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A major mechanism of mRNA decay occurs by the
process of deadenylation, decapping and 59 → 39
exonucleolytic degradation. Recently, the product of
the DCP1 gene has been shown to be required for
decapping mRNAs in vivo and co-purifies with de-
capping activity in vitro. We have purified Dcp1p
to homogeneity and shown that it is sufficient for
decapping, thereby indicating that Dcp1p is the de-
capping enzyme. Characterization of Dcp1p activity
in vitro indicated that the 7-methyl group of the
cap structure contributes to the enzyme’s substrate
specificity. In addition, Dcp1p was effectively inhibited
by uncapped mRNAs, and the enzyme efficiently
cleaved substrates that wereù25 nucleotides in length,
with a preference for longer mRNA substrates. These
properties suggest that Dcp1p recognizes the mRNA
substrate by interactions with both the cap and the
RNA moiety. The Dcp1p is also a phosphoprotein,
suggesting its activity may be regulated by post-tran-
scriptional modification.
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Introduction

The regulation of gene expression is significantly influ-
enced by differences in mRNA decay rates. To gain insight
into the molecular basis of different decay rates, the
pathways of mRNA turnover are being elucidated. Many
eukaryotic mRNAs decay through a pathway of turnover
that is initiated by shortening of the poly(A) tail, which
is followed by degradation of the body of the transcript
(Beelman and Parker, 1995). InSaccharomyces cerevisiae,
mRNA deadenylation leads to decapping of the mRNA,
which is followed by rapid 59 → 39 exonucleolytic
degradation of the mRNA (Decker and Parker, 1993;
Muhlradet al., 1994, 1995). Several observations indicate
that decapping and 59 → 39 decay are also likely to occur
in other eukaryotes. First, deadenylated, decapped, full-
length mRNAs have been detected from murine liver cells
(Couttetet al., 1997). In addition, intermediates in mRNA
decay that are shortened at their 59 ends have been
identified in both plant and animal cells (Lim and Maquat,
1992; Higgs and Colbert, 1994). Moreover, homologs of
the yeastXrn1p 59 → 39 exonuclease that degrades
mRNA following decapping have been identified in several
organisms (Heyeret al., 1995; Bashkirovet al., 1997).

Decapping is a key step in the turnover of yeast mRNAs,
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since it precedes the decay of the body of the transcript
and is a site of control, as individual mRNAs are decapped
at different rates (Muhlradet al., 1994, 1995). Decapping
also occurs in nonsense-mediated decay in yeast, whereby
mRNAs that contain a premature translation stop codon
are rapidly decapped independent of deadenylation
(Muhlrad and Parker, 1994; Haganet al., 1995). Given
the central role of decapping in mRNA decay, resolution
of the mechanisms by which mRNA decapping occurs
and is controlled will be critical for understanding
mRNA turnover.

Recent work has identified a protein, encoded by the
yeast DCP1 gene, which co-purifies with a decapping
activity. That activity cleaves capped mRNAs within the
cap 59–59 triphosphate linkage to release m7GDP and a
59-monophosphate mRNA (Beelmanet al., 1996). Import-
antly, in strains deleted for theDCP1gene, many mRNAs
are more stable due to a block in mRNA decapping
(Beelmanet al., 1996). These mRNAs include stable and
unstable mRNAs that undergo deadenylation-dependent
decapping and mRNAs with early nonsense codons that
are degraded by deadenylation-independent decapping.
These results indicate that a single decapping activity,
which requires Dcp1p for function, is responsible for
most, if not all, mRNA decappingin vivo. Elucidation
of the function and regulation of Dcp1p is therefore
fundamentally important for understanding decapping.

In this work, we affinity-purified an epitope-tagged
Dcp1p to homogeneity from yeast. Dcp1p hydrolyzes
capped mRNAs, indicating that Dcp1p is sufficient to
function as the decapping enzyme without additional
components. Several aspects of Dcp1p decapping activity
were then examinedin vitro towards elucidating the
mechanism by which Dcp1p functionsin vivo. These
experiments suggest that Dcp1p recognizes its substrate
through interaction with both the cap and RNA moieties.
Decapping might therefore be regulated, in part, by the
accessibility of Dcp1p to the mRNA 59 end. Moreover,
Dcp1p is a phosphoprotein, suggesting that its activity
could be regulated by post-transcriptional modification.

Results

Highly purified Dcp1p has decapping activity

A central goal towards understanding decapping is to
determine the protein(s) that are sufficient for decapping
activity. Previously, a modified Dcp1p that contained a
hexahistidine epitope at its N-terminus, His-Dcp1p, was
purified from yeast cell extracts with nickel affinity chro-
matography (Beelmanet al., 1996). While decapping
activity co-purified with the His-Dcp1p, stained SDS–
PAGE gels of this preparation revealed the presence of
several other proteins (data not shown). This observation
raised the possibilities that Dcp1p might be sufficient for



T.E.LaGrandeur and R.Parker

Fig. 1. Purified FLAG-Dcp1p has decapping activity. (A) Analysis of
FLAG-Dcp1p purification by silver-stained SDS–PAGE. As described
in Materials and methods, a cellular extract from yeast expressing
FLAG-Dcp1p was chromatographed over heparin; the fraction that
was not bound was then purified by anti-FLAG M2 immunoaffinity
chromatography. Lanes: Total, the fraction that was loaded onto the
anti-FLAG column; Flow-through, the fraction that did not bind to the
anti-FLAG column; Bound, the eluate from the anti-FLAG column.
The following amounts of each were resolved on the gel: Total,
3.6 µg; Flow-through, 3.6µg; Bound, 140 ng. Protein size markers are
indicated on the left in kDa. (B). Analysis of decapping activity from
FLAG-Dcp1p purification fractions. Decapping was assayed as
described in Materials and methods in 15µl reactions which contained
0.01 pmol substrate and the following amounts of protein from each
fraction of the anti-FLAG column: Total, 20µg (of 6.5 mg total);
Flow-through, 20µg (of 6.4 mg total); Bound, 220 ng (of 50µg total).
The reaction products were separated by PEI-cellulose TLC. Lanes are
as in (A). The * indicates the position of the radiolabeled phosphate.

decapping or that it might function in a complex that
requires additional components for activity. To distinguish
between these two alternatives, we set out to purify Dcp1p
to homogeneity and test its ability to decap mRNAs.

