
MOLECULAR AND CELLULAR BIOLOGY, Apr. 1995, p. 2145–2156 Vol. 15, No. 4
0270-7306/95/$04.0010
Copyright q 1995, American Society for Microbiology

Turnover Mechanisms of the Stable Yeast PGK1 mRNA
DENISE MUHLRAD, CAROLYN J. DECKER, AND ROY PARKER*

Department of Molecular and Cellular Biology, Howard Hughes Medical Institute,
University of Arizona, Tucson, Arizona 85721

Received 30 September 1994/Returned for modification 10 November 1994/Accepted 13 January 1995

The first step in the decay of several yeast mRNAs is the shortening of the poly(A) tail, which for the MFA2
transcript triggers decapping and 5*-to-3* degradation. To understand the basis for differences in mRNA decay
rates, it is important to determine if deadenylation-dependent decapping is specific to the unstable MFA2
transcript or is a general mechanism of mRNA degradation. To this end, we analyzed the turnover of the stable
PGK1 mRNA by monitoring the decay of a pulse of newly synthesized transcripts while using two strategies to
trap decay intermediates. First, we used strains deleted for the XRN1 gene, which encodes a major 5*-to-3*
exonuclease in Saccharomyces cerevisiae. In xrn1D cells, PGK1 transcripts lacking the 5* cap structure and a few
nucleotides at the 5* end were detected after deadenylation. Second, we inserted into the PGK1 5* untranslated
region strong RNA secondary structures, which can slow exonucleolytic digestion and thereby trap decay
intermediates. These secondary structures led to the accumulation of PGK1 mRNA fragments, following
deadenylation, trimmed from the 5* end to the site of the secondary structure. The insertion of strong
secondary structures into the 5* untranslated region also inhibited translation of the mRNA and greatly
stimulated the decay of the PGK1 transcripts, suggesting that translation of the PGK1 mRNA is required for
its normally slow rate of decay. These results suggest that one mechanism of degradation of the PGK1
transcript is deadenylation followed by decapping and subsequent 5*-to-3* exonucleolytic degradation. In
addition, by blocking the 5*-to-3* degradation process, we observed PGK1 mRNA fragments that are consistent
with a 3*-to-5* pathway of mRNA turnover that is slightly slower than the decapping/5*-to-3* decay pathway.
These observations indicate that there are multiple mechanisms by which an individual transcript can be
degraded following deadenylation.

Inherent differences between the decay rates of mRNAs, as
well as regulated changes in the rates of decay of individual
transcripts, can significantly affect the level of gene expression
in eukaryotes. To understand how these differences in mRNA
decay rates are produced and regulated, it is critical to define
the mechanisms of mRNA degradation. It is now clear that
there are several different mechanisms of mRNA turnover in
eukaryotic cells (for a review, see reference 11). One major
mechanism of mRNA decay, observed for eukaryotes as di-
verse as mammals and yeasts, is initiated by the cytoplasmic
shortening of the poly(A) tail (4, 10, 19, 23, 31, 32, 36). How
deadenylation leads to degradation of the transcript body has
recently been determined for the unstable yeast MFA2 tran-
script. For this mRNA, deadenylation triggers a decapping
reaction, which in turn exposes the entire length of the tran-
script to 59-to-39 exonucleolytic degradation (22).
The approach used to determine the mechanism of MFA2

mRNA degradation was to monitor the decay of a pulse of
newly synthesized transcripts while blocking 59-to-39 exonu-
cleolytic degradation. We previously described a method using
the carbon source regulation of the yeast GAL1 upstream
activating sequence (UAS) to rapidly induce, and then quickly
repress, transcription of a yeast gene (10). This type of exper-
iment, referred to as a transcriptional pulse-chase, creates a
pulse of transcripts whose decay can be examined during the
following chase, thus allowing the determination of precursor-
product relationships. By blocking the exonucleolytic decay
process, and by determining the structures of mRNA frag-
ments that showed a precursor-product relationship with the
full-length mRNA, it was possible to define the steps following
deadenylation.

Two different blocks to 59-to-39 degradation were used in the
analysis of the MFA2 transcript. First, a poly(G) tract was
inserted into the MFA2 59 untranslated region (UTR). The
poly(G) tract is able to stall yeast exonucleases, presumably by
forming an extremely stable secondary structure (35, 41), and
thereby trap decay intermediates (10, 34). Following deadeny-
lation, fragments of the MFA2 mRNA trimmed from the 59
end to the site of the poly(G) insertion accumulated as full-
length mRNA levels decreased. The second strategy used was
to examine the decay of the MFA2 mRNA in a yeast strain
lacking a major 59-to-39 exonuclease encoded by the XRN1
gene (20). In this strain, theMFA2mRNA is significantly more
stable following deadenylation and accumulates as full-length,
decapped transcripts (22). Both of these results indicate that
deadenylation of the MFA2 mRNA leads to the removal of its
59 cap structure (decapping), exposing the transcript to 59-to-39
digestion by the XRN1 exonuclease.
Since the poly(A) tail and the cap structure are found on

essentially all mRNAs, this pathway could be a general mech-
anism for the decay of many transcripts in yeasts and poten-
tially other eukaryotes. To determine if this deadenylation-
dependent decapping pathway is common to stable and
unstable mRNAs, we examined the decay of a stable yeast
mRNA. We chose to analyze the PGK1 transcript for several
reasons. First, this transcript is known to require deadenylation
for decay (10). Second, when a poly(G) tract is inserted into
the PGK1 39 UTR, a mRNA fragment corresponding to the 39
end of the PGK1 mRNA accumulates after deadenylation,
suggesting that this mRNA is also subject to 59-to-39 degrada-
tion (10, 34). Finally, since the PGK1mRNA is one of the most
stable yeast mRNAs, if this mRNA is degraded by the same
pathway as the unstable MFA2 transcript, then these studies
should provide a mechanistic basis for understanding the dif-
ferences in mRNA decay rates.* Corresponding author.
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To examine how the PGK1 transcript was degraded follow-
ing deadenylation, we utilized the same two strategies to trap
decay intermediates used previously in the analysis of the
MFA2 mRNA. The results from the analysis of the PGK1
mRNA indicated that there are at least two mechanisms by
which this transcript can be degraded following deadenylation.
One mechanism of degradation was a process in which de-
adenylation led to decapping of the PGK1 mRNA followed by
59-to-39 exonucleolytic degradation. Thus, this mechanism ap-
pears to be a general decay pathway common to both stable
and unstable transcripts, potentially regulated by both cis- and
trans-acting factors. In addition, we obtained evidence which
suggests the PGK1 mRNA can also be degraded in a 39-to-59
direction, thus indicating that there are multiple mechanisms
by which an mRNA can be degraded following deadenylation.

MATERIALS AND METHODS

Yeast strains and medium. The Saccharomyces cerevisiae strains used for
analysis were wild-type strain yRP582 (MATa rpb1-1 ura3-52 leu2) and the
isogenic xrn1D strain yRP689 (MATa rpb1-1 ura3-52 leu2 XRN1D::URA3). The
yeast strains were transformed by standard techniques, and plasmids were main-
tained by growth in selective medium.
mRNA analysis. Steady-state mRNA experiments were performed as de-

scribed previously (5). Briefly, cells were grown to mid-log phase in galactose
medium, harvested, and shifted to dextrose medium at 368C to inhibit transcrip-
tion from the RNA polymerase II mutation rpb1-1, with an aliquot removed at
each time point.
Transcriptional pulse-chase experiments used to track a synchronous pool of

mRNAs were done as previously described (10, 22). Briefly, cells were grown to
mid-log phase in medium containing raffinose, harvested, resuspended in me-
dium containing galactose to induce the transcripts, and then shifted to 368C in
the presence of dextrose to shut off transcription.
mRNA was isolated as described previously (5). RNase H and polyacrylamide

