

A

pep4-3 background (fig. 1). The pep4-3 mutation results

)'
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“
in a drématic reduction in the actiyigy ievels of several
vacuolar based hydrolases including the major proteases
(Jones 1983). witﬁ similar experiments to those reborted
here, Sumarada and Cooper have shown that]allophanaté .w‘
hydroiasé activity disappeared during entry into ,
stationary phase at about 3% petr hour (Sumarada and Cooper
1978) . The los; of\allophanéte hydrolasg activity was

thought to occur at the same rate as the rate loss of the’

s

bulk of cellular'broteins (3% per hour, see Lopez and
b

Gacendo 1979; qeviewed by Jones 1983). Under the same

conditions, the loss o6f Ehymidylate synthase activity

pccﬁted at a 3 fold'greate{ raﬁe (qpproxim;tély 10% per

hour,'see fig. 1).‘

I3

The demonstration that thymidylate synthase

-

/N

activity increased at a far gréater rate than total

P dyring refeediné?experiments (fig. 2) was further

evidence that thymidylate synthase activity was lost
during stationary phase at a f;r greater rate than total

. protein, ‘Finally, thymidylate synthase activity decreased
'during'okfactbr indﬁced Gl arrest (fig. 3) while the bulk
of‘pxotein synthesis continuéa unafﬁgcted (fig. 3; Thtoét
and Duntze 197¢). Taken together these results suggested
that inactiwation of thymidylate_§ynthasg occured by a

"selective process not effecting the bulk of yeast protein.

L]
4 . -

Thymidylate synthase levels increased in resgpnse'to an

-~ .
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increase in the growth rate

'There is an excellent negative correlation (r=
-0.998) between the cell dombling time and thymidylate
syﬁthase.leQels iﬂ yeast (table 5). These results are in
contrast to the results obtained by Bisson and Thorner who
noted no apparent differences in thymidylate synthések
levels in yeast cells grown‘in rich and minimal media
“(Bisson and Thorner 1977).. Such a growth rate dependance
has previously{been found for certain cellular |
constitﬁent§>éuch as ribosomes. In yeast, the regulated

synthesis of the defefent ribosomal-proteins arnd

‘ ribosomal-RNAs has been shown to-account for the growtﬁ

rate depené?ét accumulation of ribosomes (revigwed‘in
Warner 1982).‘
\o - To explain the growth rate dependance of
thymidylate synthase activity, I would like tq‘propose the
folldwing model. Control of cell division in '

Saccharomyces cerevisae occurs within the Gl portion of

the cell cycle¢.-at a step defined as “"start" (Hartwell

1974). Completion of the event called “start“‘hecessﬁtates‘

the completiqn of the cell cycle. Therefore prior to the
y .

completion of "start" the cell monitors its envfionment to

determlne whether suxtable condxtions exist to undertake
cell division. Nutrxtionally limited (1 e. stat1onary

phase) and factor arrested cells staop cell division in

" late Gl "just ptior to the complet1on of start. ‘When the

83
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generaé%ﬁﬁ/iime éf.a eukér;sté is increased, the
percentage and the amount of .time spent in the G}/G@ éhase
of the éell cycle increases, while the amount o; tiﬁé
épent in the other cell cycle stages reméins constant
(reviewed in Pardee et al. 1978). Elqngation of the Gl
portion of the cell cycle does not include the small

portion of late Gl which exists after "start". Therefore

N

like S, G2, and M, the time spent in the Gl portion past -

start remains constant (reviewed in Pringle and Hartwell

1981). Thymidylate synthase synthesis occurs primarily in

a short time interval Just after the completion of "start"
(Storms et al. 1984)., In addition, there is a net loss of .
thymidylate synthase'actiQity in cells arrestéd just prior

~ to "start" due to entry into stationary phase or to

‘oefécpor induced Gl arrest (fig. 3). Therefore as grbwth‘

rates decrease, the period of thymidylate. synthase-

.

synthesis remains constant while the period of net

thymidylate .synthase loss increases. This may account for

.the decrease in thymidylate synthase 1évels observed with

B

increasingly slower growth rates.