To purify Dcp1p, theDCP1 gene was modified to
encode a fusion protein containing the FLAG epitope at
the Dcp1p N-terminus, thus enabling isolation of Dcp1p
through anti-FLAG immunoaffinity chromatography. The
gene encoding FLAG-Dcp1p was subcloned into a 2µ
plasmid under the control of the constitutive glycer-
aldehyde-3-phosphate dehydrogenase promoter, to obtain
high levels of Dcp1p expression, and transformed into a
dcp1∆ strain. The FLAG-Dcp1p was functionalin vivo,
since it complemented the mRNA turnover and slow-
growth phenotypes of thedcp1∆ strain (data not shown).
Cells overexpressing the FLAG-Dcp1p contained sig-
nificantly higher levels of Dcp1p than wild-type yeast cells,
as judged by Western analysis. Despite this abundance of
Dcp1p, the cells showed no growth defects and mRNA
turnover rates for the PGK1 and MFA2 mRNAs were
unchanged (data not shown). This observation suggests
that the rates of mRNA decappingin vivo are not limited
by the cellular abundance of Dcp1p.

The FLAG-Dcp1p was purified in two steps. First, a
cellular extract was passed over a heparin–Sepharose
column. FLAG-Dcp1p in the unbound fraction was then
purified by anti-FLAG immunoaffinity chromatography.
As shown in Figure 1A, the eluate from the anti-FLAG
column contained only one protein that was detected in a
silver-stained SDS–PAGE gel (even when greater levels
of protein were examined). This protein was the FLAG-
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Fig. 2. Gel-isolated Dcp1p is enzymatically active. His-Dcp1p was
resolved by denaturing SDS–PAGE in gels containing either cap-
radiolabeled MFA2 mRNA or internally radiolabeled, uncapped MFA2
mRNA. The Dcp1p was then renatured in the gel, and assayed for
decapping activity as described in Material and methods. Lanes: BSA,
bovine serum albumin; His-Dcp1p, His-Dcp1p preparation from
S.cerevisiae; His-Dcp1p, E.c., His-Dcp1p preparation fromE.coli. 4 µg
of each protein preparation was resolved on the gel. Protein size
markers are indicated between the gels in kDa. The arrow indicates
the position of clearing in the gel.

Dcp1p, as judged by its size of ~30 kDa and confirmed
by Western blot analysis with antisera directed against the
DCP1 polypeptide (data not shown).

The FLAG-Dcp1p was next examined for decapping
activity. Using anin vitro decapping assay, we tested the
ability of the FLAG-Dcp1p to decap a synthetic mRNA
that contained a radiolabeled cap. As shown in Figure 1B,
the purified FLAG-Dcp1p preparation specifically decaps
the substrate to yield the product m7GDP. Isolation of the
FLAG-Dcp1p to apparent homogeneity therefore results
in purification of decapping activity.

Gel-isolated Dcp1p has enzymatic activity

The observation that purified Dcp1p had decapping activity
suggested that Dcp1p is sufficient to function as a de-
capping enzymein vitro. However, it was formally possible
that the purified FLAG-Dcp1p contained an additional
protein required for decapping that was present at low
levels and not detected upon silver staining. To address
this possibility we determined if Dcp1p, which was purified
under denaturing conditions (to disrupt any protein–protein
interactions), could be renatured to yield enzymatic
activity.

For this experiment, we performed a SDS–PAGE
activity assay, in which the His-Dcp1p polypeptide was
first separated from other proteins on a SDS gel containing
cap-radiolabeled substrate. Following electrophoresis, we
renatured the Dcp1p in the gel and assayed for decapping
activity. The in-gel Dcp1p was enzymatically active, as
evidenced by clearing of signal from the gel in the region
that contained Dcp1p (Figure 2). The clearing corresponds
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to where radiolabeled m7GDP, which was released from
the substrate mRNA, diffused out of the gel, while the
remainder of cap-radiolabeled mRNA primarily remained
in the gel. Surprisingly, the clearing occurred slightly
ahead of the majority of the Dcp1p in the gel, suggesting
that only some of the Dcp1p was in an active form which
migrates faster in the gel (see Discussion). The activity
was specific to Dcp1p, as neither bovine serum albumin
nor an inactive Dcp1p (that was produced inEscherichia
coli) produced activity (Figure 2). While the clearing in
the gel was suggestive of decapping, it could represent
radiolabel released by a non-specific ribonuclease activity.
To rule out this possibility, we also performed the in-gel
assay with internally labeled, uncapped mRNA and failed
to see any clearing (Figure 2). We therefore interpreted
the activity observed in the gel containing cap-radiolabeled
mRNA to result specifically from decapping by Dcp1p.

Based on the decapping activities observed with Dcp1p
both in-gel and upon high purification of the protein, we
concluded that Dcp1p was sufficient to function as a
decapping enzymein vitro and that it is the catalytic
moiety of the decapping enzymein vivo. However, given
that decapping is a regulated process, Dcp1p may well
interact with other proteinsin vivo.

Optimization of Dcp1p decapping conditions

We optimized the conditions for decapping by FLAG-
Dcp1p to facilitate furtherin vitro experiments. The
FLAG-Dcp1p was tested in decapping assays as described
in Materials and methods. The FLAG-Dcp1p required
divalent cation for activity, and was optimally stimulated
in the presence of 1 mM MgCl2. The enzyme was 10-
fold less active in the presence of MnCl2, while no
decapping activity was detected in the presence of CaCl2.
Also, FLAG-Dcp1p apparently does not require mono-
valent salt for activity, since decapping was not stimulated
by the addition of KCl, NaCl, NH4Cl or NH4OAC.
However, higher levels of monovalent salt affected de-
capping, as concentrations of 50, 75, 100 or 200 mM
NaCl inhibited decapping ~1.8-, 4.4-, 5.4- or 12.6-fold,
respectively. The FLAG-Dcp1p enzyme was most active
at pH 7.0. TheKm for the synthetic, capped MFA2 mRNA
substrate was determined (as described in Materials and
methods) to be 18 nM.