Northern (RNA) assays were done with 10 mg of RNA as previously described
(23). Northern assay results were quantitated on a Betascope and standardized
to values for scR1, an RNA polymerase III transcript (13).
Immunoprecipitations were performed on 10 mg of RNA as described previ-

ously (22, 39), using anti-m7G antibodies produced by T. W. Munns (25).
Primer extensions using 20 mg of mRNA and oligonucleotide oRP95 (59-

GATCAATTCGTCGTCGTCGAATAAAGAAGACAA-39) were done accord-
ing to standard protocols with Superscript-RT (GibcoBRL).
RNase protection assays were performed as described previously (22), using

plasmid pRP597, a pGEM-4Z vector containing the 59 end of the pGPGK1
construct spanning from the PvuI site 250 bases 59 of the mRNA start site to the
KpnI site 550 bases into the coding region. This plasmid was linearized with
BamHI (at the PvuI site in the clone) and transcribed with T7 RNA polymerase
and [a-32P]UTP to produce uniformly labeled antisense RNA. Digestions of 10
mg of total mRNA were done with RNase One (Promega) as instructed by the
manufacturer.
Liquid b-galactosidase assays were done on constructs containing fusions of

the PGK1 gene to the lacZ coding region (see below for plasmid constructions).
Cells expressing these fusion constructs were grown in medium containing ga-
lactose, harvested, and lysed, and then the resulting supernatants were assayed
for b-galactosidase activity as previously described (3). Translation rates were
determined by assigning the wild-type fusion a value of 100% and then calcu-
lating the relative rates of the other constructs.
Plasmids. The plasmid template used for site-directed mutagenesis of PGK1

was created by subcloning the 59 portion of PGK1 from the BamHI-to-XbaI sites
of pRP170 (14) into the BamHI and XbaI polylinker sites of the pun70 vector
(12). The BglII site found within the vector sequence of pun70 was filled in with
Klenow fragment to yield plasmid pRP520.
Site-directed mutagenesis, performed by standard techniques (23), was used to

introduce two different BglII sites into this partial PGK1 construct. The first,
referred to as B27, was created with oligonucleotide oRP130 (59-CATTGTTTT
TAGATCTGTTGTAAAAAG-39), placing the start of the BglII site 27 bases
into the 59 UTR to give plasmid pRP524. The second site created, B55, used
oligonucleotide oRP148 (59-TGGACAGAGATGTTTGAAG-39) located 55
bases into the mRNA within the coding region of the transcript to give plasmid
pRP599. Several insertions into the BglII sites of plasmids pRP524 and pRP599
were made and verified by sequencing. The inserted sequences are neutral tag
(59-GATCTTGTCTTCTTTATTCGACGACGACGAATT-39), tetraloop (59-
GATCCCGCGGTTCGCCGCGG-39), poly(G), (59-GATCTAGGAATTTGGG
GGGGGGGGGGGGGGGAATTCCT-39), and the complementary sequence
yielding poly(C). The PGK1 portion containing the inserted sequences were then
moved by subcloning the BamHI-to-XbaI fragment into the BamHI and XbaI
sites of several vectors, all of which contain the PGK1 gene behind the GAL1
UAS and the URA3 gene. The vector plasmids were pRP170, which has an inert

oligonucleotide insertion in the 39 UTR described previously (14); pRP469 (10),
containing a 18-nucleotide poly(G) insertion in the 39 UTR of PGK1; and
pRP552, containing the same 39 poly(G) insertion and a LEU2 gene (24). The
only insertion into the pRP170 vector was the poly(G) into the B27 site, giving
plasmid pGPGK1-pRP545. Insertions into the pRP469 vector are as follows: the
poly(G) into the B27 site, giving pGPGK1pG-pRP546; the stem-loop oligonu-
cleotide into the B27 site, giving SLPGK1pG-pRP543; the B27 site with no
insert, giving B27PGK1pG-pRP549; and the tagging oligonucleotide into the
B55 site, giving B55T and B55TPGK1pG-pRP602. Two insertions into the
URA3/LEU2 vector pRP552 were B27poly(G)–pGPGK1pG-pRP619 and B55
Tag–B55TPGK1pG-pRP603.
The plasmid used to create a riboprobe specific for the 59 end of the transcript

was pRP620, which contains the 59 end of the B55TPGK1N103 transcript (24)
from the PvuI site 59 of the gene to the KpnI site within the coding region
inserted into the pGEM-4Z vector (Promega). Digestion with EcoRI and tran-
scription with T7 RNA polymerase and [a-32P]UTP produced uniformly labeled
complementary RNA.
PGK1-lacZ fusion constructs were made by fusing in frame the modified 59

PGK1 portions described above from the BamHI site to the 59-most SalI site, 725
bases into the PGK1 coding region, into the vector pRP186 (3). This vector
contains the lacZ coding region from pRP186 with an XhoI linker introduced at
the 59 end and an XbaI site introduced at the 39 end. The transcription termi-
nator of the PGK1 gene is connected to the lacZ XbaI site by an XbaI linker
inserted at the BglII site in the PGK1 39 UTR. The fusion proteins and plasmids
constructed are as follows: PGK1-Z, pRP556; B27PGK1-Z, pRP557;
B27CPGK1-Z, pRP560; B27pGPGK1-Z, pRP559; B27TPGK1-Z, pRP613; and
B27SLPGK1-Z, pRP558.

RESULTS

Analysis of the decay of the PGK1mRNA in an xrn1D strain.
In the first experiment performed to determine the step fol-
lowing poly(A) tail shortening of the PGK1 mRNA, we exam-
ined the decay of transcripts in strains lacking the major yeast
59-to-39 exonuclease XRN1. If the XRN1 gene product, Xrn1p,
also functions in the degradation of the PGK1 mRNA, then an
xrn1D strain should accumulate the products of the nucleolytic
cleavage which follows deadenylation.
To determine if the deletion of the XRN1 gene had any

effect on the overall half-life of the transcript, we measured the
decay rate of the PGK1 transcript in an xrn1D strain. To detect
decay products that arise by 59-to-39 degradation, we examined
the decay of a PGK1 transcript containing a poly(G) tract in its
39 UTR (termed PGK1pG) which was previously shown not to
affect the half-life of the mRNA (10). The wild-type and iso-
genic xrn1D strains expressing the PGK1pG transcript under
control of the GAL1 UAS were grown in media containing
galactose as a carbon source to mid-log phase at 248C (steady-
state conditions). Since these strains also carry a temperature-
sensitive RNA polymerase II allele (rpb1-1), transcription was
repressed by the addition of glucose and simultaneously shift-
ing to 368C (5). As has been reported previously for the endo-
genous PGK1 mRNA (20), the xrn1D mutation has essentially
no effect on the decay rate in the full-length PGK1pG mRNA
(Fig. 1) compared with the rate in an isogenic wild-type strain.
However, the amount of the decay intermediate corresponding
to the 39 portion of the PGK1 mRNA stabilized by the poly(G)
tract in the 39 UTR was reduced from approximately 30% of
the total mRNA at 0 min in the wild-type cells to ,5% in the
xrn1D cells (Fig. 1, lower band in each panel). This result
suggests that the XRN1 nuclease normally produces this decay
intermediate. However, digestion by Xrn1p must not be a
rate-limiting step in PGK1 mRNA decay since the xrn1D mu-
tation did not affect the half-life of the full-length mRNA (see
below and Discussion). It should be noted that since we can
detect some of the 39 poly(G) decay fragment in the xrn1D
strain on long exposures (data not shown; see also Fig. 7),
there is another 59-to-39 exonuclease that can substitute, albeit
inefficiently, for Xrn1p (24).
To observe the mechanism of decay of the PGK1pG mRNA

in xrn1D cells more thoroughly, we performed a transcriptional
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pulse-chase by using the GAL1 UAS to transcribe the
PGK1pG mRNA for a brief period of time (10). If deadeny-
lation triggers decapping of the PGK1 transcript, then we
would expect to detect transcripts lacking the cap structure in
the xrn1D strain. Alternatively, if deadenylation leads to endo-
nucleolytic cleavage as has been suggested previously (34),
then the initial products of that endonucleolytic cleavage event
should accumulate. To allow the 59 end of the PGK1pG tran-
script to be distinguished from endogenous PGK1 transcripts,
we inserted an oligonucleotide near its 59 end (referred to as
B55T; see Materials and Methods). This insertion has no effect
on mRNA decay (reference 24 and data not shown).
Examination of the B55TPGK1pG transcripts from a tran-

