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The translation of specific maternal mRNAs is regulated during early development. For some mRNAs, an
increase in translational activity is correlated with cytoplasmic extension of their poly(A) tails; for others,
translational inactivation is correlated with removal of their poly(A) tails. Recent results in several systems
suggest that events at the 3* end of the mRNA can affect the state of the 5* cap structure, m7G(5*)ppp(5*)G.
We focus here on the potential role of cap modifications on translation during early development and on the
question of whether any such modifications are dependent on cytoplasmic poly(A) addition or removal. To do
so, we injected synthetic RNAs into Xenopus oocytes and examined their cap structures and translational
activities during meiotic maturation. We draw four main conclusions. First, the activity of a cytoplasmic
guanine-7-methyltransferase increases during oocyte maturation and stimulates translation of an injected
mRNA bearing a nonmethylated GpppG cap. The importance of the cap for translation in oocytes is corrob-
orated by the sensitivity of protein synthesis to cap analogs and by the inefficient translation of mRNAs bearing
nonphysiologically capped 5* termini. Second, deadenylation during oocyte maturation does not cause decap-
ping, in contrast to deadenylation-triggered decapping in Saccharomyces cerevisiae. Third, the poly(A) tail and
the N-7 methyl group of the cap stimulate translation synergistically during oocyte maturation. Fourth, cap
ribose methylation of certain mRNAs is very inefficient and is not required for their translational recruitment
by poly(A). These results demonstrate that polyadenylation can cause translational recruitment independent
of ribose methylation. We propose that polyadenylation enhances translation through at least two mechanisms
that are distinguished by their dependence on ribose modification.

The 7-methyl guanosine cap and the poly(A) tail of mRNAs
both can stimulate translation. Translation initiation of most
mRNAs occurs via recognition of the 59 cap by initiation factor
eIF-4E (reviewed in reference 36), which forms part of the
eIF-4F complex (reviewed in reference 58). Yet poly(A), lo-
cated at the opposite end of the mRNA, also facilitates trans-
lational initiation (reviewed in references 18, 23, 46, and 47).
Poly(A)’s effects on translation are particularly striking during
early development. Elongation of the poly(A) tail of certain
maternal mRNAs is correlated with their translational activa-
tion, while removal of the tail from others results in their
translational inactivation (see, e.g., references 3, 21, 35, 48, 49,
51, and 63). In some cases, the changes in poly(A) tail length
are required for the changes in translational activity; excep-
tions exist, however, and translational repression can be a
cause, rather than an effect, of deadenylation (reviewed in
reference 18).

The 59 cap stimulates translation by facilitating recruitment
of the 40S ribosomal subunit (reviewed in reference 36). The
N-7 methyl group of the cap largely determines translational
efficiency in vitro (see, e.g., references 6, 7, and 32), presum-
ably because it enhances the binding of eIF-4E (56, 57). The
functional significance of ribose methylation is less clear. Ri-
bose methylation of the first or penultimate nucleotides is

common among mRNAs in metazoans, though its abundance
varies among species (4). Early experiments suggested that
ribose methylation, in contrast to N-7 methylation, confers
little if any translational advantage (40, 41). However more
recently, ribose methylation of a specific histone-related RNA,
B4 (55), was detected during Xenopus oocyte maturation and
was suggested to underlie the polyadenylation-dependent in-
crease in that mRNA’s translation (28).

Although the stimulatory effect of poly(A) on translation
during early development is striking, the underlying mecha-
nism is not clear. Polyadenylated mRNAs are translated more
efficiently than nonadenylated mRNAs when injected into
Xenopus laevis oocytes (see, e.g., references 12 and 14), and
kinetic studies suggest that poly(A) may facilitate translational
reinitiation (14). In Xenopus oocytes, mRNAs compete for
translational machinery (31, 45), perhaps accentuating the ad-
vantage of a poly(A) tail.

Communication occurs between the cap structure and the
poly(A) tail. For example, deadenylation-dependent decap-
ping precedes exonucleolytic degradation of mRNAs in Sac-
charomyces cerevisiae (5). Information can also flow from the 59
to the 39 end: translational repression through binding of a
protein to the 59 untranslated region (59UTR) can cause dead-
enylation in somatic cells (39). Communication between the
two ends of the mRNA may be mediated, at least in yeast, by
a tripartite complex between a protein bound to the poly(A)
tail, poly(A) binding protein, and the initiation factors eIF-4G
and eIF-4E (60, 61). Thus, poly(A) or PAB may facilitate an
interaction between the 59 and 39 ends of mRNAs, perhaps
resulting in effects on both translation and stability.

Modifications of the 59 cap structure may regulate transla-
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tion during early development. For example, in Manduca sexta,
N-7 methylation of mRNAs with a GpppG cap occurs follow-
ing fertilization and may stimulate their translation (24, 25). In
the sea urchin Strongylocentrotus purpuratus, N-7 and ribose
methylation occurs following fertilization but prior to the two-
cell stage. N-7 methylation may be important for the trans-
lational activation of histone mRNAs in this species (8).
However, translational recruitment of histone mRNAs in the
closely related species Lytechinus pictus appears to be indepen-

dent of cap methylation (53). In somatic cells, translation of
insulin mRNA in a pancreatic b-cell tumor may also be con-
trolled by covalent modification of its cap: treatment of rat
insulin 2 mRNA with guanylyltransferase and N7 methylase
activities specifically increased its translation in vitro (10).