Dcp1p recognizes the 7-methyl group of the cap

structure

The ability of Dcp1p to decap mRNAs implied that it
must be able to both recognize its substrate and cleave
within the cap structure. To determine the substrate speci-
ficity of Dcp1p, we examined its activity with a number
of substrates under varying conditions. The interaction of
Dcp1p with its substrate could partially occur, in principle,
through interaction with the cap structure 7-methyl group.
The cap 7-methyl group has been implicated as being
important for the cap-dependent processes of mRNA
splicing and translation initiation (Adamset al., 1978;
Konarskaet al., 1984). We therefore addressed whether
the 7-methyl group of the cap structure could also influence
decapping by Dcp1p.

Capped mRNAs that either contained or lacked a
7-methyl group in their cap structures were prepared
(see Materials and methods) and tested as substrates
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Fig. 3. Dcp1p prefers methylated substrates. Analysis of decapping
activity by FLAG-Dcp1p on methylated (left-hand panel),
non-methylated (middle panel) and mixed (right-hand panel)
substrates. Decapping activity was assayed in 15µl reactions
containing 1.35 pmol of FLAG-Dcp1p and 0.07 pmol of substrate, as
described in Materials and methods. Equal amounts (0.035 pmol each)
of methylated and non-methylated RNAs were combined for the
mixed substrate experiment. Decapping by FLAG-Dcp1p was
examined over a 20 min time course, with aliquots of the decapping
reactions removed at the indicated time points. The products of the
reaction were separated by PEI-cellulose TLC. The * indicates the
position of the radiolabeled phosphate. A small amount of GDP is
produced from the reactions with the methylated substrate, due to
incomplete methylation of the capped mRNAs by guanylyltransferase
during substrate preparation.

for decapping. The assays contained equal amounts of
methylated or non-methylated substrates that were capped
to the same extent. FLAG-Dcp1p is capable of cleaving
the cap structure of the non-methylated substrate mRNA
to release GDP, albeit less efficiently (Figure 3, compare
left and middle panels). Based on the rates at which the
cap was released from the two substrates, the non-
methylated substrate was cleaved 10-fold less efficiently
than the methylated substrate. To rule out the possibility
that the non-methylated substrate contained an inhibitor of
decapping, the methylated and non-methylated substrates
were mixed and tested as decapping substrates. In this
experiment, the methylated substrate was cleaved much
more efficiently than the non-methylated substrate (Figure
3, right-hand panel), confirming that the enzyme prefers
methylated substrates. The preference of Dcp1p for the
methylated substrate indicated that the 7-methyl group of
the cap structure contributes to the substrate specificity of
the decapping enzyme.

Uncapped mRNA can inhibit the Dcp1p decapping

enzyme

The role of Dcp1p in the turnover of yeast mRNAs is to
decap full-length mRNAs. Dcp1p could, in principle,
recognize its substrate primarily through interaction with
the cap structure, through interaction with the mRNA
moiety, or through interaction with both the cap structure
and the mRNA portion of the substrate. To obtain addi-
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Fig. 4. Cap analog does not effectively inhibit decapping by Dcp1p.
Analysis of decapping activity by FLAG-Dcp1p on MFA2 mRNA in
the presence of 10-, 1000- or 200 000-fold molar excess of cap analog
m7GpppGOH to capped mRNA. Decapping was performed in 15µl
reactions containing 1.35 pmol FLAG-Dcp1p, 0.06 pmol capped
mRNA, and 0, 0.6 pmol, 60 pmol or 12 nmol cap analog, as described
in Materials and methods. The reactions were carried out over a
20 min time course; aliquots of the decapping reactions were removed
at 5, 10 and 20 min. The activity is expressed as a percentage of
m7GDP that is released from the starting mRNA that contains a
radiolabeled cap.r, capped mRNA only;m, capped mRNA and
10-fold molar excess cap analog;j, capped mRNA and 1000-fold
molar excess cap analog;3, capped MFA2 mRNA and 200 000-fold
molar excess cap analog.

tional information regarding the interactions between
Dcp1p and its substrate, we examined how different
molecules affect decapping intrans.

As shown above, Dcp1p activity was influenced by the
cap structure 7-methyl group, demonstrating that the cap
structure contributes to the interaction between Dcp1p and
its substrate. We next tested the cap structure analog
m7GpppGOH for its ability to inhibit the decapping of full-
length, capped mRNAs by FLAG-Dcp1p. This was done
by adding the cap analog to decapping reactions in molar
excess amounts of 10-, 1000- or 200 000-fold relative to
the capped mRNA substrate (Figure 4). Only the 200 000-
fold molar excess of the cap analog to the capped mRNA
substrate inhibited decapping by FLAG-Dcp1p, and then
only to a modest degree. This observation suggests that
Dcp1p might bind the cap analog very poorly, if at all.
The inability of the cap analog to inhibit decapping is
consistent with earlier observations that a partially purified
decapping activity from yeast (that may reflect the Dcp1p
decapping enzyme based on its biochemical properties) did
not cleave m7GpppGOH or m7GpppAOH (Stevens, 1988).

