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_Robin Ord, Ph.D.

¢ ABSTRACT

Perlodic Expresston of the I4p1. Gens of Seccharomyces cerevisioe .
Which Encodes Taymidylate Synthase.

Concordia University, 1987 J ‘ .-/

. Thymidylate synthase (TS) from Saccharomyces cef‘g‘vi§igg was found

to be expresséd in 8 cell-cycle stage dependent '(p;?—i:)die) fashion.
\

'lnstability of the TS enzyme contributes to a periodic fluctuation in its

wihvny levels. Periodic fluctustions .in the levels of TS mRNA suggest that -
the fluctuation of TS activity |s determined by its par\od’ic synthesis
'Gene fusions placmg the .E. coli lacZ gene encoding ngalactosidqse
(B};al) under the cont.rol of S’ regulatory sequences from IMP1 ,the yeast
gene‘} encoding TS, were constructed. The IKP1'-'lac/ gene fusions gave
rise to TS"-'Bgal protein-fusion products with B-galactosidasé activi.lies'.
in‘a periodic fashion, ‘as follows. First, 8 0.3 Kb IMP] sequence S'to the

coding region directed high levels and periodic expression of a stable Bgal

‘.acti\;ity from a'TMPI'-'IggZ fusion gene which contained only 13 TS codons..

This fusion was therefore regulated at the level of fts mRNA. Second, TMP |

syg‘uénces within the ‘coding region conferred instability on the fusion gene

_ product, since the longer TS’*'Bgal'_produci of a fusion gene containing 110

TS codons yiélded‘periodic peeks in activity. ‘
Within the 0.2 Kb reguistory region and S to the predicted -

trenscriptional stert site, two tandemly repested CGCG elements together



PR

wtth 30 bp of intervening A-rich DNA. sre requtred for the ‘hormel levels <
" and pertodtctty of TS'- 'Bgol ecttvtty*'eccumuletion and for its regulstion - by

the yeast mottng type hormone elpha -factor.: Tlis- element. ts ‘similer to

those, found 80-200; JJp S.to other cell-cycle reguleted genes whtch are

expressed at 8 similar: time in the cell cycle _
It is further suggested ‘that periodic fluctuations in TS mMRNA

translateability” may contribute to periodic changes observed in TS
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A. INTRODUCTION . ‘

- \ N -
» - S/ -
'

This \thesis' examines the cell cycle-.gjag(;-dependent ‘ regul'ation'of
yeasg thymidylalé.‘éynthase (1S; EC 2.1.1.45) activity. Levels olf TS
aciivity fluctuate perioqmally during the cell cycle (Stofms Qj-_gl. 1984),
and the celt cycle stq'ge dependence s raqul'ated' both at tt{e level of its
tr-anécript and post-transliationslly.” 1% study the machoqisms responsible
" for this.l"ceJl cycle regulstion” | constructed. & series of gene fusions.
The fusions -placed the structural portion of the E,,én_lj_lgg_z_qena which
encodes B-galacto:sidase (B-D-g;loptosloe galectohydrolase, EC 3:2.1.23)"
under the trwcriptionél and translau;mal cmqnﬂs o? the yeast
gene wﬁich encodes IS‘. mel.

Although the behavior Of such IMP1'-'lacZ translational ' fusfons {n
yeast suggests that TS is reguleted st many levels, this thesis focuses
primarily on cell cycle.regulation of the fusion trenscript. Hence, befor:e
introducing IMP1, its fusion derivatives, | and lh; strategy used th study
its cell cycle regulation, | will describe several genes whose transcripls -
are cell cycle rengated, ﬁnd examine proposed reguiatory hgchantsms W

4

X which'periodic fluctuations in mRNA from these genes could be élic'ited,/

A 1. Defining a Cell cycle Regulsted (CCR) Gene. s

The mammelian and yeast cell cycles have been studied in some detail
-(Figure I.1). These studies have employed both ger'\:uc and bioct;at_ﬁ'ical
anslysis lc; examine the. exprassion. of cell ‘,cycle reg(xlated (m)\ genes
and ,‘the/ir_‘ gene pf‘oduc(ts. I wil_l define such a cell cycle regulsted gene as

one whose transcript levels or leve!s of' functionsl gene produdt
, p .

/



‘ s 2 . -
'rluc\tugte‘ ins céll cycle-dependent fashion. Cell cycle ’regu}atton of a OCR
) gene's transcript is sssumed to in}luence the appearance of its gene
vproduct. Such regulation could in theory *occur by perfodic transcription,
periodic degredation, periodic processing or periodic translation. Periodic
‘changes in RNA levels should ‘thus not'pe' taken tov mean pariodic
transcription. A common assumption, pertinént here, is that, fluctuations
of an mRNA spécies are reflected .in“changes in the rete of accumulation .
’of the gene product. . | ' . }
Regtﬁatton of CCR genes at. the level of the gens product can also be
'cellcyple-depéndent; vis ptrocessing or chgnges in product s}ability (see |
below). This thesis does not’ examine post-translstional cell cycle
" regulation in detail; for three recent reviews of this.topic see Mcintosh
(1996), Taylor (1986) and Greenwood - gt gl ( 1986). C

Co
A.2. Review of CCR genes.

A . .
/ Periodic tran‘séripli,or;'l of DNA into npoténtially trenslateable RNA
species has only been d_q!nonstrated for u;e histgne genes ‘of yeast anj?’
for certsin memmalian ~qenes '(see\beléw). whgreas periodic fluctuations
in RNA levels have been noted for these snd séveral other genes,
including theb‘yea‘st IMP I gene s;ludied here.
| Fidure 1.1 presents & gene&ic ond physidloqical descriptio\n of the cell
cycle from yesst and marﬁmalian cells It should be noted that the levels
3 of most abundant yeast transcripts do not vary during the cell cycle.
allhough .} systemahc study of poly-A mRNA levels remains to; be done
(reviewed by Ellfot and McLaughMin, 1983). In contrast, trenscripts from
8 subset of genes, usuilly éssociateq with chromosorgél “replication - (see

-~

below), incresse and decresse periodicelly. In this section I will critique



Figure 1.1.

Y

A

- Ry v

"Execution points” of yeast COC genes during two veast cell cycles. (Hartwell,
1974). The DNA synthetic cycle is shown, cycling from ‘1C to 2C.
Yeast genes are convanudipny designated with a three-le'tterfsymbol.

. Capitat lstters desm the dominant allels, which is usually viri_ld-type. Mutant
' allele; ore dépiq\ed in loyer case. Mutant m_ollelds ore generally conditionally

“ethal for growth st & “restrictive temperature™, which in Hartwell's studies

was 36°C. Since the appesrance -'a} cells from sn errested culture is uniform,

’gds_ mutents are classiﬁed by their terminal phenotype. The gdc mutstions

- thus result in a temperature sensitive. phenotype. Furthermore they

errest progression throhgh the DNA synthetic cycle at sppcjfic

"points. These "execution points” in the cell cycle were defined physiologically

(eg. by whether DNA synthesis was initiated or completed) or cytologically {eg.
by whether mitosis end cytokinesiS was completed). To define 'more precisely
the sequential order of QQQoe[n products within o’;\e cell cycle stoge, pairwise
crosses of these were made to generate cdc double mutsnts. The epistatic
terminal phenotype conferred by one of the two cdc mutetions ot the
non-permissive temperature indicates that its effect was determined saclier in
the cell cycle (eg. Hartwell, 1974). In yeast commitment to enter the b'tf_ldtr{q
cycle end spindle pole body replicetion cycle follows the |CDC28° step,
commitment to nuclear DNA synthesis_foliows the CDC4 8nd steps, and
commitment to cytokifiesis does not occut until after‘mitosis. The requirement
for the expression of .the £DC4 gene in each cycle subsequént tp the inital cell
cycle is based on the "ﬁrst-cy)cla a'rrasi" of the gdc4 mutant, when shifted
from log phase to the restrictive condition. In contrast, mo t gdc mbtauqns

. require multiple cell cycles to errest- under non-permissive /conditions, which
- implies that pool sizes of required metabolites from most

are substentisl (reviewed by Carter i a1, 1983).
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B Timing of axpression of different genes duriﬂg two call cycles n mouse cells
¥ inculture TheDNAcycle is from 2C to 4C. - o . ,'

' ‘ ‘nmlnq of tronscrip( eppearanoe and/or moxtmum abundénces in normal

mouse ﬂbmblasts (see Denhardt et al, 1986 "for roferences) stimuisted to

proliferate from 6o (stationary phase) by serun addition. A time commimng

the mammalian cells to DNA synthesis ond cytoklnests occurs just prlor oS .
phase, and is colled the restriction point. emuas HI and [Y require protein '
synthes%for their expression, whereas groups I ond I ore overpr‘oducad whan »
protein synthesls Is lnhlbﬂed Whether Gmups I, I and Hib chanoe their
ebundance during cell cycles subsequent to the ﬂrst is not known The
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the literature concerning the regulation of several eucaryotic genes

whosé transcripts fluctuaie periodically during the cell cycle.

A.2.1. The divergently . transcribed '0 yeast histone H2A-H2B
(IRI 1) locus. “

The first direct demonstration of 8 cell cycle regulated mRNA was.

made by Hereford et gl (1981). These aum0ﬁ> showed thast levels of
histone H2A and H2B mRNA peasked early in S phase (see Figure 1.1) of the

~

cell cycle. To demonstrate the timing of the fluctustion, the authors used
yesst cultures’ synchronized by tuo.differgnt 'a;techniques. One technique

in\}olved relessing cells from a8 lele G1 block induced by the yeast mating
Y,

hormone “a-factor” (Hereford end Hartwell, 1974; described in more

detail in the Materials and Methods section; the hormone's properties ;are
réviewed by Manney end Betz, 1981).. The second technigue involved the.
centrifugal elutriation” of logari_thmically growing cells. This methbd
isolates samples of cells at different stages of the cell cycle bssed on
size (Gor)don and: Elliot, 1977). The relative levels of H2A and H2B mRNA
in totsl RNA isolated from cells sampled by both techniques pesked in

early S phase The hmmg of S phase was monitored by DNA lsbelling and

by correlation with bud emergence (Willlamson snd Scopes, 1961). It wes -

also inferred' from this study that the synthesis of H2A and H2B mRNA did

, " not 6écur in the a-factor ar'rested cells, .‘

a ] Th‘e 1981 Hereford g! a8l study also showed the following. While thé

levels of H2A and _H28 transcripts from -the IR[! locus, snd from the

dupiicata IRI3 locus Eere cell cycle regulsted, RNA from genes flanking
ttuste periodically. At lesst some of ;ha RNA

produced. by the -histone genes was translatable ;,w(‘usipg an jn vitro

"whest-germ™ translstion 'assay; Roberts and Patterson, 1973). Since

S "»gl\‘l"



this in vitro translation showed _that transiateable mMRNA encoding each of
the four histones was -greatest in esrly S ‘phase cells, the results_
suggested that allyeast histone genes wers regulated like H2A and H2B.
H2A and H2B transcripts are both transcriptionally and
post-transcriptigpally  regulsted (Osley and Hereford, 1981).. Two
criteria suggest PosMrénscriptionnl control. First, the turnover rete of
N histone RNA in & strain containing two copies of the JRT! locus is twice
\\(’IM of the normel single copy-containing parent strain. Second the
half—hfe of H2A and H2B RNA during S phese at the ,permis ive
temperature” is  normslly 1S minutes, while in 8 &:&
temperaiure-sen;iiive mytant incub’aied st the restrictive tempersture,
the RNA half-life is only 3 minutes. The cdc8 mutation (Figure l !, see
below) causes the DNA syntheiic cycle to terminate priobr to completion
of chromosome replication (reviewed by Hartwell, 1974). The authors
proposed that tm‘s‘ decrease indicated that histone:RNA was stabilized by
_ongoing DNA replication, although ils rate of synthesis was not
necessarilly increased. ‘ N |
Hereford et gl (1982) monitored histone RNA synthesis snd histons
RNA stability during the cell cycle of wild type cells, and of ¢dc?7 and ¢dc8
mutant cells. Here, the cells were first synchronized in late G1 by
trestment with a-factor at 23°C, then releasexi from the g-fector block
and incubsted -8t 36°C. Ai 36°C the wild type cells progress through the
cell ‘cycle normally while the tgmperature;sensiiive cdc7 and cdc8
strains are arrested. The temperature sensitive lesion results in these
strains esrresting their progress through the DNA synthetic cycle et the
G1/S boundery, -and during S phase, respectively (Figure 1:1).
In the wi]dLiype strain, transcription of hision% RNA, and

- e

accdmulqiion of histone RNA, were normal at 36°C. Transcription pesked
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prior- to S phase, bssed on the timing of maximum incorporat ion qf
l radioactive label. In contrast, histone RNA levels detected bv'avdiffere‘nL 5
't:chlmque ("Northern; analysis; sees below) peaked 20 minutes later in
‘mid-S phese. Meximuﬂm incorporation of radicactive lsbel into H2A/B RNA
occurred 10 minutes prior to the time when histone mRNA levels were
accumulgting at the maximum raie. Since ths meaximum rate of histone
,." RNA accumulstion did not coincide with the‘time when histone RNA
- synthesis is maximal, but occurred IOA,minulgs lster, it was suggested
* that. histone BRNA staf:m’ty changed s cells progressed through the cell
- cycls. -
These results were in agreement with the behavior of histone RNA in
the cdc8 mutant described spove, and suggested” thet historie RNA lavels
were not oniy regulated et the level of transcription, but were .8lso

regulasted at the level of the RNA half—iife. However, the latter results

should be lnfb(rpreted ‘cau,tiously, because the- duration of the peaks of

RNA levels and of RNA syfmthesis were only 20 minutes, and the culture

- 'was only sampled every 10 miri"utes. ‘ .
In Qggicells which were released from a-factor arrest st 37°C,
levels of histone RNA -incressed .io Ireach 8 constant level after 40
.minutles. Simi!arly, synthesis of histone RNA increased to reech @
.constant rate _aftér 25 minutes. Therefore trenscription continues in

cdc?- cells arrested st the restrictive temperature.

'Finally, if the cell cycle wes arrested during DNA syn_tiwsis at the ¢gc8
block, the timing of the peak qf histone RNA syplhesis was normal, but
~. the peak in higtone 'RNA Jevels occurred esrlier than in cultures of
wild-type cells. In addition, the rate of RNA sccumulstion was maximum
when the rate of synth_esis was maximum, suggesting That changes in RNA

T stability were no longer coniributinq to the profile observed.-
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Thé_authors proposed thet transcription could initiate sarlier in th;
cell cycle than was suggested by Northern enslysis. In this regard, White
gt ol (1986) found that mRNA from H2A did not accumulste in 8 gdcd
mutent strain held st the re;!rictive tempersture (see Figure ll) The
cdc4 mutants are unsble to|initiote spindle pole body separation Ilste in
61, snd cannot enter S phese at 37°C. As a result, the DNA synthetic‘cycle
is blocked in late G! earlier than the block imposed by the ¢dc? mutation,
but after the a-factor arrest stage (reviewed by Carte;‘ et o], 1983).

In contrast to the lack of histone ﬁNA synthesis, mRNA levels from
the yeast ligase (CDCO ), dTMP kinese (CDC8 ) and dTMP synthese (QDC2I
or IMP 1) genes showed 8 near-normal fluctustion over one cell cycle in
cdcd mutent cells held at 37°C. The simplest explanation for these data is
that M.Q@&and CDC9 sre transcribed earlier in the cell cycle than
histone genes, and that traversing the CDC4 step is required for the
transcription of the histohe genes. '

A‘ model for cell cycle regulstion of JRT {renscripts, adapted from

Hereford et 8l (1982).—is given below, taking into account the dsta of
White et 81 (1986).

/B transcri requlation
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‘Note that slthough histone RNA fails to accumulste prior to the CDC4H.
slep, the possibility that t::anscription of unstsble histone RNA s
initiated /earlier (shown by the dotted line) cannot be e);clqded, because
RNA l.evels were followed but not RNA synthesfis. Likewise, histone RNA
may aiso be stebilized prior to the CDC?7 step.

lnte‘restingly, the 3; ends of both H2B genes contain putative ARS
(sutononously  replicating sequence) elements (cited in Osley and
Hereford, 1982). ARS elements are capable of functioning as replication
origins in yesst. Osley and Hereford (?982) proposed that perfodic
transcription of H2A snd H2B was controlléd by DNA replicstion- origins.
Plasmids containing the impliceted H2B 3’ ARS sequences, end the E. coli
lacZ gene fused in frame (see section A.6.) to the S' sequences of the
JRT! H2A gene, were coﬁstructed' snd transformed into vyeast. In .
synchronized cells which contained this plasmid integrated at the non-cell-
-cycle regulsted Jey2 locus, the plasmid-encodéd B-galsctosidase gena'
product expressed its activity as & step. In contrast, & similar
ley2 -integrated plasmid deleted for the putative ARS sequenfes 8t the 3’
end of H2B yielded lower B-galactosidese eactivities, which increased ina
linesr fashion during the cell cycle. At first sight, this profﬂe was
symptomatic of non-periodic expression (Mitchison, 1971). , The
B-gslactose activity profile of the same ARS -less plasmid integrated of
IRT! insteed "of ot Jeu2 was steplike, which further supported the
authors contentions that the ]_RI_LABS_ was required to ﬁromote periodic
behavior. Finally, thé ARS -deleted plasmid produced 3-fold-.less Bgal
activity in yeast, and tra)nrsformed celis with only 1% the efficiency of
the ARS -contsining plasmid. _

praver. in this paper Osley and Hereford (1982) presented 'Bgal,
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sctivities for synchronized cells as “sctivities per cell” (ibid, their
Figure 3). Wheress o linear increase in enzyme activity per m] with time
is 8 reliablewtndtcator of non-pertoetc expression in yeast (t‘titchtson.
tb?l). a linear increase in enzyme activily per c¢ell could only be

produced if acttvity; increased in direct proportion to the increase incell

- number. Since cell number fincresses in 8 slepwise fashion in synchronous

cultures (see Discussion and Figure 4!, this thesis), s linesr increase in
activity per cell could only occur ff expression was periodic, or if the
experiment hed been cerried out for less thsn one generstion. "Figure 3°,
which is criticel to the suthors’ arqument, must therefore be discounted.

Perhaps becasuse of these difficulties, these suthors recently refuted

their earlier hypothesis that periodic transcription of histone MRNA was ~

controlled by 3 ‘flanktng‘DNA replication origins (Osley et sl, 1986). This
was done by demonstrating that‘the RNA made from the same HZA-"lacl
fusions used by Odley end Hereford é1982) fluctusted in a periodic
fashion, even v'vheri the ARS was deleted snd the plssmid was integrated st
leu2. The timing et) these periodic fluctustions in fusion RNA was very
similar to the timitmg'of the fluctustions in H2A/B mRt:tA from the same
samples. The RNA levels from the fusion lacking the ARS were, however,
consideraby lower than the ssme plasmid with the ARS. This suggests
either that the 3' end of the H2B gens is a S’ transcriptionsl enhancer of
the H2A gene, or perhaps, that the AB_S_—contatninq‘ 'plasmid is present in
multtple coples

More importantly, the 1986 Osley el g} study claimed t6 have loceltzed
the sequences whlch were necessary and sufficient to direct the periodic
transcrlptton of H2A snd H2B. The deletion of DNA sequences in the S
regulatory region situsted between the divergently transcribed H2A and

H2B genes of IRI] resulted inaltered levels of H2A'- (and H2B'-) -'lacl

r )
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fusfon RNA. In oarticul’ar the deletion of 8 54 bp region Including the dyad

sequence S OGHAACTATGGTTABAOG resulted fn enhanced levels or
uza_'mz_ and HZB RNA Fu?thermore RNA 'l_eﬂrels no longer fluctusted |

#

periodically.. The §4 bp-sequence was also required to reduce H2A'-"lacl "

transcript levels during a-factor arrest. Therefore this element may be
responsible for the radué(ion of his'tone RNA expression seen'during cell
cycle stages ot\her' than when the h’istlone \genes are normally expressed.
This dyad hss been cell'e'd 8 CCR element by'.aHe\reford and Osley (ibid).
Three cop%e‘s\ of a “second, 16 bp sequence, the “ Vo-mer”
kS'-GCBAAAMNTNPuGMC). ere. also found in the region between the H2A

end H2B genes. Part of this‘ element resembles the MOGAAAA concensus

sequence described by Nasmyth and' co- workers for . the /le gene

(described in detail below). if rall thrige copies of this 16 bpTRLL element

were deleted RNA leve‘ ‘from both divergently transcribed - genes were
v

drastically reduced. Therefore this sequence has positwe effect and is

required for normal HZA "14¢Z trenscript levels. ) .

Both regulatory seguences were tested seperately for their abihty to
csuse periodic ﬂucluations in transcript levels (Osley m_g_, 1986).
one experim'ent three c"o'pies of the 16-mer were substituted for the
UAS ( upstream .activating sequences UAS elements have 8 number of
festures similer to transcriptionor enhuncers) of o second yeast gene,

CYC1 , whoSe S' regulatow‘ region hgd slso been fused to ‘ lacZ (Guarente

and Ptashne, 1981). Cells were once sgain synchronized using -the

a-.factOr arrestfrelease method The substutution of the 16mers for the

Q[Q_Lm results in 8 pesk. in Q‘[Q[ lggz transcript levels during the '

first synchronous generation, at the ssme time in the ceil cycle that H2B
RNA levels -pesk (ibid, their Figure S). In tbe preserice of the CYC! UAS

the QY_Q_['_-'_]_g‘gz_fusion RNA levels did not fluctuste periodically (but see
N

4
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.Results séclion,below). This result was interpreted to mean thet

CYCI'-"lacZ _RNA, fluctuated periodically only in the presence of the IRT|

‘ 16-mer. HoWev.er, because CYC!'-'lac{ RNA was not monitored for more

than one generstion in this experiment, one cannot exclude the possibility
that the 16-mer mgy act to transiently enhsnce histone message levels,
as 8 function of releese from the srrested state.

Next, 8 synthetic oligomer contsjning the Qg&dyad‘ was inserted 3' to

- the CYC1 UAS, upstrea_m of the CYCI'-'lacZ fusion. The CYCI rdirgcted

trenscript from this construi;tion gave ri;se to periodic: flgctualions in
CYC1'-'lacZ  transcript levels (ibfd their Figure 5) This result was very
similer-.to thet obtained when the eniwe\\GO bp Q}B_was inserted upstresm
of the QQL_LAS_ but was dlfferent from the expression seen when the
16- mer was used. Three peaks of (z'(z‘;!‘- IQQZ RNA occurred over the
same perlod 8s ‘two HZ2A RNA peaks. Therefore the CCR -regulated

'transcrlpt, unhke the histone RNA, seemed to be peaking more than’ once

per generation. This result msy mesn that the two regulatoryﬂ elements
cannot be uncoupled"v'nthout al‘tering periodic expression.

TQe QC_B_af?ects CYCI1'-"lacZ transbript levels régardless of - its
Iécat,ion upstream or downstream o} the QQJ_Q& However, the full CCR

‘(not just the dysd), when placed between the CYC] UAS and the putative

“TATA" transcription mmatlon reglon yielded levels of CYCI'-‘lacl RNA
which were tco low to analyse This obs?rvahon lends credence to the
negstive regulatory role postulated for the CCR element.

The suthors comment. that & third element may be required for‘

wild-type regulation, since 8 non¥per‘odic RNA profile was observed from

‘Iboth divergently trenscribed genes when only the QCR s~ituated between

them was deleted from an H2A'-'lacl fusion (ibid their Figure 4B). That

"s, the '|6mer L&s two of which were still present in these
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constrocts, shoulo 's(il‘l.hove produoed 8 periodic pesk gf RNA. However,
the high levels of H2A'-'lacl RNA in this experimon’t. presumesbly doe to
the sbsent CCR element reqyired forl down regulstion, may have masked
the effect of the 16mer. T'herefor'e,; Jdnstesd of an additional )olement
being required, fl is possible that the two elements .act togeiher, ‘the
16-mers to eohonce tilessage lavels after :tha cells were rel;asod from
a-factor, gnd the CCR element to reduce mRNA levels at cell cyoio stog'es'
other than S phase. ' ‘

In summary, the dsta from Hereford's ~group indicoje‘that‘ poriodic
expression of histone trenscripts is medisted by two types of DNA
sequences located ’S' ,t'o the ;structural genes; but that Iother elements
(possibly an ARS ) located 3' to the H2B sequences (and th'yefore ~'5:,t°

H2A) are: required to enhance transcription of H2A (Tﬁé{oqthors do not*

— stale whéther this ARS is also required for high levels of H2B RNA). It g

+ wes further inferred thet "& variable RNA half-life olays 8 r,ole- in

determining the periodic RNA profile. ) .
. b {

-,

‘ The yeast HQ gene which is responsible for ioitioti'ng the switp_hing of
mating type inyeast is slso periodicelly éxpressed (Nssmyth, 1982, 1983;
) (

) ‘Abraham et al, 1984). _ ‘ . c . o

Hsploid yeest cells exist in two dlfferent motinq types, celled gend g
rospoctively Mating type is determined by which sllele, MATa or tIAI.L is o
present ot tha MAIL_locus locsted near the middlo of chromosome [il. Two

silent (insctive) copies of MATa or m_g_. cailed HMts ond HMRa

respectively, ere distantly located st opposite ends of the same

chromosome 1. ln haploid yeost which-¢carry the wild- typrallele of the .

l_ﬂgene. matinq type switching occurs _when one of the silent copies

'._,r‘
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replaces the opposite mating type sllele at the the MAL locus beiween

them. The result is to generate an-g cell from an\gg':ell.or vice versa.

The switching. process is apparently initiated by a double strénd _break

(Astell et al, 1981) caused .by a HO -encoded endonuclesse (Kostriken -gt .

al, 1983) The cles site s at one end of the MAI locus in a region

- colled the Y cassette" (see Astell et al, 1981). The UQ_,c]eavoCk\site (*)

' in both matlng type allales is found within the sequence

§-CTIPyG ~ COCAACAGTA T/pA~ . (Nasmyth et g, tos1y.

« The regulalion of HO expression fis complex. First, only mother cells
(cells which have produced at least ong bud) express HQ_mRNA and _gene
product. Second HO is expressed in haplmd cells but’ not in a/a diploids
Third, the expression of HQ mRNA is cell cycle stage dependent. Since this .
t-hesis deals with cell cycle dependent: expression my disdussion of ttQ_
regulation wdll be confined the HQ regulatory element‘s which regulste
its cell.cycle stage dependent exprassion. (

Nesmy!th (19‘83) first demonstrated that H) wes periodically®
expres;ed by following HO RNA levels and HO endonuclease aclivity in ‘
pertlally synchronized cells."These synchronous populahons were obtsined
by refeedmg/stahonary (Gp) phase cells«~wgyth fresh  medium. ‘Both
HO-specific mRNA (observed as an Si- prolected RNA banding at. the
correct size on @ polyacrilamide ge); Berk and Sherp, 1978) and
endonuclease activity sappesred in lste G1. That is, their qppearanée
preﬁceeded the onset of budding which ﬁrks the begiﬁninq of S phese.

In order to further localize the timing of-HQ expressi(;n in the cell

cycle following refeeding, Nasmyth (ibf@). relessed & series of Q.QSL

. mutants from GO errest using the ssme proceedure described sbove. The

’_ gd_g2§_ cded , cdeld and cde3] mutetions esch result in a temperature

sensitive phenotype. ' Furthermore they srrest prooreﬁslon thcough the

7
!
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DNA syhtheuc cycle at speciﬂc points (see Figure L.1). \

The cdc28-4 mutstfon ceauses. cells to arrest. at a stage in lste GI’ '

known a8s START (see also section A.3.), which is the ssme stage at which

cellls are blocked by a-factof hormone (Hereford and Hartwell, |9‘74).

£othﬁtﬂRNA and nuclease failed to appea'r when the ¢cdc28-4 culture was

f

relessed from Gg errest at the restrictive temperature. From this

. experiment it can be concluded that’ lﬂ is expressed late, in G1 eafter

START. This is>similar to the timing of histone gene exgreésion {section
A2.1). | | '

The ¢dcq - mutstion prevénts the onset of chromoson"tval reblicatiqn, byt
not’tha budJing cycle, and the CDC4 step appears to )follow sequentially
the CDC28 step (ibid). When Gg cdcd cells are inoculsted into - fresh

medium 8t the restrictive. temperqture, HO RNA and- gene product appear.

Therefore HO expression 'is detectable prior to the QQ(Aeiecufinn point * -

(Figure 1.1; Nasmyth 1983), incontrast to histone RNA.

The ¢dc!S mutant is defective in nuclear division (mitosis) and so can

'.pass; one, but not.ftwo‘, "START" or ¢dc28-4 poinis (Figure .1.1) when

-at cell cycle stagés when enzymé activity is lost.

placed at the restrictive temperature. Results for HO expression similar
) £

1o those from- the cdcq mutént were obtsined wilh the ¢dclS .mu\tant.

Together, these results indicate that passage 'tr)rough START s
necessar‘y and sufficient for HQ RNA synthesis (ibid).
Str‘angely, the endonuclesse activity pesked and diseppesred in cdcq

end cdc!S mutants, whereasj endopuclease  from wild type cells‘*was

- present continuously, when cells were relessed from 8o arrest at 37°C.

ln/co/nzraq't, -the: mRNA from @8ll three . strains _ pesked shorlly} sfter

. inoculation. The latter Tesult suggests that mutant cells may sccumulate

N \\-
Both cdcq and cdciS affect the mito&ic spindle spparstus (reviewed
f’ * ; \ - .
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“ by P‘ringle, and Hartviell, 1981). Becsuss of this, it is polssiblé that the
"stage -of arrest is identical in both strains, namely at START, the onset( of
spindle pole body (SPB) replication in the subsequent generstion. Pfingle
and Hartwell (ibid) proposed that SPB duplication was the START event

which trigger;d 8 cell cycle (see Discussion). However, SPB duplicstion
wes not required for the second generatiori expression of HQ mRNA. A
gggﬁ_mutant,.which fails to reglicete its SPB at the end of the first cell
cycle, end so arrests in the second cycle at the restrictive temperature,

still showed & second-cycle pesk of HQ RNA  This result could also be

mterpreted lo mean that, in geherstions subsequent to the first> cell

*

cycle, START may become associated with an event other than SPBQ

duplicstion (such a?, he completion of mitesis; see below).
Together’y these results showed thst HQ expression is

»START-dependent. and begins in late G! prior to fhe CDC4 - execution point.

Th.e regulatory elements responsible for the regulstion "of. HQ appear
to be contair_l'ed S to the gene. Altﬁough ARS consensus  sequences
(AAA TAT/?\TII\AA) were detecled within of 3’ to the HDQ gene (Russell et gl,
1986), as'w"ggthe case “for TRT1 , Nasmyth (1985a,b) has défir\wed several
diffe;ent elements, 8ll S to the gene, which appesr -to account for its
regulation (see FT&ure 1.2. below).

Besed on deletion analyses, & region (!B.S_U more than 1000 bp 5' to

the coding region was necessary for the expression of normsl levels of
-

HO RNA. Removal of this far—‘upstream region (-1000 to -1362), or

inse™ion of the éntire TRP 1 gene (EgQBL_-QgJ_LLfraqmént)« at one of two
sites located 8t -1050 and -690 resapectively (numbers ere relstive to
ghb firsi base of coding DNA)' drastically reduced levels of {) mRNA The
results with the TRP1 insertions \sugqest that URSL fs ¢cis - acting.

The 140 bp immediatély 5' to the coding region (Nasmyth, 1985s) was

(

1

g
h

\
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also required for production of-the correbt HO mRNA. The transcript S

end was mapped to roughly -S50; ond 8 TATA-like sequence appears st

=120 (Russell gt al, 1986). The proximity of TATA sequences in DNA to S

mRNA ends has fmplicated them in tronscr‘iption inftiation (references in
McNeil and Smith, 1986). A deletion (-61 to -106) between the putative
TATA sequence 8nd mRNA start sites virtuslly eliminated all RNA species,

except o high'moleclor weight band.

JInterestingly, deletions of more of this reg'ion-, from -61 to -177
including .tho TATA box, ceused o less severs reduction in totsl t!QhNA
than did the smaller -61 to - 106 deletion. Howaver, the RNAs produced
were shorter than HQ mRNA. In contrest, deletion of almost the .some
amount of S' DNA including' the putat%ve mRNA start sit;\itself (-21' to
-54) did not significantly alter HQ mRNA levels, 8nd only slightly altered
ué size. Since the RNAs produced from 'theée different  constructions, |
have altered S’ regions, the reductions ;\\the HQO RNA levelo from the -61
to - 106 deletion might be due to changes in transcript half-life rotherj’
then to altered transcriptlon "

"A third region, LJB§2_ was localized between -901 and -145 (Nasmyth
I?BSb). Distributed throughout this regio‘n were te‘n related ‘sequences,

the consensus of which was (‘ACXBMM ‘Interestingly, this CACGA 4

* sequence is similar to the Ismeg described by Osley el gl ('1986; see

Section A.2.1.). Nasmyth claimed that his data showed thot the -CACGA 4
consensus confers cell cycle 'START -dependept” transcmpt:on on the HO

qeno

AN

" This implied requl\@y role of URS2 was based on two- observations

}'irst. wild type HQ‘RNA-, did not appear until 60 minutes followmg

refeeding, and {!hen peaked and disappesred. In contrest, cell; containing .

- an altered. HO gene’ which lscked most or aH of URS2 (ibid, deletion

(
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’ 229.10_'2) was qontinuously present st levels equivslent to the peak levels

- -of wild-type HQ RNA, at‘,'aidi'(lmes' dui;iqq ‘the cell cycle except the
time-2ero sample. §ééo”nd. ﬁQ_mRNA from the URS2 -deleted gens was.
continously produced,’ evé‘n at Um'e-‘zqro,'m stationary p.hase ¢dc28-4 or
¢dc1S cellsfr'e-fed,al_'xhe.restrict'ive Jtemperature. It should be recail'ed
t:hat theée'mutants afﬁe;t the. DNA synthetic éye-la‘a« stages when HQ RNA
.is not nérmally-expres;sed. . e SR

These obéé&vqtions indicatg thati the deletion of ~ug§2‘_wh1<ﬁ1~'eontains
oll . of the pg‘siulated,‘ CACGAAMA  reguistory se‘quences'. gliminates
"STARR-( Qm:2§_) depende;li regu!atior'x. furthermore, the constitutive,
.expression of 'the_QL?_S_Z_-deleted HO gene suggests @hat URS2 cogtains 5
ne;’gat‘ivei' -acting component. ‘
- A'fnurth ‘type of regulstion was evidenced by 8 rec}ﬁction of HO
~levels in wild type cells, inthe pregence of the a-factor ‘mating hormdné.
‘which, like the QQQZQ-V“ mutetion, srrests cells st START. Deletions qof
I’Mresilled in the appearante” of HO RNA of the appropriste size whose

levels were not reduced by a-factor. URS2 is therefore also associated .

with the reduction in RNA levels csused by a-fsclor. Since both the

.

¢ QQZQ—{d mutation and a-factor errest cells prior to ‘the START step,
mz__abpears to be involved in curtailing RNA levels in-Gl ‘Qrior to
completion of START.

