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ABSTRACT The 7-methylguanylic acid residue confronting
the 5'-terminal nucleotide of mRNA through two pyrophosphate
linkages was completely removed by tobacco pyrophosphatase
from mRNAs of cytoplasmic polyhedrosis virus, tobacco mosaic
virus (viral RNA), and globin without any scission in the inner
part of the RNA chain. Protein sythesis ability in a wheat germ
cell-free system was lost after this treatment of all three kinds
of mRNA. The initiation complexes for protein synthesis of these
three RNAs were not obtained after using tobacco phosphodi-
esterase-treated mRNA. On incubation of mRNA in a wheat
germ extract, the mRNA lacking m7G was quickly degraded
from the 5' terminus in an exonucleolytic way, whereas the in-
tact mRNA remained stable. These results show that one of the
confronting nucleotide structure's functions is to stabilize the
mRNA, to prevent its degradation.

Since the discovery (1, 2) of the methylated blocked struc-
ture-the confronting nucleotide structure-at the 5' terminus
of the mRNA strand of cytoplasmic polyhedrosis virus (CPV),
m7G5'pppAm-, the presence of a similar modified structure
became known to be general for mRNAs in a eukaryotic system
(3). Although there are some exceptional cases, the confronting
structure is considered to function in protein synthesis. Some
experiments have already suggested this possibility as follows.
When pm7G was added to an in vitro protein synthesizing
system, translation of the mRNA carrying the methylated
blocked structure was inhibited but the translation of themRNA
without the m7G modified structure was not inhibited (4-6).
Removal of the m7G residue by fl-elimination from the native
mRNA resulted in a decrease in protein synthesizing ability as
well as in ribosome binding ability (7-11). Similar results were
obtained with viral mRNA lacking the methylation or the
blocking nucleotide residue at the 5' terminus (12). However,
there were some incompatible results, causing confusion13).
These may be mainly due to incomplete elimination of the
7-methylguanylic acid residue in those experiments.

Recently it was shown that a pyrophosphatase purified from
a tobacco cell culture specifically splits 7-methylguanylic acid
and phosphate in the pyrophosphate linkages from the 5' ter-
minus of eukaryotic mRNA without any scission in the other
parts of the RNA molecule (14, 15). Using this enzyme, we have
investigated the function of the confronting nucleotide structure
at the 5' terminus of mRNA.

MATERIALS AND METHODS
Preparation of RNA. CPV mRNA was prepared in vitro as

described (16, 17). Tobacco mosaic virus (TMV) RNA was
prepared from infected leaves of Nicotiana tabacum (18).

Hemoglobin mRNA was prepared from rabbit reticulocytes
as described by Nienhuis et al. (19).

Hydrolysis of the 5'-Terminal Blocked Structure of mRNA
with Tobacco Phosphodiesterase. Ten A2j0 units of mRNA
or TMV RNA was incubated with 0.4 unit of tobacco phos-
phodiesterase (20) in the presence of 0.1 M sodium acetate (pH
5.5) and 5 mM EDTA in 0.4 ml of reaction mixture at 300 for
1.5 hr. The reaction was stopped by adding 0.2 ml of 80%
phenol and shaking to inactivate the enzyme. Then the RNA
was precipitated with ethanol after sufficient extraction of the
phenol remaining in the aqueous phase with ether.

Protein Synthesizing System In Vitro. The protein syn-
thesizing system was prepared from a wheat germ extract ac-
cording to Roberts and Paterson (21). For one assay, 50 Al of the
reaction mixture was used. It contained 20mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (Hepes) (adjusted
to pH 7.6 with KOH), 2.5 mM magnesium acetate, 100 mM
KCI, 4 mM dithiothreitol, 1 mM ATP, 20,uM GTP, 8 mM cre-
atine phosphate, 2 Mg of creatine phosphate kinase, amino acid
mixture (3 gM each, without leucine), 2 MuCi of [3H]leucine (50
Ci/mmol), 10 Mg of RNA, and about 5 A20 units of wheat germ
extract. After the reaction was over, 5% (wt/vol) ice-cold tri-
chloroacetic acid was added and the mixture was heated at 900
for 20 min. The acid-precipitable fraction was collected on a
glass fiber filter (Whatman GF/A, 24 mm in diameter) and its
radioactivity was assayed in a liquid scintillation spectrome-
ter.
Formation of the Initiation Complex for Protein Synthesis

in Wheat Germ Extract. 3H-Labeled CPV mRNA or 32p
labeled TMV RNA was added to a cell-free protein synthesizing
system, to which sparsomycin had been added (to 0.1 mM) to
inhibit the elongation of peptide chains; the mixture was in-
cubated at 300 for 15 min. Then the reaction mixture was put
on a sucrose density gradient (10-30%) containing 10 mM
Hepes (pH 7.6), 4 mM magnesium acetate, 100mM KC1, and
2 mM dithiothreitol and centrifuged at 27,000 rpm for 4 hr in
a Beckman-Spinco ultracentrifuge and an SW 40 swinging
bucket rotor. From the bottom of the tube, 0.4-ml fractions
were collected. Absorbancy at 260 nm and radioactivity of each_
fraction were measured.