The particularly large stimulatory effect of poly(A) on trans-
lation in oocytes and embryos could be explained if translation
were relatively insensitive to the 59 cap structure and entirely
dependent on the presence of a long poly(A) tail. In Xenopus

FIG. 1. In vitro synthesis of radiolabeled cap species. (A) Schematic depicting the in vitro synthesis of the radiolabeled cap species G*pppG, m7G*pppG, and
m7G*pppGm and cleavage by nuclease P1. The radiolabeled phosphate is indicated by “*p”. SAH, S-adenosylhomocysteine; Pi and PPi, inorganic phosphate and
pyrophosphate, respectively. (B) Characterization of radiolabeled cap dinucleotides by 2D TLC. A portion of the cyclin B1 mRNA 39UTR was synthesized in vitro and
the 59 cap was added by using vaccinia virus guanylyltransferase. The cap was methylated in the presence of SAM and either guanylyltransferase alone or guanylyl-
transferase and nucleoside 29-O-methyltransferase. RNA was digested with nuclease P1, and the products were separated by 2D TLC. Panel 1, guanylyltransferase
alone; panel 2, guanylyltransferase and SAM; panel 3, guanylyltransferase, nucleoside 29-O-methyltransferase, and SAM; panel 4, legend. The positions of nucleoside 59
monophosphates (circles), GpppG (large arrow, shaded circle), m7GpppG (small arrow, shaded circle), and m7GpppGm (filled arrowhead, shaded circle) are indicated.
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oocytes, mRNAs with a cap are translated more efficiently than
those without a cap (12), yet translation initiation appears to
be insensitive to injection of cap analogs (2) that inhibit trans-
lation in vitro (see, e.g., references 1, 17, and 65). Moreover,
proteolytic cleavage of eIF-4G, a factor required for cap-de-
pendent initiation, inhibits translation of an injected capped
mRNA completely but only modestly decreases translation of
endogenous mRNAs. These results suggest that translation of
most endogenous mRNAs in oocytes may occur through an
eIF-4G- or cap-independent mechanism (26).

In this study, we investigated the role of the cap and poly(A)
tail on translation in Xenopus oocytes by injecting synthetic
RNAs. By radiolabeling a single phosphate in the cap, we spe-
cifically detected cap modifications and assessed their impact
on translation. We observed efficient N-7 methylation of an
RNA with a GpppG cap during oocyte maturation and demon-
strated that this methylation event, in conjunction with poly-
adenylation, dramatically enhances translation. These findings

are consistent with the nearly complete inhibition of transla-
tion of an exogenous mRNA by the cap analog m7GpppG. In
contrast, ribose methylation of a reporter mRNA bearing a
cyclin B1 39UTR is not required for poly(A)’s stimulation of
that mRNA’s translation. We detected neither polyadenyla-
tion-dependent modifications of the cap nor deadenylation-
dependent decapping. Our findings suggest that the effects on
translation of cap modification and cytoplasmic changes in
poly(A) length are mechanistically independent.

MATERIALS AND METHODS

Plasmid construction. All plasmids were named for the sequences that they
contain and were created as follows.

(i) Luciferase-cyclin B1 mRNAs. Those with and without a point mutation in
AAUAAA (AAgAAA) were synthesized as previously described (52).

(ii) Luciferase X114 mRNA. The plasmid pT7-Luc (BglII at stop codon) (15)
was cut with BglII and BamHI and religated to produce the plasmid pLUCX114.
To generate LUCX114 mRNA, the template was cut with PvuII and transcribed
with T7 RNA polymerase (Epicentre Technologies). LUCX114 mRNA contains

FIG. 2. Cap ribose methylation of synthetic RNA substrates is independent of polyadenylation. (A) Polyadenylation of 39UTR RNA substrates during oocyte
maturation. Samples of five oocytes each were collected and analyzed. Each lane contains RNA equivalent to one-half oocyte. Cyclin B1wt RNA: lane 1, not injected;
lane 2, injected, no progesterone; lane 3, injected, progesterone added; lane 4, injected, progesterone added, selection by oligo(dT) cellulose chromatography. Cyclin
B1mut RNA: lane 5, not injected; lane 6, injected, no progesterone; lane 7, injected, progesterone added; lane 8, injected, progesterone added, selection by failure to
bind oligo(dT) cellulose. (B) Oocyte maturation-dependent cap methylation of RNAs. Samples from panel A were digested with nuclease P1, and the products were
separated by 2D TLC. Each chromatogram contains RNA equivalent to one-half oocyte. Chromatograms 1 through 4 contain RNA present in panel A, lanes 1, 4, 5,
and 8, respectively. Cyclin B1(wt) RNA: part 1, not injected; part 2, injected, plus progesterone. Cyclin B1(mut) RNA: part 3, not injected; part 4, injected, plus
progesterone. Part 5, legend. Nucleoside 59-monophosphates and cap dinucleotides are labeled as described in the legend to Fig. 1.
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1,680 nucleotides of the luciferase gene followed by 114 nucleotides of pBlue-
script vector (pBSII KS1; Stratagene). The vector sequence does not contain the
hexanucleotide AAUAAA.

(iii) Luciferase A100 mRNA. A BglII-EcoRI fragment containing a 100-nucle-
otide tract of adenosine residues was isolated from the plasmid pSD5 (16). The
isolated fragment was further digested with Sau3AI and cloned into the BglII site
of pT7-Luc (BglII at stop codon) (15) to generate the plasmid pLUCA100. To
generate LUCA100 mRNA, the plasmid was cut with BglII and transcribed with
T7 RNA polymerase. LUCA100 mRNA contains 1,680 nucleotides of the lucif-
erase gene followed by a 100-nucleotide poly(A) tract. The BglII site is imme-
diately adjacent to the poly(A) tract.

Preparation of RNA substrates. RNAs were prepared in vitro with either T7
or SP6 RNA polymerase (200 U/ml; Epicentre Technologies) and under the

suggested reaction conditions (19), including 5 U of inorganic pyrophosphatase
(Sigma) per ml (11). Uniformly radiolabeled RNAs (specific activity of approx-
imately 3.8 3 103 dpm/fmol) were prepared in a 20-ml reaction mixture contain-
ing the cleaved DNA template, 20 to 80 mCi of [a-32P]UTP (800 Ci/mmol;
DuPont), 10 mM cap analog (ApppG, GpppG, or m7GpppG; New England
Biolabs), and 250 mM UTP. Transcripts of the appropriate length were eluted
from polyacrylamide urea gel slices as previously described (33). The eluate was
phenol-chloroform extracted, the resulting aqueous layer was precipitated with
ethanol, and the pelleted RNA was washed with 70% ethanol. RNA was redis-
solved in water and precipitated twice more. The final precipitate was resus-
pended in water at a concentration of approximately 40 fmol/ml.