scriptional pulse-chase in an xrn1D strain (Fig. 2A) indicated
that these PGK1 transcripts remain full length, within the res-
olution of an agarose Northern gel. This observation suggests
that any cleavage events that occurred after deadenylation
made only minor changes (,100 bases) to the overall size of
the PGK1 mRNA and therefore are likely to be near the
transcript’s termini.
To examine the 39 end and the poly(A) tail of the PGK1pG

transcripts, we cleaved the mRNA near the 39 end with an
oligonucleotide and RNase H and analyzed these cleavage
products on an acrylamide northern gel. The deadenylation
rates are similar in the wild-type and xrn1D strains (Fig. 2B).
As in the analysis of the mRNA at steady state (Fig. 1), the
amount of mRNA fragment stabilized by the poly(G) insertion
in the 39 UTR is substantially reduced in the xrn1D cells and
can be observed only on overexposed autoradiograms (data
not shown).
We determined if the PGK1 mRNA is decapped following

deadenylation by examining the 59 ends of the B55TPGK1pG

mRNA in the xrn1D strain. To resolve size differences at the 59
ends of the transcripts, we cleaved the mRNA with RNase H
and an oligonucleotide near the 59 end and analyzed the cleav-
age products on an acrylamide Northern gel. In this experiment,
we used a probe that hybridizes to the endogenousPGK1mRNA
(lower band in Fig. 2C) as well as the B55TPGK1pG mRNA
(upper band in Fig. 2C). The important observation is that only
in the xrn1D cells is a new B55TPGK1pG mRNA species that
is slightly shorter at the 59 end observed (upper dashed arrow
in Fig. 2C). Transcripts with the shortened 59 end are first
easily detectable at 20 min during the chase and are more
predominant at later time points when the level of transcripts
with the full-length 59 end has declined significantly. The small
amount of these trimmed transcripts observed in the early time
points is due to a low level of transcription during growth prior
to the transcriptional pulse as well as to the degradation of
transcripts produced earlier in the pulse than the bulk of the
mRNA. Thus, these 59-trimmed transcripts begin to accumu-
late substantially only after deadenylation (compare Fig. 2B
and C). Shortened species are also seen with the endogenous
PGK1 transcript (lower dashed arrow in Fig. 2C), indicating
that this 59-end trimming is not specific to the B55TPGK1pG
transcript. The 59-trimmed species are present throughout the
time course for the endogenous PGK1 mRNA because this
transcript is not under GAL control and therefore is expressed
continuously prior to transcriptional repression by rpb1-1. The
minor band located between the major band and this 59-
trimmed species which is present throughout the time course in
both wild-type and xrn1D cells is probably due to heterogeneity
in the cleavage by RNase H since it is not observed by primer
extension analysis (see below). Taken together, the results
presented in Fig. 2 suggest that deadenylation of PGK1mRNA
leads to a cleavage event very near the 59 end which removes
the cap structure and exposes the transcript to 59-to-39 exonu-
cleolytic degradation.
To verify that these PGK1 transcripts shortened at the 59 end

were indeed lacking the cap structure, we assayed for the
presence of the cap at early and late times in the transcrip-
tional pulse-chase, using antibodies specific for the 59 cap
structure. The B55TPGK1pG mRNA isolated at the 0-min
time point from the wild-type and xrn1D strains was immuno-
precipitated, demonstrating that the newly synthesized tran-
scripts are capped in both strains (Fig. 3, lanes 2 and 5). At 80
min, after the mRNA has been deadenylated and has begun to
decay, transcripts which are trimmed at the 59 end are now
detected in the supernatant lanes in the xrn1D strain (Fig. 3,
lanes 9 and 12), indicating that these mRNAs are indeed un-
capped.
Primer extension analysis of the B55TPGK1pG mRNA in-

dicates that the predominant trimmed species is shorter than
the primary transcript at the 59 end by two nucleotides (Fig. 4).
Transcripts trimmed by two nucleotides are also seen for the
endogenous PGK1 mRNA by Northern analysis (Fig. 2C).
These observations suggest that at least some of the PGK1
mRNA is decapped following deadenylation (see Discussion).
Analysis of the decay of PGK1 transcripts containing sec-

ondary structures in the 5* UTR. The second, and complemen-
tary, approach that we used to determine the decay events that
follow deadenylation was to insert a poly(G) tract into the 59
UTR of the PGK1 mRNA. As described above, the poly(G)
tract is capable of forming a structural barrier to yeast exo-
nucleases (10, 23, 31a, 34). If deadenylation led to decapping
of the PGK1 transcripts followed by 59-to-39 digestion, then we
would expect transcripts containing a 59 UTR poly(G) inser-
tion to accumulate as mRNA fragments degraded at the 59 end
into the poly(G) structure following deadenylation.

FIG. 1. Deletion of the 59-to-39 exonuclease XRN1 reduces the levels of the
39 poly(G) decay intermediate. Steady-state half-life measurements of the
PGK1pG mRNA in the wild-type and xrn1D strains were determined from
agarose Northern gels. On the left are cartoons of the mRNA species present in
each band, with the shaded box representing the poly(G) (pG) insertion in the 39
UTR. The top band represents the full-length mRNA, and the lower band is a
decay intermediate which accumulates as a result of the 39 poly(G) insertion. The
dashed arrow shows the position of an additional decay intermediate produced
from an alternative 39-to-59 decay pathway (see Fig. 8 and 9). The numbers above
the lanes indicate minutes after transcriptional repression. The average value
(minutes) of the half-life for the full-length transcript from at least four exper-
iments in each strain is given on the right. Northern gels were probed with
oligonucleotide oRP121 (59-AATTCCCCCCCCCCCCCCCCCCA-39), which is
complementary to the 39 UTR poly(G) insertion.
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FIG. 2. Transcriptional pulse-chase analysis of the PGK1pG mRNA in the xrn1D strain. (A) The B55TPGK1pG mRNA, which contains an inert 59-end insertion,
from transcriptional pulse-chase experiments in the wild-type and xrn1D strains examined on agarose Northern gels. Time points taken after a 10-min transcriptional
induction and subsequent repression are shown above the lanes. Cartoons on the left represent the full-length and 39 poly(G) (pG)-stabilized mRNA species. In the
bottom panel, the 39 poly(G) decay intermediate is visible only on very long exposures, but the location is designated for comparison. The Northern gels were probed
with oligonucleotide oRP121 (see Fig. 1). (B) Deadenylation rate of the 39 end of the B55TPGK1pG transcript from transcriptional pulse-chase experiments in the
wild-type or xrn1D strain. The cartoons between the panels depict the full-length mRNA at the top; below are the two fragments observed in the polyacrylamide
Northern gels. The top fragment was produced by cleavage of the full-length mRNA with RNase H and oligonucleotide oRP70 (59-CGGATAAGAAAGCAACAC
CTGG-39). This cleavage shortens the mRNA enough to visualize small size differences at the 39 end. The bottom fragment is the decay intermediate stabilized by the
poly(G) insertion in the 39 UTR. The numbers after the A’s in the cartoons represent the range of poly(A) tail sizes found on each mRNA species determined by
comparison with the oligo(dT) lanes, in which the poly(A) tails have been completely removed with cleavage by RNase H, oligonucleotide oRP70, and oligo(dT). In
the left panel there is no 0dT lane loaded on the gel. Minutes after transcriptional repression are given above the lanes, and DNA size markers (in nucleotides) are
shown. The blots were probed with oRP121 (Fig. 1). (C) The 59 ends of the B55TPGK1pG and endogenous PGK1 transcripts from the same transcriptional pulse-chase
experiments as in panel B are shown. After cleavage with RNase H and oligonucleotide oRP131 (59-GAAGTCAACTTAGATGAAGAC-39), which is about 100 bases
from the 59 end of the PGK1 mRNA, the mRNAs were analyzed on polyacrylamide Northern gels. The Northern gels are probed with a riboprobe complementary to
the 59 third of the PGK1 transcript to visualize both endogenous PGK1 and the B55TPGK1pG transcripts. The top cartoon between the panels shows the full-length
B55TPGK1pG construct, the position of oligonucleotide oRP131, as well as the 59 tagging insertion (striped box) and 39 UTR poly(G) insertion (shaded box). The
mRNA species resulting from cleavage of the B55TPGK1pG mRNA with oligonucleotide oRP131 and RNase H is depicted immediately below. The endogenous PGK1
transcript is also diagrammed, with its cleaved 59 portion shown below. The A’s after the mRNA cartoons represent the population of poly(A) tails found on the
mRNAs. The dashed arrows at the right of the xrn1D panel show the positions of the mRNA species shortened at their 59 ends. Primer extension analysis suggests that
the minor bands located above the major band for both the endogenous and B55TPGK1pG transcripts in wild-type and xrn1D strains represent additional
transcriptional start sites, whereas the minor band between the major band and the 59-trimmed species is due to imprecise cleavage by RNase H. DNA size markers
(in nucleotides) are shown beside the panels. Time points are given above the lanes in minutes after transcriptional repression.
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To insert specific sequences into the PGK1 59 UTR, we
created a BglII site at nucleotide 27 of the mRNA by site-
directed mutagenesis (see Materials and Methods). The point
mutation created in this construct had no effect on the turn-
over of the PGK1 mRNA (data not shown). Subsequently, we
inserted into the B27 BglII site sequences containing an 18-
nucleotide poly(G) tract (referred to as pGPGK1). In addition,
we also inserted sequences capable of forming a stem-loop that
is sufficient to block translation but only minimally blocks exo-
nucleolytic digestion (referred to as SLPGK1) (3).
Since the insertion of strong stem-loops and poly(G) tracts

