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ABSTRACT

The decay rates of eukaryotic transcripts can be
determined by sequence elements within an mRNA.
One example of this phenomenon is the rapid
degradation of the yeast MAT ol mRNA, which is
promoted by a 65 nt segment of its coding region
termed the MAT a1 instability element (MIE). The MIE is
also capable of destabilizing the stable PGK1 transcript.
To determine how the MIE accelerates mRNA turnover
we examined the mechanism of degradation of the
MAT a1 transcript. These experiments indicated that the
MATal mRNA was degraded by a deadenylation-
dependent decapping reaction which exposed the
transcriptto 5 ' 3’ exonucleolytic digestion. Deletion of
the MIE from the MAT al mRNA decreased the rate at
which this mMRNA was decapped. In contrast, insertion
of the MIE into the PGKZ1 transcript caused an increase
in the rate of deadenylation of the resulting chimeric
MRNA. These observations suggest that the MIE
promotes rapid mRNA decay by increasing the rates of
deadenylation and decapping, with its primary effect on
MRNA turnover depending on additional features of a
given transcript. These results also strengthen the
hypothesis that deadenylation-dependent decapping is

a common pathway of mRNA decay in yeast and
indicate that an instability element within the coding
region of an mRNA can effect nucleolytic events that
occur at both the 5 '- and 3'-ends of an mRNA.

INTRODUCTION

see2-4). In a few cases experimental evidence has suggested
possible mechanisms by which ‘instability’ elements may function
to promote mRNA decay. For example, portions of the mammalian
cfos MRNA 3-UTR and coding region and thel3TR of the
yeast MFA2 transcript appear to promote mRNA turnover by
increasing rates of deadenylatiGr11). Alternatively, sequence
elements within several other transcripts from higher eukaryotes
promote mRNA turnover by functioning as specific endonuclease
cleavage sitesl@-16). However, further study of many of these
instability elements has been limited in the absence of either a
useful genetic approach or a knowledge of the complete mRNA
turnover pathway.

The simple eukaryot8accharomyceserevisiaeprovides an
excellent system for determining how sequence elements
influence MRNA degradation. Several different mechanisms of
MRNA decay have been extensively characterized in yeast,
including deadenylation-dependent decapping, deadenylation-
independent decapping and-%' pathways of mMRNA decay
(8,17-19). Knowledge of these different mechanisms of
degradation allows analysis of whether instability elements
promote mMRNA degradation through these established pathways
or through other pathways of decay. In addition, the powerful
genetic tools available in yeast should facilitate the identification
and subsequent analysist@nsacting factors that mediate the
effects of sequence elements influencing mMRNA decay.

One well-defined instability element from yeast is a 65 nt
segment of the MAG1 mRNA coding region, termed the
MAT a1 instability element (MIE). The MIE is both necessary for
rapid turnover of the MAG1 transcript g = 3.5 min) and
sufficient to accelerate decay of the stable PGK1 transgtipt (
Several observations suggest that the ability of this element to
stimulate MRNA degradation is dependent on translation. The

The rate at which an mRNA decays influences both its steady-stMéE is located in the coding region of the M&T mRNA and

level and the time required for a maximal change in its levétanslation up to or through this element is required for it to
following a change in its rate of synthesis (for a discussiof) see promote rapid mMRNA decag1,22). Furthermore, this element
Given this influence, knowledge of how the decay rates afontains a run of several rare codons in tf88t which, while
individual mRNAs are specified is critical to understanding theinable to promote decay themselves, stimulate decay mediated
control of gene expression. A basis for differences in mRNA decéy the 3 32 nt Q0). Thus, translation and rapid mRNA
rates has come from a set of observations indicating that mRNi&gradation mediated by this element may be linked through
half-lives are influenced by discrete sequences within mRNAs thabosomal pausing at a specific region on the mRRO\ Given
serve to either destabilize or stabilize transcripts. Such sequenttesse observations, determining how the MIE functions as an
have been identified in théBntranslated regions (UTRs), coding instability element is likely to provide insight into how mRNA
regions and '3UTRs of various eukaryotic mMRNAs (for reviews translation and decay are coupled.
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Figure 1. Deadenylation precedes degradation of the MAMRNA. Shown are transcriptional pulse-chase experiments examining decayAdfMi#Ag (i1 and

(B) MMPpG mRNAs. Minutes following transcription repression are shown above and poly(A) tail lengths are shown to the left of each panel. In these and all subsec
figures, poly(A) tail lengths were determined by comparison with the oligo(dT)-treated samples and size standards (see Materials and Methods and data not st
Schematic representations of each RNA species are shown to the right of each panel. Shaded regions repiesequdf®Es and open regions represent PGK1
sequences. Hash-marked areas marked with pG show the location of the poly(G) insertion. (B insert) Shown is 3-fold more RNA from the 6 min time point from
either plus (6dT) or minus (6) treatment with RNase H and oligo(dT). Poly(A) tail lengths on and a schematic of the decay intermediate are shown to the right o
panel. The probes used to detect the MATranscript in (A) was a random primed DI$&d—Hindlll fragment which spans the MAT 3-UTR. The probe used

to detect the MMPpG transcripts in (B) and (B insert) wasead-labeled oligonucleotide (0RP121) complementary to the poly(G) tract respectively (see Materials
and Methods).§) Graph depicting the deadenylation and degradation of thextAfd MMPpG mRNAs in transcriptional pulse-chase experiments. The upper two
curves represent the decay of thg MATal and (J) MMPpG mRNAs. The lower two curves represent the lengths of the shortest poly(A) tails@pN#T (@1

and @) MMPpG mRNAs. Each data point is the average of multiple experiments. In these experiments differences in RNA levels resulting from unequal handlin
samples were controlled for by stripping blots and reprobing with an oligonucleotide probe complementary to the ScR1 transcript as described (8).