Preparation of cap-labeled RNA substrates. RNAs with a radiolabeled cap,
G*pppG or m7G*pppG (where “*p” indicates the radiolabeled phosphate), were
prepared as previously described (37, 38) with the following modifications. In
vitro transcribed RNAs lacking a cap were first incubated at 65°C for 10 min and
chilled on ice. Each 20-ml reaction mixture contained the following: RNA (ap-
proximately 5 pmol of 59 triphosphate termini), 13 reaction buffer (50 mM Tris-
HCl [pH 7.8], 1.25 mM MgCl2, 0.2 mM EDTA, and 6 mM KCl), 2.5 mM di-
thiothreitol (DTT), 1 mg of bovine serum albumin, 1 ml of RNasin (40 U/ml;
Promega), 0.2 U of inorganic pyrophosphatase (Sigma), 100 mCi of [a-32P]GTP
(800 Ci/mmol; DuPont), and approximately 4 U of vaccinia virus guanylyltrans-
ferase (GIBCO BRL). RNAs were radiolabeled to a specific activity of approx-
imately 1.8 3 103 dpm/fmol. The reaction contained up to 50 mM S-adenosyl-
methionine (SAM) when production of a methylated cap structure was desired.
Reactions were incubated at 37°C for 1 h. To improve the efficiency of capping,
2 U of guanylyltransferase, 20 U of RNasin, and 0.1 U of pyrophosphatase were
added, and the reaction mixture was incubated for an additional hour at 37°C.
The reaction was terminated by increasing the volume with water and extracting
with phenol-chloroform. The aqueous phase was precipitated in the presence of
one-half volume of 7.5 M ammonium acetate and 2 volumes of ethanol to
remove unincorporated nucleotides. The pellet was resuspended in water, pre-
cipitated with 0.3 M sodium acetate (pH 5.2) and ethanol, washed with 70%
ethanol, and resuspended in water at approximately 100 fmol/ml.

Oocyte injections. Oocyte microinjection and micromanipulation were per-
formed essentially as previously described (66). Briefly, adult females of X. laevis
were primed with 50 U of pregnant mare serum (Sigma) 2 to 3 days prior to
oocyte isolation. Stage VI oocytes were manually dissected from excised portions
of ovary and incubated at 18 to 22°C in Marc’s Modified Ringer’s solution
(MMR) (100 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES
[pH 7.4], and 1 mg of penicillin and streptomycin per ml). Maturation was in-
duced by incubating oocytes in MMR containing 10 mg of progesterone (Sigma)
per ml and scored by the appearance of a white spot on the animal pole.
Approximately 50 nl of a solution containing 2 to 2.5 fmol of RNA was micro-
injected into the oocyte cytoplasm on the animal pole side of the midline. In
experiments in which cap analogs were injected, the analog was coinjected with
the mRNA. Analogs were injected at a concentration of 5 mM to achieve a final
in vivo concentration of 250 mM.

Extraction and analysis of RNA. Five to 10 oocytes were pooled in each
sample to decrease any effects due to variation between oocytes. Each sample
was homogenized in 400 ml of homogenization buffer (50 mM Tris-HCl [pH 7.9],
5 mM EDTA, 2% sodium dodecyl sulfate, 300 mM NaCl, and 250 mg of pro-
teinase K per ml). The homogenate was extracted with phenol-chloroform, and
the aqueous phase was re-extracted prior to precipitation with ethanol and a 70%
ethanol wash. When required, extracted RNA was selected by binding to
oligo(dT) cellulose (Type-7; Pharmacia) essentially as described previously (50).

FIG. 3. N-7 methylation of the cap is independent of polyadenylation and
occurs at nuclear breakdown. (A) Cap methylation of mRNAs occurs near the
time of nuclear breakdown and is independent of polyadenylation. Cap radiola-
beled luciferase-cyclin B1 mRNAs with and without a point mutation in AAU
AAA (LUC/B1mut and LUC/B1wt, respectively) were prepared as described in
the text. RNAs were injected into oocytes, and progesterone was added. Samples
of five oocytes were taken at intervals thereafter, and histone H1 kinase activity
was determined for half of each sample. RNA was extracted from the remaining
sample and analyzed by polyacrylamide gel electrophoresis (see below), as well
as nuclease P1 digestion and 2D TLC. The y axis shows the percentage of total
radioactivity in each sample present as m7G*pppG and is plotted against the
time after progesterone addition. The time at which histone H1 kinase activity
first increased (indicated by an arrow) was concurrent with the onset of nuclear
breakdown (approximately 7.5 h). }, LUC/B1wt mRNA, no progesterone; ‚,
LUC/B1mut mRNA, no progesterone; {, LUC/B1wt mRNA, progesterone add-
ed; F, LUC/B1mut mRNA, progesterone added. (B) Polyadenylation of LUC/
B1wt mRNA. The remaining portion of extracted mRNA was analyzed by dena-
turing gel electrophoresis. Samples were taken immediately following microin-
jection (lane 1) or after 10 h in the absence (2P; lane 2) or presence (1P; lane
3) of progesterone.

FIG. 4. Deadenylation during maturation does not result in decapping. L1-
A30 RNA was either uniformly labeled by using [a-32P]UTP during transcription
in vitro (odd numbered lanes) or labeled exclusively in its cap structure as
depicted in Fig. 1 (even numbered lanes). Samples were taken immediately
following microinjection (lanes 1 and 2) or after 20 h in the absence (lanes 3 and
4) or presence (lanes 5 and 6) of progesterone.
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One-half oocyte equivalent of RNA from each sample was analyzed by electro-
phoresis through an agarose formaldehyde gel (0.8 to 2%) (50). Radioactivity
was detected by autoradiography. Quantitative comparisons were made with a
Molecular Dynamics PhosphorImager (ImageQuant Software Version 3.3).