Incubation of RNA with S-23 or S-160 Fraction in Wheat
Germ Extract. Wheat germ (6 g) was ground with an equal
weight of sea sand and extracted with 16 ml of a buffer con-
taining 80 mM Hepes (adjusted to pH 7.6 with KOH), 0.1 M
KCL 1 mg of magnesium acetate, 2 mM CaCl2, and 6 mM 2-
mercaptoethanol. The extract obtained by centrifugatio7 at
23,000 X g for 15 min was added to magnesium acetate (final
concentration 3.5 mM)/ATP (1 mM)/GTP (20 MM)/di-
thiothreitol (2 mM)/creatine phosphate (8 mM)/creatine kinase
(40 ,g/mi). This mixture was incubated at 30' for 12 min. It
was then applied to a Sephadex G-25 column to separate cellular
enzymes from low-molecular-weight material. The proteins
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FIG. 1. Terminal nucleotide analysis ofCPV mRNA by column
chromatography (31). The methyl-3H-labeled intact CPV mRNA
(Lower) and tobacco pyrophosphatase-treated RNA (Upper) were

digested with Penicillium nuclease Pi and then with tobacco pyro-
phosphatase. The digests were chromatographed with nucleotide
markers on a column of Bio-Rad AG 1 (0.6 X 20 cm). The nucleotides
were eluted with a linear gradient of NaCl from 0 to 0.27M in 0.01 M
HCl (50 ml of each); 1-ml fractions were collected and absorbancy at
260 nm (indicated with arrows) and radioactivity of 3H were mea-

sured.

were centrifuged at 23,000 X g for 15 min. This supernatant
was used as the S-23 fraction. This fraction was then centrifuged
at 160,000 X g for 2 hr in a no. 65 rotor in a Beckman-Spinco
ultracentrifuge. The last supernatant was used as the S-160
fraction.
Labeled CPV mRNA (as C3H3 and 32P) was incubated with

the S-23 (or S-160) fraction from the wheat germ extract in 100
Al of a reaction mixture containing 10 mM Hepes (pH 7.6), 1
mM magnesium acetate, 64mM KCI, and 2mM dithiothreitol.
The reaction mixture was incubated at 300 for various times.
At each indicated time, 100Al of water-saturated phenol was
added and the mixture was shaken immediately. The aqueous
phase was applied to a glycerol density gradient (10-30%) in
20mM EDTA/50mM sodium acetate (pH 5.5) and centrifuged
at 38,000 rpm for 15 hr in an SW 40 swinging bucket rotor in
a Beckman-Spinco ultracentrifuge. Fractions (4 drops) were

collected from the bottom of the tube, and the radioactivity of
3H and 32p in each fraction was assayed in a dioxane-based
scintillator.
Column Chromatography. Anion exchange resin Bio-Rad

AG 1 was used for separation of the nucleotides including the
5''-5 confronting nucleotides. The chromatographic procedure
is in the legend to Fig. 1.

RESULTS
Removal of the 7-Methylguanylate at the 5' Terminus of

mRNA by Tobacco Phosphodiesterase. When CPV mRNA
was treated with tobacco phosphodiesterase, pm7G and inor-
ganic phosphate were released (14, 15). Thus, the 5'-terminal
structure of CPV mRNA was changed completely from
m7G5'pppAm-G- to pAm-G-. This was confirmed again when
the native CPV mRNA labeled with methyl-3H and the tobacco
pyrophosphatase-treated RNA were digested by Penicillium
nuclease PI to yield terminal nucleotides as m7G5'pppAm from
the former and pAm from the latter; these nucleotides were

then analyzed chromatographically after further digestion with
tobacco phosphodiesterase to separate [3H]pm7G and [3H]pAm.
The native RNA gave both of them in nearly equal amounts,
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FIG. 2. Terminal nucleoside analysis of TMV RNA by column
chromatography. TMV RNA, incubated with tobacco pyrophos-
phatase (Upper) and not incubated with it (Lower), was labeled at
the terminal nucleosides by NaB3H4 after oxidation with sodium
metaperiodate. After the RNA was digested with Penicillium nuclease
P1, the sample was chromatographed as described in Fig. 1.

while the tobacco pyrophosphatase-treated RNA gave only
[3H]pAm (Fig. 1).
During the treatment of mRNA with tobacco pyrophos-

phatase, neither the cleavage of internucleotide bonds nor ex-

onucleolytic attack from the 3' terminal ofmRNA was observed
(14, 15; specific data will be reported elsewhere).

