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CDC4 mediated event of, the cell cycle..
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The Cell Cycle Stage and Batch Culture- Stade Dependent
» Expression of the Thymidylate Synthase Gene (TM 1) in .
Saccharomyces cerevisiae

Evelyne M, Calmels
. BN
I invéstigated the cell cycle stage and batch
culture stage dependent expression of the’ ZQEL éene. ﬂpe
levels of Iﬂgl—”hﬁNA were monitored at\differ%&}fgtages

of the cell cycle and at |the different stages of batch

. culture growth The major findings were:: ‘ . ,

)

1) The levels of TMP1l mRNA were low in cells,

subjetted -to nutr1ent 11m1tat10n (a statxonary phase
condition) or exposed to the pheromone alpha-factor (Gl -

arrest). ) . .

2) The periodic increase of TMPl mRNA levels

: 0 , o
 orcured early after the execution of "START" prior to the

J\’.W
V'

3) The induction of TMPl transcription in cultures

’ ' 3
s

releaged from stationary phase dld ot require. de novo

proteiln synthesis.

4) An increase in the 'TMPl ' gene dosage resulted in

»

a broportionaf increase in TMP1 mRNA levels; therefore

yeast did not compensate for extfa copies of the TMP1
- Ll

gene at the transcriptional level. . s -

»
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IN?RODUCTION

AN

L ) -

In ;-Sa¢charomyces cerevisiae the. TMPl ° gene

(Tayior et aL.,1982)~encodes thé enzyme thymidylate
synthase (T.S.) (EC 2.1.1.45). T.S. catalyzes the
reductive methylatién of depxy@ridylic'acid to form
thymidylic acid. The TMPl1 gene product ;atquzes the
only de novo pathway of’dTMP.biosyntpesis ?n yeésta
éérturbatigns of yeast intracellular pools of dTMP lead to
eiéhex thymidineless deatp (Toper et al.,198l), or
thymidylate. excess death‘(Barclay et al.,1978). These
observations suggesé that the, expression of the gﬁgg
gene must be preéisely 5eguiated in order to maintain non
1eth?1 intracellular levels of dTMP. Previous studies have
demonstrated that the levels of TMP1 mRNA‘fluctugté in a
cell cycle-dependent fashion (Sgorms et al.,1984). Eﬂgi
mRNA levels are maximal in late Gl near Fhe beginning 3f

DNA synthesis (S phase). v -

Regulatory mecﬂanism(s)nwhich control the periodic/z/f
ific

expression of eukaryotic genes encoding S phase spe
¢, } ) 'l -

_gzoteins. o ’ . .

. The cellicycle st;§e dependeﬁt expression of genes |
encoding proteins required for.chromatin replication has
been observed in a varrety—ofiéukéryo@ic cells. These
’petiodically expressed genes include: the - mouse cell 1line

’



* * \ S -

3T6 dihydrqfolate reductase (PH%R) (Farnham et al,,1985),
'the~human, mouse, end yeast histones (reviewed by
Schhmperli 1986), and the.mouse ceil line 3T6 thymidylgt;-
synthase and thymidine kinase (Navalgund é} al.,1980). The

mRNA leVels encoded by all "these genes pe:xodically
£ ) . \

increase near the onset of S phase.ﬁ ' +

~

The following examples illustrate some'of the

o

“regulatory mechanisms postulated to control the peﬁiodic

expressxon of eukaryotic genes.whose peructs are required

o

“for chromosoJL repllcatxon. V1rtua11y all these studies

7

suggest that the perxodxc 1ndpct10n of these genes is
iniéially controlled by a mechanism which quulafee the

rate of RQANtranscsztion in a cell-cycle stage dependent

.\

-«

. manner .
Jin-Shyun et al.,(1982) showed that the expression o

of the DHFR gene in the mouse cell line 3T6, is primarily
regulaéed‘at the level of t}ansciiption..The increase in,

4

the levels of DHFR mRNA at the onset of S phase, ie due *
to a proporfi:;éi,increase in the ‘rate of transcripti=on.

Several Yother studies have shown that the

mechanism(sf which regulate(s) the periodic expression of: .

]

proteins involved in chromatin’ replication include both
transcriptional and postttanscrlptlonal events. Often,

posttranscrxptlonal events play 1mportant roles in®

tegulatxng perxodlc expressxon. The following fxndxngs

will illustrate tegulatory mechanbsms which ope:ate mainly

i

“ .~




at ;hé posttranscriptiqnal levgf,
' Lucher et al. (1985) . howed that‘posttranscriptional
control plays an 1mportanz role in the regulatxon of
histone 4 ( H4 ) in mouse’cells..They found that mouse \\
hissone H4 mRNA levels in exponentxally\gr%yxng cells
are 126 times higher than the levels found in Gl arrested
mouse cells. Furtherpore, they demonstrated that thé rate //
of H4 RNA synthesis only rncreases by a-factor of 3 in
exponentially growing cells as compared to quiescent
cells. This. sugges%.k§hat H4 mRNA levels are prxmarxly
regulated by a posttranscr1ptxonal mechan1sdr\To show that
a posttranscrxpt}onal mechanism played a, ma]or role 1n the
-regulation of the mouse H4 gene, they studied the
expressidn of a hyﬁrid gene containing tde eariy promoter
\of SV4@ (a proﬁoter eonstitutively expressed throughout
., the cell cycle) fused to the 3' terminallhalf'o} the mouse
H4 gene. Their results revealed that the hybrid SV4Q@-H4

k)

gene is cell cycle regulated in mouse cells. ‘
. In addltlon, they demonstrated that the 3' end of the
H4 message is the target for the posttranscriptional

regulatory mechanism, 0rf§¥nLlly,‘the SV40 promoter was

‘fused to the structural_portion of the. E.coli gélK.
gene. The 3' terminal half of the H4 gene was inserted
between.the Svhﬂ'promoter and the galK gene. Any
transcript escaping Eﬁe histone'specific termination site

wirl'giverrise to a SV40- H4 , initiated galK mRNA., A .



small proportion of the SV40-H4 ipitiated transcripts
terminated at the galkK termination site. The levels of
these messages, in contrast to those ypiéh termina;e at
the H4 termiunation site, are congtant throughout the
cell cy;le:‘Tbese results suggest i)‘that the'
posttrancripéional méchanism which regulates‘ gi;.gehe
express&on is sufficient ioiconfet periodicity to the
SV40-H4 hybrid gene, ii) that the integrity of the H4
mRNA 3' end is required for posttranscriptional N i
regulaﬁion: ' ' . BN
Similar studies (éoés/et‘al.,1986) on the regulatibn .
of the human histone ' H4 . demonstrated thét the 3' end of
tﬁe H4 mRNA is thé target for a posttranscriptional
regulatory mechanism. They shéwed that the rapid decay of

\:\

H4 mRNA, observed when DﬁA,syn;hesis is blocked, is

Y , .
associated with an increased rate of degradatijon of the,

message. This degradation proceeds from the 3] towards the
/ . 1y

5' end. Together, :these results suggest that the periodic

J k%

’ ~

increase of both mouse and human H4 - mRNA i
predominently due to posttranscriptional regulation which

involves the 3"terminus of the mRNA.

Jenh et al. (1985) have also shown that the S' phase

| /
specific increase of thymidylate synthase/ (T.S.) mRNA, in

i

the mouse cell line 3T6, could not be ex lained solely by
an increase in the rate of'transctipti:/ of tHe T.S. gene

at the onset of S phase. Their findings revealed that the
/

/




. r . ‘
| total T.S. mRNA population is composed of a stable
i A

& thﬁh* species and a 1e§§ stable polyA~ species. .
.They showed that 70% of the'T.S.;message is polyadeAylated
in S phase bel{s. In contrast, in guiescent célls, which

ha;; low levels of T.S. message, only 30% of the‘T.S.
message‘is polyadenylated. They postulate that
differential polyadenylation 6f’T.S. mRNA duripg the “
Eell—cycle could be the major mechaniém regulating the
pgriodié levels of T.S. mRNA in the mouse cell line 3T6. .
This mechanism would increase the T.S. QRNA levels at the

’

onset of S phase by increasing tbe*proportion of the

L3

-

stablé polyA+ species in the population,
| - The molecular mechanisms regulating periodic
expression, have.been investigated ' in many‘studies. Some
of tﬁese studies present evidence supporting the periodic
. synthesis or activation of a %faEtor" which induces RNA
transcription. fNeintz et al.(l984f showed that S phase |

-

nuclear extracts from human cell lines contain a \

" —

trans;acting "Yactor" that activates ‘the transcription of

the human H4 gene (using an in vitro systemi.

Furthermore, recent studies (Capasso et al.,1985) Hhave

revealed that- the trans-;cting S phase "f;ctor" is

*  specific in 'vivo . They found that the presence of many
copies of the H4 gene apparently sequesters a limiting

.o "factor"™ which is required for the induction of H4°

¢ transcription, This "factor" is specific for H4

"

4

N
} N - N .
- . , ’_/—-\ »
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indﬁc;ion,'since the periodic tfanscription of other human
‘ . . i ) X
hif}bhe genes is not affected by tbé excess copiés of the

]

H4 gene, - )
/’ . .
Similarly, investigations of Tjé\\and thymidine

kinase (T.K.) gene expression in mouse 3T3 cells, indicate
. : ] N ;
that the induction of these 2 genes is dependent on.the

-

accumulation of a “factor" sYnthqfized'during the late Gl
interval ‘(Coppock: et al,,1985). The induc'tion of the T.S.

and T.K. genes is prevented when quiéscent.3T§ cells are

stimulated to grow ‘in the presence.,of cycloheximide. Pulse

studies, with cycloheximide, suggest that the accumulation
» v /J, )

of a labile protein in‘the‘ﬁabe Gl interval is required to
induce the transcription of these 2 genes. They suggested
that ‘a common regulatory mechanism might be responsible

for th periodic increase in the transcriptional rates of

- -

bofh the T.K. and T.S. genes.

Stimac et al.(1984) have showed thajy the cell cycle

dependent increase of the human histone, 3 , mMRNA levefg

is dontrolled by a labile,.protein whose synthesis is

-
kg

required during-the non S phase intervals to maintain low

- levels of H3 mRNA. The addition of cycloheximide to a l

non'S phase synchronized population (these cells have low
levels of H3 mRNAo), results in a‘22 fsld.increase in’
the mRNA leveis.'éycloheximidg.addéd to S phase cells
:;éults only in a 4 fold increase in mRNA levels relatiye

to levels found“in untreated S phase cells. These results

v
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+
suggest that the synthesis of a'habi}e”prbteinfis*required

to .maintain low levels of mRNA during the non S phase

intervals in human gell. =~

-

These gxhmples of periodic gene requlation are not

. -
_consistent with a universal regulatory mechanism

controlling the periodic expression of these genes.
ﬁowéver, the diverse mechanisms regulating periodic-

exb:gssion do not preclude the possibility that some of

these genes might share common transcriptigpal and/or

g
1

posttranscriptional Qegulatory mechanisms, " )

i

e

Experimental desfgn ) . \;

The investigati'ons presented in this study have -
atté%étgd to ans@et the folloying questions; h}u}
i) was 'TMP1 encoded mRNA polyadenylated? To ansgér this
question I compared the levels of iﬂgl transcript in-

total RNA and in_polyA+ RNA.

ii) Wwhere did the 5' end of the Pl transcript begin?

The primer extension method was used to determine the

initiation sités of TMPl transcription.

“4

iii) Were the levels of ’TMPl/;QFNA growth rate depehBlent?

To show whether the levels of Tﬁ?l. mRNA were growth rate

dependent I quantitated the levels of TMPl mRNA in total

RNA isolated from yeast cultures grown in super-rich and

minimal media. ) 2

iv) What happens to the TMPl mRNA levels whén yeast

.

7
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cells are az:esteé\lﬁ\the Gl phase of the cell ¢ycle? Two
.metﬁods ‘were used to obtain G1 cells. One methoo arrggted
cells in stationary phase. The other method ar;esteo'cells
with the pheromonécalpha-factor.‘IH yeast nutrient .
limitation or eggosure to the pheromone alpha-factor
causes tﬁe cells to akrest at or near a hypothetical
"START" event (Bucking-Throm et al.,1973; revieﬂed by
Pringle et al.,1981). The: "START" event occurs in the late
Gl interval ‘of éhe yeast cell cycle. Although statlonary
phase cells and mat1ng pheromone arrested cells accumulate
in late Gl1, the rates of total protexn and RNA synthes1s
are different., In stationary phase cells the overall rates
of protein :ud RNA synthesis are dramatically reduced,
whereas the rate of protein and RNA synthesis remain
unaffecteq in alpha-factor artested cells:

v) What happens to TMPl mRNA levels as cells ‘are
permitted to execute the hypothetical "START" event? This
question was examined by allowing the Gl arrested cells
(stationary phase cells and alpha-factot atrested cells)
to resume cell dioision._hs mentioned above  both
stationary ‘phase and alpha-factor arreateo cells
accumulate in late Gl at or near “"START". Removal of the
pheromone alpha-factor or the refeedinﬁ of stafbed cells
cdauses él arrested cells to eiecute "START". Aftet the
codbletion of "START", the cell becomes commxted to a

w < ¢
complete cell division cycle. I also followed the TMP1
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. .
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message levels when a cdc4-1 strain was released from

S

.stationary phase at the non-permissive temperature

(37°C). Alculture.of cdc4-1 cells released from
stationary phase at 37°C.will arrest at the cDC4 o ,
block during the cell cycle. The CDC4 block follows

immed1ate1y after the execution of "START" (Hartwell et

al., 1973, and reviewed by Pringle at al.,1981).