~



..expressed from the largest fusion gene was at ledst 20

' SECTION 2: Genetic approach

\ X

Expression, in yeast, of a series of fusions

involving the yeast TMPl1 gene and the E. coli lacz
structural gene, was studied. The 4 fusion genes encoded

fusion proteins containing a constant portion of

A

. B-galactosidase (the last 1@15 amino acids of the 1023

amino ac;d protein) "and an increasingly larger portion of
the N-terminus of thymidylate syntha;e (L3, 97, 11i@, or
190 amino acids). -

Measurements of the steady state levels of
pfgalactosidagé showed that activity levels inci2ased in -
response to increasing amountg of TMP1 ‘structurai
information in the fusion (table §), The activity’lbjels
times h1gher than the levels expressed from the smallest
fus1on gene., No satisfactory explanation has yet to be \
found whlch would account for the observed differences in
PB-galactosidase activity ohta1ned with the d1Tferent TMPl

L /
- lacZz fusions. All fusion genesvexpressed\ .

\ Al

. B-galactosidase activ;ty from.an identical portion of the

TMP1l gene, therﬁby ruling  out possible differences in

A,

. \ \
promoter strength. It is possible that the 4 fusion genes
1

!

: ¢
ptoduced identical amounts of fusion protein but the

increasing amounts of thy; idylate syntha#e at the
' |

.- \1 + !
. ’ » \‘ .\ * . :
\
i \ . e
. \ v
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N-terminus renders the p-galactosidasé protein more
~ 7

effective "at cleaving the synthetic substrate ONPG. This

possibilitx/is unTikely considering the resblts obtained

by other in&estigators. Fowlin and Zabin have purified-
, o " '

oA

differgnt hybrid fusion protéins involving p-galaétqsidase
and a variety of E. coli proteins (Fowler and zabin
'1983). They determined ‘that removal of 14 N-terminal amino
acids or the addition of greéterwihan 3¢9 émino acids to -
the NL;erm}nus of B-galactosidase does not greatly a}ter

its specific.,activity (U/mg of purified B-galactosidase
protein).

Many grodps have reported on the cowstruction and

fusion genes invelving

* .

the characterization of a series of

h of lacz and increasing amounts of a

yeast structural /gene (see below). Emr et al. have fused

]

a constant portio

rl

variable portioné of S8SUC2 structural gene to lacZz (Emr
et al, 1984). These fusion genes encoded B-galactosidase

‘fusion proteins with 65 to 515 SuC2 N-tetminql amino

v

acids. ‘Antibody studies\suggested that all proteins are
: / : »
- synthesized in equal amounts. In addition, the .

£y,
Lan

‘ . . Sl b, e " ) K P} .
‘p-galagtosxdase spec1f%§$pct1%1ty of ghg.fusign proteins

was decreaéed]only in ‘the 2 largest fusions ‘cohtaining 495.

v {

» ‘ ’ [
~and 515 N-terminal SUC&‘ amino.acids. Up to 400"

A

- ' \

N-terminal SUC2 amino acids were fused to

-0

pB-galactosidase without® affecting its specific activity.,

. At least; 4 other similar sets of fusions have .been

'\
/
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\reported in the lxtetature. These fusxons 1kvolved a

L4

bonstant portlon of lacz and increasing amounts of 4

different yeast gemes including R-PROTEIN L3 (Moreland et

A

al. 1985),- R-PROTEIN S51A (Gritz et al. 1985) and the
' S

regulatory Broteins ALPHA 2 (Hall et al. 1984), and GAL

4 (Silver et al. 1984), B-galactosidase levels ofjthe
different fusions were found to decrease or remain the same
with increasingly larger portions of the N-terminal of tne
yeast proteins. Detrimentgi physio}ogical effects of excess
amounts of the larger fusion proteins,gwhich‘reigined some

function of thé native yeast.protein, probably accounted -

for any observed decreases.

IS

.
X3 *

wCharacterization of the mechanism responsible for the in

vivo loss of;B-galactosddase éctivigy

The loss of enzymatic activity has been shown occur - -

in 2 ways. The flrst involves degradatlon of the protein
and results in irreversible 1nact1vatxon/and loss. of .

antigen. The second 1nvolves covalent modxfxcatxons (1 e.

