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Insertion of an 18-nucleotide-long poly(G) tract into the 3'-terminal untranslated region of yeast phospho-
glycerate kinase (PGKI) mRNA increases its chemical half-life by about a factor of 2 (P. Vreken, R. Van der
Veen, V. C. H. F. de Regt, A. L. de Maat, R. J. Planta, and H. A. Raue, Biochimie 73:729-737, 1991). In this
report, we show that this insertion also causes the accumulation of a degradation intermediate extending from
the poly(G) sequence down to the transcription termination site. Reverse transcription and Si nuclease
mapping experiments demonstrated that this intermediate is the product of shorter-lived primary fragments
resulting from endonucleolytic cleavage immediately downstream from the U residue of either of two
5'-GGUG-3' sequences present between positions 1100 and 1200 close to the 3' terminus (position 1251) of the
coding sequence. Similar endonucleolytic cleavages appear to initiate degradation of wild-type PGKI mRNA.
Insertion of a poly(G) tract just upstream from the AUG start codon resulted in the accumulation of a

5'-terminal degradation intermediate extending from the insertion to the 1100-1200 region. RNase H
degradation in the presence of oligo(dT) demonstrated that the wild-type and mutant PGKI mRNAs are

deadenylated prior to endonucleolytic cleavage and that the half-life of the poly(A) tail is three- to sixfold lower
than that of the remainder of the mRNA. Thus, the endonucleolytic cleavage constitutes the rate-limiting step
in degradation of both wild-type and mutant PGKI transcripts, and the resulting fragments are degraded by
a 5'-*3' exonuclease, which appears to be severely retarded by a poly(G) sequence.

Over the past decade, it has become evident that the
pattern of gene expression in a cell is determined not only by
factors controlling transcription but to a large extent also by
posttranscriptional events, including the rate of degradation
of the individual mRNAs. In both prokaryotic and eukary-
otic cells, different mRNAs show sometimes considerable
differences in stability that are of fundamental importance in
establishing their relative cellular levels. Furthermore, there
are numerous examples of adjustments in the half-life of
particular mRNAs in response to specific stimuli that play a

major role in the adaptation of the cells to changing condi-
tions (for recent reviews, see references 1, 4, 9, 12, and 48).
To gain more insight into the manner in which turnover of

their transcripts contributes to the control of expression of
particular genes, considerable effort is being put into the
characterization of structural features within mRNA govern-
ing the rate of decay, as well as the trans-acting factors
involved. As a result, a number of structural determinants of
prokaryotic as well as eukaryotic mRNA stability have now
been identified. Among the eukaryotic stability determinants
so far characterized are the AU-rich sequences responsible
for the rapid turnover of a group of mRNAs encoding
lymphokines, interferons, and cellular growth factors (13,
46, 49, 50), the stem-loop structure at the 3' terminus of
mammalian histone mRNAs that governs their cell cycle-
dependent destabilization (35, 42), and the iron-responsive
elements, a cluster of hairpins that is located in the 3'-
terminal untranslated region (3'-UTR) of the transferrin
receptor mRNA and controls changes in the stability of this
transcript in response to the intracellular iron concentration
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(14, 38, 57). In other cases, evidence for defined, but not yet
fully characterized, cis-acting stability determinants has
been obtained (8, 19, 23, 26, 27, 43, 47, 50, 51, 64, 65). In
addition more general properties of messengers such as their
ability to be completely translated (2, 3, 15-17, 21, 24, 29, 32,
43, 44) and their polyadenylation (1, 5, 9, 40) have been
found to influence stability.

Recently progress has also been made in the identification
of trans-acting factors involved in eukaryotic mRNA decay.
These include a nucleoprotein interacting with the AU-rich
sequences (10, 11), which may be part of a family of
AU-binding factors (7, 33, 58), and a protein that interacts
with the iron-responsive elements of the transferrin receptor
mRNA (28, 39). Furthermore, histones as well as 0-tubulin
were shown to control turnover of their respective mRNAs
by a feedback mechanism (45, 66, 67). Despite this expan-
sion in our knowledge of cis- and trans-acting stability
determinants, however, the details of eukaryotic mRNA
turnover are still only poorly understood. In particular, little
is yet known concerning the nature of the targets at which
degradation is initiated or about the nucleases involved in
the decay process.

In yeast cells, mRNA half-lives vary from 1 to about 100
min (12, 19). Thus, yeast mRNAs constitute an excellent set
of molecules with which to identify and study factors gov-
erning mRNA stability. Moreover, the genetic and molecular
biological advantages of yeast cells compared with mamma-
lian cells should considerably facilitate the unraveling of the
mechanism(s) of mRNA degradation (37). Studies on turn-
over of specific yeast mRNAs, however, have so far pro-
vided only limited information, mainly concerning cis-acting
(de)stabilizing elements (19, 43, 62). Several yeast endo- and
exoribonucleases have been identified (52-55), but a role for
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FIG. 1. Schematic representation of the construction of the PGKI-carrying plasmids used in this study. The black bar represents the PGK1
coding region. Arrows correspond to the transcription initiation and termination sites determined previously (59, 62). The major site of
transcription termination (present in approximately 80% of the transcripts; see Fig. 4) is indicated in boldface. The coordinates are relative
to the translation start site. YEpR5-L was obtained by inserting a synthetic deoxyoligonucleotide containing an EcoRI site into the ClaI site
present in the 3'-UTR of YEpR5. Various synthetic deoxyoligonucleotides were subsequently inserted into the resulting EcoRI site to obtain
YEpR5-pG, -pGC, and -pU. The oligonucleotides used are shown in the box at the lower right. In all cases, the insertion restored a single
EcoRI site downstream from the inserted sequence. dINpG and dINpC were obtained by inserting the same deoxyoligonucleotide in either
orientation (I or IR) into the EcoRI site just upstream of the ATG start codon of plasmid dELu16. The latter was derived from YEpR5 by
deleting nt 8 to 32 from the 5'-UTR (60). Restriction sites used in the construction of the various mutant genes are shown.

these enzymes in mRNA degradation has not yet been
documented.