In this work we analyzed how the MIE stimulates decay of bot T 172 {min.}
the MATal and PGK1 mRNAs. These studies indicate that th e
MIE influences decay of the MATL mRNA by increasing the Wild Type _ C IR l—l'" 3508

rate at which this mMRNA is decapped and stimulates turnover
the PGK1 transcript by increasing its rate of deadenylation. Thi

an instability element located in the coding region of an mRN; L8 a0 1210 28 ¥ 50
can influence nucleolytic events that occur at both tharsl — ®rnia “- LN
3'-ends of mMRNAs. Knowledge of how the MIE affects mMRNA
turnover will allow future studies of the specifransacting
factors that mediate the effects of this instability element. 0 3 6 912 15 20 50 &0
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Figure 2. Degradation of the MAT1 mRNA in cells lacking either tHé€RN1

: : ; ; ; or DCP1gene productsA() Decay of the MABi1 mRNA from steady-state
In the experiments described in Figutes ands the yeast strain in wild-type, xrn1A anddcplA cells (see Materials and Methods). Relevant

used Was yRP582 (MAT I’pbl—-l _ura3'52 I_eu2-3 112_ 8)- The genotypes of the strains are shown to the left, minutes following transcription
plasmids contained in this strain in the various experiments were &fression are shown above and half-lives are shown to the right of each panel.
follows: Figurel, either pRP631 (pGAL-MAG1; 20) or pRP702  Strains used in this study were yRP6&&n14), yRP1108 dcpld) and
(PGAL-MMPpG; see below); Figur8, either pRP633 (pGAL- YRP1117 (wild-type, see Materials and Methods). Differences in RNA levels
MAT a1 A1_82‘33? 20)- or pRP703 (pG AL-MMPp®182‘33? see {ssthlletl?ggl;rg?tgnégﬂg dellng of samples were controlled for as described
below); Figure5, either pRP139 (pGALdP.0; see below),

pRP141 (pGAL-BP.201-351; see below) or pRP142 (pGAL-

PaP.201-266; see below). pRP139, 141 and 142 are identicalltt?, trpl-Al, lys2-201 dcpl:URA3 23) and yRP1117 (MAG,
plasmids BP.0, R(P.201-266 andd®P.201-351 (describeddf)),  rpbl-1, ura3-52 leu2-3 112. These yeast strains contained
except that in each case the chimeric genes have been placed upldasmid pRP704 (see below) in the experiments shown in RAgure
the regulation of the GAL1 UAS. Yeast strains examined iand plasmid pRP744 (see below) in the experiments shown in
Figures2 and4 were yRP689 (MAg, rpbl-1, ura3-52 leu2-3  Figure4. pRP704 contains the MAT gene under the control of
112 xrn1::URA3 17), yRP1108 (MA®, rpb1-1, ura3-52 leu2-3  the GAL1 UAS and pRP744 contains the MATA82-339gene

—= 95105

MATERIALS AND METHODS

Strains and media
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Figure 3.Deletion of the MIE slows mRNA degradation following deadenylat
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Minules following transcription reprasaion

ion. Shown are transcriptional pulse-chase experiments examining decay of tt

(A) MAT 01.A189-33%nd B) MMPpG A189-339mRNAs. Poly(A) tail lengths and schematics of each mRNA are shown to the left of the panels. As before, shadec
regions represent MAT1 sequences, open regions represent PGK1 sequences and the hash-marked region marked with pG shows the location of the poly(G) inse
Probes used to detect the MATA189-33%nd MMPpGA189-339mRNAs were as described in FigureQ) Graph depicting deadenylation and degradation of the

MAT a1.A189-33%nd MMPpGA189-33mRNAs in transcriptional pulse-chase experiments. The upper two curves represent decay) MAfex( A189-33%nd

(0) MMPpG A189-339mRNAs. The lower two curves represent the lengths of the shortest poly(A) tails @) AT a1.A18%-33%nd @) MMPpG A189-339

mRNASs. Each data point is the average of multiple experiments. Differences in RNA levels resulting from unequal handling of samples were controlled for as desc

in the legend to Figure 1.
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nzyme andBglll linkers (New England Biolabs #1001) were

ligated to the blunt ends. The construct was then digesteBghith
and ligated to oRP126 and 127-@ATCTAGGAATTTGG-