7

phosphorylation) and nges rise to a rever51ble

[S

' inactivation with n6 loss of antigen. Emr. et al, have

B}

. ' . . L
constructed a series'of SUC2 - lacZz fusions cqntaining 65

to 535 N- term1na1 amxno acids of SUC2 .(er et al, 1984). -

The 1nvertase B- galactosidase protexn fusions were found to

/

be highly stable in'yeast. Furthermore, there was . no

- apperent inactivation of B-galactosidase activity by ’

=}

t

RN
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‘extremely stable, with no detectablerloss of actjvity five

covalent modxficatlons sxnce;grgalact031dase ahtigen
levels were found ‘to be proportlonal to act1v1ty levyels.
Results such as these suggested that there is no iqherent
reason for yeast cells to degrade or 1nact1vate RN

y

B- galactbsxdasa fu510n proteins.

4

-

-

The thymidylate synthase B-galactosidase fusion
. ) \

&

t . o o
'‘proteins containing the first 97 (fusion 757) or 114

>

(fusion 269) N«terminal amino acids of thymidylate
synthase have been shown:to be extremely unstable,
p-galastosiéase activity of the fusion proteins 269 ané
757 decayedlwith a, 40 minute half life after the addition
of cycloheximide to'a log phase celture (figs. 8.and 9).
In contrast,. the fusibnlproteln containing the.fitst 13

N-terminal amino acids of thymidylate synthase (535) was

@

hours after the addition of cycloheximide (fig; 8D).

. B-galactosidase encoded by the control fusion (760-xyp3),

which contained no thymidylate sjbthase amino acids, was

also extremely stable (fig. 8E). Therefore, the first 110 .
amino acids of thYmidylatebginthase targeted the large.
B-galactosidase protein (1015-alino ‘acids) for

inactivation.

THe process by which p-gajactosidase activity of

'pfotein fusion 269 was. lost resembled protequsis”bécause,

the loss of 269 p-galactasrdase act1v1ty was completely

dependent bn adequate levels of energy. Inh1b1tors of

88
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energy metab&lism have been shown té.blo;k géngnai profé;n
de@radqtipnlgLopez ana Gacendo i979; reviewed i; Goldberg

and St John 197&). The results presented in figure 9

showed that cyanide completély blocked the loss of - ‘e
p-galacgbsidase activity of fusion 269 which nér@ally

occurs f;ilowing the addition of dyclbhéximide to & igg

phése culture. De novo protein synthesis was required

to rega}h 269 B;galactosidase activity lost during -

o&factor‘arres; and during the transition from ldg phase

.

to stationary phase. This suggested that the loss of -269

B-galactosidase activity ocqhied by an‘irreversible:
. N
process. These results are consistent with the notion that
.. . / ‘

@

B-galactosidase activity was lost because of ‘proteolytic

.
L4

inactivation,
The N-terminal amino acids of thymidylate synthase
N L ' . !
were necessafy for the synthesis of the different

B-galactosidase fusion proteins. This is because there is

i
1

° { . .
no translational start site within the last :1015 amino °°

!

.. \ < . . . -
acids of the p-galactosidase protein ‘(portion of protein
used in the fusidns). In the fusions, the ATG was gupplied
by the TMP1l géhe.‘Once the fusion protein has been made,

the N-terminal amino acids of thymidylate synthasg were
, * o . h'd

v . . L. K !
not required for p-galactosidase activity since the . .«

tguncatedjBfgalactoéidase'protein retained full enzymatic

‘agtivity (Fowler and Zabin 1983). Therefore a.single

§ prpteblitic cut  in 'the thymidylate synthase portion of

f
~ i . .