The inability of the cap structure analog to effectively
inhibit decapping suggests that substrate recognition by
Dcp1p requires the cap to be attached to RNA. The RNA
portion of the natural Dcp1p substrate might therefore be
capable of inhibiting decappingin vitro. To address this
possibility, decapping was performed on capped substrates
to which uncapped mRNA was added in 14- or 104-fold
molar excess amounts (Figure 5). A 14-fold molar excess
of uncapped mRNA to capped mRNA caused a 5-fold
decrease in the amount of m7GDP that was released from
the capped substrate, while a 104-fold molar excess of
uncapped mRNA essentially blocks decapping of the
substrate. These results suggest that Dcp1p interacts with
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Fig. 5. Uncapped mRNA can inhibit decapping by Dcp1p. Analysis of
decapping activity by Dcp1p on capped MFA2 mRNA in the presence
of 14- or 104-fold molar excess uncapped MFA2 mRNA. Decapping
was examined in 15µl reactions containing 1.35 pmol FLAG-Dcp1p,
0.26 pmol capped mRNA, and 0, 3.6 pmol or 27 pmol uncapped
mRNA, as described in Materials and methods. The reactions were
conducted over a 20 min time course, with aliquots removed from the
reactions at 5, 10 and 20 min. The activity is expressed as a
percentage of m7GDP that is released from the starting mRNA that
contains a radiolabeled cap.r, capped MFA2 mRNA only;j, capped
MFA2 mRNA and 14-fold molar excess uncapped MFA2 mRNA;
m, capped mRNA and 104-fold molar excess uncapped MFA2 mRNA.

the body of the mRNA during substrate recognition and
have important implications for the control of decapping
in vivo (see Discussion).

Dcp1p efficiently cleaves substrate RNAs that are

ù25 nucleotides long

The above results suggested that both the cap structure
and the mRNA body contribute to substrate recognition
by Dcp1p. Preliminary characterization of a partially
purified decapping enzyme from yeast indicated that
the partially purified activity decapped longer mRNA
substrates more efficiently (Stevens, 1988). Given this
observation, and the fact that Dcp1p decaps full-length
mRNAs in vivo, we examined whether the length of the
transcript could influence decapping by the purified FLAG-
Dcp1p in vitro.

A series of truncated MFA2 mRNAs that were shortened
from the 39 end of the full-length transcript were tested
as substrates for decapping by Dcp1p. Note that all
of these substrates have the same 59 sequence. Dcp1p
apparently requires a minimal length of RNA for efficient
substrate recognition, as the relative decapping activity by
Dcp1p decreased significantly when the length of substrate
was ,25 nucleotides (Figure 6A). As the substrate was
reduced from 25 to 20 nucleotides in length, the relative
amount of decapping activity (compared with that observed
for the full-length MFA2 substrate) decreased 6-fold from
36% to 5.7%, respectively (Figure 6B). The relative
decapping activity further decreased to just 1.1% when
the length of substrate was reduced from 20 to 15
nucleotides (Figure 6A and B). The decrease in decapping
activity that occurred with substrates that were,25
nucleotides long indicated that Dcp1p requires a minimum
length of RNA for efficient substrate recognition. Given
this substrate preference,in vivo decapping rates could be
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modulated by the amount of mRNA sequence that is
accessible to the decapping enzyme (see Discussion).

While Dcp1p efficiently cleaved a substrate that was
25 nucleotides long, the enzyme displayed a minor prefer-
ence for longer RNAs as substrates. As shown in Figure
6B, the relative decapping activity generally increased
with RNA length up to an apparent plateau of ~300
nucleotides. The basis for this increase in activity is not
yet apparent. One explanation is that greater RNA length
might facilitate binding of Dcp1p to the RNA portion of
the substrate. This binding to the longer RNA could in
turn effectively increase the local concentration of the
cap-RNA substrate for the enzyme, thereby yielding a
higher rate of decapping.

The Dcp1p decapping enzyme releases m7GDP

from the PGK1 mRNA

In vitro studies of the decapping enzyme have shown that
it cleaves the yeast MFA2 and several artificial mRNAs
within the cap structure triphosphate linkage to release
m7GDP (Stevens, 1988; Beelmanet al., 1996). Consistent
with this site of cleavage, cells that are deleted for the
Xrn1p 59 → 39 exonuclease accumulate MFA2 transcripts
that are deadenylated, decapped and full-length (Muhlrad
et al., 1994), suggesting that the site at which the decapping
enzyme cleavesin vivo is the same asin vitro. However,
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several mRNAs that are known to require Dcp1p for
decapping, such as the PGK1 transcript, accumulate in
xrn1∆ strains as deadenylated, decapped species that lack
two or more nucleotides from the 59 end of the mRNA
(Muhlrad et al., 1995). Two general possibilities account
for the accumulation of these decapped, shortened mRNAs.
One is that they are decapped within the cap structure
in vivo, and then undergo either exonucleolytic or endo-
nucleolytic cleavage, to yield the slightly shortened
species. The second possibility is that the decapping
enzyme itself decaps these mRNAs by endonucleolytic
cleavage of the RNA phosphodiester backbone, rather
than cleaving within the cap structure triphosphate linkage.
In this view, Dcp1p might cleave various substrates at
different positions.

To help distinguish between these two possibilities, we
examined the product released by Dcp1p upon decapping
of PGK1 mRNA in vitro. In vivo, in anxrn1∆ strain, the
PGK1 mRNA accumulates as a decapped species that
lacks its 59 first two nucleotides (Muhlrad and Parker,
1994; Muhlrad et al., 1995). We therefore compared
decapping of the MFA2 and PGK1 mRNAs in reactions
containing limiting amounts of substrate. As shown in
Figure 7, Dcp1p cleaves a truncated PGK1 mRNA within
the cap structure 59–59 linkage to release m7GDP. We
interpret this result to argue that Dcp1p cleaves mRNAs
within the cap structure, usually, if not always, to release
m7GDP. This observation implies that the decapped, trunc-
ated mRNAs that accumulate in anxrn1∆ strain are
derived from a combination of Dcp1p decapping and other
degradative activity(ies). However, it should be noted that