GGGGGGGGGGGGGGGGAATTCCT-aand 5-GATCAGGA-

ATTCCCCCCCCCCCCCCCCCCAAATTCCT- A-B=spectively;
8). A construct containing a single oRP126/127 insertion was
then cut withBglll, filled with Klenow enzyme and cut with

BanHI. A resulting fragment containing th&3TR of PGK1

Wild Typa — D010
0 3 & & 1215 20 30 60

Sl TT LT T T U bt
O 3 & 313 15 20 30 &)

Sl T TT T TTT T gl

and vector sequences was ligated to(nkb BanHI-Scd
fragment from pRP631 (pGAL-MATL; 20) which contained the
MAT al 5-UTR, coding region and first 35 nt of tHelBTR. The

resulting construct was digested wiBlanH! and EcaRl and

Figure 4. Degradation of the MAT1.A189-339mRNA in cells lacking either

the XRN1or DCP1gene productsA) Decay of the MAT1.A189-339mRNA

from steady-state in wild-typeqnlA and dcplA cells (see Materials and
Methods). Relevant genotypes of the strains are shown to the left, minutel

D

ligated to aril750 ntBanHI-EcdRI fragment from pRP631 that
contained the GAL1 UAS, creating pRP702 (pGAL-MMPpG).

RP703 (pGAL-MMPpQ@\182-33§ was constructed in an ident-

following transcription repression are shown above and half-lives are shown técal manner to pRP702 except thatBlaeHI-Scd fragment was
the right of each panel. Differences in RNA levels resulting from unequalisolated from pRP633 (pGAL-MAT1.A182-339 see2() instead

handling of samples were controlled for as described in the legend to Figure %y

under the control of the GAL1 UAS. Decay of the MATand ’

MAT a1.A182-339mRNAs were determined following a simulta-

f pRP631.
To allow selection of plasmids carrying the pGAL-M&ATand
GAL-MAT a1.A182-339 genes in yRP689, yRP1108 and

yRP1117, plasmids pRP704 and pRP744 were constructed. The
LEU2gene was first isolated omNarl (filled)—HindlIll fragment

neous shift from 24 to 3€ and glucose repression as describegng ligated to pRP633 which had been digestedNith filled
elsewhere 0). Appropriate selections were used to maintaifyith Klenow enzyme and digested witHindlll, creating

plasmids introduced by transformation. p

Plasmid constructions

RP744. The resulting plasmid was digested ®ahH| and

Hindlll and the fragment containing vector and GAL1 UAS

sequences was ligated toBanmHI-Hindlll fragment from

pRP702 (pGAL-NMppG) construction. pRP129, which containp
the entire PGK1 gene, was digested @ith, filled with Klenow

RP631 that contained MAT 5-UTR, coding region and

3'-UTR sequences, creating pRP704.
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RNA methodology

Transcription repression and RNA isolation, quantification and
standardization were performed as described previa@Iwith

the following exception. RNA levels in Northern blots performed
in strains yRP1108 and 1117 were quantified using a Phosphori-
mager (Molecular Dynamics) instead of a Betascope (Betagen).
Transcriptional pulse-chase experiments were performed as
described previously8). Where mentioned, rates of poly(A)
shortening were determined by measuring the change in length
with time of the shortest mMRNA species in total poly(A)

B.
PedP 201-35 Aes populations. Where mentioned, rates of degradation following
— deadenylation were determined by measuring loss of total MRNA
Ag m. -
2 4 10 1

A. DET 0 2 A4 8 10 16 30 30 40 &0
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with time once decay commenced in transcriptional pulse-chase
experiments. In Figured and 3 the MATol, MMPpG,

MAT 01.A182-339 gand MMPpGA182-339 mRNAs were cleaved
with RNase H and an oligonucleotide, oRP57AEI TTG-
TCCGCGTGCCAT-3, which is complementary to nt 367—-383 of
the coding region of the MAX1 transcript, prior to loading on the
gel. The probe used to detect the MATand MATa1.A182-339
MRNASs in Figured—4 was a random primesica—Hindlll DNA
fragment that spanned the MAT 3-UTR. The probe used to
detect the MMPpG and MMPp®:82-333mRNAs in Figureg and

3 (except where specifically noted; see text) wasemd-labeled
oligonucleotide, oRP121 '(BATTCCCCCCCCCCCCCCCC-
CCA-3), which is complementary to the poly(G) tract within these
D. MRNASs. In Figurel the RIP.0 mRNA was cleaved 190 nt upstream
of its major 3-end with RNase H and an oligonucleotide, oRP26
(5-TCTATCGATCTACTCGAGGATCT-3), which spans the junc-

100 & tion between the PGK1 coding region artdBR, prior to loading

on the gel. The ¢P.201-266 and dP.201-351 mRNAs were
cleaved 187 and 272 nt upstream of their majen8s respectively
with RNase H and an oligonucleotide, oRP233BCGAAACT-
GAGTATTTTGACTTCCAGACGCTATCC-3, which is comple-
mentary to MATI1 sequences present in both of these chimeric
transcripts, prior to loading on the gel. The probe used to detect the
PaP.0, RIP.201-266 and dP.201-351 mMRNAs was a
5'-end-labeled oligonucleotide, oORP25TSAGCGTAAAGGAT -
GGGG-3), which is complementary to a region within the PGK1
3UTR.