Sucrose gradient analysis. Oocytes were incubated in MMR containing pro-
gesterone for 40 min following GVBD50 (the time at which half the cells in a

sample were mature) and for an additional 20 min in MMR containing both
progesterone and cycloheximide (20 mg/ml). Each 20-oocyte sample was homog-
enized in 700 ml of ice-cold gradient homogenization buffer (250 mM KCl, 2 mM
MgCl2, 20 mM HEPES [pH 7.4], 0.5% Nonidet P-40, 2.5 mM DTT, 100 U of
InhibitAce [5 Prime33 Prime, Inc.] per ml, and 150 mg of cycloheximide per
ml) and incubated on ice for 5 min. Samples were centrifuged for 10 min at
11,7503 g, and 500 ml of the clarified cytosol was removed and loaded onto an
11-ml linear sucrose gradient (10 to 50%) containing 250 mM KCl, 2 mM MgCl2,
20 mM HEPES [pH 7.4], 0.5% Nonidet P-40, 2.5 mM DTT, and 0.5 mg of
heparin per ml. Gradients were centrifuged at 4°C in a Beckman SW41 rotor at
39,000 rpm for 135 min. Following centrifugation, 11 fractions of approximately
900 ml each were collected from the bottom of the gradient with a Pharmacia P-1
peristaltic pump and a Pharmacia RediFrac fraction collector. Absorption
traces were recorded with a Pharmacia UV HR-10 flow cell with an A254 filter.
Fifty microliters of each fraction was counted by the Cerenkov method in a
Beckman LS 3801 scintillation counter. Fractions numbered 1 to 6 and 7 to
12 were pooled, and RNA was extracted with phenol-chloroform. RNAs were
precipitated with 0.3 M sodium acetate and ethanol and were analyzed by
nuclease P1 digestion and two-dimensional thin-layer chromatography (2D

FIG. 5. Translation is sensitive to the presence of the N-7 methyl group on
the inverted guanosine of the 59 cap structure. (A) Schematic representation of
mRNAs. The coding region of luciferase mRNA was followed by 114 nucleotides
of vector (LUCX114). Uniformly radiolabeled mRNAs were synthesized in vitro
and differ, as depicted, only in the cap structure which they contain. (B) Trans-
lational stimulation of LUCX114 mRNAs is influenced by the cap. mRNAs were
injected into oocytes. Luciferase activity (arbitrary units, corrected for the
amount of mRNA in each sample) is plotted against the time following injection.
‚, ApppG-capped mRNA; {, GpppG-capped mRNA; }, m7GpppG-capped
mRNA. (C) mRNAs varying in the 59 cap structure are equally stable. mRNAs
were analyzed by denaturing gel electrophoresis and autoradiography. Lanes 1
and 2, ApppG-capped mRNA; lanes 3 and 4, GpppG-capped mRNA; lanes 5
and 6, m7GpppG-capped mRNA. Samples were taken immediately following
microinjection or after a 120-min incubation, as indicated.

FIG. 6. Cap analog inhibition of translation in oocytes. (A) Translation of
LUCX114 mRNA is inhibited by the m7G(59)ppp(59)G cap analog. Uniformly
radiolabeled LUCX114 mRNA was synthesized in vitro and injected into oocytes
with the A(59)ppp(59)G or m7G(59)ppp(59)G cap analog, as indicated. Following
a 2-h incubation, three separate five-oocyte samples were collected. Extracts
were prepared, and luciferase activity was determined as described in the text.
The percentage of luciferase activity (arbitrary units, corrected for the amount of
mRNA in each sample) obtained in the absence of a cap analog was arbitrarily
set to 100%. Luciferase activity in the other samples is relative to this value. The
values presented are means of the three samples. (B) mRNAs are equally stable
in the presence of different cap analogs. LUCX114 mRNAs were analyzed by
denaturing gel electrophoresis. Lanes 1 and 2, no cap analog, sample taken
immediately following microinjection (lane 1) or after a 120-min incubation (lane
2); lane 3, ApppG cap analog, 120-min incubation; lane 4, m7GpppG cap analog,
120-min incubation.
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TLC) as described below, as well as by agarose formaldehyde gel electro-
phoresis (50).

Analysis of the 5* terminal cap structure of RNAs. Nuclease P1 (1 mg/ml;
Boehringer Mannheim) was diluted 1:100 in 30 mM ammonium acetate (pH
5.3). The 2.5-ml reaction mixture contained 1 ml of diluted nuclease P1, 0.4 mM
zinc sulfate, 30 mM ammonium acetate (pH 5.3), 1 mg of yeast total RNA, and
one-half oocyte equivalent of RNA and was incubated at 37°C for 1 h. Cleavage
of the cap dinucleotide with tobacco acid pyrophosphatase (Epicentre Technol-
ogies) was performed as specified by the manufacturer.

Products of each reaction were separated by 2D TLC on cellulose thin layer
plates (Kodak) with a mixture of isobutyric acid, water, and ammonium hydrox-
ide (66:33:1) in the first dimension (bottom to top) (54) and with a mixture of
isopropanol, saturated ammonium sulfate, and 1 M sodium acetate (pH 7.0)
(2:80:18) in the second dimension (27).

Measurement of luciferase activity. Protocols and reagents for cell homoge-
nization and initiation of luminescence were obtained from Promega (Madison,
Wis.). Luminescence was measured with a Monolight 2010 Luminometer (An-
alytical Luminescence Laboratories). In each experiment, five oocytes were ho-
mogenized for each sample. Luciferase activity was determined by dividing the
absolute value for luciferase activity for each sample (relative light units) by the
amount of RNA in each sample (determined by quantitating the total radioactivity
in each sample). This calculation was used to make comparisons between samples.

Measurement of histone H1 kinase activity. H1 kinase activity was measured
as described previously (42). Briefly, groups of five oocytes were homogenized in
100 ml of buffer A (80 mM b-glycerophosphate, 20 mM EGTA, 15 mM MgCl2,
0.5 mM sodium vanadate, and 10 mg each of chymostatin, leupeptin, and pep-
statin [Sigma] per ml). Ten microliters of the homogenate was added to 10 ml of
ice cold buffer A and centrifuged at 10,000 3 g for 8 min at 4°C. Histone H1
kinase activity was measured in 12 ml of buffer B containing 8 ml of clarified
cytosolic extract, 2 mg of histone H1 (Sigma), 300 mM ATP, and 1.5 3 106 cpm
of [a-32P]ATP per ml. The reaction mixture was incubated for 15 min at room
temperature, and the reaction was stopped by adding 12 ml of 23 sample buffer
containing 2.4 ml of b-mercaptoethanol. Samples were analyzed by sodium do-
decyl sulfate-10% polyacrylamide gel electrophoresis (30) and autoradiography.