. answer ' this question I initially investigated whether

—

viv What mechanism regulates TMP1l gene expression? 'To

*

L o -8
cells released from stationary phase required ongoing —

.protein synthesis to induce TMP1 expression. Second, I

investigated the effect of increasing the TMPl gene ,

dosgge'on the accumulation of TMPl transcript..

v

.
® .
»
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Meterials and Methods.,

y —

Mgt = P

The strazns used in thiSPEtudy are presented in the

table 1. AH22 was also used when/it/was transformed with

’ -

plasmlds. In thxs study the name of the trensformant will™ "’

v

include the parental strain name (AH22) followed by the

a’

name o§ the plasmid. For example, AH22 ¢tr formed with

pYe (cen3)471 hae been éeEignated AH22-pYe{ceh3)471,

Plasmids. ° L -
All the plasmids used in this study are pregented .

and listed in table 2.

, - s EY

Plasmid constructions.

The plasmid pRS780 (Figure 7, p.56) was constructed
using PpTL222 (Taylor, et al.,1982) and puC 9. Plasmid

PTL222 carried an 830 bese-béir Pstl-BamHl fragment

-containing most of the TMPl gene. Both plasmids pTL222

‘and PUCY9 were digested with the restriction endonucleases

Pstl and BamHl, The reétrfétEﬁﬂgragments were mixed

\ .
together and llgated using the B. coli .T4 DNA ligase. ¢
\
Rg@tr1ct10n endonuclease analysxs of pRS788 was carried

out. as descr16ed by Manxat1s et al.,1982. i
_ The plasm1d pRS(cen3)47l (Figure 7, p 56) was

constructed using pYE(cen3)4@ (Clark-et al. 1?82 ) and

' pTL222, Plasmid pTL222 contains ‘the whole TMP1 gene on a T

v .. 1 i '
. .
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‘ TABLE 1
Strains used : .
Saccharomyces cerevisiae :
Strain Genetypé Source
AH22 ¥MATa" canl-l - leu2-3 G.R. Fink
) leu2-112 his4-514
314 cdcd -1 , Stock Center
Escherichia coli | T
Strain “Genotype Source
: X

JF 1754 hsdr 1lacz™ gal J.Friesen
, metB leuB hisB436 ’
JM 101 4 lacpro supE . Stock Center

thi F' traD36 proAB g

Sm—— —~ .7 [

lacl Z M15 v
MH458 JM 101 recA::Tnlé " Johnhy Basso o0

/ - \
i _ J
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. TABLE 2 -
‘Plasmids used
. 4,}
Plasmié Pertinent features - Source
' n v
PRS535 pPBR322° AMP® '2p  LEU2 ~ R.W. 0rd .
TMPL-lac'Z¥A (15.9 Kb)  (1987)
pRS787 Same (16.1 Kb) - Yip Ho
PRS2641 Same =~ (16.4 Kb) M.Greenwood B
pTL1' pBR322 AMP* ‘gg ,gggé ¢« M.Greenwood
) ?ﬂgl (23.4 Kb)_ (1886). ‘
pYe (cen3) 40 pBR322 ARSl1 cen3 _ Clark et al. -
LEU2 (B.2Kb) tosa) -
. -PRS (cen3)471 same pYe(cen3)48 TMPl This study o
(1.2 Kb) ‘ 2
DRS M13)535  Hind1112Ball TMPl-Lacz  This study
f ; | from p $535 cloned into
‘ \ M13mpld) (8.7 Kb)
PRS (M13)787 Same., Fragment from This stud§ i
. PRS787 (8.9 Kb) = o
pRéjM13)264i "Same. Fragment from This study : )
PRS264i. (9.3 Kb) '
" YIPS . pPBR322 AMPR  URA3 “Sttuhl' et al. -
' (5.6 Kb) ~(1979) - '
Mi3mp19 o lacz j (8 Kb) "N“ Stock centgr —
puc9 pBR3l;2 _@i?_‘t,' (3,2 Kb) Stock center
o p73 — N
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.and indicated in Figure 9, includes all of the’ TMPl

P Z‘; Cw. ,
fragment-flahked by Hindld1l sites. élasmid~§feicen?)4ﬂ .
contains a unigue ﬁinglll restriction site., Both plaamids
w&ge digested with ﬂindlil and th restricted fra¥fients
were ligated with the E. coli ‘T4 ONA ligase.
Restg&ctjon endonuclease\analysiseof PRS (cen3) 471 was

carried out as described by Maniatis et al.,1982.
i ~ . ' /
i ‘ q@‘

M13 phage derivatives constructions.

The M13 phage der1vat1Ve PRS (M13)535 (Flgure 9,
p. 63) was constructed using the plasm1d pRSSBS

(R.Ord,1987) and the r%plxcat;ve form (RF) of M13mpl9

:_phage (Me551ng\1683). Plasmid pRSS535 harbérs a TMPl«lacZ

fusien gene. The Hindll1l-Bgll .fragment present on pRS535

!

b

information and 144 base paigg)s' of” lacz DNA Both
pRSS35 and M13mpl9 phage were digested with ﬂlgglll and
Ball and the res::';-;j fragments were llgated using the
E. coli T4‘D§A ligasé: Restriction endonuclease analysis
of pR§(Ml3)535”was carried out as deécribed by Maniatis et
al., 1982, A * , ° .

' The plasmids pRS787 and pRS264i, are identical tn’
PRS535 except fnr the amoufit 3f .TMP1l ¢ .. ; infornation
upstream fron the lacz gene (see Figure 9, p.63). Both
plasmxds cantaxn a Hindlll-Bgll fragment wxch includes the

TMPl sequence ahd the first 144 base pa;rs of lacZ DNA.

The construction of the M13 phage derivatives pRS(M13)7é7

-
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and pRS(M11f264i was perfd:med/exacfly as described above

for pRS(M13)535.

Growth media. :

N ] N N . '
All yeast cultures were grown in either rich medium ..

v >

(YEPD), super rich-medium (0.1%) or minimal medium‘(zk
YNBD). YEPD medium consists of 2% yeast extracts, 1% bacto

peptone and 4% gl@pose. f.1% medium consists of 0.1%

. , %N\

bapto~beptone, 0,1% yeast extract, 1.34% yeast nitrogen
: R N
base (without amino acids), 4% g}ycose and 108pg/ml of the

required amino acids. ZXJYNBD medium ca%gists of 1.34%

gsast-nitrogen base (without amino acids) 4% giucose and

s

100 pg/ﬁl of any required amiho acids. AH22 was yrown on

LY

either YNBD ‘supplemented with 50ug/ml ‘of histidine and
. ] . .
leucine, or in YEPD. All AH22 transformants used in this

study carry plasmids which contain the LEUZ gene. These
transformants were always grown in minimal medium

supplemented with histidine. The omissien of leucime

Ty
1

selects for cells harboring the desired plasmid,

i

Growth conditions.

All strains, except the temperaﬁute sensitive strain.

ts 314 ( cdcd-1 ) were grown at 3¢°C in”a "walk-in *°

q

type incubator. The ratio of the flask to the cultufe.

.

_volume was maintained at 5:1. The cultures were alwajs

-

grown with vigorous shaking to ensure adequate aeration,

s . o .

G




Strain, ts 314, which contains the cdc4-1 mutation, was
either gtown at 23°C (permjss}ge temperature) or at -
37°C (non permissive temperature) essentially ds -

described above. Eor'the refeeding experiments étaEionary .

phase cells ‘were harvested by centrffaaation and’

a

résuspended in a prewarmed (30°C) fiquid médium'(to

) avoidnheatshoék) to 4 celf density of lxlﬂ7 éells)ml.

-

. S .
Samples of cells were harvested.and frozen as described in
the "RNA isoélation". In the cyclohgaimide‘exgerimenth
stationary phase cells were resuspended in fresh pféwa:mga

2X gNéD medium with and without 100pg/ml of cycloheximide.
, : I S
RNA isolation. ‘ Co ) .

Total yeast RNA was isolated essentially a's

described by Carlson ét al.,1982, Cells sémélas for RNA

]
- .

isglation were taken when the culture had reached a

density of 1x1e7 Qeilsﬁﬁl‘(mid-log phase) or IXIBS
’ 4

Al

cells/ml (étationary_phase). The saﬁples were harvested in
the pfesence of 0.06% spdium'azide, and the pellet was )
either frozen in' liquid nitrogen and stored at ~7a°c,
or immediately used .for RNAiigolation. Tﬁe pellét was
‘resuspended in presence of'leepl,(voluﬁe) of glass beéds,
le8nl of bkgaking buffer (6.5M NacCl, @.2M Trié-HCl'pH7.5,
6.¢1M EDTA), and 100 ul of pheﬁzl solution < 24:24:1,
. pggkol:chlorofor@:isgéfx;glgghéii.1.2mM ,)
L P i

L bgta-mercaptoethanol,(b.li @DS' (sodium dodecyl sulfate)>,.

- - -

*

. - - / ‘&‘

<
- \ Y ; .
~
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_solution, vortexed ‘for 3 minutes and spun down as

16

%
-

'
7

The samples were vortexed.for 1@ minutes then centrifhged

- at 12,Gbﬂrpm for 2@ minutes. Thé}aqueous phase was

transferréd to a- second tube containing 200 pILOf phenél
described above. This séep was repeated until no'ﬁﬂ?ﬁé
brecipitate'was present at the interphase. The agueous

phase was then transferred to a 1.5ml microcentrifuge :

tube, add was extrscted with chloroform at- least 3 tiﬁes

(the chforoform phase was removéd from the 1.5 %l : -
microcentwifuge tube each‘gimé). Finaliy,'thefaqueous-
phage was ethanol precipiﬁatedjovernight ég -70°C with
2.5 volumes of 1@0% EtOH kethaqpl) containing 0.01%
digthfléyrocarbonate (DEPC). If the RNA was to be '
fratignated thfough an ol;go-dT cellulose column, the DEPC . | ..
was omitted because DEPC' can damage the oligo-dT column

{(Bantle et/al. 1975). The sample w§§:.gen centrifqged at
"12,000rpm for 10 minutes and the RNA pellet was dissolved

in DEPC treated HZO‘ DEPC treatment of HZG was /

performed by adding’DEPC to a final concentration of

@.61%. The solution was then#left overnight at room

- temperature (R.T.). The water was then autoclaved for .90

minutes to get rid of the DEPC. The concentration of the
) S B . .

RNA was'determined'spectrophometricélly byjzgasuring the
. r

- absorbance at 26@nm (A 260). The agueous solution was then .

~kept at -ZG?C for further analysis.

' v



. +' .
PolyA RNA isolation. -

s ' ﬁblyA*(RNA isolation was performed essentially
as éesbribed py éantle, 1976. The dliéo-dT éellulése
~column was prepared as follows: ;bproximatively 50 mg of:
0ligo-dT cellulose (from PharmaciaY”Q;s mdxéé with 2 ml of
high salt buffer (6.5M NaCl, 8.8@1 M EDTA, 0.01 M Tris=HCL
pH?.s). All the solutions used for tﬁe polygf. .
isolatiéh have been DEPC tte;ted ana autoclaved as
\ prevxously descrlbed The solutxon was left at R. T. in the
| dark for at least 24 hours. The'oligq-dT'cellglose ‘ ,
suspension was then'poured in a 2cc sy;inge containing a ; .
small bed of\glass wéol. The column was .washeéd with 20ml
of high salt buffer.~PolyA+ RNA fractiéhé were - o
. isolated as follows: approximatively %mg of ﬁoéal RNA was
dissolved in 50 ul of low salt buffer (@.@1M Tris-HCl pH -
o , 7.5, 0.001M aog@). Once the-RNA has ‘abeen dissolved, 450 pl
- . '; of dimeﬁhylsu}foxide (DMSO) which helps to’break éoWn.thé
rRNA-mRNA aggregates,.and 5@pl of LiCl buffer (1M LiCl,
.85 EDTA, 2% SDS and 0.01M Tris-Hcl pH 6.5) were add.ed‘ to
the RNA solution. The solution‘was tﬂen incubated 5 ‘
minutes at 55°C and placed” on ice, The RNA solutlon
was diluted in 3ml of cdld high salt buffer and applled to
the column. T&eﬂcolumn was washgd with high salt buffer
;. o until the e}uted:fractions had an absorbance at 26@nm of
’ . - .

about zero. The column was filled with an equal volume of

low salt buffet and'was place&‘at 4§°C for 20 minutes.
+ ‘ N . Al

'
’
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The polyA RNA was eluted with low salt buffer and
50@pl fractions were collected. The concentration of thé
RNA was determineduspecttophotometricallyl The polyA+ RNA

was either dessicated using a vacuum dessicator, or EtOH

precipitated and stored at -78°C.
v, 4 . r A. . ~ A
RNA fractionation by agarose gel electrophor151s;7

P

"R Total RNA (10 to Zng{, wa; denatured either with.
glyoxal or with formaldehyde. Denaturation with glyoxal
was.performgd ssential%& as descf;bed by Thoﬁas 1980, The
KNA was fractigpated by electtophoresié tﬁzough ; 1%

C - .
agarose gel in a Q{GlM phosphate buffer pH 6.5. The RNA

was'transfer}ed from the agargse ggl to a céllplose
membrane (NEN Gene Screen), essentially as aescr}bed by
the manufabture;. Denaturatiﬁn with formaldehyde was
performﬂ@f@s described by Lehraéh et'al;,l977. The RNA was
denatured by incubag&ng at 65°C for 1§ minutes in the

presence of 50% formamide, 2.2M|formaldehydé. The RNA

samples were then fractionated' on a #.75% agarose-6%

Vs

-~

formaldehyde gel. Tpe R&A from the agarose gel was
ﬁrqnsferted to a nitrocéllulo§e membrane (Gene Screen fﬁom
NQ&) as described by Thomas, 1980, Thg’gene screen
memb;ahe was then baked at 9¢°C for at least 4 hours.