In a previous study from our laboratory (62), we showed
that the half-life of the yeast phosphoglycerate kinase
(PGK1) mRNA can be increased about twofold by insertion
of an 18-nucleotide (nt)-long poly(G) stretch into the 3'-

UTR. In this report, we present experiments on the mecha-
nism of degradation of PGK1 mRNA evolving from the
observation that this insertion causes the accumulation of a
3-terminal fragment of the PGK1 transcript, while insertion
of a similar poly(G) tract into the 5'-UTR results in the
accumulation of a 5'-terminal fragment. We show that these
fragments are due to specific rate-limiting endonucleolytic
cleavage near the 3' end of the PGK1 coding region, after
previous deadenylation of the transcript. The cleavage prod-
ucts appear to be removed primarily by 5'-*3' exonucle-
olytic degradation, which is retarded by the presence of the
poly(G) sequence. The same mechanism appears to operate
for wild-type PGKI mRNA. Since poly(G) barriers are
absent in this case, however, no degradation products accu-
mulate.

MATERLALS AND METHODS

Enzymes and deoxyoligonucleotides. Restriction enzymes
were obtained from either Bethesda Research Laboratories
(Gaithersburg, Md.) or New England Biolabs (Beverly,
Mass.) and used according to the supplier's instructions. The
Klenow fragment of DNA polymerase I, S1 nuclease, poly-
nucleotide kinase, and Moloney murine leukemia virus re-
verse transcriptase were from Bethesda Research Laborato-
ries. Radiolabeled nucleotides were obtained from
Amersham (Amersham, United Kingdom). Synthetic deox-
yoligonucleotides were prepared in our laboratory by using
an Applied Biosystems 381A DNA synthesizer.

Strains and plasmids. Construction of the plasmids used in
this study is schematically depicted in Fig. 1. A detailed
description of the construction of dINpG and YEpR5-pG,

which carry a PGKI gene containing an 18-nt-long poly(G)
insertion in the 5'-UTR (dINpG) or the 3'-UTR (YEpR5-
pG), has been published elsewhere (59, 60, 62). Plasmid
dINpGpG, containing a PGK1 gene that carries a poly(G)
tract in both UTRs, was constructed by replacing the KpnI-
BamHI fragment of dINpG by the corresponding fragment
from YEpR5-pG. Plasmid dINpCpG is identical to dINpGpG
except that it contains a poly(C)18 instead of a poly(G)18
insertion in the 5'-UTR. It was obtained by replacing the
KpnI-BamHI fragment of dINpC (60) by the corresponding
fragment from YEpR5-pG. Saccharomyces cerevisiae
20B-12 (trpl pep4-3 [25]) and Y260 (A 4Ta ura3-52 rpbl-1),
which contains a temperature-sensitive RNA polymerase II

(41), were used as hosts for episomal vectors carrying
mutant PGK1 genes. Transformants were grown in minimal
medium at 24°C (Y260) or 30°C (20B-12). Temperature shift
from 24 to 37°C of Y260 cultures to arrest transcription by
RNA polymerase II was performed as described previously
(62).

Isolation and purification of RNA. Total RNA was isolated
from yeast transformants according to Zitomer et al. (69).
Isolation of poly(A)+ and poly(A)- RNA was performed on
oligo(dT) columns (Stratagene) as described by Maniatis et
al. (34). Size fractionation of poly(A)- RNA for further
characterization of the degradation intermediates was car-
ried out by centrifugation through 10 to 30% linear sucrose
gradients in 10 mM Tris-HCl (pH 7.4)-100 mM NaCl-1 mM
EDTA for 3 h at 41,000 rpm in a Beckman SW41 rotor at 4°C.
Fractions of 1 ml were taken and analyzed for the presence
of PGK1 transcripts by Northern (RNA) hybridization.
RNase H protection analysis. RNase H-directed cleavage

of RNA was carried out essentially as described by Hwang
et al. (22). Briefly, 10 ,ug of total RNA isolated at different
times after transcriptional arrest was annealed to 5 ng of the
appropriate deoxyoligonucleotide in 40 p,l of buffer R (25
mM Tris-HCl [pH 7.5], 200 mM NaCl, 5 mM MgCl2). Where
indicated, 500 ng of oligo(dT)1217 was added. The reaction
mixture was heated at 85°C for 2 min, rapidly cooled to 65°C,

EcoRI

YEpR5
4 n1

41,de~.tIon nit 8-3

Kpnl

dELul 6

II...... _,

VOL. 12, 1992



2988 VREKEN ANDRAUMC o

and then allowed to cool slowly to 37C. Dithiothreitol was
added to a final concentration of 1 mM, and cleavage was
effected by incubating the sample with 1 U of RNase H
(Promega) for 45 min at 37°C. The reaction was terminated
by adding 50 pd of a phenol-chloroform-isoamyl alcohol
mixture (25:25:1, vol/vol/vol). RNA was precipitated from
the aqueous phase with ethanol and resuspended in 10 ,ul of
sterile H20.

Northern analysis, primer extension, and Si nuclease map-
ping. Northern analysis was carried out by fractionating
RNA samples after treatment with glyoxal (34) on 2%
agarose or, in the case of small fragments, 6% Nusieve
agarose (FMC) gels, followed by transfer to nylon mem-
branes (Amersham). Hybridization with radiolabeled deox-
yoligonucleotides, using the EcoRI-Clal fragment of plasmid
YEpR5 (59, 60), spanning the PGK1 coding region or the
TaqI-HpaI fragment of plasmid pBMCY138 corresponding
to the 5'-terminal two-thirds of the coding region of yeast
gene encoding ribosomal protein L25 (31), was carried out in
6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-5x Denhardt's solution (lOOx Denhardt's solution
is 0.2% Ficoll, 0.2% bovine serum albumin, and 0.2%
polyvinylpyrrolidone)-0.5% sodium dodecyl sulfate at either
42 or 65°C, depending on the probe. Unless indicated other-
wise, hybridization experiments were carried out under
conditions of excess probe. Probes were either end labeled
with [_y-32P]ATP (34) or labeled with [a-32P]ATP by means of
a random-priming kit obtained from Promega. Primer exten-
sion and Si nuclease mapping experiments were carried out
as described previously (62).