C.
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RESULTS

1

T T T T T T

cw 29 R R 889 S0 R g 8 Deadenylation precedes decay of the MATL transcript

. . - .
inutes following transciptian repression In order to understand how the MIE accelerates decay of the

MAT al transcript it was necessary to first define the pathway

through which the MA®1 mRNA is degraded. Deadenylation is
Figure 5. The MIE increases the rate of deadenylation of PGK1 mRNA. Shownthe first step in the decay of several yeast and mammalian
are trz%”sczrgjéioé‘)a' p“';g'cgase e’;‘ae)”me”és exami”i“%decay #the (' transcripts,8,10,11,24). To determine if deadenylation was the
PaP.201-266, B) PaP.201-351 an PaP.0 mRNAs. These mRNAs . S .
contain 65 (the MIE), 150 (the MIE and an additional ‘8&t3and O nt of the first step In the_ decay of ,the _MA—I[ mMRNA ,W(f." examined the
MATal mRNA fused in-frame to the PGK1 transcript (see 20). Minutes turnover of this transcript in a transcriptional pulse-chase
following transcription repression are shown above and poly(A) tail lengths aexperiment $) In a transcrlptlonal pulse-chase, transcription
well as schematics of the mRNAs to the left of each panel. Shaded areggom a GAL1-regulated gene is induced by shifting cells growing

represent MAGi1 sequences and open regions represent PGK1 sequences; ; [ : : P
schematics are not drawn to scal®) Graph depicting deadenylation and ih raffinose containing medium to medium containing galactose.

degradation of thed®.201-266, #P.201-351 anddP.0 mRNAs mRNAsin  Following a brief induction (8 min) transcription is rapidly shut
transcriptional pulse-chase experiments. The upper three curves represedff by simultaneous glucose repression and thermal inactivation
Idecay t\?vf thel(]) PGF’-201—2f?HEG)I Palih201f—t?%5hnhd (?) Ft’dF’.IO (rR)Rtl\l?S-[; };tﬁ ( of atemperature-sensitive allele of RNA polymerase Il. The short
ower two curves represent the lengths of the shortest poly(A) tails e ; ;

PaP.201-266,@) PoP.201-351 angk) PaP.0 mRNAs. Each data pointis the perllod fOf MRNA syntr;]gsrl]s creatis a gynchronous{ljy fprOC:)UCﬁd
average of multiple experiments. Differences in RNA levels resulting from pool o tra_nscrlpts whic Can_ then e_ m_omtore Qr ot h
unequal handling of samples were controlled for as described in the legend @€adenylation and decay following transcription repression. This
Figure 1. technique has proven useful for the study of mMRNAs which are
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Table 1.Rates of deadenylation and degradation of mMRNAs examined

MRNA stran®  Stoadystate  Length of Deadenyiation Approximate hat-ife
haltite™  oligo(A) tail® rate®™ following deadenylation™™

MATod WidType 25x05 174 g9+3 41

MAT oA xmiA 95405

MATo depla 1522

MATl.A182-332 WildType  9.0%1 1326 8513 91

MATo1.4182-339 xmiA 1475+ 1.75

MATer1.A182-339 depla 1576+ 16

MMPpG Wild Type  25:05 612 13+ 2 25+05

MMPpG.A182-339  wild Type 61 10+2 102 5x1

PoP.201-266 Wild Type  10£0.5 13£1 605 32:7

PuP.201-351 Wild Type 1005 1M1 71 26t4

PoP.0 Wild Type  29%1 101 305 325

aStrain designations are as follows; yRP1117 (Wild type), yRPG8A%), yRP1108 (dcpd).

bSteady-state half-lives in minutes as determined previously, or in this study (see text and Materials and Methods.

CLength of the shortest poly(A) tails in nucleotides at the time when decay of the body of the transcript started.

dChange in the length of the shortest poly(A) tails with time until oligo(A) length poly(A) tails were attained, expressed in nucleotides per minute.
emRNA decay rates following the initial temporal lag in transcriptional pulse-chase experiments, expressed in minutes.

degraded by both deadenylation-dependent and deadenylatiohblocking exonucleasés vitro (25-27), into the yeast MFA2
independent mechanisnt31(7-19). If deadenylation precedes and PGK1 mRNAs results in the accumulation of decay
decay of the MA@ transcript then there should be a temporaintermediates that arise frorh-53' digestion of these transcripts
lag prior to decay of the body of this mMRNA corresponding to thg3,17,19,28). In transcriptional pulse-chase experiments examin-
time required to shorten its poly(A) tail){ whereas no such lag ing the decay of the MFA2 and PGK1 mRNAS,3' decay
should be observed if this MRNA degrades through a deadenyilstermediates were produced only following deadenylation of the
tion-independent pathway of mMRNA dec&y. ( full-length transcripts and had oligo(A) length poly(A) tails,