The membrane was stored at -20°C.

J ‘ ' o
_The RNA blot' (baked -membrane) was.prefhybridized
. .o

v

and hybridized exactly as describéqugy Thomas, 1988. The

X




membrane was pre-hybri?ized in 5ml of 99% Formamide, 2ml

of 5X'P Buffer, [1% polyvinylpyxrolidoné,ul% ficoll, 0.5%

sodium pyrophosphate 5% sodium dodécyl sulfate (EDS), 1% . .
bovine serum alBumidTBSA), ZSGEM Tris~HCl pH7.5; the 5X P

Buffer was filter sterilized}], 2ml of 50% Dextran sulfate

and 100ug of deﬂatured salmon spe;mADNA. The me%brané_was

left to pte-hygridiée.673:ni§ht‘at\4zoc. The EEA was ;
hybggdizéd with 8.5pnq 0f purified DNA fragment, contdining

eithér the TMPl1 or the URA3 gene, labelled by the nick

translation method (Maniatis et al,,1975) using E. coli ///

DNA polymerasé 1 (Kornberg fragment). The specific
{ .
activity of the labelled fragments was usually about

8

cpm/ng. @.50g9 of raéioactive fragment was

*

denatured at 166°C for 5 mindfes, and added to the .

1X10
. , _ .
pre-hybridizatioq buffer. The membrane was then left to

hybridize overnight at 42°C. The hyb:idizhtién ¢
solution was removed and the membrane was treated as

fbllows:'l) the membrane,was washed tw&ce with 100ml of 2

X SSC (8.3M sodium chloride, 8.0¢3M sodiuﬁ citrate) at R.T.

for 5 minutes with constant agitation, 2) then the

membrane was washed twjice with 100m1 of a solution

containing’z X SSC and 1% sps at 65°C for 30 m}nutes

with constant agitation, 3),fin;§1y the membrane was

washed twice with 1e¢ml of @.1 X SSC at R.T. for 30

minutes with cgnstant agiéation. The membrane was placed ~

between 2 sheets of Wattman, #3, to get rid of excess



20
washing solution. Do not dfy the membrane if it has-to. be
<o ) probed more than once. The membtane was finally wrapped in

a layer of "Saran Wrap" and aLlowed.tgtﬁxpose a CUREX film

’for 1l or 2 days at -7G°C using an intensifier screen.

. ' P
L)

(Dupont Co.). : _ . : .o .

' To monitor the denaturation and thé'quality of the
o~ RNA, Spg of each denatured RNA s;ﬁple and Sug of
undenatgred RNA wgré also supiected to fractionatiqe by
agarose gel electrophoresis., The Wsistef gel” was .
photographed after ethidium bromide stai&ing (Maniétis et

“
.

al.,1975) (see Figure 2A., p.33).

Isolation of DNA fragments. . S “

L)

. Most of the RNA blots were probed.wilh purified DNA

32

fragment labelled with -P. The TMPl fragment

was isolated from pRS78@, (see Figure 7, p.56). This
fragment is flanked by restriction endonucleases; Pstl and
gigglll.vThg plasmid was digested with Pstl andbﬂindlll
and the digestgﬁ frégments were separated on a 3.5% .
polyacrylamide gel. The elution of the fragment was
performed essentially as Qescribequby Maxam et al.(1980)

s« Twith the ' following modifications.'The bands.contain§ng the

Pstl-Hindlll fragment was cut out of the gel and passed

through a 1lml syringe and tranéferred to a pre-siliconised

-

4
corex tube. 1lml of elution buffer (5¢00mM ammonium acetate,

10mM Magnesium acetate, 1lmM ED . and 1% SDS) was added to .




a

’ .
~ -
* i

,:he’Enghed polyacrylamide,. The tube was gently vortexed

s
s

,
and incubated overnight in a shaker bath at 37°C.” The

v

pquacrylamide was sepatated from the aqueous solution by

cenktifugation. The éolution was filterethhfdugh a 0;45pm

nitréceliulose-membrane. The filtered solution was
extracted with bhenol and brecipitated in. 2 volumes of‘
EFOH. The BNA concentration of the fragment was estimated
by gel electrophoresis. 0 _ .

N

The pjasmid YIPS (Struhl et al.,1979) provided the

URA3 fragment for the hybridization analysis. The plasmid

carries an 0.88kb Pstl-Aval restriction fragmént which
contains almost all the URA3 gene..The fragment was
isolated ‘as described above.

The plasmid pRS88 was used to probe for the actin

RNA, This plaémid contains the whole actin gene (3.8kb).

]
.

.

M13 phage manipulation.

°

All the M1l3 phage ﬁanipulation were carried out
essentially as described by Messing, 1983, The E. coli

strain MH458, which is a R@cA‘ derivative of JM1l01l

(generously provided by Johnny Basso)‘%as used for the M13

phage infections. The cells were infected in early

[}

/

exponential phase (OD608 of @.l15) and were alIowed‘td grow

‘ ts ' .
with vigoroué shaking at 37°C for 4 hours., The

isolation of the single ssgandgq‘Ml3 phage DNA was carried

-as described by Messing (1983), with the following

&

. -
- “\ Id

21
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modifications. To avoid contamination of the ssM13 phage .

with nicked ssM13 Bhage, the phages suspension was

- "gently" phenol and chloroform exttacéed.

-~
N

-

"Incorpoiatioh of 3gs-me{:hionine inte new.proteins.

Stationary phase cells (lxm8 cells/ml) were

<

resuspended in a prewarmed liquid medium supplemented with )

spCi/ml ©f °Sefethionine and 18pg/ml of cold

s

méthionine, as‘deseribed by Coopeér 1977. The culture were

incubated. with and without 1@0ug/ml of cycloheximide. -3ml
samples were harvested by céntrifugétion, and the pellets
- II
-«

were gesusbended in 3ml of 10% ice cold t;ichloroacetic

———

acid (TCA). The tubes’were boiled for 20 minutes to

dissociate the radioactive‘methionine from the tRNA. The
samples were tMEn filtered through a 45pn1pore memb:ane

and subsequnntly washea“w1th 15ml of ice cold TCA (14%).

The membranes were then dried and placed in 5 ml of

v >

~scintillation solution . The radiactivity of each membrane

was measured in an LKB scintillation counter.

£ . . :
Construction and isolation of the 32mer oligonucleotide

f

érimer.
) Y -
A 15mer oligonucleotide (5' TCCCAGTCACGACGT 3'),

complementery to. a sequence found in the _E. coli lac?Z

structural gene (+36 to +50), was hybrxdized to”

sspRS(M13)535. The hybrid was then extended with the E.

5

22
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éoii DNA polymerase I (Klenow fragment), in presence of

('h,

cold‘dTTP, dCTP, dGTP and radxoactlve dATP The reaction

was carried out at RT for 15 minutes. 5ul, @.5mM core
dATP was added to the solution and the rube,was‘in
at RT for an additional 15 minures. The reshltieef
radiocoactive double stranded fragmenre were digested with

Sau3a (restrxction endonuclease) for 2 hours at 37 C. 7
There-is a _SaulA resttiction site 17 _bases 5' to the |

primer. Digestion with Sau3A therefore generated a double

stranded region wbirh will contain a unigue 32 base - ) »

~

radioactive strand complementary to. the unlabelled slej
phage berid-éRss35. The double stranded extended product

was denatured and the single stranded'fragmenrs were
separated on a dethuring gelt The 32 base fragment was - -
thep eluted from the gel as descr?ﬁedrin the flsolatidh‘of
DNA fragmenps"usectien of th; methods end materials. The
-final specific activity of the 325&: was 7x109cpﬁ/pg. /Jﬁ;:yn
The sequence of the 32 mer is: ’ ‘ '

5° CTAGGGCkGCAAAATGATCCCAGTCACGACGT‘3'.

Primer .extension. T n
. o . - A\l

- The single stranded 32 mer primer

(1XlG7cpm/ln9). was EGQﬁ~§recipitated with 20ug of ‘ﬁ

polyA+ RNA extracted from either{AHZZ or AH22-pRS535. The
-pr cipitates were then resuspended 1n 10pl of . \

hybridxzatxon buffer {16@mM NaCl, 20mM Tris-HEl pH 8. 3,



-

&

.

A

————

g.lmM EDRTA). The RNA solutxon was denatured for 2 minutes

at 100 ¢ and immersed in a 45 % water bath for 16

- hours. All the above mentioned manipulations were

.performed in a 1.5 ml micrdcentrifuge tube sealed in a

plastic bag. After 16 hours at 45°C, the- solution was
diluted in 1001 of reverse transcribkase buf fer- (5@mM
Tris-HC1 pH 8.3, 18@mM NaCl, 10mM MgCl2, 10mM. ;
dithiotreitol (DTQ)_leepg/ml‘of‘actinomycin D, 20uM of
each, c.:]ATP,dTTP,dCSIj‘P and dGTP), to which 2.50 of reverse

transcriptase were added.The actinomycin was included to

: ' , .
inhibit the DNA-DNA polymerase activity' of the reverse -

-transcriptase complex. The reaction was carried out at

- 42°% for/? hours. The solution wég?then phenol

-

<

i

extracted and ethanol precipitated at -78°C, The DNA

was dissolved .in 10pl of water, denatured at 106°C- for

3 minutes and run on a 8% polyacrylamide-74 Urea

3
:

dénaturing gel.

-

Dideoxy chain termination;method.

/

' ssM13 phage DNA from éRS(MlB)SQSz PRS (M13)787 and
PRS (M13) 264i were Hybridiged to the séquéncing primer
(3'TCCCAGTCACGACGT 5') essentkally as described*ﬁy Saﬁge:
et al.,1977. 1ypg of ssKl3 phage DﬁA; ZGﬁg of the‘ISmer,‘
and lpl of H buffer (IGGmM Tris-HCl pH 7.9, GGOmM NaC1,

¥
66mM MgCl2), were mixed in a screw oapped 1.5ml

microcentrifuge tube. The tube was sealed %u a water btbof

-~
y
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«3 .

plastic bag and immersed in boiling water for 2 minutes.

—Th& bag was rapidly transferred to a 65°C water bath

‘Sul. The. reaction was stopped by the additﬂ:n of‘Zpl of _

to incubate for 15 minutes. The l1.5ml mictocentrifuge"“tube
. . !

s .
was then left at RT for at least 20 minutes. The

hybridizéd primer was-extended using the E. coli DNA’

'

polymerase 1 (Klenow fragment) in the'preseqcé«of ddnTP

32

and P-dATP (300Ci/mmole). The Klenow reaction 7

© -

was carried out at RT for 15 minutes‘i;\s\ginal volume of '
0.25mM EDTA. The coficentration bf the dﬂNTP\used,fn each

. , . \ /
reaction was calibrated to detect 15bp to 25ﬁbp/fragments.

lul of either, @.25mM ddATP, @.70mM ddCTP, @.35mM ddCTP or.

- 8.5mM ddTTP, was added in the appropriate tube, Zbl from

each reaction was denatured'for 3 minutes at 100°C and
imme?iately loaded on a 8% polyacrylamide-7M Urea
denaturiqg gel,., Following électropﬁorgsis‘the gel was
dried at 80°C for at-least 1 hour and then was éllﬁwed

A N

to expose Curex film overnight at RT (no inténsifier was
B . i

a

used).,
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RESULTS

t
t ’

To initiate this’ study I wanted to determine; i)
whether TMP1 mRNA Wwas polyadenylated, and ii) the size

-

of TMP1 transcfipt. '

TMP1 mRNA is polyadenylated.