RESULTS

Accumulation of a 3'-terminal degradation intermediate in
cells transformed with PGKI genes carrying an altered 3'-
UTR. We have previously analyzed the effects of homo- and
heteropolymer insertions into the 5'- and 3'-UTR of yeast
PGK1 mRNA on the half-life of the transcript by means of
Northern analysis, after transcriptional arrest, using a probe
complementary to the 5'-terminal part of the coding region
(62). In accordance with in vivo studies on the degradation of
other, prokaryotic as well as eukaryotic mRNAs, we did not
detect any products shorter than the intact transcript, indi-
cating that as a rule, intermediates formed during mRNA
degradation are extremely short-lived. However, when we
repeated these experiments using a deoxyoligonucleotide
(designated TPGK, for trailer ofPGKI gene) complementary
to part of the 3'-UTR (nt 1337 to 1353), we did observe
significant amounts of a fragment with an estimated size of
about 180 nt in Y260 cells transformed with PGK1 genes that
carry either an 18-nt-long poly(G) tract (PGKl-pG) (YEpR5-
pG; Fig. 2A, lane 3) or the same tract followed by poly(C)18
(PGKl-pGC) (YEpR5-pGC; Fig. 2A, lane 2) in the 3'-UTR
(see Fig. 1). As shown previously, the half-lives of the
PGKJ-pG andPGKJ -pGC transcripts are increased by about
70 and 25%, respectively, over that of their wild-type coun-
terparts (62). The accumulation of the 3'-UTR-derived prod-
uct, however, does not appear to be directly correlated with
increased metabolic stability of the transcript, since inser-
tion of a 20-nt-long poly(U) tract into the 3'-UTR, which has
approximately the same effect on PGK1 mRNA stability as
does the poly(G) insertion (62), does not cause the appear-
ance of a comparable product (YEpR5-pU; Fig. 2A, lane 4).
Moreover, we could not detect such a product in control
cells transformed with the wild-type gene (YEpR5; Fig. 2A,
lane 1) or in cells expressing any of the other trailer insertion
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FIG. 2. Detection of a 3-terminal intermediate formed during

degradation of mutant PGKJ mRNA. (A) Ten micrograms of total
RNA isolated from Y260 cells transformed with multiple copies of
mutant PGK1 genes carrying different insertions into the 3'-UTR
(see Fig. 1) and grown to mid-log phase at 24°C was subjected to
Northern analysis with an excess of the trailer-specific TPGK
deoxyoligonucleotide radiolabeled at its 5' end. Lanes: 1, YEpR5-
derived mRNA; 2, YEpR5-pGC-derived mRNA; 3, YEpR5-pG-
derived mRNA; 4, YEpR5-pU-derived RNA. (B) Similar Northern
analysis of total RNA isolated from exponentially growing 20B-12
cells transformed with plasmid YEpR5-pG. (C) Time course of
degradation of intact YEpR5-pG mRNA and the degradation inter-
mediate after transcriptional arrest. YEpR5-pG-transformed cells
were subjected to transcriptional arrest by raising the temperature of
the culture from 24 to 37°C. Total RNA was isolated at various times
thereafter and analyzed by Northern hybridization using an excess
dC deoxyoligonucleotide, radiolabeled at its 5' end, as well as the
TaqI-HpaI fragment of the yeast ribosomal protein L25 gene,
radiolabeled by random priming as probes (62). The bands were
quantified by laser scanning densitometry (60, 62) at 0 min (lane 1),
20 min (lane 2), 40 min (lane 3), and 60 min (lane 4) after transcrip-
tional arrest. The intact PGKI-pG and L25 transcripts and the
3'-terminal degradation intermediate are indicated by P, L, and I,
respectively.

mutants (60) of the PGKI gene (data not shown). On the
other hand, the accumulation of the 3'-UTR-derived product
is not due to some peculiarity of strain Y260, which carries
a temperature-sensitive mutation in the gene encoding the
largest subunit of RNA polymerase 11 (41). As shown in Fig.
2B, the same product is clearly observed in exponentially
growing 20B-12 cells transformed with plasmid YEpR5-pG.
The relative amount of the intermediate in this case is lower
than in Y260 cells, which may be due to the higher growth
rate of 20B-12 cells.

Figure 2C shows the results of a Northern analysis carried
out on total RNA isolated from YEpR5-pG-transformed
Y260 cells at various times after arrest of transcription by an
increase in growth temperature from 24 to 37°C, which
inactivates RNA polymerase II in these cells (41). The
amount of the 180-nt-long fragment does not decrease by
more than about 15% (as determined by optical scanning of
the autoradiogram) over a period of 60 min, while intact
PGKl-pG mRNA and ribosomal protein L25 mRNA disap-
pear at rates in accordance with their previously determined
half-lives (62). These results are consistent with a precursor-
product relationship between the intact PGKJ transcript and
the fragment, with the half-lives of the two molecules being
approximately equal. Unfortunately, as a result of cell death,
mRNA decay can not be monitored for periods longer than
about 90 min, thus precluding direct measurement of the
half-life of the fragment. Since in this experiment a deoxyo-
ligonucleotide complementary to the poly(G) insertion, des-
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FIG. 3. Analysis of poly(A) tail length of the 3-terminal degra-
dation intermediate. Total RNA was isolated from YEpR5-pG-
transformed Y260 cells growing exponentially at 24°C, annealed to
different deoxyoligonucleotides as indicated, and subsequently in-
cubated with RNase H. Cleavage products were analyzed by
Northern hybridization with excess 3'-UTR-specific TPGK deoxy-
oligonucleotide, radiolabeled at the 5' end (lanes 1 to 4). Lanes 5 and
6 contain size markers obtained by RNase H cleavage of PGKI-pG
mRNA after annealing to deoxyoligonucleotides complementary to
either nt 1024 to 1049 (lane 5) or nt 640 to 665 (lane 6).