in the 59 UTRs of yeast mRNAs has been previously shown to
inhibit translation initiation (3, 7, 33, 34), we first examined the
effects of these insertions on translation of the PGK1 tran-
scripts. We replaced a portion of the PGK1 coding region in

each construct with the lacZ reporter gene and measured the
levels of b-galactosidase protein by enzymatic assay. By com-
parison with the wild-type fusion (assigned a relative transla-
tion rate of 100%), both the stem-loop and the poly(G) inser-
tions prevented nearly all mRNA translation, reducing the
relative translation rates to 0.014 and 0.0035%, respectively
(Table 1). This effect was specific to the sequences capable of
forming strong RNA structures since insertion of a poly(C)
sequence at the same position in the 59 UTR did not reduce
b-galactosidase activity. These results are consistent with prior
observations (3, 7, 33, 34) and indicated that both the stem-
loop and poly(G) insertions in the PGK1 59 UTR severely
inhibit translation, presumably by blocking scanning of the 40S
subunit (18).
Secondary structure insertions in the 5* UTR destabilize the

PGK1mRNA. Since translation is known to be required for the
normal degradation of many, but not all, mRNAs (3, 8, 27, 29),
we determined the effect of translation inhibition on the decay
of the PGK1mRNA. In contrast to other mRNAs whose decay
is slowed by the inhibition of translation in cis (1, 30, 37, 38),
both the SLPGK1 (t1/2 5 3.5 min) and pGPGK1 (t1/2 5 7 min)
transcripts were degraded significantly faster than the parental
PGK1 mRNA (t1/2 5 35 min) (Table 1). These changes in
decay rate were not observed with the insertion of either the
poly(C) tract or the neutral tagging oligonucleotide, which are
incapable of forming a strong RNA secondary structure (Table
1 and data not shown). These results suggest that the stability
of the PGK1 transcript requires translation of the mRNA (see
Discussion).
Secondary structure insertions in the 5* UTR accelerate

deadenylation and decapping. To examine the mechanism by
which the SLPGK1 and pGPGK1 mRNAs were degraded, we
examined their turnover in a transcriptional pulse-chase. In
particular, we wanted to determine if mRNA fragments which
were trimmed from the 59 end to the poly(G) secondary struc-
ture arose after deadenylation. In addition, we wanted to de-
termine the mechanistic basis for the accelerated decay path-
way of the SLPGK1 and pGPGK1 mRNAs. In each case, the
PGK1 transcript analyzed also contained a poly(G) tract in its
39 UTR to allow detection of any decay products arising by
59-to-39 exonucleolytic degradation.
Analysis of transcriptional pulse-chase experiments for the

SLPGK1pG and pGPGK1pG transcripts revealed several im-
portant observations. First, by examining the 39 end of the

FIG. 3. The PGK1 mRNAs shortened at the 59 end which accumulate in the
xrn1D strain are decapped. The acrylamide Northern gel shows the 59 ends of
both endogenous PGK1 and the B55TPGK1pG mRNAs from transcriptional
pulse-chase experiments after immunoprecipitation with anticap antibodies. The
mRNAs were cleaved with RNase H and oligonucleotide oRP132 (59-GGTTG
GCAAAGCAGC-39) to easily distinguish size differences at the 59 end. The
cartoons at the left show the full-length mRNA represented in each band. The
top bands correspond to the B55TPGK1pG transcript; the lower bands are the
endogenous PGK1 mRNAs. pG, poly(G) site. The strains, either wild-type (WT)
or xrn1D, and the time points in minutes after transcriptional repression are
listed above the lanes. Total (T), pellet (P), and supernatant (S) fractions after
immunoprecipitation are designated above the lanes. DNA size markers (in
nucleotides) are shown in lane M. The other lanes are labeled numerically for
reference purposes. The Northern gel was probed with a riboprobe specific to the
59 third of PGK1 mRNA (see Fig. 2C).

FIG. 4. B55TPGK1pG transcripts in the xrn1D strain are shortened at the 59
end. Shown is primer extension analysis of B55TPGK1pG mRNAs isolated from
steady-state cultures of the wild-type (WT) and xrn1D (X) strain at 45 min after
transcriptional repression, when the shortened fragments are most abundant.
Extensions were done with oligonucleotide oRP95 (see Materials and Methods),
which is complementary to the B55T tagging insertion near the 59 end of the
mRNA. The sequence of the B55TPGK1pG DNA with oRP95 is in lanes U, G,
C, and A, labeled as the sense strand of the mRNA. A portion of the corre-
sponding sequence is listed at the right from 59 (top) to 39 (bottom). The major
59 end seen in both strains is identified by the solid arrow, and the additional
species present in the xrn1D strain is marked with the dashed arrow. The cartoon
below depicts the relative location of the primer to the full-length mRNA, with
the B55T sequence shown as a striped box and the poly(G) (pG) sequence shown
as a shaded box.