RESULTS

Cytoplasmic cap methylation is independent of polyadenyl-
ation. To examine modifications of the 59 terminal cap struc-
ture of RNAs, we used the assay depicted in Fig. 1. To generate
RNA molecules with a single 32P residue in the triphosphate
linkage of the cap, unlabeled RNAs prepared in vitro were
treated with vaccinia virus guanylyltransferase and [a-32P]GTP
(Fig. 1A). Inclusion of SAM with the guanylyltransferase yields
m7GpppG due to the methylase activity of that enzyme. Fur-
ther incubation with the vaccinia virus nucleoside 29-O-methyl-
transferase yields m7GpppGm. After incubation with RNase
P1, which cleaves after any nucleotide to leave a 39 hydroxyl,
dinucleotides containing the cap structure were analyzed by 2D
TLC and autoradioagraphy (Fig. 1B). For example, after P1
cleavage, cyclin B1 RNA that had been incubated with the
guanylyltransferase and 32P-GTP yielded a spot corresponding
to GpppG (Fig. 1B, part 1). The inclusion of SAM in the capping
reaction mixture yields a spot corresponding to m7GpppG
(Fig. 1B, part 2), while inclusion of SAM plus the 29-O-meth-
yltransferase yields m7GpppGm (Fig. 1B, part 3). The identities
of the different cap species were verified by comigration with
chemically prepared GpppG, m7GpppG, and m7GpppGm.

To identify any cap modifications that occur in the Xenopus
oocyte cytoplasm, we prepared RNAs corresponding to the
39UTR of cyclin B1 mRNA (cyclin B1wt). To test whether
modifications were dependent on polyadenylation, we pre-
pared an identical RNA with a point mutation in AAUAAA
that prevents its polyadenylation (cyclin B1mut) (52). RNAs
were cap labeled as described above, yielding a G*pppG 59
terminus (the radiolabeled phosphate is indicated by “*p”).
The identity of the 59 end was confirmed by the assay described
above: both RNAs yielded a single labeled spot that comi-
grated with chemically and enzymatically prepared cap dinu-
cleotide G*pppG (Fig. 2B, parts 1 and 3). The cap-labeled
RNAs were injected into the cytoplasm of stage VI oocytes,
and progesterone was added to half of the cells to initiate
maturation. Following maturation, RNAs were extracted from

the oocytes, and polyadenylated and nonadenylated RNAs
were selected by oligo(dT) cellulose chromatography (Fig. 2A,
lanes 4 and 8).

Cyclin B1wt RNA was polyadenylated during maturation in
a reaction that required AAUAAA, as expected (Fig. 2A). The
majority of the polyadenylated RNA was retained on oligo(dT)

FIG. 7. Polyadenylation and cap methylation stimulate translation synergis-
tically in maturing oocytes. (A) Schematic diagram of mRNAs. LUC/B1wt and
LUC/B1mut mRNAs were prepared and manipulated in oocytes as described in
the text. LUC/B1wt carries AAUAAA, while LUC/B1mut carries AAgAAA. (B)
N-7 methylation of the cap and polyadenylation stimulate translation. The y axis
indicates luciferase activity (arbitrary units, corrected for the amount of mRNA
injected). Each value is an average of two samples (five oocytes each) which were
incubated in the absence or presence of progesterone, as indicated. The ratio of
luciferase activity observed in mature versus nonmature oocytes (1P/2P) is in-
dicated. (C) Comparison of mRNA stability. mRNAs were analyzed as described
in the text. Samples were taken immediately following injection (lanes 1, 4, 7, and
10), following incubation in the absence of progesterone (lanes 2, 5, 8, and 11),
or following incubation in the presence of progesterone (lane 3, 6, 9, and 12).
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cellulose (Fig. 2A, lane 4). Virtually none of the mutant tran-
script was retained; the RNA in lane 8 (and analyzed in Fig.
2B, part 4) is cyclin B1mut RNA that failed to bind to oligo(dT)
cellulose. Following oocyte maturation, two new cap structures
were present on both polyadenylated wild-type and nonpoly-
adenylated mutant RNAs. The more prominent structure
comigrated with m7G*pppG (Fig. 2B, parts 2 and 4). Further
digestion of this material with tobacco acid pyrophosphatase
produced the predicted product, m7G*p (data not shown). The
second new species (Fig. 2B, parts 2 and 4) comigrated with
m7G*pppGm, and was much less abundant.

Although the wild-type and mutant RNAs differed radically
in the efficiency with which they received poly(A), the efficien-
cies with which they were 7-methylated were comparable: over
88% of both RNAs was methylated at the N-7 position of the
terminal guanosine (Fig. 2B, parts 2 and 4). Ribose methyl-
ation of both RNAs was much less efficient (Fig. 2B, parts 2
and 4): less than 3% of the labeled 59 ends on polyadenylated
cyclin B1wt or nonpolyadenylated cyclin B1mut RNAs comi-
grated with the ribose-methylated species. The small amount
of putative ribose methylation detected was apparently not
polyadenylation dependent: for example, ribose-methylated
cyclin B1mut RNAs were not depleted by oligo(dT) selection
(Fig. 2A, lane 8, and Fig. 2B, part 4). Use of RNAs possessing
an m7G*pppG structure at the time of injection did not sig-
nificantly enhance the efficiency of ribose methylation (data
not shown).

These data corroborate the existence of both cytoplasmic
7-methyltransferase and ribose methylase activities (13, 28,
43). They further demonstrate that base methylation is inde-
pendent of poly(A) addition (Fig. 2B, parts 2 and 4). More-
over, they demonstrate that ribose methylation of the injected
cyclin B1 RNA is very inefficient and appears not to require
polyadenylation.

N-7 methylation is independent of polyadenylation and in-
creases at nuclear breakdown. We next determined whether
base methylation of the cap was regulated during oocyte mat-
uration. To do so, we injected cap-labeled luciferase mRNA
containing a portion of the cyclin B1 39UTR with and without
a point mutation in AAUAAA (LUC/B1mut and LUC/B1wt,
respectively). Progesterone was added to induce maturation,
and the extent of base methylation was monitored at various
times thereafter. Histone H1 kinase activity was monitored to
determine when maturation promoting factor was activated.
Ribose methylation was too inefficient to be reliably quanti-
tated.