" When three to five cobies of the CACGAAM' sequence were inserted in
placle of the entire URS2', StART dependent ’ regulation of HO mRNA in cel.ls
outgrown from G wes regtored. More importantly, during synchronou's
growth following release rjrom a-factor‘ srrest, tﬂ_mRNA {from a strain
which contained five copies of the CACGAAAA  sequence was.transcribed
in 8 manner very similar to the tD;qene. The appearance of HQ mRNA

occurre& slightly parlier/tha?u histone mRNA in both cases. ‘In the abgence

L
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of «the CACGAARA sequences the transcrlpt levels were somewhat mss
lhen two- fold) ~reduced, and did- not show an increase until the seoond
-geeeretion, From this 'second cycle increass- Nesmyth concluded that:
"URS2 deletions  are still regulated by cell cycle events thst are close in
time to START". | )

'Neemyth interpreted his resulls to mean thet HQ was periodically
irenscrtbed under the regulatioh of uBﬁLOne problem with this kind of
interpretation Iis intrinsic to the methods presently .available for the
identific:{ion of RNA species in general, The .-nuclease (Sl).m'epping
technique '(Berk and Sharp, 1979) used by Nasmyth or by Hereford et ol
for’ quentiteting RNA levels cennot distinguish. trénscription start sites
from processmg \snes nor |denhfy the correct - transcrtpt if mul&tple
transcripts existv from the seme region Furthermore if the S’ reguletory
region were extensive 8s may be the{ case for HOQ, then a ehort probe such
os that used by Nasmyth .(1983;1985s,b) may be unsble to detect or
lden(if;l upstream initiation sites. . l -

— The -aforementioned problems appesr in the results of Nasmyth

(1985s,b), w:here HO RNA was detected by S! mapping, using. 8 0.87 Kb
probe which protectee transcripts extending upstream of the transistion -
starl' as far as -163. A band eepeered at 'high‘ MW= (0.87 Kb) in his

'eutorediogrems whose presence was expletned\es “undigested prebe", but

which the author conceeded eould be full-length protection of the probde

by 8 trenscript initiating much ferther upstream. Becswse the "high MW
' band” was present in a-factor sarrested cells, bet not in log phase éells,
it seems unlikely that the band results from ued}qested prebe DNA. The

high’ Hw’bend was also seen when the entire S regulet'or'y region from

-14S to -1468 is deleted, snuegon where HO mRNA of the predicted

" size is ‘virtually undetectable (il;ld their Figure 3).

v
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An interesting slternative ‘interprata‘t'ion —to the model of periodic
transcriptina of HO, s that HO RNA is constitutively transcribed n/"'(')'m )
r;g'ion much furth'er upstream than Nasmyth believes. This would, result .in
a‘la’rge primary transcript (ie. the one which predominates in a-factor
- afrested cells), which could be responsible for tl;e full length protection
of the probe DNA. T‘he impliéation is-thet the smaller, cell cyclle regulated
mRNA?pecie's could arise frém the larger precursor by 8 processing
event near 8 positio:\ corrgsponding to -50, the locstion of the S mRNA
end. HO RN}\ levels are ;llered by deletions -in the ‘-’61 to -106 region’
{ibid). Heﬁce this ‘regﬁon could be where any upstream tf'anscript is
processed to produc® the meature mRNA. No dats presented "“to date
eliminates either transcription or processing models for the periodic
expression of HQ RNA | ' | _

As was 'the case with histone RNA, changes in transcript stability,
rather than changes inthe rate of lranscription._ may explain changes in
the levels of HO RNA in the differe;n deletion muiahts.ﬁowever. the rate
of ﬁQLtranscription‘ rates was nol measured and so,.‘.un!ike the histone
studies, data regarding mRNA stabilities is nol yet avsilable.

- The regulation of the yeast HQ RNA by upstream sequences is
summarized on the - following page (Figure 1.2). Shown. sre the S’
" regulatory elementsl snd below these are given the various deletions
which gave rise to the RNA_phenotypes observed (HMW RNA is the
putative upstream iranscript). It con b‘e,seen from this siuﬁmary that
START regulation and down regulatioﬁe caused by a-fector arrest may be .
ctlmséd by the sasme region, as was the case for IRII (Osley gt a1, 1986).
It should siso be recalled thst the low HQ RNA le\}els observed eerly
"during 6o outgrowth Qera not observed v;hen URS2 was deleted

(Nasmyth, 1985s,b). Nasmyth (1985b) therefore concluded thst the
, p _
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Figure 1. 2.
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- RNA levels were st lesst os hngh ss wildtype, but S° RNA ends_  had sitered.
Furlhcrmor, when a- uclor srrested coellis were Ltesled, the sites of mMRNA ends

* Sitesef TRPI insertions are boxed.

"' HMW: high molecular weight RNAs Mv—mg full iength (Sl)proutlnon

wos also different from wild-Lype, o3 If a-faclor influenced S° RNA ends.
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-stage in the cell cycle dictsted -the re‘lattve levéls of HQ RNA, in
agreement with Osley et sl

Other stmttartties in the resutts of Nasmyth versus those of Hereford.
and Osley include the following. First, the removel of the I.BI.L@B_ region
“r of the HQ_LL§2_results in constitutive levels of RNA in log phase cells.
\Both of these regions sppear to contain 8 negetive element acttng to -
reduce. mRNA levels ‘prior to START. end a positive elqment whose
presen;e is required for the elevation in mRNA levels after. passing
-START. Second, both HO end H2A appear-to require sequences located
more than IKb S’ of the putative mFtNA S'ends inorder to express narmal
RNA levels (the URSI'of HO end the ARS of IRT1). Third, both genes
.contain positive elements less than 20 bp in length wt‘msal presence more
thean 200 bp ubstrearj\ of the’ coding region was ‘requtred_,for
START-dependent  appesrance of the respective RNA h ) ‘
A.2.3. The yesst CDCB (dTMP kinase), CDC9 (DNA ttqgso) and
CDC21/TMP] (thymidylate synthase) gene battery. .

Three other yeast genes, CDC8 ,CDC9 and CDC21 sre known to be cell
cycle regulsted. Like the histone and HQ genes, thes;e ar‘e directly
associated with DNA metsbolism. None have been charecterized tq the
extent of the JRI or HQ gene, but esch hes been sequenced .and studies of -
their RNA have been initiated. \ N ‘

| gm:g_has been sequenced by Barker gt gl (198S), and its RNA was
shown to be periodically expressed ,PV Peterson @t gl ( 1?85) and White et
gi (1986). CDC21 or IMP1 was sequenced by Taylor (1986), tmd wes
showr; to. be periodically expressed 'by Storms gt_p_!_( 1984). Birkenmeyer.
gt ol (1984) sequenced the CDC8 gene. .While et al (1986) showed thet
the CDC8 gene was pariodtcatty expressed. Using uNorthern snalyses,

¢

-
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White gt al (1986) also found tpat trenscripts from these three genes
sre elevated ot "the seme time in the cell cycle. The RNA levels from these -

.o genes peak earlier in the celi cycle then do histone RNA levels. The RNAs
: ‘accumdllated in the presence of the c_ﬂg_ﬁ_ block suggesting that their

—

Acanscription wes initisted fn GI prior to this cell cycle step (Figure I.1).
As discussed in detail lster (Section D.2.), these three CDC genes
share 8 rebetitive DNA slement locsted 100-200 bp S5’ to the structural

gene, the consensus of which is:

5'-C8C8-----A-rich----C6C8
1"he inta‘rveninp A-rich’ req;:m Is 4;30 bp. Tt;is ‘sequence may be & CCR
' element, sincé | have only f;)und this sequence 5' to CCR genes, to date.
Based on the similar Um‘ng of peaks in the RNA level; during _t_;e cell
'cycle White et al have already proposed that these three : éenés sre
) membars of o cell cycle regulated: gene 'bauery (Britten a;u’d Davidson
1969). To- dete,” no studies have .reported the location of regulatory -’
- sequences for these genes, glthough both.mg_!_(qiaylor. 19‘86)'and'QQQg'
(Barker ‘gg_ n]_,.l985) have mRNA ‘en‘ds m;ippi'ng less th;:n 60 bp from their
pred’iqted trenslation stert sites and downstream .of potential “TATA
sequences (see Figure 1.3, for example). As“with histone RN_A,' CDCO RNA
' remains elevated' during cdc? - induced arrest (Peterson et -al, 198S). -
This suggasts that' cells must -traverse the CDC?  step before
) transcription of the CDCB, CDCO, CDC21 ., H2A snd H2B genes cen be

- turned down. -

-~
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A.2.4. Mammalfan cell cycle genes.

The mammalian tissue culture system has also been used for studies
of trenscript regulation during the cell cycle (Denhardt Q_Lgl. 1986).
Here, too, the cell cycle is beginning to be elucidated wusing cell divisjﬁn
cycle mutanls and gnc genes (ibid, see also Sheinin, 1985,1986 and
reviews by Pardee et 8}, 1978; Marcus, 198S).

The RNA product of the gene encoding the 70' kD human “heat sho,ck.
protein®, HSP70, represents & mammalian 'RNA ’species which fluctuates
periodically. The highly conserved. HSPs (réviewed by Lindquist, 1986)
are induced wr;en the cell is stressed- ‘by 8 number of aqer;ts, “including
high tempersture shocks.: The‘human’HSP'IO has SO% homology to the E.
g_g_li_gm&_ge‘ne (prod'uct, which is an abuncfaht sutophosphorylsting protein

with weak ATPsse activity. The dnsK gene is an essentisl genesfor E. coli,

in that it cannot be deleted, and is alsp reciﬂired for replicetion of phage

“lambde (ibid). In yeast, there are two HSP70 proteins, which accumulste

relative to other pf*oteins ‘Ss‘ c,ells‘~enter stationary phase. Like the
ar{glogo,us E. coli gnskK gene, the‘ yeast HSP70 gene defined by mutant
YG104, is essential for growth (ibid). ) | '

Tpé abundaﬁﬁce “of the RN;\ encoding 8 human HSP70 protein increases

20-fold durinq“ the cell cycle, reaching 8 peak during the post-S phase

period (Kao Q_ng_, 19'86).\ Periodic expression of human HSP70 RNA is

observed from Hels célls, and from Adenovirus-transformed. 293 cells

released” from 8 thymidine aphidicolin' cell cycle block (ibid). This block

'synchronizes cells at the G1/S boundar'y. However, jhe pesk of HSP70

RNA occurs after DNA synthesis, which probsbly mesns that the HSP70
gene is not rejated to the CCR gene battery of yeast (section A2.3),

i w;vhose tcanscripts pesk nesr the beginning 6f S phase.

The levels of several transcripts’” from the humen adenovirus . linear
. rSe

Do . ?
s .

-
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genome were 8lso found to fluctuste in a° cell cycle-dependent .fashio’n in
K chronically infected cells (Keo el al, I§86). Lii(e the Sv40 gnd Herpeé
viruses (reviewed by Tooze, 1980), adenovirus contains 8 “faster” gene,
E1A, whose protein prodyct regulaies expression of s8ll of the other
genes encoded by the virus. The S’ sequences of the E1A gene nserve as 8
transcriptional ”‘énhancer for all other early viral genes (Hesring aqd
Shenk, 1986). In addition, the EIA'product can elevate celluler HSP70 and
B-tubulin RNA levels (Keo and Nevins, 1982).V1These data suggest: that the
E1A gene product is capable of cor}irolling periodically exgiﬁsed genes,
such as the HSP70 gene in'the cell's genome. However, since evidence (gdr
cell cycle regulation of B-tubulin RNA lfevels is l_ackfng. (the sction of EIA
on transcr;iption of thése genes may be an indirect result Cauged by
_stimulation of proliferation (see section A.3.). }

This"ambig'uity was parlially addressed by studies of the regulation df
RN;\ levels from tl.w‘e adenlovi‘rus EIA and EIB genes (Kao gt gl, 1986).
'Mouseﬂ 293 cells ¢hronicelly infected with eder;ovirus accumulate RNA

“’kfrom these viral "sarly” genes in a8 manner consistent with cell cycle
-dependent reéulation. That is, levels of EIA snd EIB RNA fluctuated
during & round 'of cell division in synchronized.' 293 cells, Apbumulatgd
levels 10] both RNAs were onv“‘at the G1/S boundary, peqked in early S
phas'e 6-9‘hours after release, and fell sgain to Tow llevels by 18 hours. .
The peask in both EIA and E{B RNA levels occurred 3-6 hc;drs bafore "the

.. HSP 70 RNA pesk. | ‘ o . '

+ The. rate at which the ElA,’EIB pnd HSP70 genes were transcribed
dqring‘ the cell cycle was als;w mgasuredj 8s described ab\nve for yeast
histone RNA. Whereas incorporation f;l(O HSP70-hybridizing RNA was not
observed until 4 hours into S phase, incorporation into EIA RNA was

maximal st the G1/S boﬁndai‘y snd declined throug;: the rest ofthe cycle.



i

27

Incorporation into E1B RNA was constant throughout the cell cycle. The

. resylts imply - and the authors suggest - thal the perdodic fluctuetions
4

\'of E1A is both trenscr_tptionaliy and post-transcriptional regulated, while

the penio'dic expression of E1IB is post-transcriptionslly.  regulsted.
The other important conclusion s that EJA and. E 1B transcription
begins before the G!/S'boundery, wheress H§P7O transcniption _only

occurs when the cells have entered S phase. This conclusfon is based on

the timing of the call cycle block used to synchronize the 293 cells

studied here. Since the cells were arrested st the G1/S baundsry prior to

experiment are assumed to have been caused by igﬁreosed'synthests (es
with yeast histone RNA during 8 c¢dc? cell cycle' block; seetion A2.1.),

and/or by stabilization, "in the srrested ce'lts. In either case transcription

. takes place al the block, and may have been initiated much esrlier.

Expression of “adenovirus . mRNA from esrly genes requires the E1A
gene product (reviewed in Kovesdi gl al, 1986a). In addition,
transcription. of all the early mRNAs on the viral chromosome is requleted

1nc_§_by the E1A transcrlptuonal enhancer (Heerlng and Thomas, 1986).

therefore seems l|kely thet< the virsl early genes form "o gene battery,“

which is coordlnetely reguteted by the E_lA product, and the EtA qenes
enhancer etement

In trans , the E1A gene product. enhances levels of other early mRNAs
by enhancing the levels of a celluler fsctor whtch binds to adenovtrus DNA
(Kovesdi gt gal,.19868,b). To dete, the celluler factor haes been shown to
bing §: to early gene E?. end to regulste its transcrip! te‘v_els (1ibid). The'
€2 5 regulatory sequences bound hy the celluler factor have been

localized to the region from -74 to -33. C Lo

'théée expériments, RNA Tlevels yohich were high at the -beginning of the
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The DNA sequence’ of "the region suri'oundlng this b'lndlng‘slte is deplcled“

‘ ~below. .

] . «

, . _ , ' ?
;o .. 60 -40 : -40
} " GACBTABTTTT wlne/\om\ee " GCEGCBAAA * CTAGTC
\ , y
-20 . . +1
CTTAAGAGT CAGCOCOCAGTAT TTGCTGAA

Y

- . ((from Kovesdi ol o, 1986).
; | Y
The numbering is relative to the mRNA S eno (underlined sequences
have molooy with the” E1B gene). Essentially, lhe sequence. {s '8 dyad
(arrows) capable of forming 8 stem loop, s was lhe case for the yeast.
hlslone gene QOCR sequence. Oontalned within the sequence is a purine-rich .
' (12/17 bp) region bounded_gy CGCG. reneals. ’Deletlons lnillehnq
upstresm and extending into {his regulatory region so as to‘remove one ’
of the two repeale grastlcally ‘reduces bo_lh £2 mRNA and b,inoing 'of ,the' -7
E1A-regulated DNA binding factor. .
' Although DNA binding studies simller to those reported lor the E2 gene

neve not been performed with. lhé periodically expressed E1B gene, DNA
v l sequence enelysis shows . some . striking similerities within_their
raqulotory reglons The ElB/regulelory region shown below contains .
'sequences, that clearly resemble those found within the- binding ‘sites
found upstresm of E2. Bo}h genes Il'ove S regions containing repested
5 copies of an element _having the consensus ’wCGTTAAA Hance.. this
element may be resf)on‘slble‘for the ElA-debendent r_equletion of _lhese

lwo‘ “early” virus genes. ‘ ' 8

-
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Depicted below is the end of .the E1A gene and 4Ahe start of the E1B

gene (from the AdS sequence reviewed in Tooze, 1980).,

\

EIA 3 end -50 Yo
TAATAAA GGGTGAGATAA  TGTTT AACTTGCATG GOGIGITAAA _TGGGG
=30 .

€000 GCTTAMA G066 TATATAAT 6C GCC GTGOOCT - AA TCTTGTT

+1 N
ACATCTGACCTC  AT6_ . :
MRNA start  EIB start : '

~

The,scquences underlined‘_aca homologous to the E2 prcmoqter' region .
k(sequenced by Gingecas el al, 1982) which binds thc E1A gene pro&uct.

| The_, adenovirus E1A and E1B RNAs are separated by sbout 80 bp. .The
EIA NtTAAA consensus trenscription 'terminctton" cequence (reviewed in
Nevins, 1983) preceeds the 3' EfA RNA terminus, and the TATA box for !
E1B lies within 40 bp of this sequence followed within 25 bp b“s( the EI1B &
RNA end al +t and finally the EIB translatlonal start codon

Lastly. the CGCG motifs are repested several times in the S’ region of

Both EIB end E2 (Murthy et al, 1985; Kovesdi ot gl 1986). This
_redundancy may e'xplain the t‘nabtlity of 'Iinker scanning mutations to
detect @ specmc regulatory elemen{ S' of E2 (Murthy et al, 1985)
. ln contrast to E18, the HSP70 gene contains little homology to the 52
gens _within its S’ region (Hunt and Morimoto, 198S). The Iack of sequence
homology probably reflects the fact that thyttmtnq of HSP?O expression
is very diffarent from that of EIB snd E2 (Kao et 8], 198S). For exsmple,
E1A, E2 oand 'HSPTO RNA levels all fluctuste periodically. However, the
periodic fluctustion of HSP70 RNA appears to be regulated mainly at the

} .
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\ » . . :
level of trensoription, while E1A and €18 RNAs_are- also r’egufatad st the
levbl of RNA stability. ' a

In summary, the levels of RNA frbm‘seve;‘al mammalian ganes appeaf
to be cell cycle regulsted, The ﬂt{étuauons .'ob'serve& caﬁ result from
trqnscgiptional, and/qr. post-transcriptional regulation. The tlmillg of the
perfodic expression of the adenoviruys. E1B gene's m’RNA ls‘ assocfated with

the presence of 8 particulsr séquence of DNA present in its S' flanking

" region, and a similar sequence is present within the upstream regfon of

the E2 gene. The latter may be regulale.d_ in a similar fashion to Elé, since
both genes require the EIA gene product for their expression. The
s"equehce S* of the £2 gene binds a celluter product which is elevated in

the presence of the viral E1A - gens prdduct. ‘Since the latter is the

“transf,orm‘ing factor for edenovirus oncogenesis' (reviewed by Tooze,

1981), the E1A product must be capable of-stimulating the transformed

cells to cycle, and- so willeﬁhér directly or indirectly cesuse cellular CCR

-génes to be expressed. .. | _

'.
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A.3. The START Cancept. - v

hfa;ﬂmyth (I985bj assumed that the ceil-cyela START {(¢dc28-4) . -

' dgpendent regulation of the yeast Ib;qene was periodic, as did Hereford
.gggj_for the cdc28-4 - depende‘nt regulation or_(r;e yeast' LBLgenes. In
fact, of the regulatory elements tested, only the histone CCR element was
shown to csuse flucluations' in RNA levels.‘beyond the first qene‘ration
~after arrested cells had been stimulsted to proliferate. " It was shown
that the histone '!Bmery" and HO CACGAAAA  were capable of transiently
enhancing expression of these genes “in cells stimulated to proliferate
from an arrested’ state. Yet., the lack of second-generation evidence
_dgmonstrating periodic expression leaves open the possibility thst the
latter two elements do not regulate/ periodic fluctuauon:; in mRNA levels,
but only "proliferation” dependent changes which occur when cells escepe X ;
from an arresfed state. |

Thi\s ambiguity also appears in many studies of mammalian genes
associated with the cell oycle. Thes'e studies depicted mRNA; which were
elevated shortly after cells are stimulated to proli}erate in culture
(reviewed by Marcus, 198S; Den!\ardt, 1986). Again, most of these
studies qdia not investigate subsequent cell cycfes to determine vyhether
" the gene's expression was truly periodic. |
It is important to sttempt* to resolve this dif{iculty, bei:ause maﬁy .
/génes in addit{on to %genes inay béhactiv'atéd when cells are relessed
from an srrested state. ‘

Part of the problem is technical, since s"ynchronous cell populations
relessed from naturally 'arrested states ore more easily studfed than
single cells or cells fractionsted by cell-i:yéle stage. Keo n_t_g]_tl986) ‘
moy have uncoupl\ed cell cycle regulstion from proliferstion-dependent

_ regulstion by synchronizing cells at the G1/S ~boundsry (a c&mmon

4

“
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technique for mammalian cell-t:ycle“ studies), al which time cglls are

slready committed to.the cell cycle\.x"Such 8 “system” may"therefore ‘be

pression. However, there are two

4

better suited to studies of periodic
problems associsted with this method. One, the buildup of mRNA or gene
product may be an artifact, caus;ad by the cell cycle block, and not by
periodic expression. Two, genes which are expressed‘ after START (R)
but before S (like TMP 1, CDC8 , CDC9 , H2A end _H2B , and HO, are already
expressed by this time.

Another aspect _of‘ the problem is semantif’.‘ For this reason, | will here
relate the concept of START, 8 term developed in yeast, to the mammalian
"restriction point®, as these terms apply to cell cyclé reguleted genes.

e

ersus “R° in animal cells.

A.3.1. START in yeast ‘

START will be defined |8s a point or stage in‘the’ yéast mcell cycle
shortly before S phase th passing. of which commits a cell to é,omplete
one division cycle. A ST T-.d_e.pendent gene is one whose‘expression,
requires the completion of START. This defim‘t‘ion .contrasAs with that of
8 CCR. gene, since periodic ﬂuciuations in mRNA or gene product are
inevitably affegted by each completion of START. By this definition, all
mgei‘wes are START-dependent, but START-dependent genes need n;)t be

CCR genes.
One sdventage of this definition of START i{s that it corresponds well

»

to the definition applied to the mammalian restriction point, R (reviewed
by Denhardt, 1986). That is, cells which have progressed past R are
committed to another cell cycle. However, the definition of R in
mammalian cells goes further: the cell will complete the c/ell cycle éven if
protein synthesis is blocked (ibid), unlike yeoét (eg. Hartwell, 1974; 6.

Johnston, * pers. comm.).
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Another advantage of the definition is .that the evenis crltlca,lx'.lo

START need not be confined to the GI. in(er\)al. START ‘itself can occur

_before mitosis in yeast” cells recovering from cell cycle constraints such

as growth in hydroxyursg, which inhibits ribonucleotide reductsse, or in
Q_dgi"ce‘lls at a semi-restrictive temperature (Singer \and Jonston,
1983). This implies ihat for cells in balanced grdwth' the smount of time
8 cell spends in G1 before- passing START depends on whether the cell has
accumulatad the wherewuhel to do so in the previous cell cycla (including
components required for DNA synthesis).

Third, this definition of START can be r‘econciled with the data cited

sbove, as follows.

A.3.2. CDC28 , a-factor and START.
] .
Hartwell (1974) defined START as that stege in Gl st vhw'zh cells
were arrested by a-factor or by the g_dg_2§_mutation. This/ stage wes

considered to be “late” in B!, but as pointed out asbove, this definition

‘ would depend on the length of GI.

A cell in repid growth would have to be arrested by a-factor
i‘mmediately following mitosis, since G1 is short. This pjedicts that
a-factor acts during the cell cycle prior to arr:st. A cell with a long G1
could grow hefore resching the block. For example, daughter cells, which
fdllowing cylokinesis are smaller then mother cells normally have &
longer Gt due 'to' 8 minimum size requirement needed for passing START.
Daughter cells achieve readiness eqdal to tnother cells if held in
a-factor at START (proposed by Singer and "Johnstan, 1983). This
spparently results because cells co‘ntinuel to grow in the presence ’of

a-factor, which allows desughter cells to sttain the minimum size

requirement.
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~In contresf to &-factor-;nduced ﬂr%f-cycle Brrast, Qﬂ_gZﬁ:_q_mutants
may undergo several cell cycles prior to arresting st START - at the
restrictive tempersture (reviewed by Camonix, 195,6). How cen this .
observation ~ be reconciled with the mutant's inabilily to escape fr'om Gg
arrest (Nasmyth, 1983 1985a,b) in terms of ability to pass START?
‘A.3.3. Yesst “START~ mutants versus START.
ﬁany\mu:otions' \beé‘ides the ¢dc28-4 mutation cause cells to errest at
START. Howevei‘, th{ré ,is"r‘no indication that these genes a&re directly
involved in the passing of START ('ie. initiating L DNA synt‘heti’c, cycle).
This is probably‘true of most or all START mutz;nts- (defined as mutants
which arrest at START). Instead, these mutatiops may all be in genes
essential to thé’\cell, and affect the cell \;ith“different“ severities -
depending on the ‘T:akiness' of the mutation.

START mutants have been dmded into Class | end 9Iass I ( Reed Lal,
1985; Camomx, g_g_l_, 1986), based on t‘he phenotypes of conditionally *
lethal mutgnts’ arrested under restrictive conditions. Cless® I mutations
(egz of CDC28 encoding & kinase, CDC36 ,CDC37 and CDC39) cause 8 Gl
arrest - which resembles the arrest induce& by the matingv pheromone
a-fector (Reed, 1980). Cless | mutants can still increase in cell volume
and mate under restrictive cqnditions. and synthesis of many mRNAs and i
proteins occurs inthe arrested cells.

‘ Class Il START mutstions (eg. of 'CDC19 encoding' pyﬁ:vate kinase, — -
QZZS_ encoding @& regulstor of sdenylste cyclase, CDC33 , or Qgg_s_
encoding adenylate cyclase) cause arrest in a G'l.stage which resembles
Gp. Class 1l mutahons do not synthesize RNA or protein, and Qeither mate

nor grow under restrictwe conditions

Note (hat both clesses of START mutation arrest cells in the unbudded
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stat_é. but . Class Il mutations oppear to be more severe. Although ‘the
nature of tha Cless Il “Gp™-like phenotype is undefined, it fs
characteristic ®f an undernourished state of the cell. lﬁ contrast, the
unbudded, but active, st?te of a-factor- or ggg2§,-ﬂ' - arreste;d cells
more cleariy defines @& state of readiness-io-divida on the pﬁrt of the
cell. This view is supported. py tise phenotypes of. yeast prtl mutants
(Hartwell and McLaughifn, 1969). These ) mutants are
temderature-sensiliye- _Iethal, snd were originally .c’harecterized 8s
defective in the initistion of protein synthesis. At SE'C. mutant cells
arrest immedistely without regsrd to ce.ll cycle stage (G. Johnston, pbrs.
comm.)."At 34°C the cells arrest in Gt displaying & Class II START mutant
phenotyﬁe. At 32°C the mutants resemble Class 'l START mutations.

The prtl mutation therefore suggests the probable trua nsture of
many START mulants, as "leaky” mutants inessentisl genes wmch sre sble

1

to complete 8 cell cycle by virtue of their leakiness. Upon complelion of

-mitosis, the more stringent Cless Il mutants seem to be more severely -

Ps

nutritionally depleted and enter Ggp. The more “lesky” Class Il mutants

*

would be able to reach, ﬁut not pass, START.

; o
Note that if most START mutations are in essentisl genes, their

-

"expression early in the cell cycle would be expected, and should not .

implicate them in cell cycle redulation. In contrast, ::"class of animal
geneé, oncogenp§ (Denhsrdt et gl, 1986) mey cons't.itute/ bones ﬂd’e START
genes. - Many viral oncogenes (v-onc) confen_ on. oncogenically'
transformed cells the inabilit;l to srrest properly st "R" (ibid). The
mﬁNAs f_rom'these‘ genes’ cellular equ‘ivalents' appear ir; the first G1 in
cultured cells stimulated to proliferate (ibid, F‘igura 1.1), and so could be
associated with a START-like signal. Ft:rthern:;ore/ expression of these

genes in the GI of ‘ proliferation'-stimulated cells appéars té be ordered,

P
A
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which suggests that events occurring early in G| may be required for
_subsequent Gl events, such as the passing of “R".
J ¥ L ] ‘0

A.3.4. START—dgpondcnt genes versus CCR genes.

It {swgﬁ be recalled thst CCR genes are defined as genes whose °
(4

exprésst n fluctustes periodically during the cell division cycle. Implfed
i.n this déﬂnmon is, thet the cslls are in bslanced growth, and not
,initisting or terminating proliferation. . ' - -

‘ It is possible that START-regulsted qenés are expressed

constitutively in cells\which are dividing rapidly(, but ere repressed when
cell division is inhibited. Such repression may lead to a compenssfory

overexpress?on of t.he START-regulated gene wpen proliferation is
resumed. This means that'START-dependeht gene expression, elevated by
START -dependent synchronizing  techniques such os 'n.utritional or
a-factor blocks, may peak during the first_cell cycle following arrest,
even though the gene is not péyriodically ‘expressed. . A possible gxample of

*a gere which "is START regulated, but?not periodicelly expressed at the

!
mRNA level is the yeast DCDJ] gene -(Mcintosh and Haynes, 1986).

[AA. Cell cycle regulation by QQBLqeﬁe'.;: the 'ﬁnstable protein
model”. o |

The length of “the cell cycle -is normally determined by iha_length of the
GI"s’tage in mammalian cgllé end in budding yeast, wheress S phase, G2 and
mitosis hytarvals are n0rmaily of "fixed duration (Mitchison, 1971). What
“Controls the length of G1? Furthermore, why should increasing the length

of the cell cysle change the length of G! prior to START, - without altering

_the length of other cell cycle stages (reviewed by Corter ef pl, 1983)?°

Thewmost atu;activm-.bypo(hesis présented to date proposes that levels of

L]

Py
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8 labile protein .must reach a critical 'threshoid level before commitment

to cell division (Pringle end Hartwell, 1981; Ooppock and ‘Pardee; 1985;"'

early references were reviewed "in Mitchison, i97l)

According to this model, a labile protein called the 'triqqer protein is
responsible for completing the START event _(reviewed ‘by Albert gt al,
.1983). Cells cannot ‘complete START unless this labile protein reechefs 8
threshold 'concentretion Because of its, instebiiity. the hypotheticel
‘ protein wouid only eccﬂmuiete in sufi‘icient quentities, to stimulate & cell
divisnon cycie if it wes synthesized .relbtively "repidly. As soon as its
synthesis is curteiled (st some point between START and the following
mitosis), levels of the pretein are then proposed to decreese ot o
constent rate as the cell cycle progresses towerds the following START,
When the ce!l proceeds through the cell cycie tg the next G1 the labile

protein is again synthesized.

.The rate of synthesis of the lsbile protein is further proposed to very'

-directly with the- overall metabolic rate of the cell. Therefore, the time.

-

re‘quired. for the labile protein to accumulste  to the threshold
concentretion’ reqmred to complete START (ie. the length of G1 prior to
the completion of START) will vary depending on its rate of synthesis.

~ Could the sforementioned cell cycle reguieted enzymes jnvolved ’in DNA
synthesis constitute trigger proteins™? Severel lines of evidence

euggest thet this ‘'may be the cese. ficst, like the hypothetical 'trigq‘er
el o

protein®, several genes whose products are required for DNA precursor .

synthesis or DNA synthesis ‘itself are cell cycle regulsted, and their c‘ell
) cycle dependent expression occurs during G! st or very close 4¢ START
(section A.2.3.). Second, levels, of the trigger protein should t;e present
‘st 8 concentration nesr thre's‘hold levels in log phase cells. At least one of

the CCR gena products, TS, has been shown to' be present st intraceliuler

/

%
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levels hear those. which would make 4THMP r@ limfling for DNA synthesis
( Bisson and Thorrier, 1981). Third, the lrlgger profefh should be unstable
lnrt,.qresungly,\ the yeasst TS and‘DNA Ilgase CCR' gens products have both[
eerr shown to be fer mote labile then bulk cellulsr protef | (Greenwood et |

‘al, 1986; and ‘Whita el gl, 1986; respoctlvel\y). Fourth, s “pre-replication

complex” of seversl replicetive enzymes wes observed associated with

yeas't 2u~-circle DNA by Jas;ivinski and Edelmen ( 1984). This obsarvbtiop

. suggests ‘that the assembly of the l'nulti-enzyme\l complex preceeds S

phase and so mey be required for its onset. éeverai genes whose products

are found _in repliceuoﬁ complexes (Reddy, 1977) héve been shown to be

Q;B_ denes in yeast based on the' per‘iodic fluctuatlons of their
transcripts (including TS, DNA ligese and dTMP kmase section A23 and
DNA polymerase, J. Campbell, pers. comm.). ’ - ) .
Therefore the rate of accumulation. of Age‘ne produtts requiréd for the
formation = of & pre-replication complex could determine the length of -
time spent in G1 before cormpletion of START. This in turn implicates the

cell cycle dependent regulation of expression of g;R_"genes like TMP1 in

initiating & cell division cycle, and" in determining thé rate of cell division.

1 .
. a

\ lnteresungly, thymidylate synthase (TS) 8h enzym# assbciated with

DNA synthesis and with (pre-) replicauon complexes (Reddy, 1977)
- .shows periodic instability in yesst (Storms gt al, 1984). Greenwood et gl
- (1986) proposed that leveis of TS slso fluctusted in direct proportion to

the rate of cell division, &nd there is every reason to gssume "trhat RNA

‘ levelsomay be similarly regulated (Calmels, in preparation). -In addition,

TS ‘mRNA also fluctustes periodically during the cell cycle (Storms gig_l,.

.
N ¢
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19845. {he dependence upon START fo;‘ th‘e‘ e.levation of. both TS and its
., _MmRNA led us to conclude het TMPL, the oene encoding TS, -was @
START-de‘penden;t CCR gene: ‘
IS catalyzes the de novo synthesis of "degxythymidylste (dTMP) by
.- replamng the hydrogen at: ring posftion S of the precursor deoxyquylete
(dUMP) with 8 methyl group from NS NIO-methylenetotrehydrofoIete

(early references were.reviewed by Blekely (|969). .
AN /

The TS-encoding IMP1 gene hes been well characterized. geneticslly .

prior to this study (Brendel and Lonqjehr 1974,; Lmle and Haynes 1979; ‘
\

Kunz, |982) The reaction catslysed by TS is o tarqet for con“cenw

chemotherapy (Donenberg. 1977). imbalances’ fn the dTMP pools have

been shown to “affect cell visbility, ‘mutstion retes end recombinstion
4,

Py rates (reviewed by Barclay gt 3}, 1982; Haynes and Kunz, 1986; and by

Taylor 1986). Ihe TS gene product hss been clnarectemzed by Bisson and
Thorner - (1983). The gene was also of interest to investigators of
eucaryotic DNA féynthe‘sis,. who crearedu dTMp oﬁxotrophs for the
ourposes of DNA labelling exoeriments in yeast (Brendel and Fath, 1974;
Little and' Haynes; 1979). This first reduired the ié;oletion of typ mutants
whioh were permesble to dTMP supplementation - (Brendel and 'Haynes,
1972; Little and Hoynes, 1579). One TS mutant is the tmpl-6 slale of
‘ -TMP I . Strains harbouring. this mutation are auxotrophic for thymidyiste.

[4

In a mg,beckground yeast conta)mng this r}mtetion can grow in complele

or mlmmel medium supplemented with 100 ug/ml of dTMP.

The gmgl'~§ ondcgggzﬁl (at 37°C) slleles csuse arrest of the DNA

b

replication apparatus during S phase, which- leads " to the enresl of the

paraliel budding cycle just prior to cytok'jnesis. The “dumbell” morphology

’displayed is characteristic of mutants which ere ded,fecuve in. DNA

-

syn"thesis (Game snd Johnson 1978). including 3ne aforementioned . ,m

-
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) Figure 13, Sequence of the yeast mp_g‘éne (the non=coding DNA strand,

e

~

odaptad from Tayor, 1986, starting st the mmm_mstriction site at
-377).

