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ABSTRACT

Current models of mMRNA decay in yeast posit that 3 '
deadenylation precedes enzymatic removal ofthe 5 ' cap,
which then exposes the naked end to 5 ' exonuclease
action. Here, we analyzed gene expression in
Saccharomyces cerevisiae cells bearing conditional
mutations of Cegl (capping enzyme), a 52 kDa protein
that transfers GMP from GTP tothe 5 ' end of mRNA to
formthe GpppN cap structure. Shiftof ~ cegl mutants to
restrictive temperature elicited a rapid decline in the
rate of protein synthesis, which correlated with a sharp
reduction in the steady-state levels of multiple individual
MRNAS. cegl mutations prevented the accumulation

of SSA1 and SSA4 mRNAs that were newly synthesized
at the restrictive temperature. Uncapped poly(A) +
SSA4 mRNA accumulated in cells lacking the 5 '
exoribonuclease Xrnl. These findings provide genetic
evidence for the long-held idea that the cap guanylate

is critical for mRNA stability. The deadenylation—
decapping—degradation pathway appears to be short-
circuited when Cegl is inactivated.

INTRODUCTION

Capping occurs on nascent RNA chains and is carried out by three
enzymes: (i) RNA triphosphatase, which converts the triphosplate
end of the primary transcript to a diphosphate; (i) RNA guanylyl-
transferase (capping enzyme), which catalyzes the transfer of GMP
from GTP to the 5Sdiphosphate end of RNA to form GpppN argl
(iii) RNA (guanine-7)-methyltransferase, which transfers a methyl
group from S-adenosylmethionine to the cap guanosine to yield
m7GpppN (3). The mMRNA capping and methylating enzymes
have been purified fror8.cerevisiagand the genes encoding thefh
have been identified. Yeast mRNA guanylyltransferase is a 52 gﬁ)a
protein encoded by tHeEG1gene (4). Cegl reacts with GTP tod
form a covalent enzyme-GMP intermediate. The enzyme transfers
the GMP to a Sdiphosphate-terminated RNA to form the GpppiN
cap structure, which is then methylated at the N-7 of the gap
guanosine, in a reaction catalyzed by the 50&Derevisiadbdl 8
protein (L5). The guanylyltransferase and methyltransfer%e
activities of Cegl and Abdl are essential for yeast cell growith,
i.e. mutations oCEG1 or ABD1 that eliminate enzyme activily =
vitro are invariably lethalin vivo (16-21). The yeast RNA %
triphosphatase is a 62 kDa protein encode@By1(22). CET1
gene disruption is lethal®); however, it is not yet clear if theS
triphosphatase activity of Cetl is essential for cell growth. S

The most straightforward way to address cap function isato
observe the phenotypes elicited by genetic or pharmacolo@cal
inactivation of the capping and methylating enzymes. The
pharmacological approach is precluded by the absence ofcany
specific inhibitors of the triphosphatase, guanylyltransferase; or

The m7GpppN cap structure of MRNA was elucidated in 197&uanine-7) methyltransferase activities. A prerequisite @r

(1-3). Since then, the cap has been implicated in virtually everyenetic analysis is the availability of conditional mutants. We ahd
aspect of eukaryotic mMRNA metabolism, including splicingr@l  others have isolated collections of temperature-sensitivee(i$) -
formation, transport, translation and degradatiei ). Specific ~ alleles £3-27). The preponderance of evidence argues that the
mRNA transactions have been deemed cap-dependent on degl conditional growth defect reflects a decrease in @p
basis of biochemical criteria, e.g. (i) preferential utilization oformation by mutant Ceg1 proteins to a sub-threshold level athe
capped versus uncapped RNA substrates; (ii) inhibition by capstrictive temperature. For example, the guanylyltransfer‘gse
analogs or (iii) participation of a protein factor that binds to thactivity present in extracts prepared fraeglcells grown at ™
cap. A genetic analysis would help to clarify whether the rolesstrictive temperature is markedly thermolalnileitro, whereas
attributed to the cap on biochemical grounds are applid@ble the activity of CEG1 cell extracts is thermostabl&4(26). In

vivo. The budding yeaSiaccharomyceserevisiads the obvious addition, when Fresco and Buratowski)analyzed the levels of
system of choice for this analysis. However, prior studies in yeashmunoreactive Cegl protein @eglcells 4.5 h after shift from
have dealt indirectly with the role of the monomethyl cap, i.e. mogtermissive to restrictive temperature, they found that the
available genetic data concern the roles of cap binding protei@®g1-237 mutant protein was present at normal levels, but it was
rather than the cap structymerse To address the role of the m7G inactive in transguanylylatior?§).

cap directly, one wishes to manipulate the cellular enzymesTwo prior studies have focused on mRNA processioggdicells
responsible for cap synthesis. after shift to the restrictive temperature, both showing that Cegl

*To whom correspondence should be addressed. Tel: +1 212 639 7145; Fax: +1 212 717 3623; Email: s-shuman@ski.mskcc.org