ignated dC [complementary to the region of the 3'-UTR that
includes the poly(G) tract as well as 4 nt upstream and 1 nt
downstream from this tract], was used as the probe, we

conclude that the trailer-derived fragment still contains
most, if not all, of the poly(G) tract. The poly(G) insertion,
thus, not only increases the metabolic stability of the intact
PGKJ-pG transcripts (62) but also alters the structure of its
3'-UTR in such a way that it is less susceptible to further
degradation by the nucleolytic enzymes involved in remov-

ing mRNA fragments.
Further characterization of the 3'-terminal degradation

intermediate. The presence of the poly(G) tract in the 3'-
UTR-derived fragment, together with its estimated length,
indicates that the fragment contains most, if not all, of the
original 3' untranslated sequence and does not carry a

poly(A) tail of any significant length. To establish the ab-
sence of a poly(A) tail directly, we annealed total RNA from
exponentially growing YEpR5-pG-transformed Y260 cells to
oligo(dT) and treated the resulting hybrids with RNase H.
Products were analyzed by Northern hybridization with the
3'-UTR-specific TPGK deoxyoligonucleotide as the probe.
Since the RNase H treatment does not detectably change the
size of the degradation intermediate (Fig. 3; compare lanes 1
and 2), we conclude that this fragment indeed contains at
most only a few A residues at its 3' end. When RNase H
cleavage was carried out in the presence of the dC deoxyo-
ligonucleotide, a product with a length of approximately 160
nt was obtained, accompanied by a smear at its upper end
which must represent poly(A) tails present on intact
PGKI-pG transcripts (Fig. 3, lane 3). This conclusion is
confirmed by the fact that the smear disappeared when
cleavage was carried out in the presence of both the dC
deoxyoligonucleotide and oligo(dT) (Fig. 3, lane 4).
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FIG. 4. Mapping of the 3' terminus of the degradation interme-
diate. Poly(A)- RNA was isolated from exponentially growing
YEpR5-pG-transformed Y260 cells and fractionated on a 10 to 30%
sucrose density gradient. Fractions were pooled as indicated in
panel A, which shows the OD260 (optical density at 260 nm) profile
of the gradient. (B) Northern analysis of various fractions with the
trailer-specific TPGK deoxyoligonucleotide as the probe. Lanes: 1,
total poly(A)- RNA (10 jug); 2, fraction 4 (5 jig); 3, fraction 5 (0.5
jLg). (C) Si nuclease analysis of the RNA present in fraction 5, using
the EcoRI-HindIII fragment, labeled at the EcoRI site, of the
PGKJ-pG gene as the probe (see Fig. 1). P, intact PGKl-pG
transcript; 3-I, 3-terminal degradation intermediate.

The difference in length between the original intermediate
and the product resulting from its cleavage by RNase H in
the presence of the dC deoxyoligonucleotide indicates that
the 5' end of the degradation intermediate is located at, or at
least very close to, the 5' end of the poly(G) tract of the
PGKJ-pG transcript. Attempts to map the 5' end more
precisely by primer extension analysis failed because the
reverse transcriptase proved to be unable to transcribe
through a poly(G) sequence.
To identify the 3' terminus of the degradation intermediate

precisely, we separated poly(A)- RNA isolated from
YEpR5-pG-transformed Y260 cells on a 10 to 30% linear
sucrose density gradient (Fig. 4A). Northern analysis (Fig.
4B) shows the top fraction of this gradient to contain
virtually all of the intermediate and to be devoid of intact
transcript. This fraction was then used in an Si nuclease
mapping experiment with the EcoRI-HindlIl fragment of the
YEpR5-pG-encoded PGKJ-pG gene, labeled at the EcoRI
site, as the probe [see Fig. 1; note that the EcoRI site is
located downstream from the poly(G) insertion]. The results
(Fig. 4C) reveal two closely spaced 3' ends at positions 1442
and 1455 that, taking into account the length of the inserted
sequence, correspond exactly to those previously deter-
mined for the intact wild-type PGK1 transcript at positions
1405 and 1418 (62). About 80% of the 3'-UTR-derived
fragments has the longer size, in accordance with the use of
the site farthest downstream as the major transcription
termination site (62). This result confirms that the 3'-terminal
degradation intermediate extends to the transcription termi-
nation site of the gene. However, the presence of a short
remnant of the original poly(A) tail cannot be excluded.

Rate of poly(A) tail shortening in wild-type PGKI and
PGKI-pG mRNAs. Because removal of the poly(A) tail
appears to precede the specific endonucleolytic cleavage of
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FIG. 5. Rate of deadenylation of PGKI-pG and wild-type PGK1
mRNAs. Total RNA was isolated from YEpR5-pG-transformed (A)
or YEpR5-transformed (B) Y260 cells at various times after tran-
scriptional arrest, annealed to an excess of different deoxyoligonu-
cleotides as indicated, and subsequently incubated with RNase H.
The products were analyzed by Northern hybridization with an
excess of the TPGK or oligo B probe, radiolabeled at the 5' end. The
diagram is a schematic representation of the 3'-terminal region of the
PGKI gene and indicates the nature of the deoxyoligonucleotides
used as well as the expected cleavage products.

PGKI-pG mRNA that gives rise to the degradation interme-
diate, the stabilizing effect of the poly(G) insertion might be
due to a decrease in the rate of deadenylation of the mutant
transcript relative to that shown by its wild-type counter-
part. Therefore, we compared the rates at which the poly(A)
tail is removed from the two types of transcript. Total RNA
was isolated from YEpR5-pG- as well as YEpR5-trans-
formed Y260 cells at various times after transcriptional
arrest and treated with RNase H in the presence of a
deoxyoligonucleotide complementary to nucleotides 1165 to
1217 of the PGKI coding region (oligo B). In the case of
YEpR5-pG transformants (Fig. 5A), the Northern analysis of
the cleavage products, using the trailer-specific TPGK
probe, reveals the presence of two bands. The lower band
corresponds to the 180-nt-long degradation intermediate
described above, which is not affected by the RNase H
treatment. The upper band shows a length of about 240 nt,
corresponding to the distance between the downstream end
of the RNase H probe (position 1217) and the major tran-
scription termination site of the PGKI-pG gene. This prod-
uct must be derived from intact, deadenylated PGKI-pG
transcripts that are present at a relatively high level in the
exponentially growing transformants (Fig. 4B). Polyadeny-
lated PGKI-pG transcripts are represented by the diffuse
hybridization signal trailing the 240-nt-long band (Fig. 5A,
lane 2). This conclusion was confirmed by the disappearance
of this diffuse signal when RNase H treatment was carried