Bases are numbered on-the left. of the Figure from the S mngm_
site, and, on the right of the Figure, relative“tg the first of two
putative transiational start sites. The single letter code for the
" putetive polypoptide product is given below the DNA sequence. ot .

—Restriction sites relevent 10 ‘this thests are shown above the' DNA
sequence. The lsrge repeat (ibid) S/ to the coding.region is: nverlined
*This repest has homology with otrﬁr coce repeats (see text). Other ;
_putative reguletory sequences (underlfned) ore, TATA ond AATAAA
elements corrgleted inother studles with mRNA S’ ends and 3' ands. R
respectively, and 8 cryptic intron consensus (ibid) locetgd at *99 N
(BGTACGT), +163 (TACTAAC) and +189 ( TAG).’

©
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. thadl] ‘

AAGCTTCTTTCCCCTCTCGTCTGTAAAGGACGGGATTGAGATTCAQTTAAAAAATTAGTTTTCATTGGAAAA

3
185"

ACGTAGGACCGCATTGAACAGGTTGGAAGAGGTGTTGCTTTTTTGACCTTCTT]’CTCAAACTTAATATTTGGT

218 Higl Mgt

GACBCGTTAMTAGAAAAAATOAAAAAGACCTTAATTGACOCGTTTCCTGAAATATTTACIA AGCATABC

289

TGTAATTGTATTTTCTAAACTTGTAAGTGACTGTGTATATCAAACA ATAAAGTATCAAGGAGAGAGCTT C A

360 +1

TAACAGAACGGTACAGO ATG ACT ATG GAC GGA AAA AAC AAA GAA GAA GAG CAA TAT CTTGAT
.. M T MyD 6 K-N K> E E- E QG Y L D

a2

CTA T6C AAA AGA ATC ATT GAT GAA 6GT GAA TTT AGG CCA GAT AGA ACA 66C ACT 66T ACG
LCK R I I DEGTEFR P DRTG TG T
482 Pwyll

TT6 AGT CTT TTT TGC ACC ACCCAG CTG COT TTTAGT TTA CGT GAT GAT ACC TTC CCACTJA
L §$ L FCT T O L R F S L RDIDTITEF P L
GTA ACG ACC AAG AAG GTT TTT ACT AGA GGT ATC ATA CTT GAACTA TTG TT6 TTT TTG 6CC

LT‘TKKVFTRG,IlLELLLFLA
602

6GT GAT ACA GAC GCT AAC CTA TTG TCT GAG CAA GGT GTT AAG ATT T6G GAC 66T AAT GGA
6 D T D A.N L L SE Q6 V K I WDG NG
662 ' pallt

TCT C6T GAA TAT TTA GAT AAG ATG GGG TTCWAA GAT AGG AAA GTA GGA GAT CTG GGG CCC
S R EEY L D.K M 6 F K DR S VG DL 6 P
722 .
GTT TAC GGA TTT CAA TGG AGG'CAT TTT GGT GCT AAA TAC AAG ACG TGC GAT GAC GAC TAT
VYGFOWRHFGAKYKT'CDDDY
702

" ACT GGA CAA GBT’ ATT GAT CAA TTG AAA CAG GTT ATA CAT AAA CTA AAG ACA AAT CCC TAC

T 6 0.6 1 D@L K@@V I H KL KTNPY
842 '

GAT AGA AGA ATC ATT ATG AGT GCC T66 AAC CCA GCT GAT TTT GAC AAA ATG GCT TT6 CC6
DRR"llHHSAwNPADF'DKHAlP
902 Bamit
CCA TGC CAT ATTYTT TCA CAG TTC TAT.GTC AGT TTC CCC AAA GAA GGA GAA GGA TCC G6T
P¢H 1 FS @F Y vs F P K EG E 6 56
962,

"AAG CCC CGC CTT TCA TGC TTA TTG TAC CAA CGT TCT TGT GAT ATG GGG TTG GGA GTA CCA

K P R'L S CL LY 0QRSCDMGE6L 6 V P

1022 Spit
TTT AAC-ATT GCA TCA TAT GCT TTG-TTG ACT AG4 ATG ATT GCT AAA GTT GTC GAC ATG GAG
FNIASYALLTRHIAKVVAHE
©L. 1082
", CCA GGT GAG TTC ATT CAT ACT TTG 6GG GAT GCA CAT GTT TAT AAA GAC CAC ATY GAT GCC
P 6 E F I H T L .6 D A H V Y XK D H I D A
R RV-v;
TTG6 AAA GAA CAA ATC ACC AGA AAT CCA AGA CCA TTC CCG AAA CTA AAG ATT AAA AGG GAC
L X E @ I TR NPR PF P KL XK I KRD
1202
GTT AAA GAC ATT GAT GAT TTC AAG TTG ACA GAC TTT GAA ATT GAA GAT TAT AAT CCT CAT
VKDIDDFKLTDFEIED'VNP'H
1262 EcoR!

CCA AGA ATT CAA ATG AAA ATG AGT 6TA TAA T‘TGACAGCACGAGGABAMCMMTCATGTACTT
P R I @ M K M S V nes

1326 ACGTATATACACACAAAATCGAATGTATATAATACAATBETTTATTATBCAAAAATATAGAA
1388 ATTATTAAGACACAGGCCTAAAAAGACTCATATATCATTTTITIGETGCGATATETTTTTIGETTE
1432 BATGTTTCACTOCCCTTACCAHTCCAAQIAQATCAAATACTOCT_MATCMCTTCAHTMCT

el
@GCCAAJA_A_QATATGCAAAGGTCCCGI’CATIMCTGCAGCTACCTCAAAGAGATTTAGCTTTGTGTCCTCA .

"e344

4524
+584
+644
+704
*164 '
+824
+004

+048

*1010
+1074
+1130
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and cdc9, TMPI is not an “essential” gene (one whose gens pfoduct' must

: ‘ . be physicslly p'rese'nl, even if/t%wtated). since deletfons ornthe gene do not

produce inviable progeny, merely auxotrophs for thymidylate (G.- Teylor,
1986). | ) . ?7?‘

Original’ly,'o'ur lsboratory’'s interest was in the coordinate

transcriptional. and poét-—translational . regulation of TMP1 as it pgrtained

to nucleotide -meiabolism. TS was shown to accumulate pariodiceliy near
the bqgilnning‘ Sf éphase (Storms et gl, 1984). Tﬁis periodic accumulation |
was determined, in part.\ ot the level of the transcript. ‘Of other genes
/ ‘ _ finvolved” in pyrimidine. metu/b'o‘lism only the dTMP kinase gene CDC8
introduced ab&ve'ﬁas sincé’ been shown to be ;;e‘riodigzall;l expressed at
the RNA Jevel. Thrée other’ genes in pyrimidine DNA precursor metabolism,
QQLL. DUT 1 &nd DFRL (encoding dCMP ‘deaminase.'.pyrophosphatase and -
dihydrofolete reductase, respectively) encode RNAs. which are not
. IRV periodically expressed (Mclntosh et al, 1986), alth.o‘ug'h. DCD! expression
- -~ may be START-qependent. A . R o

| .The iLP_l_gene, includ~ing more than 4Q0 bp of S’ information 'had
-earlier en cloned on 8 yeast plasmid, pT.Ll '(Taylor ej_ﬂ, 1982), and the

clonet:l qéne compleménted‘ the.gmp]-ﬁ snd cdc2! suxotrophies. This

result néicaied that -the cloned gené,' contained on a Hindlll restriction

: fragmént . (ibid) 'was'~tha correct gene, and .contain.ed sufficient

regulatory controls to function in yeast.' The gen-e was subsequently

' éequencgd (Figure _i. 3), and St mapping suggested that the S' mp_lle‘;lA

end mapped roughly 60 bp 5; to the .initiation codon (Taylor et al, 1986).

‘ T[m‘ p.redicled struéturél (coding) portion of IMP| extends 906 bp from

the ATG (+1), and the first 14 codons are in agreement with the first 14

. ,atﬁino acids of the yeast TS protein, as sequenced by Bisson and Thorner

_(re81).



| system could. then be used to study IMP1 expression.

43 -
The gene contains several other putative. regulatory sequences'

common to other eucaryotiq’ and yeast genes. These fnclude “TATA"

sequences 8t -280, - 105 and -59. and al positions 946, 968, 998 and

t

1035, just downstream of the coding region. The sfructural portion of ;

t;\e gene contains @ consensus glycosylatfon site (Asn-Gly-S‘er‘ st position
42'{35 and & cryptic intron (G ' GTACGT st position +93 ;TTACTAAC ) at
+|§7; TAG st +182). This intron i$ not excised from the bulk of I_[j_E_L
RNA, based on S1 protection studies (Tesylor et al, i986).a.Cnnsensus

mRNA “stop” signals (AATAAA) are found at +1093 3' to the coding

region, as \lell as at -38 and 8t -140 and -300 S' to the coding region.
The S' locations of these putative transcription terminatmn" signals
reinforces' the emerging implication of transcriptional stop sequences in

S’ transcript regulation (Yarger el al, 1986; see above).

A.6. Studying TS regulation wusing JacZ gene fusions. Having
ascertained that TMP] was cell cycle regulatéd, we set out to 'study how
the expr:pssion of the gene, its transcript and its product were
modulated. To do this, we decided to fuse the TMP1! S’ information to the
strﬁ'::tural portion of the [. coli lecZ gene. The [B-galactosidsse gene
prbduct of lac/ is not required for growth and is resdily datectable.. The

resulting gene fusion could then be introduced into yeast on 8 multicoPy

~plasmid so as not to ;ferturb the chromosomel TMP1 gene. Once the fusion

gene was shown to be “capablé of expressing [Ogal activity in yeast the

« N ‘ -/
“Translational” . gene fusions of the type used here generally contsin

_ Upstream rpgu@l‘gtory‘ sequences, together with & small. pert of the

structural’ gene, fused in-frame to the codinq,region of the JacZ gene.

Such gené fusions direct the synthesis of active B-galactosﬁidasé in

p.<
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© yeast.  Furthermore, '\the presence . of one ‘“to several hundred

"amtno-termsnal peptides (from the upstreah gene) fused to the

Bgalactosidese peptide (Kania snd Muller Hill, 1977; see reviews by Rqse
and Botsi¥in, 1983; Guarente, 1983 and ' Casadaban et al, 1983) does not

sffect the encoded Bgal activity.

Such “Yeast promoter- 'IQQ.Z' translational gene fusions: have been,

t;SOd to map‘regulatory information S' to 8 number .of yeast genes, in

addition to JTRT and HQ as described above. Upsiream regulatory

sequences fro/m cYe1 (GuaraTte and Ptashne,“‘ 1980} Guarente, 1983;
Guarente et al, 1983), GAL] - GAL 1O (Guarente et al, 1982; West et .al,
1984), g%l._z_ kYarger et al, —1986). LEU2 (Mertinez-Arias  and
Casadaban, 1983), HIS4 (Silverman gl al, 1982) and GCN4 (Hinnenbusch,
1986), to name & few, have 8ll been studied using I_gcz_fusion's'. -

‘Although the studi)es cited above generally sought to explain thel
regulation of the fusion gene &t the ‘levgl of tranécription, the technique -
canl also befu'sgd to detect post-transcriptional regulstion. For example,
the séme Hinnenbusch (1986) _study c,ited'above used &N4'-"Iaci fusions
to show“that large amounis of product could be expressed even when
transc;ript levels were low, and vice verss. As a result, this author was
one of the first to cénfirm, the aforeﬁrentioned possibility thst gene
axpres;ion could be post- transcriptionally modulated at the level of
trar‘uslation.‘ . ;@

As 8 result of the sbility to detect transcriptional, translational and
post-translational réqulauom lacZ fusions provided s powerful means of
determiniﬁg the level(s) at which IMP| expression was periodically
modulated.  Following the detection of periodic alteratiﬁns in
wioﬁ-pncodad Bgalactosid;se ('t:‘uqa}'_) activity, RNA from the fusion
could be further: tested to dIsUantsh the level of control; for periodic
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transcription vis incorporation s{udies. for periodic fluctuations in RNA
levels via Northern analysis, for periodic instsbility of fusion RNA by
comparing the first two psrameters, and for transcript S' ends, multiple
transcripts and RNA processi?g via primer extension and S1 mapping.

Post-translational control of TS has already been studied via these
TMP 1'-"lacZ translational fusions. By using larger or smaller segments of
the TMP I coding region fused to 'lacl , different-sized fusion pro‘te'ins
were created. Qreenv!ood (1986) correlated the stabilities observed for
perticular  thymidylate synthase’'-'B-galactosidase fusfons  with TS
instability under conditions which curtail metabolic rstes in yeast, and
proposed that both TS and the fusion-gene product were unstable due to a
S0 s8.8. sequence in TS. Poon (in"preparation) showed that the unstable
thymidylate synthase'-'B-galactosidase fusion gene products (end, by
inference, TS) were non-randomly distributed in the cell.

This study is divided into four secfions. The first briefly' describeé
the cell cycle dependent regulation of TMP1, and demonstrates thet IMP1
is both 8 CCR and START-reguiated gene. The second describes the
construction- of a series of plasmids carrying S'M r_‘egulatory
sequences }used to lecl to produce TMP1°'-'lacZ fusion genes. The third
characterizes the expression of these fusion genes in yesst. A {inal
section briefly compares RNA traqscr'ipts expressed from el
fusions with their B-gelaclosidase  activities. The study tests t‘he
following hypotheses: thst the periodic expression of M_is controlled
by itsu S’ region; that the- aforementioned region sssociated with CCR
genes is in fact a CCR element; that 'the regulation of ‘¢he IMPI'~‘lacZ
f::sion dgriva:ive, is START-dependent; and- finslly that the rggulation of

-

fusion trasnscripts fs identicsl to that of JMP ] mRNA -

—

) o
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B. MATERIALS and METHODS,
B.1. Strains and plusmliuds. The strains and -plasmids used in this
study ere gfiven in Tables | and 2, respectfvely. Most experiments in
yeast were performed with yeast strsin AH22, while plasmid
manfpulations used £, colf strain JF1754 8s & host. When referring in the
text to strains which captain plasmilds, the plasmid neme preceeds the
strain name. For example pRS269-AH22 designates yeast §train AH2?2
transformed with plasmid pRS269. Nomenclature for the ~‘lacl:
fu;ion genes follows that of Guarénte and Ptashne (1981). Here,
"IMPI'- " indicates that upstream sequences of this gene are bresent. [
"-'jacZ " indicates that all natural S’ regulatory elemer:ts have been
Qeleted, such that only sequences which " encode the sfructural‘
B-galactosidase ({“Bgal”), snd sequences 3’ to the gene, are present.

-
B.2. Medfs.

B.2.1. Yeast Medis. Complete medium for the growth of yeast was

YEP, 'consistiqg of 2% Bacto-peptone, 1% yeast extract in water (all
W/Y), or YEPD with'dextrose included 2%. For minimal medium, 0.67% YNB/
(Difco yedst' nitrogen base) replsced the peptone and yeast extrsct, and @,
amino acid requirements were added to SO ug/ml.

For asynchronous growth studies and for studies of a-factor m‘ediated
srrest in culture, the minimal mediﬁm '6 x YNBH, Ix D" (1.34% YNB,
lOOug/ml hiéudine. 2% glucose) wes used except where noted. This
medium is referred to.ss selective medium in the text, since, without
" leucine supplemenlation, cells wegre required to maintain the replicating
“ plasmids studiéd here, which contained the yeast LEU2 gene except were

noted. When 'required. this medium was slso sypplemented with 100 pug/ml

1
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Ecoli Derivative

host Tab Plasmid
Name  number Borne
JF1754 RS3 none
RSS8  PRSSS
RS93 pYFII
RS222.  pILI
RS231  pRS231
" Rs258 PYT760-RYP3
R5264L PRS264
RS269 . PRS269
RS306  PRS306
RS479  pRS479
RS486  pMC93I
RS535  pRS52S
‘ RS537  PRS537
9?593 PRS593
"RS665  PRS66S
RS669  PRS669
RS676  PRS676
RS725 . pTL3b
RS726  pIL3!

Genotype Source
hsdr )ac? ~ oal.metB leuB hisB436  J. Friesen
as above except LEU* .amp” R. Stgrms

os above except LEU*.amp"
as above except LEU*.amp"
8s above excepl amp"

as above except LEU* .amp"
as above except LEU* .amp"
as above except LEU* amp"

as above excepl LEU* .amp"

‘as above except amp"

es above except amp"

as above except Lf_u‘ .amp"
as above except LEU* .amp"
as above except LEU* .amp”
as above except amp"

as above except LEU* .amp"
s ebove except LEU’ amp”
as above except LEU*.amp"

as above except LEU*.amp"

N
R. StormB\\
R. Storms
R. Storms
D. Thomas
This study -
This study
L. Lee

<

M Casadaban ‘

P. Poon

This study
This study
» E. Calmels
This study

-

This study

Ths study

G. Taylor
6. Tuylpr

(continued)
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Teble 1.A. E.coli strains (continued)
Ecoli Derivative '
host leb Plasmid ‘
Name ‘number Borne Genotype Source
JF1754  RS727 oL os above excepl LEU* hmo™ 6. Teylor
RS728 " pIL33 as above except LEU* amp" 6. _Taylo{i
RS729  pTL35 . 83 above except LEU* .omp" G. Toylor -*
RS730  plL34 as above except LEU* amp" 6. Taylor
RS731  pRS479-10 s above except amp" This study
RS740  pRS593-1 as above except LEY* amp" Ths study
RS741  pRS535-1A  as above except LEU* .amp' This study
RS742  pRS535-7A. as above except LEU* amp" This study |
RS743  pRS535-10A ' as above except LEM’.nman.. This :study, &
(RS744  pRS535-10C as above except LEU* _‘gm_n" © ==~ This study
1690  RS769  plo669-2.  alacpro L. Guerente.

F

e e e
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Teble 1b. Yeast Strains

, Deriveative
Host lab
Nome number

LL20 « RS7

$288C  RS29

CAH22  R5224

. RS290
.+ RS294
Rsége
* RS458
RS574
RSS75
RS§77
RS8H8
RS900
RS902
" RS903
RS904
RS906
RS908
RS910
RS912
RS914
RS915
RS917
AH22  RS934
X2180-1A RS252
DBY747  RS599

&

lmrod;)ced, .

" plasmid Genotype Source
none HATq, Jey2-3.2-112, his3-113-15 6. Fink.
none mmmﬁmw Stb(;k csniér

© none MATa, m_z.z;uz.mg;m 6. Fink
PRSS8 - same as AH22, except LEU® _ "lh\:'sluuy
pYT760-RYP3  same as AH22, excepl LEU* This study
PRS264 same o5 AH22, except LEU® " This.study
PRS306 same as AH22, oxea'pt LEY* L. Lee '
pR$269 same a’s AH22, except LEU* This study
pRSS35 same 8s AH?Z. e)‘&cept. LEY* his st@
pRSS37 same as AH22, except LEU* , This study .
pRS669 same ﬁ AH22, cxéep'. LEU* | C This st;x:y
pIL30 same as AH22, except LEU* " This study
pILI same as AH22, except LEY* This study
pTL32 same as AH22, except LEU"® This study
pTL33 same as AH22, except LEU* ' T,ms; study
pTLI4 | seme as AH22, except LEU* This study
pTL3S same a3 AH22, except LEU* ) - This study
pRSS3I5-1A . same &8s Aézz. excep! LEU* . This study
PRSSI5-10C  same as AH22, oxcept LEU® This study
PRSS35-10A  same s AH22, except LEU* - © This study
PRSSIS-7A  same @s AH22, except LEU*  © This study
PRS676 same as AH22, except LEU® . This study
PRS665 same as AH22, except LEU* This study

~ none Al  Stock. center
none  MATa, Jeu2-3.2-112, his3al, uras-92,1rp1-289 Stock center
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leucine. Solid media '(plates) con}ajned 2% agar. It should 60 noted that
)the glucose concentration was ‘different from the 4% used by Greenwood
- (M.Se. thesis',‘. 1986); differences 'in growtlh ,rates and B-galactosidase
enzy}rae actiQities due 1o the glucoée concentrations are given in Figures
17A and B. 1
"~ For synchrony experiments (see below) the 2 x_YNBH, 1 x D medium
also contained 108 YEP medium .('V/JV). with glucose added to'22. This
“0.18/YNB" (He;‘eford and Osléy, 1981) f?ﬁedium wes genersily prepared
and prewarméd to 30°C just _prior td use. This medium is referred to as
synchrony .m,ediu_m in the text,” and fis non—select;ive for the plasmids
" studied here. For t‘his reagon, caution should be exercised {in comparing
absolute fgal. activity levels from different plasmids between synchrony
experiments (refer to Tables 2 or 4 for values obtained with the -

' plasmids under selaction).

B.2.2. E @_'Li_ﬁedia. "YT* was the complete medium for the growth of
Strain JF 1754, gnci consisted of |® N-Z\‘am{ne’e type A, 0.5%8 yeast
extract, '0.58 NaCl, titrated to pH7 prior to dutoclaviﬁg. © "LB" "'was the
same medis éupélemen(ed with 0.28 dextrose. ‘ Minimal bacterial medium
(M9) consisted of 7 g/1 (anh) NaoHPO 4.3 g/1 (8nh.) KHoPO4, 1 g/1 NH3CI,
19/1 NaCl ( from & 10 X stock), 0.1 mM CaCl o, ImM MgSO 4, 0.2% glucose,
20 pg/ml Thiam‘ine, SO ug/mi each. 'E thymine and uracil. Solid media”_
contained 2% ager. ‘ » -

For large4sdale (0.5 or 1 liter) plasmid preparatioris from JF1754, 1
g/1 Bacto;Casamino acids was added,"plus ampicillin 'at ’0. I mg/ml to

select for the piasmid (M9-amp). " For bacterial “mini-preps”, cells were

hnor'mally'grown iniB plus 0.1 mg/m1 ampictllin (LB-amp).

\
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B.3. .Plasmid constructlions . -

B.3.1. Restriction and,, ligation ot plesmid DNA. To move fragments
of DNA from one vector to another. one of two proceedures was followed. -
In the ﬂrst urocedure (cf. Figure 2b),n the freg'ment“of‘ interest (th‘e o
LE_QZ_ gene on o Sall, Xhol fragment in pYF91) was excised from the. |
plasmid by digestion wﬂh the restriction endonuclease and- purfﬁed by
electrolution of the fragment frem an egarose gel (Memahs 1982). This
fregment was mixed end ligated using T4 DNA ligase wnn 8 second plesrnid‘
(pRS231) - which had been cu_t once (with Sall )to generste ends cohesive
to those of the fregmentc The Iigeied' DNA ,wae {ransformed mtoﬁi—;:oji_Q
and the plasmid trensformen;e ‘eelected (for ‘the presence of the LEU2
and 'g_p_" genes, in this cese) With the second procedure, the fragment
° was nol purlfied prlor to mmng (cf Figures S8 and 6), but the correct .
}1getlon product instead was screened for in L gq_[ JF 1754
transformants ob{eined using the l'igete‘dr mixture. t/ln both ‘cases,
derivative plesmids were then isolaled from {he trgnsfcrmed JF|7$4
(see below), -screened end verified by restrlchon endonuclease d\geshon
| 8g8rose gel electrophoresis of the digest and 1denhf1cahon of predtcted
DNA' bands (unpublished). ’ ‘ i J

8.3.2. ~Transformation of plesqlds inte E coli. A simpiified
version of the r'_10ndel and Hine (1970) calcium "chloride precedure was
used to introduce plasmid DNA into ng_j_strein JF1754. 0.5 mi of 8 fresh
2 mlovernight culture from 8 single JFI7S4 colony was innoculated into o
SO miLB culture in 8 200 mi ﬂesk This cullure ‘wos grown to an 0D600 of
0.16, then the flask was put 1n 8 slush beth to cool to 2‘C The cells were
trensferred to osk ridge tubes, spun at 6000 rpm (IEC 8 x 60 ml rotor)
‘for 2' ot 4:0, washed in 10 mM MgSQ 4., 8nd resuspended in 30 ml of 70

¢,
i
“y
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mM‘CéCI 2. The cells were lsft 1o becdme(compeientd for one. hour on ice,
re:—c_enti‘ifuged " (same conditions) add r:egsuspended in 2 ml of CaCl'z} O.é
rpl ‘aliquots -of' this ' suspension were added - to ‘,(mic'rofuge' tubes
. (Eppendor(s), and up to 0.1 ug of ligated DNA was added in 10-25°pl of
TE. Tms mix was ellowed to stand on ice for at least one hour, then mixed

with 0.2 m1 of LB and plated onto LB-amp.

B. 33 Plasmid isolation 1rom Lp_o_]j_ The parhcular recips. for the

rap1d iselation of plasmid DNA from JF|754 was derived for that of )

Birnboim and’ Doly (1979)., For ig@tating putative recombinant plasmids, 8

single transformed colony was picked f‘r\or’n'an LB-amp plate into 2 ml of
liquid LB-anmp and grown to seturation (<15Sh) wittrsheking. 1.5 mlof this

cullure was centr\'fuge.d for 5seconds in an Eppendorf cenrifuge (12000

rpm), snd the pellet was thoroughly resuspended in 0.2 ml of pre-lysis

: . K H
_ solution (25mM Tris-Cl, pH8; 10mN EDTA; SO mM dextrose and S‘mg/ml

Elysozyme added before use) b{l vurtexiné After S minutes’ incubation st
30°C, 0.4 mlof 8 0.2 N NaOH/ 1 & SDS solutlon (freshly made, at room

temperature) was added and the suspension gently mixed until clear

(ususally = 5 min.). At this time the Eppendorf {ube wes, placed on ice and

0.3 ml of ice cold NaGAc (pH4.6) was added to precipitate cell debris and
SDS. AﬂBI"‘ S minules the prep was centrlfuged at 12000, rpm for 30
minutes at 4°C. The supernatant conlaining .the DNA ‘was removed td a
clean Eppandorf tube at room tomr-~ a'ure and preclpltated with 0.6 ml of
room tempqvature isopropanol (tins appeared o yield cleaner preps than
thoss precippitated with cold isop:gppnol) plus intermittent vortexing - for
10 minutes, then centrifuged for 10 minutes st (12000 er. The prep was
washed once with SO%. isopropanol. and once with ice cold 70% ethanol
dried snd resuspended in 40 wl of TE (10mM Tris-Cl(pH8), 1mM EDTA)

-

'q
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bﬁffer, then spun for S5 minutes to pellet residues: Sul of the prep

_containing rougmy 0.3 .ug of plastid DNA was dlgested with the

appropri%ie restriction endonuclesse, and the prep was extracted wnh
chloroform. if difficultiesl were encountered “with digeétion. These
‘mini-pr ps“: took a_b;ozn 3 hours to prepare, and were stable for l;p to
one month: The cell \pellets from the first-centrifugation could also be
stored at 800 (E. Calmels pers. comm.). ~ ¢ ‘ ‘) N

Large scale lsolahons of plasmid DNA for bmchemwal mamp})a/hons
were achieved by a scaled up version of the above proceﬁure. Cells
bearing a known plasmid from 8 2 ml culture pregrown.as described abos)e
were inoculated into SQO ml of MO-amp medium with Casamine acids,
incubated wit‘h shaking overnigh{: spun down (»6000 r;ﬁm, 4 min) end
thoroughly resuspended in 6 ml of pre-lysis mix (using 10 ml pipettes).

The cells were 'transferred to an oak ridge tube, vortexed intermitantly:

. over 5-10 minutes, lysed by tfe additiof¥of 12 m1l of“’NaOH/SDS, then

placed on ice. 9 mlof ice-cold'.NeOAC was’ added, and safter 45minutes | the
osk ridge tube wgs'cenrﬁuged at top speed in a ,réfrige:atéd 1EC
céntrifuge al 4°C. The supernatant "was transferred to 8 clean oak rige
iubp, wﬁich was then “topped up" with room-temperature isopropanol. The
rest of the procedure followed the mini-prep format.

The‘DNA was resuspended in TE by intermittant vortexing (over one

KQour) then'68’5 ml of the prep was transferred to clesr 16 x 76 mm

’ Beckman -ultracenirifuge tubes contammg 7.50 g of CsCl, and capped wuh

titanium .caps. Parafin was eadded to displace air in the tube, then 09 ml
ethidium bromide from a 10 mg/ml stock was injected through the cap
orifice with a 1 ml syrmga The cap was then sea]ed and the tube was
weighed and balanced lo 0.1 gm against: another prep, then centrifuged at

37000 rpm {(60.1 Ti rotor (Beckman) in a Beckman. (model L8-70)



55

uttracentrifuge et 15°C for 60 hours. Once the tube vacuum was broken
,b\} remov‘ing the top orifice screw, the plasmid DNA, evident as the ‘lower
of two bands under UV light, was withdrawh iq\lo 8ml test tubses with &
medi'um, bore, 2 mlsyringe. The ethidium was ren;:;ved by extrdction with
sall-salurated isopropanol. The p ep was then dialysed t;gainst TE‘ to
remove CsCl, removed inlo an Elpendorf tube, exiracted twice Wi_lh
phenol:ch‘loroformgisoamylalcohot (é5:24:l) and four times with
chloroform:isoamylalcohol (24:1). The purified prep was brought té) 0.1 M
NaCl, precipated with 100% ethanol (-20°C), washed twice with 70%
ethanol (-20°C), dried apd resuspended in 100-500 pkof TE.

B.3.4. Transformation of plasmids into yeast. Once a particular
plasmid containing the gene g\f interest had bsen constructed, one of two
'method's was employed to {ransfer the plasmid into yeast. lnitially the‘
spheroplasting }Jrocedure of McNeil el 8l was used. 40m! of cells growing
in YEPD were harvested in the logarithmic (log) phase of growth at about
107 cells/ml, centrifuged - at 3600 rpm in osk ridge tubes, washed once in
IM sorbitol, then resuspended in 4mlof Sorbitol plus 1% glusulase (Endo)
to digest the cell wall. The cells were incubated st 30°C with gentle
shaking for one hour or until lysable with 108SDS, «then centrifuged ot
2500 rpm and wached twioe with 30 ml of M corbitol to remove the
glusulase. The spheroplasts were washed with 20 miof STC (1M sorbitol;
10mM Tris-Cl pH?7.5;. 10mM CaCl 2) and reSt‘:spended_ in 0.5 mlof STC. At
this stage 100 ul of the spheroplast suspensius was mixed with 1 ug of
plasmid DNA, incubated for 1S5 miputes at 30°C, then mixed with 10
volumes of PTC (202 polyethylene glycol (LbEG) 4000, 10 mM Tris-Cl
pH7.5, 10mM CaCl 5). After a further 15 minutes’ incubstion, the PTC wes
removed by ancther low s.peed cantrilugation and washed' with STC.

o ! f

!
{
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1720th of this suspension was mixed with 10ml of . regenerating agar in

- pre-wsrmed test tubes and poured onto YNBD rhedium supplemented with

histidine. 'Transformants to leucine prototrophy wéra‘.rec.overad after

{

244 deys incubstion of the plates at 30°C. These strains were then tested

.for the presence of unselected markers present on the pla§mid‘(eg. the

introduced JacZ gene). .
The LiCl method of Ito e_t_g_l_(l%.‘ﬁ) was . slso used. Cells were
harvested in late log phase, washed in 10mM TE (pH8) and resus'pe\nded ,in

2m) of the same solution. An equal volume ofJ 0.2 M LiCl was added and the

. mixture was sheken, gently for one hour st 30°C. 0.1 ml aliduots were

transferred to Eppendorf tubes, and up to_lO ug of DNA was added per
tube. Following an additional 30 minu"t'é‘”méubation at 30°C with gentle °
shaking, an equal volume of 708 PEG 4000 wes added and immedistely
mi;(ed in by vortexjng. The suspension‘ was left to stand st room
temperature for an a'dditional hour, heat shocked to 42°C for S minutes,
centrifuged at 3000 rpm for 3 minutes, resuspended in liquéd YNB and”

plated to selective medium.

B.4. Generation of synchronous—;east pop;mtions.
Yeast strain AH22 was synchronized by a-factor arrest, bssed on

the procedure described by Hereford Q_LQ_L( 1981). Two days before the

synchrony experiment, AH22 derivative cells(of. g mating type ‘stored on

YEPD plates were innoculsted into 2 ml-of selective medium, and sllowed

-{o grow for 24 hqurs into st&tionary phase. At the same time, cells from

the a-factor producing yeast strain 82830 were innoculated into 100 or
200 m! of YNBD (6.7 g/1 Difco YNB plus 2% glucose in one or two liter
flasks) culture, and drown to stationary phase for 40-48 hours with

vigourous shaking. The following evening 20 to 100 pl of AH22 culture

}
L]
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was transferred 1o 100-200 wml of synchrony medium, which was then
grawn overnight to‘ 8 densitly -of > 2 x 106 per ml. On the third day just
prior lo the experiment, the S288C culture was spun down (3000 rpm);

f
then the. a-factor-containing supernatanls  were passed through 8

‘Nalgens 0.2 pm filter and saved. When the AH22 derivative achisved the

appropriate density the cells were pelleted in osk ridge tubes and quickly

resuspended in 100-200 ml of “'0.12"\ar‘resting mggium (0.1% YEP,
100ug/ml histidine, 4% dextrose), in a two-liter flas*ltz.'An equal volume
of fillered a-factor supernatant ‘was then added to the culthrb. and the
melange was incubated for roughly 90 minutes unti) thegcells were > 90%
unbudded: At this (point the a-fsctor was washed out of the culture by
filtering or by cenirifugation, end the bellsn. now synchronized at the
a-factor block, were reéuspended :in 100-400 m) of synchrony mediu;rn.
1-40 ml sample;' of culture were then ‘teken for assays, while 0.5 ml
samples were mixed with'0.5S ml 3% formaldehyde in synchrony medium, al
intervals of S-10 minutes. These’ semples were used for cell counts and
f'oé culture 0D measurements.

The spproximate smount of a-factor (Sigma) used o arrest 25 ml of

AH22 log phase cells at S x 106 cells/m! under the conditions described -

above wes SO pg (2ug/ml); the S288C-produced a-factor medium used in
these experiments was assumed to be 30 ug/l (Mesnney et al, 1981).

B.S. Harvesting and storage of cell samples from yeast

cultures.

1 ml to 10 ml samples of cells in liquid 0.1 ® YNB medium were
centrifuged 8t 4°C for 2 minutos (3500 rpm). The supernatent .was
discarded and the pellets were efther asssayed immedistely or frozen in

liquid nitrogen [No(1)] and stored at -80°C. These samples were used to

-

3



58

determ;ne enzyme activies. Scmples for RNA were lerger; 10-35 ml of
culturle was added to tubes containing sodium szide and 10 ml of crushed

}
distilled-water ice, pelleted end frozen.