In order to confirm this characteristic splitting by tobacco
phosphodiesterase for TMV RNA, the following experiment
was carried out. Because it is difficult to label in vio the ter-
minal modified group of TMV RNA with radioisotopes suffi-
ciently for analysis, the following method was used. RNA was

oxidized by sodium metaperiodate and then reduced by sodium
[3H]borohydride. Because the cis-diol structure is labeled with
3H by this treatment, the 3H radioactivity should be introduced
equally into the 3'-terminal nucleoside and the 7-methylgua-
nosine residue confronting the 5' terminus. This can be exam-
ined by digestion with Pendllium nuclease P1, which produces
the 3H-labeled nucleoside dialcohol-5'-phosphate (pN') from
the 3' terminus of RNA and the 3H-labeled m7G'pppN (here
m7G' indicates 7-methylguanosine dialcohol) from the 5'-ter-
minus. The products, pN' and m7G'pppN, were analyzed as

shown in Fig. 2. With the labeled native TMV RNA, nearly
equal amounts of [3H]pA' and [3H]m7G'pppG [7618 cpm (51%)
and 7273 cpm (49%), respectively] were detected. On the other
hand, with the labeled tobacco phosphodiesterase-treated TMV
RNA, only [3H]pA' and a small amount of [3H]pC' were de-
tected, with no m7G'pppG. This result indicates that the 7-
methylguanosine blocking structure at the 5' terminus of TMV
RNA had been completely removed by tobacco phosphodies-
terase.

Loss of mRNA Activity after Removal of the 5'-Terminal
Modified Structure. CPV mRNA, globin mRNA, and TMV
RNA were treated with tobacco phosphodiesterase to split py-
rophosphate linkages at the 5' terminus. The protein synthe-
sizing ability of these mRNAs was compared with that of the
native RNAs in the wheat germ extract. The results are pre-
sented in Fig. 3. For each RNA used, the protein synthesizing
activity was decreased drastically by tobacco phosphodiesterase
treatment. Because the removal of the modified structure was
carried out almost completely by this enzyme, it was concluded

pm7G pC pn pG

I I I I
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FIG. 3. Comparison of protein synthesizing abilities of intact

mRNA (e) and mRNA without blocking structure (0). The reaction
mixture for protein synthesis was as given in the text. The mixture
was incubated at 300 for 30 min. After addition of cold trichloroacetic
acid, radioactivity in the acid-precipitable fraction was measured.
(Top) CPV mRNA. (Middle) TMV RNA. (Bottom) Globin
mRNA.

that the confronting nucleotide structure at the 5' terminus of
mRNA is required for protein synthesis in all of the different
types of eukaryotic mRNA. However, the translational ability
of tobacco phosphodiesterase-treated RNA was not abolished
completely. In an optimal translation condition, the tobacco
phosphodiesterase-treated RNA showed 10-20% of the protein
synthesizing ability of intact mRNA.

Effect of Removal of the Modified Structure of mRNA on
Initiation Complex Formation. Because the 5'-terminal
modification of mRNA may be concerned with the initial step
of protein synthesis, the ability to form the initiation complex
was tested with CPV mRNA after the confronting 7-methyl-
guanylic acid at the 5' terminus had been deleted by tobacco
phosphodiesterase. 3H-Labeled RNA was added to the in vitro
protein synthesizing system from wheat germ as described in
the preceding section, but sparsomycin was added to prevent
peptide chain elongation and thus permit detection of the ini-
tiation complex of protein synthesis. Formation of the initiation
complex was analyzed by sucrose density gradient centrifu-
gation (Fig. 4). A significant proportion of the intact CPV
mRNA was recovered as the 80S initiation complex, whereas
with the tobacco phosphodiesterase-treated CPV mRNA only
15% of the amount of intact mRNA at the 80S position was re-
covered. A' similar loss of initiation complex formation was
obtained when 7-methylguanylic acid was added (to 1 mM) to
a reaction mixture containing either intact mRNA or tobacco
phosphodiesterase-treated mINA. A remarkable decrease in
initiation complex formation was also observed when tobacco
phosphodiesterase-treated TMV RNA was used instead of
mRNA (data will be published elsewhere).