Nucleic Acids Research, 1998, Vol. 26, No. 92043

inactivation can affect pre-mRNA splicing4,25). Severalcegl ice for 10 min and then heated af @for 20 min. The samples
mutations elicited an accumulation of unspliced mRNA precursorgere subsequently filtered through glass fiber filters (GF/C; 24 mm
at restrictive temperature?4,25). Cap-affinity chromatography diameter, 1.5im pore size), which were washed with 20 ml of 5%
analysis of CYH2 RNAs revealed the presence of uncappedCA and with 10 ml of 95% ethanol, and then dried. The bound
precursors and uncapped mature transcriptegl cells, radioactivity was quantitated by liquid scintillation counting. The
indicating that the cap may facilitate, but is not required fordata were corrected for the background level of non-specific
pre-mRNA splicing in yeast2f). We reached the same [3°S]methionine retention on the filters, which was determined by
conclusions based on our findings that neither the cap structuralse-labeling cells that had been preincubated for 30 miri@t 25
nor the Cegl protein played any discernible role during yeast cycloheximide (12%ig/ml) prior to adding3>S]methionine.
pre-mRNA splicingn vitro (24). Fresco and Buratowski found
that the precursor and mature forms@fH2RNA present in SDS—PAGE analysis of pulse-labeled polypeptides
ceglcells at the restrictive temperature contained poly(A), and _ ) )
that the total cellular poly(A) was normally distributed betweerPulse-labeling was performed as described above. After quenching
the nucleus and cytoplasr5j. The inference is that the cap the culture and heatmg in TCA, the acid-insoluble materlal was
guanylate is not critical for polyadenylation and transport in yeagigcovered by centrifugation at 13 000 r.p.m. for 20 mirf&x 4
Here we report thateg1-3andceg1-13cells undergo a rapid and The pellets were washed with 1% TCA, followed by three cycles
persistent decline in the rate of protein synthesis after shift to ti§éwashing with ethyl ether. The samples were dried in a vacuiilim
non-permissive temperature, which correlates with a sharp reductig@ntrifuge and then resuspended in SDS-PAGE sample bufer.
in the steady-state level of all NRNAs examined, be they spliced dhe samples were heated for 5 min &t®Zhen electrophoresed:
unspliced. Transcripts induced at restrictive temperature fail f§rough a 10% polyacrylamide gel containing 0.1% SDS. The
accumulate ircegl-3and cegl-13cells, but uncapped poly(f) gels were dried and autoradiographed.
MRNAs do accumulate when tHesxoribonuclease Xrnlis absent.
We surmise that the conditional lettadgl phenotype stems RNA analysis
primarily from accelerated decay of transcripts made at restricti
temperature. We discuss these findings in light of current mod
of MRNA turnover in yeast.

eoe//:sdiy wol

(\f ast cells were grown in SC-Met medium at@%o an Ao
of 0.2-0.4. After withdrawing an aliquot (time zero), an egu&l
volume of SC—Met medium preheated t6 62vas added to thez
rest of the culture to adjust the temperature abruptlyt63rhe 2
MATERIALS AND METHODS cultures were transferred to a°8 incubator. Aliquots were:
cegl-tsmutants removed at 1, 2 an_d 3 h after temperature shift. The cells v%re
harvested by centrifugation and stored as cell pellets 8C-8G;
The isolation of teeglmutants was described previoushg ~ RNA was isolated from thawed resuspended cells by extraction
The wild-typeCEGL1strain and theegl-3andcegl-13mutant  with hot phenol 29). The RNA was ethanol-precipitated ang
strains used in this study are derivatives of YB8&Taleu2lys2  resuspended in TE (10 mM Tris—HCI, pH 7.5, 1 mM EDTA},
trpl cegl::his@, a strain in which the chromoson@EGlgene RNA concentration was calculated on the basis,ghMliquots 3
has been deleted and viability is contingent on maintenance of t{&5—30ug of total RNA) of each RNA preparation were mixed with
CEG1 or ceglalleles on aCEN TRP1plasmid (.6). Strains sample buffer containing 50% formamide, 2.2 M formaldehyde, &hd
deleted for XRN1 and CEG1 were constructed by mating 10 pg/ml ethidium bromide, then electrophoresed througHga
RYK1483 MATaura3leu2xrnl::LEU2) with YBS13A MATa  formaldehyde—1% agarose gel. The gels were photographed under
leu2 trpl his3 cegl::hisGpGYCE-360 CEN URA3CEG])].  short wave UV illumination to visualize ethidium bromide-stainet
Leu+ Ura+ diploids were sporulated. A Leu+ haploid strain tha®NA. The RNA was then transferred to a Hybond membréhe
could not grow on 5-FOAfn1::LEU2cegl::hisGpGYCE-360 (Amersham). Radiolabeled probes were prepared by using a rafitiom
(CENURAS3CEG1)] was transformed wit€CENTRP1plasmids  priming kit according to the manufacturer’s instructions (Boehrin&er
carryingCEG], cegl-3or cegl-13 Strains that had lost t&@EN  Mannheim). Hybridization was performed as describ2€). ( S
URA3CEG1plasmid were then selected by growth on 5-FOA.Hybridized probe was visualized by autoradiography of the
membrane. Where indicated, the strength of the hybridization

Temperature shift and measurement of protein synthesis by ~Signal was quantitated by scanning the membrane with a FUJIX
pulse-labeling BAS1000 Bio-imaging Analyzer.