8.6. B-galaclosidase. (Bgal) assays. J

B-qalactosid_ase activity was detected es described by ‘.Miller (1973)
and by Casadaban et al. (I€\9/80) gv\gith the following r;\odifications, in two
"separate proceedures. In the first procedure, _unfrozen samples- were
resuspended in 0.7 m! of 1y buffer (Mill;ar,, 1972) containing 4 mg/ml
o‘-n,itrophenyl-B- D-galactopyranoside (ONPG; Sigma) and then 25 ul each
of chloroform and 0.1 & SDS were added. This procedure also worked for
frozen cells. (Note that this relatively high concentration . of ONPG in the
reaction - mix (1.14 mg/m] was: used by Millar),soﬁeﬁmes results in &
precipftete forming, particularly if the ratio of reaction buffer to
carbonate stop solution is reduced, or if the Brij 35 is exposed' to light
for more than a few days; deta not shown). ‘1

In the second procedure, frozen pelleted samples were thawed in 0.77
ml Z buffer containing * B-mercaptanoethanol end 4 mg/ml ONPG. (Miller,
1972), ond 3 ® Brij-35 (Fisher). This assay solution could be
refrigerated, if tightiy sealed, for up to two weeks. The frozen samples
wére resuspended ﬁy vorrt)xing vigorously for 1S seconds .and then
incubated st 28 C until the suspension turned slightly yellow. The reaction
was stopped by adding 0.5 ml of 1| M sodium cerbonste and chilling the
ssmples on ice. Failure to chill the ssmples following the oddition of
cerbonate resulted in incressing O0Ds from the blank using either
procedure. Cell debris wes removed by centrifugation, after which the 0D
(420nm} was messured. Except where %noted, this  "No(1)/Brij"

permeabilization was routinely used for Bgel asssys in this study. The
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formula used to convert OD o B-galactosidese (Bgsl) activity, based on

that of Schleif and Wensink (1981), was

0D420 x 1000

1

Units of Activitly = pmol/min.ml =
- : 0.0049 x ¥ x t -

[
3

- where 0.0049 = 0D/nmol of ONP .product per mlof assay; V =the original

L 2
volume (m1) of culture in the assay, and t = the’ time of asssy in minutes.

Note thet the 4 mg/ml initiel concentration of ONPG in the assay was 3.5

times more concentrated than that used by Miller (1972).
. - LN
B.7. RNA preparation and glyoxal gel electrophoresis.
RNA was isolated es described in Storms et 01 (1984; see al'so Figure
2). The cells were resuspended in 1 ml of breaking buffer (0.5 M NaCl,

Q.ZM Tris-HC1 pH?7.S,-0.01M EDTA), trensferred- to Eppendorf tubes and

repelleted.. 100 ul bresking buffer was added to the pellet, which weas
resuspended énd‘ transferred to screw-cap Eppendorf tubes congaining
| glass beads, phenol:chloroform:isoamyl alcohol (25:24:1), end 0.1%8 SDS
:.(final w/Y). The phenol contained 0.2% B-merceptoethanol, end
8-hydroxyquinoline was added' to the solvent mix just prior to use. Each
Eppendorf tube was vortexed for S minutes in one minute bursts, then
centrifuged at 12,000 rpm for 15 minutes. 'The upper aquaeous phase was

transferred to s fresh screw-cap Eppendorf tube which contsined 200 ul

chloroform; isosmyl slcohol (24:1). The phenol phase was. bsck extracted . -

- with 100ul of bresking buffer, ahd the upper phase added to the fresh
Eppendorfs. The combined aqussous phases were extracted with the

chloroform by vortexing for 1S seconds, snd centrifuged 8t 12K rpm for

| .
| | -

«
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IS seconds, the chloroform was discarded, fresh chloroform was added
and the stép was ‘repested 2-3 times. The aquaeous phase was then
precfpat‘atéd in 25 Y of sbsolute ethanol, wa§hed with 75 ethanol and
resuspended in 25ul of water.

.Ail aquaeous solutions used after the solvent extrection were
pre-trested overnight in s fume hood with 0.1% dietnylpyrocarbonate and.
then autoclaved twice. Fbllowing resuspension, S ul of each RNA prep was
used to measure the RNA concentrations of the different Ssemples, which
were then adjusted o =5 ug/pl. Prior to use, 15-20 ug of this RNA‘ in
4-5ul weter was mixed with 16 ul of DMSO and 4 ul of. 0.1M NeHoPO 4,
pH?7.S pre-incubated for ten minutes at S0°C. 16ul of glyoxsl was then
added, snd incubation continued for SO minutes. 2ul of loading buffer .
(S0% glycerol, 0.01M NaHoPO4 pH?.5, 0.4 % bromophenyl blue) was
odded, and the samples were loaded onto duplicate 1% agerose slab gels
‘and electrophoresed in 0.01M NiH2PO4 " buffer, pH6.5 8t 90 volts for
roughlyu three hours. The bottom gel was stained with EtBr to qetect

loading errors’ as well as rRNA moleculer weight markers (4.4 snd 1.6 Kb,

respectively). ' ‘
~’ -

8.87 RNA “Northern® blotting and probe hybridization.

RNA was blotted. from the unstsined gsl io nitrocellulese (Schleicher
and Schuell) or Biodyne (Pall) membranes, using filtered 20X SSC an’q,_z;‘_,;_
mamb'.f:}ane pre-soaked in water, then 20X SSC. After transfer the gel was
stained v;mh EtBr to deu_act untrans_ferl;ed regions. The membrane was
baked for 1 hour at 80°C then stored at -20°C. Filters were hybridized to
. radioactive probes as described by Thomas ( 1980), snd exposed td Kodek
Curex Xrsy film. a-32P -lsbeled DNA for probes was prepared by
nick-translation with . coli DNA polymerase | (Maniatis, 1982) to »
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specific activity of more than |07dpm/ug. The probes used are givenhin
the particular Figure legends. in order to reprobe @ blot, previous probe
DNA was stripped from the filler by incubation in water at 95°C for S

_minutes. or 8s described in the legend to Figure 2 (Thome,s. 1983).

————

o Y. 3
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C. RESULTS L

C.1. IMP1 is a CCR gene.

In the ini(isl stage of this study, the regulation of 'yeast TS was shown
to be"cell cycle dependent (Figures 1 and 2; from Storms et al, 1984). In
cells synthronized by cen'trifugal elutriation (ibid; not shown here) or by
the a-factor technique (Figure 1), TS activity (es measured —by @
6- SH-dUMP  --=> 3H20 + dTMP “tritium release: 'assay; Bisson and
Thornev’r,‘ 1981) pesked during S phase. The end of S phase corresponds to

. the pesk in proportion of newly budded cells, or to the lowest proportion

of unbudde& cells, in strain AHZ2. The ability of TS to irreversibly bind
the dUMP an_alogue FAUMP, was exploite.d to show that quantities of active
TS, as well as catalysis (activity), pesk st this‘time (Figure 2, center).

Periodic increases 61" TS were shown {o be determined primarily st the
level of the transcript (Figure 2, bottom panel). Levels of RNA per mg
total RNA pesk at tI]e beginning of S phase in the first generation. A
smaller peak is observed in the second génefation, corresponding with the
onset gf the subsequent S phase, which actually starts prior to
cytokineéis in this strain. The possible " significance of this profile is
elaborsted in the discussion.

As 8 result of this ;_)reliminary work, i} is evident thet TMP| is a
"CCR " gene, as defined in the Introduction. I then sel out to-determine
whether sequences in the 400 bp flanking regifon immediately adjacent the
TS coding region of the cloned IMP1 gene (Teylor el gl, 1982) were

responsible for its cell.cycle dependent regulation.

c.2. Strategy for Studying the IMP | S’ Regulstory Region.

Once it was known that the yeast mm_qene' was periodicslly

e
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Figure 1. - DNA content, acid p’hosphatase activity, an&tﬁymidyiafe
-synthese (TS) ectivity- in a-factor-synchronized  cultures .

(from Storms g&_h_]_,, 1984). Cells were synchronized with

a-factor, and samples were renioyad ot 10 minute intervals. "

ATl the dota are from a single synchronous cutture. (8) Acid
bhosphatasq levéls as determined  colorimetricelly  in X

permiabilized cells and DNA content as determined by 8
diphenylamine assay (ibid). (b) TS activity;, proportion of cells
without buds, ond cells with small buds. 1S ectivity per mi of
synchronous culture wes followed in whole cells permiabilized
with Bri} 35 by using the tritium release assay (ibid). Cells
in which buds were less than one-half the diemeter of the

\ o ——

time point, at least 300 cells were scored microscopically for
bud morphology. Cell samples for determining ‘bud morphdlogy
were taken at 10 minute intervals startjng ot -t=0 min, ond

.samples for °phosphotase activity, DNA content and

thymidylete “synthase acfivily were harvested simulisnsously
ot t=0 and then et ten minute intervals after =13 min. The
profile of TS actlivily versus time seen here was othserved in
each of three eddituonal experiments (dota not shown).
Student's t test was used to compere TS actlﬁv_mes ot the pesk
from all four experimgnts, with the activities found at the
firsta. ond the second time points 1m~mediately ofter the peak
(fe. & comparison of t=53 min and t=63 min for the above

.experiment). These psired comperisons showed that TS

activity was significantly reduced st both the fipst and the

second time -points after the pesk, with P,0.005 and P,0.01, -

respectively. g
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figure 2. Levels of FJUMP binding and IMP! transcript during

synchronous. growth efter release from a-factor errest. (&)
Percentage of cells without buds (I) and with small buds (0) at
different times ofter release. (b) Levels of FAUMP-binding
activity quantitsted. as described by Storms gt gl (1984). The
points represent eon averaqa of two sepsrste fluorograms. (c)
Quantitation of TS transcript. RNA was extracted' from cells
removed ot the indicoted times. The RNA was anslysed on @
Northern gel, using the labslled EcoR] to Hindlll fregment 6.14 the S
cerevisige  IMP1 gene (see Figure 3) to identify the IMP1
transcript (the autoradiogram is shown in Storms' gt al, 1984).

Only a single RNA species was detected,. 1.1 Kb in length.. Ralotive

levels of I.ULL RNA ‘at. verious times during synchronous growth

were quantitated . by densitlometry’ (B). The hybridized DNA was
eluted by washing the DNA in 0.) x wash buffer (Tlomas, 1980: 1 x

© wash buffer conteins S50mM Tris-HCl, pHE.0; 2 mM EDTA; 0.5% -
,sodium pyrophosphate; and 0.02% bovine serum -slbumin, Ficoll and
polyviny! pyrolidore) for two hours at 65°C, and then the blot was
reprobed with the 0.9 Kb Psil to Smal fragment of plasmid Yip5,
which conteains the yeast URA3 gene - in (@)
and (c) represent the same syachrony, the FOUMP binding data in
(b) are from an indepengefit experiment. The timing of the two
synchronies in these two cases, however, was indistinguishable.

o
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expressed, | wanted to determine where the information responsible for

this “regulation was located. 'In order to identify aﬁd locelizé the

) requlatory~ éequences | chose to construct & gene fusion whicQ placed

the E coli B- galactosidase gene, lacl, under the transcripuonal ,and
translational control of the regulatory region from the yeast ]_m_&_[_gene
If the regulation of B-galactosidase (Bgal) activity expressed from such’
a fusion mimicked the cell cycle regulation pf thymidylate synthase.\ then

the regulatory information could be further lotalized by deletigg analysis.:

C.2.1. Conétructi_on of plasmids bearing TMPi'-'locZ fusion
genes. “ | v y

The proposed study of mp_]_reg_ulation via TM.PI'-'lggz 'qerie fusions
required a suitable expression’ yector, that is, o plasmid-céntaining the
fusion gene v'vhi‘ch could bt; selected and could replicate sutonomously in
yeast snd in E. coli. The construction of these Tr:1P1'-‘lggL gene fus_ions
begen, with the previously cloned IMP1 gene on plasfnid' pTL! (Tay;lor et
gl, 1982). Jhe chrorysomal location of the IMP1 gene, and & partial
restriction map of ‘this region are given in Figures 3A and B; the S DNA
sequence up to, the vicinity of the COC8 S repeats noted in the
Introduction is shown in Figure 3C. Using this piasmi& as well 8s pYF9I
and pMéQZ’»I. the first expression vector pRS264 was cdnstructed ss
" shown in Fi'gurg‘ 4. The first step was to insert the BamH| to Bglll_
fragmen( containing th'g ‘lacZYA informstion from pMC931 into  the
BamH] site of the yeast sh‘uttie plasmifj pYFII1, gbn;ratingk pRSS8 (Figuré
4A); The se_condﬁsteb’ (Figure 4B) was to'replace the sTall BamH]_ to

1}

Hindlll fragmént . upstresm from ‘lacZYA on PRSS8 with the 0.97 kb

HindlJ! to BamH] fragment of ITMPT on pTL1 to generste plasmid pRS231.
The final step in the construction of pRS264 wes to insert the yeast LEUZ

P Y
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; re 3. Chromosomal Tocatfon (top), réstriction map (eenter) and

-

immediate S' sequence ( bottom) of the yeast II:!ELoene Chromosoma)
distances are incentimorgans (cr‘l $ mefotic recombination between

. oenes) while restriction map units are in base peirs (bp). The

structurs! gene region is represented byen open box (the coding region
“ends 18 bp after the ECoR] site). The vertically helched box indicstes ,
the S’ regulatory region studied hére. The Hindlll -Sou3A segment was
used to generate IERL;,'MZ_OB'!O fusions. Shown .at the bottom js the

“-downstream portion of the Hindll! - Sau3A sequence of the 5' regulatory

regfon (see Figure 1.3: for a complete Iﬂ&Lsequence map) Putative
regulelory sequences include a region between the two mu]_cut sites

which 1s 1mpllceted in the cell cycle regulatior of IMPL. TATA
sequenoes and. the start of the coding region as predicled {rom the -

* protein sequence’ (Bisson and Thorner, 1981), are underlined.
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Figure 4. Preliminory plasmid constructions (Storms Teylor and’ Ord,
unpubllshed) For simplicity, only reslriction sites used in the partlcular ‘

construction are lndimtod

Introduction of ‘lacZ into pYF91. The pRS$8 construction provided the £. coli

' '\pBR322 sequences ( including en origin for replication, and the anipl gene for -

selectinq the plasmid, in E colf), yeast 2u-plasmid saquanoes ( includino an’

origin for repligatton of the plasmid in yeast), the yeast LEU2 oene (forl

selecting the plasmid in yeast) and lacZ sequences (whose 5° end lies at the
BamH! cut site).

Construction of the out-of-freame IMP1'-‘lacZ fusion plésmld PRS264. The
Hindlll - BamHl yeast IMP1' sequences originally cloned in pTL1 were
introdyced into the pRSS8 Hindl]ll - BamH! LEU2 fragment, generating pRS231.

A smeller, Xhol - Sall LEU2 fragment was reintroduced into pRS231 to .

generste pRS264. An in-frame version of pRS264 (pR5264i constructed by J;

M. Greenwood) was subsequently genersted by BamHl digestion of pR5264
followed by S1 nuclease removsl of the staggered end end religation,

»

L.
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gene contained on & 1.7 Kb fragmeﬁi flanked by Sall and Xho] sites into
the unique Sall sitg of pRS231. These manipulations resulted in the
construction of pRS264 (Figure 4B). The resulting IMP1'-'lacl fusion
gene contained on pRS264 places 'lacZ under t’ha transcriptional and
translational control of the IMP! regulatory region. This plasmid is
capable of autonomous replication in yeast, due to the presence of the
yeast 2u-cir‘cle replication origin (ARS).

Plasrﬁid pRS264 expressed very low'levels of B-galactosidase in yeast
(see below). This result was consistent with TMP1 sequences (Taylor,
1986) and lacZ sequences (Casa&aban et al, 1983) st the fusion junction,
which predicted that trenslation t;riginating st the TMP1 START codon
would read ’into the lacZ coding region in the wrong translational reading
frame (c;ut-of fraﬁe transiation), and so produce & truncated, inactive
product. ‘

s Three derivatives of pRS264 were constructed as shown in Figures
SA, and their TMP1'-‘lacl fusion genes are shown in Figure SB. All three
'derjvatives should result in the in-frame translation of }lacZ (as
predicted from the TMP! DNA sequence) in yeast. The ﬁszt plesmid,
f pRS269, was constructed by removing the information between thg unique
BamHI end Bglll sites in pR826"1 . This was accomplished by digestion of
pRS264 with these restriction endonucleas\es followed by circulsrization
and ligation of the larger BomHI - Bqglll fragment. A sm;aller derivetive- of
pRSS3S also shown in Figure SA, pRS66S was constructed by Pstl
restrictio}{ and relfgution of the lsrgest pRSS3S fragement (see below).
C.2.1.a. The sutonomously roplicatinp plasmid pRSS3S.
If a fusion gene's expression reflects IMP1 expression, then the
periodic accumulstion of B-galsctosidese activity should reflect pe'riodic

flqctuétions in its coding mRNA. Because [Bgal assays sre easy to perform,

-
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‘Fjgure 5. . Construction and mapping of ' IMPI'~'lacZ expression vectors

wl@h intact S’ ends.

Construction of the plasmids PRS269, PRSS3S and pRS66S. PRS269 was

derived by cutting pRS264 with BamHl and Balll , end religating, whilf

pRS§35 was constructed by finserting the IMP1 Hindlll to Sau3A

fragment {solated f;om pRS479 into the pRS264 Hindlll to BamHl site:

(essentially as shown in Figure 9). PRS269 and pRSS3S ere capable of
autonomous replication in yeast since these retain the yeast-2y-plasmid
replicstion origin. In contrast, pRS66S, constructed by Pstl digestion of
PRSS3S, Is deleted for all 2u-plasmid DNA, as well as for part of the
pBR322 amp’ gene, and for the Hindlll to Pstl region of IMP1. As &
result, pRS66S must integrate into yesst DNA to be propogoted. The
PRS269 plasmld eoryalns sequences between the Sau3A and ﬂnlu_cut

sites which are requlred to generate an unsteble fusion protein '
(Gresnwood et o, |986) The PRSS3S and pRS66S plesmids do not ‘

contain these sequences, and produce a stable Boal octivity in yeast (see
text) °

Restriction maps of the oribinallmzl‘-'lmz constructions compared

_‘with the cloned JMP1 gene (top). Shown are the cut sites normally used

to generate and identify derived fusions. A 29 bp EcoRl - Hindlll pBR322
saquence remains at the junction of the boxed, dark IMP| region and
yeas} 21 DNA. The Pstl site in yeast 2u DNA is used as 8 reference. Note
that the JacZ gene continues past the Clal site.

PRI
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the ‘fusion gene's expression can be followed by a single enzyme assay
However, the first in-frame fusion constructed, pRS269, expresses @8
Bgal sctivily which is unstable in yeast (Greenwood, 1986). A shorter
IMP1'-"lacZ  fusion, pRSS3S (Figures 'S and 6), was constructed to
minimize the thymidylate sy.nthase (TS) portion of the fusion gene

product. This plasmid encoded & stable Bgal activily in yeast. Hence, the

unstable activity from pRS269 was associated with the TS portion of the

protein fusion from that plasmid. In contrast, pRSS35, the main plasmid

used in this study, its derivetives, and the pYT760-RYP3 and plLG669-1

"control plasmids (see below) were 8ll found to encode stable Bgal

activities inyeast (Greenwood, 1986 and see below).

pRSS3S (Figure SA and Figure 6) was constructed by replacing the
IMP1 information between the H_irﬁ[_u_and BamH| sites on pRS264 with
the smaller Hindlll -Sau3A- portion of TMPI shown in Figure 3. Th,is was
accomplished by mixing &and ligeting & SaulA -digested, IMPI
Hindl!l -EcoRl _ fra{c_';ment (isolated from the pTLI derivative pRS479;

Figure: 9) with a separate Hindlll , BamHl digest of pRS264. Since the
[

restriction/ endonuclesses BsmHl and Sau3A generste identical cohesive

. ends, this manipulation results in the fusing of the shortest Hindl|l -

MT_MP_Ifragment (-430 to +39; Figure 3) to the large pRS264
;-mg]_lj_ - BemHl fragment. Of the plasmids recovered after
transforming JF 1754 with the ligated mixture, pRSSSS gave the correct
restriction pattern (Figure 7A). The plasmid was thoroughly mapped with
other restriction enzymes, and the correct JTMP1'-'lacZ .junction was
subsequently confirmed by DNA sequencing (E. Celmels, pers. comm,.).
When ’transformed into yeast, the behsvior of the IMPl'-'lacZ fusion

contained on pRSS3S conformed {o that predicted for & periodically

expressed gene (see ‘below). This plesmid, shown in Figure 6,‘was
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Circuler and linesr maps of the plasmid pRSS3S, aligned to the Hindlll
restriction site. Unique cut sites sre given on the top linear mop, while
enzymes which cut several times sre given below. Other plesmids used for

this study conteined the seme structure, except for the region S' to “lacZ os

noted in the text.

-
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Figure 7. Typical restrictimuhoests used for the cheracterizetion of plasmlds .
constructed for this study. - '

80

Cla] digests of pRSS3S (lane 1), pRS264 (lane 3) and pRS269 (lane 4). From
the top (arrows), fragments generated are, approximetely, 9 kb, 7 Kb, then 2
Kb for pRS264, 1.8 Kb for pRS269 end 1.5 Kb for pRSS3S, Lenes 2 end S
contein fusion plasmids pRSS36 and 537, respectively, which were not studied

" extensively here. See Figure 6 for the predicted sizes of fragments. The

additional faint bands observed between the 7 Kb band erid the low MW bands
were caused by “partial digests™ of methylsted Clal sites present in the
plesmids.

M/Q]gj_dibests of pRSS3S (lane 1), pRSE76 (lane 2) and pRSEES (lane 3).

See Figure 6 for seperate Pst] end Cla] distances. From the top, common

_ fragments genersted in pRSS3S are the 7 Kb Clal fragment, two 4.4 Kb
fragments and 8 1.4 Kb Pst| -Cial fregment containing the IMP] sequences

( top arrow). In the pRSS3S Iane the 0.25 Kb 2u-circie Pstl-Cla] fragment s
evidant (bottom arrow) but was missing and subsequently confirmed to be
sbsent from pRS676. -The 0.1 Kb IMPI Cial -Pstl &' fragmant was too small to
be detected here. The other lanes contain digests of plasmids not studied here.

-
o

¢ ’

™
/

\

,, ,
%_!;_ S






, . 82
therefore considered theq:wiid-lype‘, cid cycle regulated fusion gens.
The (Clal restriction digest patterns™ of the initial plasmids

constructed for this study sre given in Figﬁ;g 7A. Lsne | shows one of
four potential pRSS35-type isclstes, lane 3 show§ pR§264 snd lans 4
contains ‘pRS269 {Lanes 2 and S contained {solates later shown to cbntain
lopger inserts). The: smallest Cjﬂ_band consists of the TMP1' fragment
plus the 5 jiq:_Lsequences (Figure 6). The middle bsnd consists of 8 6.8
Kb fragment containing the rest of the lacZYA sequences ar:d par\(\of
. LEU2, while the.top band“{c—ontains the rést of LEU2, 2u-circle and pBR322

sequences on 8 9 Kb (ragment.\ Cla]l was generally used for preliminary

mapping studies since changes in the smaller fragm’e‘nt . which contained

the T_M_E_Lregula(dry' information could be easily detected.

C.2.1.b. The Integrating Plasmid pRS66S.

The periodic behsvior (see below") of tﬁe TMP1'-'1ac fusion gene
‘prdduct allowed the fusion to be used to answer“ the following questions.
Fi.rst', is the periodic expression sassociated with m_LL_dependent upon
the ‘presence of an associated ARS which confers the ability to replicate.
sutonomously (Osley, aﬁd Hereford, ‘1\982)? Second, does-the expression
of TMP1 depend on ils genomi'c location? To eddress these questions, |
Jconstructed _plasmid pRS665 (Figure.SA), which lacks the yesst 2u-circle

‘ ARS present on }:Rssss. This was sccomplished by Elﬂ_l_ldigestion of
pRSS35S fol]owed by ligation. Pst] digested  plasmids from & series of E,
coli LEU* trans'formants were screéneé by agarose gel electrophoresis

\ to identify 'the eppropriate plasmid. The‘ plasmid was‘ verified by
endonuclease mapping (F‘iqure 78 and L. ‘Lee,hpers. comr;».). '

Since pRS66S is missing the 2u-ARS,, if transformstion of yesst is to
oocéur, the plasmid ghould inte&rate into s genomic site Qavmg homology

with plasmi¢ DNA (Orr-Weaver gt ol, 1981).

‘ | 4
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'Fféf:}ee " Circuler maps of the promoter'- ‘lacZ plasmids used as controls for
. mn-pariodically raouiated Pgsl expression in yeosst, pYT?GO-RYPS ond
oo ple669~1 (scole fem/kb), and linesr meps (scole fcm/100bp) of ‘their
promoting octivily S Yo ‘lacZ, while pLB669-I contains the-CYCI S
} regulatory region. Both reﬁulatory regions contain an ATG in-frame with ‘lacZ
- DNA near the promoter-m juncuon. separoted from the ‘lacZ junction
sequences by less than ten bp. The. raqlon from each promotar with known Bgal

promoting activity is indicated by s bleck box on the\ linesr meps.
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C.2.1.c. “Control” Plasmids.

Tvyo other sutonomously replicating plasmids, pYT760-RYP3 and
pLB669-Z kFigure 8 & Table 2; gifts from D. Thomas and L. Guarente.,
respectively) . were used as controls’ for non-periodic B-galactosidase
expressfon. Plasmid pYT760-RYP3 contsins “an unknown yesst promoter
set.mence" (RYP3) fused to 'lacl instead of 'Ij[jR_L informstion, but fis
otherwise identical to pRS264 and ‘:;)‘125269, while pLG669-7 contains the
UAS , mRNA start sites and translationsl start sites of the yesst CYG1

qeﬁe fused to ‘lacl (Guarente and Ptashne, 1981) in 8 different plasmid.
X

-

C.2.2. 'pRSSSfS' derivatives with altered IMP! 5° reglons.
C.2.2.a. m&LRogulat‘ory R;qion Rearrangements.

| 6nce the S' rebfon of TMP| was shown to confer ~ periodic e‘xpression‘
on IMEI'-'\!\QQZ fusions in yeast, a prelliminary meapping study of the TMP 1
S' region wsas conducted tc localize the, information . resaponstble for‘ this
regulation.' There conveniently existed two MCut sites in the S
regulatory region, which formed part of 8 repested sequence (Figure 3).
I constructed deletions in the region S iovp_utative transcriptionsl and
translational start sites by myj_ restriction digestion ‘of the I[jﬂ_ 53
“region in plasmids contsining vthe entirg ﬁjﬂ_}_qene (Figure 9). Eech of

these plasmids, pRS479 and pRSS93, was shown to complement ¢dc21-1

"yeast as shown by growth of' pRS479- or pRS59'3-transf'omied " gdec21

¢

strains at the restrictive temperature, suggesting thst the plasmid IMP |

: @
genes were functional. ]
Miul cuts only in the TMP1 S region of ‘these plasmids at the sites

sht;wn in Figure 3, and so the pRS479 end pRSS93 digests were easily

ligated as depicted iA Figure 9. Derivative plpsintds were igBlated from

trensformed JF 1754 "and charscterized .by restriction endonuclesse

b

YN



Figure 9: s{rategy for the construction of normel m(al‘terod IMPL S

./
! e »

regulatory regions, and for fusing these to lacZ. Storting . with the
plasmids pRS479 (Poon, unpublished) and pRSS93 (Calmqls._‘/
unpublished), sHterations were Induced in the S region of IMP1. These
Awo plasmids, each of which complements & yeast cc21 mutation at
37°C (unpublished) weré used because their sinaller size facilitated

\subclomno, end wcausc no mu]_sites were present othor (han ot mP_L
in this example_both plasmids hove been shown claayguv_tm Miul (see
Figure 1).. Following religation of the digestion mix, derivetives
subcloned in E. coli were screened for the presance of alterations
(Figure 8), then cut with HindIll and Mand inserted into pR8264 cut
wﬂh ﬁjmm_ond B_qmﬂl_ as described inF iqure S.

\
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digestion for plesmid integrity end loss or ret’ent‘lon of the tl_lyj_.fregment‘ .
(qui:re 10A). Of isolates which were furthervchenecterlzed only .
pRS§93 1 appeared to be mlsslng only the 37 bp tl.lsl]_(roqment whereas
DNA sequencing showed ‘that pRS479-10 - contained - enltnvertgd S TMI°

region {Taylor, pers. comm.). ‘ . Cy

.&0.2.2.b. Fuslons of Rearranged Reguletory Reglons to __mJ_.

The oltered I_[jﬁ_tjj_d_u_l_ -S4u3A_ regions from pRS479 10 and_
pRSS93-1, respectively, were used to replace the normel I.tlLLS' region
in front of the pR8264 -'locl . IilﬂﬂLLL-&WE; double dloests of these
plasmids were mixed separately with lj_n_q_[_u_ ﬂmp_}_’dtgested pR5264

\followed by ligstion - end trensformetlon (Flgure 9). These pRSS3S -

'derlvetwes ~were imtlelly cheracterized by t‘est/rlctlon endonuclease

i@eppmg (thure lOBTThe relevent plasmid constrdctlons are designated
as pRSS35-10C (derived from pRS479 lO) yérsus pRSS3S- 1A (from
PRSS93-1) end pRSS3S-7A (derived from /’/pnssgs-n RSS3S-7A
appesred to be identical to pRS269, due the* fortultous retention of the-
extro SaulA - Qq]_u_freqment (presumebly derlved from pRS264 DNA) also -
contained in pRS269. This conclusion was bosed both on restrtctton .
dlgests and on the pRS269 essoctoted /Bgel ectivlty phenotypes sep Teble
4). Most lmportently thure 108 sbows thet . the Tow MW tmu_bend
missing from pRSS93-1 (ﬁqure lOA) is also. mlsslnp in the derlved
pRSS3S 1A. DNA sequenctno of these derivetives (6. Teylor, pers comm)

- conftrmed that pRSS3S-1A wos deleted for the lnformetton between the
two u_]yl_sltes in the lth_LS reglon (thure' 11), and thet thls eeme

Y

tnformetion wes lnverted in pRS535- 10C.
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Figure 10. Detectton of piasmias conteining &usraiions ) ine 37 bp S

IMPY ﬂlu{. fragment.-” . 7 ‘

Screening presumpiive'~pR$S3SIand pRS479 deyiyai‘ivgs. DMNA from

’ transformants _derived from pRS479 or pRSS93 as ,qescribed ‘in the

text were pre-screened -on 2% agarose‘ 'slad .gels with Pvul] - Es_LL
double digests. Digests which showed alterations - ef the Pstl -Pvull .
fragment which hed contained - ipt Miul region” were redioesied with
Miul The mu]_siics were -gnd-labelled with, g-32P- ~GATP using the
Klenow iraqmeni of DNA polymerase (Manistis, 1982, p.380).
‘End- ioballed fragments’ wére loaded on 4% polyacriiamide qels Two
dye markers bromophgnol blue and xylene cyanol, which ran st 80 bp
.and 360 .bp respectively' ot this wceniaoe of gel, .were used to

-estimate the MWs of small fragments. Shown s 1 photograph of the

lower bands .detected on the ahibradiogram Digests are of puiaiive
pRS479 derivatives (Ianes 1and 2); DRS479 (lsne 3); pRSS93 (lane
4); and putstive 593 derivatives (1anes S, 6 and 7). The DNA in.lane S

- was not UYigested wiih Miul in order to detect the Ps{-Pvy fragment
(lene S, faint bsnd second from the top) from which was' derived the.

'pradicied Miul fregments (lenes 3-ond 4, lower.3 bands; see mep in

~Flgure=6) in IMP1 DNA The lower band (arrow) contains the 37 bp
_ Miul fragment, the band second from the bottom. contains the 11Sbp’

S Pst-Mly fragment, while the 'third band up contsins the 240 bp
Mly-Pvy frogment which inciudes the IMP1 trensistion start site
The: 37 bp band (arrow) was not -detected In lanes 2 end 6, but @
longer exposure detected this band in lane 1. The isolates- in lanes |
and 6 were designated pRSS93-1 and pRS479- 10, respectively. - '

Screening pRSS3S derivatives ‘for “the absence of the 37 bp Miul

* fragment. DNA from transformants Isolated as described In the lext

was pre-screened on 2% sgerose slab gels ‘wiiﬁh Clal digests. Digests
which showed ‘alterations of the small IMPI'-'lacZ  Clal fregment
contoining the “Mly‘ region were redigested with Miyl Al cut sifes
were end-lebslled .and the digests wete loaded onto an 8%

polyscrilamige gel. The bromopheno! blye” and - xylene cyanol . dve -

merkers ren ot roughly 40 bp end 160 bp, respectively ' st this
percentege of gel, snd were used to estimate DNA sizes. The bottom
band (arrow) contains the 37 bp m_u]_ iragfneni while the second
‘band’ from the botton contains the 115 bp m-u_[ufragmem Digests
_ere of pRSSSS-Ioc from pRS479-i0 (Lene - i PRS264 (lane 2),

~ PRSS3S ( lone3), PRS263 (lene 4); pRSS3S- IA irom pRSS93-l ( lone
" 7contained an unstudied derivative): .

-

ol
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Figure 11. Linear maps ‘of the IMPI'-‘lac2 fusions. used-

to study
periodically regulsted Bgal expression in yesst. The structure of
these plesmids hés been confirmed by DNA- sequencing (Taylor,
unpublished). Narrow open rectengles denote JacZ sequences, (thick
black rectengles reprisent IMP1 sequences and the [Mlul reglon (see

Figure 3), when present, fs indiceted by an open box. Sequences ere

aligned to the Psil sitp found in 2u-circle DNA, with the specific
olteration given to the left of the map and the plasmid number to the
right of the map (“a" Indicotes o deletion). The plasmid pRSS3S-10C
map (not shown) is fdentice) to pRSS3S, since this plasni contains
thé Mlul fragment .'in inverted orientatjon. One other plasmid isolsted,

“but not shown, in this series, ppBS35-7A is identicel to PRS269:’
.~ (Figure SB), ond the

agment is still present fin this’ |
. b P

construction,

o - o
g ) X . L
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C.2.2.c. The pTL Series.

A representation of the various pRSS3S derivatives used to map the
IMP1 S region is "also given in Figure 11. The pTLiO, 31,32,33 and 3$
plasmids, provided by 0. Tay!cr‘. were 8lso crested by altering the TMP1 S’
regfon cioned into the pUC9 (Vieirs end Messing, 1982) plesmid (6.
Taylor, Ph.D. thesis), prior to fusing the Hindlll - Sau3A fragment  of this
reﬂn to the pRS264 JecZ . The plasmids are therefore identiéal to
pRS§3S (Figure 6), except in the region S' to the 'lacZ sequences (Figure
11). the known strhu,cture of gha IMP1 S’ deletions from the pTL series .
8s well as the QRS “Mlu" mutations (all confirmed by G. Taylor, with the
exception of pTL3S) end observed function ('see below) justify their

being referred lo as pRSS3S “derivalives”.