Total. RNA was extmacteg‘ftomlén exponentially
hgrdhing ;uléure(of yeast strain AH22, PolyA+‘RNA was
isolat;d using an 0ligo-dT cellulose column as desc;ibe?

in methods and materials. One ug of pol¥A+ RNA and 10 A

" pg of total RNA were denatured with’formaldehyde and then

fractionated on a 0.75%.agarose~-6% formaldehyde agarose .
gel. The RNA was transferred to a nitrocellulose membrane
653ng the RNA blotting probeéure‘(sée materials’ and

methods) . The blot was ‘probed for TMP1 mRNA using a
S o -

"radidactively labelled'gggl-Hindlll restricted fragment
_isolated from pRS78¢ (see Figure 7, p52). The Pstl-Hindlll'

fragment 'includes most of the TMP1 structural gene. The

. . K .
autoradiogram resulting from this hybridization is shown

“in Figure 1A. Densitometric analysis of the 2 lanes
revealed that Ehgfe wak approximatively 18 times more
. i S B :

TMP1 mRNA in lag of polyA+ RNA than in 1@ ug of total
— . | . ) o
RNA, ’

co@
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SECTION 1: Characterization of the iMPl transcript.“‘{
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The fractionation of RNA on a‘@.75% agarose-6%
) ¥ N
formaldehyde gel provides conditions where the mobility of

RNA molecules (smaller than 2 kilobases) is proportional v
n‘ , , i
to their respective molecular weight (Lehrach et o

al.,1977). Furthermore, the abundance of the rRNA, tRNA,
) : r
55 and 4S RNA species within the RNA population (more than

90%), permits visual localization of these species asq'

distinct bands in an- RNA agarose gel stained with ethidium

a “ @ ¢ ' ) '
bromide (EtBr). The known molecular weights of the rRNA "\ " .
and tRNA species in yeast,las well as. the ease with which 4
/ o . ) - : o .

their- mobilities can be detgrmiﬁéd on ‘agarose gels,
pé}mitteﬂ khe espagiiéhment of a ;gandard'curve’to o~
gsfimat;\theﬁéize of the Iﬂgl—"tranééript“(Figure 1B) . ‘
Stﬁd{ss'of the standard curve indiéateé that the labelled
ggslagiggfll TMP1 -~ fragment hybridyzed to a message of

' [y

approximatively i.257kpp in length.
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” eaéh ldne. The letter"uU" indicates that’the RNA'was

FIGURE 71

A. Levels of TMPl mRNA in-total RNA and in polyA*+ RNA.

‘Total RNA was isolated from a mid-log phase culture df

AH22. The polyA+ RNA was extracted from an oligo-dT

cellulose column (see methods ‘and materials‘for details).

»* 3

'The RNA was denatured‘ with formaldehyde, fract1onated on a

.G 75% agarose~-6% formaldehyde agarose gel transferred to 3

‘introcellulose membrare and probed for TMPl mRNA using
32? labelled Pstl-BamHI DNA fragment 1solated f

from pRS780 (F1gure 7). The specxfxc actxvxty of the .

PN

13

. ¥#®belled fragment was 2x107cpm/pg. The hybzldxzed- 3 \

.membrane exposed X-ray film for 2 days in S'Dupont

intensifier screen a£-47d°C. Lane 1T TMPl specific
DNA~mRNA hybrids from 10 ng of total RNA isolated@from a
mid=log pﬁase culture, oé AH22. Lane 2) TMP1l speéific
DNA<mRNA hybrids‘fzom lug of polya* ENA isolated from -

a mid-log phase culture of AH22.

B. Standard curve for RNA size estimation, The size of

27s, 16S an tRNA were plotted against the distdnce' they

. migrated in a 9.75% agarosé-S%'forﬁaldehyde gel, The size

of TMP1 mRNA was estimated to be-l.25kb, relative to the

\
A

stanglard cu%ve. TQe upper corner of the panel shows a
denatured RNA gel stained with ethidium btomide. 1l5ug of

total RNA isolated from a culture of AH22 were loaded in

<

)

undenatured.

28
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" 'PIGURE -1l -cont'ed
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The arrows indicate the positiég‘of the ribosomal RNA and

StRNA species.,Note that the 4S5 and 55 species migrate wit

the tRNA,
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SECTION 2: TMPl mRNA levels present in yeaét cells grown

i

under, varying groﬁth conditions.

-
Y

Northern blot aﬁhlysié'was performed to estimate

o

the relative levels of‘ TMP1 ,.mRNA in cultures of AH22

grown in super rich and minimal media, and to follow the

levels of" TMP1 as a culture of AH22 progressed through

the different stages of batch culture growth.

-

~ ! i

\

Steady state levels of TMPl mRNA during logarithmic growth

YNBD (minimal}medium). The RNA was then subjected to

were growth rate dependent.
~ Previous étudﬁes have shown that the level of

thymidylate‘synthase, per yeast cell, increases as the
. D /

growth taté increases (Greenwood et al.,1986). It was

-

therefore legitimafe to reason that the levels of

’ N 4
thymidylate synthase mRNA expression might also be growth

rate dependent.‘ M ’ ' .

an

" The }evels of TMPl‘.mRNA were determined in

aéynchtonous cultures of AH22 grown in super rich and

minimal média. The doubling times of a culture of AH22

growing in super rich and minimal media are respectively,
§G minutes“and 150 minutes (Green&ood ét al,,1986). Total
RNA was isolated from. an asynéhrOpous mid;log phase '
culture of AH22~gtown\in 0.1% (super qiéh medium) and 2X

N 3 b
Northern blot analysis. The RNA blot was successively

.

—~—
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autoradiograms indicated that there was approximatively 6X 8
: r .

more TMPl mRNA in an asynchronous culture of'AﬂZZ’gzown *

in super rich medium (lane 1), than in an asynchronous

Y S
culture of AH22 grown in minimal medium (lane 2)., In .«
* /

addition: densitometric anélysis indicated that the URA3

’

#

mRNA leve{s in cells grown in super rich medium (lane 1)
+ and the levels found in cells grown in ﬁinimal medium
(lane 2), were not noticably diffétent.
+ To coptgol for the amount of RNA loadedj Spg of
eacﬁ RNA sample to” be probed for either TMPl1 or, URA3

—— -

specific transcripts, were fractionated on an agarose gel,

The gel was photographed after ethidium bromide staining.
The stained gel, shown in Figure 2A, indicated that the
amountsof RNA present in each lane was not noticibly

different. Ethidium bromide-gfaining is sensitive enough ////

/

to distinguish between large, but not small, fluctuations -~

in the amount of RNA loaded..

Y

! , -

Levels of TMPl mRNA decreased when veast célls were

arrested at or near, B the "START" point of the cell cycle. .

t

. Cell division in yeast is regulatéd“by environmental

conditions (Hartwell et 51.,1973, revibwgd in Pringle et

!



FIGURE 2 -~

A. Ethidium bromide stained RNA agarose gel. Total RNA

was isolated from mid-log phase cultures of AH22 grown in

super~-rich and minimal media.,The RNA_Qas denatured with

glyoxal (see materials and méthods). A sampie (5ng9) of the
\ .

RNA to be probed for both TMP1l and URA3 specific .

-

4
stained with ethidium bromide. The arrows indicate the

transcripts, was fractionated o7¢an agarose gel and

position of the 27S and the lss rRNA species. 20ug 6f
undenatured RNA is presént in lane "U". Lane 15 Sug of
denatu;éd ﬁNA isolated from a mid-ldg phase culture of
AH22 grown in "sﬁper rich" mediuﬁ..Lane 2) Sug of

denatured RNA isolated from a mid-log phase culture of
— Y v

. AH22 g{own in minimal medium, .

B. RNA blot analysis of’ TMPl- and URA3 mRNA isolated from

cultures of AH22 grown in sﬁpet'rich and minima} media.

-

Total RNA was isolated from cultures of AH22 grown either

in 'super rich or minimal media. The RNA was denatured with
glyoxal, and run on a 1% agarose gel. The RNA blot was
probed for TMPl transcript as described in Figure 1. The
specific activity of the fragment{has 2x197cpm/pg. The
hybridized TMP1 specific DNA was then washed from the
membrane and éhe RNA blot was reprobed with 8.5ug9 of an
0.88kb fragment, isolated from YIP5, which includes:moﬁt
of the URA3 gene, The‘specific activity of the fragment

was 2x107cpm/pg. —_—



’

FIGURE 2 cont'd

[

in an intensifier at -7¢°C. Lane l) Autoradiograms of

thei‘gﬂgl and URA3 speéific DNA hybrids from 15ug of
total RNA isolated from a mid-log phase cilture of AH22
érown in super rich medium, Lane 2) Same aé'in 1), yigﬁ

the exgeption that the RNA was isolated’ffom.;\gkltqre of

AH22 grown in minimal medium.

]

The membranes were used to expose X-ray fiim§~for 2 days .
4 . : . .
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al.,1981). The execution of a»hypothetlcal "START" event
(during late Gl) commits the cell to underga division,
Under unfavorable cbndiﬁions,'such as nutrient limitation
or eiposure of haploi§ cells to the:yeast mating pheromone
alpha~factor, yeast cells will‘not execute’ "START". I
therefore monitored the levels of . TMP1 nmRNA ;5 yeast
cultures were either §ubjected to nutrient limit§tioq
(stationary phase condition), or ;o”the pheromoné'
alphagfactor. o : ‘ ‘e Y

Changes in the levels of TMPl mMRNA as célls entered

A

stationary phase.

-~

» Total RNA isolated from a fog phase cultdre of AH22

as it entered stationary phase, was'subjected tolNo:theén
. 2 .

blot analysis. Visual investigation of the Fesulting
a&toradiogram‘(Figu:e 3A2) revealed that TMP1l mRNh
leve;s’dééreésed as a log phasg culture entered stationary
phace., Late stationary phase c¢ells (t=26hoars) had no’
detectpble TMP1l mRNA. The RNA blot was reprobed with a
URA3 “specific probe (Figure 3A§). The autoradiograﬁ
revealed that tﬁe ggég mﬁﬁA levels also decreased, as-
the culture of AH22 entered and progressed éhréégﬁ
.stationary pha;e, to reach undetectable levéis at

-

t=26hours. To control for the amount of RNA loaded, 3ug of

’ /
each RNA sample was run on a "sister géf" and stained with -

ethidium bromjde. The photograph of the stained gel shown

-
n
h ’ ¢ \
.

‘-
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FIGURE 3

A. Levels of TMPl mRNA as yeqft batch cultu;E entered

" stationary phase and as it released stationary phase. .

Cells were grown in minimal medium and samples were
harvested at baripds\zntervals until late stationarﬁ phase

was reached. The fina} sample was taken 26 hours after the

start o@e experiment, Immediately after the 26.hours |
sample @as.harvested, a 10ml sample froﬁ the séationary

phase culture of AH22 was used to inoculate 180mls of

e 2

frésh medium., Subsequently, cells samples were Karvested
at various intervals during growth anc .ore used to

quantitate the levels ¢f TMPL and URA3 transcript.

Total RNA was denatured wih formaldehyde and was run on a

randy

0.75% agarose-6% formaldehyde gel, Panel Al) Sister RNA'
abarose gel stained with ethidium bromide. 3pg, of

denatured RNA isolated at the time points indicated on the ‘.

L3 | ' [}

X axis in Figure 3B, was loaded in each lane. Panel A2)

‘Autoradiogram of the TMPl specific DNA~mRNA hybrids o

e

detected by RNA blot analysis. Each lane contains 1l0ug of
RNA which was isolated at the times indicated in Figure
38. The arrow/indicates the time when stationary phase
;ells were resuspended in fresh mediu;. Panel A3)
Autoradiogram of URA3 specific DNA-mRNA hybrids. The -
TMPl hybrids were waéﬁed from the membrane and the RNA )
blot was @eprobed for URA3 specific RNA as described in

2).

, |
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_ FIGURE 3 cont'd

It should be noted that the bands which appeared above

-~

the . URAB‘ mRNA are rRNA-associated bands which are often
: e j : A

seen with total RNAibLoté (Peterson et al,,1985):

)
v
[y

.

s

[ * " ‘- ‘ .
B. Growth curve of a culture. of AH22 as it entered and

progressed ‘into stationary phase and after refeeding with

fresh medium. The culture turbidity (A688nm) was

monitored .as a log-~phase culture of AH2Z entered’

stationéty,phése and after refeediﬁg-with fresh Medium. It

v

should be noted that the time sscale is not linear. The
L , /- . : - .-
arrow indicates®the time when'a_ sample-‘of late stationary

i

':phégé ceils'(f=26°hours) were harvested and resuspended in =

fresh mep}pm.
ol !/
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, _in Fiqure §A1,'indiéa£ed,that the amount of RNA loaded in

~
‘s

. each 1anqgﬂ%d not fluctuate. The RNA sample from cells
harvested at t=13'minutés was-misloaded on the srstér\gel

. . but not on the gel to be, probed for the., TMPl . transcript.
. P )

P
’

~
)

., Changes in.TMP1l mRNﬂ levels following mating:pheromone
, ; ' .

1 \ 0

induced Gl arrest.

L]

The pheromone alpha-factor arrests_ﬁrogzeséiow

.

through the cell cycle of "a" mating type yeas% cells 'at.

or near “START", an event late in Gl (Bucking et
al.,1973). The levels of TMPI mRNA were monitored as-a
. ’ ~ ' ’ Y

culture of yeast strain AH22 ("MATa") 'was exposed to

-

_afphd-factorx The autoradiogram resdltingﬁfrom the

@

Northern 'blot analysis"(Figu;e 4n) revealed that - TMP1l
mRNA decreaseq to about .3 times the levels present at’
t=@ by t=40 WMinutes. As a control, the blot was %lso

probed'for the URA3 transcript,;The relétiye levels of

TMPl mRNA, following normalization with URA3 RNA
.levels, are shown in Figure 4B. The data presented in this

‘afigure tevégieq that the reduced levels of TMPl mMRNA

detected at t= 40,minutés, were mlintained constant until

4

t=120 minutes. Thereafter, the 'TMP1 mRNA levels
.o , , - q
vincreased dramatically, reaching 4 times the-levels

obSefved during logarithmic growth .by t=200 minutes

13

(Figure 4a). Such an increase,in'the levels of TMP1l mRNA

o

:: can be explained by ;hé culture releasing spontaneoukly

) 5 .