N7-methylation of G*pppG was detectable in the absence of
progesterone but was dramatically enhanced during matura-
tion (Fig. 3A). As noted in Fig. 2, its efficiency was
unaffected by polyadenylation. Cap guanine 7-methylation ac-

tivity increased dramatically concomitant with nuclear break-
down and activation of histone H1 kinase (Fig. 3A, bottom).
Following maturation, 80% of the cap structures present were
N7-methylated; only 12% were methylated in oocytes incu-
bated without progesterone. The injected RNAs are intact
after incubation in the oocyte, and LUC/B1wt RNA is polyad-
enylated during maturation (Fig. 3B). We conclude that cap
guanine N-7 methylation activity is regulated during matura-
tion such that it increases dramatically as the nucleus breaks
down. Cytoplasmic polyadenylation affects neither its extent
nor its timing.

The 5* cap is not removed following RNA deadenylation in
oocytes. During frog oocyte maturation, specific mRNAs are
translationally inactivated due to the removal of their poly(A)
tails (18, 62). In yeast, deadenylation of specific mRNAs leads
to the removal of their 59 cap and their subsequent decay (5).
Thus, a simple explanation of deadenylation-dependent trans-
lational repression observed in oocytes would be that deadeny-
lation causes decapping without triggering mRNA decay. To
specifically test the hypothesis that deadenylation results in
decapping in oocytes, we prepared RNA containing 39UTR
sequences from the ribosomal protein L1 mRNA followed
by a 30-nucleotide poly(A) tail (L1-A30). This RNA lacks se-
quences required to receive poly(A) during maturation (i.e., a
cytoplasmic polyadenylation element [CPE]) and so is dead-
enylated instead, as is endogenous L1 mRNA (62, 64). RNAs
were either uniformly radiolabeled by transcription in the pres-
ence of [a-32P]UTP or were cap labeled as shown in Fig. 1.
Following injection of RNAs into oocyte cytoplasm, progester-
one was added to initiate maturation. RNAs were extracted
and analyzed by gel electrophoresis (Fig. 4).

L1-A30 RNA was efficiently deadenylated during, but not
before, maturation (Fig. 4, compare lanes 3 and 5). Retention
of the cap on deadenylated L1-A30 RNA was demonstrated by
the comparable abundance of uniformly radiolabeled and 59
cap-labeled L1 RNAs following deadenylation (Fig. 4, lanes 5
and 6).

To examine whether deadenylation caused a cap modifica-
tion that might inhibit translation, we analyzed the cap struc-
tures of L1-A30, L1, and a CPE-containing variant of L1 RNA
with and without oocyte maturation; L1-A30 is deadenylat-
ed during oocyte maturation, while the CPE-containing vari-
ant is polyadenylated. We detected 29-O-methylation, but this
modification was not specific to the presence or absence of
a poly(A) tail or to poly(A) addition or removal (data not
shown). We conclude that deadenylation during oocyte matu-
ration does not result in decapping and that it is unlikely to
cause translational inactivation by cap modification.

Translation in oocytes is sensitive to the N-7 methyl group
of the 5* cap structure. Recent experiments suggest two pos-

FIG. 8. Polyadenylation and N-7 methylation enhance translational recruitment of LUC/B1wt mRNA in the absence of cap ribose methylation. (A) Stimulation of
luciferase activity during oocyte maturation. Oocytes were collected within 1 h of maturation, extracts were prepared, and luciferase activity was determined. The data
represent the averages of two separate samples (five oocytes each) for each point. Values of luciferase activity (expressed as arbitrary units per amount of mRNA
injected) are shown. Samples were collected immediately following oocyte injection (0) or after maturation (approximately 3 h) following incubation in the absence
(2P) or presence (1P) of progesterone. The ratio of luciferase activity observed in mature versus nonmature oocytes (1P/2P) is indicated. (B) The fraction of
LUC/B1wt mRNA associated with polysomes increases following maturation. Cap-labeled LUC/B1wt and LUC/B1mut mRNAs were synthesized and manipulated as
described in the text. Following incubation in the absence or presence of progesterone, oocytes were homogenized, and samples were separated across a 10 to 50%
linear sucrose gradient. The percentage of total counts per minute present in each fraction (y axis) is plotted against the fraction number. Only fractions 1 through 10
(of 12 fractions total) are shown. A representative A254 tracing is depicted as a dashed line. Œ, LUC/B1wt mRNA, and {, LUC/B1mut, mRNA incubated in the absence
of progesterone; E, LUC/B1wt mRNA, and }, LUC/B1mut, mRNA injected, progesterone added. (C) Polyadenylated LUC/B1wt mRNA becomes polysome associated
in the absence of cap ribose methylation. Fractions from the experiment were pooled to reflect polysome-associated (larger than the 80S monosome peak; fractions
1 through 6) and nonpolysome-associated regions of the gradient (fractions 7 through 12). LUC/B1wt mRNA was extracted, digested with nuclease P1, and analyzed
by 2D TLC. A portion of the combined fractions 1 through 6 was further selected by binding to oligo(dT) cellulose prior to P1 digestion. Part 1, not injected into oocytes;
part 2, progesterone added, nonpolysomal fractions 7 through 12; part 3, progesterone added, polysomal fractions 1 through 6; part 4, progesterone added,
oligo(dT)-selected mRNA from polysomal fractions 1 through 6. Nucleoside 59-monophosphates and cap dinucleotides are as indicated in the legend for Fig. 1. The
position of the ribose methylated cap, m7G*pppGm, is indicated by the arrowhead.
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sible classes of mRNA in oocytes, distinguished by the extent
to which their translation is cap dependent (26). To begin to
examine the mechanism of cap-dependent translation in oo-
cytes, we first tested whether the N-7 methyl group of the cap
was required for translation of an injected mRNA. A set of
luciferase mRNAs carrying 59 termini of ApppG, GpppG, or
m7GpppG (Fig. 5A) were injected into oocytes, and translation
was assayed by measuring luciferase activity at various times
thereafter.