C.2.3. Trensformation of pRSS3S and its derivatives into
yeast. ' “

strasin AH2Z. Trsnsformsnts  were isolslédy by sélecting for leucine

'The plasmids described above have all%pen transformed into yebst
prototrophs. In préliminary experiments, yeast strains LL20 snd AH22
were trensformed  with pYT?760-RYP3 (Figure 8).’pR3264. pRS269 end
pRSS3S (Figure 5) , as well ss pRSS8 (Figure 4A) which contained no
yea;t promoter elements. Severasl transformants were scréened for Bgsl
activity ‘by ONPG assiy;s. Trensformants  besring pRS2S8, QRSZGQ and
pRSS3S gave similar high activities (> 100 pmol/min. per 107 cells in the
ONPG assay) in both yesst strains, while pRSS8 and pRS264 yiélded no
colour. These observations suggest that a yeast promoter (lacking in._
pRSS58) is r'aquirod to express JacZ in yesst, and that lacZ expression is
facilitated by the JMP1! sequences. The inefficient ec;tpression of the

pRS264 fusion gene is consistent with the DNA sequences of the IMP1



mt
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gene and of the ‘lacZ gene which predicts that T)R5264 would have @&
fusion gene with a (+1) frameshift at the junction between the TMP{ and
the JacZ sequences. The junction sequences of pR8269 (the IMP1L
information 5' to the B_GllL site fused 1o 'lacl) and pRSS35 (the IMP1
upstream Sau3A sile fused to 'lacl) were predicte‘d and confirmed to be

in-frame based on the above observations and by sequencing in the case -

of pRSS3S (Taylor, unpubl., Calmels, unpubl.).
C.2.3.a. Frequencies and Stabilities of Transformants.
Table 3 gives the transformation frequencies of some of the

constructed plasmids and their stabilities in yeast, as measured by the

" retention of the LEU2 marker when it is nol selected for. High

transformation_‘ frequencies (> 506 colonies/ug DNA), and lo;s of LEU2
during non-selective growth of the trensforment suggest that the
plasmid is repliceting sutonomously (due to the pres;nce of the known
ARS in 2u-circle DNA). Relotively low transformation frequencies and
retention of LEUZ2 during non-selective growth indicate that the pRS665
plasmid deleted for the 2up-circle DNA has ‘bean forced 1o integrate into
yeast ch;"omo"somal DNA in order lo be maintained. Also shown in Toble’ 3
are 1.5 ‘ectivities (P. Poon, pers. cpmm.) of the or‘iginal transformantsfh‘
Based on these activilies and on the similer growlh reales of these
transformants (dats not shown), the presence of the fusion plasmids

, !
was not deleterious to fhe strain studied. In eddition, \the plasmid

sequences do not appear to be drastically allered in yeast, since

restriction = digests of recovered pRSS3S DNA from yeast are
indistingujshoble ﬁ*om the original plasmids (L. Lee, unpubl.). - |

C.2.3.b. ;BS_ sequences in plasmids used lo transform AH22.
Based on the criteris outlined above, the deta shown in Table 3 suggest
that pRSéSS, pRS264, pRS269 and pRSS3S replicste autonamously as

-~
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TABLE 3. .Transformstion. frequencies, stability and lacl expressign in

Y yeast}strain. AH22 of control plasmids used in this study.
Relstive - Stability D Site of Enzyme
g , ‘ _ .

] » trensformation of - integra- -activity
Plasmid  frequency ®  ° trensformants  lion IMgald
mne  na® NA NA 39 <1
pRS264 - 1.0 . 048. .  MA 16 36
PRS269 08 ¢ - 083 N 74 49
PRSS3S 0.9 S 0.20 NA 25 152
PRS665 0,001 0.98 le2 nf 17

, t ~ e ~ -
- ‘ L . LY ‘
pYT760-RYP3 1.1 - . 060 CNA 35 234

¥

¢

(8) Number of leucine prototrophs obtained in AH22 per yig of plesmid

’DNA, relative 1o the number oblained with pRS264 (1520 colonies/ug).

(b) Proportion of leycine.prototrophs remaining after 12 generations of
growth without selection “for the plasmid LEU2 marker. in YEPD.

(¢) Thymidylste synthase” (T.5) activity expressed os pmol of SH
released per minute.per 108 log fhase cells. Each value shown 4s an
sverage of two determinations, and duplicate values were within 5% of
one- snother (courtesy P. Poon). | - °

(d) B-'oalactfﬁsida'sbxgﬁgbl) ectivily expressed .as pmol of nitropheno!
formed per minute per. 107 log phase cells. Each value sho‘wn fs an average
of two detenminatiohs.f end duplicete values were within S of one
another. . ' o C '

(e)ﬁ NA. Mot Appliceble. v

(f) ND. Not determiried. =~ Y
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circular plasmids Jin yeast.’ This was expected, based on the pqésenbe of
yeast 2n—c;rclé sqquénces on these plasrrnids. '

On the other hand, ‘pRS665‘ exhibits fhe characteristics “of an
_,integrahng plasmid, including )pw transformation emciency and stable
transmission (of the plasmid.-borne LEU2 marker). The low f3gal activity
seen for 'pRS665 transformants _ further suggests that the plasmid exists
al o lov:\éopy number as expecled  for an integrated plasmid Finally, -
Southern analysis of. two pR§665 transfc}mants indiceted that both were
integréled . in'high MW (chromosomal) DNA One of these pR§665 plasmids.\

'mtegrated ol ‘LEU2 (pRS665b-AH22; Lee, unpubl), was wused for .

subsequent studuefs (ses below)

c.3.’ Bgal Activities of pRSSEPS Tronsformoqts in Yust

: C.3.1. Characterjzatton ,of the pRSSSS fusion enzyn - in
permesbilized AH22 cells. - . :

' Bgal activity sppeared to seccumulate . more slowly then the r;stes

pr\édicted bas;d on'estimates of substrate turnover times for the native

ng_li_enzyme and on estimsles of the amounl of ]_m_EJ_TS gene product

produced per cell (Bisson shd Thorner, 1981; see Discusston) Changes in
the efhcuencnes of transcription and trenslation of the forelgn ]_q_gl_qene

_in yeast. or altered catalytic actw»%y of the B-qalactosidase moiety
csused by the addmonal TS peptides, were not unexpected. However, it
was essential for' the ex’peruil\entq planned here that the stobilit‘;/ of Bgal
activity _was constant under all conQitibns, in order to detect periodic

) :'changes in trenscript h;vel:r 8s o‘b’posed to periodjc—degiradetion. . Since

initial observatibns - suggested that Bgal activity in thé pRSZGQ—AH:?Z

strein was unstable cm:npared with the pRS258-AH22 control strain

" {(compare Figure 23 with ngre 19), it wes reasoned that the inslability

et

é\‘ /"7('\‘%

e :
FERED :
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Figure 12A .Boal ‘sctivity ver?u;s' ‘cell coni:pntrotion,‘ from AHZZ cglls
coniainlnq p3553§' gfo&n in minimal media. Duplicate sar;\ples

¢ - contpining from 0.1 to 8 ml of cells qrowin{; l'ogarithmscally st 8
- l density of 1.06 x lO7Lcelis/ml (00600-0 267) were—ass;{/ad' usinﬁ
Nz(l)/Brlj permiobllizotion lncubonon time was 108 minutes. which"

T, K ‘ yielded an average activity of 134 pmol/min per 107. or 532
L . pmol/min per OD60O. | P
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Figfsre 128. 'Boal auttvity. versus cell concen(ralionl from 'T'syn’cﬁromzed

: AH22 cells conlalnino pR3269 Samples . containinq from OS 250r S
mlgf cens taken st 10 mlnulo interveals: during synchronous growth .

' were “assoyed” for Ggel sctivity _using Ng(l)/BrtJ permiabilizetion.

'Assay incubaugn lime was 60 minutes The' 70 minute sample, ot (3

»

density: of 6.6 x 106 cells/m1 ot t=7p yielded an aversge activity af
S1S pmol/min per 107 cells. It was noted ‘during’ ihis ex‘périmen( thet.

omission of the Brij reduced detected activity by approximately 1/3.
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4
might be inhe‘rent in the TS portion of the fusion protein. Therefore the
expression in yeast of the PpRSS3S TS’-'/Bg'a! fusipn protein, whtch‘
contsined only 13 N-terminal amino scids frdlm TS, was “compared with the
pRS269 product for stability of exbression. The re‘sults reported below
indicate that the activily expressed \from the pRSS3S fusion gene-
product fs consistently stable under the conditions used here whereas
the pR5269 fusion product's sactivily is unstable
C.3.1.a. Bgal activity is directly proporuonal .lo ccvll‘ nf:mber.

~The Bgsl ac(ivtty expressed by»pRSSSS transformed ‘lo'g phase AH22
cells increases linearly with cell number from 106 to 108 cens per assay
(Figure .12A). In addition, & preliminary kinetic study wi(h pRS269
-transformed AHZ22 indiceled that (gal act:ivity from the latter plasm%d

L]
increased in a linear fashion with cell densily regardiess of when in ghe
cell cycle samfﬁes were ‘taken (Figure 12B). Based on these observations, ' //-\ .
. J ‘

-~

it was assumed that fgal activity in these transformants is\propm‘fional'
~1o cell number during the_cell‘cycle, over the range of activity Ieve[

tested.
C.3.1.b. Substrate (ONP8) converted- in permeabilized
PRSS35-AH22 is directly proportionsl to the time of assay'
incubation. S o~

;he effect of ssssy {ime on the smount of substrate converted was
perfgrmed on pRS269- and pRSS3S-- transformed ,AH22 cells. The smount
of substrate ‘converted by; bR3269-AH22 cells increased lineérly for
sbout 200 m'inutas (Figure 13A). Inclusion of thé protease inhibitor PMSF
did not slter the profile. ‘ln cpntrast. actMty from pRSS3S-AH22
t;lcreasad linearly for 0ver 1000 minutes, in cells from minimal (Figu‘re.‘a

-13A) or rich medium (Figure 13B). This resull mesnt that derivatlves of
pRSS3S vyielding very 15w Bgal u;tivitias in yesst could : be directly



i thure I3A Amounl of ONPG substrate conve;;ladn versus assay Nma by :

_.)/

~r

permiabhzed pRSSSS -AH22 (closed squeres) or. pR5269-‘AH22 (opan
squares 8 separate. experlment) Assays were -of log phase’ ceHs
grown under. selectwe conditions prior . to harvestlno From
pRSS35-AH22, dupllca(a 0.3 ml samples ‘of cells ‘fronr 8 culture
‘harvested ot 1.0° X 107 cells/m1 were assayed . -per- Hme point From

i

. pR8269 AH22, 10 mlsamples of cells from 8 culture. harvested at I l

x 106 ce]ls/ml were sssayed. 8t each time pomt T
I
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urigu:\SB Bqal activity varsus asssy time from log phasa AH22 cells
o containinq pRSS3S growing in synchrow medium. Duplicete 1.5 mi

samples of cells from 8 culture harves\ed at 0.96 x 107 cells/ml

'were ossayed per hme point (Nzlsrij perm\abﬂization was used for

; the expgnments shiown in Figures 13A and B).
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A

compared with the sctivity from the pRSS35 “parent”. However, {t was
el

- noted thst the curve did not exirapolate 1lo 2ero ih this .experiment
possibly due to s low blank velue. Following this observation, blanks had —&
3 %
SO0p! of medium (the approximafe..equivalent of one drop alsoc found fn the

ssmples) added. Following this'” "?orrectton". .0D values of gresler than

0.01 could be re'liably reproduced between duplicate semples taken from s
given experiment.
C.3.1.c. Bgal activities frt;m the cell 1lysstes show f
Michaelis-Menton kinetics. ’ |
Although the cell lyssles used here formed only & cru&e system for
“protein fusfon enzymology", when enzyme sactivity was plotied ageinsi
ONPG  substrate concaﬁtration the values were linear ’or'\ 8
Lineweaver-Burke plot (Figure 14). The experiment wsas repested once,
with similar results.

The K 's were fdentical for the AH22-pRSS535 enzyme and the pRS269
enzyme (0.26 mM vs 0.25 mM), as might be expected for substrate
binding to fdentical B-galactosidese active sites. fhis value spproximated
that found for the natursl E, coli enzyme (0.18 mM; Kuby and Lardy,
1952). However, the Vmax 'S observed were diffarent» for the two fusion
enzymes, averaging 5.3 nM/min.mg (_c:allufar protein) from pRS269 versus
an aversge 1.9 nM/min.mg from pRSS3S (see Figure 14; mg protein wsas
estimoted from cell counts). The Vmex's ot two different cell

8 ’
concentrations were very similer within strains. V., from both strains

was congiderably lower then for the purified E. coli enzyme (32 uM/min).
These ndes. due to different amounts of active / sn2yme, can be N
used to estimste quantities of #£nzyme (assuming full activity; Schieif snd

Wensink, 1981). For example, the sbove results suggest that active,
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'Fiqurré 14.. Linewesver-Burke plot of Bgél aectivity as i/v (v in

o ‘ pmol/min.mg. protein) versus 1/[S) (where [S) Is ONPG substrate « -
g "+ concentration fn mM) from log phese AH22 cells containing pRSS35
' (diamonds) or pRS269 (squeres), and growing in selective medium.
Open symbols designate samples isolated at higher culture densities,
s while ﬁﬁd _symbols designate semples Isoleted from cultures. at
, lower cell densities. - Protein velues were estimoted from duplicate
T "~ cell counts, based on an estimate of 0.578 mg of totsl cellular protein
" per 108 cells. High culture density was 1.6 x 107/m?, while the low
_ culture density wes 0.30 x 107/m). 0D420 valuss were besed on e
" blenk made up al 4mg/mi ONPG. Note thet the ONPG concentration of
4mg/ml (13.3 mM) used in this study equatled 0.075 mM~'as 1/(S].
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plasmid encbded B -gal enzymes comprise roughly ooxz of total cellulsr
protein and that pRS269-AH22 s,‘produces (3'8) more active 3-gal than
pRA535 -AH22. ? _ S )

At very high [S]s the rsactioﬁ rate from pRSS35 appeareq to be
slightly higher then the extrapolated Vma“x (data not s'faqwn),' suggesting
that exposure of g;‘e!lular B-qalactdsi&ass\ to substrate becomes & limiting
factor at lower substrate concentvatioﬁs.‘ For this resson, the ONPG
concentrations y@re kept at high levels (= 3.7 mg/ml or 13.3 mM in the
reaction mix) to opttmi:;e resction velog{tles. ,This approach eppssred to
be valid, since .the Vmax/.m? cell or /00600 celculated from these dots
approximate the activities \calculéled' in seve;al experiments - (Table 2,
Table 4). The results imply ihat thgse lysates can probably be used for

kinetic studies allrmu?h no subsequent‘ sludias were performed.

. .
C.3.1.d.  Other parameters co;ilrlbuli!nq to a-cteiyl_ty. The pH
optima™ of the’Bgal ;ctivities from the p'l;‘tSSSé fusion “protein’ were
compar;d with those from pRS269. As seen from Figure ISA; the
pRSS35-type activily was stable from pHE.S to pH7.6. This‘range‘z\ is much
grester than the maximum pH varisbilities in the essay buffer (= 0.2 pH)
observed due tospH diffe}‘ences “ in the n.\edia In practical terms this
means tr‘ﬂ Lhe cells nggg not be washeqé prior to assay or freezing. which

in turn sllows for the rapid sampling which is required for the synchrony

experiments discussed below. In compsrison, the Bgal sctivity from_

' pRS269 fslls off more sharply at/hiqher or lower pH.‘ However, this

renge s also ‘sufficient -to allow reproducible - assays of unwashed

- samples of pRS269-AH22 By comparison, lhe native E;ggj;enzymé‘ has &
- pH optimum of .7.2, nd is stable from pH 6 to pH 8 (Kuby end Lardy,

1 952)
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' _Figure 1SA. Bgel activity (measured Mere in nmol/min.mi)’as o function of -

_PH in pRSS35-AH22 (closed -diemorids) and in pRI269-AH22 (open

dismonds), in @mplel from Jate log phase .cells. S mis of cells,

isolsted at 8 culture OD600 of .= |, were sssayed per paint. Note ‘that
the normal pH in & Bgol assey was 7-7.1, for - this study. ?
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"Figure 15B. Bgel sctivity 8s q function ‘of ’tdmperatufe wﬁ@s-m&.
P
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" (samples .from log phasa cells) Dupllcate 3 ml samples of cells,
isolafed ot o culture density of 0.96 x 107/ml were assoyed por .
point usinq Nz(l)larij permiabﬂizonon

B 4 - N [

.
' . . .
- . -
Vo » \ LY \ ‘ N B v * > R‘:
H
R .
.
-

—
.
» e L2
-
- . rd
B ~ ' f
. A
x
[ ’ N - Coe
. .
) - S
Xy B -
Ve .
B N -
o .
+ . '
- ’ M
- i
1]
. -
\
1
el L
; » -
r - - N
~
. ~ i
. 4 :
. — . 4 -
) . v (’ i .
s < e
< -
» L J
'\\ -
» ‘ ™ -

g



e

y

- . ' ' : - - ”-{?
. o . Z
‘ . o -
, 13 '
- ’ )
. " 4 '
A ! ’
. .
. . =~ .o v ‘
. fut > . ) ’
‘ & o ! -
- L4 N )
4 ' » . ¢ . ' , p
\ * '
i~ ' . b - ) . / |
» \ - - ’L * " ' i -
. A . ‘
- N 1 ’ \
> - - . ' "
\ »
1 , b ' - ’
i -~
! \
o ) ' ¢
+ 4 ‘ ) ‘
‘ o : ) . * e
0 ’ ) ‘
.
. ’ ° -
' , . N ' y
T . 8ol Activity/10E7 cellsvs T°C , L ’ ,
i ° "
N i ’ Al i » ' ' ’ — N \
" - hd ' e ' ! ) ‘
.
: .
4
\ : o
N n " ’
] ,
li ‘ 0
|
‘1)
1
1
‘ ]
1
Bgal aclivity/10E7
colls - ‘
t
b, .
|
» ¥ IE
|
. ) |
| .
) 1
’ ,
\
.
ol
0\ | l
) A i |
- ’ | :
. |
. Na :
h R ™ " ’ : ;
. - e ! . |
‘ . .l
- ‘ ’ h'
) . . s ' )
e - ) - ,
v - ’ ’ =
1] b L4 ) |
* 1Y - » ’ ! )
R - .
n\ - ) ’ .

13N



N N4 . ,

In ,péactical terms, the varisbles of tempersture and of initiating the .
assay coniributed considerable uncertsinty. When DOgsl activity wes

assayéd st three temperstures (Figure 15b), activity adhered fairly

\ clpsely‘ to Q10 velues, doubling every 12°C. Such changes in the .

temperature of assay thus appesred to affect rates of catalysis and not
enzyme stabilities. _

| For initiating the asssy, preliminery experimenis showed that one'
vigorous 20 second vortexing .of a sémple prior to incubalion‘ae{ected L1
least 958 of the sctivity detectﬁabl,e with p'rologged vortexing. Brlj/N‘z(l)
was apout S less efficient at permeasbilizing high plasmid copy ;umber
cells than was éhlf/SDS, bul was S® more efficient for cells with low

plesmid copy number. Permesbilization was not ’improved by adding glass‘

"beads, or by repested freeze-thaws (dstes not shown).

These dsta indicated that the pRSS3S enzyme sctivity was sufficiently
stable to ‘use for examining the regulstion of pRSS35—A.H22-derived

TMP1'-"1acl” /fusions. It further ‘supported the propossl of Greenwood
(1986) tll;e? the thymidylste synthase :ﬁoiety‘conferred fnstabim(y on the
pRS269 fusion protein's Bgal sctivity, end the'refor'e in all likelihood, on
the activity of thymydylste synthase itself. ‘

-

- C.3.2. Accumulstion of Bgal Actlvi(y in Batch Cultures.

The Bgal activities observed from pRSS3S are consistently lower then
t&se‘from PRS269 and pYT760-RYP3 (Table 1, see also Table 4). While

8 difference "might be expected for the Tatter plasﬁtd "due to the

-different promoter, it y}bs unclear lhow“vthe sctivity frpm pRS269 could

be both unstable (Greenwood) yet higher than thst from pRSS35S, since

both sctivies should derive from the same promoter.
™~

This phenomenon was also noted in initial studies of Bgsl sctivities
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" Figure ,l'ﬁ.j ' Boél;act{vﬂ,ﬁy?m}fof culture’ relative to t=0, compered with

o

LI

‘t:e‘sla'uve’ culture density * (CFUs/m1), from  pRS269-AH22  in
0. 18/2xYNBH medium (28 glucose).  Note thet log phase BGgel
activity increases only shght\y more slowly than culture density in

this medium, which is non-selective for the plasrmd
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from pRS269-AH22 end pRSS35-AH22 in YNBD bstch cultures: " In the -

T

ﬂrgt/expaﬁﬁ{ent, log phase pRS269-AH22 was resuspended in fresh

medium (Figure 16), wliareapon cell number and Bgsl sactivitly both

PSS g

continued to incresse exponentislly. This r“esult fndicates that the pRS269

.protein fusion is not sensititive 'to subculturing n§_r_‘_s_e_, duridg log phase.

The five-fold decline in Bgal activity per cell at the end o( log phase was
8lso observed by Breen¥ood (MSc thesis). _

“CHowever, when pRS269-AH22 cells pre-grow;l to slationary phese
were. subcultured injl'o fresh medium, BGgel acti'vitfes’ increased up to
20-fold wttmn 60 minutes (Figure 17e). The large increase in activity
per culture\SOO was malntatnad until stationary phase, when acuvmes
fell at least 10- folg The initial rapid rise fn Bgal activity early in the
culture is likely due to” 8 combinstion of the" pRS269 fusion product:

instability in the stationary phase cells, and an induction of new activity.

For example, Cal_mels‘(in praparation) hss observed that IMP! RNA

incresses dramaticelly and a}’most immediately when AH22 aells' are
stimulated to proliferate by innoculation \into fresh medium:.

In contrast, no dramatic increase was observed when stalionary
phese pRSS3IS-AH22 cellslwara innoculsted ‘into fresh medium (Figure

17b). An incresse of las'_s than two-fold., was observed over the same

interval that [Bgal activity from pRS269-AH22 showed & 20-fold

[

increase. In sddition, there was almo§t no loss of activity in stationary
phase in pRSS3;5—AH22. The difference in activ‘lty between thau two
strains can bg explained by the stable“activity which is p'resent in
stationary phase pRSSISS-AHZZ cells, and: therefore is also present st the
bsginning of the Culture as a higr; background acuvi-ty which would hide »
posaibla induction. I-hlqwavar. t‘a_pnasi;ility thet pRS2§9-AH22 unstahle
Bgal activities are siso alora sybstantislly induced when GQ cells eare
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\'_Figure.l‘?A fgal activity irthKRSZGQ 8s o function of tme in cuii‘ure,A

, when stationary phase AH cellé containing pRS269 are {nnoculated
) into ‘selective medium. Tne umiiiuted cell densities in Kiett units, are
averaged from .8 cullures. wngse separate ODs were less than o
from the meen vaiue Cells- were prevrousiy grown into siutionary

phase , (cell density of 1-27x- 108/m1) 1h selective medium, then

diluted 1/50, or, 1/100 (experiment *2), into fresh splective
“medium. Cells in expsriment #2 were grown in 2 x the normal glucose

. *concentration '(‘i‘e. 48), in order 1o compare Bgal metabolism ihroyﬁh
the growth t;ycle with the results of Greenwood (M.Sc. thesis). Time
zero points ere subject tg some uncertainty, since the samples were
isolated- from the previous culture. ‘

Ed
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& '
- Figure 17B. Bga) aitivity (squeres) from pRSS3S -as & function of time in
~ culture, when stetionsry phese AH22 cells containing pRSS3S ere
" .innoculated into' selective medium. The - undiluted cell dansities. in
Kiett units, are averaged from 8 cultures whose sepuro{e ODs varied

by less than S% from the mean value ot o glven polnt Cells were .
previously grown into stationary phase (cell density of 1-2 x.

loalml) in selective medium, then diluted 1/50 (open symbols)‘ or
17100 (closed symbols; expenment #2) into fresh seleclive med!um
Cells ‘in experiment #2 were grown in 2 x. "the norma) glucose

concentration (ie. 48), in order to compare - 8gal metabolism through -

- the growth cycle with those of Gresnwood (M.Sc. thesis). Timt; 2ero
‘points are subject to some uncertointy, since’ the samples- were
lsolpted from the previous culture
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induced to proliferate cannot be excluded. Most imporiantly, howsver, the
pRSS3S fusion spparently produces o Bgal acuvi}y of consistent stability

ot 8ll stages {ngrowth.

N

C.3.3. B-galactosidase Accumulation in Synchronized Cslls.:

Expression of the TMPi‘'-'lacZ fusion gene contained on pRSS3S and .

shown 1o code for a stable Bgal activity, was then followed during

synchronous growth of yesst strain pRS535-AH22. As noted by Storms ot

8l (1985) and s depicted in Flgqre '18‘,Ys IMP1 RNA levels‘ detected by
Northern analysis rl§e and foll” ?ver two synchronqus .rounds of
replicetion, with a pesk nepr the beginning of each S phase (replotted
from Fit;ure 2). Although the typic,ally,, larger first generation pesk could

. { -
be due  to induction of cell proliferation following a-fector arrest, it is

. assumed thet the presence .of the second RNA peek indicates trua" periodic

expression. As 8 result, two generations of Synchonized growth were

monitored in some of the (__experiments described below, ’td detect true

_periodic Bgal activity fluctualioﬁs as opposéd {o simple induction curves.

The synchronous IMP1 RNA profile shown in Figure 18 was based on
equal amounts of RNA Ioaded per sample. However, in the present s}tudy.
cumulative’ Bgal activity. profiles, were monilored psr ml of culture,

following the p‘rocebure .of Mitcheson (1971). This wes'simpler snd more

accural‘e than monitpﬁrmg Bgsl activity/mg total RNA or per cell. The

increased érror introdiced with the second persmeter is svoided, and in

this instance, dsta per ml of culture fs more informetive for relstive

sctivity levels snd for degree of synchrony. s

‘lf IMPL RNA is unstsble and doesn't accumulate, ~while the

~ pRSS35-diredted ‘Bgal.activity is stable, the Bgal profile from pRSS3S

would be expected to approxim‘afe a step, rather than a pesk (Mitcheson,
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Figure 18 Rel&ttze levels of I_U_E_LRNA eccumuleted from synchronized
AH22 cells burtno one cell ¢ycle (derk squares; Storms et sl, 1985)
. n 4Equel conoentrstions of totel cellulsr RNA were loaded onto an )
-sgarose gel, electrophoresed, then Northern -blotted and probed for

IMP1 RNA (followinp the proceedure of Thomas, 1983)\Qte.same

reletive. levele sre olso plotted as asccumulated velues (open

squares). In this trénsformation the date from & given tiime potnt is

summed wlth the duta from all previous time points To partlﬁ'lly

’correct ror the expected two fold, exponential mcrease ‘in total RNA

through the ‘cell cycle, each. potnt was then multiplied by the culture

. 0D600 (teken from a-seperate synchronous culture of similer cell -

density) for that time. This manipu,lettori yielded the predicted‘
relative levels of stable product p_e_r_m_of culture. In this culture GI
occupied the first 20 mmutes S phase occurred from 20-50 mmutes
snd G2 from 50- 70 mmutes Cytokinesu and . the followmg Gl

vccurred from 70-90 minutes . - P ‘
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1971). The shepe of this slep cen be predicted from the observed RNA.

' peefs shown in Figure 18, as follows If most of the ImP_LRNA detectjd
‘)' - at 8 given sample time during the yeest cell cycle by Storms e_t_g]_(1985,
- " see figure 18) fs assumed to be degraded prlor to t:he next sem‘ple, then
the relstive RNA levels oppeerlng '\ st each .polnt should be due to new

synthesis. If so, en estimate of the' total amount of IMP1 RNA

syntheslzed by time “t* in the cell cycle cen then be made, by summing all,

of the RNA present up to’ end tncludlng Lime 't" By then plotting the
cumuletlve levels ol RNA obtained by each time polnt through the, cell
'.,cycle 8 step proflle resembling thet shown in Figure 18 fis genereted

%umlng thet -expréssion from pRSSSS is periodic, this steble product”

profile should resemble that of the stable Bgal activity produced from

pR§535 (see Figure 21), particularly if mecr_omoleculor- (eg. Ft_NA)

synthesis is corrected "for. For example, in Figure ,18, the cumulstive - -

. IMP1 RNA values- were muitiplied by the increasing -culture 006(10 at
sach time point, to roughly correct for relative increases in total RNA
In other words, in synchronlzed cells the predlcted periodic

.sccumulation - of Bgal activity from pRSS3S 'should resemble -the

cumulative TMP1 RNA synthesized. end both profiles should resemble the .

step ‘profile seen (Storms Q_t_g_l_ l984) for DNA synthesis.

~

o ! ®
- . ln these synchrony studles. the rotlo of unbudded cells per tolsl. CFU

(UB/CFU) was used to monltor the stage in the cell cycle of a particular

somp“le (CFU or 'col)ony forming unitS",, counted vis hemocylometer,

¢ ~* colony in an epproprletely diluted plating test) In AH22, 8s ln most yeost
strains, UB/CFU decreases s buds form e th% beglnnlng of DNA

v synthesis. ( Storms et al; 1985) and incresses agsin &8s cells undergo
. /-

consist of single cells‘ or cells with buds‘ whjich would give rise to one'

oy
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cylokinesis. The correlation of bud emergence with onset * of DNA'
synthesis was not affected by lhe presence of pRSS3S (dats not shown).
C.3.3.a. - “A non-periodic  Bgal activity profile - from

. A A } )
pYT760-RYP3. ' '

—

The Bgal activity prome during the cell cycle of synchrontzed
pYT76é RYP3-AH22 cells is given in Figure 19. This RYP3- -promoted
_ activity showed 8 non-pertodic “continuous ltnebr profile very similer
to that pradicted and obsefved in synchront%d 9. np_mng_by Httcheson
(IQ?I, p159-169) efog‘ the non-periodically expressed enzymes acid \
phosphatsse, suc}‘ase and alkaline phosphatese. \As 8 result this strain has
been retasined as the g{'ton—cett-cycle regulated control for subsequent
experiments. ' ‘ _ - .

It was notewor\hy that preliminary attempts to prove thet acid
_ phosphatase activity slso increased in a.continous linesr manner in
s"y'nchron_ized' .S ggrgvigggg' were unsuccessful,ﬂ ’due meainly lo sherp
ftuctuations in activity at both the beginning and end of the cycle.

For & definition of “not periodically expressed”, it can be séen from
Figure ‘1.9 thet sctivity from pYT760-RYP3 incresses linearly for one
generation (one round of byddino). then the slope of the. increase
changes. The ectivity continues to increase at the new rate until Itha end _
o - the second generation, wherespon the slope increases again. This|
obsarvatton is_ consistent * with en expgcted incresse in the rate of
éynthesié._‘due to the presence of newly repliceted genes. The .acttvtty'
".slope does. not exactly double esch generation, probably because the

. averaqe degree of synchrony schievable in this system is 758 in the

first oeneration and 60% in the second, based on the UB/CFU. ratio.
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Figure 19, “Continuous linesr" Boa'l'- acuvi(y profile. ‘from

pYT760 -RYP3, which contains an unknown yeast promoter

fused - to mz_ in AH22, purtng 2 cell cycles of’
synchronous growth. The cell cyclo is dopiclod by changes
in the proporuons; of unbudded colls per CFU (open

' squeres). (n 61, “propor-tions of unbudded cells are

. ‘relatively  high and constant, while during’ S this

proportion decreases. During. G2 the proportion of

unbudded ‘cells is nelnuvely low and constant, then the

',proporudn '|ncrenses sgain at cyt”okinasis. Dupllcate‘\

samples were 8sseyed for anl activity from each time
point using chloroform/SDS perlnlablllga'lion.‘ Duplicate
sample -0D420s did not deviste _from the mean 0D420 by

‘more than S%. Since the mean 0D420 wes used to

- calculete Boall sctivity, this percent error csn be directly

applied %o the activities shown here. A similar format is
followed for subsequent Figures which show Bgal

sctivities.
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C.3.3.b. Perfodic vs START-dependent activity profiles. In
jﬁpariodic Bgel sctivity profile from

contra;t (q the .obvi‘ously n
pYT760-RYP3, it s possible thst the expression of some genes may be
proliferation de_pendent, although not cell cycle-\dependent. Such genes
may be si‘mply “turned up® due to the return .of cells to a proliferstive

state (START-dependent regulstion " mediated by class | or class Il start

genes described in the Introduction) from & less active stste during’
a-factor arrest or G, arrest, and then left on at some constant rate.

We cen al‘so determine whether 's JacZ (usio*n gene whose' mRNA
accumulation hes been shown to be non-perfodic, such as the CYC|'-'lac]
fusfon gene (Osley Bt al, 1986), is none—’the-less START-regulated st the
level of the transcript, by messuring -the accumulation of Bgal activity

from this fusf in synchronfzed cells. For example -the expression of

CYC1_, the gene for cy chrome-c-oxidase, is START‘ regulated to some
8l accumulation predicted from the'Q!Q]'-'lggz

¢ \
fusion RNA levels (ibid) is not observed. Instesd, Bgal sccumulstion from

extent. The  linesr

4

-

. . 13 ' )
the CYC1'- promoted -'lacZ fusion of plesimid pLG669-Z trensformed into -

y;ast strain DBY747 accumulated in a START-dependent fashion during an
a-factor brrest-and—synghrony experiment (Figure 20; no,attemp‘t was
made to induce the fusion gene during this synchrony). ’

Note that Bgal sctivity from the CYC| promoter does not accumulste
in the presence of a-factor. The Tstter }esult was lster repested in o
pRSSSS-Hkt; construction (Appt;ndix). From Figure 20, it cran be seen
that following a-factor release, 8 three-fold induction of activily taking
up most of the first budding c&tcla levels off to 8 lesser, .apparently‘
constitutive increase inthe second g.enerauon. This potentislly importpnt
observation- suggests that START -dependent fluctustions in the

expression of & gene product cen be regulsted at the level .of the

&
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Figure 20. A presumptive “induced-non perfodic Bgel activity

4

profile from pLOS69-2, which contsins fhe QYCI' &
regulatory region fused to 'lacZ ,n yeast strain DBY747,
during 1 1/2 cell cycles of synchronous groy'th. In this
experiment, Bgel activily was ‘also monitored while the
cplis were arresting in a-ft;ctor (from t=0 to t=100), as
well as after relesse from the a-factor block at t=100
(arrow). Here, the celfl cycle is depicted as changes in tho;

proportfons of ' newly budded cells per CFU (open

dismonds), since cytokinesis was deleyed in this strﬂﬁ
d

(detected’ as the prolonged G2 seen from the unbudde

cells; open boxes). The cell cycle as monftored by new _ _

. buds/CFU  proceeds so that in G1, riew bud proportions

are low and constant, during S the proportion increases,
and during G2 proportions decresse again.’ Duplicste S ml
samples were assayed for Bgal aétivity from each time
point using No/Brij ?‘armt’abmzat‘wn. Semple 00420s did
not deviate from the mesns shown by more than S%. The
synchrony medium was further su’pplemen‘ted with

L . S .
tryptophan, leucine and histidine, for which DBY?47 is

auxotriphic (the pL6 plasmid ‘relleves & fourth

suxotrophy for uracil).

,
ooy

A
el
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t‘('onscript ('the CYC1'="lac] fusion qeha praduct fs stable), in the absence
_of START-dependent fluctustions* in mRNA levels.