' Il
8, ) .‘
Y L

s

lfollowiqgwthe exposure to thefphetomone alpha-factor

o > .
from alpha-factor arrest_ near or at. t=120 mxnutes. As the

"a" mating type cells metabolxze the alpha factor they

will spontaneously ‘release from the alpha factor 1ndu€ed
Gl arrest (Bucking- Throm et al.,l973). As the ‘cells escape

[

arrest they soon proceed through the cell d1V151°2ﬁ“¥CIe

to S phase; a stage when new buds’ appear on the mother

“

cells. Previous stqdies.have shown that the appearance of

- gmall buds coincides with the bnset of § phase (Hartwell‘

et al.,1973)..The results presented in Figure 4B,

1nd1cated that soon after the levels of .TMPl mRNA

1 »

1ncreased, the proportlon of unbudded’cells‘in the’
populatxon began to decrease.

The increase of unbudded cells in the populatxon
. . . . 1
(Figure 4B) indicated that' the cells accumulated in late
Gl in response to the pheromone.

The levels ‘of URA3 anc ACTIN RNA" were -also
monltored dur1ng the alpha factor induced arrest. The
legels of ggg; and Actin RNA remalneo‘constant fér 2 and
3 hours tespectively, following the addition of
alpha-factor (Figure 6). .The levels of these(tgo RNA

species then decreased significan?l? ieachiné respectively

@.3 and 2.2 times the levels. observed at t=0. ‘ T

: , o -
'TMP1 mRNA levels following the execution of "START". .. .~
O 1\ o ) £ .

I ) ) ¢ d .
. . - 7
4
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- presented in A. The time intervals are indicated in panel

FIGURE 4 ° ‘ |

" A. Changes in levels "of TMP1l, URA3 and actin transcripts

_ following. the addition. of alpha-factor. Total RNA was

s - 3 e
¥ \
extracted from cells 'samples harvested at various time

-gntéfvals (see panel B) after the addition of

alpha=factor. The RNA was denatured with glyoxal, and was X

probed'for TMP1 mRNA as described in methods and

materials. The specific activity of the ' TMP1 probe was

1x108 cpm/pg. The TMP sgfcific DNA was washed from W

v

the mémbraﬁé and the RNA blot was successively reprobed

ffor" URA3 and actin transcripts. It should be noted that

twice as .much RNA was loaded onto lane_3.'Auioradio§rams
showing the levels of TMPl., URA3 and actin are

. : . 4
€ . > . .
'B. F3 4

e ° . . "
. . B . ) —
‘a
’ ! . -

B. Peréentaqe“qf unbudded cells and ‘the relative ratios

of TMP1 to URA3 mkNA. "The relative levels of both TMP1

" and URA3 mRNA were determined by densitometric analysis,

o ' & .
The ratio of TMPl to 'URA3 mRNA (sguares), iand the

percentage of unbudded cells (ci£¥1es) are depicted .

(M.Greenwood ,1986). , ' )
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.
, The érevious resﬁlfs'presented in this study:

. indicated that the levels of T™P1 mRNA‘present in cellé_
‘arrested near or at "START" wete low relative to the
levels @n log phase cells.’ln:this part of this study. the
lévels of TMPL mRNA were moﬁ%toréd as tﬂé_cellé were

permitted to execute "START", o - !
. .

TMP1 mRNA levels’fbllowing.the refeeding of a stationary

'\ phase culture. T

-

In response to nuprientllimitation yeast célls
| —— accumulate.ip(late\cl near or at "START" and enter a .
L quiescent state. Quiescent cells rapidly escape GO to
execute "START? agd beqin proliferatior .f the nutrient
limitation is relieved. The levels of TMP1l mRNA were
. monitored duting the transition from a quiescent state to
a proliferation state. Cells from a stationary phase
culture o;’AH22 were harvested aAd r;su;pended in fresh
medium at a final density of 1x1a7 cells/ml. Total RNA
was isolated from cell samples harvested at varidus times
following refeeding (the time is indicated on the X axis
in Figure 3B), and used for RNA blot analysig; The levels
 of T™MP1 andl‘ggﬁg mRNA were determined as describéd
previously. The autor;diqgram, shown in Figure 3A2,
indicated that the lévels of TMPl tzapscript increased
to detectable levels by t=13 minutes followihg refeeding.

In contrast, the levels of URA3 ‘mRNA remained well belowl'
! . ‘ J \ , .




log phase levelg (compare lane t=¢ hour with lanes t=0

-

" minute to t=71 minutes, Figure 3A3), for at least 71

¥

. minutes following refeeding.

14

TMP1l mRNA levels in a cdc4-1 mutant

Previous studiés have shown that levels of TMP1
mRNA fluétuate periodically during the cell’ division cycle
in yeast (Storms et al.,1984). The levels- of Eﬁgl &RNA
peak near éhe”beginhing of S phase of the cell cycle. We
therefore, wanted to investigate whether the periodic .
increase of TMPl mRNA was dependent upon the completion
of the CDC4 event. Hartwell et al.(1973) isolated |
temperature. sensitive mutants which arrest their‘
'érogression.through the cell cycle at precise poings.
Yeast cells garrying the mu;ation in ‘the CDC4 gene
_arrest in late Gl, shortly aféer the completion of
"START", when grown at the restrictive ®emperature
(37°%). , |

The'mutant strain ts 314, which carries the c¢dc4-1
~a11ere, was gfbwn to a density of 1X1?§ cells/ml ‘
(stationary pﬁase), at the'pe{missive temperature
(23°C) .. The cells were harvested and divided into 2
equal portions. One portion was resuspended in fresh
medium prewarmea to 37°% {non ggimissive temperaturei
and the otﬁer portion was resuspended in fresh medium at

23°C (permissive temperature). The cultures were

b5

)f‘—
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incubated at 37% anq 23°C,respective1y, and the
levels of 'zggl mMRNA were monitored at 20 minutes
intervgls, during the spbsequent‘qfﬁwth. The
autoradidgrams'resulting from Northern blot analysis of
the 1solated RNA are shown in Figure 5. The accumulation
7% TMPl mRNA in the cdc4-1 population grown at
37°% (non permisgiye'temperature) was detectable at t=

R .
.20 minutes after refeeding. Maximum levels were reached at
About t=12¢ minutes. The -TMPl mRNA levels remained high
until at least IBGAminutes after réfeeding. The
accumulation of Iﬂgl' mRNA in' the ¢cdcd-1 culture grown
at E3°C (permissive temperature) was detectable at t=
40—minutes after refeeding of stationary phase cells .and
remained high/until at least t=180 minutes, (Figure 5);'The
pattern of TMPl transcript accumulation in Whe culture

incubatfd at the non permissive temperature (37°C), )

was essentially the same as the pattern of TMPl mRNA

. accumulation at the permissive temperature (23%c). " ‘

These results’indicated that the periodic accumulation of
the TMPl® transcript did noﬁ.reqpize the completion of
the CDC4 event.

. To ascertain that cell cycle speéi%ic arrest was
obtained with.the cdc4-1 strain, I also monitored bud
'morphblogy. Hartwell et al.(1973)'have shown that as the
cdc4-1 cells arrest at the ggéi block, they start to

accumulate multiple 'small buds (3 to 5 buds/cell). The bud

v/

:s;“- :




morphology of a cdc4-1 culture, grown at 37°C (non

permissive temperature), showed that over 98% of the cells A
accumulated multiple buds by t=180 -minutes following the .|
' temperature shift. . - o
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- FIGURE 5 o .

A. The effect of cdc4-1 induced cell cycle arrest on TMPl

transcript levels. Two 30ml samples from a culture of

stationary phase ts 314 ( cdc4-1 ) cells were harvested
and resuspended in prewarmed rich medium (YE?D).\zhe 2
cultures were’incubated either at 23°c or 37°c. \\\\\
Total RN§~was isolated from samples of cells harveste@ at
the time indicated in panel B. The RNA was denatu}ed with

formaldehyde and probed for TMPl .mRNA as described :

<3

earlier. This figure shows the levels of TMPl specific
_DNA-mRNA hybrids at 2@ minutes intervals following reiease
from stationary phase. The upper panel foilows the levels
of Iﬁg& tranééript 'as the culture released faﬁT
"stationary phase at?theunon permissive temperature
(37°C), and the lower ‘panel when the culture released

Pl

"at the permissive temperature (23°%) . oo
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SECTION 3: The reqgulation of TMPl gene expression,

>

- ’ 7 .
To investigate the mechanism(s) which regulate TMP1

éxpreésion I examined the effect of cycloheximiéé on. TMP1l
géne expression following the téfeeding'oé a stationary
phase culture. 1In a@dition, I investigated the effect of
increased TMP1 gene dosagé on TMPl gene expression.

4 ?

The effe. .. of cycloheximide on TMPl expression following

refeeding of stétionary phase cells.

. The~results presented earlier in this study
indicated)khat the levels of TMP1l mRNA increased to
detectabld leveis within 13 minutes following the
refeeding of stationary phase cells (Figure 3A2). This
res;}t was remarkable and sugges;ed that T.S. may be one
of the first proteins “to be synthesized following the
reféeding of stationary phase cells., If TMP1l expr?ssfbn

represented one of the first events following the

‘refeeding the induction of TMPl “transcription may not

require protein Synthesis. To investigate whether the
inéuction of TMPl following the refeeding required
protein synthesis, the levels of TMP1 mRNA were
monitored as a culture-of stationary phase cells released
from G6 in the presence of the protein synthesis inhibitor

cycloheximide,

Cells from a stationary phasé culture of AH22 were @

50

-,
211




resuspended in fresh medium containing cycloheximide

8

(160pg/ml) and in fresh medium without cycloheximide!
Total RNA isolated from samples harvested at various times
after fefeeding was subjécted to Northerﬁ blot analysis.
The'autoridiogtam shown in gigure 6A, indicates thaflthe
levels of TMPl "transcript increased foLlowiné refeeéiné
in presence of cyclohexxmxde (addition of cycloheximide at
t=0). The accumulation of ; 1 mRNA in Qfesence of
cyciohex1m1de was essentially the same as the accumulation
observed whgp the culture was'grown‘wlthout cycloheximide
(compare lases t=0@ ;o t=60 wi ,1 e t=10(0) to t=60(8).
The numbers in parentheses give the tlmé (in minutes) at
which cyclfheximile was added td’tﬁe culture.

Higher leQels of zﬁgl mRNA were observed when
cyc{oheximiée was added at t=(1@) and t=f30) minutes

following refeeding, as compared tg the levels observed

when no cycloheximide was added (t;G), or‘when

‘ cycloheximidé was added at t=(@).

To show that protein synthesis did not occur in the.

presence of cycloheximide, I followed the incorporation of

35s-methionine into acid precipitable

macromolecules during the refeeding experiment. The

results (Figure 6B) showed significant

3557methionine incorporation detectable by t= 41

.

minutes' following refeeding in the absence of

35

cycloheximide., The incorporation of S-methionine
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FIGURE 6

A. Levels of TMPl mRNA following refeeding of a

]

stationary phase culture of AH22 in presence and in

absence of cycloheximide. Four samples of cells from a

stationary phase culture of AHZ%ﬁwere resuspended in v

prewarmed fresh medium with or without 100pg/ml of .

¢

cyclohexim}de. The first sample of cells were incubated in

absence of cycloheximide. Cyclohexahide was added at t=(0)

in the second culture, at t=(10) minutes in the third
culture, and at t-(30) minutes in the fourth culture.
Total RNA was 1solated at the 1nd1caafd time'intervals.

The RVA was denatured with formaldehyde and probed for

TMP1 mRNA as.previously described in this'study. The

’

autoradiogram presented shows the levels of -TMPl mRNA as
a culture of AH22 released from stationary phase 1n the

absence of cyclohex1m1de (=) CHX, or in the presence of

100ug/m1 of cycloheximide {(+) CHX,. The numper in -

. >

parentheses indicates the time, in minutes, when

‘cycloheximide was added to the cultures.
35 '

¥

B. S- methionine incorporation following refeeding of

3

stationary phase. cells in the presence and in the absence

of cycloheximide.

Closed circles : >°S- methionine incorporation

following release from stationary phase in the presence of

Gﬂpé/ml of cycloheximide.
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- PFPIGURE 6 cont'd\ ;

"

35

Open circles : s~methiopiﬁe incorporation.

J

.following release from stktionary phase in the absence of -
( ’ ¢ |' .