¢



%

v
fusion protein 269 will not suffice to cause loss of
p-gaiéctosidase activity. It has been shown that an

ALPHA2 - lacZz fusion was subjected to pioteo;ysis in

b

yeast (ﬁohnson and Herskowitch 1985). A single proteolytic
cut has been shown to occur in.the. ALPHA2 protein
portion without effecting p-galactosidaif actfvity. 1t
therefore appears that ‘the thymidylgté synthase
“inéctiyation signal” must therefore affect sequgnces‘

which are removed from itself. ¥ suggest that a 5

fhymiéylate sYnthase "inacti&ation signal" can tafget the
whole protein for 1rrevers1bh§ inactivation,

’ The first 63 amiho acxds of ribosomal prote1n 51A .

,,,,,

(Gritz et al, 1985) and the flrst 110 am;no ac1ds of
. thymidylate synthase (this study) have been shown to be
sufficient to target the stable B-galactosidase protein

A}

for rapid inactivatidn‘in yeast. It therefore seems that

fusions between yeést gene; and the g;‘ coli lacz %
structural geﬁe yil} serve as po&en;ul toolikin thg seaxch
for the mechanisms involved in selective protein‘
‘degradation. ‘

Two different experimentél approaches can now b%vg
used to further charaéterize the "degradation" process. >
'The’first involves antibody studies . Antiboaies directed

aga1nst p galactosidase (com erc1ally ava11ab1e) can be

used to follow the fate of th p-galactos1dase protein

during the observed loss@s in activity. A close parallel
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between the loss of B-galactosidase activity and of
B-galactosidase antigen would sprongly“suggest proteolytic

inactivation (reviewed in Jones 1983). The.second inyolves

a search for mutants. Mutant cells that cannot "degrade"

. 269 B-galactosidase activity couié be obtained. The

selection procedure would be based on the fact that 269

s §

B-galactosidase dctivity was rapidly lost during the
transition fromllog phase growth'to étaqibnéry phasé,(fig. .
6). B-galactosidase activity would be measured in single
coionies ]plate-assa;f. The presence of P-galactésidase
activity in old (stationary phase) colpnies will indiéate

a failure to recognize and or'“degrade" the fusion protein
(these cells may be inviable, therefore it may bg

necessary to search for taaperature:sensitive mutants) ,

The availability of such mutadts‘may allow the.

“""degradation" process to be characterized. Furthermore,

the .isolation of1§uch mutants would allow the cloning and

-

characterization of genes involved in tbe process.
Finally, experiments could be performed: which would allow"

the determination of the minimum number of thymidylate

i

synthase amino acid residues required for ithe

"inactivation signal". This may begacc06plished bx in
iiﬁﬁé' DNA manipulatio;s (i.e. Bél(Bl generated éeléfigns)
or by in vitto or in vivo mutagenesis of the.fusidﬁ,
gene followed by sequencing tﬁe geﬁéE pzodupiné staéle

hybrid proteinsf.

/
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Did Ehe'instabiiity of thymidylete synthasedb-galactosidase

fueien4ptoteins mimic the instability of thymidylate

synthase? . - . ,
,The instabflity of the 2 largest fusion proteins
‘(2641 and 269) mimicked the inetability of thymidylate
syqthase when log. phase yeast:chltuzee entered stationary
phase (compa}e ?igﬁ l.with fig. 6), during o&factor'induced

Gl arrest (compare fig. 3 ‘with fig. 7), and-following S'

4

period in synchronous cultures (R.W. Ord et al,, manuécripto

in preparation). Peculiarities arose when we. compared the
,relat1Ve stabilities of, the d1fferent fus1on protexns among
themselves and to thymxdylape synthase itself following the
addition of cycloheximide to log phese cultures. Numerous
attempts were- made, hsing cycloheximide,uto determine the
exact half-life ef thymidylate synthase activity.'ﬁt least
3 experiments showed that thymidylate synthaée activity
ldecayed with a half lee of about 6¢ minutes in log phase
cells. In conﬁrast a greater: number of experiments showed
. random fluctuatxons in the levels of thymxdylate synthase
following the add1tlon of cyclohexlmxde to log phase
celtures.’The addition'of cycloheximide to the assay

—

mixture did not effect the in vitro determination of

thyﬁidylate synthase activity which suggested that the drug .

did not directly effect the enzyme assay. I have yet to
figure'out this strange_pgsﬂgmenology. Cycloheximide may

weéll be affecting the in vivo inactivation of,



f /
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thymidylate synthése; To get azzund this pdssibiliﬁ  the
se may best be desl ) d by

half life of thymldylate syni?