out in the presence of the same probe in combination with
oligo(dT) (Fig. 5A, lane 1). The results shown in lanes 3 and
4 of Fig. 5A demonstrate that the average length of the
poly(A) tails on PGKl-pG transcripts has decreased by
about 50% at 10 min after the onset of transcriptional arrest,
while at 20 min virtually no poly(A) tails remain detectable.
A very similar rate of deadenylation is observed for the
wild-type PGK1 transcripts isolated from YEpR5 transfor-
mants (Fig. SB). In this case, RNase H treatment produces
only a single band, derived from intact transcripts, since no
degradation intermediate accumulates in these transfor-
mants (Fig. 2A). The size of this band is approximately 210
nt, in accordance with the smaller size of the wild-type
3'-UTR compared with that of the PGKI-pG mutant tran-
script (Fig. 1). Since the half-lives of the wild-type PGKJ and
the PGKI-pG transcripts are approximately 34 and 60 min,
respectively (62), these results show that deadenylation
cannot be the rate-limiting step in their degradation. The
same conclusion was reached by Herrick et al. (19) for
wild-type PGKI mRNA by comparing the half-life of the
polyadenylated species with that of the total cellular pool of
PGK1 transcripts. Therefore, the half-life of wild-type PGK1
mRNA as well as its counterparts carrying a mutant 3'-UTR
must be determined by the rate at which specific endonucle-
olytic cleavage of the transcripts takes place. This step
appears to be retarded by particular modifications of the
3'-UTR.

Localization of the endonucleolytic cleavage sites in
PGKI-pG mRNA. The 3'-terminal degradation intermediate
identified in YEpR5-pG-transformed cells might be the pri-
mary product of endonucleolytic cleavage. Alternatively, it
might accumulate because of the presence of the poly(G)
tract at its 5' end but in fact be a fragment of a larger product
arising from cleavage at a site farther upstream from the
insertion. To determine the location of the endonucleolytic
target site, we performed primer extension analysis on
poly(A)- RNA isolated from exponentially growing YEpR5-
pG-transformed Y260 cells. According to the conclusion
drawn from data presented above, this poly(A)- RNA
should be enriched in primary degradation intermediates. To
discriminate between nonspecific stops and actual 5' ends,
we used poly(A)+ RNA from the same cells, which should
contain only intact PGKI-pG mRNA molecules, as a con-
trol. Reverse transcription analysis of the two RNA frac-
tions, using the dC deoxyoligonucleotide as the primer, is
presented in Fig. 6A. Two major specific stops are visible at
G-1147 and G-1180 located in the coding region of the gene,
which extends to position 1251. Strikingly, both positions
correspond to the 3'-terminal nucleotide of a 5'-GGUG-3'
sequence motif (Fig. 7).

If the 5' ends at G-1147 and G-1180 are the direct result of
endonucleolytic cleavage, RNA fragments with 3' ends
mapping just upstream from these positions should be
present. Therefore, we performed an S1 nuclease mapping
experiment on poly(A)- RNA isolated from YEpR5-pG-
transformed Y260 cells, using the XbaI-EcoRI fragment (nt
952 to 1302) of the PGKI-pG gene, labeled at the XbaI site,
as the probe (Fig. 1). Initial experiments failed to reveal any
3' ends, probably because we could not add sufficient probe
to arrive at an excess over the large amount of intact
deadenylated PGKI-pG mRNA present in the poly(A)-
fraction. To circumvent this problem, we analyzed the
various sucrose gradient fractions shown in Fig. 4A. Figure
6B demonstrates that in this way, major bands that corre-
spond to 3' ends at positions G-1099, U-1130, and U-1134
can be detected. By far the highest abundance of these 3'
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FIG. 6. Mapping of the endonucleolytic cleavage site within

PGKJ-pG mRNA. Total RNA was isolated from exponentially
growing YEpR5-pG-transformed Y260 cells and separated into the
poly(A)+ and poly(A)- fractions. (A) Primer extension analysis. The
dC deoxyoligonucleotide (105 cpm) was annealed to 1 ,ug of
poly(A)' RNA (lane 1) or 10 ,ug of poly(A)- RNA (lane 2).
Reactions were carried out with 50 U of murine leukemia virus
reverse transcriptase in the presence of 1 ,ug of actinomycin D. The
sequence ladder was obtained with the aid of the same primer and
poly(A)+ RNA. (B) Si nuclease mapping of YEpR5-pG-derived
poly(A)- RNA size fractionated by sucrose density centrifugation
(see Fig. 4A), using the XbaI-EcoRI fragment of the PGKI gene,
radiolabeled at the XbaI site, as the probe (see Fig. 1). Lanes: 1,
total poly(A)- RNA (10 ,ug; the probe was not in excess because of
the presence of intact transcript); 2 to 5, fractions 2 to 4 (2.5 pg of
RNA) (lanes 2 to 4) and fraction 5 (0.5 ,ug of RNA) (lane 5) of the
sucrose density gradient shown in Fig. 4A; 6, total RNA (10 ,ug)
isolated from untransformed host cells. The Maxam and Gilbert
sequence ladders shown in the right-hand lanes were obtained with
the XbaI-EcoRI fragment of the PGKJ gene labeled at the EcoRI
site.

termini is observed in fraction 4 of the sucrose gradient, in
agreement with the expected size (-1,200 nt) of the up-
stream product of the endonucleolytic cleavage. Although in
the primary structure of PGKI mRNA, the observed 3' ends
do not fit exactly to the 5' ends at G-1147 and G-1180, in a
computer-generated secondary structure model of the region
in question (Fig. 7), G-1180 and G-1099 are located close to
one another on either side of a double-stranded region,
suggesting the involvement of a double-strand-specific endo-
nuclease. A similar situation does not obtain, however, for
the other two 3' termini at U-1130 and U-1134, which
nevertheless are reasonably close to the 5' end at G-1147.
Thus, although these results do not allow us to determine the
site(s) for endonucleolytic cleavage precisely, they do sup-
port the occurrence of such specific cleavage(s) within the
region of PGKI-pG mRNA shown in Fig. 7, close to the 3'
end of the coding sequence. The degradation intermediate
accumulating in YEpR5-pG-transformed cells, therefore, is
the remnant of a larger primary fragment, which seems to be
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u AAGU C GG GCACUGACAA-U
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FIG. 7. Computer-generated secondary structure model of the
region of PGK1 mRNA acting as the target for endonucleolytic
cleavage. The region ofPGKJ mRNA encompassing nt 1093 to 1188
together with either a 700-nt-long upstream or a 300-nt-long down-
stream sequence was folded by using the program FOLD (70). In the
latter case, both the wild-type sequence and the mutant sequence,
including the poly(G) insertion in the 3'-UTR, were analyzed. In all
cases, the region from 1093 to 1188 was predicted to have the
structure depicted. The 5' and 3' ends identified in the reverse
transcription and S1 analysis shown in Fig. 6 are indicated.