A transcriptional pulse-chase experiment examining the decaydicating that deadenylation preceded deddy Thus, the
of the MATal mRNA is shown in FigurelA. The key timing of production and length of poly(A) tails dn-33' decay
observation is that there was a lag of 4 min prior to decay of tirdermediates can be used to determine whether deadenylation
MAT a1l mRNA following transcription repression. During this precedes the decay of an mRNA.
lag the poly(A) tail of this mMRNA was shortened to an oligo(A) A transcriptional pulse-chase experiment examining the
length of 17+ 4 nt (Fig.1C and Tablel), as determined by MMPpG mRNA is shown in Figur&B. Several observations
comparing the lengths of the shortest poly(A) tailed species in tegongly suggest that deadenylation precedes the decay of the
total population to an mRNA sample that had been treated withMPpG mRNA. First, decay of the MMPpG mRNA com-
RNase H and oligo(dT) to remove the poly(A) tail (0dT lane) anthenced 3t 1 min following transcription repression, during
size standards (data not shown). Shortening of this mMRNA withihich time the poly(A) tail was shortened to an oligo(A) length
time was due to loss of the poly(A) tail rather than trimming obf 6 + 2 nt (Fig.1C and Tablel, determined as in Fid.A).
the transcript from the'&nd, since the MAT1 mRNA was Second, concomitant with decay of the full-length mRNA a
cleaved 342 nt'%of the major 3end prior to loading on the gel mMRNA species corresponding in size to a MMPpG decay
by treatment with RNase H and an oligonucleotide (see Materiatfgermediate trimmed to thé-8ide of the poly(G) insertion began
and Methods) and therefore had commbartls. It should be to accumulate (FiglB). This mMRNA species could be detected
noted that because the MAT transcript was predominantly with an oligonucleotide probe complementary to a region 40 nt
polyadenylated at two closely spacéeRds precise measure- 3' of the poly(G) insertion, but not with a probe complementary
ments of poly(A) tail lengths were difficult to obtain [lengths ofto a region 42 nt'5of the poly(G) insertion (data not shown),
the shortest poly(A) tails were determined from the shorter of thiedicating that it was shortened either to, or very near to, the
two ends]. However, the fact that the MAT transcript did not  5'-end of the poly(G) tract. This mRNA species also showed a
become a substrate for decay until the poly(A) tails of some of tipeecursor—product relationship with the full-length mRNA, as it
total transcripts had shortened to an oligo(A) length suggests tfiast appeared at 4 min and reached maximum levels at 6—-10 min
deadenylation precedes degradation of the body of theaAT following transcription repression. These observations strongly
MRNA. suggest that this mMRNA species was a decay intermediate of the

To further investigate whether deadenylation precedes decayfoli-length mRNA. Importantly, this mRNA species had only a
the MATal mRNA a poly(G) tract was introduced into theshort poly(A) tail as determined by treatment with RNase H and
MAT a1l mRNA. This was accomplished by replacingtid BR  oligo(dT) (Fig.1B, inset), indicating that it was produced from
of the MATal mRNA with the 3UTR of the PGK1 mRNA, deadenylated full-length transcripts. We interpreted these ob-
which also contains a poly(G) tract, creating a chimeric mRNAervations to indicate that decay of the MMPpG mRNA occurs
termed MMPpGtf» = 2.5+ 0.5 min; Tablel). Insertion of a only after the poly(A) tail of the mMRNA has been shortened to an
poly(G) tract, which forms a stable secondary structure capatiégo(A) length.
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The MAT a1l mRNA is decapped and degraded in a The MIE increases the rate at which the MATI1
5'- 3 direction transcript degrades following deadenylation

) ) ) ) Given the mechanism of MATL mRNA degradation it is likely

The previous observation that-53' _degay mtermed_lates are that the MIE stimulates decay of the MAT transcript by
generated from the MMPpG mRNA indicated that this MRNA isncreasing either the rate at which this mRNA is deadenylated or
degraded via's. 3' exonucleolytic digestion. However, it could degraded following deadenylation. To investigate these possibi-
not be determined whethet-53' digestion of this MRNA was |ities we compared the rates of both deadenylation and degrada-
initiated following endonucleolytic cleavage within the body of thgjon following deadenylation of mMRNAs containing and lacking
mMRNA or following decapping of the mRNA by cleavage near ithe MIE using the transcriptional pulse-chase technique. The first
5'-end, as has been observed for the MFA2 and PGK1 mRNA$ two mRNA pairs examined was the MAT transcript and a
(17,19). One useful method for determining whether a transcrigimilar transcript termed MATLA82-339 which contains an
is degraded by decapping and/dr-8' digestion is to take in.frame deletion of the MIE and an additional 74 afhe MIE
advantage of mutants impaired in their capacity to either decap(gf;, = 9 min; Tablel; 20). The additional 74 nt were included in
exonucleolytically digest MRNAs. For instance, stabilization of gjs deletion because this region of the mRNA contains sequences
transcript in a mutant strain unable to decap MRNAs woulghat are functionally redundant to the MIE and can therefore
indicate that the mRNA was degraded through a mechanismrtially compensate for its l0s20j. The second pair examined
involving decapping. In yeast, decapping of many mRNAs igas the MMPpG mRNA (FigiB) and a similar transcript,
carried out by the product of tHeCP1 gene £3). Following  termed MMPpGAL82-339t,= 6 min; Tablé; see Materials and
decapping, 5- 3' digestion of many mRNAs is performed by thepethods), which contains a coding region deletion identical to
product of theXRN1gene, which encodes a major cytoplasmighat described for the MATLAL82-339mRNA.
5'- 3 exonuclease2(-31). To determine whether the MAT Transcriptional  pulse-chase expetiments examining the
transcript is degraded by decapping and subsequen8 5 AT q1.A182-339and MMPpGAL82-339mMRNAS are shown in
exonucleolytic digestion, the half-life of this MRNA was examinegtigure3A and B. In both cases deletion of the MIE decreased the
in xrn1A anddcplA yeast strains (see Materials and Methods). degradation rate of the oligo(A) form of the mRNA relative to