2c0e ¥

Yeast cells were grown in supplemented minimal mediu . ; ;

lacking methionine (SC—Met) at 26. One half of each culture Hieat-shock mRNA induction

was removed and shifted to°37 by rapid addition of an equal Yeast cells were grown in SC—Met or YPD media a2%fter
volume of SC-Met medium preheated td 62Incubation was withdrawing an aliquot (time zero), pre-heated G2medium
continued thereafter at 3. The remaining half of each culture was added to the culture so as to adjust the temperature abruptly
was mixed with an equal volume of SC—Met medium a€2%t to 42°C. The cultures were transferred to a°@2shaking

0, 20, 40, 60 and 120 min post-shift, aliquots of the cultures (2 miater-bath incubator. Aliquots were removed at 15, 30 and 60 min
were removed, mixed with fCi of [3®S]methionine (1175 after heat shock. RNA isolation and northern blot analysis were
Ci/mmol; Dupont NEN) and incubated for 10 min at 37 /@5 performed as described above. Radiolabeled SSA4 and SSA1
Incorporation of labeled methionine was measured by hairobes were prepared with a random priming kit using purified
trichloroacetic acid (TCA) precipitatio?®). The pulse-labeling PCR fragments of tf8SA4ndSSAlgenes as templates. A 338 bp
was terminated by adding ice-cold 100% TCA to a finafragment of SSAlcoding sequence was PCR-amplified from
concentration of 10%, after which, the mixtures were placed golasmid EC703 with primers-&GAATCTCAAAGAATTGC and
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5-CTTCTTCAACGGTTGGAC. A 359 bp fragment &SA4 7oc

coding sequence was amplified from plasmid EC702 With.g 200 A 20~ B

primers 5>GTTCAAGGCCGAAGATGAAC and 5CAACCT- S

CTTCAACCGTTG. EC702 and EC703 were obtained fromg sl

Dr Charles Cole (Dartmouth Medical School). g b
RNase protection analysis of poly(AISSA4 RNA was £ @%

performed using an RNase Protection Kit according to thef “ S E———

manufacturer’s instructions (Boehringer32]GMP-labeled g o gl

antisense RNA probes were synthesigeditro by T7 RNA £ * 05 e :I_B

polymerase from two plasmid templates: (i) pSSAdebtaining E :

a 137 bisSA4nsert from nucleotides +223 to +359 (+1 being thes 00 . p - 1;0 00 - - 1(‘)0 1;0

start of the SSA4open reading frame) and (i) pSSA4-3 Time (min)
containing a 142 biBSA4insert from nucleotides +1567 to
+1708. Total RNA was isolated fromrnl CEG1 and xrnl

cegl-tscells harvested Immedlately prior to heat shock (tlme Ojc:egl-l?)cells were grown at 2% in synthetic medium lacking methionine.

and 15, 30, 45 and 60 min after heat shock. POIYGBNA Was  after growth to Ao of 0.2-0.4, the cultures were spiit and either shifted?
isolated by oligo(dT) affinity chromatography using Dynabeads-abruptly to 37C (A) or maintained at 2% (B). Aliquots (2 ml) were =
Oligo(dT),s according to the manufacturer’s instructions withdrawn at the times indicated and pulse-labeled for 10 min wi

(Dynal). Poly(A)* RNA samples were annealed to a mixture of [35S]methionine. Incorporation of label into hot-TCA-insoluble material wa&

. ! determined by liquid scintillation counting. The extents of pulse-labeling wef
the 198 nucleotide’ 5SA4robe and the 205 nucleotideS5A4 normalized to the value at time zero (defined as 1.0). The plotted data repregent

probe. The RNase digests were analyzed by electrophorest& average of three independent experiments; standard error bars are sh@wn.

Time (min)

igure 1. Effect ofcegl-tsmutations on protein synthesBEG], cegl-3and

ggrough a 6% polyacrylamide gel containing 7 M urea in TBE. =
selj-lsc?ggiDeNéarr?(Ztrgcuon fragments (PBR3RBA digest) o anylated mRNA will be reflected in a decreased rate”of

v 'z : protein synthesis. 8

In the experiment shown in Figuteyeast cells were grown ing

Primer extension analysis of 5ends methionine-free medium at 26. The cultures were then split such

that one half was mixed with an equal volume si2medium and 2
Total RNA (20ug) from heat-shockedrnl CEGl andxml  maintained thereafter at permissive temperature, whereas the other
cegl-tscells was incubated in 90% DMSO for 20 min at@p  half of the culture was adjusted immediately t¥3@nd maintained S
then ethanol-precipitated and resuspended il 80RT buffer  thereafter at non-permissive temperature. Aliquots of the 25 and
(50 mM Tris—HClI, pH 8.5, 30 MM KCI, 8 MM Mgg&I1l mM DTT)  37°C cultures were exposed &8$]methionine for a 10 min pulses
containing 1 pmol of a'52P-labeled 18mer DNA oligonucleotide at the time the cultures were split (time zero) and at various time
primer (3-CCAACAGCTTTTGACATG) complementary to the intervals thereafter. Protein synthesis was quantitated by %he
SSA4coding sequence from positions —1 to +17. The primer—RNfwcorporation of $5S]methionine into hot-TCA-insoluble material2
mixtures were incubated at 35 for 30 min, then allowed to cool during the 10 min pulse. The level of incorporation at each time
to 42C. The samples were precipitated with 0.6 vol of isopropangkoint was normalized relative to the incorporation at time z&fo,
the precipitates were washed with 80% ethanol, dried, and thgAd plotted as a function of the time of initiation of the pulse. The
resuspended in 3@ of RT buffer containing 1 mM dNTPs and data shown in Figuré represent the average of three separate
10U of AMV reverse transcriptase. The primer extensiogxperiments (with error bars shown). It can be readily apprecigted
reaction mixtures Were incubated for 2 h at@2The Samp!es that the rates of protein Synthesiﬂml Cegl-%ndcegl-l&e"s g
were extracted with phenol—chloroform, ethanol precipitatedyere unaffected by splitting the cultures at@gFig. 1B). Protein <
resuspended n formam|de and then an._';llyzed by eleCtrpphor%thesis by the W||d_type cells was unper[urbed after Sh|ﬁ°ﬁ,37o,‘£’..
through a 6% polyacrylamide gel containing 7 M urea in TBEywhereagegl-3andcegl-13cells displayed a sharp drop in the rage
32p-labeled DNA restriction fragments (PBR3®Bp digest)  of translation (Fig.LA). By 40 min post-shift, ¥SJmethionine ™

served as size markers. incorporation was reduced to 20% of the value at time zéro.
Translation persisted at this low rate for at least 2 h {Ap. =
RESULTS The distribution of pulse-labeled polypeptides was analyzedhy