rapidly trimmed by 5'-+3' exonuclease activity up to the
poly(G) tract.
Accumulation of a 5'-terminal degradation intermediate in

cells transformed with a PGKI gene carrying an altered
5'-UTR. Because insertion of a poly(G) tract into the 3'-UTR
of PGK1 mRNA stabilizes a fragment of the 3'-terminal
primary degradation product, we argued that a similar inser-
tion into the 5'-UTR might lead to the accumulation of the
matching 5'-terminal intermediate that in YEpR5-pG trans-
formants is detectable only by Si analysis of fractionated
poly(A)- RNA. Therefore, we constructed a mutant PGKI
gene (dINpGpG; Fig. 1) containing an 18-nt-long poly(G)
stretch just upstream from the AUG start codon in addition
to the poly(G) insertion in the 3'-UTR. Figure 8A shows a
Northern analysis of total RNA isolated from dINpGpG- and
YEpR5-pG-transformed Y260 harvested during exponential
growth (lanes 1 and 2, respectively). Either the trailer-
specific TPGK (Fig. 8A) or the dC (Fig. 8B) deoxyoligonu-
cleotide was used as the probe. Clearly, both mutants
accumulate the same 3'-terminal degradation intermediate,
albeit, for reasons that are so far obscure, not to the same
level. In the dINpGpG mutant, an extra product with a size
slightly below that of the intact transcript is observed which
hybridizes only with the dC, not the TPGK, deoxyoligonu-
cleotide. The same product can also be visualized by means
of a randomly primed probe covering the PGKI coding
region (Fig. 8C). The length, hybridization characteristics,
and kinetics of accumulation of this fragment after transcrip-
tional arrest (Fig. 8C) all are in agreement with the conclu-
sion that it is the upstream product of the primary endonu-
cleolytic cleavage in the 1100-1200 region.

Identification of the 3' end of the 5'-terminal degradation
intermediate. To ascertain that the long fragment identified
above indeed originates from cleavage in the 1100-1200
region, we performed an Si nuclease mapping experiment on
poly(A)- RNA isolated from exponentially growing
dINpGpG-transformed Y260 cells, using the XbaI-EcoRI
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FIG. 8. Detection of a 5'-terminal degradation intermediate of
PGKJ-pGpG mRNA. Total RNA was isolated from exponentially
growing Y260 cells transformed with various mutant PGKJ genes
and subjected to Northern hybridization with an excess of either the
trailer-specific TPGK (A) or the dC (B) deoxyoligonucleotide probe,
both radiolabeled at the 5' end. P, intact PGKI transcript; 3-I and
5'-I, 3'- and 5'-terminal degradation intermediates, respectively.
Lanes: 1, dINpGpG-derived mRNA; 2, YEpR5-pG-derived RNA.
Each lane contains 7.5 ptg of RNA. (C) Northern analysis of total
RNA isolated from dINpGpG-transformed Y260 cells at different
times after transcriptional arrest. The EcoRI-ClaI fragment covering
the PGKI coding region labeled by random priming was used as the
probe. Samples were analyzed at 0 min (lane 1), 20 min (lane 2), 40
min (lane 3), and 60 min (lane 4) after transcriptional arrest.

fragment of the PGKJ-pG gene, labeled at the XbaI site, as
the probe. Figure 9 shows that 3' ends identical to those
identified in YEpR5-pG-derived RNA are readily detected
even without prior fractionation (compare lanes 2 and 3).
The high abundance of these 3' ends is a clear indication that
they are derived from the long 5'-terminal fragment identi-
fied above. Reverse transcription analysis of poly(A)- RNA
from dINpGpG transformants, using the dC deoxyoligonu-
cleotide as the primer, revealed products with the same 5'
ends at G-1147 and G-1180 observed in YEpR5-pG-derived
poly(A)- RNA (not shown). These results provide additional
support for our conclusion that degradation of the two
transcripts is initiated by specific endonucleolytic cleavage
within a limited target region located between approximately
positions 1100 and 1200, that the resulting fragments are
subsequently degraded exonucleolytically in the 5'->3' di-
rection, and that a poly(G) tract form considerably retards
this degradation.
Accumulation of the 5'-terminal degradation intermediate

does not depend upon inhibition of translation. As shown
previously (60), insertion of a poly(G) tract into the 5'-UTR
of a PGK1 transcript inhibits its translation almost com-

pletely, most likely by blocking access of ribosomes to the
AUG start codon. Since the stability of PGKJ mRNA as a

whole is increased in yeast cells treated with the transla-
tional inhibitor cycloheximide (19), we wanted to ascertain
whether the accumulation of the 5'-terminal degradation
intermediate of the PGKJ-pGpG transcript is due to its
inability to be translated. Rather than using cycloheximide,
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FIG. 9. Mapping of the 3' ends of the 5'-terminal degradation
intermediate derived from PGKI-pGpG mRNA. Total RNA was
isolated from exponentially growing Y260 cells transformed with
various PGKI mutant genes and separated into the poly(A)+ and
poly(A)- fractions. The latter was subjected to Si nuclease analysis
with the XbaI-EcoRI fragment of the PGKI gene, radiolabeled at the
XAbaI site, as the probe (see Fig. 1). Lanes: 1, YEpR5-pG-derived
total poly(A)- RNA (20 ,ug; the probe was not in excess in this case
because of the presence of intact transcript); 2, fraction 5 of
YEpR5-pG-derived poly(A)- RNA (0.5 ,ug) fractionated by sucrose

density centrifugation (see Fig. 4A); 3, dINpGpG-derived total
poly(A)- RNA (20 ,ug; the probe was not in excess because of the
presence of intact transcript); 4, dINpGpG-derived total RNA (20
,ug; the probe was not in excess because of the presence of intact
transcript); 5 and 6, fractions 3 and 4 of YEpR5-derived poly(A)-
RNA (5 ,ug of each) size fractionated by sucrose gradient centrifu-
gation in the same manner as YEpR5-pG-derived poly(A)- RNA
(see Fig. 4).