Translation of luciferase mRNAs bearing an m7GpppG cap
was more efficient than that of mRNAs bearing a GpppG or
ApppG terminus (Fig. 5B). Thirty minutes after injection,
when the rate of accumulation of luciferase activity was high-
est, m7GpppG-capped RNA was translated 14-fold more effi-
ciently than GpppG-capped RNA and 48-fold more efficiently
than ApppG-capped RNA. All mRNAs were comparably sta-
ble, demonstrating that the differences in luciferase activity
reflected differences in their translation (Fig. 5C).

As another means of testing the role of the cap in translation
in oocytes, we compared the abilities of various cap analogs to
inhibit translation. Previous results suggested that translation
of mRNAs in oocytes was insensitive to inhibition by cap an-
alogs, unlike translation in vitro in extracts derived from other
cell types (2, 65). An mRNA carrying an m7GpppG 59 terminus
was injected together with the dinucleoside triphosphate
A(59)ppp(59)G or m7G(59)ppp(59)G at concentrations compa-
rable to those used in vitro (1, 17, 59). Following a 2-h incu-
bation, translation was assayed by measuring luciferase activ-
ity.

Translation of luciferase mRNA with an m7GpppG cap de-
creased by greater than 98% in the presence of the m7GpppG
cap analog and by less than 7% in the presence of the ApppG
cap analog (Fig. 6A). The lack of luciferase synthesis is not due
to differential stability of the labeled luciferase mRNA in the
presence of different cap analogs, as demonstrated by gel elec-
trophoresis (Fig. 6B). We conclude that translation of injected
mRNAs in oocytes is highly sensitive to the cap structure, as
evidenced both by the translation of mRNAs bearing different
cap structures and by the sensitivity of translation to inhibition
by cap analogs.

Polyadenylation and cap methylation by endogenous activi-
ties stimulate translation synergistically. The cap and poly(A)
tail interact synergistically to stimulate translation in several
systems (15, 47), implying communication between the two
ends of the mRNA. To test whether such synergy occurs in
oocytes, we relied on endogenous activities to both polyade-
nylate and methylate RNAs. RNAs were synthesized in vitro
with either a GpppG or an m7GpppG cap and with or without
a functional AAUAAA polyadenylation signal (Fig. 7A).

During maturation, translation was stimulated synergisti-
cally by cap N-7 methylation and polyadenylation (Fig. 7B; the
ratio of luciferase activity present in mature versus nonmature
oocytes [1P/2P] quantifies the fold increase in translation
during oocyte maturation). The translational activity of a non-
adenylatable mRNA with the cap m7GpppG did not change in
the presence and absence of maturation (Fig. 7B, compare
lanes 1 and 2). When the initial cap structure was GpppG, such
that the cap became N-7 methylated during maturation by the
endogenous methylation activity, translation was stimulated
twofold (Fig. 7B, compare lanes 3 and 4). Polyadenylation
alone stimulated translation 11-fold (Fig. 7B, compare lanes 5
and 6). Interestingly, N-7 methylation and polyadenylation by
endogenous activities together stimulated translation over 100-
fold (Fig. 7B, compare lanes 7 and 8). In this experiment,
GpppG-capped luciferase-cyclin B1 mRNA was somewhat less
stable after maturation yet exhibited the largest increase in

translational activity (Fig. 7C, compare lanes 8 and 9 to lanes
11 and 12); thus, the level of synergy is a minimum estimate.

Translational recruitment of luciferase-cyclin B1 mRNA is
enhanced by polyadenylation and N-7 methylation but does
not require ribose methylation. Kuge and Richter (28) have
proposed that the stimulation of translation by cytoplasmic
polyadenylation is due to cap ribose methylation (reviewed in
reference 46). The cyclin B1 39UTR is very inefficiently ribose
methylated in vivo (Fig. 2B), implying that translational
recruitment via this 39UTR might be independent of ribose
methylation. To test this hypothesis directly, we examined the
translational recruitment and modification state of cap-labeled
luciferase mRNAs carrying a cyclin B1 39UTR. mRNAs con-
taining a mixture of G*pppG and m7G*pppG caps were in-
jected into oocytes and subsequently separated across a linear
sucrose gradient into polysome-associated or non-polysome-
associated fractions. The cap structure of mRNAs that had
been recruited onto polysomes by polyadenylation was deter-
mined by 2D TLC, as shown in Fig. 1. In parallel, translational
stimulation during maturation was quantitated as the ratio of
luciferase activity present in mature versus nonmature oocytes.

Luciferase activity increased dramatically during maturation
and required polyadenylation (Fig. 8A). Similarly, over 22% of
RNAs containing AAUAAA were polysomally associated,
while less than 5% of those bearing AAgAAA were loaded
onto polysomes (Fig. 8B). Polyadenylation status was con-
firmed by gel electrophoresis (data not shown). Less than 5%
of either RNA was associated with polysomes in the absence of
progesterone. Thus, the recruitment of the luciferase-cyclin B1
chimera is both progesterone and polyadenylation dependent,
as predicted.

If recruitment of luciferase mRNA onto polysomes required
ribose methylation, then the fraction of RNAs bearing a 29-O-
methyl group should increase in polysome-associated RNAs,
and each mRNA associated with polysomes should be ribose
modified. This was not the case: in fact, the population of poly-
adenylated RNAs loaded onto polysomes was not enriched in
ribose methylation (Fig. 8C, part 4). The polysomal fraction-
ation was technically successful, in that the luciferase mRNA
associated with polysomes was released upon the addition
of EDTA (data not shown), and the polysomal mRNAs were
substantially enriched in m7G*pppG versus G*pppG caps
relative to either the total (Fig. 8C, part 1) or non-polysome-
associated (Fig. 8C, part 2) RNAs. In fact, polysomal, poly-
adenylated mRNAs appear to contain m7G*pppG caps ex-
clusively. These results corroborate our earlier finding that
the presence of an N-7 methyl group enhances translation in
the oocyte. We conclude that ribose methylation of luciferase-
cyclin B1 mRNA is not required for its poly(A)-mediated
translational stimulation.