Fig. 6. Dcp1p prefers longer mRNA substrates. (A) Decapping activity
by Dcp1p was analyzed as a function of substrate length.
Representative assays are shown for substrates that were 15, 20 (upper
panel), 29 and 343 (lower panel) nucleotides long. Decapping was
assayed in 15µl reactions containing 1.35 pmol FLAG-Dcp1p and
0.04 pmol substrate, as described in Materials and methods. The
reactions were carried out over a 20 min time course, with aliquots of
the decapping reactions removed at the indicated time points. The
products of the reaction were analyzed by PEI-cellulose TLC.
(B) The relative decapping activity by Dcp1p as a function of
substrate length. MFA2 mRNAs that were truncated from the 39 end
were compared with full-length MFA2 mRNA as substrates for
decappingin vitro by Dcp1p. The RNAs examined were 15, 20, 25,
29, 49, 99, 213, 288 and 343 (full-length) nucleotides long. Decapping
by FLAG-Dcp1p was assayed as described above. The relative activity
was determined by comparing the rates of decapping observed for the
different substrates from three independent experiments, and is
expressed as the percentage of activity relative to that observed for the
full-length (343 nucleotide) MFA2 mRNA.
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Fig. 7. Decapping of MFA2 and PGK1 mRNAs by Dcp1p releases
m7GDP. The MFA2 and PGK1 mRNA substrates were decapped
in vitro by Dcp1p and analyzed by PEI-cellulose TLC as described in
Materials and methods. The 15µl decapping reactions contained
1.35 pmol FLAG-Dcp1p and 0.45 pmol substrate. The MFA2 mRNA
was full-length (343 nucleotides), while the PGK1 mRNA
corresponded to the 59 105 nucleotides of the 1376 nucleotide,
full-length mRNA. The * indicates the position of the radiolabeled
phosphate. The lower, faint spot corresponds to GDP that was
probably released from capped mRNA that was not fully methylated
during substrate preparation, due to incomplete methylation by
guanylyltransferase.

we cannot rule out the formal possibilities that additional
proteinsin vivo could change the site at which the Dcp1p
enzyme cleaves, or that Dcp1p might be required to
activate a different nuclease.

Dcp1p is a phosphoprotein

Decapping is a regulated process as unstable and stable
yeast mRNAs are decapped at different rates by a single
decapping enzyme (Beelmanet al., 1996). The regulation
of decapping may well occur through modulation of
Dcp1p, its substrate, or both. Dcp1p has previously been
observed to occur as two different migrating forms on
SDS–PAGE (Beelmanet al., 1996), and the in-gel activity
assay presented here suggests that Dcp1p might have
alternative active and inactive conformations. These
different forms of Dcp1p might represent differences in
post-translational modification. Given that protein func-
tions are commonly regulated through phosphorylation,
we examined whether Dcp1p might be a phosphoprotein.

To determine if Dcp1p might be phosphorylated, we
isotopically labeled a culture of yeast expressing FLAG-
Dcp1p with radiolabeled orthophosphate. FLAG-Dcp1p
was then isolated from a whole-cell extract with anti-
FLAG immunoaffinity chromatography and analyzed by
SDS–PAGE. The results of this analysis, shown in Figure
8, demonstrate that Dcp1p was phosphorylated. Similar
results were obtained when Dcp1p was immunoprecipit-
ated with Dcp1p-specific antibodies following phospho-
labeling of yeast (data not shown). The extent and
location(s) of phosphorylation on Dcp1p remain to be
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Fig. 8. Dcp1p is phosphorylated. Analysis of phosphorylated
FLAG-Dcp1p by SDS–PAGE. As described in Materials and methods,
cellular extracts from either wild-type or FLAG-Dcp1p overexpressing
yeast were made from isotopically labeled cultures and purified by
anti-FLAG M2 immunoaffinity chromatography. Lanes: Total, the
fraction that was loaded onto the anti-FLAG column; Flow-through,
the fraction that did not bind to the anti-Flag column; Bound, the
eluate from the anti-FLAG column. WT (left half of panel),
preparation from wild-type strain yRP840; FLAG-Dcp1p (right half of
panel), preparation fromdcp1∆ strain yRP1070 expressing
FLAG-Dcp1p from pRP801. Protein size markers are indicated on the
left in kDa.

determined, as does the role of phosphorylation of Dcp1p
for decapping activity. However, these results suggest
that decapping might be modulated, in part, through
modification of Dcp1p.

Discussion

The Dcp1p is the decapping enzyme

Two experiments indicated that Dcp1p is the catalytic
moiety of the yeast decapping enzyme. First, purification
of FLAG-Dcp1p from yeast to apparent homogeneity gave
a preparation that was sufficient for decappingin vitro.
Second, separation of Dcp1p from other components in
the purified preparation on a SDS gel yielded a band of
Dcp1p that could be renatured into an active enzyme.
However, it should be noted thatin vivo Dcp1p’s activity
is likely to be modulated by additional proteins. Given
that decapping is a regulated process, such proteins associ-
ated with Dcp1p could partially be responsible for control
of decapping rates.

Our work demonstrated that Dcp1p is a phosphoprotein
(Figure 8). Although we do not know the role of this
phosphorylation, two observations suggest that post-trans-
lational modifications will be important in Dcp1p activity.
First, the band of active enzyme ran slightly faster in the
SDS gel than the majority of the Dcp1p polypeptide.
This observation was consistent with a modified, faster-
migrating form of Dcp1p being the active form of the
enzyme. In addition, recombinant Dcp1p produced in
E.coli did not possess catalytic activity (data not shown).
A simple possibility is that the bacterially expressed
protein is lacking a post-translational modification that
Dcp1p requires for activity. It will be of interest in
the future to determine the role of post-translational
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modification in the function and control of the de-
capping enzyme.

Interaction of the mRNA substrate with the

decapping enzyme

The characterization of the Dcp1p decapping enzyme
in vitro suggested that both the mRNA moiety and the
cap structure contribute to its interaction with the substrate.
Although we have not demonstrated a direct interaction
between Dcp1p and the cap structure guanosine in this
study, such an interaction can be inferred from the effect
of the cap structure 7-methyl group on decapping. As
shown above, Dcp1p preferentially cleaves methylated,
capped substrates compared with non-methylated, capped
substrates, suggesting that Dcp1p specifically binds the
cap 7-methyl group. Studies with the cap binding protein
eIF-4E, which recognizes and binds the cap during an
early step in the initiation of protein synthesis (reviewed
in Merrick and Hershey, 1996), provide precedent for a
specific influence of the cap 7-methyl group, as eIF-4E
binds m7GpppG ~2.5-fold more strongly than its non-
methylated counterpart (McCubbinet al., 1988). More-
over, eIF-4E has recently been shown to make contacts
to the cap 7-methyl group through a tryptophan residue
(Marcotrigianolet al., 1997).