‘ blocking prote1n syntheslis with agents other thanﬁhu ‘

cycloheximide: Possibilitie /1nc1ude the antiblotlc »
trxchodermln and temperatufre sensit1ve yeast mutants wh1ch
are defeétive in protein ynthe51s at the restrictive

temperature. No such problems arose when B-galactosidase

Jf"dgzzivity was followed gubsequent to the addition of .

cycloheximide to log phase cultures (fig. 8 and 9),
Therefore until the xapt'half life of fhymidylate gynéhase
can be detgimined e cannot rule out the ppssiSirity £hat
,the Qtab?lity of hymidylate synthase B-galactosidase
hybrids is different thSﬁ tHat of thymidylate synthase

itself,

Long husions were all unstable. However, the
longest fusijon (264i, containing léarthymidyiate‘synthase
‘amlno aczd ) was about twice as stable as the fusions
containing 97 (fusion 757).0r 1160 (fusxon 269) thymidylate
synthagﬁ amino acids (compare fig. 8A with 8B or 8C). Oqe
~kpossi?4e gﬁplanbtion for the obse:ve.d'differenc':es.inT
stabAlity is that the amino acids‘between 116 and "190 -are
capablie of m;dulating or controlling the "iQaEtiv;tion.
séénal" found on the.firsq 97 N-Fe;minal amiéo acids of
thymidylate synthase. theﬂconstruétion of a hybrid pfoﬁein:

L ’ . -
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contairing the whole thymidylate synthase protein (270 e

amino acids) is now in' progress. Such a fus1on may exactly

a
mimic the instability of thymldylate synthase.-,

N Inhrbitlng prote1n synthesls and then following .

the 108s of enzymatic activity is the easiest and most

-

éonvénient_wa& of detetmining decay rateslor'half-lives of

a

diffdtentlpxoteins. It should be noted that the inhibition:

of protein'synthesis’ has been shown to result in a'2 fold
stimu;ation of generalizedrproteolysis in igg phase yeast

cultures (Betz 1976). A more accurate method of

K

determining the half life of any protein is with the use

11

‘of specific antibodies. A culture is unlformly"rabelled

" with a radioactively labelled amino acid (i.e, leucine)

and antibodies are used to deterrine the amount of
\ , . ®

radioactivity in any given protein at time .intervals

following a chase with excess amounts of cold leucine.

[
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SECTION 3: Levels of thymidylate synthase in respdnse to

[} )

alterations in the dosage of the TMPl gene
?®

‘ < 4 . .~ ‘
The maintenance of extra copies of most genes, in

yeast, results in._an a éene dosage depeédent increase in
the gene product (as an example see Baker et al. 1984). In
contrast, very few protelns have been ﬁxpwn to re m in at-

constant levels in the face of an 1ncrease in gene dosage.

LA Y
’

4

_These include genes encodxng ribosomal proteins (wWarner et
al, 1985;‘Abovfch et al. 1985) and histdne 2A and 2B
(0sley and Hereford 1981). The mechanism for dosage
compengation of yéast histone gene products functions

[ ] .
properly in the face of 1 extra copy of either _Histone 2A

or 2B . The introduction of either histone gene on

muMticopy plasmids results in cell death }b.H. Hartwell,
. /

o 12N

personal communication). . . ’ ’

]

[
v 4

Excess. thymidylate synthase is nodlcytotoxic
Yeast cells did not compensate for extra copies of

the TMP1 Qene. Levels of thymidylate synthase were .
elevated in a gene dosage dependent manner with a small or
1 ‘¢ [

a large increase in: TMP1 copy numbe{ (see table 6).