TABLE 1. Results of quantitative b-galactosidase assays
of PGK1-lacZ fusion constructsa

59 insertion
construct

% lacZ fusion
translation
(mean 6 SD)

t1/2 (min)b

PGK1 100 35
B27PGK1 119 6 14.9 33
B27SLPGK1 0.014 6 0.011 3.5
B27pGPGK1 0.0035 6 0.0023 7
B27pCPGK1 146 6 2.5 28
B27TPGK1 ND 30

a Abbreviations: ND, not determined; B27, BglII site; pC, poly(C) insertion; T,
neutral tagging sequence insertion; SL, stem-loop insertion; pG, poly(G) inser-
tion.
b Half-life values of the corresponding PGK1 transcript not fused to lacZ. (The

PGK1 transcripts, except pCPGK1, contained a 39 poly(G) insertion.) To distin-
guish the half-life of the full-length B27pGPGK1 mRNA from that of the stable
decay fragment which is shortened from the 59 end to the 59 poly(G) insertion,
the decay rate of the full-length 59 end was determined by polyacrylamide
Northern analysis after cleavage with RNase H and oRP131 (see Fig. 5B).
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transcript on an acrylamide Northern gel, we observed that in
both cases the deadenylation rate is increased three- to four-
fold compared with the wild-type mRNA rate (compare Fig. 5
with Fig. 2B). On the basis of the sizes of the shortest poly(A)
tails present at each time point, the rate of poly(A) shortening
of the SLPGK1pG and pGPGK1pG mRNAs is approximately
15 adenylate residues per minute. In comparison, the parental
PGK1 transcript deadenylates at a rate of approximately four
adenylate residues per minute (10). In addition, the population
of transcripts containing strong secondary structures in the 59
UTR deadenylated in a more heterogeneous manner than
normally observed for the PGK1 transcript. Together with the
results from the lacZ fusion mRNAs these observations sug-
gest that translation in cis is required for the slow deadenyla-
tion rate normally observed for the PGK1 mRNA (see Discus-
sion).
A second important point is that these transcripts did not

begin to decay until after deadenylation. This conclusion is

based on the observation that the level of the transcripts did
not begin to decrease until after some of the mRNA had been
deadenylated (Fig. 5). In addition, for both the SLPGK1 and
pGPGK1 mRNAs, decay products arising from 59-to-39 degra-
dation began to accumulate after deadenylation. This result is
most easily seen for the SLPGK1pG transcript: the decay prod-
uct stabilized by the poly(G) tract in the 39UTR appeared only
after the mRNA was deadenylated (Fig. 5A). Moreover, at the
time when this mRNA fragment first appears, it has an oli-
go(A) tail, even though the total mRNA population at this
time point consists of transcripts with both long and short
poly(A) tails (Fig. 5A). In contrast, in the deadenylation-inde-
pendent decay pathway promoted by the presence of early
nonsense codons (24), similar decay intermediates stabilized
by the poly(G) tract in the 39 UTR are produced, but these
intermediates have long poly(A) tails. For the pGPGK1pG
construct, a decay product arising by 59-to-39 decay (described
below) also accumulated following deadenylation (Fig. 5B,
lowest band). Low levels of this species were observed at the 0-
and 2-min time points before the majority of the population
was deadenylated, presumably because the transcriptional
pulse-chase was not completely synchronous (note that a frac-
tion of the mRNA at time zero has already been deadeny-
lated). However, since the 39 ends of this species cannot be
distinguished from the remaining full-length mRNA, we are
unable to determine the length of its poly(A) tail. We con-
clude, as has been observed for the PGK1 mRNA without
insertions in its 59 UTR (10), that only oligoadenylated tran-
scripts are substrates for the next step in the decay pathway.
Therefore, although the degradation of the PGK1 mRNA has
been accelerated, presumably as a result of the inhibition of
translation, its decay still requires deadenylation.
We also noted that the decay of the oligoadenylated species

of the transcripts with secondary structures in their 59 UTRs is
significantly faster than that of the parental PGK1 transcript.
Unlike the wild-type transcript, the SLPGK1pG mRNA does
not persist as an oligo(A) species (compare Fig. 2B and 5A). In
the case of the pGPGK1pG mRNA, the stability of the oli-
goadenylated transcript is obscured because the oligo(A) frag-
ment is derived from RNase cleavage of the 39 end of both the
full-length mRNA and the mRNA fragments shortened at the
59 end in to the poly(G) tract in the 59 UTR (see below). How-
ever, examination of the full-length 59 end of the pGPGK1pG
mRNA (by cleavage with an oligonucleotide and RNase H
near the 59 end) suggests that this transcript is also relatively
unstable once it is deadenylated (Fig. 5B, third band). The rapid
degradation of the deadenylated forms of the SLPGK1pG and
pGPGK1pG mRNAs suggests that the slow decay of the PGK1
mRNA after deadenylation also requires translation in cis (see
Discussion).
To determine if the pGPGK1pG mRNA is decapped fol-

lowing deadenylation, we examined the 59 end of the transcript
on an acrylamide Northern gel after cleavage of the mRNA
near the 59 end with an oligonucleotide and RNase H. As
shown in Fig. 5B, at early times in the transcriptional pulse-
chase, the transcript is full-length at the 59 end (Fig. 5B, third
band) and has a long poly(A) tail (upper band). After dead-
enylation (8 to 10 min), a new band of the appropriate size to
be shortened from the 59 end in to the start of the poly(G)
insertion begins to accumulate (Fig. 5B, bottom band). This
fragment is dependent upon cleavage with the 59 oligonucleo-
tide and RNase H (Fig. 5B, lanes labeled 131 and 70), indi-
cating that it is specific to the 59 end of the mRNA. The level
of this new 59-shortened species increased as the level of the
full-length 59 end decreased, suggesting that it is derived from
the full-length 59 end and is therefore a product of mRNA decay.

FIG. 5. Secondary structures inserted in the 59 UTR of the PGK1 mRNA
accelerate deadenylation and decay. (A) Deadenylation of the SLPGK1pG
mRNA from a transcriptional pulse-chase in the wild-type strain. The mRNA
was cleaved with oligonucleotide oRP70 (Fig. 2) and RNase H and then analyzed
on a polyacrylamide Northern gel to visualize the 39 ends of the transcripts with
the oligonucleotide probe oRP121 (Fig. 1). The top cartoon depicts the full-
length SLPGK1pG mRNA, with the 59 UTR stem-loop structure, the 39 UTR
poly(G) (pG) insertion, and the position of the oRP70 oligonucleotide marked.
The smaller cartoons show the mRNA species visible in each band on the
Northern gel, with the poly(A) tail lengths of each given as determined by
comparison with RNA from the 10-min time point cleaved with oligo(dT) (10dT)
from which the poly(A) tail has been removed. Time points are listed above the
lanes in minutes after transcriptional repression. The sizes (in nucleotides) of the
DNA markers run in lane M are at the right. (B) Deadenylation analysis on
pGPGK1pGmRNAs from a transcriptional pulse-chase experiment. This mRNA
was cleaved with RNase H and two oligonucleotides, oRP131 at the 59 end and
oRP70 at the 39 end. The cartoons on the left show the full-length mRNA and
the species present in each band on the Northern gel. Time points after tran-
scriptional repression are shown above the lanes. The first lane on the gel is RNA
from the 0-min time point cleaved with oligo(dT), in addition to oligonucleotides
oRP70 and oRP131, to remove the poly(A) tail. Lane M shows the DNA size
markers listed on the right in nucleotides. The three lanes on the right are
mRNA from the 10-min time point cleaved by RNase H with oligonucleotides
oRP70 and oRP131 and oligo(dT) together or with either oRP70 or oRP131
alone to demonstrate the specificity of each mRNA species. The Northern gel
was probed with oligonucleotide oRP121 (Fig. 1), which is complementary to the
poly(G) sequence.
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RNase protection assays on the 59 end of the pGPGK1pGmRNA
demonstrated that this decay product corresponds to an mRNA
fragment trimmed to the 59 side of the poly(G) tract in the 59
UTR (Fig. 6).
On the basis of all of these results, we conclude that the

pGPGK1pG mRNA is cleaved near the 59 end following dead-
enylation and prior to 59-to-39 exonucleolytic digestion. It
should be noted that since the pGPGK1pG mRNA is more
unstable than the PGK1mRNA, we cannot rule out the formal
possibility that these 59 UTR insertions have changed the
mechanism by which the PGK1 transcript is degraded. How-
ever, since decapped transcripts accumulated in the xrn1D
strain following deadenylation, the simplest interpretation is
that the insertions have changed the rate of mRNA decay but
not the mechanism. These results together argue that the
PGK1 mRNA can be decapped following deadenylation.
A prediction based on the results presented above is that in