To measure the half-life of the MATL MRNA, wild typexrnlA  mRNAs containing the MIE, but did not greatly affect rates of
anddcplA yeast strains, which also containedrfifiel-1mutation,  deadenylation. The MAT1.A82-33%ranscript was deadenylated
a temperature-sensitive lesion in the gene encoding RNA polymey-a rate of 8.% 3 nt/min, very similar to the rate determined for
ase Il, were grown at 2€ to mid-log phase in medium which the MATa1 transcript (9+ 3 nt/min; Fig.1C and Tablel).
contained a mixture of 2% galactose and 2% sucrose to indyggwever, the approximate half-life of the MAT.A182-339
production of the MA&1 mRNA from a plasmid carryinga GAL1 mRNA following deadenylation wast91 min, as opposed tat4
UAS-regUlated MAG1 gene. RNA was then isolated at VariOUS]_ min for the MATL mMRNA (Tab|e]_ and compare F|g$C
times following a block to transcription imposed by simultaneousgnd3c). In addition, while the deadenylation rates of the
ly shifting cells from 24 to 3&C and adding glucose to the mediumpMPpG A182-339and MMPpG mRNAs were similar (10 2
(see Materials and Methods). In good agreement with previoygrsus 13 1 nt/min respectively; Tablg, the MMPpGA182-339
measurements2(), the MATal transcript degraded with a mRNA degraded 2-fold more slowly following deadenylation than
half-life of 3.5+ 0.5 min in the wild-type strain (Fig). In contrast,  did the MMPpG transcript (Tabld. These results indicate that the
this mRNAW&S stabilizeld3- and 4-fold ||')(rn1Aa.ndde]A cells MIE primar”y effects degradation of the MAT mRNA by
respectively (Figz and Tablel). The fact that the MATL MRNA  accelerating the rate at which this mMRNA was degraded following
was stabilized in yeast mutants impaired in their ability to eithefeadenylation.
decap or exonucleolytically degrade mRNAs in-a3 direction
following decapping argued strongly that the MATMRNA is ; ;
degraded by decapping and subsequént35 exonucleolytic The MIE stimulates decapping of the MATa1 mRNA
digestion. The MIE could stimulate degradation of the MAT mMRNA

It should be noted that the M&T mMRNA was stabilized to a following deadenylation by increasing the rates of decapping
greater extent in thécplA than thexrn1A strain (15 versus 9.5 and/or 5- 3' exonucleolytic digestion. To distinguish between
min). One likely reason as to why this difference exists is théhese possibilities we again took advantage ofdtpA and
there may be additional 53" exonucleases that can partially xrnlA mutant strains, which are impaired in their capacity to
compensate for the loss of Xrnlp, but no additional decappimtgcap and exonucleolytically digest mRNAs respectively
activities that can compensate for the loss of Dcplp. Support {dr7,23,30,34). If an instability element stimulates mMRNA decay
this model comes from several observations. The PGK1 mRN4gy increasing the rate of a particular nucleolytic event, then the
is subject to low levels of 5 3' digestion even in the absence ofeffect of that element on mRNA degradation should be lost in the
Xrnlp, indicating that there are addition&l.-3' exonucleases absence of the protein that performs the nucleolytic event. For
that can degrade mRNA&g19). Furthermore, a secont-53'  instance, if the MIE increased the rate of decapping then the
exonuclease encoded by RATYHKEL gene has been identi- MATal and MATa1A182-339mRNAs should degrade at the
fied, although the role of this exonuclease in mMRNA degradati@ame rate in the absence of Dcplp. Alternatively, if the MIE
is unclear $2,33). In contrast, in the absence of Dcplp there aricreased the rate of 53' exonucleolytic digestion then the
no detectable'5. 3' decay intermediates produced from either thdAT al and MATa1.A182-339mRNAs should degrade at the
MFA2 or PGK1 transcripts, suggesting that there are no additior&me rate in axrnlA strain.
decapping proteins2g). Moreover, no biochemically similar ~ The half-life of the MATI1.A182-339mRNA was determined
decapping activities are detected in cell-free extracts generatadvild-type,xrnl1A anddcplA yeast as previously described for
from dcplA yeast £3). the MATal mRNA. In close agreement with previous results
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(20), the MATa1.A182-339%transcript was more stable in the mRNA can effect nucleolytic events that occur at both'treng
wild-type strain than was the MATL mRNA, degrading with a 3'-ends of an mMRNA (see below).

half-life of 9 as compared with 3.5 min (compare Rigand4).