. ) . ¢
- 190pg/ml of cycloheximide. : .
R \ -
, B
[ 3 .
. .
[
. a I
. 3 ?
L ¢
, .
1] *
< . '
N i
- - .
O,
B . R
.
. \
8 { : \
" . ’\ R —
- s -
. L] A
.
. ° .
R ,
13 * .
. . R .
-
- v .
¢ ‘) I3
M -
. z
.
. ) .
. » *
» =
- - \
i - , 1 o
.
. Al w
' . . X
.
s .
t
' N .
.
(X
.
. . o
'J
. .
. . .
. . P
A ) N © '
» , - R
. s .
» ;
, . . , iy ’
B \ )
Al - -
L
T . "
P
. '
- N -
f;
' i}
¥ ’ . .
- s “ ¥
.
‘ * . N N .
P
.
n . 0 . ' )
B N . \,
. .
d ,
'
.
. v
Py : ~
s 4 ’ ' . ¢ 1
L] + -
AR t ' ) ‘
r ‘ ' - s
] + ‘I M -‘
. “ .. .
\ - . s .
. { ' et '
. ¢! ' e” 9
. A e . .
K - - t. o~ . o *n ~
. -
[ R . . 3
1 ] Y ! A ' ¢ !
¢t - N . ' u » ‘ ‘
Ll - » A
o [N
v Ve : f
. . . ' N ¥ : 3 , ¢
N 3 v ’ ’ *
.
. ! \ v - ¢ . ; ' v : s
{ A s N -, .
’ [ - e a <

t

.t



-

i koA

TR T,
s o h .v%u‘&w
¢+
> - - N
z
< ’ a f
> el
¢ b
v .
3 ! 4
¢
- 7
~ R e ¢

r

TIME IN MINUTES

20
15

L _1
o W (=)
-t .

- (;01x wdd) . |
NOILVHOJHOONF mz_zo_._.«.m._s..mmw L

€




3

increased. for| at least 120 minutes.

No detectable incorporation of -

35

S-méthionine was observed during the first 120

P

minutes following refeeding in presence of 100ug/ml of v;/f::j’
N

cycloheximide. This® indicated that the cyégoheximide'

‘treatment inhibited proteiy synthesis in the refeeding

experiment. L .

. — N
Gene dosage and TMPl gene expression,

‘?erthrbations whioch alter the intracellular pools of

1]

dTMP has been shown

be lethal to yeast (see

Introductio Th1s might suggest that the leyeli of dTMP

prec1se1y regulated by the stringent control of

4

TMP1 expre551on. To investigate whether yeast N

compensated for extfa cqpies~of the TMPl1 gene through

-

"transcriptional or éosttransc;fptiona; regulatory

”mecﬁanismsw I monitored TMPl1 mRNA levels in AH22

transformants carrying extra copies of the TMPl gene.

i) Pias ids qsed in the gene dosage study.| The
glasTids;used‘in this'experiment harbor the entire‘ TMP1
‘gene, The higﬁ'copy number plasmid, gTﬁl{, has been\ 0
-described eisewhere (M. Greenwood, 1986). glaemid pTL1 Y
carries the whole TMPl gene and a portion of the yeaet"’
'plasmid 2 micron c1rc1e. This type of plasmld is ‘
maintained at about 22 to 38 copies/cell (Futcher et

al.,1984). Plasmid pRS(cen3)471 contains the whole TMPl



FIGURE 7 -

-~

Construction of pRS78¢ and pRS(cen3)47l plasmids. i)

Congtruction of;pRS?éG plasmid . Plaémids pUC9 and pTL222

were digested’wiéﬁ Pstl and BamHl. The restricted
fragments werelresuspended toéetper and ligaﬁed'using
E.coli T4 DNA ligase. The Pstl—BgmHIiDNA fragment of
' . PRS780 tontaining most of the TMP1 gene, was used to
' detect Zﬁgl‘ encoded RNA,thnoughout this study.

1

-
ii) Construction of pRS(cen3)47]1 plasmid. Plasmids

pTLZZé and pYE{(cen3)40 were digested with Qigglll. The
restricted fragments were mixed together and ligated using
‘E.coli‘ T4 DNA ligase. Restriction endonucleases
orecognit{on sites ar; indicated as follows: Pﬂ= Pstl, B =
BamHl, S = gau3A,X = Xholl, E = EcoRl, H = Hindlll, 1
.centdimeter =.0.27 kilobases. The arrow indicates the first
ATG. Both recombinahts, pRS 788 and pRSjcen})47l are shown

in,thié figure,
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gene, the CeﬁtrOmere from yeast chromosome 3vand an
‘autonomous replicating sequence (ARSl). Plasmids liké

PRS (cen3)471 which barbor yeast centromereskSre maintained
at between one and two copies per cell (Clafk et
al,,1980). A detailed desctiption‘of the plasmid

PRS (cen3)471 is presented in the methods and matefials

section,

ii) The effect of altering TMPl gene dosage on

steady state levels of TMP1 mRNA. AH2% was ‘transformed
with the low (pRS(cen3)471l) and high (pTLl1') copy number
plasmids. The stéady state levels of TMP1 mRNA were ‘
monitored in the barental strain AH22 as well as in the 2
transformants. Since the ovérall rate of transcription
should not be affected by theée experimental conditions
URA3 mRNA levels were also determined to control for the
amount of° RNA loaded. Thg autoradiograms resulting from
Northern blot analysis are shown in Figu;e 8. The relative .
levels of | TMPL mRNA, after normalization with URA3

RNA, are shown in table 3. The steady state levéls of )
TMP1 mRNA in AHZ?-pRS(cen3)47l.(low copy number,lane 2
Figure 8),. and AHZZ-pTLl” (high copy number, lane 3 Figure
8) were respectively 2X and 40X higher than the levels .

present in the untréasformed parental strain AH22 (lane —

1). ' ) . ’ '
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. FIGURE 8

A. The effect of TMPl gene dosage on mRNA -levels. ° Tgtal.

RNA was isolated from a culture of strain AH22 carrying 1
copy of the TMPl gene pez'gaploid genomeJ(lape 1), from
a culture of AH22-pRS(cen3)471 carrying 2-3 c¢opies of Eﬁé
TMP1 gene per hapléid genome (lane 2), and, from a
culture of AH22-pTL1' carrying approxiﬁatively 40 copies
of the TMP1l qené per haploid genome (lane 3). The

. isolated RNA was subjected to RNA blot analysis as
descri;:a in Figure 1. The ﬁNA membrane was sucgg;sively
probed for 'TMP1 and URA3 mRNA. The autoradiograms

showing the levels of TMP1 and URA3 mRNA are presented

in this figure.
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-; TABLE 3

Table showing the relationship between'

~ TMPl.gene dosage, levels of TMPl mRNA and T.S.

activity .
. a b *
Strains Copy TMPImRNA™ T.S.
number URA3mRNA activity
AH22 . 1 1 1
AH22 2-3 2 2 ,
(PYE (CEN3)471) ' - .
AH22 , 20-40 ‘ 40 18-15

(pTL1')

" to URA3 mRNA levels,

Supercript :
2. the numbers represent the number of TMP1l

copies per haploid genome.
b: the relative levels of TMPl and URA3 mRNA
were determined b% densitometric analysis. The numbers

presented in this column are the ratio of TMPl

. %

* - - .,
¢ the T.S. activities were provided by

M. Greenwood, 1986.
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SECTION 4: Characterization of TMPl'-'lacZz hybrid genes.

The entire regulatory region plus varying portions

of the N-terminal coding region of TMPl have been fused

-

to the "E.coli, lacz gene. The lacZ gene used to

construct these fusion, genes is mlssxng its transcription
and translation start signals as well as the first 8

N-terminal amino acids (see M. Greenwood, 1986 for a

’

detailed description). The levels of Beta-galactosidase |,

ékpression from these hybrid genes in yeaét were shown to

» t

fluctuate from one fusion to another (M.Greenwood,1986).

To show that these fluctuations were not the results of

~

mutations occuring during the manipulations performed to

“construct these plasmids, the fusion junction of 3

TMPl' ‘lacZz fusion genes were sequenced. Furthermore, the

' start sites of‘thg TMP1'-'lacZ mRNA were also mapped :

using-the primer extension method to ascertain that the

expression of the fusion gene was under the conttdL—of the
. L A 1 . 1y
TMPl promoter region. ;

Construct:on of M13' phage derivatives carry;ng the

TMPl'-"'lac2z fus1on junctions. , - ' .

The TMPV/-'lacZ fusion genes of pRS535, pRS787,

and pRS264i are shown in Figure 9. A ég;ailed description
of theée plasmids and of their construction have 'been

presented elsewhere (M.Greenwood, 1986 and R.Ord, 1987).

1
.

Lad




\\
¢ FIGURE 9

Coﬁstruction of M13mpl9 phage derivatives pRS (M13)535,

PRS (M13) 787, and pRS(M13)264i.  Plasmids pRS535, pRS787

and pRS264i were digested with Hindlll and Bgll. The
restricted fragments were cloned into the Hindlll-Bqll o
lsiges of* M13mpl9 phage. The recombinant M13 ph;gg .
derivatives pRS (M13)535, pRS(M13)787, and pRS(M13)264i are
shown in this figure. Restriction endonuclease recognition
sites aré indicated_;s follows: H =Hindlll, S =SaulA, X
=Xholl, Bgl =Bgll, B =BamHl. The arrow indicated the

lacz iegion where the 15 mer primer hybridizes. 1°

centimeter .= ¢.183 kilobases. - -

<
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_Thegg three plasmids are identical except for the

TMPl'~'lacZ fusion gene they harbor (Figure 9). The

-~ ' fusion genes diffep.only with respect 'to the amount of
TMP1 coding information present. All three plasmids have

a unique HindIII-Bgll restriction fragments which contains

the TMPl'-'lacZz fusion junction in addition to a region

. --- complementary to the sequencing primer (see materials and

methods fo} the primer DNA sequence). Sequencing analysié
- .required the‘éoqstruction of 3 dougle stranded M13mpl9
éhage derivatives carrying the above mentioned

HindIII-Bgll fragments from either ph8535, pPRS787 or

PRS264i. The M13mpl9 phage derivatives pRS (M13)535,
pPRS (M13)787, and pRS (M13)264i are shown in Figure 9. The
plasmid constructions are described in the‘materials(and

h

methods sect{on.

DNA sequence of the fMPl'-'lacZ fusion junction present on

the M13 phage ‘derivatives: pRS (M13)535, pRS(M13)787,and

DRS (M1“3)264é ]

Singlg stranded M13 phage DNA, isolated'grom the

three M13 phage derivatives carrying the TMPl'~"'lac2

fusions, were hybridized to a 15 mer synthetic
oligonucleotide (5' TCCCAGTCACGACGT 3°') and were sequenced

by the dideoiy method (Sanger et al.,1977). The resulting

%

_ sequence analysis (Figure 16A, 1lA, and 12a) indicated

¢
that they all havé a common GGG sequence at the junction

-

L]
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FIGURE ) ' -

A. DNA sequenc1ng analysis of the pRS535 TMPl'-"'lac?

fusion junction, lpg of single stranded M13 phage‘

derivative pRS (M13)535 was hybridized to 28ng of théals
mer sequenc1né prlmer (described in mate:xals and
methods) . The primer- M13 hybrid was extended using the
E.coli DNA polymerase 1 (Klenow fragment) {n presencé of
32_p aate and dacre, daTTP, ddGTP, JAATP
dideoxynucleotides (see materials and methods). "The
extended products were separated Qy elect;ophoresis aﬁd
auto:aéiographed.‘Primer extensions of the hybrids‘ére
shown in lanes'A,C,G, and T. The observed DNA sequeﬁce is
shown on the left side of the autoradiogram. The sequence
relative to lacz and TMPl is shown on the right side
of the autoradiograph. The arrow indicates the junction
between the lacz and TMP1 DNA sequence in the fusion

gene.

B. Expected and observed NDNA sequence of pRS535. The

expected 6NA sequence and the observed DNA sequence are

- shown., e <

a
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ACGT
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' BXPECTED

, mmcmrchATAGAAcmGGGCAGcAAAprnger

OBSERVED

' TCTTCTTCTCGTTATAGAACTAGGGCAGCAAADTimer
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. FIGURE 11 , ,

t

A. DNA sequepcing analysis 6f pRS787 TM#I‘-'lacz'fusion“

junction. 1lug of éingle stranded DNA from M13 phage,

‘derivative of pRS (M13)787 was-hybridized to 26nq of “'the -
sequencing piimgr. The extensioh.wgs carried exactiyias’ <t e
described for pRS535. The exteﬁsion products are shown in
lanes A;C,G, andAT. The DNA.sgquence is spown oif the left
side of ;he autoradiogfam, and the sequence relative to

"TMP1 and to" lacz is shown on the right side. .

o ' B, Expected and observed DNA.sequénce of pRS787. The S

Jexpected DNA séquencé and the observed DNA sequence are
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FIGURE 12

o -

"A; DNA sequencing analysis of pRS264i TMPl'-'lacZ fusion

T |
junction. 1lpg of single stranded DNA from M13 phage

derivative pRS(M13)264i was hybridized to 20ng of o
sequencing primer. The extension was carried exactly "us
described for pRS(M13)535. The extension products are |
shown in lanes A,C,G, and T. S ﬁs C : K
‘The DNA sequence is shown on the left side of the -
. - ;
autpgadiogram and the position of this sequence relative. - —
- . M .
to TMP1 ‘and to lacZz is shown on the right side of the '
autoradiog;amﬂ " _ ' ’
B. Wxpected and observed DNA sequence of PRS264i. ihe ' .
underlined DNA sequence was found to be dgleted in the
' observed DNA sequenge. : '
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of TMPl'-'lacZ fusion. This was as p%edicted based on

" the sequence of the TMP1 and lac?Z genes (Taylor et
al.,1987 and Kalnins et al,,1983). All the sequenced

fusions, except pRS264i, were identical to the predicted

TMPl'~'lacZz fusion sequences based on the methods used

for their construction (éee Figure 10B and 11B). The DNA
sequence analysis of pRS264i revealed that 21 nucleotides

were deleted during plasmid's construction (Figure 12B).