/
- . . s

C.3.3c. A periodic Bgal activity lprofllo from ;ynéhronizod
ARSS35-AH22 cells. ' T
Wwith iha aforeme'ntinﬁed cavests in 'mlnd. t_he most  likely -
fnterpretstion of the l;qal activity profile "from _ synchronized
. pRS535-AH22 cglls over two generstions "(Figuré',m) is that the
TMP1'-"lecZ  fusfon contained on this plasmid 'is periodically expressed.
Unlike the profiles shown for Figures 19 snd 20, this dots mimics the
§te$ ‘profile predicted from the IMP1 RNA profile shown im Figure 18. A
nearly'r identical result was ob}ained when Brij 35'/—80'0 permesbilization
wes used (Figure 21, |ower profile) instead of chloroform/SDS
permeabilizat\on The two Bgal activity .curves shown come from totally'
separate experiments, and so give some ides of the repeatability of. the

observation. ' )
Va »

C3.3.d.. The pRSS3S periodic Bgal profile is independent of
genomic location. ’ ' . ‘
_There was some concern that t;\e perifodic expression obs:erved m]éh;
be en artifact of the plasmid:-borne. fusfon gens, ar;d so s yeasst strain
containing the pRSS3S -derivative pRS66S described abova,l ‘Integrated
into the yeast chromosome ot LEU2 (L. Lee, pers. comm.), was tested for
its ability to regulete [Ogel ot;tlvity during synchronous - growth. As shown
in Figure '22 tﬁa sctivity profile from pRS665 closely ‘resembled thet
from pRSS3S. The -periodic profile produced from the IﬂE_LS' regulstory
region - is therefore mdependenl of the Zu/circla ARS , end of the

chromosomal locauon of the -fusion gene. The [gal activity of the

o
-
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.Figure 2!. "Step” Bgal activity profile from pRSS3S5-AH22 conteining the
T intact IMP| S’ regulstory region fused to ‘lacl, durihg twon cell
K cycles of synchronous growth. The Bga! datg frqn, two 'separate
) synchronies afe shown. cﬁll'cycias ore ,de.picted 8s changes in the
proportions of unbudded "cells per CFU, where G1 cells are maximally
k unbydded. Duplicste 2.5 ml samples .were asssyed fﬁ'r~Bqal ;ctivity‘ '
from"‘eat;h time boint using elther chloroform/SDS permisbilization _'3
_ (dork squeres) or Nz(l)/Brtj 35 permiobilizetion (dark triengles).
 ,- : ‘ | Sample 0D420s did not daviate from the means\ shown by more than

;» - 5%, except the ns mmute chloroform/SDS  ssmple (82) and_the 6
';::‘: \ ——— “ ,
PR minute Nz(l)/Bru sample (10%). o .

) N , . * :’ '. «

*s ?‘

- -
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iftegrant was lower due to the lower plasmid copy number ( roughly 1/10,
/ base&on Table 3). Hence, this result slso shows tha! low activities from
, . this

lasmid yield the same periodic profile 8s high activities which is
) ‘ important to note for the mapping $tudies reportad baiow
. « ' : D .

.0330 Stable vs unstable Bgal activities Because the periodic
Bgal profile obtained from pRSS35 g‘hown in Fiqure 21 matched thet
predicted from totel synthesfzed IMP1 RNA (thure 18), it was of
interest to compare the unstable Bgal activity produced 3from the pRS269
nltransiormant with the TMP1 RNA ‘peaiz‘f pr_of‘iie also shown in F fgure 18.
The rcsults showp in Figure 23, monitored over two generstions show-
that the Bgal sctivity per miof thc fusion protein from pRS269 increases
and declines periodiccii;. and that ths relative increases of the t\ivo‘

generations correspond closely to the relative peak heights observed for

T™P1 RNA_ (Figure 18). These results support the contention that the - -

accumuiaiion “of iuston gene product reflects IMP| mRNA synthésis
-Furthermore the peaks of activity suggest ~Ahdt the periodic profile gi\'
" the pRS269 fusion product is. caused by post-transistional instabilily.
The fai!cre of\the second peak in Bgal activity accumulatiunb per ml
N ' from pR5269 to surpass the first in ciza c‘orraspcndsé. to the smsller peak
R  of IMPI RNA- seen at this'time,(Figure 18). These smai?ir relstive
| tncreascs during the second generstion sare pecuiia\r, since cel!} nunibar
" has" nearlyA doubled. Taken together, the&dd{a again ‘'suggest  that ;
'START-dapenda’ntl induction may be associated wn'ith IMP1 RNA levels, or ,

‘ wt\hat the mu_q)ened‘irom qo sub-populstion of cells is not expressed. o

o~
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F;igure "23 ~""Peak" Bgel . sctivity pro;'ilo from pRS269k contaln{ng the
mtect S’ regulatory region, plus 2/S of the coding sequence of m&_l_r
fusad to _}g_qz_ in AH22, durmg two cell cyclas of synchronous

: 'growth "Duplicete ssmples were assayed for Bqal activity ‘from each

“

time pomt USing chloroform/SDS permisbilization. Sample 004209 did

not deviate from the mean‘? shown by more then 4%.

v
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IMP1 Regulatory ‘Roqion using PpRSS3S

v,

9.4. Mapping th
‘ L
Derivatives.

The pbove resflts, showing the periodic sppearance of 8 stabfe Bgal

fusion gene is cell cycle regulated. The control of this,régqlation probably

' Stems from a sequence or sequences, present in the S' IMPI fragment on

the plasmid, since the promoting sctivily from pYT760-RYP3 (Figure 19)

was ‘non-periodfc, snd since & chromosomally integrated ;rarsion of the

. plasmid }retained the periodic behavior (Figure .22). The combined

synchronization/Bgal  esssy procedure therefore permitted mapping of
the 432 bp Hind|ll, -S8u3A TMP1 S reglon for -the sequence‘s ‘responsible
for this phenotype, by comparing the BgaI' activily expressed from
TMP |'-"lacZ Afusions deleted for s;equences in this region, with
pRSSSS-AHZZ. In ordef__ to mep regulatory sequences, both the Bqal.
activities from batch cultures, and activity profiles during synchronous
grow}h from the pRSS3S mutant derivatives ;;scribed in Figure 11 were
compared with those from pRSS35. fhe pred’tcted phenotype for @8
TMP 1,-"1acZ fusion which had lost cell cycle reguletion was 8 non-periodic
activity profile such .as those shown from pYT760-RYP3-AH22 . (Figure
19), or possi‘bly from pL6669;Z in DBY747 (fiqure 20).
c.4.1. _‘B—galoctosiduso Accumulstion in Batch Cultures:
Based on the .behavior of .the pRSS3S gene product in yeast, il was_

reasonsble to assume thet regulstory mutations present in the pRSS3S

derivstives coulid affect’ levels of Bgal expression in &ddition to v

sffecting periodic ‘expression. To test this possibility, plesmids derived
from pRSS3S whose S' reguletory region had been sltered were tested
for their abi!ity to express Bgal activity in yesst. Levels of Bgal eclgvity

were determined for batch cultures, during logsrithmic growth (Tebles

IMP1I'-'lacZ fusion in pRSS3S-AH22, tnqlc'alg that this .

@
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TABLE 48B: Log phas!z§~ B-gal sctivities in AH22 derivatives bearing pRSS3S-type plasmids.

142

Plasmid in t
yeast strain
AH22 Region deleted
pRSS3S . none
pTL30 AHindll1~Pst!
pRS669 AHind)li~Pstl
- ¢ . f <
p535-10C ~fegion 3 inverted
pTL3IS . AHindill - STUI site
pTLI! . &Hindlll - 3TMIul site
poIS-1A - AMlu
pTL32 -~ aMiy; aHindill-Psl
PYT760-RYP3 . Intact RYP3
pRS269 None; unstable fgal
pRS676 activities; extra 330 -
pS3S-7A bp of coding DNA.
pRS264 Out -of-frame fusion

Average Bgal Activity

per per .
00600 mg. protein
635 2455
678 2362
655 2343
1547 5462
2549 5896
.28 79

™ 334

76 198 -
658 2556
1162 4032
300 4285
664 5083

12 a6

per

T 10E7 cells

144
154
149

/1
579

6

18
17

149
264

295
378

Cell numbers (x 10E7)/m! were 10.9 £ 2.0 (SD) in stationary (Stal) phase, 1.8 2 0.4in log
phase and 1.2 2 0.3 sfler 1.5 hr in alpha factor medium.
The average 0D600/m) was 3.75 + 0.27 (STAT), 0.48 £ 0.07 (LOG) and 0.34 2 0.02 (ALPHA).

The mean mgs protein/ml (+ SD) were, respectively, 0.98 £ 0 06 0.1240.02 and

0.68 2 0.026 (n = 12 cultures).

~

Values per sample are the average of Lwo delerminations.

e

has
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4A and B), stationary phasse (Table 4A), and during arrest with the
a-factor ma/ting pheromone (ses Table 5). Cells were grown in 2 x YNB
medium with selection for leucine prototrophy.

Tabl‘e 4A;'shows typical‘pgal aclivities from log phase transformants
containing pRS535 and the derivati.ves. ‘Strains showing similar f3gal
phenotypes have.been grouped together. The resulls shown in Table 4A
indicate that several _of the slterations created in the Hindlll -Seu3A
region of TMP 1 led to altered levels of fgal expression from the derived
ﬂ’xsion gens in AH22, when compared with that from the parent plasmid,

pRS535. However, the Hindlll -Pstl region of IMP1 was not essentisl for

the expression of activily, since pTL30-AH22 and pRS669-AH22, which /

harbour plasmids with this region deleted (see also Figure 11) expressed
fBgel activity at levels very similar to pRSS535 itself.

In contrast to the Hindlll -Pstl deletions, the presumptive deletion
from the Hindlll up to the 5' Mlul site in pTL3S resuled in a four-fold
incregse in log phase fgal activily, which suggested that sequences
located S'to the upstream Mlu] site may not be required for f3gal activity
associated with pRSS3S, but may instead function in a negetive fashion.

The deletion derivative missing information from the Hindill to the 3
Mlul sité. pTL31, resulted in a8 25~fold reduction in f[3gsl expressi/on
compared with thet from pRSS35. This result therefore suggested' that
the region betwaer\ the two Miyl sites contained @& regulatory region

required for high levels of expression. <= This interpretation  was

'sup‘ported by the - Bgal phenotype from the last unique deletion,

pRSS35- 1A, from which only the 37 base pair region between the Miyl |
sites had been removed. Bgsl activity from this plasmid was reduced
sight-fold -(Table 4). g

The pRSS3S-i0C derivative bearing, an inverted Miul r;gion

]
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expressed Bgal sclivity at levels‘2.4-foid higher than pRSS3S-AH22. In’
the light of the above observations, this observation suggests that the
positive element existing at or between the Mluyl sites functions
independently of its orientation, but that one orientstion results. in higher
expression. a

— In addition to pRSé:’»S derivatives, several pRS269-type
transformants end @ ‘ pli3264 transformant  were teste‘d\ in  this
experiment. As before, activity froml the pRS264 transformant\' was
minimal, Eomparable with that of the Hindlll -3'Mlul deletion plasmid
pTL31. Both the pRS269-type plasmid pRSS3’S-7A described in the
"Constructions”™ section, aqd pRS676, 8 pRSS3S derivative lacking - the
small P fragment (see Figures 6 and 11), show the higher log-phase
" activities _and lower stationary phese activities described by Greenwood.
Teken together, the similar behavior expressed from' these {independent
~ constructions, as well 8s the .similsr behavior in yeast of pRSS3S, pTL:‘»()<
snd pRS669, tend to confirm the pRS269-AH22 eand pRSS3S-AH22
phenotypes discussed earlier. | 5

The disgnostic DBgel activity levels for 8 given ‘lgcl transformant in
yeast were also monitored with cells in stationary phase (Go) cultures
(Teble 44). Cells grown for two days in sny of the medi; employed would
have en{ered stationary phase by this time, and so cultures hsve rougﬁly
equal cell densities- for purposes of comparison. Table 4A therefore Plso
st:uows the G Bgal activities observed from the same plasmids described
. in the previoys section. The different constructs produce Bgal values
which vary in a manner similar to those seen for log phase cells. For
example, once agsin il can be seen that information S' to the Pst] site
(Figure 3) hes no effect. on the levels of gene product expression.

&

Interestingly, the control ‘plasmid pYT760 -RYP3 snd plesmids

-,
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pRSSSS-:IOC and pTL35 confer higher Go/log sctivily ratios (2.9-, 2.9-
and 3.6-fold, respectively), 'compared with the\eo,lqg ac'tivity ratios
from pRSS3S (s retio of 1.8-fold). Although the ratios observed here
were significantly different, the possibility of “Gq control® wes not
investigated further. N . ‘ L ,

It should .be néd that the removal of the "Hj_m_‘l_u_lo Pstl fragment as
well as the Mfragment (in the derivetive pTL32; Figure ‘H. Table “IA) _
has no detectablé effect other than that due to the deletion of the“ Miul
fragment alone. This further supports the supposition that the‘S'ﬂm_ﬂ_u_‘
to Pstl fresgment is not fnvolved in the types of regulation describeq
here, and supports the Mly] deletion phenotype. |

Because it was possible thet log phase activities from the different
plasmids varied because of differences in cell size, the log phase -
actfvities per mg protein, per 107 cells and pgr 00600 were di&Echy’
compared in Table 4B, for the same éxperiment shown "in Table %'As can
be saen.‘ the differeﬁcgs between the grouped plesmids remained lhe same

regsardless of whether activity was measured per cell, per 0D600 or per

| mg. protein.

-

0

C.4.2. B-galactosidase Accumulation in Synchronized Cells
bearing pRSS3S dorivative plaswiids.

- C.4.2.a. pTL30/pRS669 (aHindlll -Psti) The results of the above

characterization encouraged me to monitor the Bqsl acti'vity of some of

the pRSS535-AH22 derivatives during synchronized growth.  Because

_ deletion of the Hindlll to Pstl fragment did not effect any of the

PRSS35-AH22  [Bgal’ phenotypes (Tsbles 4s and b), & synchrony -of

AH22-pRS669 bearing the Hindlll-Pstl deletion was monitored for its
P .

Bgal "activity profile (Figure 24). The observed periodic Bgal activity

1
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. Figure 24. “Step"” Byal aclivity profile from pRS6E9, contelning & S'

IMP ' regulatory region deleted only for thg upstream’ In?ormalion ’

betweep. Hindlll and Pstl (see Figure li)_ fused to 'lacZ , in AH22,

‘durinq one c;}l cycle of synchronous grtéwth. Duplicaﬁa samples were

assayed for Bgal ectivity from esch time point using Nz(t)lérlj
.permiabmzation,’ with different t;ssay incubstion times for esch of y
the pair ( 125 vs: 425 minutes). ‘After correcting for incubat fon time,

activities did not deviste from.the ngpons shown by more than 38. -

.
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brofile mimicked that from pRSS3S, and- supports -the ‘conclusion drawn
" from Tabie 4 - that the H_gg_uL_to Pst1 region fs not essentisl for the
types of regulation studied here.

e . )

é.4.2.b. PRSS35-1A. (aMiu) - .

Nexl Bgal expression from pRSS3S-1A, deleted only for the Mlyl
rragment was monitoréd in yeast during synchronous growth. The
particuler isolate used ﬂ;r {his experiment showed poor cytokinesis (bud
separation) at the end of the fir;'.t synchro‘:ous -géneration. and -so the
appesrance of small buds~(ppr total CFU) was ﬁwnitored as an indicator
of DNA synthesis initiation (Wmiamson and Scopes, 1961), instead of the
‘ disappearance of unbudded cell;. As shown in Figure 25, fhe Bgal activitly

profile d‘uring synchronous growlh was quite different from that’

observed for pRSS3S. Apert from a small mduclion after time zero, the

aclivity accumulation  was linesr for- over 1wo generations of -

sy;nchronous .growth. _

T;e pattern .seen in Figure 25 suggested that pRS53S-1A lacked cell
cycle dependent regulstion. However, the profile obse'rved might have
been genersted by either of th'e non-periodjp profiles 'pradict'ed (Figures
“19 and 20). In perticuler, 8 smsll indubtion of Bgel- activity was observed
arter hme 2ero in Figure 25, and so it was _possible thal the cell cycle
regulah,on bad been lost but  thst some form of START- inducible or
proliferation-dependent~ control was still active. However, ttjﬂs effect
might heve been related, lo s defect in the strain, including the'obser\;ed
sbberant cytokinesis. As 8 result,,a second isolate sho_vqiﬁ_g asséntially
normal cytokinesis was monitored guring synchronous growth (Figure
. 26), snd here the psttern was 'egsentialty the same &s thst seen for
Figure 25; namel’y, an simost fcontinégg_li_rmgqr' Bgel activity profile “lri

1
\

A
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F igure 25 Bgal ocuvlty prome from pRSS.'.'»S&'lA which coptains s 111&_]_ *

S reoulatory reoion deleted for the uj_u_l_regton (quures 3 and 1.1 )
.-fusad to _],ggz_ in AH22 durino two cell cycles of synchro\nous

.

qrqwth Duplicste semples were essayed for Bgal sctivity frum esch_
time point using {lz(l)/Brij permtabilﬁization. Semple 0D420s did not
deviate 'ﬁ.‘om the me.aiﬁ ‘shown by more than 4%, except ot t=25
. (8R). Note‘ that newl;/ budded cells per CFU are ploued instead of
| ‘unbudded cells per CFU, as & cell cycle indicetor, becausa of delayed

cytokinesis in this strain
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Fidum 26. Bgel activity profile from pRSS3S- IA /which is deleted fOL \
© the ::uy_Lreb«on “fused Ao ‘lacZ, in & differens AH22 strain from that
.  portrayed in Figure 25, during one cell cycle of synchronous qrgw,h.,
. Duplicete semples were assayed for Bgasl activity from .each time . .
K point ustng-‘Nz(l)/Brij -permiabilization. Sample OD420s did  not ‘
¢ . . deviate from the means shown by mora than .3%. )
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Fi\gure 27 Bgsl sctivity pr:oﬂle from pTL32..§u'hfch contains‘“the 1[:]2_]_5
-regulstory region deleted for both the Mly| region and the ﬂj_n,dlﬂ;_tp

Pstl_ region (sae‘ Figure l‘l), fuseq to ‘lacZ , in AH22, durlng one cell

' ~ cycle™ of synchronous growth. Duplicate sar’npleg (shown) were

a , assayed for Bqalx éctivny'froT aocl‘\u time point using Nz(l)/Brlj

- permsabilizhtion. Ssmple 0D420s did not deviste from the mean valu'es"

I

~ by more than 4%. \
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each g.enerotion. In this latter experiment, - the activity. profile
approximated lmore closely thet seen from pYT760-RYP3 (Figure 19). By
comﬁaring Figures 25 and 26 with the  results frqm plesmids. bearing
iqtact IMP1 Mlul fragments (Figures 21! and 22) it was inferred that
removﬁl of the Mlul froagment had considerably reduced periodic
expression ~from the IMP L'-:!ggz fusion\ gene. This inference was
supported by the observation that the pRSSSS‘ deri\)ative 'pTL32, deleted
for both the S' Hindlll - Pstl sequence eond the Mlul fragment, yielded

essentislly the same, non-cell-cycle regulsted profile (Figure 27) as thaf -

‘seen for pRSS3S5-1A-AH22 “¢Figure 26). This-resull suggested that the

the -Mlyl sequénce was required for periodic expression, .and that the
Hinglll - Pst] region hed no additional effect. |
C.:Z.c.‘ pTL3S (aHindlll - S Miul) .

The pTL3S derivalive in AH22 was 'also monitored during synchronous
growth, to .determine whether the presence of the mu{;f'ragment alone
was ;ufficient to period‘ically express the derived gene f{usion. . This
appeared {o be the cese,'gince activity/ml increased in.a periodic. fashion
when monftored through one cell cycle (Figure 28). This result sgain
suggests theat the Mlul fragment is required for periodic expression.

) | A | |
C.4.2.d. pRSS35-10C. (inverted Mly)

The sbove results, combined with the dats from Table 4a, suggest that
the u_]_u_Lfragmen( i{s required to meintain high lgvels of gene product, 8s
well as to periodically express the pRSS3S IMPI'-'lacZ gene. It was
therefore of interest to determine whelher the pRSS35-10C fusion
containing & S' IMP1 regulatory region with the Miyl fragment inverted

(F igure ll) was periodically expressed, since the inversion did not result

¥

\
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Figure 28. Bgal activity profile from pTL3S, which purpot;tedly contains
no mP_LDNA S'to the 37 bp Miul region (see Figures 3and’ 11), with u
the rest fused to facZ, in AH22, during one cell cycle of synchfﬁnous
growth, Semples wer'e— sssayed for Bgal ac}iv!ty from Jeach time point

using Nz(l))ﬂrlj,permiabi'lizelio'n. ‘ . ' ——
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Figure 29. Bgal sctivity pfofﬂe from pRSS35-10C, which contsins & I.tlLL
-y regula(ory region with sn inverted. my_l_region (see - Figure 3),
fused to _]_g_qz_ in AH22, during one cell cycle of synchronous growth.
Duplicate semples (shown in ‘the Figure)- were asseyed ‘for Bgel

activtty from each time point using Nz(l)/Brij permlabilizadti'on.
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in the loss of Bgal activily. The results shown in Figure 29 suggest that
)
this is the cese, in that a step profile is observed from synchronized
pRSS3S-10C/AH22 cells. Therefore the Mlu] sequence " may comprise part
i

or-all of 8 major, orientation independent TMP| S' regulstory element.

C.S. B-galactosidase Accumulation in a-srrested calls.,' B

Naémyth (1983) has shown that cells do not express HQ RNA or bene
product at th;a G1 stage of the cell cycle. Tt}e yeast pheromone a;factor
used to synchronize cens' for both Nasmyth's data and for the above
experiments arrests cells inGl, and the synchronous profiles noted:from
the periodically expressed ITMP1°'-'lagl gene fusions strongly suggest
that _the .pherqmone reduced Bgal sctivity from these constructions inGt,
since accumulation increases following ljelease. In 8 preliminary
experiment performed at the samé time as tﬁat shown in Table 4, Bgal

activity accumulstions from the non-periodically expressed- strains

bearing pYT760-RYP3, pRSS35-1A, pTL32 or pRS264 were not reduced in

the presence of a-fsctor (compared with log phase cells). ‘In contrast,

Bgal activity accumulations n the periodically expressed strains noted
above were curtsiled in a-factor (see Table Sbelow). To confirm thet
the Mlul -deleted pRSS3S-AH22 derivatives had "lost 8 form of
down-regulation sesn from pR%SSS-AHZZ during a-factor arrest.r cells
growing asynchronously in 2xYNB medium were srrested ‘with a-factor,
and Bga! activily wéds monitored as cells were arresting. The results
(Figures 30, 32 and 33) are plotted on log §ca|es to fnlterpolate the
timing of any down-Cegulaetion of Bgal activity durihq a-factdr arrest.

Accumulation of Bgal activity. from pRSQ%S-AH22 declined H_ue to
a-factt;r, relative to' untreated cells, and the slope of the a-factor

regulated profile interpolsted back to the time.of pheromone sddition
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*-Figure- 30. Requirement of the Mlul fregment for down- regulation of
Bgal octivity from pRSS3S during a-fector arrest. Activily .
increases are plotted logarithmicelly (left-hand axis), while
changes in budding activity are plotted linearly (riom—hand‘
. 8Xis).

A'&B.. Immediotely divergent Bgel ectivily profile during a-arrest
from 'pRSS3S5-AH22, compared with the Bgal profile of the same
culture without a-factor. (A) At t=0 one half of a log phase
PRSS3S5-AH22 culture (in 2 x YNBH+DP» was mixed” 1:1 with
either a-foctor medium, and the othef half with medium lacking
a-factor. To meke the latter more_similer to the "a-factor
medfum, X2180-1A, 8 non-g- factor-producing  strain, wes
grown for the>same 48 hour period in the same | x YNBb\ medium
as the 5288C a-factor producing strain. The timing of the
a-arrest’ Is depicted by the decrease in proportion of new buds
(small buds or SB) per colony forming unit (SB/CFU). Duplicate
samples were aséayed for Bgal activitly from each time point
using No(1)/Brij permiabilizetion. Ssmple 0D420s did not
deviate from ,the means showms»by more then S®. (B) Same
! experiment as "A", except fOO ug of synthetic ég-factor in 100

o ul 'of water was sdded to & 100 ml culture, while a par:allel
cultuce was not tempered with. Duplicate aclivities per" sqmple
. did not evisle from the means shown by more than 3%.
C &D. Tangentially-divergent  Bgel activity profile during a-arrest
, . from PRSS35- 1A-AH22 deleted for the 5! IMP I Miyl fragment,
' compered with the same culture without a-factor. (C)
Conditions were identical to those shown in Figure 30A. (D)
Conditions were as given for Figure 30B, except & 120 ml
culture was used. Separate sample activities did not deviate
from the means shown by more than S3.
Eoand F. Non-divergent [gal activity profile during a-srrest from
PYT760-RYP3, compored _ with the same culture without
. - a-factor. (E) Conditions were i{dentical to those shown in
Figure 30A. (F) Oondﬂipns were as given for F‘iqure 308, except
o 150 mlculture was used. Sample 0D420s did not deviate from
Lo the mean$ shown by more than S%. .
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S  Figure 31. Requirement of the Mlul fragment. fo down- regulation of

A ' Bgsl activity from pRSS:SS during ' a-facté*‘ orrest, Data is the
same as that shown in thure 30 except that acttvtty tncreases
are plotted ttnearty(ieﬂ hand axis).
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Figure 32. fgal activily -profile before an‘d'during a-arreﬁ, and
_after recovery from a-arrest, from PRSS35- 1A, which lacks
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-
t : _ ’

the IMP1 Miul fragment, compared ~with the same- culture:
without o-factor. ~ This dats is from the seme experiment
shown in Figure 30D, except that vailes before and after
a-arrest are shown. Assay . conditions were identical lo those:
shown in Figure 30A. Seporote sample nctivihes did not devmte )
from the means shown by more than 58. ; .
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:F\gui'e 33.  Non<divergent Bgal activily profile during c-arrest fromﬁ '

_ pTL31-AH22 .deleled for all information 5' to the downstresm

o ” IMPY, Mlul site (Figure 11), compared with the ssme culture

mixed. wilh X2180-1A - conditioned medium without o-factor.

'The proportion of newly-budded cells in the unarrested culture

EN \\\yas_ included for comparison. Conditions were otherwise

identical to those shown in Figure 30A..Semple. activities did not
deviate from the means shown by more than 33:
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' tested further during inthis study.

169

(Figures 30 and 31; Aand B). This result contrests with those observed
from pRSS3S-1A (ibid; plots C and D) or pYT760-RYP3 (ibid; plots E and
F), whose ectivities during arrest showed little change from that of the
asynchronous culture, until the cells had erested due to the pheromone.
In other words, the slope of the sctivity curve in the non-peripdicslly
expressed. strains during a-fsctor- arrest only diverged tangentially
from thst of the parallel unarrested culture, and such a divergence can
be attributed to reduced cell division as opposed to r;g\ula‘tion.
Interestingly,, the activity from the non-ppriodically expressed aMlul
strain tended to return {o a level of activity equivalent to the unsrresied
parallel .culture (see Figure 32, wﬁera the complele results from the

experiment shown in Figure 30D have been plotted). This compensating

. phenomenon, 8lthough repested in other ‘experiments (not shown), could

be due to the similar timing of these a-factor arrests (=120 min), which
corresponds tc'i a cell ;odbllng time, énd to' the approximste doubling
observed for Bgal activity as the strain escapes from ~o.-£actor arrest.
Although interesting.‘ this compensating or “rebound” effect was pot

-

. The last pRSS3S derivetive tested for Bgsl expressiop in yeast

{
. during a-factor .arrest was pTL3!, which lacks ¥all IMP1 sequences S'to

the downstream dE_[uj_site. _The activity during arrest in thfs strain
(Figure 33) was -agsin not significantly different from thet of the

unarrested cells, although the sctivity was very low and therefore quite

L1

variable. .
N
In summary, the results for a-factor arrested cells suggest thet Bgal

. expression from ‘phssss is down-regulated immediately upon the addition

of a-factor pheromone, and that 8 sequence in the S TMP | region, which

\-
includes the seme Mlyl Tragment required for periodic expression, is

K
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implicated in this down regulation.

C.6. )‘I_U_P_LVersus Fusion-encoded total RNA Levels:

The observations described sbove provide evidence that the periodic
expression of IMPI is regulaled by a sequence found within or
overlapping the Mlul fragment upstream of the structural gene. Alth“ouqh
the element lies 5' to several puteuve transcriptional start’ signals and
mapped mRNA_5' ends (E. Mclntosh, pers. comm.), 8 determinalion " of

whether the gene {s subjected t\o perfodic fre- or post-transcriptionsl -

- regulation by sequences in this region awaits enother study. However,

since the JMP1 -specific R~NA peaks observed by Storms gt gl (198S)

were induced by release from a-factor arrest, it was tempting' to

speculate that RNA from the pRSS3S fusion was periodically expressed,

and that its transcription was ‘curtailed in the presence of a-factor.

The final ;ert of this project was to initiste studies of the
transcriptional regulstion of IMP] by studying the regulstion of total
IMP1'-'lacZ RNA in yeast strain pRS535-AH22 and some of the strains
cerrying. deriyetiveé of pRSS3S. The first prediction wa§' that
TMA1'~'lac? fusion RNA would be reguTated similarly to TMP1 RNA; that is,
fusion RNA levels would. rise end fell periodically (see Figure 18), and
would be reduced in the presence of a-factor (Storms et sl, 1985). In
addition, based on the Bge? activity dats, the RKA levels expressed \by
pRSS35S- l? (the derivetive missing the Mlyl fragment) were expected to
be significantly reduced in log phase cultures and unaffected by the

eddition of a-factor. On the other hand, RNA levels expressed from

pRSS3S- 10C-AH22 (this strain herbours the pRSS3S derivetive with the
‘Mly-fragment-inverted)  should be,somewhet higher than that observed

for PRSS35-AH22, but still sensitive to the addition of a-focfor.

v

L3
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C.6.1. Fusfon RNA from Synchronized Cslls. To test whet'her the
IUEI';-'IQQZ fusfon transcript was periodically expressed, {total yeast
RNA, isolated \from synchronized cells bearing either pRSS35, pRS269 or
plssmid pRS306 [a plasmid similar to pRS66S (Figure SA) but bearing the
same amount of‘I_rjf_j_coding DNA as pRS269), was Northern-blotted and
_ probed for the presence of fusion RNA (Figures 34, 36 and 37
respectively). In- each of these Jexperiments, the fusion 3.3 Kb RNA
profile frbm the rep'licafing plasmids did not closely resemble the
periodic TMP 1 RNA profile until the second synchronous generation, even
' ‘ though their 'respect‘ive fusfon-directed Bgal aclivity profiles dwe,ref)'
normal (see Figure 35S, other Bgal profiles not shown).
' Figuf 34A shows the TMP1 and IMP1'-‘lacZ RNA profiles from a
synchronod pRSS3S-AH22 culture detected with‘a I_tjgj_ﬂmﬂ_u_-sm
probe. Figure 34B s.hows.the'same blot probed with lacZ ( BamHl - Ssti)
DNA to detect onJy‘the TMP1'="lacl transcript. Figure 34C sho;vs the

"genomic actin transcript (lower "band) and @ plasn'gjd-derived pBR322

transcript q(‘see below) detected by reprobing the same blot with the

pYAct plpsmid (doneted by R. Ng, which contains act{n and pBR322 DNA).

g As can‘be seen from Figure ‘340, the Iev:ls of both acltin and of the
:BRSZZ transcripts ‘were constant throughout the synchrony with the,

exception fof lene 6, where the high vslues are probsbly due to a loading’

-~ error. Therefdre’_' these two RNA species can be used 8s non-periodic

| control RNAs, Thé PBR322 RNA was f&rtuitbusly transcribed from all the
plesmids tested (eg. Osley and Hereford, 1981). Since this pBR322
' transcript is from plasmid DNA, it also controls foraplasmida copy number
v and for plssmiderelated transcriptions! artifacts. . The pBR322 transcript

was therefore used to corgect qlantitated ]_gﬁ_RNA levels for loading or

[ 4
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Figure 34. RNAs expréssed from PRSS35 in yeast strain

AH22, isoleted from synchronized cells, fractionsted on

s 1.S% ogorgse gel, and Northern blotted to nylon °

(PALL-Biodyne) membranes. RNAs shown ere from 25 ml
sliquots sampled as follows: lane 1, asynchronous
culture prior to a-factor eddition; laneﬂ‘z.‘ cells
srrested with a-factor sempled prior ta release
(t=-20 min); lang '3, first sample of synchronous -cells
ol t=0 minutes after relesse; lene 4, 10 minutes; lene S,

- 20 minutes; lone 6, 30 minutes; lane 7, 40 minutes; lane

8, 50 minutes; lane ‘9, 60 minutes; lane 10, 70 minutes;
lane 11, 80 minutes; lane 12, 90 minutes’ All lanes were

losded with 15 ug of total .yeast RNA. Note that lane 6

oppsars to be overloaded -(see Appendix for sfster-gel
photographs). : .

RNA (plot) probed with the HindllI-EcoRl fragment of
TMP1 (see Figure 3; specific octivily of the probe was
> 1 x 107 dpm/ug, exposure time wes S deys). The 3.3
Kb lac7 RNA and the IMP | RNA band are indicated.

The same RNA blot as A, probed with the BamHi-Clal
lag? fragment from pMC1871 (specific activity of the
probe was > Ix 107 dpm/ug, exposure time was four

days). The 3.3 Kb lacZ -hybridizing RNA {s indicsted. The

fidentity of the higher MW bands is not known.

The same RNA-blot.as A, probed probed with the pYAct

plasmid, (courtesy” Ray Ng), which contains the yeest

actin gene  sequences, and pBR322  sequences
homologous to.s transcript from pBR322 DNA present In
PRSS3S-type plesmids ("pBR322°). Specific activity of

‘the probe was 1 x 107 dpm/ug, exposure time wes 2

doys. The lower actin RNA band shows some evidence : of
procassing (seen 8s & double band in lanes 4, S and 6),
which is expected - for -this intron conteining gene. The
identity- of ‘the higher MW bands is not known.
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Figure 35. " Reletive, dansnomelr:icany-quontftoted RNA levels frof .

. Top.

- o

synchronized. pRSSBS-AHZZ.

Relative ]evéls' of TMP1 'RNA (open squares), compared with the
relative levels of IMP1'-‘'lacZ RNA (closed squeres), during @
synchronous cell cycle. The velues, plotted relstive 1o the srrested
sample,were obtained by scanning a lighter exposure of the seme
probed blot shown in Figure 34A Values were correcled for loading
grrors by div:}\ng {he scanned velues by the scenned values
oblatned for the pBR322 transcript (Figure 34C). .-

Bottom. . Relative Bgel activilty accumulastion and budding cycle from the

* same synchronized pRSS35-AH22 culture used to isolele the RNAs

shown/ in Figure 34 end in Figure 35 (topi. Values ere plotted
relative to the t=0 sample.
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Figure 36. RNA expressed from pRS269-AH22, isolated from

synchronized cells, fractionated on o 1% agerose gel and Northern
blotted to & nylon (PAL-Biodyne) filter. The RNA blot was probed
with the Hindlll -BamHl. IMP) fragment (ses Figure 3. Specific
sctivity of the probe wes « S x 107 dpm/ug). RNAs shown are from
30 ml sliquots sampled as -follows: lane 1, ssynchronous culture
prior to a-factor addit“ioh; lane 2, cells arrested with a-factor
sampled prior to release (t=-20 min); lane 3, first sample of
synchronbus cells at =0 minutes after release; lane 4, 10 minutes;
lane S, 20 minutes; lane 6, 30 minutes; lane 7, 40 minutes; lane 8,
50 minutes; lene 9, 60 minutes; lane 10, 70 minutes; lane 11, 80
minutes; lane 12, 90 minutes. All Janes were loaded with 13 g of
{otal yeast RNA Note thal lanes 3 and 11 are underloaded (see
Appendix for sister gel photographs). As @ resull, the second

generation \peok of both IMP] RNA ond of IMP1'-"lacl RNA likely

occurs at 80 miqutes .

The 3.3 Kb TMP1'-'lacZ RNA visualized after 8 short exposure
(exposure time was 8 hours). The 3.3 Kb IMP1'-‘lac? RNA bend is
indicated by an arrow. Note that the smear of hybridizstion seen at.
high MW in lanes 1, 2, 9, 10, end 12 may be due to degradstion of
pRS269 plasmid DNA, since the sister gel photographs showed o
strongly steining, high MW band (see Appendix) which wes elso
degraded 1in these lenes. ‘

Pattern observed after & deliberate overexposure ' to Xrey film of
the same blol shown in A (exposure time wes 4 ddys), in order to
detect TMP1- RNAs. The IMP1 RNA band (the lowest band et the
bottom of the gel) is indicoted by the errow. Note thst the peek in
IMP1 RNA levels st t=20 minutes (lane S) and the broader pesk fin
lones 9-12.