Similarly, in thexrn1A strain the MABLAI82-339RNA was  pISCUSSION

stabilized relative to the MATL mRNA, degrading with a

half-life of 14.75+ 1.75 as compared with %¥5.5 min (Fig2  The MAT al mRNA is degraded by

and4). The fact that the MAT1 mRNA was stabilized following deadenylation-dependent mRNA decapping

removal of the MIE in th&rnlA strain indicates that the MIE

does not stimulate mRNA degradation by increasing the rate §\P’O observations strongly suggest that deadenylation precedes
5.3 decay performed by Xmlp. In contrast, the egradation of the MAT1 transcript. First, in transcriptional

MAT a1.A182-339and MATal mRNAs degraded with similar pulse—chase expgrimen'gs de_cay of this mRNA_occurred following
half-lives in wild-type andicplA strains (15.7% 1.6 and 15 2 an[ min lag during which time the poly(A) tails of some of the

; el i MRNA were shortened to an oligo(A) length (Fig. and C).
min respectively; Fig& and4). Thus, the MIE has no effect on Iy
degradation of the MAT1 mRNA in the absence of Dcplp, Second, decay products arising from the MMPpPG mMRNA

indicating that it stimulates mRNA degradation by increasing tHaPPeared only once the poly(A) tails of some of the full-length
rate of %’IRNA decapping. Based gn these gbservation% NA had been shortened to an oligo(A) length. Furthermore,

conclude that the MIE increases the rate at which thedNAT these decay products had short poly(A) tails, indicating that they

mRNA degrades following deadenylation by stimulating the ratf¢ generated from only oligoadenylated full-length mRNA

. . ; ig. 1B and C).
atwhich this mRNA is decapped. Direct examination of decay of the MAT mRNA in yeast

mutants lacking either the major decapping or® exonuclease
The MIE can increase the rate of deadenylation of the activities indicated that this mRNA is degraded by decapping and
PGK1 transcript 5'- 3 exonucleolytic digestion, since the M&T transcript was

stabilized roughly 4- and 3-fold respectivelglaplA andxrnlA
In addition to being necessary for rapid decay of the /AT mutants (Fig.2). These data, coupled with the previously
transcript the MIE has also been shown to be sufficient t@entioned evidence for deadenylation preceding the decay of the
accelerate turnover of the otherwise stable PGK1 transcriftAT a1l mRNA, strongly support a model in which the MAT
(20,21). To determine how the MIE decreases the half-life of thenRNA is largely degraded by a deadenylation-dependent
PGK1 mRNA, transcriptional pulse-chase experiments exami@lecapping mechanism. Since the yeast MFA2 and PGK1
ing the rates of deadenylation and degradation followinganscripts are also degraded through this pathway of mRNA
deadenylation of various PGK1/MAT chimeric nRNAs were  decay 8,17,19) and many additional transcripts are stabilized in
performed. MRNAs examined were@f?201-265, ®P.201-351  eitherdcplA orxrnlA strains £3,30,34), it is very likely that this

and RiP.0, which are composed of 65 (the MIE), 150 (the MIEs a common pathway of mRNA decay in yeast.
and the following 385 nt) and 0 nt of MAGI1 respectively,

inserted in-frame within the PGK1 coding regi@f)( In good
agreement with previous measurements, these transcripts
grade with half-lives of 10, 10 and 29.5 min respectively in the
yeast strains used in this study (Tahl&0). Our evidence suggests that the MIE can accelerate transcript
Transcriptional pulse-chase experiments examining decay @égradation by stimulating the rates of either deadenylation or
the RiP.201-265, &P.201-351 and dP.0 mRNAs indicated mRNA decay following deadenylation. However, the primary
that the MIE increased the rate at which the PGK1 mRNA waaffect of the MIE on mRNA turnover depends on the mRNA in
deadenylated (FidhA—C). The RIP.201-265 anddP.201-351 which it is contained. For instance, the MIE caused a 2-fold
MRNAs deadenylated with rates cf 6.5 and & 1 nt/min (Fig.  increase in the rate at which the MATand MMPpG mRNAs
5D and Tablel). In contrast, the dP.0 mMRNA deadenylated at are decapped (compare FI¥S and3C). That the MIE affects
a rate of 3+ 0.5 nt/min, >2-fold more slowly than the decapping rather than-53' exonucleolytic degradation of these
PaP.201-265 anddP.201-351 mRNAs (FigD and Tablel).  mRNAs comes from the observation that the MAR182-339
Following deadenylation no significant differences in the rates @ind the MATH1 mRNAs decay with similar kinetics in the
decay of these mMRNAs were observed (B). However, it absence of Dcplp (Fid), whereas the MAT1 A182-33SmRNA
could not be concluded that the MIE did not influence the rate Btmore stable than the MAL transcript in the absence of Xrnlp
which the PGK1 mRNA was degraded following deadenylatiofFig. 4). Thus, the MIE accelerates decay of the MATand
due to the fact that the decay rates measured for the oligo(MPpG mRNAs by increasing the rate at which they are
forms of the BP.201-265 andd®.201-351 mRNAs (32 and 26 decapped. In contrast, the MIE accelerated degradation of the
min respectively; Tablé) were greater than the overall decayPGK1 transcript by increasing the rate at which it is deadenylated
rates measured for these mMRNAs at steady-state. These diffe2-fold (Fig.5).
ences are likely to reflect differences in the rates at which theseNhy might the primary effect of the MIE on mRNA decay be
mRNAs are decapped under the experimental conditiomependent on the mRNA in which it is located? One possibility
employed in steady-state versus transcriptional pulse-chasethat additional sequences within an mRNA may either
experiments. Ultimately, based on the clear differences in tletagonize or, alternatively, be redundant to certain functions of
rates of poly(A) shortening between these mRNAs, we concludee MIE. For instance, given that the MoKT mRNA becomes
that the MIE increases the rate of decay of the PGK1 transcripily moderately stablé;(, = 9 min) following a deletion of the
at least in part, by increasing the rate at which it is deadenylatddIE it is possible that the MAT1 transcript contains multiple
Thus an instability element located in the coding region of anstability elements. These additional elements may stimulate