an xrn1D strain, the pGPGK1pG mRNA should give rise to
mRNA fragments cleaved at the 59 end following deadenyla-
tion, but that these fragments would not be further degraded in
to the poly(G) tract in the 59 UTR. To test this hypothesis, we
performed a transcriptional pulse-chase on the pGPGK1pG
mRNA in the xrn1D strain. As can be seen in Fig. 7, following
deadenylation, transcripts shortened slightly at the 59 end ac-
cumulated, whereas only minute amounts of the mRNA frag-
ments shortened to the poly(G) tract in the 59 UTR were
produced (compare Fig. 5B and 7). Consistent with a role for
deadenylation in triggering the 59 decapping reaction, the
shortened 59 ends are now observed at an earlier time than in
the wild-type transcript (Fig. 2C), corresponding to the in-
creased deadenylation rate of the pGPGK1pG mRNA. These
experiments provide additional evidence that deadenylation

can trigger decapping of the PGK1 transcripts, thus allowing
degradation of the body of the mRNA by Xrn1p.
The PGK1 transcript can be degraded from the 3* end. The

results discussed above all suggest that one mechanism of
decay for the PGK1 transcript is a deadenylation-dependent
decapping reaction followed by 59-to-39 exonucleolytic decay.
We have previously presented evidence that PGK1 transcripts
that contain early nonsense codons (PGK1N103pG) can also be
degraded from the 39 end (24) when the major 59-to-39 decay
pathway is blocked. The key observation was that in xrn1D
cells, PGK1N103pG transcripts shortened from the 39 end could
be observed, with the predominant species possessing a 39 end
at the 39 side of the poly(G) tract in the 39 UTR. We explored
the possibility that PGK1 transcripts without nonsense codons
could also be degraded through this mechanism by examining
the transcripts present when 59-to-39 exonucleolytic degrada-
tion was blocked. We limited 59-to-39 exonucleolytic digestion
by three independent methods: (i) removing the XRN1 nucle-
ase by deletion of its gene, (ii) blocking exonucleases physically
by insertion of a poly(G) tract in the 59 UTR, or (iii) adding
cycloheximide at the time of transcriptional inhibition, which
can inhibit the decapping reaction in yeast cells (3). As shown
in Fig. 8, when any of these three methods was used and the
decay of the PGK1 mRNA with a poly(G) tract in its 39 UTR
was analyzed under steady-state conditions, a new mRNA frag-
ment of approximately 1.3 kb was observed. Consistent with
this fragment arising through 39-to-59 degradation, the pres-
ence of this 1.3-kb decay intermediate was dependent upon the
poly(G) structure in the 39 UTR, which presumably blocks
further exonucleolytic decay.
This 1.3-kb mRNA species was the same size as the mRNA

fragment that we previously detected when 59-to-39 degrada-
tion was blocked on mRNAs containing early nonsense codons
(24). In that analysis, we were able to map the 39 ends of the
mRNA fragment by cleaving the mRNA near the 39 end with

FIG. 6. RNase protection of the 59 end of the pGPGK1pG mRNA shows
59-to-39 decay of the message. The pGPGK1pG mRNA from a transcriptional
pulse-chase performed in the wild-type strain was protected with an RNA probe
specific for the 59 end of the transcripts. Depicted below the panel is a cartoon
of the full-length mRNA showing the relative positions of the poly(G) (pG)
insertions and pertinent restriction sites. The riboprobe which contained the
complementary poly(C) (pC) sequence is shown as a thick line. The approximate
size of each protected fragment is indicated below. UT refers to the untrans-
formed parental strain, which expresses only the endogenous PGK1 transcript,
which protects a 510-nucleotide band (the smallest protected band in each lane)
because it does not contain the poly(G) insertion. The remaining lanes are from
a transcriptional pulse-chase of pGPGK1pG mRNA. Time points refer to min-
utes after transcriptional repression. Some of the DNA size markers run in the
lanes M are listed at the right in nucleotides.

FIG. 7. The pGPGK1pG mRNA in the xrn1D strain accumulates as a dead-
enylated, oligo(A) species shortened at the 59 end. The polyacrylamide Northern
gel shows the deadenylation and shortening at the 59 end of the pGPGK1pG
mRNA from a transcriptional pulse-chase in the xrn1D strain. Cartoons at the
left show the full-length mRNA with the poly(G) (pG) structures (shaded boxes)
and positions of the two oligonucleotides, oRP70 and oRP131 (Fig. 2), used to
cleave the mRNA with RNase H. The mRNA species present in each band of the
gel is shown at the left, with the corresponding poly(A) tail sizes. The minor
bands above the band representing the full-length 59 end results from
pGPGK1pG mRNA having multiple transcriptional start sites. DNA size mark-
ers are indicated at the right in nucleotides, and the time points are given in
minutes after transcriptional repression. The first and last lanes are also cleaved
with oligo(dT) to remove the poly(A) tails. The dashed arrow on the right marks
the position of the shortened 59 ends of the transcripts. The Northern gel was
probed for the poly(G) insertions with oligonucleotide oRP121 (Fig. 1).
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an oligonucleotide and RNase H, thus allowing resolution of
small size differences at the 39 end on acrylamide Northern
gels. We used the same approach to map the 39 end of the
1.3-kb fragment observed in RNA obtained from steady-state
cultures at 0 and 45 min after transcriptional inhibition. As
shown in Fig. 9 (lanes 8 and 9), for the PGK1pG transcript in
an xrn1D strain, two major sets of new 39 ends are observed.
One set of ends, previously referred to as band B (24), corre-
sponds to a clustered set of 39 ends within the 39 UTR. The
second major set of ends maps to the 39 side of the poly(G)
tract in the 39UTR (band C). These same species are observed
with the pGPGK1pG transcript in wild-type cells (lanes 2 and
3). The levels of these fragments are lower in the case of the
pGPGK1pG transcript because this mRNA has a shorter half-
life and is therefore present at lower steady-state levels than
the PGK1pG transcript in the xrn1D strain.
Similar fragments are also observed when cycloheximide is

added to wild-type cells expressing the PGK1pG transcript
(Fig. 9, lanes 4 and 5). In this case, the fragments are not very
abundant at the 0-min time point because the block to 59-to-39
decay (cycloheximide) has just been applied. However, by 45
min, mRNAs corresponding to band B have accumulated to
substantial amounts, and transcripts composing band C are
detected. These species accumulated after transcription was
blocked, indicating that they are derived from processing of the
full-length 39 end. The larger amount of band B relative to
band C seen in this experiment compared with the other two
conditions, in which 59-to-39 decay is inhibited continuously, is

consistent with band B being an intermediate in the production
of band C (24).
We interpret these results to indicate that the PGK1 mRNA

can be degraded from the 39 end following deadenylation.
Since the mRNA fragments generated by this decay mecha-
nism are easily detected only when 59-to-39 exonucleolytic de-
cay is blocked, this decay pathway is likely to be slower than
59-to-39 degradation. However, it should be noted that low
levels of PGK1 mRNA fragments shortened at the 39 end can
be detected even in wild-type cells (Fig. 9, lanes 6 and 7). This
result suggests that some of the PGK1 mRNA can normally be
degraded from the 39 direction following deadenylation (see
Discussion).

DISCUSSION

The PGK1 mRNA can be decapped and degraded 5* to 3*
following deadenylation. Several lines of evidence indicate that
at least some of the PGK1 mRNA is decapped following dead-
enylation. First, following deadenylation in the xrn1D strain, we
detected PGK1 transcripts that were shortened at the 59 end
and lacked the 59 cap structure (Fig. 2 to 4). The relatively low
accumulation of these decapped species is consistent with our
data indicating that there is a second pathway for the decay of
the PGK1 transcript (see below). A second line of evidence

FIG. 8. An additional decay intermediate is detected when the 59-to-39 exo-
nucleolytic degradation pathway is inhibited. Examination of the mRNAs
present under steady-state conditions for several PGK1 mRNAs with and with-
out 59 and/or 39 poly(G) insertions are shown. The strains in which the experi-
ments were performed are designated on the left as wild-type (WT), wild-type
plus cycloheximide addition to 10 mg/ml at the time of transcriptional repression
(WT 1 CX), and xrn1D. Time points are in minutes after transcriptional repres-
sion. Half-life measurements (minutes) and standard errors are listed to the right
of each panel. Half-lives of the constructs showing additional decay intermedi-
ates were determined by measuring only the full-length transcripts. The arrows
on the right designate the additional decay product observed. The Northern gels
were probed with oligonucleotide oRP121 in all cases except that the WT 1 CX
PGK1 transcript was probed with oligonucleotide oRP42 (59-CGATCCGCTTA
ATACTGACGCTCTCGCACCAT-39), which is homologous to a neutral tag
sequence previously inserted into the 39 UTR (14), and the endogenous xrn1D
PGK1 transcript was probed with oligonucleotide oRP132 (Fig. 3), homologous
to the 59 end of the PGK1 mRNA.