Comparison of Dcp1p with other proteins that interact
with the mRNA 59 cap suggests possible means by which
Dcp1p could bind the cap. Co-crystallization studies
of eIF-4E and m7GDP reveal that the recognition of
7-methylguanine is mediated by two conserved trypto-
phans in eIF-4E that sandwich the base (Marcotrigianol
et al., 1997). The binding of the vaccinia virus VP-39
protein, which is a 29-O-methyltransferase (Schnierleet al.,
1992), to the cap 7-methylguanine has similarly been
observed to occur through sandwiching of the guanine by
the aromatic side chains of a tyrosine and phenylalanine
(Hodel et al., 1997). Comparison of Dcp1p with several
putative homologs from other eukaryotes (A.v.Hoof,
S.Mian and R.Parker, unpublished data) suggests that
Dcp1p contains two conserved tryptophans and a con-
served tyrosine in Dcp1p that could serve to bind the cap
in a similar fashion.

Several lines of evidence suggest that recognition of
capped substrates by the decapping enzyme occurs, in
part, through interaction with the mRNA portion of the
substrate. As shown above, Dcp1p was inhibitedin vitro
by uncapped mRNAs, implying that Dcp1p can bind
uncapped mRNA at some level. In contrast, the cap analog
m7GpppGOH did not inhibit Dcp1p, suggesting that Dcp1p
does not efficiently bind an isolated cap structure. This
notion is supported by the observation that a partially
purified yeast decapping enzyme did not cleave
m7GpppGOH or m7GpppAOH (Stevens, 1988). Finally,
Dcp1p did not efficiently decap mRNAs that were,25
nucleotides in length. Thus, the interaction of Dcp1p with
its substrate might be analogous to that observed for the
viral VP-39 RNA methyltransferase. Structural analysis
of VP-39 demonstrates that it has a cap binding site and
an RNA binding domain, since mutations in VP-39 have
been isolated that affect binding of either the cap or RNA
(Schnierleet al., 1994; Shiet al., 1996). Dcp1p might
interact with its substrate in a similar manner, with domains
that are specific for interaction with either the cap or RNA.
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An intriguing question is why Dcp1p requires substrates
to be longer than 20 nucleotides for efficient decapping.
The simplest possibility is that this length approaches the
size of the RNA binding site on the Dcp1p enzyme and
that shorter RNA lengths would not be bound efficiently.
An alternative possibility is that the RNA binding site is
distinct and physically separated from the active site into
which the cap structure must bind. In this view, a minimal
RNA length would be needed to allow the cap structure
to reach the active site when the RNA portion is bound.
Resolution of the physical interaction of Dcp1p and its
substrate will require further structural studies.

The apparent interaction of Dcp1p with the RNA portion
of its substrate has important implications. First, it suggests
that sequence specific differences at the 59 end may
modulate the rate of decapping by directly affecting the
manner in which Dcp1p interacts with the substrate. In
this light, it is striking to note that in at least three cases,
specific sequences which promote rapid mRNA decay in
yeast have been mapped to the 59 UTR (Pierratet al.,
1993; Cereghino and Scheffler, 1995; Gonzalez and
Martin, 1996). Also, the means by which Dcp1p recognizes
its substratein vitro implies that Dcp1p might require
access to the cap and a minimal length of RNA before it
can decap mRNAsin vivo. This access could be influenced
by a number of proteins implicated in controlling de-
capping. For example, inhibition of decapping by the
poly(A) tail is mediated by the poly(A)-binding protein
(Caponigro and Parker, 1995), while deadenylation-inde-
pendent decapping in nonsense-decay requires the products
of the UPF1, UPF2 and UPF3 genes (Leedset al.,
1991, 1992; Cuiet al., 1995; He and Jacobson, 1995).
Additionally, theMRT1andMRT3gene products appear
to promote decapping following deadenylation (Hatfield
et al., 1996). While these proteins may directly interact
with Dcp1p to alter its activity toward different mRNAs,
they alternatively might function to alter the state of the
mRNP complex. The latter is attractive, since it would
presumably affect the access of the decapping enzyme to
the cap structure and the 59 end of the mRNA.

The Dcp1p preference for longer substrates may have
biological significance, since the 59 cap structure is often
complexed with a set of proteins involved in translation
initiation, referred to as the cap-binding complex or eIF-
4F. A requirement for both a significant amount of RNA
and the cap structure for substrate recognition by Dcp1p
could prevent decapping of mRNAs on which translation
initiation complexes are assembled. The cap binding
complex might therefore effectively compete with Dcp1p
for the 59 cap structure. Alternatively, the cap binding
complex might recruit Dcp1p to the cap structure, to
promote decapping following release of the cap binding
complex and associated translation initiation factors. This
alternative is appealing, since release of the cap binding
complex might coincide with loss of translational compet-
ence of the mRNA, whereupon it would be advantageous
for the cell to readily decap and subsequently degrade
the mRNA.

Materials and methods

Construction of the FLAG-Dcp1p overexpression vector
The FLAG-DCP1gene was created by PCR amplification of theDCP1
gene from pRP718 (Beelmanet al., 1996) with the oligonucleotide
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GCAGCACCGGATCCATGGACTACAAGGACGACGATGACAAGA-
TGACCGGAGCAGCAAC (oRP311), which places theFLAG gene 59
of theDCP1gene, and the oligonucleotide GCAGCACCGTCGACTTC-
TCACTTGGGCATCTC (oRP312). This fragment was digested with
BamHI and SalI and ligated into the yeast expression vector pG-1
(Schenaet al., 1991) between theBamHI andSalI sites, to yield pRP801.
This 2µ, TRP1 plasmid expresses FLAG-Dcp1p from the constitutive
glyceraldehyde-3-phosphate dehydrogenase promoter.