SDS-PAGE. The polypeptide profile was unchanged W@n
Conditional inactivation of CEG1inhibits protein synthesis  wild-type CEG1 cells were shifted to 3T (Fig. 2). In contrast,
in vivo cegl-3and cegl-13cells experienced a progressive and nearly
global inhibition of polypeptide synthesis over 2 h &3Fig.2).
Yeast mMRNA guanylyltransferase is encoded by the essential
CEG1 gene. Although the guanylyltransferase activity of the,,nNA Jevels decline after inactivation oiCEG1
Cegl protein is required for cell viability, the specific roles played
by the RNA capin vivo are not fully known. We therefore Is the inhibition of protein synthesis in thegl-tsmutants at
undertook a phenotypic characterization of two mutasegt-3  non-permissive temperature a direct effect or merely an indirect
andcegl-13-both of which grow normally at 2%, but display  consequence of mMRNA destabilization? To address this question,
a tight growth arrest at 3. We focused first on protein RNA was isolated fromCEGJ, cegl-3 and cegl-13 cells
synthesis, the rationale being that translation is the final step in tharvested immediately prior to temperature-shift, and at 1, 2 and
expression of protein coding information and that any gros3 h after shift from 25 to 37C. Northern blots were probed for
defect in the processing, transport, translation or stability dRNAs derived from seven different protein-encoding genes:



Nucleic Acids Research, 1998, Vol. 26, No. 92045

CEGI cegl-3 cegl-13 CEGl cegl-3 cegl-13
i.lme | e— wevm— | re— ve——— r—— mer— |
(min) 0 2040 60120 0 20 40 60120 0 20 40 &0 120 012301230123
- FGK1 s s
- SESEERS =
- SESSEE - =
= = - = pre-CYH2
23 SESCQREEC Yz p-— .
- - - - -
— - =
IB- S8 !! - :
. SEEE g ACTI SRR [ ]
e e - - -
- e e ow W -
AKY2 —
- S8 888 - wrar— AR
.

L |

|
|

CUNE e w-- -

Figure 2. SDS—PAGE analysis of pulse-labeled polypeptides. Pulse-labeling of

CEG], cegl-3andcegl-13cells with P5S]methionine was initiated at the RPS1A w ]
indicated times post-shift to 3. Acid-insoluble material was denatured in

SDS and then electrophoresed through a 10% polyacrylamide gel containing

0.1% SDS. An autoradiogram of the dried gel is shown. The positions and sizes
(kDa) of co-electrophoresed marker polypeptides are indicated at the left. U3 h

PGK1, CYH2 ACT1 AKY2 HTAL, GCN4 and RP51A The

steady-state levels of all seven mRNAs were apparently unchanged

after wild-type CEGL1 cells were shifted to 3T (Fig. 3). In

contrast, the mRNA levels declined drasticallycagl-3and

cegl-13cells within 1 h of transfer to the non-permissive

temperature (Fig3). Figure 3. Effect of cegl-tsmutations on steady-state RNA leveBEG],
PGK1mRNA was quantitated by scanning northern blots usingeg1-3andcegl-13cells were grown in liquid culture at 25, then shifted to

a phosphorimagePGK1 mRNA in CEGlcells at 1, 2 and 3 h 37°C. Cells from the same culture were harvested prior to shift (time 0) anda
ost-shift was 108. 98 and 93% of the pre-shift level. In contrasll' 2 ar_1d 3 h after shift to 3C. Total RNA was_lsolated for northt_arn b_Iot _g

P . ! p dnalysis. The agarose gel was photographed with short wave UV illuminati@n

PGKImRNA incegl-3cells at 1, 2 and 3 h was 23, 10 and 8% (ottom panel) prior to transfer of the RNA to a membrane. Blots were probgH

of the pre-shift value. Itegl-13cells, thePGK1 transcript  for mRNAs derived fromPGK1, CYH2 ACT1 AKY2 HTAL GCNd4and &

decreased to 20, 8 and 4% of the initial value after 1, 2 and 3 h BP51Agenes and for U3 snRNA. Hybridizé#P-labeled probe was visualized 5

37°C. (The values cited are the averages of two separaf®y autoradiography of the membrane.

temperature-shift experiments.) Comparable declines occurred in

the other messages we analyzedcegl-3cells, the levels of pre.CYH2did not vary after the shift to 3T. Incegl-3cells, the &

specific MRNAs at 3 h post-shift (expressed as the percent of tfagels of precYH2 RNA remained constant for 3 h post-shifE

pre-shift value) were as followsKY2+ HTAL (18%); GCN4  despite the fact that the amount of maG¥2RNA deceased by&

(19%); matureCYH2(13%); ACT1(4%) andRP51A(16%). In nearly an order of magnitude (Fig). A similar pattern wasS

cegl-13cells, the 3 h mRNA levels (as percent of pre-shifppserved folCYH2 transcripts incegl-13 These results are not

values) were as followsAKY2 + HTAL (14%); GCN4 (3%);  consistent with simple inhibition of splicing. Transcripts ofAt¥1 =

Di)Je/leu/woo dno olwapeoe//:sdiy Woll papeojuMO(]