‘L‘ - k)



bt>
P

[

.

v

N . . .
‘ . i . « ! . N '
. ‘ 177 o
. v . N . M +
R ‘ R . . N f
. 1 - . . , . . -
’ 1 ‘ [ - ]
. > ' P
. . , - 5
- A o
BN . - .
. “ . . .
! ’ . N R ’ . K 1 .
] A . . . . . 3 .
] * -~
g 3 B
- B e
o . b - ' il s ‘ ~ .
' / s ‘ ¥ “ N . ~
. - . . N
. o} . ; ' h
‘ k 4 H . i :_; - ®
s, .
. - =
N ' .
.
. . .
N L ! =' '
. . “ - . . Lo . j
‘ . r
. . » * !
. 1 N + ’ Y b
. &
L] = Iy , .
e ,
.
- . - . 4
LY N . 2.
’
- .
. ‘ |
. "
. . .
i . -
]
. .
4 v |
. ;
i
» - .
s . . ¢ , B Bl
- . 1 2 3 4.5 6 78 910112 . -
. . Coe ' o ; "\ ! \ ’ :

. . v

)
. \ M . .




-

- o178

A

Hqura 37. RNA expressed. from pR8306 AH22 ‘isoloted from

synchronized cells,’ fractionated on a 1 % sgerose gel,
and Northen blotted to a nitrocellulose filter. The RNA
(blot) was probed with the Hindill -BamHl region of
IMP1 DNA (speécific .activity of the probe wes > | x
107 dpm/ug, ond the blot was exposel to X ray rlllﬁ\for
7.days). RNAs shown ere from 35 ml aliquotes sampled

‘8s follows: lane 1, first sample of synchronous cells at

t=0 minutes ofter relesse; lone 2, 10 minutes, lone 3,
20 mfnutes; lane 4, 30 minutes; lane S, 40 mlnutes lane
6, SO minutes; lsne 7, 60 minutes lene 8, 70 mlnutes

lans 9, 80 minutes. The bottom srrow shows the IMPI

synchronous RNA profile (compare with Storms el al,
1985), while ‘the top errow indicotes the expected
locetion of the 3.3 Kb IMP1'-'lacZ 'band, based on the

~ relative mobility of the large TRNA ‘band. Note thet the
feint 3.3 Kb bend observed ot the expected locetion is
‘only apparent at t=60 and t=70, although densitometric

scenning 8lso detected _bands of the same mobility st
=50 and 1=80. The low abundance of the 3.3 Kb species
presumably reflects ' the numbers of {renscripts from
the single copy, chromosomally integrated pRS306, es
opposed 1o high RNA levels from the mulli-copy pRSS3S
end PRS269 plesmids used for Figures 34 ond 36. The
identity of the feint, higher MW bands is unknown.’ The,
“shadow" ot the bottom of lanes 1-4 s due to
non-specific ennealing of probe. All lanss were Ioedad
with 15 ug of total RNA

P
.
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blotting ecrors:) i

When pR326§-AH22 was monitoreq during synchronous growth, its

MRNA Drobed with TMPI ( Hindlll -Bg Hl ) DNA, showed 8

pattern essentlaﬂ'y the same 8s seen for pRSS3S, as seen 1n Figure 36A-

(errow) Wlth the ssme blot overexposed, (Figure 36B), the, probe
detected the lower MW (1.1 Kb) IMP1 RNA (arrow) showing typical

‘periedic behavior, including the characteristic peak' at 20 minules. Note

that the weaker signals from lane -3 (1=0) end from lane 11 (t=80) were

due o loading errors. ‘ half ‘ S

&ecause the unexﬁ’ectéd fusion RNA profiles might have been caused by

the presence of the ‘fusion éenes on 8 multicopy plasmid, the third
syn,chroﬁy experiment’ éfmwn in Figure 37 was designed o delect RNA

from & single copy fusion gene, in 8 pRS269 derivetive, pRS306,

"mtegrated at leu2 It should be noted that pRS306 like pRS665 is deleted

for 2u- curcle -DNA end far the Hlndlll to Pstl S' region of TMPI DNA

(Figure SA) Since the loss of the Hindlll to Pstl S TMPI regnAn from
autonomously replicating plasmads ‘hed no effect on Bgsl activity (eg.
frém pRS669-AH22, Tz;ble 4) it was expected lhat fusion RNA ‘levels
woufd be roughly. equivatent to IMP1 RNA levels. ln addition, the roughly

400 bp of TMP I’ -derived RNA from the pRS306 (pR5269 like) plasmid,

was expectad to produce 8 sngnal roughly equsi \n mtenstty to that of

IMP1 RNA, when hybridized to a Hindl[] -BamHI TMPI probe
As can be seen in Figure 37 (bottom arrow), the perwdlc IMPL RNA
q ‘ .

profile _(Figure 37, bottom errow) detected with s IMP1 (Hingli]l

-BomHt)—probe—ts bgain clearly normal (cf. Storms et sl, 1985). In
c%?it?‘ast no IMPT'-"lac] RMA of the expected - 3.3.Kb MW (Figure 37, top
arrow, based on rRNA mobillty) was detected, until 8 faint band sppeared

in the second synchronous generatlon. In terms of 8 fatlhre\to express

ha -

-
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fusion RNA- st high levels during the first synchronous general\on this
result apparen!ly repeats those shown in Figures 34 and 36 and makes it
unhkely that the TMP1'-'lacZ " RNA profile observed in the hrst two cases

was due to the locat\on of the fusion ‘gene (on & rephicating plasmid): in

-

addition, the relative level of any potent\ai TMP 1"-"lac? RNA’frd)vn the
mteg_rated \fusion gene detected with the\T_Mf__l_ probe (Figure 37) was
obviously much lower than .the TMP1 RNA levels, slthough this wes’ to'
some degr’ee anticipated (see Discussion)

If the profiles observed n Flgt{res Z\’>4 and 36 were steplike, then 1t
was possible thal the pRSS3S z;nd pR3269 RNA profiles could be caused by
enhancéd stability of the;fusmn RNA, as was"the case for [Bgal aclivity in
pRS535-AH22.~ The relative levels of\ thes;e. transér)pts. during

‘2 .
synchronous  growth were therefore determined by densitometric

’

scanning “of the auto’radtograms, then correcting for pBR322 {ranscript |

.levels n each lane The plot (Figure 35, top) of the relative TMPI'-'lac]

RNA levels from Fgure 348 (or 34A) resembled the profile of stable Bgal
actwnty momtored during the same experiment (Figure 25, bottom) unty)
cytokinesns t 70 minutes In contrast, the pgak' profile of TMP1 RNA

%p) from Figure 34A during synchfonous growth matched
that observed by Storms et sl (1985), with peak levels st 20 snd 80
minutes Densitometric scanning also suggested @ platgau in pRS269-AH22

fusion RNA levels (Figure -36), from t=20 to =60 during the cell cycle

(not shown). These profiles therefore suggest thal much of the 3 3 Kb

fus{on RNA is relatively stable during the first cell cycle, unhike TMP1

RNA, which mey account for the step profile

&

C.6.2. RNA from log phese and a-Factor arrested cells

Although the fusion RNA profile could be csused by relatW.e

(

“‘M” <,
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stabilization of transcript, the reduced levels of first-generalion fusion
RNA relative to IMP 1, RNA could r;ot be explained in this way. | next
‘conS\dered the possibility that the g:orrectly requlated RNA formed @
r,subset of the 3.3 Kb band, causing the true TMP1'-"lac/ RNA profile to be
masked. It.was reasoned that aﬁ unregulated RNA transcribed from this
region "of the plasmid. would not respond lo a-fsctor, whereas correctly
requlated RNAs should be reduced in the presence of a-faclor hke TMP1
RNA (Sforms et al, 1984; Greenwood et al, 1986). In addition, pRSS3S, |
pRS269 and pR3264 encoded“TMPl‘-'iacZ fusion genes would be expected
to yield different length RNAs, since pRS269 and pRS264 have almost 300
bp, and 5SSO0 bp, more TMP I DNA, respeclively, than pRSS3S. On.the \qther
hand, an unregulete,d‘ transcript might have a constant size. ~

To test these two possibiliies, RNA was isalated from log phase
cultures end from a-factor arrested culrtwures of some of the lacZ fusion
strains  studied above. Thi§ RNA, isolatéd .from vyeast sirain AH22
harbouring one of the following plasmids - pYT760-RYP3, pRS306 (e
plasmid similer to pRS66S containing the pR52‘69 _&MTMPI'-'IacZ'fusmn
junction, and integrate;d' al leuZ; donated by Lydia lee), ;iR5264| (the

“pRS2641" derivative 1s deleted for several bp of TMP1 DNA upstream of

the pRS264 BamHI1. TMP1':'lac? ‘fusion junction [Figure S) so that the
fusion junction is inl-frame. M. Greenwood 8nd E (Ealmelsl unpubiished; but
1S str)rl S50 bp longer thsn pRSS3S, @ difféerence readil'y distinguishible on
gels), pR326§, pRSS3S, pRSS35-1A or pRSS35-10C - wes subjected to
Northern blotting. The autorediogram sh(;wn 1 figure 38 was probed for
the presence of lac/ RNA, snd for MRNA and the pBR322 transcript.

’ Fivgure 38A mdlcatei that 8 common lac RNA or group of RNAs o%
similar size (3.3 Kb + 0.4 Kb, srrow) are produced during log phase by

these strains,_ with the éxception of the pYT760-RYP3  log phase RNA

Ay
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Figurs 38 A IMP1'-'lacZ RNA expressed from pRSS3S and. -
related plasmids in yeest, .iSolated from log phase " or
, a-arrested cells. ' X
The mojor {renscript size wes expected to be
grester than or squal to 3 Kb, based on the Jacl coding
sequence length (Kalnins gt al, 1986), apd assuming :
that o1l -'lacZ mRNAs have & common 3' end downstresm . ~/
of the lggL/ln_c_L boundary. The letter is rougthSO bp 3
to the lagZ EcoR site (Figure 6).
Northern blots of IMP1'-‘lacZ RNA-were probed wﬂh
o BamHl -Clal lacZ fragment from pMC1871 ,(specmc . '
octivity of the probe wes =~ t x 107 dpm/pg, exposure = \
ime, was 4 days). Odd-numbered lanes contain RNAs
solated from log phese cells; even-numbered lanes
contain RNA from  cells arrested_ with a-fector. RMAs
shown are from $YT760-RYP3 (lanes 1 and 2), pRS306
(lanes 3 arid 4),. pRS269 (lanes S and 6), PRS 2641
(1anes 7 and 8), pRSS35: (lanes 9 snd 10). pRSS3S- 1A
(sMlul fragment; “lanss 11 and 12) end pRSS3S5-10C
(inverted Mlyl fragment; lsne 13). All lanes were loaded .
with 15ug of totel RNA. However, two lanes were ./
. subject to loading ‘error: lane 2, which was -under loaded
and lane S, which was overlosded (see Appehdix for
sister gel photographs). For gquentitstion (Table S), en
sutoradiogram exposed for @ shorter period gf time
was employed. The arrow indicates the 3.3 Kb fragment;
- whose' average size was estimated from the almost
identically sized 3.4 Kb rRNA band detected from sister
gels run concommittantly in the same ele_ctropho‘resis
tank (Appendix). Note that the pRSS35-AH22 3.3 Kb~
band width spans spproximately 0.6 Kb.



* Figure 38'B. MRNAI(JO,WBP errow) and otrénscflpt from
plasmid pBR332 DNA (upper errow) from the seme blot
shown in Figire 34 A, detected with labelled YIPS
plasmid -which conteins  both URA3 end pBR322
sequences (speeific activity of the probe was \>|07 ~
dpm/ug, blots were exposed for 6 days). All lenes
contein the ssme samples shown in A The uppér pBR322
band (~ 3.2Kb) ron perceptably below the IMP="lacl
band noted in A Note that the virtusl absence of this
band from Tlenes 3 and 4, which contain RNA from a

. strain bearing the leu2-integrated pRS306,. was

expected _because ‘of the low copy number of the

’ ,-/ Chr‘omogsomany‘Inteoretad plasmid. B

-
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-

' .j ‘TABLE S. -Comparison of B-gal activity/cell with levels of JacZ message correc}ed -
T for pBR322 transcript levels. Va'lues}are all relative to levels from pRSS35-AH22.

)

N . . . ‘.
‘ B . . N . N - "

- .t lcLBNAlevels* - .. [-galactivity levels*
C v ~torrected for the S corrected for ceil
Plasmid ' pBR322 transcript " 3 N "‘n}:;nberé (7407 cells)
-0 ) in Iogl, : a-* . log, a-
X - AH2Z™ _ phese ' -arrested” L phase  arrested
pRSS3S - 10 05 e 06
" pYT76-RYP3 . 0.7 ¢ " 08 T X I
: . pRS269 ., - 05 03 . . 27 16
DRS2641 04 03 . . wam w3 o0
PRESIS-1A° 15 0 05 - U 042 017
PRSS35-10C 17 ND - T . 240 0 A7
PRS306 . 04 - <001 . ' - £0I" . ND
~ ¢ . : - v
’ * see thure 37 for RNAprofiles. Ses Table 48 for Iog phase B ~-gat actwitles f
& Cultures were pregrown to e'density of ~3x 106 /mi-in selective mednum srrested
by the addition of an eaual volume of a-factor from an $288C culture, tor 80- 100
- ‘minutes. . - . -
"t ' aversged from the three pRS269-type strains shown in Table 4.

" date from_separate experiments (Bga! values ere from Greenwood, 1986). -
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(lanet). ’The Size of the 3.3 Kb transcript. was based on mobility of the
l'a“rge rRNA standard. |

,The 33 Kb RNA was reduced in the a-factor-arrested _ samples
relative to log phase samgles from pRS269 (Figure 3B8A, lane 6 vs. lane

s, pRS264i (_IZme 8 vs. lane 7) and pRSS3S (lane 10 vs. lane 9), s would
'ﬁe expected. if transcription were~reduced during a-factor arrers‘f n
these strains. The reductions are quantitaled in Table S, corrected for
the pBR322 transcript levels. Furthermore, RNA from the pRSS35-10C
derivative which c‘ontains U.]e inverted m‘[_sequence‘ (Figure §8A, lane
13, see also figure 39, lane 9) wss sofewhat elevateq relative to
pRSS35 RNA (Table S), and reduced 1n the presence of a-factor, .m

\
agreement_  with the [gal results from this strain (Teble 4). Log phase

RNA. levels from the pTL35-AH22 strain tesled in the same experiment
(not shown) also yielded high lac? RNA levels,ﬂegam in agregment with the
B3gal deta given in Table 4 |

However, the data shown mhFigure 38A did not resolve the RNA species
expected trom pRSS53S, pRS269' and pRS2641, given the predicted él_ZBS of
{anon RiAs (roughly 3 Kb, 323 Kb and 35 Kb respectively) These
estimates at;e basgd on the predicted TMP1 mRNA §' end loéat\on'at(-eo
(Taylor., 1986), and on the published 2 9 Kb ‘lenggh"-o{'{ the lacZ coding

) ’reglo\n' ’K\ g A' - ’

In sddition, the seme- 33 Kb RNA species, at spproximetely the same
intensity relative to the pBR322 cdntrol RNA, are observed from the
pRSS3S- 1A derivetive lacking the U_Iul_sequer;ce (Figure 3B8A, lanes 11
and 12) Thig result as in conflict with the rwe-'foldk _r:z_aguct\on in Bgal
accumuletion seen incells bearing this d€rivetive .

Third, the 3.3 Kb band from pRS_iSS— 1A is reduced in :'he presence of
aa-factor  (when corrected for pBR322' RNA; TabléJS). whereas Bgal

~
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results indicste that th{s derivative is not” regulated by a-factor.’
The latter obser‘vahons are again consistent vth the possibility -that p
the correctly regulated fusion transcripts exist as 8 subset of total RNA
homologous to the fusion gene, although the consister‘\‘tly reduced RNA
levels in the presenc;e of. a-fgctor are difficull to reconcilet In addition,
because of the relative thickness of. the fusion "3.3" Kb bands, the
ft;ilure to detect size differences in RNAs from dlfferent sized fusiom o
genes did not eliminate the pos\sibilily that 8 subset of correctly
regulated RNAs existed wnhm the 3.3 Kb RNAs ~
[The behavior of two other plasmids mcluded in the experiment was 8s
expected. The main  RNA ‘ band seen from a-factor-arrested '
pYT760-RYP3-AH22 (Figure 38A, lane 2) isnot reduced when corrected
for loading errors by comparis&‘m with pBR322 RNA levels (Figure 388,
lane 2; Teble S). This result was expected, since Bgal activity Wessed

from ‘pYT760-RYP3 was not regulated by a-factor (Figure 30).
Furthermore, as was seen in Figu're 37/ evels of RNA from the p_RS306
plasmid integrated at LEUZ (Figur 38/\, lanes 3Nand 4) were almost
undet\ectable. likely due to thg="single copy per cell of the integrated
fusion gene. In confirmation of this, the pBR322 transcript (top arrow) .
from the integrated plasmid 1s also undetectable, while the genomic URA3 B
RNA band (bottom arrow) 1s clearly evident.] :“:
~In &n attempt to locste appropristely-sized transcripts within the
rather wide 3 3 Kb band of fusion RNA (Figure 38A), pRS264i, pRS269,
pRSS3S, pRSS3S-1A and pRSS3S-10C RNAs (from the same preps stored

for eiﬁht weeks 8t -80°C) were \électrophoresed more slowly and for s
longer distance. Although no internal control was ‘included in thiso

experiment, the amounts of tota! RNA. loaded were very similar based on

rRNA band intensities (see Appendix), with the excepﬁtioh of log .phase

Vs
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Figure 39. IMP1'-‘lacl RNA expressed from pRSS3S end releted plasmids
In‘yeast , Isoleted from log phase or a-srrested . cells and
fractionsted on & 1.5% agarose gel. Northern blots similer to those
seen in Figure 38 were probed with the B_gmﬂL-Q]gL]mz_fragma;nl
from pMC1871 (specific activily of the probe was > | x 107

_dpm/ug, exposure time was 3 days). Odd-numbered laneés contain
RNAs isolated from log phase” cells; even-numbered lanes contain
RNA from cells srrested < with a-fector. RNAs shown sare from
pRS264i (lanes .1 and 2), pRS269 (lanes 3 and 4), pRSS3S (lanes S
and 6), pRSS3S-1A (aMlul fregment; lanes 7. and 8) and
PRSS3S-10C (inverted Miul fregment: lanes 9 and 10). All lanes

. were loaded with 16pg of total RNA. Note that lsnes 2 and 3 were
overloaded (see Appendix for sister gel photogrbphs). The arrow
indicetes the 3.3 Kb fragment, whose size was estimated from the
almost identically sized 3.4 Kb rRNA band detected from sister gels
run concommittently in the same electrophoresis tank (Appendix).
The RNAs shown in Figure .39 were from the éame RNA preperations
as shown in Figure 38, rerun ofter two months storage ot -80°C in
the DMSO/phosphate  pre-denaturation buffer (Thomas, 1982).
Note the “processed” oppeerance of the meajor band(s) st 3.3Kb
(see the actin band(s) in Figure 34C).
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pRS2§9-AH22 RNA  (lane 3), which was sepparently overloaded.
“lnte;estir;gly', two' "3.3 Kb" RNA species were resolved (Ffigure 39,
arrow). One species appearé to have a constant s'ize in all the plasmids.
The second species appears to vary in size between pRS264, pRS269 and
‘pRSS3S. For e;ample,‘ the lower, more diffuse 3.3 Ki)" bands observed )
from pRSS3S ‘and its derivatives (lanes S-10) are shorter than both the

" pRS264i bands (lane 1) by approximetely 0.5Kb, as predicted.

s Therefore the possibilitly that theA correctly regulated fusion RNA
exists as a subspecies of the 3.3 Kb RNA cannot be eliminated. However,
Figure 39 tends to confirm the other conﬂicting deta shown in Figure 38.
That is, the absence of the Mlul fragment does not appear to affect total
fusion RNA levels, although 1its orientation may have an effect. The
alternstive possibihty, that the trenscript levels are in fact unregulateg,
s considered 1n the discussion. A third experiment” (not shown) using
different isolates from the ssme strains gave similar resulls.

Tabte S compares the relative amounts of tolal lacZ RNA from the

-

dlfferént gusions shown in Figure 38 with their relajive -Bgal activities -
. . 0

(all relative to pRSSBS-AHZZ; the Bgal aclivities shown are from two
separate experiments; resulls were quantitated Dby densitometric
scannipg/across the 3.3 Kb band). As shown in Table S, none of the log
phase RNA values deviste from the pRSS35 standard by more than a
factor of 2.5 (with the exception of the pRS306-AH22 RNA), whereas the

log phase Bgal activities of the different - strains vary considerably.

Northern analyseé could therefore ~ not confirm that fusion mRNA A

levels fluctuste in a cell cycle dependent fashion, ‘as predicted from the
behsvior of the trenslated fusion proteins, although the cont'radictions
could be explained, in part, by the presencﬂe’x of additionsl transcripts

from this region.
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These results .were not totally une{kxpected.. In spite of the
consistently dmh"gnstrated value ofql_aLZ_fusions in studies of regulated
gene expressian jn yeast-(see Introduction), Northern snalyses of RNA§
. R

from lg _fusions in yeast have rarely been published, and then only from

fusion genes integrated inhto chromosomel DNA (cf. Hlnnenbuswf1986

The unpubmshed observetions of several groups (Xt lnternetlonal)

Sympdsium of Yeast Biologists, 1986) indicate that, while E_coli lacZ
mRNAs are trgnscrnbed and translated. in y;east using the yeasi requlatory
signals (see Introduction), _the ov$erall efficiency of these processes i.s
Ilge!y to be reduced. Work has thesrerore been initiated by others in our

lab to detect & correctly regulated subset of fusion RNA using primer

e;tension (E. Calmels\), and to confirm the phenotypes$ preb)cted by the -

'S ha . .
lacZ fusions for native TMPI14RNA (E. Mcintosh).

To summarize the results, the levels of translateable TMP 1'-'lac

. mRNA from pR3SS53S, as detected by Bgal activily, sppear to be regulated .

in ¢i1s by an element located” S' to the structural gene, and S tp several'
gredxcted trénsquphonal “start'. sites. This element, al least ’partgally
contained <n the' 37 bp Mlal fragment (Figure 3), eppeafs "to be required

. for three functions: relati;/_ely high levels of translateable RNA, periodic

fluctuations in transisteable RNA: and decresses 1in translateeble RNA

levels caused by(d-fector These results therefore supported the

" hypothesis, made m Qe Introduction, that the -Mlul fragment consmut'ed
8 & QQ_élement Bécause of the upstream location of this element, the
"Mly" element tested was presumed 1o be I:nvolve'd In transcriptional
regulation. < This. could not be cenfirmed, ( however, smee pre'l‘iminary

Northern analyses of fuenon~encoded_ RNAs were unsbls to reso@e the

-predicted  regulated mRNA _ species. FineHy, the dstsa support the

hypothesis that TS is r”é’gulated post-trenslstronally, since the [Bgal

14
<

-
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D.” " DISCUSSION R O

~

This s'ludy reports certain aspects of the re&ulation of the yeast

" IMP1 gene which ericodes? thymidyle(e- synthase (TS). Using sync'hro\nqus

populations of S. cer revisise  cells ganerated‘ by the a-factor

' arrest-release method it was shown that. active TS accumulates near the

beginning of S phase (Figure 1), These results are in basic agree[nent

with the data obtained 'from several higher eucaryotic organisms.~

‘show_ing that the 'timing of expression of TS activity is cell cycle
dependent, * with maximum- actwity occuring during, S- phase {Bachmann ‘;1

al, 1983; Navalgund et al, 1980; Rode .LL. 1980).

The periodic increase in TS levels is determmed primarily at the level |

of its transcript (Flgure 2) tlevated transcrlpt ‘levels are restmcled to
a portion of ‘the cell cycle f{ollowing START (as deﬂned in the
lntr('muctlon) and’peaking near the"ﬁeginning of S period. /

l It had previously been sﬁqwn that yeast histone expression ,lé also cell
cycle regulated at the transcript level. Subsequent {0 the results
showing that TS mRNA was per\nodncally expressed, the yeast ti_(i.mgand_
cdcS genes were likewise reported to be CCR genes (see Introduction
for references). - Interestingly, 8ll- of these genes are ’involved in

chromatin metabolism. Thede resulls sdggest that, unlike the majority of

yeast proteins studjed to date (Elliot' and lchaughlin, 1978), a subset \

- protefns which s8re involved. in chromosome: metabolism accumulate

periodically.

Once TS accumulation was shown to occur in 8 cell cycle dependent

manner, which was primarily determined ot the level of its transcript, |
¥

then began to study the mechsnisms regulsting -its accumulstion.  Part “of

=
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this study invo/Wed deletion analysis of {he‘ [MP1 requlatory région.
Because TS is an essenttal enzyme required for the growth of wild type

¢
yeast, mtroducmg mutations at. IMP1 might. havd induced undesirabla

pleiotropic, effects on the cell. To minimize such effects, | chose to

sludy TMP 1~ regulatiop . using an sapproach 'whiéh did not f{nvolve the

. generahon of mutations st the chromnsomal IMP1 gene. The pethod |

chose to utmze involved placing the B- galactosndase - engoding  E. coli '
.la¢Z_gene under- the tr’*anscriptional" and trpnslational control of the S
reguletory\ region | from IMP1. It was reasoned thal the expression of
\xh\s hybrid, nan- es§enhal gene in yeast would Mexpresswn of the
‘chromosomaf TMP 1 gene. i o '

l ‘tvhere(bre exarmned the expression of a TS'—‘Bgal protein fusion
expressed fram sutonomously  replicating "TMP I'-'lac] fusion plasmids.

The periodic .af:‘cumulahon of fBgal -activity” was confirmed to bé -
determined ' at’  both fhe_‘ ~level of l;\e '(rgnscript, a_nd
post-transiationally, as ls' the case for -TS regulatish ° This was
accon{phshed by momitoring Bgal activity 1in yeast cells'pearincj {wo
dif(éren‘t plasmids, pRSS35 and pRS_26§ . ' .

Bgal activity expressed from the plasmid pRS269 was shown to be
uns‘t\ab.le,.in‘a manner which resembled TS 'ltself. In particular,. the pg‘g,k
n actlvity./ of these enéyme‘s during S phas;e shows that. they are both -
unstable. The pRS269 plasmid contains rapproxim/ately 1/3 of the TMP1
eoding region (Figures Sa and b). This region 1s evide/r'ﬂly translated i‘nto
a polypeptide wm’ch, when fused to other, polypeptides. {Bgal, or". in s
normal ‘situaho)n, to TS). confers instébility, on the product (co'rr}pare
Figures 1| and 23). -, '

{
, [
In contrast, the activity of the shorter protein fusion product from

a
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pRSS3S was stable under all conditionss tested, and accumulates in 8
;tepwise f’ashion during the cell cycle. Th'e periodic accumdlation of f}gal
activity from pRS535 during the cell 'Eycle'is therefore not determined
post-transiationally, but at the Ieve! of the transcript. —In addi.tion, the
pRSS3S profile .is consistent with (he‘ the timing of periodic fluctuatipns
in RNA levels frem the Mgene itself (see Figure 18), and so §upp0r_ts

the hypothesis that' the periodic appearance of TS is fegulated\q‘the

Jevel of its mRNA. Subseqkuent deletion snalyses of pRSS3S, derivatives
* indiceted that s 300 bp regulatory region located S to IMP1 coding DNA

“ directs cell cycle dependent changes in the rate of sccumulation of

pRSSSS-qpcod,ed' Bgal activity. Rates of Bgsl sccumulation are*'red'uced in
G! prior tq START and following S‘phase. as_predicted besed on the

periodic appearance of ‘TS mRNA (Figbre 2). o g f

D/.l. Preliminary Happing of a Tnpl'g;_l}_élement.

The conslant stability and cell c'ycle regulate@accumulation of the

pRSS3S fusion gene préduct in yeast ‘was exploited to map'sequ‘ences'
within the IMPI & regulatory region which were responsible for the

regulation -observed. Specifically, derivatives of PpRSS3S bearing
. _ f ‘
mutations  introduced into the S IMP1 regulstory .region were

\

. transformed into Qeast,' where their effecls on B-gé{actos.idqse

-expression were tested. Several of these mutstions deleted the 5 ITMP |

3

Mlul sequence (Figure 1.3, Figure3), whose association with céll cycle
)

dependent regqulation was pr:oposqd in the Introduction. In support of this
hypothesis, cell cycle stage dependent reguistion of  Bgal activity
accumulstion . was lost in the Mly] -deleted “detivatives.

<

The results of the deletion analyses are summerized below. Thick lines

oT
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_indjcate IMP1 DNA remaining.

4

N ’ Plasmid Bgal Perfodic
Construction g Jn vesst Act.  Expression
s \ : | N
Hindll! - ‘e AT’ PRSS3S 100
psl_; ATG ¥ PRS669 1008 , '+
S'Mlul ATG pTL3S 3008 =+ .
BMW i ATG - PTL3I 4% -
AN [
aMly
e AT6  pRSS3S-1A . 158 -
. (pTL32)

. inverted Mlu
. ATG pRSS35-10C . 2502

Th;e minumum sequence of DNA sufficient to evoke 8 pRSS3S-like
periodic step pattern “of DBgal activity frovm TMP I'-"]
syncrlroni?ed yeast cells was 8 310 bp sequence of S' TMP1 B'NA t;orderea
_.by the Pst| and SoudA sites shown in Figure 3. When this sequence s

present in pRS669, 8 periodic incresse of Bgsl aclivity/ occurs (Figure

v

, "pR‘S669-AH22;—‘corr‘e‘sponds almost exactl/y to the peripdic appesrance ‘of
{

_.new buds in the culture (Figure 41). )The timing of the lstter is an

sccurste estimator of the onset of DNA synthesis inAHZZ (Fiaure 1)

fusions, in .

24). The periodic accumulation of Bgal acti/vity from /pRSS35-AH22 or -
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\ Furthermore, the 160 bp immediately S to the translational start
site, up to and including the Mlul fragment/ may be sufficient* fo'r
regulating periodic expression. ‘This obgervgtion is based on the periodic
Bgal activity profile produced from the pTL3S fusion plasmid, (Figure
- 28) which contains only these 160 5° bps of IMP!. These results show
that thc; Mlyl fragment f{s required for per‘pdic expression and ’suggest
that the element positively affects the Tevel of expression.l
The pTL31. transformant’s .accurriyl_atjon of Bgal sctivity was too low

. to determine an accur;lulation pr(;fil;' in syn&hronous cells. However, .
besed on its failure to respond to a-factor (Figure 33), residual
expression fro‘m pTL31.is predicted notl to be cell cy&le regulated. .

Finally, the accumulstion of Bgal activity in a periodic fashion (Figures
21 and 22) is hi%?hlyrcorrélated with the START-dependent res'ponse to
a-fector (Figure 30). Loss of the my_Lfragrﬁent seems {0 remove both
forms of' regulation (pRSS3S-1A-AH22; Figures 25-27 and Figure 30), -
but the suggestion that these are synonymous cannot be supported at this
time, since the plLGE67-7 control strain (Figure 8) appears t{o show
START-dependent  regulstion of Bgal activity (Figure 20), yet its RNA
Ieyels‘are reported not to/*" fluctuste periodically (Osley el al, 1986).
Therefore;. 8s proposed i}x @he Introduction, it mey be that all g‘&gengs
are STAR/;-regulated, but not all START-regulated ° gene's are periodically
expressed. | \‘r.\
In drawing these conclusions | note that the profiles observed were

subject to the inevitable variabi‘lity of physiological measurements, and

- , ) -
that the synchrony profiles were interpreted, not best-fits.  However,
the -ditferences  in Bgal activily profiles from thé relevent fusions were
considered sufficient to justify the interpretations. v

R 2 -

«
“~
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f ibure 41.  Correspondence oFJ)uddinq activity with Bgol ectMty in synchrontzed
pRSSBS-AHZZ cells (data from Figure 21) during the cell cycie Bga!. actlvity

3 in kUnits (nmol/min.m1). The differences between the two step curves has - ~ '
. aiso been plotted (B-A), after -setting the relative levels of both step curves

to 1.00 ot the {=18 minute point.
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For exbmple, Figure 40 shows & replot of the Bgal Sclivities from
Figures 21, 26 and’ 29 représgnting Bgsl activities from pRSS3S, from.
the aMliu derivative pRSS3S-fI}_;L and from the pRSS535-10C derivquve.

respectively. Here the loss of the step-profile from the aMly derivative
is quite apparent. The pRS535-10C éEonstruction contains  the Mlul
fragment inserted at the correct s‘ite in inverted orientstion (Taylor,
. pers. comm.). Its behavior demonstrages that the Miyl fragment,
although  required for\ per.iodic expression of [B-galactosidase, can
function in an orientation-independent fashion.

The Mlul region Sppears to be required for a cell-cycle stage
dependent increase in the sccumulation of the QRSSSS f'usion gene
product, between START and tkhe end of S phase.' Since loss of the
element reduced rates of Bgal activily accumulation, the element appears
to have 8 positive role.

Evidence that the Mlul region alone is sufficient 1o cause a step-like

increase in (3gal activily awaits its introduction in front of & non-cell
cycle regulatevd gene, sﬁch 8s the RYP3'-‘lacZ gene fusion (figures 8 and
19), or the pLG669-1, CYCI'-'lacZ fusion. (Figures éand 20). The
-CYC1'- promoter also bears one Mly] sequence, just downstream of UAS2
( "upstream activating sequence™) at position‘ -163 (Guarente et gl, 1984;
see below). This allows eassy insertion of the IMP1 Mlul frsgment
directly 15;10 this plasmid. H?wever, the CYC! promoter is spperently
repressed in a-factor srrested cells (Figure 20 and Appendix), which
may complicate a study of the regulstory effects of the Mly] fragment in
this system. Given the START-dependent  regulation of th7 -

fusion gene product, the pre-existing Milyl sequence 8t this locus may

further implicate Mly sequences 8s S redulatury elements, but may aiso
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complicate the interpretation of gene expression results using

derivatives of this plasmid.

2

'In. contrast, the pYT760-RYP3 pla;;nid yields 8 “continuous linear”
acti,vity“ profile during the cell cycI;. This lack of induction would
si;npmy apal'yseg of aitered sctivity profiles from this plasmid. A linear
profile of enzyme activity through a synchronous cell cycle is rare in S.
cerevisise (aithough quite common in S, pombe, Mitcheson, 1971).
Insertion of sequences S’ 30:_1_1;;2_ sre less simple for this plasmid, but
‘there ’are Pst] and Clal sites in the proximﬂy. of the promoter sequence
(Figure 8). A further advantage to using this plasmid to ,,stddy the ‘m_m_l_/
sequence is that its Bgal. acHyity‘(Figure 19) and its RNA (the major
band, safter correction; Taple S) both appear to be unaffected by‘

a-factor treatment. .