FIG. 9. The PGK1 mRNA can be degraded by a 39-to-59 decay pathway. The
39 ends of steady-state mRNAs were mapped by cleavage with RNase H and
oligonucleotide oRP70 in wild-type (WT) and xrn1D strains. Lanes are numeri-
cally labeled at the bottom for reference. The mRNAs run in each lane from the
designated time points are listed above the lanes. In lanes 4 and 5, cycloheximide
(CX) was added to wild-type cells to 10 mg/ml at 0 min. The mRNAs were
cleaved with oligonucleotide oRP70 and RNase H (except for lanes 1 and 10, in
which cases no oligonucleotide was added). This Northern gel was probed with
oligonucleotide oRP154 (59-CCCCCCAAATTCCTTCGATTTC-39), which is
specific for the 59 portion of the 39UTR poly(G) insertion. DNA size markers (in
nucleotides) are shown in lane M. The full-length (FL) mRNA and decay inter-
mediate bands A, B, and C are shown with arrows and correspond to the
approximate-size fragments shown in the cartoon below. This cartoon shows the
full-length mRNA containing the poly(G) (pG) insertions [the 59 poly(G) indi-
cated by an arrow] and the locations of oligonucleotides oRP70 and oRP154. The
approximate sizes of the three decay intermediates A, B, and C are given.
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showing that the PGK1 mRNA is decapped following dead-
enylation comes from the analysis of PGK1 transcripts contain-
ing poly(G) tracts in their 59 UTRs. For these mRNAs, we
observed that decay intermediates accumulated after deadeny-
lation which were shortened at their 59 ends to the 59 side of
the poly(G) tract (Fig. 5 and 6). When the pGPGK1pGmRNA
was examined in the xrn1D strain, uncapped transcripts accu-
mulated following deadenylation, with only small amounts of
the decay products trimmed to the poly(G) tract being de-
tected (Fig. 7). These results are consistent with the interme-
diates seen in wild-type cells being produced by decapping,
followed by 59-to-39 degradation by Xrn1p. We conclude from
the results of both approaches to inhibiting exonucleolytic de-
cay that the PGK1 mRNA can be decapped following dead-
enylation (Fig. 10). Since low levels of the decay intermediate
trimmed to the 59 side of the poly(G) insertion in the 39 UTR
(Fig. 1, 2, and 7) were detected in the xrn1D strain there are
likely to be one or more additional 59-to-39 exonucleases that
can substitute for Xrn1p.
The PGK1 mRNA can be degraded 3* to 5* following de-

adenylation. Our data also suggest that the body of the PGK1
mRNA can be degraded in a 39-to-59 direction following de-
adenylation (Fig. 10). This conclusion is based on the accumu-
lation of mRNA fragments that are shortened at the 39 end
when the 59-to-39 degradation pathway is inhibited. Since these
fragments are observed with three different blocks of 59-to-39
digestion, insertion of a 59 poly(G) tract, addition of cyclohex-
imide, or deletion of the XRN1 gene, it is unlikely that they are
artifacts of each independent experimental condition. Consis-
tent with these fragments being produced by 39-to-59 degrada-
tion, they accumulate only when a poly(G) tract is present in
the 39 UTR to serve as a block to exonucleases. We interpret
these observations to indicate that the PGK1 mRNA can be
slowly degraded from the 39 end following deadenylation, al-
though we cannot determine whether this 39 decay process is
exonucleolytic and/or endonucleolytic. Because these 39-trimmed
fragments can be observed at low levels in the wild-type strain
without any block to the 59-to-39 exonucleolytic pathway (Fig.
9), we conclude that the PGK1 mRNA can be degraded by at
least two mechanisms following deadenylation. It is interesting
that we do not see any evidence for 39-to-59 decay of theMFA2

mRNA (22). This observation suggests that there may be
mRNA-specific features which influence the susceptibility of a
mRNA to this 39-to-59 decay process. The existence of a 39-
to-59 decay pathway implies that this turnover mechanism may
be preferred for some mRNAs.
Relative contribution of 5*-to-3* and 3*-to-5* degradation to

the turnover of the PGK1 mRNA. Since the PGK1 mRNA can
be degraded either 59 to 39 or 39 to 59 following deadenylation,
an important issue is the relative contribution of each of these
pathways to the overall turnover of the transcript. Although
the relative importance of each pathway might vary under
different conditions, in our experiments the 59-to-39 decay
pathway is likely to be the primary mode of degradation. This
conclusion is suggested by the observation that the fragments
produced by 59-to-39 decay are easily detectable in wild-type
cells, whereas fragments produced by 39-to-59 degradation are
not observed at appreciable levels unless we first inhibit 59-
to-39 decay (Fig. 8 and 9).
The relative importance of each pathway can also be crudely

estimated from the ratio of the fragments produced by each
pathway under steady-state conditions. It should be noted that
this calculation requires several assumptions. First, it is as-
sumed that the poly(G) structure is an equally efficient block to
both the 59-to-39 and 39-to-59 degradative processes. In addi-
tion, we assume that the mRNA fragments produced by each
pathway are substrates for the alternative pathway, and that
the alternative pathway is the mechanism by which these frag-
ments are ultimately degraded. For example, the mRNA frag-
ment arising by 59-to-39 degradation to a poly(G) tract in the 39
UTR is assumed to have the same rate constant for 39-to-59
digestion as the deadenylated full-length mRNA and to be
ultimately degraded by this 39-to-59 pathway. In this case the
flux of the mRNA fragment arising by 59 to 39 degradation
{d[frag(59339)]} can be expressed as

d[frag(59339)]
dT 5 k59339[full-length(oligoA)]

2 k39359[frag(59339)]

In this equation, k59339 represents the rate constant for the

FIG. 10. Decay pathways of the PGK1 mRNA. pG, poly(G) site.
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entire process of 59-to-39 decay, including decapping and 59-
to-39 exonucleolytic digestion, and k39359 represents the rate
constant for the process of 39-to-59 digestion. Rather than the
concentration of the entire population of full-length mRNAs,
the concentration of the deadenylated, full-length mRNA
([full-length(oligoA)]) is used in the equation because de-
adenylation is a prerequisite for 59-to-39 decay.
Similarly, the flux of the mRNA fragment arising by 39-to-59

degradation can be expressed as:

d@frag~393 59!#
dT 5 k39359[full-length(oligoA)]

2 k59339[frag(39359)]

Since under steady-state conditions both of these equations are
equal to zero, the equations can be equated and rearranged to
yield the following expression for the ratio of the rate constants
for 59-to-39 and 39-to-59 degradation:

k59339
k39359

5
{[full-length(oligoA)] 1 [frag(59339)]}
{[full-length(oligoA)] 1 [frag(39359)]}

Measurement of the relative concentrations on acrylamide
Northern gels of each of these species under steady-state con-
ditions indicates that [full-length(oligoA)] and [frag(59339)]
are roughly equal, with [frag(39359)] being at most 1/20 of that
level (data not shown). Insertion of these numbers into the
equation presented above leads to the approximation that the
59-to-39 pathway of decay is faster than 39-to-59 decay by
roughly a factor of 2. On the basis of this calculation, we
suggest that the PGK1mRNA is degraded by both 59-to-39 and
39-to-59 processes after deadenylation, with the 59-to-39 process
being the faster, and therefore primary, pathway in our exper-
iments.
The effects of the xrn1D deletion on the turnover of the