£€00206

matureCYH2(15%); ACT1(2%) andRP51A(5%). andRP51Agenes are also spliced in yeast; we detected no inciéase
in the unspliced precursors to these mRNAseml-3or cegl-13
Effects of CEG1inactivation on pre-mRNA splicing cells after shift to 37C. These findings argue that mutational eﬁe@s

on splicing are not a direct cause ofthgl-tsgrowth phenotype.
We reported previously that two othecegylalleles Y66Aand  Rather, it appears that global mRNA destabilization is the likely
C354Y conferred a pre-mRNA processingrig) phenotype, culprit.
characterized by an increase in the amount of unspliced
pre-mRNA after shift to non-permissive temperature and Bffect of CEG1inactivation on U3 RNA levels
decrease in the amount of mature mRNA) (Similar findings
were made by Fresco and Buratowskb)(for threecegl-ts The U1, U2, U3, U4 and U5 snRNAs are synthesized by yeast
alleles, one of which wag354YHowever, othecegl-tanutants RNA polymerase Il, but the mature snRNAs contain’'a 5
in their and our collections did not demonstrate an increase frimethylated cap structure, m2,2,7GpppN. Amphibian and
unspliced precursor at the restrictive temperature. This was theaman snRNAs cotranscriptionally acquire a standard m7G cap,
case for the two tight allelesegl-3 and cegl-13analyzed which is subsequently methylated by an AdoMet-dependent
presently (Fig.3). Low levels of unsplicecCYH2 RNA were  methyltransferase specific for snRNB§,81). U1, U2, U4 and
detectable by northern analysis @EG1 cells; abundance of U5 snRNAs are trimethylated in the cytoplasm and then
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Figure 4. Effect ofcegl-tsmutations on the accumulation ®8AlandSSA4
heat-shock mMRNASCEGY cegl-3andcegl-13cells grown in SC-Met at
25°C were shifted abruptly to 42. Cells from the same culture were
harvested prior to shift (time 0) and at 15, 30 and 60 min after shift't. 42
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Figure 5.XRN1deletion ameliorates the effecbefglmutations on heat-shock
induction of SSA4xrn1 CEGJ xrnl cegl-3andxrnl cegl-13cells grown at

25°C were shifted abruptly to 42. Cells from the same culture were
harvested prior to shift (time 0) and at 15, 30, 45 and 60 min after shift@ 42

RNA was isolated for northern blot analysis. The membrane was probed for RNA was isolated for northern blot analysis. The membrane was probed for
SSAdandSSAltranscripts. Hybridized2P-labeled probe was visualized by ~ SSA4andACTLtranscripts. Hybridized?P-labeled probe was visualized by =
autoradiography. autoradiography.

bes for northern analysis. TB8AlandSSA4probes did not
ss-hybridize (not shown).
.The SSA4transcript was undetectable@EG1cells at 25C,
L_Hlaccumulated to high levels 15-60 min after the shift t€42
ig. 4). The amounts dSA4MRNA detected icegl-3cells at =
, 30 and 60 min after heat shock were 2—4% of the wild-t§pe
vels (Fig4). SSA4mMRNA levels ircegl-13cells at 15, 30 anda
60 min after heat shock were 3, 17 and 7% of the respe(_%ive
wild-type values. 2
SSAIlis 96% identical at the nucleotide leveB®A2Hence, the &
SSAlprobe detects botlsSAland SSA2mRNAs. SSAlis
expressed under non-stress conditions, but is induced

transported back into the nucleus, whereas U3 snRNA is retain%rgg
in the nucleus and undergoes trimethylation th&. (The
pathway of U snRNA capping in yeast has not been define
however, we presume that the same enzymes that cap and
methylate mMRNA also form the initial m7G cap on snRNAs. W
found previously that the steady-state levels of U1, U4 and
snRNAs remained essentially constant for up to 4 hadtgk-ts
mutantsyY66AandC354Ywere shifted to 37C (24).

In the present study df allelescegl-3and cegl-13 we
extended this analysis to U3 snRNBaccharomyceserevisiae
has two U3 geneSNR17/ndSNR178, both of which contain

MRNA-type introns3). U3 SnRNA levels did not change when heat-shock, whered8SA2is expressed constitutively3q). We

wild-type CEG1cells were shifted from 25 to 3C. Incegl1-3 : : ’
cells, the U3 level was unperturbed at 1 h post-shift, but declin%0 served thaBSAIMRNA in CEGLcells was increased 9-fold

by 3 h post-shift to 50% of the pre-shift level (Bj.In ceg1-137 post-shift (Fig.4). There was no increase BSATMRNA in

cells, U3 levels were fairly stable over a 3 h after shift 37 1o ohockedegl-3cells above the basal level; indeed, S8A1
(Fig. 3). We conclude that inactivation of Cegl elicited a Spec'f'(FnRNA level decreased after heat shock cégl—ls célls a
decline in the steady-state level of MRNAs, which have half'liveﬁansient increase BSATNRNA Was observéd at 30 min \;vhicfg’

on the order of 5-45 min in yea&9], and had only a modest - :
: ) was severely attenuated with respect to the wild-type responsesWe
eff\(/avcé[ o?othc?sf\t/ﬁzl; g;gs(’;‘r'g‘;s\gmcggﬁ :)I(et:?er};elyoztaul E.VFQS surmise that inactivation of Cegl prevents the accumulatiorizof
prop P newly synthesized Hsp70 transcripts. 2

pre-shift is the sequela of: (i) normal turnover of capped mMRNAS

that had been synthesized pre-shift and (ii) accelerated decay .