D.2. Mluy] elements sre found S5’ to other CCR genes expressed
early in the cell' cycle. | ‘

As noted in the Introduction, CGCG repests like the Mlul element are
implicatéd in the regulation of periodically .expressed genes from .several
different organisms. 4

First, 5fﬂ]_u1_sites forming part of a CGCG dyad, sre found withi“n the
first 200 bp upstresm of the periodically expressed CDCI, cDC8 , and
IMP 1 yeast genes, whose RNA .is subject to cell cycle regulation (Figure
42; reviewed in the Introduction), and JOP2 (encoding & DNA
top‘o/isomerase; reviewed by Weng, 1985). These genes’ S' repeat element

slso resembles the CCR region found between the histone H2 genes

(Figure 42; Osley and Hereford, 1986). This 'is 8t first sight

-

contradictory, since White et al ( 1986) show different timing of histone -
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Figure 42. Symmetric S' regions common: to CCR (cell cycle
requlated) genes. The* genes indicated -have all been
L shown to express periodically ragulaied““ﬂm, with thp
exception of QP2 (see Introduction for sources).
F
A Yesst CCR  genes conteining  the  “Miu™ motif
(underlingd). A consensus  sequence, COCGTTAA s
generally separated "frjom o simflar COCG repest by on
"A® - or purige- rich reoion’. A, second sequence
GAAAAA, s oft\ found between the Miu repests, or
nsarby. (* Th f’sequence numbering was taken from
Genebank, -while! **. the exact JRT1 intergenic region
wes not available). '

7

B. Regions resembling the \east “Mly” consensus sequence .
CGCGTTAA, and sequence orgenization, S' to human
edenovirus genes (see Introduction).
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GTTGGAAAAT AGCTTAGAAA TGAAGAAGAG AA'E'AAQQ_QQ_CTATQCE_GTGACTTTT GAQMAQ GCGTGGTGCT
~70 °

. AAAeATmAMM)QmA Q:srérg‘c 7. : v

\ \ . v ' '
. m. N ’
; : . -m " ‘ m'l‘ - "50 &
g cemarTeerT ACGAGGCGAT GAGTGAAAGA CGCGCAGTAG GAQGCGTCTT TTTITTTTCA 6TATAATGTA AACATATTAT
| ‘96 . (inverted GAMAMMA)
TGAATTGLCG AA ) v S t .
\ . g . -
1 " * . ‘r 4 ° ! T ¢
_HISTONE H3 (copy 2; iftragenic region) - " HISTONE H2A DYAD (at -400)**
-'M. < N . . ¢

-— mmmg_m?cs\:ec CMTAGMMM TGCGAAGTGC G6GGCGTTAACTATGGTAAGACGECCC
o

‘ " E2 s - ‘
: v 60 -40 ® . «20 |
6ACaT AGTTTTCGCG CTTAAATTTG Asmgsggg_cgmcmsr CCTTAAGAGT CAGCGCGCAS TATTTGCTGA A

= EIB - ., -
-60 =20 +1
2 TGTTT AACTTGCATG mmg TWGGG TATATAATGC 6CCGTGGGCT AATCTTTGGTT 4

5

. .
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apb CDCI9_ RNA peaks during the cell cycle, which implies that histone

_genes and the CDC9 gene battery "do not” share a common regulatory

element. However, the histone CCR element in cohjunbtion with the CYCl ' |
UAS causes RNA from\ ‘a heterol?gou; cC Ri‘gvgi‘-'lggz\‘ gene to be
expressed .earlier than histope RNA, in the first cell cyclé after a-factor
relesse (Osley and Heref_ord, 1986). ,. Therefore the later timing. of vthe
histons RNA~peak relati‘ve- to ‘:mRNA peaks from the other ‘QQE_ ge;we's

tested may be due to factors other than the CCR alement, such as

‘transcript. stability. ’ R

éecond, the "S' COCG-purine rich-CGCG” r.eplaat sequence conlained by

- .

the two br'llul cut sites is stru'c‘turally\'sin;ilap\to repests found S’ to the

_periodically expressed adenovirus E1B gene, and” £2 gene (cited in the -

Introduction). . This study indirectly supported the hypothesis that ‘the-

TMP1 S "Mlu” requlatory element was both homologous and analc.:gous to

the mammalian sequenctes. for ;(ample. RNA from the E1B gene, which
contains  the S éequence homology and s requlsted by the ETA
tra;\sforming gene product, is presen{ at tﬁ; same slage inthe cell cycle
és TMP1 RNA" (eg. at the G1/5 boundary), In contrast, a cellular gene,

HSP70, whose RNA levels are elevated st 8 different time 1n the cell cycle

“does not containf~ homologieqé td the TMP 1 MIFI element in ils 5 region.

‘ 'lnteresti‘ngly. removal of only one of the two S’ Mlu repeats from- the
IMP1.S' requlstory region eliminates cell cycle regulation and reduces ~ '
expression of the gene product, while S' deletions semoving one of the
hlvvo adenovirus E2 COCG-rich sequences 'also drastically reduces E2-gent_a
expressxon (Kovesdi g_&_g_, 1986). S |

C6C6 repeats smllar {o the Mlul sequence but of uq)(nown function

have also heen found in yedst mitochondrial ¢mit) DNA associated yvith

o -
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* ° both r"eplicati(‘m origins and iniér:genic- spacers (de Za.maroczy.,éﬁd

Bernar"di, 1986). In particular, the eight ori sequences present in yeast’

LI

-mitDNA contain "C/G rich sequences ihiersp‘ersed‘ with A/T-rich'.regiapé.

'S

AY

as summarized below. _
C/6 AT C/G AT AT C/6 AT -
X Y 1 (--- Stert ---» }
. ~ e of RNA-primed, c }!

- 40 bp =-> . " bidirectional N =
" _ replication. . L/ K

(modified from,de Zamaroczy- and Bernarcﬁ 1986). Second, thé "X-Y-‘Z“

mitDNA consensus: __r__reglon is capable of formlng 4 stem Ioop swmner to-

that formed byTMP1 o \ ‘l .‘ o FER
: .
_ Y ,  ATAGRAMAAT. S
_ N ~  . TTAATATTT eeTereosnAA Y ‘
" ApTTATAM CCTTGCOCAGTT - - .A(

~ GATATC 6T - AATTCCAGAMAA |

MitDNA ori A 'LX—Y—Z' seguence
[ G ux-.‘ B ' Q
‘ GOGTCOCAATTATIATT ** T 1 .y

. .
- om—
. ' - )
* . .
- . .

[ COCMGTIANTAATAR.” g
Pl Q nz- - e )

-
.
s
’
’
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Could the ‘regdlation of a CCR gene- such :as TMP1 act in Q‘;_m'i;muence

the onset of chromosqmak replication? Allhough the possibility of CCR .
H-alements themselve avw “ARS activtty is very low (eg Osley et al.

. 1986; 'this study), the phystcal assocnatlon of cell ‘cycle regulated genes

-

* forming the ré/;hcatmn origin itself. .,

‘such as TRT and HO with AR S ssequences - (see Introduction) “ nay not be .

erﬁ/ire‘ly fortuitous:

r- RS

Third..'the sequenée "6GGT" precedes lhe G/C cluster “X* in three

inactive mitochondrial ori-like sequences otherwise '_similar to the above
X-Y-Z sequence. The sequence GGT is 8lso found 5 to the first "Myl

element which resembles the X Y-1 sequencé as noted sbove. As 8

result, it is possmle that the ‘gl element conshtutes a\partisl, ‘and

inactive, ' MS modulatmg\ae&uence ‘albeit with  mitDNA  homdlogy.
. 4

Although , no evidence for & functtonal ARS near TMP| has been’ noled

(unpublished), this may not be the relevent datum. It mey be that CCR #

-

elements are like the X-Y-7Z sequence noted above, required to regulste

ARS - l1ke sequences in an as-yet-undetermined fashion, -without sactually

L

Ele{ments like the Mlul sequence, dispersed throughout the génorpe,
could the;refore have 'varying degrees of function in reguléting either cell

cycle reiated gene expression, or replication origins 'Such elements, @s

| .
pointed out by de Zamaroczy and Berrﬁdi (1986), msy have evolved

fromg 8 common origin, and their dupliceted nature suggests that the;l may

have originated as transposible element msertx,or;,_,ﬁq; (ibid). .

D.3.. The 400 bp Hindlll to Sau3A THMPI S° fragment contains o

novel START—d'epende'nt rcqulator-y -element.

»
Ld

The Miyl S' regulstory seqences sare locsted upslresm of putative

- -

’ -
\ -
. ~.
.
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transcription start sites (S mRNA ends detected by primer extension
msﬁﬁin'g;‘r’],clntosh, pers. tl:or;!m..) and of DNA "TATA" elements associated
with transcription™ initiation, and so the normal assumption is that the
regton stuqied. fecls transcription. Since the periodic expr'ess:ion of
IMP1 as detec‘,t:fe%h the IﬁlP_L’_—T'_Lq_Q_Z_fusfbn appeared to pe associsted
with a8 S' DNA element, it was of interest to compare nits’, sequence and
regulation with’ other CCR genes.” A search .of the 400 bp &' regulator;/“
reg‘ion present .on pRSSSé did not identify elemer;t's sﬁnilar ”‘to t.he
CAW sequence  of Nasmyth .(1985b) nor-the related, “16mer” of
Osley 9_(;91(1986) (the sesrch was based on perfect fil of ihe PuCGAAA
"core” sequence of these elements). ~ Since these 'genes" START dependent
regulatory elements can b‘e‘located more than 400 bp 5 to the transla_ied
region (ibid), it was possible that the M_fragrpent is lackingv this

kind of START-dependent “transcriptional regulatory element. As argued

. belo'w", 8 close exe'mmapon of the results suggests' that this may be the

case. However, it is clear thst..the Mlu] regulatory region located S° to

R < .
- IMP1 is necessary for the periodic fluctuations in START-depsndent gene

expression. The unique nature of this sequence and ils essential .role in
directin? periodic expression suggests tt;at it constilutes ' novel CCR

element, slthough, as previously noted, the histone- CCR may be analogous.

.\

-

- D.4. IMP! Regulation by the Miul fragment: (ran'scriptional
varsqs/i?anilatli,onal models. '
‘ At first sight, t’h\e cell cycle stage-dependent  regulation of Bgal .

accumulation directed by the Mluy] region conflicts with the preliminary
: : AN
RNA data, if the fusion mRNA 1s proposed- 10 be periodicelly trenscribed or

degraded. These discrepancies were dealt with, to some extent, in the

v
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Results section. However: because the different sized fusion genes did
not yield single RNA species of demonstrably different sizes, the ]_QQZ_
‘ "system”, ‘which has__tald us thet the ]‘1_l_u_L region regulates fusion geﬁe
expression in 8 _cell cycle dependent (fashion, ’is o.bviously not ideally

suited for distinguishing whether fusion RNA is transcriptionally or

.~ post-transcriptionally regulated by this element.

It remains possible, however,; ~that the correct species exists within
ffe 2.3 Kb bend (es was suggested f.rom Figure 39). One suggestion is
that the fusion RNA mobility and stability (note that it would have l; be
both) could be affected by an interaction with the large rRNA species,
wmc,h migrates close to Ahe 3.3 fus;on RNA, at some “stage prtor to
Northern blotting. for eg(ample, famt hybridizetion signals at rRNA bands

. ,

have been observed for Northern blots probed with genes other than

those wused . here, as well as IMP1 (E. Mcintosh, pers. comm.). [l is

possible that ohWbis interacting transcript 1s stabilized or transferred,

which could ,eesount for the lack of a size’ Uifference  between thé

differént fusion RNAs in Flgure‘38. Finally, it remains possible that the
entire 3.3 Kb species isxhe correct transcript, and that the lack of 8 size

difference in RNA from the different fusions 1s due to en artifact of

(N
L] - .

preparation.

Assuming that the 3.3 Kb RNA;species is, or contains, the translateable
fusio& mRNA, this sludy was‘ unable to demonstrete‘ tﬁa{ TMR1'-"lacZ- RNA
was regulsted at the level of transcription. It s ‘thereforen worth
proposing,. on formal grounds, an alie.rnative model. to that of
tr’anscriptional regulation " by the Mly| element. Interestingly, results
cited here .which contradict @ model of pemodic transcription of fusion

mRNAs, actually support ?model .of cell cycle reguiahon of translauon 8s

-

&
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follows. .

First, the‘QlQl'—’lgcz‘ fuoion mRNA is not START regulated (Osley et
~ 8], .1986). Yel the same ‘gene fusion directed the START-dependent
sppesrance of 8 stablf ‘Bgal gene product. ‘

Second, 8 “rebound. effect” of accumulstion of Bgal sctivites to
pre-arrest levels is observed following a-arrest (Flgures 30, 32), as if
l3gal actlvity were “stored” during arrest, in tlve absence of 8 slmller
“rebound” - of fusion mMRNA (Figures 2l4 and 36). i _

Thir}d. the Mlu] -deleted cells show an 85$.reduction 'in Bgal activity
accUmuletion, yet show no corre\sponoing reduction infusion RNA levels.

Fourth, the mRNA from a-arrested cells containing the Mlul -deleted
pRSS535 derivative‘ is still START-requisted (reduced by a-srrest), but

the gene product from this fusion is not Slm-regulated, and no longer

. accumulstes inacell—cycle dependent fashion.

-

Fifth,- START elements required for perjodic tronscrlptlon ere not

found on the S5 IMP]I regulatory region, as suggested both by sequence
analysis and by the lack of a first-generation peak of fusion RNA which
spproaches log phase levels Furthermore, the RNA profile from.

synchronized pRSS35- AH22 resembles thet of the H) gene, deleted for

+ its URS2 START regulstory region (Nasmyth, 1985b).

Sixth, the RNA profile from pRSS3S rha‘S/ be due to stabilization of the
‘fusion RNA, which suggests that the half-life of the fusion transcript is
increased relstive 1o IMB 1 mRNA.  But this predicts. that levels of the

‘fusion, gene product should accumulste rapidly in the second generation; in

£

fact the second qenerotlon accumuletion of Bgel actwnty is less than that

from the first (Figures 21 and°23).

* 2

-These results support. the .interestino possibility that the

-~



213
© translateability of IMP1 RNA -is regulated in & cell cycle dependent

fashion, but require that this translatea'bnity is regulated by sn upsiresm -

Mlu sequence not predicted to be present on the mRNA." However, the

app’a’rent contradiction im‘posed by the upstrwcétiqn‘ -of the [j_Iy_L
" sequence relative to the S’ location of the mRNA' ends_may—tge;' based on our
incomplete knowledge of trénscription énd .ils initiation in euca'r,y les.
The mdst recent .evidence in yef_sst, suggesté_. that S regulet‘oryl elements

may, in fact, intersct near.§' mRNA ends. For exam‘ple. the GAL4 UAS is
S .

. . . ) ‘
proposed to interact with the GALI transcgiptional start site several -

~

hundred bases | downstream, by protein_protein intefactions which loop

out intervening DNA (Keegan et al, 1986). If this is the case, then S

5

requlatory elements could alter the S .ends of - their- mRNAs.

‘ »
Alternatively, the assigning of transcription start sites- to regions
downstrealt of TATA boxes may be incorrect in certain instances (the ~

potential existence of 8 primary transcriﬁt initiating upstream of HQ was

. L Y
considered in the Introduction). ) . . ‘

Therefore " the Mlul region could either form part o0f. 8 longer mRNA .
'precursbr (long untransiated § Ieader' regions are 8lso obsEr.ved in
ma,m'mah.an'TS mRNAs; see Introduction), or influence the downstream
TMP 1 mRNA 1n a fashion similar to tha} proposed for UASGIregulation. If
the' m_lgLL‘reg{on:is thus assumed to dete;mine the inlegrity or location.\of‘ '
IMP1 5 mRNA efids, either pre- or post-transcriptionglly‘. an slternative,
model, the periodic translatior; of fusion MRNA, cen be invoked to.a(‘:counl
for the RNA.results 8s decribed above.

This model has two stipulations. First, fusion mRN“A must be
“transleted with high efficiency “during certain times of t;w cleH cycle, but

\ .
‘be transleted withy, very low efficiency a8t other times. ~ Second,

-~
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regulatogy/seque/néés required to produce normal levels of T.mp‘l RNA

"

START dependent ‘fashion (ie. broduce a larger first-génerétion peak of

ina

RNA) are missing from the ijéne fusions ‘studies‘ here.

D.4.1. Transcriptional regulation of IMPI. -

The two models for.TMP? ragula‘tion aré summarized in Figur.e 43. The
first model (43A) esssumes that the Mlu element ;s a‘START-depen‘dent
{ranscriptional enhancer similar to the DC‘ACGMAA sequences ‘reported by
Nesmyth (198548,b) and describea in the I'ntrqductiun. The model
presumes iha; \Qnscriptional regulation accounts fpr the cell cycle
stage-dependent  accumulstion of Bgal sctivity observed in this thesis,
and does nét attempt to recor;cile the RNA 'observations. . Confirmation o

[

model A awails the detection of periodically transcribed IMP 1 or fusion

MRNA, mediated by the Mlu| sequence. '

The second model (B; Figure 43) oattempts to reconcile the bgal'
sctivity data with the RNA data fr'oln the fusions, and so requires, some
ex.planati'on. To begin with, IMP1 is assumed to rﬂequire 8

START-dependent URS to generate ts periodic ‘RNA profile, which is

~absent from the TMP1'-1acZ fusions studied. The sbsence of the Eorrept

URS from pRSS3S could -explsin the missing first-generatipn peak of
IMP 1'-‘lacZ  RNA in cynohronizéd. oolle, just ae¢ the START-dependent
regulatory element 'u'gﬁz_was required for a first generétion peak of H_O_
RNA in a-factor synchronized ‘;cells' (compare Figure 35 from this thesis
with Figure 8 from Nasmyth, 1985b).

The missing m&L.QBS_,.possibly located in the yeast' chl;omosome Xy
ugstreani of the me_lsgqyences sﬁdiad‘ h;‘a, would be resp’onsiﬁble for

initiating transcription ina START-defendent fashion, similer to URS2 of

«
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requiutory modol B. Two element model.
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the HQ gene (ibid, see Introduction). L ° ‘ y

If a u_BS_tocotgd 5 to the umm_ _S_e_u_&ﬁ_]ﬂ&_l regulatory region ' is

required for activating transcrtptton at .m&L other transcrt'ptional

enhancer sequences (UASs) moy havé been present on pRS,f:ibj’S—‘t\,{pe, i
plasmids which could substitute for the postulated lﬂ&t_gg_s_"to initiste
tronscrt_'ption of fusion RNA, slthough in's nonl-pertodtc fashion.

Two potential tfvanscrtptionol enhancero present in pRSS35S-type

plasmids”are shown below.

Putative transcripts T [ PR
© pstl» EcoRl - Pstl - Hindl!
PRSS35 | : 1 e/

LEU2 pBR322 DNA 21 DNA TMP 1"-'lecZ

2

4

' .
Tho first potential "UAS" transcribes the non-,periodioally expressed
"pBR322" {ranscript(s) (Figures '388 and 34C). . This trenscript “hes been
squested {o start st 8 trenscriptional activating sequence in the pBR322

amp’ gene’ promoter near the Pstl site * (see” Figure 6}, “and to transcrlbe

T

tn yeast- &' ¢loned QQQ__qene pleced downstream of this region (Mcintosh,
1986). Its existence was exploited as a control in these studies (Figure
34C). Hoivever, the estlmated. trenscript size is three Kb, too small to

enter JacZ DNA in the pRSS35-type fusions.

The second potantiat-“u& is in 2u-circle ‘DNA, near the 2u-circle estl

site (see also Figure 6). This UAS is predicted to promote @ traqscript

which starts odjacent to and procedes toward the -1[1P_|_ regulatory®

¥ -

ik
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reg'ion (Brbach, 1984). In pRSS3S, the latter transcript{onal enhancer
"may substitute for the IMP1 START-dependent  URS.' If, this "2
UAS "-promoted transcribtion was less dependent on START than the
p:’stulated IMPt URS, then the essentially non-periodic irI\c,re“ase of
fusio; RNA and the lack of a first generstion pesk of fusion RNA can be
acco;mle'd for. ' ' |
lntere.stingly, the other potent;‘al pBR.‘SZé enhancer saquen:ce is
positioned  within 300 bp of  the fusion gene - in certsin - -
pRS269-derivatives, and can a”c‘count for the eltereg "Bgal activities
expressed from ‘these »'blasmids in yeasi. _For example, the pRS30€‘>*'
derivative of pRS269 expresses low levels of both' 8-galactosidese and
of /l_mz_z_ RNA when i;xtegrated at the yeast ley2 gene, compared with the
‘levels of IMP1 RNA (Figur;es. 37 and 38). This construction s missing‘
fboth of the above potential :UAS” sequences. In contrast, .8 second
derivative, sim%ldrly in{egrate&, but which contains the pBR32§ ".UAS"" .
immediately upstream of the TMP1'-"lac/ fusion gene expresses higher
‘leve‘ls of gene product. This tends to support the possibility that
expression from the TMP1 S regio‘n -can be enhanced by other wupstream
sequences: |
D.4.2. Regulstion of IﬂE_LmRNA from the Mluy region.
As noted at the beginning of Section D., given tht; absence of its
normal URS, translational regulatioﬁ f;an account for both RNA and [gal
aclivity expressed from the gene f/usic‘ms.‘ Assuming it exists, how might
the gene sccomplish such regulation? ~ ) |

The IMP 1 gene could be post-transcriptionally regulsled by 8 S' lesder

region, 8s was proposed for human 7$ mRNA {Takeishi et a1, 1985). One "

-

.
— \ R L *
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possibilily is thal a long unstable precursor RNA which includes the Mlul
region could be oeriodicelly processed under the control of the Mlul
region, to more stable mRNAs .of the sizes - observed by primer extension
(E. McTntosh pers. comm.). A smll'ar elternet‘ive was proposed for HO
regulation  in the Introduction  (section A.2.2). In sddition,
"processed-transcript” models have been proposed (ses Broach', 1984)
for the processing of 8 Iong 2u-plasmid transcript, and for mitRNA by
Anderson et gl (1981; reviewed for yesst mitDNA by Evans, 1983)

" Alternatively, it is. possuble that a subset of the mRNAs produced 3" of
the two TATAs (ibid) may be {ranslated only after START, under the
control  of a. leader sequence located between the coding sequences and
the coding DNA.  "To account for the observations noteo ¢in section D.3.1,
this mRNA subset should not be ’transteted in a-factor-arrested - pR3IS3S
| cells. Upon release of the cells fromlerrest' al START, this sybset would
" be translsted with hioh efficiency, thereby accounting for the "rebound”
of DBgal activi'ty“fotlowing release from a-factor _ (Figures, 30, 32), and
thus compensete for low levels o'f RNA eccun{utation (Figure 35'). . |

Hote that the as’sumption that 8 subse! of fusion RNA is stabilized {cf.
Figure 35) and untransisteable in the fusions; as oﬁposed to the TMP1
gene, ts required.by both transcriptional and translstional moctels of cell .
cycle regutat,ion of the gene fusions, 1n/order to explain the unstable
behavior of normal MRNA However, the tnanstotionat model coutd
sccount for whytthis'stable RNA is present, as follows.

In the translational model, the reductton in translation of a Qc;g_
subset of mRNAs ~from gither _ﬂ_]_or the fusion gene, could coincide
with- their incressed hslf- hfe Stebtltzatlon caused by untgaasleteamhty-

has been’ _proposed by others (Hmnenbusch 1986). For example, most
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transcripts from the Mlul -deleted ﬁpRSSISS derivative are presumed ts b;
untranslated, ancli are accord{hgly stable (Figure 38). The presence of &
similar subclass of transcripts in pRSS35 could mask the expression of 5
CCR_ subclass of RNAs from this plasmid, without hindering ils periodic
translateability. As another example, if TMP1 transcription ceases in
cells arrested at START, increased mRNA stabili!y could explain the

presence of residusl TMP1 mRNA observed in cells arrest'ed with
a-factor - (Calmels, ™.Sc. in preparation).

Mlul -mediated s_tabili;a'tion could be accomplished here in’one'of two
ways, Firsty the' translateabls iQQB_ mRNA could be o°f 3 particular size,
and - changes. ‘ atl the’ upstream Mlul stte;;'could periodically alter t.he

- 8
proportion of that size class.

Second, the transcript fron: 8 g;B_supsef' of transcripls mﬁy receive
aaSTARI-dependent “tag” dependmg on the state of the Mlyl region. The
tag could confer elther stablhty, or the ablhty to be translaled during
S phase. .‘For example, the passmg of START or changes ' at the tjz_m_
- sequénce could slter the ablhty of the @__ transcrlpt to bé capped.
(Cappmg is @ ub1qu1(ous event in eucaryotes in.which a 7-methyl-GIP 15
sdded to the S end of an mRNA precursor during ns transcription;
.rev')é/w'ed by Nevins' 19833

A proposal of peruodac changes in mRNA translateability lssds to
' specific’ bred:chons for the resultrof “this interaction. Fi.rst, mLor
mPl‘- lacZ transcripts. must be qualitéti;ely‘ altered during the cell
_ cycle (eg. 'cl;anges in length, secondsry structure or base modification).
Secord, fusmn SMRNA should also be qualitatively sitered, sithough not
,necessanly in"the same way, in the Mly-deleted sirsin pRSS3S5-1A. In

coptrast, a model which proposes tha{™ trenslation is unregulsted would

¢

o) . . . ‘
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' predict only periodic changes in levels of RNA. Such models would include

perlodlc lranscrlpllon or perlodlc processmg of a longer transcript.
The possiblllty that a S URS -is required for START-dependent
regulstion of ILIP 1, 8s was the‘?’a,se for HO, is currently being tested, by

cloning~ chromosomal sequences located S’ to TMP1, and asking whether

SlAliT-regulation of the plasmid-encoded fusion genes is altel‘ed when

these sequences are present next” to the pRSS3S-encoded TMP1°-‘lacZ
%= -t

gene fusion (L. Lee, pers. cpmm.. E. Mcintosh, pers. _comm.).

¢
T

D.S. CCR regulation of cell cycle length. \ C 0

A CGR gene such as TMP1 would be expeé_'lled to -be periodically.

expressed followmg START (see Introduction).  As such both TMP1 RNA

/and gene praduct shéuld be (and are) induced upon release from a-factor
or after relesse from Go This study suggests that the observed perlodlc

expression, of both IMP! NA and its TS gene product, is due to 8

combination of synthesis and a short half_-life., In addition, 1 have

introduced the possibility tﬁat‘ the intermediate process, ‘translétion, may
'alsp beﬂSTART- dependent for‘g;R genes. Could the,timing of asny of

these START-dependent forms of gene expression be related to & role

for CCR. genes as cell cycle “trigger ' proteins®, as proposed in the

-Introduction? Two apparent contradiction's' to thlmroposal actuellp‘
sugge'st‘ g simple mechanism by which CCR gene products ‘could trlgger
START. S

- The lirsl 'c'onlr.adictiorp le as follows. How csn 8 gepe whose
expression is not drastic‘ally‘ inereased prior to START possnbly encode

the same protein whose ac,cumplation is responsnble for i nmggmg START?

Second, Singer and Johnston (1983) demonstrated that START cen occur



.
3
AYR Y

221
- . .. s ¢
" prior tp mitosis in log phase cells which are recovét’*ing from cell-cycle .
restraints, and so cells can initiste DNA synthesis alm'&s& immediatel;l ‘on
completion of mitosis. tloy could 'lﬁa cells build up trigger protein in Gt
under such circumstgnces? >

Both contradietions can be r'esolve‘d by consideripng the fale of
unstable trigger p‘roteine;~ synthesized in the previous cell cycle. If the
@riéger protein were not enlirely degraded in rapid}y growing cel‘ls. prior
to the next cell cycle, then -the residual levels of the trilgg‘er protein, plus
new. trigger protein sypthesized at any étage prior tb é’TA‘RT, 'wou!d'be
: what’determinle the length of time spent' in G1 _prior to SfART. This
combination must only. be sufficiently high to stimulate the rapld
-synthesns of new trlgger protein following START (ie- the trlgger protein
stimulates its own synthems after START). In this scenario, .the newly
'syntt;esized ‘trigger‘ protein ‘is capable of function in the current cell -
cycle, but could also be a reservoin: of trigger prolein for the‘ following
genergtion. Therefore “cells coﬁld continue to cyclg and pass START, even -
if ther\e was no GI, provided that the reserveir of unstable protein was
sufﬁmentl‘y high. In slower growing cells which contajned & pre-START
Gl, the gssm{ of START could .then be medlated prior to START- by the
balance of its (slower) synthesis ‘and degradation, in turn medlated by
environment. B ' L .

.
D.6: Raison d' étre for periodic mRNA from mg_genes'

Finally, if the formahon of unstable Q‘,B_gene products determtnes
START, and if START can precede mltoms, then these products could dlso
be translated before mitosis, from mRNA .%ynthesized. in the preceding ‘

generation. Sensitive regulation of cell cycle length in repidly growing ‘
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- ] cells, by an unstable prdtem may thus reqmre that itls mRNA also be cell
1 . )

cycle regulated, so as to not overproduce the critical proteln for the'

\. '_* ‘ following generet‘ton, in case of changes in growth condttions " This could
| b‘e accomplished either by synthesizing highly unstab]\e RNAs such v&g are
seen- from CCR'genes, or by refulating tneir translateability s proposed

 above, or both. . L
) White ‘e_t_pl( 1986) have questioned the necessily for periodic mRNA
. expre:ssion, based on the‘ _observation that | mRttA from the
&n’ggggccgrgmxces pombe gene for DNA ligase (analogQus to the- yeast
%gene) is not periodically expressed. For yeast, | have suggested
that * perloduc Qg_gene expression fney determine the ability to’ pass
START,’ which is also regulated by START. The above~ arguments provide 8

Y

(and mammalian) CCR, genes, in addt—tion to their periodic. involvement in

DNA synthesis. Furthermore, ‘since growth reles in §_.g‘ombe appear to be*

regulsted during 62"(t'1itcheson', 1971), this organism may be subject to - ’

~ “ other - forms of growth regulation. CCR gene batterles al least in
,GI arrest orgamsms (Ibld) could thus supply the theorlzed unstable
proteins whose buiidup, regulated primarily at the RNA level, ha\re been

preposed' to-initiste & cell cycle (Dopachie, 1968). , . .

. - L
‘ " D.7. Fdture Directions.

_Just as the relatmnstplp between pertodrc gene expression and CGCG
- \/vrepeets remains unresolved so does the exect ‘nature of the control
exerted by the _QL(&B_on gene reguletion Although the CCR functioned
effectively o produce ‘8 periodicaily prressed gene pro&t it may have

to be coupled with. 8 particular type of UAS seq/uence to produce

?

v A

reison d' &re for cell cycle regulaled enzymes and mRNAs from yeeet~

N
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periodically fluctuating mRNA. léypls. 8s ‘was suggested for the is;)lat'ed'
histone CCR element and for HQ regulstion’ (see Introduction). o
‘Alt\ernaﬁvely,.the Mlul element ma'y function alone as a CCR element, but
the IMP1 gene n'x'ay require, for periodic MRNA fiuctustions, additional

signals found within TMP 1 RNA but not found on the lacZ gene.

. Future studies 1o deter_mine' whether the Myl Q;_P,_‘acts
pre-tr_anscriptionélly, as is predicted from its lééa_tion, should thus be
focused on the metabolism of RNA, from 8 sy;teny containing more S’ and
3’ sequences frdm" the _T__l:’l_P_i gene itself, if possible, S0, thpt'eacn
parsmeler inferred ‘in this study can !;e examined separately. !\simple
.insertion of foreign DNA within 8 TMP1 gene cloned 8t a8 second site
“within the yeas't- gan:ome w%lutd pravide 8 useful r;uodgl, which would avoid
- the limitations of the TH#I‘-'IagZ fusigps noted here. g
Finally, if the fjlg]_sequence is ;ound ta modulate 'RNA,lransE:ription (or-
trans"lateabili_ty) from .its positio’n' S" to the TATA el_emenls as proposed
above, -6ur’ understahding “of the . regulation = of nuclear eucaryotic
transcriplion may have to Se révised. The o{bvious ne_xtlsteps in this
};pproach will be to examinel the 5 mRNA ends of IMP1 and the
.IMP1°-"1acl, fusions, first’ to determine 1f these ends map to the same:
s.i,tes, second 1o examine ' if &bal'i’tati've changes occﬁr Iin IMP.1I° RNA
. .

'stabilinty~or translateab\ility.ﬁ'and third to investigate how the “Mly

sequence might aller expression® of other, non- CCR genes.

/ (:«. n | J .
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Figure Al Photograph§ of ethidtu}n bromide-strained sister
gels to those é,hown in Figure% 39(A), 36 (B), 34 (C) &nd
35 (D). Equivalent . amounts of RNA were loaded in each

,' :l.ane. From the left, the 'corrésbonding lanes ih}Figure 39
for A. ;re, respectively, lané 9, tw6 lanes of "undenatured
RNA, the;n Ianeg 1,2,345,6,7 sand 8. For B. the

| corresponding lanes in Figure 36 are, from the lgfi. lanes
1,2,3,.45,6,7,8,9,10,11,12 and an undenatured sample.
For C. Afie corresponding lanes in Figure 34 are, from the
left,/lanes 1,2,3,4, then &n undenatu(red sample of pRS258
(ins of denatured log phase pRS269), then lanes
6,7,8,9, 10,11,12,13 and 14. for D. the cc?rresponding

lenes in Figure 35 are, from the Ieft, lanes

.1,2,3,45,6,7,8,9,10 a“r}d an undenatured sample.
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Figure A.2. Immediately di\/ergant Bgal activity profile (dark squares,
series |6:44:29) during a-orrest, from the AH22 derivative P
strain RS849 transformed with pRS84S (pLG11), from the gl
profile of the same culture ‘wﬂhout a-factor (open squeres). The
srrow indicales the time.of a-factor addition. Activity .is in
nmol/min.ml, -and the culture density was » 107/m.
‘ The plasmid pRS84S contains the CYC1'-‘lacZ Hindlll - §.§1L
fregment from pLG669-Z (pRS769). For this experiment, 100ug
of a-factor in 100Ul of water was added to & 100 ml culturé
(selective 'me&ia). while a parallel culture was notl tampered with.
- Duplicate samples were 8ssayed for fgal activily at each time
', point usir}é N2(1)/Brij permesbilization. Duplicate activities per
sample did not deviste Ifrom the means showr by more than 3%. The
- {iming of the a-arresf was such that the cells were 908 unbudded
- at the 160 minute sample’, but l:ad started budding by 189 minutes.
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A. 3. Alternstive calculation of Bgal Activ?ty vs TS activity levels, per
cell. | | |

~ Bgal activity asccumuletes in phSS3$-AH22_ !og phase cells st sbout
2500 U min~ 'mg protein ~! or 150 U min~ 1107 cells™ ! (Tables 3 and 4).
Rotman (1970) estimated that, for the E. coll enzyme, there werd 2.6 x
'109 énz'ymes per 1000U. Therefore the native Bgal enzyme is estimated
to account for O0.005S% of total yeast protein,and‘ 40 molecules per cell
(assumi’ng, full'acu.vfty. The tetrsmeric, active form of the Bgal has a
540,000 MW; reviewed. by Za'bin end Fowler; 1970). In =comparison,
estimates of TS per cell indicate that TS is present at 0.005% of total
cell protein, (=1000 enzymes per cell; Bisson snd fhorner, 'i98|). Sin‘ce
TS exists as 8 70 kD dimer'. there is roughly 12.5 times as much active TS
produced from the.single copy IMP1 es there s act)i)ve Bgal produced
from pRSS3S. If plasmid copy number (= 20/cell) {is taken into
consideration, there may be-as much as a 200-fold reduction in enzyme
produce‘d' per pRSS3S fusion promoter. However, this value is & “worst
cese” scensrio, and the higher V4, of ‘pure Bgal vs the TS'-"Bgal fusion.
enzyme may simply reflect cumulative réductions in efficiency of

expression ol all three levels of catslysis, transcription and translation.
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