The MIE stimulates mMRNA degradation by affecting
lltiple steps in decay
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deadenylation to the same extent as does the MIE. Thus, remadadjradation following deadenylation. In one view, sequence
of the MIE from the mMRNA would expose only the function thaelements may often contain overlapping, but separate, elements
most contributed to degradation of the MATtranscript, namely that influence different steps in mRNA degradation. Support for
the stimulation of decapping. In contrast, the MIE may not affethis model comes from the observation that specific point
decapping of the PGK1 mRNA due to additional features of thautations in the AUUUA motif and/or accompanying U-rich
PGK1 mRNA that specifically slow decapping. Support for thisegion from the unstablefos mMRNA affect the ability of this
hypothesis comes from the observation that then@ of the instability element to influence either deadenylation or mRNA
MFA2 mRNA, which is capable of stimulating both deadenyladegradation following deadenylatiof,¥). Similarly, specific
tion and decapping of the MFA2 mRNA)( affects only mutationsinthe'3JTR of the yeast MFA2 mRNA can primarily
deadenylation of the PGK1 mRNA&)( affect the ability of this portion of the mRNA to stimulate either
deadenylation or decapping (

A second model is based on observations that suggest an
interaction between thé-fnd 3-termini of an mRNA may be
central to the control of MRNA decay. These observations include

Several observations strongly suggest that stimulation of mRNAe fact that the poly(A) tail—Pab1p complex serves as an inhibitor
deadenylation and decapping by the MIE is coupled to i€f MRNA decappingd7) and that sequences in thé38'R of the
translation. The MIE is located in the coding region of the /AT MFA2 mRNA can influence mRNA decay following deadenyla-
mRNA. This location is critical to its function as an instabilitytion (7). In this model a mRNP structure involving thednd
element, since translation up to or through this element is requirdgends of an mRNA would control rates of both deadenylation
for it to promote decay of both the PGK21( and MATal  and decapping. This mRNP structure would in turn be influenced
transcripts #2). Lastly, the important feature of the33 nt of the Dy signals received from specific elements within an mRNA, such
MIE are a run of rare codons which stimulate decay mediated by @@ the MIE, and respond by changing rates of deadenylation,
downstream 32 nt2(). These observations, coupled with workdecapping or both. In this view the mRNP structure would serve
presented in this manuscript, suggest a model as to how the MfEiNtegrate the specific inputs received from different elements
functions as an instability element in which ribosomes are requirddthin an mRNA. In addition, because the mRNP structure
to pause at a run of rare codons positioned just upstream of spe@fi€cts both deadenylation and decapping, the specific elements
sequences that in turn serve to stimulate mRNA degradation #at influence it would be capable of influencing both of these
increasing the rates of either mMRNA deadenylation or decappirRjocesses. This model is attractive because it provides an
How translation and mRNA deadenylation and decapping can B&planation for how sequences located in the coding region of an
coupled is unclear (see below), however, there are several additidhgNA are able to influence nucleolytic events at both'trsn8
examples of translation affecting mRNA deadenylation. Deadenyld-ends of an mRNA, since the element need only affect a central
tion, but not degradation following deadenylation, of the unstab@RNP structure rather than the actual nucleolytic events
mammalian enyc mRNA is slowed when cells are treated withthemselves. Ultimately, identification of the spedims-acting
translation inhibitors 35). Similarly, insertion of a hairpin that factors that mediate the effects of instability elements and
blocks translation igisinto the 5UTR of an mRNA destabilized determination of whether these factors directly or indirectly
by the presence of thef@scoding region determinant of instability impact the deadenylation and decapping machinery will facilitate
(CRDI) negates the rapid deadenylation promoted by this eleméft understanding of how the decay of individual mRNA
(36). Thus the coupling of translation and mRNA deadenylatioRalf-lives is controlled.

may be common to many eukaryotic transcripts. Determining how

this coupling is achieved will increase our understanding of mMRNA
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