uncapped transcripts synthesized after inactivation of Cegt@t 37 E%ect of XRN1 deletion on thecegIRNA phenotype 9
The yeast protein Xrnl is & &xoribonuclease that hydrolyzes

uncapped RNAs to '5nucleoside monophosphates. Cappgd
RNAs are protected from digestidsg]. Evidence points to Xrn1g
In order to focus on transcripts that were synthesized at tfas the enzyme responsible for exonucleolytic digestion of yéast
non-permissive temperature, we sought to simultaneously inactivateRNAs that have undergone enzymatic decappingivo £

y wouJj papeoju

wo

gfter

e/

ap
min after heat-shock, and remained at this level up to 60 min

/050¢/6/9

01sanb A

Effect of ceglmutations on newly transcribed mRNAs

N
Cegl and to turn on transcription of previously quiescent geng89-41). We reasoned that if the failure to mount an effectiVe

This was accomplished by abruptly shifteeglcells from 25to transcriptional response to heat shock were caused by rapid
42°C rather than 37C. Eukaryotic cells subjected to42heat turnover of newly synthesized transcripts lacking a blocking cap
shock respond by rapidly redirecting their synthetic machinery tguanylate (as opposed to some direct effect of Cegl inactivation
produce a set of evolutionarily conserved heat-shock proteims transcription), then the RNA phenotype might be corrected by
(34,35). We examined the induction of heat-shock mRNAs derivedisruption of theXRN1gene.

from SSAJandSSA4enesSSAlandSSAZ%ncode Hsp70 proteins.  We observed that the effects ofgl mutations on the
They display 82% identity at the amino acid level and 67% identityeat-shock mMRNA response were indeed ameliorated in cells
at the nucleotide leveBg). To discriminate the transcripts derived lacking Xrnl. Abrupt shift from 25 to 4Z elicited a strong
from theSSAlandSSA4enes, we PCR-amplified 338 and 359 bpaccumulation o5SA4MRNA in xrnl ceglcells at 15-60 min
fragments encoding non-conserved carboxyl regions of the Sspdst-shift, i.e. to levels that were 50-60% of those in heat-
(amino acids 529—-640) and Ssa4 (amino acids 523—-641) proteiaBpckedkrn1l CEG1 cells (Fig.5). As a control, we probed the
respectively. These fragments were used as templates to prepsame blot for actin mMRNA. THECT 1transcript was present prior
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Figure 6. Primer extension analysis suggests 8@#\4ranscripts induced in - .- Py -

xrnlceglcell are uncappedrnl CEGlandxrnlcegl-3cells grown at 25C
were shifted abruptly to 4Z. Cells were harvested immediately prior to 1o
(time 0) and 15, 30 and 45 min after heat shock, as noted above the lanes. Primer

extension reaction products were analyzed by PAGE. The cDNAs synthesized

on RNA template fromrn1 CEG1cells were 1 ntlonger than the cDNA made o
on RNA fromxrnl cegl-3cells (arrows at right).

Probes KNase protection

to heat shock, but its level declined significanthyGBEG1 and
ceglcells after the shift to 4Z. (The decrease ACT1IMRNA
was also observed in heat-shocR€gN1 cells; not shown.) Figure 7. SSAdtranscripts induced irrn1 ceglcells contain poly(A). Cells

; _Avicti ; wn at 25C were shifted abruptly to 4Z. Aliquots from the same culture -
Disappearance of pre-existing yeast transcripts after heat Sh09‘§re harvested prior to shift (time 0) and at 15, 30, 45 and 60 min after shif'go
>0

was noted preV'QUSIy and attributed to reduce_d transcription O%Z"C, as specified above the lanes. Pol§(RNA was isolated for RNase
the mRNAs during the stress respon$g).(Unlike Yost and  protection analysis. RNase digests and aliquots of the antisense probes \were
Lindquist @2), we did not detect an increase in unspliced actirresolved by PAGE. An autoradiogram of the gel is shown. The leftmost lafte
pre-mRNA after heat shock (Fif). (This was also the case in contains analiquot ofthe pTObimi’;“riuseld in the F:j“’tﬁ“i‘;‘ asiaysite g
. anking two lanes contain the’ Probe alone and the' Hrobe alone.
heat-shockeRN1 Ce"S') The reas_ons for th'? difference are RNasegresistant fragments of tHeaBd 5 probes protected from digestion by o
unclear, but may be a function of different strain backgrounds. ssaRNA are denoted by arrows to the right of the gel. The positions and sizes

(nt) of co-electrophoresed DNA markers are also indicated on the right.
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xrnl ceglcells accumulate uncapped poly(A)mRNA
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/