Purification of Dcp1p
An 800 ml culture of thedcp1∆ strain yRP1070 (Beelmanet al., 1996)
harboring pRP801 was grown in selective media containing 2% dextrose
to late log phase and harvested by centrifugation. Cells were washed in
buffer L (10 mM Tris–HCl, pH 7.6, 100 mM KCl, 2 mM magnesium
acetate, 1 mM DTT) and then suspended in an equal volume of buffer
L containing Complete (Boehringer-Mannheim) protease inhibitors.
Acid-washed beads equal in volume to the cell suspension were added,
and cells were lysed by six cycles of vortexing for 15 s and 45 s of
cooling in iced water. The lysate was centrifuged at 18 000g for 15 min
at 4°C, and the supernatant (~3.5 ml) was chromatographed at 4°C by
gravity flow on a 1 ml Heparin Hi-Trap (Pharmacia) column that was
equilibrated with buffer L. The unbound fraction was then chromato-
graphed at 4°C by gravity flow on a 1 ml Anti-FLAG M2 monoclonal
antibody immunoaffinity column (Kodak) equilibrated with buffer L.
The flow-through was collected and re-applied to the column. The
column was washed with 10 ml buffer L, 10 ml buffer LH (buffer L
containing 700 mM KCl), and then 10 ml buffer L. FLAG-Dcp1p was
eluted with 200µg/ml FLAG peptide in buffer L in a total of ~2.5 ml.
The FLAG peptide was separated from the FLAG-Dcp1p by dialysis
into buffer containing 50 mM Tris, pH 7.6 and 1 mM DTT. The enzyme
was aliquoted and stored at –80°C.

The FLAG-Dcp1p preparation was analyzed by standard SDS–PAGE
methods on a 12% gel (Laemmli, 1970). Protein size markers were
purchased from Gibco-BRL. The gel was silver-stained using Silver
Stain Plus reagents (Biorad).

Substrate preparation
Uncapped mRNAs lacking poly(A) tails were synthesizedin vitro by
T7 RNA polymerase run-off transcriptions. Full-length MFA2 mRNA
was transcribed from plasmid RP802 which was linearized withEcoRI,
to produce a 343 nucleotide mRNA consisting of the natural MFA2 325
nucleotides plus an additional 39 18 nucleotides encoded by the plasmid
polylinker. The MFA2 gene in this plasmid was created by PCR
amplification of pRP264 (Muhlrad and Parker, 1992) with the oligo-
nucleotide TAATACGACTCACTATAGCGAGCTATCATCTTCATAC-
AACAATAAC (oRP202), which places the T7 promoter 59 of the
MFA2gene, and the oligonucleotide CATGAAAAAATCTGTTAAAGTG
(oRP250). This fragment was then cloned by blunt-ended ligation into
SmaI linearized pUC18 (Yanisch-Perronet al., 1985) to yield pRP802.
Truncated RNAs consisting of theMFA2 59 49, 99, 213 and 288
nucleotides were synthesized from pRP802 that was linearized with
Sau3AI, MnlI, AflIII or NdeI, respectively. The transcription templates
for the truncated RNAs consisting of theMFA2 59 15, 20, 25 or 29
nucleotides were created by respectively annealing the oligonucleotides
AAGATGATAGCTCGCTATAGTGAGTCGTATTA (oRP463), GTATG-
AAGATGATAGCTCGCTATAGTGAGTCGTATTA (oRP464), TTGT-
TGTATGAAGATGATAGCTCGCTATAGTGAGTCGTATTA (oRP465)
or GTTATTGTTGTATGAAGATGATAGCTCGCTATAGTGAGTCGT-
ATTA (oRP203) to the oligonucleotide TAATACGACTCACTATAG
(oRP207), which contained the T7 promoter sequence, following the
procedure described by Milligan and Uhlenbeck (1989). The truncated
mRNA that corresponded to the 59 105 nucleotides of the PGK1
transcript was synthesized fromHincII linearized pRP803. ThePGK1
gene in this plasmid was created by PCR amplification of pRP129
(Heaton et al., 1992) with the oligonucleotide GCAGCACCGG-
ATCCTAATACGACTCACTATAAAGTAATTATCTACTTTTTACAAC
(oRP444), which places the T7 promoter 59 of the PGK1 gene, and the
oligonucleotide GCAGCACCAAGCTTGGCATTAAAAAGAGGGACG
(oRP445). This fragment was digested withBamHI and HindIII and
cloned into pUC18 to yield pRP803.

T7 transcriptions were done in 100µl reactions containing 1–2µg of
template DNA, 5 mM NTPs, 40 mM Tris–HCl, pH 8.0, 1 mM spermidine,
5 mM DTT, 50 µg/ml BSA, 0.01% Triton X-100, 20 mM MgCl2, 5 U
yeast inorganic pyrophosphatase (Sigma) and 40 U T7 RNA polymerase
(Boehringer-Mannheim) at 37°C for ~15 h (Harriset al., 1994). The
uncapped transcripts were purified by polyacrylamide electrophoresis
(LaGrandeuret al., 1994).
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The RNAs were capped in reactions typically containing 23 pmol
RNA, 45 pmol [α-32P]GTP, 40 U RNasin (Promega), 0.67 mMS-
adenosylmethionine, 50 mM Tris–HCl, pH 7.6, 2 mM MgCl2, 6 mM
KCl, 1 mM DTT and 25 U guanylyltransferase (Gibco-BRL) at 37°C
for 2 h (Beelmanet al., 1996). These conditions typically capped only
15–20% of the RNA in the reaction, due to the qualitative nature of
capping by guanylyltransferase (Shuman and Moss, 1990). Transcripts
containing non-methylated caps were synthesized in similar reactions
without a methylating reagent and in the presence of 1 mMS-adenosyl-
homocysteine, to inhibit methylation by guanylyltransferase (Shuman
and Moss, 1990). These conditions typically capped only 4–6% of the
RNA in the reaction. For the assays comparing methylated and non-
methylated substrates, the relative amounts of capped to uncapped RNA
were adjusted to be the same to compensate for the differences in capping
efficiencies. Cap-labeled RNAs were separated from unincorporated
label by Sepharose-CL6B (Pharmacia) spin chromatography, with the
exception of the 15, 20, 25 and 29 nucleotide RNAs, which were purified
by polyacrylamide electrophoresis (LaGrandeuret al., 1994).

The cap analog m7GpppGOH used for the decapping inhibition studies
was purchased from Gibco-BRL.