PGK1 mRNA are consistent with this transcript decaying by a
multistep pathway containing a branch point (Fig. 10). First,
with the loss of Xrn1p, we would expect to reduce the amount
of mRNA fragment trimmed from the 59 end in to the poly(G)
structure. This reduction in fragment levels is observed in Fig.
1, dropping from 30% of the full-length mRNA in the wild-
type strain to barely detectable levels in the xrn1D strain.
Moreover, as predicted from the branched pathway, inhibiting
the 59-to-39 process by deletion of Xrn1p resulted in a corre-
sponding increase in fragment levels arising by 39-to-59 decay
(Fig. 8 and 9).
The loss of Xrn1p also led to the accumulation of a full-

length, decapped intermediate. If the xrn1D was as effective at
blocking 59-to-39 decay as the poly(G) tract, then the accumu-
lation of this decapped species should be similar to the accu-
mulation of fragments stabilized by the insertion of a poly(G)
tract in the wild-type strain. Under steady-state conditions, the
level of the mRNA fragment stabilized with a poly(G) tract in
the 39UTR is approximately 30% of the level of the full-length
transcript (Fig. 1). In comparison, the decapped species is
present at a slightly lower level (approximately 20% of the
full-length mRNA level) (Fig. 4). In the transcriptional pulse-
chase experiments, there was also slightly less decapped spe-
cies present in the xrn1D strain than the poly(G)-stabilized
intermediates in wild-type cells (compare Fig. 2B and C).
There are several possible explanations for the slightly lower
level of decapped species. First, the poly(G) tract is probably a
more effective block to 59 digestion than the xrn1D mutation,
since it is likely that there are other 59-to-39 exonucleases (22,
24). In addition, if the decapping enzyme interacts with Xrn1p,
then loss of Xrn1p might decrease the rate of decapping. An-

other possibility is that some of the 59-to-39 trimmed fragments
are generated by Xrn1p digestion after internal endonucleo-
lytic cleavages instead of decapping.
One result was that the xrn1D mutation did not significantly

affect the half-life of the PGK1mRNA. To predict the effect on
half-life of the xrn1D mutation, we have computationally mod-
eled the turnover pathway of the PGK1mRNA. Assuming that
the 59-to-39 decay pathway is 2-fold faster than the 39-to-59
decay pathway, we calculate that a complete block to 59 diges-
tion would increase the half-life of the PGK1 transcript by only
approximately 1.7-fold (26a). This small predicted change in
the half-life is due to the slow rate of deadenylation of the
PGK1 transcript and the alternative 39-to-59 decay pathway.
There are several possible explanations for why the observed
half-life is not altered even by this small amount. First, we
could have underestimated the rate of the 39-to-59 pathway of
decay. Second, decapping of the PGK1 transcript might accel-
erate other non-XRN1-mediated decay processes, such as
other 59-to-39 exonucleases or perhaps even the 39-to-59 decay
pathway. Finally, there may be additional, uncharacterized
mechanisms by which the PGK1 mRNA can be degraded,
perhaps including endonucleolytic cleavage. Any of these pos-
sibilities, alone or together, could easily account for the lack of
any observed increase in the half-life of the PGK1 mRNA in
the xrn1D strain.
Previous experiments using the PGK1 mRNA containing

similar poly(G) insertions led to the suggestion that the PGK1
mRNA was cleaved endonucleolytically within the coding re-
gion following deadenylation of the PGK1 mRNA, thus pro-
ducing a substrate for 59-to-39 degradation (34). The evidence
for this cleavage event was the identification of an approxi-
mately 1.3-kb mRNA fragment on agarose Northern gels from
a PGK1 transcript containing poly(G) tracts in both the 59 and
39 UTRs. Mapping the 39 ends of this fragment by S1 analysis
with a probe whose 39 end extended to the 39 end of the
poly(G) tract in the 39 UTR detected mRNA ends within the
coding region and led to the suggestion that the PGK1 mRNA
is endonucleolytically cleaved. Although we detect a similar
1.3-kb band in our experiments, our mapping of the 39 end by
Northern gel analysis (Fig. 9) and by RNase protection analysis
using a probe that extends beyond the 39 end of the mRNA
(data not shown) positions the 39 ends of this fragment 39 of
the poly(G) tract in the 39 UTR. Moreover, since blocking the
59-to-39 pathway led to the accumulation of mRNA fragments
shortened only at their 39 ends, any endonucleolytic cleavage is
likely to be slower than both pathways discussed above. How-
ever, it should be noted that detection of the cleavage products
within the coding region required significant overexpression of
the PGK1mRNA (34), which did not occur in our experiments.
Therefore, although our results suggest that the predominant
pathways of decay for the PGK1 transcript are 59 to 39 or 39 to
59, it is possible that if both of these decay pathways are
blocked, the PGK1 mRNA can be cleaved internally.
Generality of deadenylation and decapping in the turnover

of eukaryotic mRNAs. In combination with our previous work
on the MFA2 transcript (22), the experiments presented here
indicate that both stable and unstable mRNAs in S. cerevisiae
can be degraded by a mechanism in which deadenylation leads
to decapping followed by 59-to-39 exonucleolytic degradation.
Since decapping is dependent on prior poly(A) tail shortening,
the decay rate of an mRNA is a function of its rates of dead-
enylation and decapping. Therefore, in this decay pathway, the
decay rates of individual mRNAs are specified by differences in
deadenylation rate (10, 23) and/or decapping rate, assuming
that 59-to-39 exonucleolytic degradation is normally much
faster than both deadenylation and decapping. For example,
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the PGK1 mRNA is stable because this transcript has a slow
rate of deadenylation and a slow rate of decapping. In contrast,
the MFA2 mRNA is unstable because it exhibits rapid dead-
enylation and decapping. Thus, the control of decapping rate,
by cis- and trans-acting features, will play a major role in
determining differences in mRNA decay rates. An additional
level of complexity arises for transcripts such as the PGK1
mRNA that are also subject to 39-to-59 degradation and/or
endonucleolytic cleavage. However, since several mRNAs ex-
amined in xrn1D strains accumulate under steady-state condi-
tions as poly(A)-deficient molecules lacking the 59 cap struc-
ture (15), it is extremely likely that the deadenylation/
decapping pathway is a primary mode of degradation for many
yeast transcripts. Moreover, since the poly(A) tail and the cap
structure are found on essentially all mRNAs, this pathway
could be a general mechanism for mRNA turnover in many
eukaryotic cells (see also references 11 and 22).
Translation and mRNA turnover. One interesting result ob-

tained from the experiments presented here was that the in-
sertion of either the poly(G) tract or a strong stem-loop struc-
ture into the 59 UTR, which inhibited translation, increased
the deadenylation and decapping rates of the PGK1 mRNA
(Fig. 5). The rapid degradation of these transcripts is clearly
mechanistically different from the extremely rapid decay trig-
gered by premature termination of translation, which occurs
independently of deadenylation (24). We interpret these ob-
servations to indicate that translation of the PGK1 mRNA is
required for its normally slow rates of deadenylation and de-
capping.
There are several possible explanations for how translation

could affect deadenylation and decapping. Translation could
slow decay by affecting the function of translation-dependent
stability elements (14, 28) or by changing the subcellular loca-
tion of the mRNA and thereby changing its susceptibility to
degradation factors (21, 40). One appealing model is based on
the observation that decapping requires prior deadenylation,
suggesting an interaction, either direct or indirect, between the
59 cap structure and the 39 poly(A) tail (22). Interactions be-
tween the termini have also been proposed on the basis of the
effects of the poly(A) tail (26) and 39 UTR sequences on
translation initiation (reviewed in reference 16) and on the
presence of circular polysomes in electron micrographs (e.g.,
reference 6). We hypothesize that the rate of deadenylation
and decapping is dependent on the state of this 59-to-39 inter-
action, which in turn is influenced by the process of translation
(3, 22, 24). In this model, the increased rate of deadenylation
and decapping seen for the untranslatable PGK1 mRNAs, and
the deadenylation-independent decapping triggered by early
nonsense codons (24), would be due to alterations to the 59-
to-39 interaction resulting from aberrant translation.
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