The cap status @SA4MRNA synthesized inrnl CEGland  mixture of a radiolabeled 198 nt probe complementary to &5
xrnlceglcells was analyzed by primer extension. Davison andegment of th&SA4mRNA and a 205 nt probe complementagy
Moss showed that the presence of eap promotes the addition to a 3 segment (Fig7). No RNase-resistant fragments wegg
of an extra 3 nucleotide during cDNA synthesis by reverseobserved prior to heat shock. However, poly(/RNA from 2
transcriptase; hence, primer extension products formed dmat-shockedrnl CEG1cells protected two fragments: @2 nt
otherwise identical cappeersusuncapped transcripts differ in fragment from the 'Jorobe and anll37 nt species derived froms
size by one nucleotid&®). In the experiment shown in Figue  the 3 probe (Fig.7). The sizes of the protected fragments wefe
a 3%P-labeled 18mer oligonucleotide complementary to theonsistent with the length of the antisense portions of the proiges.
translation start site 8SA4mRNA was annealed to total RNA [The assignment of the’' fand 3 protected fragments wass
isolated fromxrnl CEG1 cells and extended with reverse confirmed by control RNase protection assays in which poty(
transcriptase. No primer extension product was made in reactioRBIA was annealed separately to each probe rather thando a
containing RNA from cells harvested prior to heat shockmixture of the probes.] Poly(A)SSA4transcripts were induced2
However, a discrete cDNA product with an apparent chain length xrnl cegl1-13cells to nearly the same levels asinl CEG1
of 73 nucleotides (nt) was synthesized on template RNA isolateglls (Fig.7). Similar results were obtained with poly(ARNA
from heat-shocked cells (Fig). Trace levels of a second from heat-shockerrnl cegl-3cells (not shown).
extension product, shorter by one nucleotide step, were also
formed. This experiment maps theebid of theSSAranscript  glimination of Xm1 does not bypass the requirement for
to the same position reported by Boorstein and C&fj The Cegl for cell growth
salient finding was that the cDNA formed on RNA isolated from
heat-shockedrnl cegl-3cells was 1 nt shorter (lower arrow in We surmise from the suppressive effectsrafl deletion on the
Fig. 6). The most reasonable and likely explanation for thiseglRNA phenotype that the mRNA decrement accompanying
difference is thaBSA4AmMRNA synthesized iceglcells at the Cegl inactivation is the result of enhanced turnover of newly
non-permissive temperature lacks @&p. The observation that made uncapped transcripts, which is mediated, in a large part, by
virtually all of the SSA4AmRNA present 15 min after shift to Xrnl. Although disruption oKRN1is not lethalxrnl cells are
restrictive temperature is uncapped attests to the rapid inactivatislow-growing and accumulate mRNA and rRNA processing
of the mutant Ceg1-3 protein vivo. xrnl cegl-13cells also intermediates that are normally not found in wild-type cells
accumulated predominantly uncapfg®i4ranscripts at 15 min  (39,40,43). We reasoned that if the cap structure served only to
post-heat-shock (not shown). protect MRNAs from digestion by Xrnl, then aml gene

We prepared poly(&) RNA from xml CEG1 and xrnl  disruption might suppress the lethal phenotype oégil null
cegl-13cells harvested prior to, and 15, 30, 45 and 60 min aftemutation. We found that Axrn1 Aceglstrain carrying &EN
heat shock. The presence $BA4transcripts in the poly(A) URA3CEG1plasmid could not grow on 5-FOA. We conclude
RNA fraction was then assayed by RNase protection usingthat the lethality of\ceglmutants is not Xrnl-dependent.

0T/6/9¢/®
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To test ifxrn1 deletion would mitigate the ts growth phenotype(49). At least 90% of the Xrn1l is localized in the cytoplag®) (
of theceglmutants, th&xrnlceglandAxrn1CEG1strains were and its actioin vivois believed to be restricted to the cytoplasmic
tested for growth at 25, 30, 34 and’@7in parallel withXRN1  compartment50). Hsp70 transcripts are selectively transported
strains. We observed th&trn1 CEG1cells were unable to from and accumulate in the cytoplasm after heat sHgbkKlence, we
colonies at 37C, i.e. thexrnl deletion wags itself in this strain  suspect that Hsp70 transcripts synthesizedcdgl cells at
background (not shown). Moreover, the growthcefi1-3and  restrictive temperature are turned over by Xrnl in the cytoplasm.
cegl-1ells at semi-permissive temperatures was slowed rathghis does not exclude a contribution of nuclear RNA decay to the
than improved by deletion afn1 (not shown), suggesting that: ceg1RNA phenotype (discussed below). Future experiments to
(i) the pleiotropic negative effects xin1 disruption overrode any address this question will be contingent on the trapping of
potential salutary effects on the stability of uncapped mRNA ifincapped Hsp70 mRNA degradation intermediates, e.g. by
cegl-tscells and/or (i) stabilized mRNAs lacking a cap guanylatgnserting a stable secondary structure that arrests exonuclease
and a methyl group were still not capable of supporting cell growtiction ¢1) and localizing the decay intermediates within the cell.

Cap functionin vivo is clearly not limited to the protection of
DISCUSSION mRNAs from digestion by Xrn1, insofar asxanl gene disruption
did not suppress the lethal phenotype cégldeletion. Uncapped

This study provides genetic evidence that the cap structuneRNAs that are stable in thenl background wuld presumably &
protects mMRNA from untimely degradation. Current models ofiot be translated efficiently enough to sustain cell growh.
mRNA decay in yeast posit that 8eadenylation precedes Uncapped poly(A) mRNA is translated15% as well as cappe0§l
enzymatic removal of the cap, which then exposes the naked gmaly(A)* mRNA in yeast extract$p). 2
to 5 exonuclease actiod@41). mRNA can also be degraded The steady-state level of Hsp70 mRNA in heat-shozketl
without prior deadenylation; this occurs during acceleratedeglcells was 50-60% of the level xin1 CEG1cells. Thus,
turnover of MRNAs containing premature translation stop codon&ni might not be the only nuclease contributing to dbgl
(nonsense-mediated decay) and in y@adtl strains bearing RNA phenotype. Yeast cells contain a secomxéribonuclease, =
mutations in the poly(A) binding protein4-46). In these cases, Rat1, which is structurally related to Xrnd8(53,54). Because §
too, it is envisioned that decapping precedes RNA degradatiagheRAT1gene is essential (unlikRNJ) (53,54), its contribution &
Consistent with this idea, it has been found that mutations Wthb theceglphenotype cannot be tested by Simp|e gene disrupgon
inactivate a component of the yeast decapping enzyme resultifacegibackground. Ratl protein localizes to the nudteuiso 2
an increase in MRNA half-lifel(). _ _ and its function is normally restricted to the nuclear compartmént