simjlarly, thymidylate synthase levels have been shown to

f

.ihcrease by as much as. fifty fold in resporise to a fifty
® - .
fold increase in the thymidylate synthase gene copy number



in mouse 3%9 cells (Jenh et al, 1985b), The .reported
1 a o
" overproduction of thymid;}aﬁe synthase in a mouse 3T6 cell

o

+ line is due ‘to gene .amplification of the.dhromdsoméi
th&mfdylate synthase gene aﬁd th; overpro&ucihg cgll line
was selected for by its intreased resistance to EdQMPf It
is not known if th; whole thymidylate sjnthase‘gene, or

B just certain parts therebf,:have been amplifiedaﬁ%he

' synthesis of the excess thymidylate synthase was still
nunder cell cxgle control which suggested that the
émélified genés retained theitx regulatory sefuenceés {[Jenh
et al. 1985a). On the other hand, the cell liné which -
contained the'amplifiég TMP1 genes maintained a
considerably higher basal lével of thymidylate synthase.

) Therefore the possibility existed that certain regulatory
‘sequences are lacking {n the amplified geneé. In addition,
the high copy ﬁumber of TMP1 'gene§ (agout 50) maf lead

to the breakdown of a regulatory mechanism cap&ble of (
compensating for small }ncreasés in'gene dosage.

o 'Ilhave appargng; used the whole TMPl gene to
cause a loQ and a high increase in the TMPl copy number

-~ in yeast (see table 6). The results showed that the iﬂg&
gene contained no regulatory mechanism to compensate for
the presence of extra copies. Furthermore it was showh
that increased levels of thymidylate synthase did not

.affect the generation times flrable 6) which sugges.ted that

. increased acti}ity is not detrimenta?P to the cell,.

L 4
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1t ‘is surprising that.yeast did not control the
absolute level of ;hymiéblate synthasg éince the product
of {ts reaction, dTMP, is—toxic (Toper .et al, 1981:
Barclay and Little 1981). Since thymidylgte synthase is
not subjected té alloséerié control (Kornberg 1986), the
gene désage\dependehz increase in ‘thymidylate synthase
éctivify canhot be limited Sy end-product inhibition, ‘

.Tﬁege aré at least 2 possible egpiénations which
can qdequ;tely gxplain.why exceés\%hymidylate synthése_
activ{ty;was apéa}qntly non-toxic, It could be that a 10
fold incre¥ ":the cellular level éf dTMP is nét high
:,enough to be detrimental. The second and more likely
possibilify_is that thymidylate syntﬁasé isunot the

. N
control point or thé only control point for the production

—

97 .

of 4TMP. Tﬁere_exist several published reports supporting "’

the second possibility. Neuhard et al. have looked at

thymidyiaté synthase in Bacillus subtilis (Neuhard et
al; 1978);rT£ey obtained a.mutant which had only 8% of thé
 wild type.level of éhymidyiate synthése. These mutants
qre& no;hally anﬁ:contained wild type levels of

intracellular dTTP. In contrast, \the duMP poolslwere iow:

“in wild type éells and ten fold higher in the mutants, .
- These resulfs suggested that the availability of -dUMP, and
not the levels of thymidylate synthase (which ére ngrm;ily‘

in excess) actually cegntrol. the production of 4TTP.

,Sinﬁlff coﬁclugions were reached by Jackson (Jackson 1978)

-

-~
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who looked at deoxyribonucléotide pools in 'a rat hepatoma

cell line., He and others have suggested thet drTP
allosterically inhibi;s the production of dUMP Sy éeedback
ianbition on ribonucleotlde reductase and thereby 11m1t1ng
the ava1lab111ty of dUMP (rev1ewed in Kornberg 1980) . Such
a mechanism would requlre,adequate levels of thymidylate

synthase but it would not>ﬁe effected by excessively high
. . _ s

levels/of thymidylate:synthase. ' SO

Considering the above .arguments, it is somewhat

strange that eukaryotic cells would have evolvéd strong

regulatory mechanisms capable of controlling the cellular
‘ﬂ'

levels of'ébymidyiete synthase. Increased thymidylate
. 'synthase activity levels were shown to be confined to the *
late Gl and'early's phases of the cell cycle-in a number of
different eukatyotlc cely types 1nclud1ng mouse 3T6 cells

1983), and

s

(Navalgund et a1, 1980), algae (Bachmann et al.

yeast (Storms et al. 1984). In add1t1on, post-translational

?nactivatipn of thymidylate synthaselgctiQity played :a
major role in govennfng'thymidylate synthase levels in

yeast. This is especially apparent in stat1onary phase

.

cells (f1g. 1) and in Gl arrested cells (f1g. 3).