Mapping the transcription start sites of the TMPl'-'lac2

~

. fusion gene on plasmid pRS535.

!
To ascertain that the transcription of the

TMPL1'-‘lacz fusion genes were under the control of the

TMP1 prémoter tegioh, the 5' end of pRS535 mMRNA was

mapped by primer extension.

+

First a single stranded 32 mer oligonucleotide,

complementary to the lacZ portion of §R5535 mRNA, was

synthesized (details of this synthesis are descLibed in
,materials and methods). The labelled 32 mer was hybridized
il .,
M 4 to 20 pg of polyA+ RNA extracted.from AH22 transformed

with pPRS535 and the hybridized primer was extended with
'y

reverse prgnsc%ip ase. To contjol for nonspecific

A

' | :
hybridization 'of the primer to’/yeast RNA, primer extension

\ i
was“also‘performed using 20 ug of polya’ RNA extracted

~ [

“\ from AH22, .

}

The primer .extension products and a DNA sequencing -
) s
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ladder are shown in Figure 13A. Lane 1 shows the band *
pattern obtained from the primer extension of the 32 mer
using RNA 1solate6 from AH22-pRS535. The multiplicity:of |
the bands indicates He;etogeneity of the 5' ends in the '

TMPl'-'lacZ mRNA population:'The,specificity of these

bands to TMPl'-'lacZ mRNA was confirmed by the absence

of any detectable primer extended product in the

untransformed barental strain AH22 (lang 2 Figuge013A).
To precisely determine the size and the start sites of

the ggtended ffagments within the- TMPl promoter region,

‘ PRS (M13)535 was sequenced by the dideox method and was

simultaneously run with the primer extended products. The'

location of the 16 TMPl'-'lacZz transcriptional:starts

sites detected by this analysis are shown in Figure 13B.



4

FIGURE 13 ‘ .

A. Madpping the 5' termini of the TMPl'~'lacZ mRNA L -

expressed from pRS535 in yeast, by primer extension.

20pg of polyA+ RNA isolated from a mid-log phase

» .
qglture of Aﬁ22 either untransformed or transformed with

32

PRS535, was hybridized to a P labelled 32mer

N 4
primer (2.5x166 cpm). The RNA<primer hybrids were
extended with 1U of reverse transcriptase (see materials
and methods). The extension products were denatufed and

run on a 8% polyacrylamide«7M UREA denaturing gel. The gel

‘was dried at 88°C for 1 hour and thep allowed to

expose Curex.film overnight at R.T. (no jntens{fier was
uééd.). 1) Primér extension produéts detected in 20ug of
polyA+ RNA isolated from AH22-pRS535 transformant. 2) -

Primer extension products detected in 2@0ug of polyA+

RﬁA isolated from a culture of untransformed AH22 strain

(no extension product was detected in lane 2). The CCG, -
and T lanes'contain the p;od;cgs of dideoxy sequéncing
reaction using the M13 phage derivative PRS (M13)535 as.
template and the 15 mér sequencing primer (see materials
and methods). The DNA sequence of the C,G,dnd T ladder is

shown adjacen} to the autoradiogram. The A reaction is not

shown. - . . '
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FIGURE 13 cont'd .

B. Diagram depict;ng the location of the TMP1'-'lacz ﬁRNA
5' termini relative to the TMPL DNA sequence. The DNA
sequence of the TMP1' gene between base pair +14 and -114
is shown in this figure. The potential TATA boxes are

A underlined. The start codon of TMPL coding region is

shown with broken line. The black circles indicate the

< 4

sites of transcription initiation.

-
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DISCUSSION

\ * @

SECTION 1l: Characterization of the TMPl transcript.

The major findings discussed in this section are:
. 4
i) TMPl mRNA was polyadenylated. ii) The TMPl gene had
at least 10 transcriptional start sites.

\

TMP1 mRNA was polyadenylated. o

Total RNA was fractionated on an oligo-dT cellulose
column, and the polyA+ RNA fractions were analysed by
Northern blot analysis. The results presented in Figure
1A, revealed-that lug of polyA+ RNA contained about 10°
times more TMPl transcript than 1@ug of total RNA. The
increased levels ;f TMP1 transcript in the polyA+
fraction clearly showed that thF vast majorit§ of the
TMP1 transcripts were poiyadenylated.

Most eukaryotic mRNA gpecies contain a polyadenylic

acid sequence at their 3' end. Although, a small fraction

Lf the mRNA iﬁ’ﬁigher eukaryote is not polyadenylated -

(i.e. histone mRNA, Adesnik et al,,1972), all yeast mRNA

species studied to date possess a sequence.of polyadenylic

acid at their 3*' end.

1
i

Ll

The TMPl gene had multiple transcriptional start sites

- The TMPl €ranscriptional start sites were mapped

4
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by primer extension using polyA+ RNA isolated from the
yeast strain AH22-pRS535. The results shown in Figure 13a,

indicated that the TMPl'-'lacZ. mRNA had at least 10

detectable transcriptional:-start sites located between two
TATA like sequences (at position <60 and «109), and the
first translated codon (position +1). “

The presence of multiple transcriptional start sites
is a common features of many yeast genes including: HIS 3
(Hinnebuch et al.,1983), MAT  (Nasmyth et al.,1984),
URA3 (RoSe et al.,1983), and CYCl (Faye,1981).

The laws governing the initiation of mMRNA
transcription in yeast are not completely underséood.
However, recent studiés on the initiation of transcription
in yeast have tevealea that "“upstream activating
sequences') (UAS), TATA elements, and sequences immediately

adjacent to each transcriptional start site, are"
sufficient tg specify the accurate initiation of
transcription. These studies have shown that deletions or
gapoint mutations in the * TATA " sequence reduces the
efficiency of granscription and alters the initiation
sites (McNeil et al,.,1986). Similarly a mutaiion in the
vicinity of a transcriptional start site (1 to Sbp, either
upstream or downstream of thg‘initiation gsite) can result
in the inacurrate initiation of transcription (McNeil et
al.,1985). The transcriptional start sites used by the
’

PRS535 encoded gene are:essentially identical to those

N
3
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\

us;d by the TMPl gene itself (E. McIntosh personal
gommunication). Altogether, these observations su'ggr-_-st:e"‘cl,aI
that the TMP1 Qequence fused to lacZz in plasmid pRS535
contained the DNA infog;ation necessary to accurately

<

initiate transcription.
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SECTION 2: TMP1l gene expression under various growth

conditions.

The levels of TMPl mRNA were monitored as the
yeast strain AH22 was éiown in different media and as it
progreséed through' the different stages of batch culture -
growth. The major findings were as follows: i) The steady .
state levels of the TMP1 mRNA in log pﬁase cultures were
growth rate dependent, ii) TMP1 mRNA levels decreased as
batch cultures entered stationary phase, iii) TMPl mRNA
levels decreased following thg addition of alpha-factor to
an asynchronous culture of "MAT a" cells, iv) TMP1 mRNA
levels increased dramatically immediately after refeeding
of stationary phase cells, and v) CDC4 gene product was

not required to induce TMPl gene expression.

Steady state levels of TMP1 mRNA were drowth rate

dependent.

TMP1 mRNA levels were monitored in cells growing
in super rich and minimal med?a. The results showed that
TMP1 mRNA levels increased as the growth rate increased
(Figure 2).,The growthyrate dependent accumulaéion of
TMP1 mRNA levels in aﬁ asynchronously growing cultdre can
be explained. by the periodic transcription of the TMP1l
gene duriﬁg the cell cycle.

TMP1 mRNA levels fluctuate in a cell-cycle

P




dependent fashion. Message levels peak during late Gl

after the completion of "START", near the beginning of §

2

phase (Storms\et al.,1984). Furfbermoye, in xeas€
(Johnston et al.,1977), as well as in mammalian cells
(Pardee et al.,1978), the increase ih doubling time ?s
accciipanied by an increase iﬂ the time that the cell
spendé in the Gl phase before "START". The S, G2“and M
cell cycle intervals remain unaffeqted by .changes in the
growth rate of yeast (Hartwell et al.,1977, reviewed in
Pringle et al.,1981). Therefore the accumulation of TMP1l
mRNA as each cell in an asynchronous population traverses
the interval between "START" and the onset of S phase
should be unaffected by changes in the generation time.
However, the levels of TMP1 mRNA in an asynchronous
culture should be inversely proportional to the léngth of
the cell cycle, since the proportion of cells being in the
Gl phase before the completion of "START"; incréases

!

proportionally as the generation time increases.

v

T™MP1 mRNA levels decreased as cultures entered stationary

{
1 , |

phase.
SingF TMP1 mRNA levels were growth rate dependent

(discussed in the preceeding section), .we predicted that
TMP} message levelg would decrease as a batch culture
entered the stationary phase. To test this prediction

TMPl mRNA levels were monitored as. a batch culture of
\\“ \ } , - Y

[T

o
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yeast ‘strain AHZ? entered stationary phaae. The decrease
in the TMPl 'mRNA levels oPsezved in early Stationary
phase and as the cells progressed into G@, could therefore
be explained by the increased number of cells accumulated
in late Gl przot to "START", a cell cfcle stage when TMPl
MRNA levels are loy. Thé autoradiogram presented in Figure
3A, indicated that the levels of URA3 and TMPL
" transcripts decreased as the culture entered stationary
phase. Studées in our lab, have shown that the levels of
URA3 ARNA do not fluctuate during the cell cycle in yeast
(sto;ms et al.,1984), Therefore, although both' iggl,%and

URA3 mRNA levels decreased in a similar fashion during the

experiment, the decrease in the URA3 RNA laVels need not

be explained by periodic gene transcription. Previous C@

studies have shown that as ‘yeast cells enter and progress

)

through statxonary phase, total RNA synthesis decreases. ¢o
non-detectable levels (Boucherie H.,1985). Thesé’

observations suggested that the decrease in URA3 mRNA

levels might be the result of a decrease in the overall

‘rate of RNA synthesis during stationary phase. Similarly,
the .ecreased rate »f RNA synthesis occuring during %@5

1

stationary phase, might also explain the reduced Jevels of

TMP1 mRNA. in stationary phase cells. \

Steady state levels of TMPl mRNA decreased during

alpha-factor induced arrest, f

—_ !

- /
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Stationary phase cells accumulafe in late Gl of the
cell cycle near or at "START". Although the decrease
6bserved in TMPl mRNA levels in stétionary phase culture

1’ e
was believed to be the result of an increased number of

Y
cells being in the Gl phase, a period during the cell

cycle where TMP1 mRNA levels are reduced (Storms et -
al.,1984) we may not rule out that the observed decrease
was the result of metabolic evenks speé&fic to-stationary
pﬁase (i:e. such as an overall decrease in the rate of RNA
synthesis). To ascertain whether yeast cells arrested at

or neaq%the "START™ point of the cell cycle had reduced

levels of TMP1 mRNA, I monitored the TMPl mRNA levels

at'.various time following the addition of alpha-factor to
I . . .

an asynchronously growing culture. The population of cells

-

in an alpha-factor arrested culture, like a stationary

phase culture, accumulates in Gl phase prior tq or at
. . . , ?
"START" . . ) .
The results presented in Figure 3, showed that
A

TMP1 mRNA levels, relative to URA3 mRNA levels,
éecreased when an asynchronous culture was arrested with
the matipg1ph;romone éipha-factor. fhese results showed
that cells arrested in Gl p;iorntb or at "START" have
reducéd;levéls of TMPl mRNA relat;ve to fhg cells of an
asynchronous population, This anaiysis also indicated that

after a prolonged period following the addition of

'alpha-factor (t=180 minutes), TMPl mRNA levels increased

‘ -
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dramatically reachxng levels about 4 fold greater than'’ th

-

-~

Steady state 1evels observed in an asynchronously grow1ng~
cul%ute (Figure 4A, lane 1). The periodic 1ncrease in the °
TMP1 mRNA levels as well as the synchrohxzatxon of the
populatxon by alpha factor could explgln this dram@t?c
ificrease in the levels of TMP1 message. As cells in the
arrested population sbontanegusly reﬂ%aséd from the” effect
o}'alpha-factor, they executed "START" and progressed
‘thgough thé cell cycle as a syggﬁroniséd cultire,
Therefore all the cells fn the population induced TMP1l
gene'expression.in a synch¥onous faéhion as they reached
the onset of S phage. ) ‘ .