Our studies suggest that the deadenylation—-decapping pathway) A conditionalratl mutant is not complemented BRN1 S
!s short—cjrcuitegi wh(_en the yeast RNA guanylyltransferase Cegﬂ/erexpressiors@, yet it can be rescued when the Xrnl prot@?n
is genetically inactivated. Steady-state mRNA levels drog; targeted artificially to the nucleusd). Conversely, disruptions

precipitously after shift otegl-tsmutants to the restrictive ot e Rat1 nuclear localization signal allows cytoplasmic RatBto
temperature. As mentioned above, we presume that this reflegts e the pleiotropic phenotypes resulting from deletion—of

the compined effect; of the ‘normal’ decay of cappgd transcrip;gRNl(E)o)_ A conditionalratl mutant exhibits a 5.8S ribosomab
made prior to the shift plus acc_:elerated exonuc!eolytlc degradatl A processing defect and accumulates poly(A) in the nuciBus
of uncapped MRNAs synthesized after the shift. We believe th 3). Itis not known if Ratl plays any role in nuclear mMRNA decay.

:PaensgiApt%meg?/tygﬁlf E%Ilfn?llésraléen ?It Ct?gssgsz}iiggiaeﬁlgn O studies ofceg1 conditional mutants presented here and By
were capable of synthesizifgSA4mRNA from a regulated Fresco and BuratowskR%) underscore that polyadenylation @

promoter that was quiescent at permissive temperature aéocerewsms not contingent on capping of the nascent pre-mRNA.

activated at the restrictive temperature. Primer extension analy: 9 ”ﬁ‘h“.e ar;ﬁ ctolleag:JSeAS re;;:sgtl_y arrlvedta;c thelsa:jne c:)rtlcgmn
indicates that transcription initiation occurs accuratelyrirl y showing that yea m IS accurately polyadenylatedy
ceglcells at restrictive temperature but apparently not capped, when itis transcribed ir@hstrain 7

H 5

The steady-state levels of Hsp70 mRNAs were very low iRy RNA polymerasg | |.nstead of RNA polymerasesin)( N
heat-shockedeglcells. This and other technical obstacles make Prévious studies indicated that soceglalleles conferred a.,
it difficult to measure Hsp70 mRNA half-life reglcells using Pré-MRNA processing phenotype at the restrictive temperatire,
standard methodologies 1) because: (i) the strategy of following S€€n as an increase in the level of unspliced pre-mRNAs and a
mRNA decay by measuring steady-state transcript levels aft@gcrease in the abundance of mature spliced RNA2Y). o
arresting transcription by a ts version of RNA polymerase Il i§€cause uncapped transcripts were detected in the precursor anc
obviously not suitable for analysis of RNA metabolism undefature species, itwas surmised that the cap cannot be required for
restrictive conditions in tseglmutants and (ii) the approach of yeast splicindn vivo (25). We found that the cap structure also
following RNA decay after addition of transcription inhibitors Plays no discernible role in yeast pre-mRNA splicing/itro
(thiolutin or 1,10 phenanthroline) is not applicable to studying24).- Based on theegl phenotype noted previously, it was
heat-shock RNAs, because both drugs actually induce, rather titggested that the cap enhances splicingvo (24,25). The
block, the heat-shock respongg)( The finding that Hsp70 RNA identification of a subunit of the nuclear cap binding complex
levels were restored ixrnl ceglcells implicates Xrnl in the (Mud13/CBP20) in a genetic screen for synthetic lethality with a
degradation of newly transcribed mRNAs that never receivedwable U1 snRNA mutation lends further support to a connection
5' cap. Xrnl is regarded as the principal enzyme responsible foetween the cap and splicing in yeasb)( The fact that
exonucleolytic digestion of cytoplasmic mRNAs that haveMud13/CBP20 is non-essential for growfb) underscores the
undergone deadenylation and enzymatic decap@fgd{). point that the cap and cap-binding complex may enhance, but are
Xrnl constitutes 0.2-0.3% of the total soluble protein in yeastot required for, yeast splicing vivo.

sdpy wouy p



The present findings suggest that the conditional lethality df7
cegl-3and cegl-13is not caused by defective pre-mRNA
splicingper se but rather by global decline in mRNA levels and
aresulting decrease in protein synthesis. We notecegat3and 19
cegl-1Xells did not exhibit a general increase in the steady-state
level of unspliced precursors; however, they did show a#P
increased ratio of pr€YH2to matureCYH2after shift to restrictive
temperature. The level of p@¢¥H2remained unchanged even after
3 h at 37C. This could result if a modest reduction in the
efficiency of splicing of uncapped p@¥H2RNAs at 37Cis 23
offset by a modestly increased rate of MH2decay. Mature gg
CYH2 declines precipitously ircegl-3 and cegl-13 cells, 5
presumably because uncapped matOH?2 is degraded by
cytoplasmic Xrnl. 27

In summary, our findings provide genetic evidence that the cazp
protects mMRNARN vivo from untimely decay catalyzed by Xrnl. 8
In the absence of Xrntgglcells accumulate accurately initiated ,q
uncapped transcripts that contain poly(A). A positive role for the
cap in yeast pre-mRNA splicing remains plausible. Additiona$0
roles for the cap in yeast RNA metabolism may be revealed b
genetic analysis of the other essential enzymatic components™of
the capping apparatus—the methyltransferase Abdl and the
triphosphatase Cet1.
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