Decapping assays
Decapping assays used in this study were similar to those previously
described (Beelmanet al., 1996). Decapping was assayed at 30°C for
20 min or over a time course, as noted in the text or figure legends. All
time course assays were averaged from at least two independent
experiments. The reactions generally contained 40 ng Dcp1p (1.35 pmol),
0.01–0.2 pmol of m7G[32P]pppMFA2 mRNA, 50 mM HEPES, pH 7.0,
1 mM MgCl2, 1 U RNasin (Promega) and 1 mM DTT in a volume of
15 µl. Time courses were carried out by withdrawing an aliquot of the
reaction at the time points indicated for each experiment. Decapping in
the aliquot was stopped by adding 1µl of 0.25 M EDTA to the aliquot
and placing it on ice. The products of the reaction were separated by
PEI-cellulose thin layer chromatography developed in 0.45 M (NH4)2SO4
and detected with a Molecular Dynamics PhosphorImager.

Optimization of Dcp1p reaction conditions
The effect of monovalent salt on decapping was assayed by adding 10,
25, 50, 75, 100 or 200 mM of either NaCl, KCl, NH4Cl or NH4OAC to
the decapping assay. The optimal MgCl2 concentration for decapping
by Dcp1p was determined by varying the amount of MgCl2 (1, 2.5, 5,
10 or 25 mM) in the decapping assay. Alternative divalent cations were
tested by substituting 1 mM MgCl2 with either 1 mM MnCl2 or 1 mM
CaCl2 in the decapping assay. The pH optimum for decapping was
determined by varying the pH in the decapping assay with a series of
different buffers. These included: 2-(N-morpholino)ethanesulfonic acid
(MES) at pH 5.5, 6.0 or 6.5; piperazine-N,N9-bis(2-ethanesulfonic acid)
(PIPES) at pH 6.5, 7.0 or 7.5; andN-(2-hydroxyethyl)piperazine-N9-2-
ethanesulfonic acid (HEPES) at pH 7, 7.5 or 8.0. All buffers were
titrated to pH with KOH.

The Km was determined under standard conditions by assaying the
activity of ~40 ng Dcp1p (~1.35 pmol) in a series of 15µl reactions (as
described above) containing the substrate m7G[32P]pppMFA2 RNA in
amounts ranging from 0.67 to 28.75 pmol. Reactions were sampled at
0, 2.5, 5, 7.5 and 10 min, and stopped and analyzed as described above.
The Km was determined from a Lineweaver–Burk plot.

SDS–PAGE activity assay
His-Dcp1p was prepared fromS.cerevisiaeas previously described
(Beelman et al., 1996). His-Dcp1p was expressed inE.coli from
plasmid RP785, a derivative of pProEX-1 (Gibco-BRL), and purified by
chromatography on a nickel-NTA column (Qiagen/Gibco-BRL) accord-
ing to the supplier’s protocol. The His tag was subsequently removed
by cleavage with TEV protease (Gibco-BRL). Proteins were resolved
by SDS–PAGE on a 12% gel containing ~0.8 nm m7G[32P]pppMFA2
mRNA. After electrophoresis, proteins were renatured in the gel essen-
tially according to the procedure of Blanket al. (1982) [as modified by
Dr Rune-Paer Nilsson in the laboratory of Prof. Alexander von Gabain,
Vienna Biocenter, Institute of Microbiology and Genetics, A-1030
Vienna, Austria (unpublished)]. The gel was sequentially incubated at
4°C, with gentle shaking, in the following for the indicated times: 25%
isopropanol, overnight; 25% isopropanol, 30 min; 25 mM HEPES–
KOH, pH 7.7, 25 mM NaCl, 5 mM MgCl2 (HBB buffer), twice, 10 min
each; 6 M guanidine-HCl in HBB (GuHCl/HBB), twice, 20 min each;
3 M GuHCl/HBB, 15 min; 1.5 M GuHCl/HBB, 15 min; 0.75 M GuHCl/
HBB, 15 min; 0.375 M GuHCl/HBB, 15 min; 0.187 M GuHCl/HBB,
15 min; and HBB, 15 min. The gel was then incubated in decapping
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reaction buffer (50 mM HEPES, pH 7.0, 1 mM MgCl2, 1 mM DTT) for
3–4 h at 30°C. The radiolabeled gel was then visualized with a Molecular
Dynamics PhosphorImager.

The SDS–PAGE activity assay was also performed as above with a
gel that contained a similar amount of uncapped, internally labeled
MFA2 mRNA. This RNA was synthesized as a radiolabeled transcript
using T7 RNA polymerase in a reaction (similar to that described above)
containing 1–2µg of template DNA, 100µCi of [α-32P]UTP, 1 mM
UTP, 5 mM (each) ATP, CTP and GTP, 40 mM Tris–HCl, pH 8.0, 1 mM
spermidine, 5 mM DTT, 50µg/ml BSA, 0.01% Triton X-100, 20 mM
MgCl2 and 40 U T7 RNA polymerase at 37°C for ~1.5 h. The internally
labeled RNAs were separated from unincorporated label by Sepharose-
CL6B (Pharmacia) spin chromatography.

Protein phosphorylation analysis
To obtain radiolabeled FLAG-Dcp1p, a 200 ml culture of thedcp1∆
strain yRP1070 harboring pRP801 was grown in inorganic phosphate-
depleted, selective media containing 2% dextrose to late log phase at
30°C (Rubin, 1973). As a control, the parent strain yRP840 (Hatfield
et al., 1996) was similarly grown in complete media. To label cellular
proteins, carrier-free32P-orthophosphate was then added to 140µCi/ml,
and the cultures were further grown at 32°C for 2 h. The cells were
then harvested and lysed as described above. The radiolabeled FLAG-
Dcp1p was then purified from the whole-cell lysate by anti-FLAG
immunoaffinity, as described above. After elution from the anti-FLAG
column, radiolabeled proteins were analyzed by SDS–PAGE on a 12%
gel. Following electrophoresis, the gel was dried and visualized with a
Molecular Dynamics PhosphorImager.
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