DISCUSSION

In this report, we demonstrate that RNAs bearing a GpppG
cap are methylated during oocyte maturation at both the N-7
position of the terminal guanosine and at the 29 position of the
ribose moiety of the penultimate nucleoside. Cap guanine N-7-
methylase activity increases during meiotic maturation and
becomes very efficient; in contrast, ribose methylation of the
cap on a cyclin B1 39UTR is inefficient both before and after
maturation. Base methylation is independent of polyadenyla-
tion; ribose methylation also occurs in the absence of polyad-
enylation, though its inefficiency makes the possible effects of
polyadenylation difficult to quantify. Polysomal recruitment of
a luciferase RNA containing the cyclin B1 39UTR was depen-
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dent on polyadenylation and was stimulated substantially by
cap N-7 methylation but did not require ribose methylation.

The N-7 methyl group of the cap influences translational
efficiency in Xenopus oocytes. However, previous work sug-
gested that cap analogs that are effective translational inhibi-
tors in vitro in extracts prepared from other cell types (see, e.g.,
references 1, 17, 59, and 65) are ineffective in Xenopus oocytes
(2). Using shorter incubation times, we demonstrated efficient
translational inhibition by m7G(59)ppp(59)G in the oocyte.
One possible explanation for these observed differences is that
injected cap dinucleotides are labile.

Cytoplasmic guanine-7-methyltransferase activity, first de-
tected in meiotically arrested oocytes (13, 43), is regulated
during frog oocyte maturation. The increase in methyltrans-
ferase activity is concurrent with nuclear breakdown (Fig. 3).
In one simple view, release of a nuclear enzyme to its substrate
in the cytoplasm is responsible. However, cap N-7 methylation
occurs in the cytoplasm of enucleated oocytes incubated with
progesterone and, to a lesser extent, in isolated oocyte nuclei
incubated with the RNA substrate in vitro (data not shown).
Thus the dramatic increase in N-7 methylation during matu-
ration may require both nuclear and cytoplasmic contributions.
Additionally, it seems unlikely that base methylation contrib-
utes significantly to translational activation prior to nuclear
breakdown as it is only upon GVBD (the time at which cells in
a sample are mature) that methyltransferase activity increases
dramatically.

N-7 methylation of the cap and cytoplasmic polyadenylation
stimulate translation synergistically during oocyte maturation
(Fig. 7). This finding raises the possibility that regulated base
methylation might contribute to the translational activation of
certain maternal mRNAs. Evidence that base modifications
may be exploited to regulate mRNAs during early develop-
ment exists but is inconclusive, in part because definitive anal-
ysis of cap structures on endogenous mRNAs is technically
difficult (see Introduction).

The guanylyltransferase reaction adds an inverted guanosine
very soon after transcription initiation, probably as soon as the
nascent RNA chain emerges from the RNA polymerase (9, 20,
34, 44). Base methylation is thought to occur in concert with
that reaction. The hypothesis that N-7 methylation is used to
regulate specific maternal mRNAs requires either that some
mRNAs be produced with an unmethylated cap or that the
methyl group be specifically removed from certain mRNAs.

In yeast, deadenylation triggers decapping and mRNA decay
(5). In Xenopus, removal of poly(A) during oocyte maturation
causes translational inactivation. However, we demonstrate
here that RNAs which are fully deadenylated during oocyte
maturation retain their caps and that those caps are not spe-
cifically modified. Thus, neither decapping nor cap modifi-
cation is the explanation for deadenylation-dependent transla-
tional repression. We note that the same deadenylated RNAs
that are stable and translationally repressed during maturation
are rapidly degraded after fertilization in a process that re-
quires recognition of the 59 end of the RNA (unpublished ob-
servations). Thus, it is possible that a deadenylation-dependent
decapping activity is activated at fertilization and could con-
tribute to translational control in the embryo.

The hypothesis that ribose methylation is a general mecha-
nism by which cytoplasmic polyadenylation enhances transla-
tion was prompted by the finding that it appears to be required
for poly(A) to stimulate translation of an injected mRNA
carrying the B4 39UTR and occurs only on RNAs that undergo
cytoplasmic polyadenylation (28). Moreover, the presence of a
29-O-methyl group on an injected synthetic mRNA enhances
translation in oocytes approximately fourfold (29). Earlier

work examining the role of ribose methylation on translation in
vitro was inconclusive but suggested only modest effects (40,
41).

The data reported here demonstrate that cytoplasmic poly-
adenylation can stimulate translation independent of cap
methylation. Ribose methylation of the cyclin B1 39UTR RNA
is very inefficient and appears to be independent of polyade-
nylation (Fig. 2). The translation of chimeric mRNAs bearing
the cyclin B1 39UTR is dramatically enhanced by cytoplas-
mic polyadenylation, as evidenced both by measurements of
luciferase activity and analysis of polysome recruitment. This
polyadenylation-dependent translational recruitment occurs
despite the lack of detectable ribose methylation, a finding
consistent with earlier studies (40, 41). Similarly, the mere
presence of a poly(A) tail can enhance translation in a resting
oocyte, in which cytoplasmic polyadenylation (and hence any
polyadenylation-dependent methylation events) does not oc-
cur. In addition, poly(A)-independent N-7 methylation of the
cap may by itself be insufficient to fully stimulate the transla-
tion of all mRNAs. This is evidenced by the presence of newly
N-7-methylated mRNAs in the nonpolysomal fraction (Fig.
8C). Full translational activation may also require an increase
in polyadenylation or loss of translational repressors.

Taken together with the findings of others, our data suggest
that cytoplasmic polyadenylation can enhance translation dur-
ing oocyte maturation by at least two mechanisms. One re-
quires ribose methylation and is exemplified by the B4 39UTR
(28). The other is independent of ribose methylation and is
exemplified by injected mRNAs bearing the cyclin B1 39UTR.
Perhaps this second mechanism is more analogous to the mech-
anism by which poly(A) stimulates translation in S. cerevisiae:
poly(A) stimulates translation in yeast extracts (22), yet yeast
mRNAs are not ribose methylated (4). The existence of two
distinct means by which poly(A) can facilitate translation, to-
gether with dramatic differences in the efficiencies with which
different RNAs are ribose methylated, provides multiple op-
portunities for complex control during oocyte maturation and
early development.
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