_Similarly, studies.oﬁ two othgr yeast g¢enes which

-

are regulated genes involved in chromatin :eplicaﬁio ’
momatin repricatiof

CDC9 and H2B , havegshown tﬁat the levels of thése 2

O

o \

messages decrease during\al@pa-facto: induced Gl arrest

(Peterson et al.,1985; and Hereford et alw.,1982). b

Id - .
# Altogether -these result?/sugggst théé\ i) the

o

expression of the Tﬁglltgene was turned down during the

Gl phase prior to "START", and ii) completion of the

< d "
alpha-factor sensitive step "START", was reguired for. the

induetion of- TMP1 ‘exp;essxo?.

- . {

TMP1 mRNA accumulated early after refeeding of stationary
N L)

phase cells . : ’ ‘ ' -

TMPi? mRNA levels increased to detectable levels

\~

<+
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within the first 13 minutes following the.refeeding of

. \ o . . N 3 . _
statignary phase cells.\FurthetmGre, TMP1 mRNA levels

contijuednto increase reaching levels 5 time .greater than
N )

the 1pvels’ found in exponential phase cells (see Figure

3).:Meanwhi1e, the levels of L URA3 transcript remained

undetectable for at least 98 minutes following the

refeediqg of‘stationary phase cells. These Eesults suégest

7/

that: i) the increase in the TMPl® ™RNA levels occured

almost immediately after the refeeding of stationagy‘phase

.cells, and ii) two distinct meqnizisms governed the °

expression of the TMP1 and the .URA3 genes.

-
‘
’ .

TMP1 expression was_induced before the CDC4 mediated cell

eycle event.

«

The rapid accumulation of TMPl mRNA as/cells °

released from statioaary phase suggested that/the
tfanstription of TMPl might have occured very early in
the cell cycle, either at'or near "START". The levels of

TMP1 mRNA were therefore monitored in a temperfatire

. sensitive cell division cycle mutant ( cdc4-& ). This

/

Tutaﬁt when grown at the. non-permissive temperature
(31°CQ, blocks its progression through the cell cycleg
jusi after completi;n of the."START" event (Hartwgl} et
al.,1973). The results presentedain‘thig\ssﬁdx,(see Figure
5) showed that TMP1 'mRNA levels increased as a cdcd-l

culture was released from stationary phase at the
T . ,3,

ot
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non-permissive temperature X37°C). This suggested
that: i) the petiodic increase in the levels of TMP1

mRNA took place at a point prior to or concomitant wlth

thee CDC4 block, and ii) the CDC4 gene product was  not

»

‘ required for TMPl gene expression.

Protein synthesis is required for the initiation of

DNA replication but not for the completion of DNA

' synthesis .once DNA synthesis has been initiated (Hereford

et al.hl974§. Furthermore, cells synchfpnized with

.alpha-factor or cells arrested at the CDC4 block gannot
initiafe DNA replication if chloheximjde is added as

alpha factor is remdyed or as the cdc4d cells are allowed
\

to grow at the permissive temperature. This suggests. that

protein synthesis, reguired for chromatin replieatioh, is

not completed pgidr to the ggéiﬂ mediated step. When

these results,and the results discussed above were taken

together they indicated that, TMPl gene expression
. nama— 4

occured early in the cell cycle at a time when not all the

proteins required for DNA replication have been
synthesized. ,
e . _

The expression of the yeast genes CDCS and H2B ,

-

which code for 2 proteins requized'during‘S phase (DNA

ligase and histone 2B respectively), occurs between
"START" and S phase (Peterson. et 'al.,1985; Hereford et *

~ A .

al,,1982). Recent étudxes, presented at the 13th

International Yeast Meeting, 1986‘ showed that induction

t
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"timing" of their expressibn during the cell cycle.

“
; t" -

of  CDC9 and CDC8 occurs before the CDC4 . mediated

. event during the.cell cyfle: These observatijons sbggested

that these genes and TMP1 might be expressed with
similar “timing" during the celi cicle and therefore miéhx. .

share the same regufatory mechanism(s) for controlding the

Altogether, these results suggested thaﬁ‘the cell y

cycle dependent induction of °TMP1l took.place5§3¢§vaftet

the execution "START" but)prior to or at the CDC4

dependent step inc¢late Gl.

[

[

.
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" did 'not require de novo protein synthesiss—— —

N a9 '
SECTION 3: Regulation of the TMPl gene expression.
' T W T .

In this part, I discussed some of the -requlatory,
.mééhanisms which govern the periodic expression of TMPl .

The_maih conclusions drawn were: i) thelinductién of TMPL

-

in yeast cells rele%Sed from stationary phase did not

- N

. require new protein synthesis, and ii) TMP1 mRNA levels’

"'increased in a gene dosage dependent fashion.

¢
~a. R

TMP1 exp:eséion in cells released~{rom stationary phase,

‘ The accumulation of TMPl mRNA, whepn stationary
phase cells were stimulated to grow, wai not'prevén;ed by

« the addition of cycloheximide. However, the concentration -

13

of cycloheximide used prevented incorporation of |

3§S7methionine into acid precipitable materials

[

I
(Figure 6B). This suggested that the accumulation of TMPl .

: s v . .
mRNA, when stationary phase cells escaped, GO atrest, did

<

('ﬁbt require de novo protein synthesisy

These results were therefore not consistent with a

réqulatpry mechanism solely dependent on the periodic

synthesis of a labile requlatory protein. Evidence .
; f )

spggesting the synthesis of ,an S phase specific regulatory

prd

“factor" has been observed in higher eukaryotes. The I

induction of thymidine kinase and thymidylate synthase

mRNA, when quiescent 3T3 mouse cells are stimulated to

rd
v
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grow, is sen3itive to cycloheximide. The accumulation of a

labile protein has been shown to be reguired for the L

transcription of these 2 genes in 3T3 cells. Similarly the’

expression of the human histone H4 is iﬁducedfby a

trans-adting labile regqulatdry "factor"»found.on>y in S

phase nuclear- extracts (Coppock et al.,1984).
" Nevertheless, we may not completely rule out tﬁe
possibility that the regulation of the Eﬁgl. gene is

dependent ‘on the periodic synthesis of a labile ptdtein

. [

éometime after the "START" evegt. It is still possible to

N e

posgblate that the mechanism which turns on the TMPl
/

gene is achieyed by the interactioﬁﬂof two regulatory

proteins. One of them would be a labile "repressor" of

v L

transcription and the other would be a protein

\;'(\“\ /
periodically synthesized near "START" to 1inactivate the

"repressor". Such ra regulatory mechanism would still allow

the transcription of TMP1l to resume in the presence of
. . ’ D N
—oCycloheximide. , T ) e

At least three different mechanisms could explain

the accumulation of ‘TMP;, mRN2 in, the presence of !

cycloheximide. These mechanisms include:

1) A posttranslational modification of a
v v

- - -

regulatory protein by a mechanism such as glycosyf%tion,
- / ;
phosphorylation or dephosphorylation could regulate TMPl’
4

expressibh. This posttranslational mpé%fication would

- LY

inactivate or activate a regulatory protein which in turn
N . , ) . .

- ’ ‘ ks N

%

»
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s.' s . " ) Al . . . + . \
would regulate TMP1 transcription. Recent sfgdies on the
mechanism which controgs'the expressiomr of the DHER
gene in mouse cells (Wu et al.,1982), have shown that -_
tranecrip@ion of DHFR was inhibited by " high

- -0'
concentrations of cAMP. These findings led the authors to

1]
bl o

propose a mechanism regulating DHFR gene eibression that
would fllustrate this first hypothegﬁs. They pfoposed that
the expression of DHFR gene could be regulated by the
{ eell cycle stégevdepenéent phosphoryletion and
- dephosphorylation of .a non~histone chromosomal protein by
. ' CAMP dependent érotein kinase and phosphatase aégivities.
- ’ ' 2) éell cycle stage'dependent changes in the -
-stability of the TMP1 mRNA. This mechanism would imply
that the periodic 1ncrease 1n the levels 6f TMP1 messege.‘
£
‘durxng the cell cycle would be the result of a constant
.xrate of transcr;ptxon with dlffe:entlal stab111ty offthe
message. Previous results obtalned in our lab are not
consistent with a cell\cycle stage dependent Stability of
the TMP1 ‘message.‘The fusion of a sequence 5' to the ¢
‘TMP1 gene with the structural portion of the ;E}coli
lgg& gene was'sufficient to confer a cely‘eycle dependent
accumulation of beta:galactqsidase activities
(R.0rd,1987). -In addition, a deletion nutetion Qnich maps
5' to the lﬂgl transcriptional initiation'sites

C abolished the cell cycle dependent expression of the

\ 7

TMP1'-'lacZ gene (R.Ord,1987). Furthermore, the addition "Qx

]
- .

. . » . .
B e
N -
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»
of cycloheximide. results in the superinduction of genes

—

that are regulated at tha level of mRNA stability (i.e.

human histone H4 , Sive et al.,1984).‘{he results

[ - a8
presented in Figure 6A, did not show superinduction of

~

TMP1 ™mRNA levels in presence of cycloheximide Iadditign
f

at t=(0)). Jhese results did not favor a cell cyc}le stage

dependent stabilization of the TMPl message.

3) Cyclohexamide ifhivits the synthesis of a labile

repressor protein whose presence is required to prevent
. - a
the transcription of TMPl .

The results obtained in the investigati®ons of the

5 .
regulatory mechanism(s) governing the TMPl gene
expression, could not distinguish between the first and

4;he&third hypothesis. : ) {

¥ ] -

TMP1 mRNA levels and geneé dosage“were proporqionel.

The results presentéd in this study revealed that

the levels of TMP1 mRNA 1ncreased as the number of Lo

—

copies of the TMPl gene per cell_were 1ncreased from 1

to 3 to almost 40. The increased }evefs of TMPl mRNA

s v

were proportional to the TMPl gene copy number (see

—

. Figure 8) . Therefore the insertion of extra copies of the

2

TMP1l- gene did not trigger any’zeguléto;y mechané;m which
compensated for the’extra TMPl gene through ‘either—

transcriptional or pdsg-transcrip;jonal controls. Previous ."
! [ S . Y
studies in yeast have . shown that increasing the gene



dosage of 7 different ribosbmal proteins gemes resulted in

" .
+ * .
the proportional increase in message levels, (Warner et

/

al. 1985).
“In contrast, studies Bave’revealed that yeast does
cgmpensate~for extra copies of the periodically regulated
histone genes H2A and H2B through a |
posttranscriptional regulatory mechanism (Osley et
al.l981), These results clearly showed that theie'wete
differences between the mechanisms goyepniné the

—

regulation of TMPl , ‘H2A and H2B gene expression,

even though these genes are all periodically transcribed
in yeast. — _ «

The accumulation of thymidylate synthase (T.S.), 1in
p 4

92

the low'kopy number t;a%sformant was proportxonal to the o

4

ol
increase in the ZﬁPl MmRNA levelsh However, the levels of

“TMP1 mRNA 1n/ﬁH22 -pTL1" Zhigh copy number) were 40" times

higher than the levels detected in AH22 whxle the ievels

A Y

of T.S. activity detected in these two strains differed by
only 10 fold (M.Greenwood,1986) (table 3). This -
pbservation suggested that the efficiency of translation

of the TMPl mRNA might be reduced when mRNA 'levels are

4

high. Thus,. TMPl gene.expression might be under some

A4

posttranscriptional regulatory mechanism, There are at

‘e

least 3- possxble mechanisms by which the cell cobld

~achieve posttranslatxonal regulat1on of the TMPl gene,

The three possible mechanisms are:

\

~
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i) Differeﬁtial‘distribﬁ ioﬁ of tﬁé ,gggil mRNA .
within the cell. For examér5<:::e transcripts. might be
sequestered within the nucleus;‘This comld be aégievéd by
differéntialtpdfyadehylation or thro&gh the dilution of a
f?ctor necesséxy for the transport of TMP1 mRNA out of,
the nucleug. ii) Excess léQels of thymidylic acid could
modulate translation of TMP1 mRNA. (Autogenous
.regulation). ifi).Excess TMPl mRNA is efficiently
ﬁransléted,.bdt-T.S. activity is requlated by a :
posttranslational'modification. The'mechanism would be
uﬁgble to éfjiciently aqtivat% largztexcess of T.S.
Additional data is required to distinguish bééween

.

these three regulatory mechanisms.
3

st
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SECTION4: Characterization of the TMPl'~'lacZ fusion

’

junctions.

The fusion of various lengths of the TMPL 5°

region to the- E. coli lacz structural gene showed

~

&
§

that increasing levels of beta-galactosidasezexpresSion“
occured as the length‘of the structural portion of the
TMP1 gene increased (R:Ord,1987;‘M.Greenwood,1986). To
ascertain that these result were not an artifact of the

plasmid constructions, I sequepced three of these hybrid

TMP1'-'lacZ fusion genes. The resulting sequence analysis

confirmed the sequences expected for two of the three

fusions (Figure 10, 11, and 12,). The third TMPl'-'lacZ

fusion (pRSZ64i),differed from the expected segquence ,
becausg i; was missing 21 base pairs from the 3' terminus
of the TMP1l portion.‘However, the Sequencgng énalys;s
did confirm that in'pRSZ64i the correct reading frame waé
maintained as you proceéd from the TMPl ATG codon used
. to initiate translation through into the -. lacZ sequences.
The results presented in this‘seclion confirmed that
these three fusion genes“had the TMPl promoter regioqé

!

fused to lacz .
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