N -

Identif1cat1on of two dxfferently s1zed thymidylate ke

°

synthase protein? ‘

The gene dosage dependent increase in thymidyla@e

Rl



synthase levels observed with the 3H releas assay was

also confirmed with the[6-) H] “FAuMP t chnique.\The '

Y

_Coomassie blue staxned gel and, the resulting
autoradiograph (fig. 10) showed that a 32000 MW protexn
species was respons;ble for the bulk of 3H FduMP
<inding and probably represents the nat1ve thymxdyJate
synthase.monomer since its size agreed with prev1ously ‘

publ1shed reports - (B1sson and Thorner 1981;'. Stortis et al,

] « ’

1984). In add1t1qn, the autprad1ograph revealed a second

3H-’-FdUMP band. This second band was present at a small

* fraction o;&the putative th§midylate synthase band. In

fact, it was undetectable in the untransformed strain, and
=14
1t was more abundant w1th 1ncreasxng gene dosage.

Furthermore since the band was larger (MW 3600@) than the

.

major species‘(Mw 32000) it was not simply a degradation ~f

+ L]
-

product. Ubiquitin .is a 76~amuno acid polypeptxde wh1ch

"covalently attaches to ‘proteins and targets them for '
.degradation (rev1ewed 1n‘C1ench;anover)et.a1. 1984), It is
poasible that the minor species of 3HFdUMP represents
an;intermedfate in the ?inactivation“ of thymidylate.
synthase (i.e. ubiqqitinated thymfd&late synthase)f

- -
\ -

14

Thymidylate synthase levels in diploid yeast cells

) M l K
Diploid yeast strains containing 1 or 2 copies of
. . .
the 'TMPl' gene were constructed by mating the appropriate

haploid'cells. Measyrements of thfmidylate“synthase
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activity in.these diploids showed  that chromosomal copies
of the TMPl gene are expreseed in a gene dosage |
dependeht manner (table 7):’These.resu1te are in contrast
to a previously published report.which observed no
apparent gene dosage effect on the levels of thymidylate;
synthase in d1p101d yeast stralns (Bisson and Thorner
1977) Mast_structural genes in d}ploid yaast cells. kghd¢
'1n most other eukaryotes) show similar gene dbeage
dependent \ncreases. - ] . a ’

' The results preseﬁ%ed in table 7, showed that a
Ay

TMPZ/tmE d1p101d grew as fast as a TMP1/TMPl diploid _ -«

even though thym1dy1ate synthase levels were decreased by
50%. This: suggested that yeast cells have at least tw1ce

~as much thymidylate synthase” as was actually required to

maintain the growth rates obse;ved under. the conditions
E‘- ,0 N
used here. {;‘shbu . be noted that the measurements of"

-

‘“thymidylate synthase’ activity and growth rates were
Y !

determined for growth on minimdl media (2x YNBD). It would
{

* be interesting to determine if the TMPl/tmpl diploid can.

~

» » (" - ' * ° ' ¥

. meintaia maximal growth rates in a richer media’'when the

generation”tfme is. considerably reduced (table 5). Many .

. . . . " ‘ . oy .
organism maintained maximal growth rates with lower than

!

,é wild type levéls of thj%idylate synthase under growth

"conditions where thymldylate synthase was the sole source
of dTMP (i.e. no exogenously supplxed thym1ne). The list

includes ' Bacillus subtilis (8% of wild type levels;

’

$ = ‘ -
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Neuhard et al. 1978), a cdltured mouse cell line (about

1 »

15% of wild type levels,‘Ayuéawa et al. 1981), cultured

chinese hamster cells (50% of wild type'levéls; Li and Chu .

1984), and E. coli (approximatively 5% of wild type

N - LY
levels; Belfort and Pedersen-Lane 1984). ~
' . . '
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