which "freezes" ribosomes on the mRNA and may also
block the production of a labile component of the degrada-
tive machinery (19), we used plasmid dINpCpG. This plas-
mid is identical to dINpGpG except that it contains a
poly(C)18 instead of a poly(G)18 insertion in the 5'-UTR of
the PGKI gene (Fig. 1). The translational efficiency of the
PGKI-pCpG mutant mRNA is only about 20% of that of its
wild-type counterpart (60). Figure 10 shows Northern blots
of total RNA from exponentially growing dINpCpG-trans-
formed Y260 cells, analyzed with the EcoRI-ClaI probe
corresponding to the PGKI coding region (Fig. 1OA) or the
3'-UTR-specific TPGK probe (Fig. 10B). While the 3'-

terminal degradation intermediate is clearly visible in the
latter autoradiograph, no trace of the 5'-terminal intermedi-
ate can be detected in the blot probed with the fragment
covering the PGKI coding region. This finding shows that a

severe reduction in translatability of the PGKI transcript in
itself is not sufficient to cause detectable accumulation of the
5'-terminal degradation intermediate.

Detection of cleavage sites in wild-type PGKI mRNA. All
experiments mapping the endonucleolytic cleavage sites
described so far were carried out on mutant forms of PGKI
mRNA. To address the question of whether degradation of
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FIG. 10. Degradation intermediates of PGK1-pCpG mRNA. To-

tal RNA was isolated from exponentially growing Y260 cells trans-
formed with plasmid dINpCpG, carrying a poly(C) tract in the
5'-UTR and a poly(G) tract in the 3'-UTR (see Fig. 1). The RNA was

analyzed by Northern hybridization with an excess of either the
EcoRI-ClaI fragment of the PGK1 gene, radiolabeled by random
priming (A), or the 3'-UTR-specific TPGK oligonucleotide, radiola-
beled at its 5' end (B), as the probe. In each lane, 10 p.g of RNA was

used. The intact transcript and the 3-terminal degradation interme-
diate are indicated by P and 3'-I, respectively.

wild-type PGKI mRNA follows the same pathway, we used
PGKl-specific probes to carry out primer extension and S1
nuclease mapping experiments on poly(A)- RNA isolated
from YEpR5-transformed Y260 cells, containing a high level
of wild-type PGK1 mRNA (59, 60). Two specific 5' ends
mapping at precisely the same positions as identified in the
experiments with mutant PGK1 mRNAs, namely, G-1180
and G-1147, were unequivocally detected, albeit only after
very long exposure of the primer extension gel. In addition,
specific 5' ends were found at positions U-1185 and G-1186
(Fig. 11A, lane 1). The bands in question are absent from a

reverse transcription analysis of poly(A)+ RNA use as a

control (Fig. 11A, lane 2). Conversely, the poly(A)+ lane
contains a number of bands that are absent from the
poly(A)- lane or present at much reduced levels. However,
reverse transcription analysis of a synthetically prepared
PGK1 mRNA fragment covering the same region (Fig. 11B)
demonstrates that these bands are all artificial stops of the
enzyme.
The reason for the appearance of additional specific 5'

ends at U-1185 and G-1186 in degradation products of the
wild-type PGKI mRNA is not clear. We suggest that their
presence may be due to a slightly different structure of the
endonucleolytic target region in the wild-type transcript
compared with its mutant counterparts. This view would be
in agreement with the idea that the poly(G) insertion some-
how retards the rate-limiting endonucleolytic cleavage by
influencing the recognition of the target region by the en-
zyme. It should be noted that G-1186 again corresponds to
the 3'-terminal residue of a 5'-GGUG-3' motif (Fig. 7).
We were unable to detect any 3' ends by S1 mapping of

wild-type PGKI mRNA by using a probe that overlaps the
endonucleolytic target region, even when we used fraction-
ated poly(A)- RNA from YEpR5-transformed cells (Fig. 9,

G1186

FIG. 11. Mapping of endonucleolytic cleavage positions in wild-
type PGK1 mRNA. (A) Total RNA was isolated from exponentially
growing YEpR5-transformed Y260 cells, separated into the
poly(A)+ and poly(A)- fractions, and subjected to primer extension
analysis with a deoxyoligonucleotide complementary to nt 1219 to
1238 ofPGK1 mRNA. Lanes: 1, poly(A)- RNA (20 ,ug); 2, poly(A)+
RNA (1 pg). The sequence ladder (lanes G, A, T, and C) was
obtained with the same primer. Lanes 1 and 2 represent an exposure
of the autoradiogram five times longer than used for the sequence
ladder. (B) Primer extension analysis of a synthetic PGK1 mRNA
fragment obtained by in vitro transcription of the KpnI-SnaBI gene
fragment (see Fig. 1) cloned under control of the bacteriophage T7
promoter of the pGEM3 vector (61) (lane 1). The same primer as
used for panel A was used. The sequence ladder (lanes G, A, T, and
C) was obtained with the same synthetic fragment.

lanes 5 and 6). The close correspondence between the 5'
ends detected in the primer extension analysis of YEpR5-
derived RNA and those detected in dINpGpG- and YEpR5-
pG-derived transcripts strongly suggests, however, that the
degradation pathway deduced above for the mutant PGK1
mRNAs is not peculiar to these mutant transcripts but also
applies to their wild-type counterparts.

DISCUSSION

A major handicap in elucidating the precise nature and
order of events during decay of an mRNA is the fact that, as
a rule, intermediates produced in the course of this process
are extremely short-lived and therefore very difficult to
detect and characterize. The experiments described in this
report demonstrate that insertion of a poly(G) tract into the
5'- or 3'-UTR of yeast PGK1 mRNA causes such degrada-
tion intermediates to accumulate to high levels in cells
transformed with multiple copies of the mutant genes (Fig. 2
and 8). Characterization of these intermediates by Si nucle-
ase and primer extension analysis has allowed us to establish
that the first attack on the actual body of the mutant PGKJ
transcripts is carried out by an endonuclease and is directed
at specific sites within a relatively small target region of
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about 100 nt located closely upstream from the translation
stop codon (Fig. 6 and 9). Fragments with 5' ends identical to
those of the degradation products derived from the mutant
transcripts could be detected also in cells transformed with
the wild-type PGKI gene, albeit, as expected, in very small
amounts (Fig. 11). This finding is a clear indication that the
degradation pathway established for the mutant mRNA
species applies to their wild-type counterparts as well.

Endonucleolytic cleavage is not the first event in PGK1
mRNA turnover, because the 3'-terminal degradation inter-
mediate accumulating in YEpR5-pG transformants lacks all
or most of the poly(A) tail (Fig. 3). Moreover, a considerable
amount of otherwise intact YEpR5-pG-derived transcript is
present in the poly(A)- fraction (Fig. 4), a phenomenon also
observed for wild-type PGKI mRNA (19). Thus, endonucle-
olytic cleavage of the mutant PGK1 mRNA, and likely its
wild-type counterpart as well, occurs after removal of all or
most of the poly(A) tail from the transcript. This contrasts
with the observations on mammalian apolipoprotein II (6)
and avian 9E3 (56) mRNAs, for which in vivo degradation
intermediates originating from endonucleolytic cleavage
have been characterized in some detail. In both cases,
cleavage was found to occur prior to removal of the poly(A)
tail. Our data do not allow us to conclude whether deadeny-
lation is an absolute requirement for endonucleolytic cleav-
age of PGKI mRNA.
While loss of the poly(A) tail precedes endonucleolytic

cleavage, it is not the rate-limiting step in PGK1 mRNA
decay. The data presented in Fig. 5 show that the half-life of
the poly(A) tail of both wild-type and YEpR5-pG-derived
mutant PGK1 transcripts is approximately 10 min, in close
agreement with the figure derived previously for wild-type
PGK1 transcripts by Herrick et al. (19). This is well below
the half-life of the wild-type and mutant transcripts as a
whole (19, 62), which identifies the endonucleolytic cleavage
in the 1100-1200 region as the rate-limiting step in their
turnover. Inserting a poly(G) tract into the 3'-UTR of PGK1
mRNA, thus, must reduce the rate of endonucleolytic cleav-
age, probably as the result of a conformational change in the
mRNA. It remains to be seen whether this conformational
change limits the accessibility of the target site to the
enzyme or whether it directly affects higher-order structural
features of the mRNA recognized by the endonuclease.
As is clear from the accumulation of deadenylated degra-

dation intermediates extending to the transcription termina-
tion site in YEpR5-transformed cells (Fig. 4), removal of the
poly(A) tail does not expose PGK1 transcripts to 3'--5'
exonuclease activity, although such an activity has been
detected in yeast cells (55). In fact, 3'--5' exonuclease does
not appear to play a role of any consequence in PGKI
mRNA turnover, because insertion of a poly(G) tract imme-
diately upstream from the AUG start codon effectively
stabilizes the long 5 '-terminal product of the endonucleolytic
cleavage (Fig. 8 and 9). Therefore, we conclude that a 5'->3'
exonuclease(s) acts as the major scavenger of the products
of the rate-limiting endonucleolytic cleavage of PGKJ
mRNA. Evidently, progression of the exonuclease is
blocked by a poly(G) sequence, causing accumulation of the
intermediates observed in YEpR5-pG and dINpGpG trans-
formants. It is unlikely that exonucleolytic degradation of
the 5'-terminal intermediate is linked to the translocation of
ribosomes, since dINpCpG-transformed cells do not accu-
mulate the 5'-terminal intermediate (Fig. 10) despite the fact
that the PGKI-pCpG mRNA is very poorly translated (60).
We have not been able to map the 5' end of either of the

two degradation intermediates precisely. However, their

hybridization with the dC oligonucleotide (Fig. 2 and 8) and,
in the case of the 3'-terminal product, the reduction in size
upon RNase H digestion in the presence of this oligonucle-
otide (Fig. 3) indicate that in both cases, the 5' end is located
at or very close to the start of the poly(G) tract. The blocking
of the 5'--3' exonuclease by a poly(G) tract is probably due
to the peculiar conformation that such a sequence can adopt
(18, 63, 68). This view is supported by the observation that a
G18C18 insertion into the 3'-UTR, which should form a very
stable hairpin structure, causes a similar 3'-terminal inter-
mediate to accumulate (Fig. 2).
Our experiments do not allow us to draw definitive con-

clusions with respect to the structural features required for
the specific recognition of PGK1 mRNA by the endonucle-
ase. The fact that the 5' ends of the downstream cleavage
products identified in this study map to the 3'-terminal G, or
in one case the penultimate U, residue of a 5'-GGUG-3'
sequence indicates a certain measure of sequence specificity
as has been noted also in the case of apolipoprotein II
mRNA (6). Mutational analysis of the target region by means
of an in vitro system from S. cerevisiae 20B-12 cells that
mimics the in vivo endonucleolytic cleavage events supports
this idea, since it showed that changing GGUG to GGUA
abolished 5'-end formation at that particular sequence (61).
However, it is also clear that more than just a GGUG motif
is required, since the target region contains additional copies
of this motif at which 5' ends were not detected by primer
extension analysis (Fig. 6). Furthermore, the 5'-terminal
degradation intermediate accumulating in dINpGpG trans-
formants still possesses nine GGUG sequences (20) that
evidently do not serve as recognition sites for the endonu-
clease. Further mutational analysis and structure mapping of
the target region will be required to determine the minimal
requirements for its interaction with the endonuclease.
The endonuclease cleaving PGK1 mRNA does not seem

to correspond to either of the two yeast endoribonucleases
that have so far been characterized in some detail. The
enzyme described by Stevens (53) is highly specific for
pyrimidine-A bonds, whereas our enzyme seems to cut
preferentially at pyrimidine-G bonds. Mead and Oliver (36)
have isolated a double-stranded yeast endoribonuclease
which is Mg2+ independent and, in fact, is strongly inhibited
by Mg2+ ions. Data obtained with the in vitro system
mentioned above, however, indicate an absolute require-
ment for Mg2+ ions in the endonucleolytic cleavage ofPGK1
mRNA. While a Mg2+-dependent endoribonuclease has
been detected in yeast cells (30), the partially purified
enzyme did not show any base specificity.

Stevens has also isolated a processive, Mg2 -dependent
5'-*3' exonuclease from yeast cells that might correspond to
the scavenging exonuclease revealed by our experiments
(52, 55) except for the fact that its ionic requirements, in
particular its inhibition by potassium ions, cannot be well
reconciled with those of our in vitro system.
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