Compaprison of Stability of the Intact mRNA and mRNA
without the Modification. One reason for the fact that initi-
ation complex formation is decreased by removal of the 5'-
terminal modified structure in mRNA may depend on the la-
bility of the enzyme-treated RNA. This was tested investigating
the stability of mRNAs in the wheat germ extract. Labeled CPV
mRNA was incubated with the S-23 fraction (the supernatant

10 20 30 10 20 30
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FIG. 4. Formation of the initiation complex for protein synthesis.
Intact CPV mRNA (methyl-3H-labeled) was incubated with wheat
germ extract in the presence of sparsomycin as described in the text.
the reaction mixture was placed on a sucrose density gradient, 10-
30%, and centrifuged in a Beckman-Spinco SW 40 swinging bucket
rotor at 27,000 rpm for 4 hr; 6-drop fractions were collected from the
bottom of the centrifuge tube. 3H radioactivity in each fraction was
measured. (A) Intact CPV RNA. (B) Tobacco pyrophosphatase-
treated CPV RNA. (C) Intact CPV RNA plus 1 mM pm7G. (D) To-
bacco pyrophosphatase-treated CPV RNA plus 1 mM pm7G.

fraction after 23,000 X g centrifugation of the wheat germ
extract) under the same conditions as for the in vitro protein
synthesizing system. After 2-3 min of incubation, degradation
of RNA was analyzed by glycerol density gradient centrifu-
gation (Fig. 5). A large proportion of the intact CPV mRNA did
not change in size. Although a small portion of 32P radioactivity

40
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FIG. 5. Stability of CPVmRNA during incubation with the wheat
germ cell-free fraction S-23. The labeled CPV mRNA (A, B, C) and
the tobacco pyrophosphatase-treated RNA (D, E, F), which had lost
the 5'-terminal modified structure, were incubated with the S-23
fraction in wheat germ extract at 300 as described in the text for 0 min
(A and D), 2 min (B and E), and 3 min (C and F). After incubation,
the reaction mixture was mixed with phenol, and the extracted RNA
was analyzed on a glycerol density gradient as described in the text.
*, 3H; o, 32p
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FIG. 6. Stability ofCPV mRNA during incubation with the S-160
fraction in wheat germ cell-free extract. The experimental conditions
were as in Fig. 4 with S-160 fraction in wheat germ extract instead of
S-23. (A and B) Intact labeled CPV mRNA was incubated for 1 and
3 min, respectively. (C and D) Tobacco pyrophosphatase-treated CPV
mRNA incubated for 1 and 3 min, respectively. 0, 3H; 0, 32p.

of CPV mRNA was transferred to smaller RNA fractions, none
of the methyl-3H radioactivity located at the 5' terminus of
mRNA was detected in the top fraction of the density gradient.
In contrast with the intact mRNA, the tobacco phosphodies-
terase-treated CPV mRNA was immediately broken down by
incubation with the S-23 fraction. Both the 3H and the MsP ra-
dioactivity moved to the top fraction of the density gradient.
These results clearly indicate that the intact mRNA is resistant
to the nuclease attack due to the presence of the 7-methyl-
guanylic acid confronting 5'-terminal structure.

There is a possibility that initiation complex formation of
mRNA with ribosomes or any other complex formation with
some protein, which binds to the 5'-terminal modified structure
specifically, may protect the mRNA from degradation. This
was investigated in two ways. One experiment was incubated
of mRNA with the S-160 fraction, which was the supernatant
fraction after ribosomes had been centrifuged off. The other
was incubation of mRNa with the S-23 fraction in the presence
of pm7G, by which protein-binding to the 5'-terminal modified
structure seemed to be inhibited. Tobacco phosphodiesterase-
treated CPV mRNA was degraded by incubation with S-160
and transferred to the top fraction of the density gradient (Fig.
6 C and D), whereas the intact mRNA was not converted into
smaller molecules (Fig. 6 A and B). Similar results were ob-
tained with incubation of mRNA with S-23 in the presence of
pm7G (Fig. 7). Thus, it was strongly suggested that the 5'-ter-
minal modified structure itself in mRNA was necessary to sta-
bilize the mRNA molecule.

Degradation products from the incubation of the modifica-
tion-deleted mRNA in the wheat germ extract were analyzed
by DEAE-cellulose/7 M urea chromatography to determine
the molecular size or net charge (22). Because the methyl-
3H-labeled original CPV mRNA was treated with tobacco
phosphodiesterase, only the 5'-terminal nucleotide contains
2'-O-methyl-3H before incubation with the wheat germ extract.
The radioactivity of 3H in the degradation products was de-
tected in the nucleoside fraction and the mononucleotide
fraction but not in any oligonucleotide larger than dinucleotide.
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FIG. 7. Stability of CPV mRNA during incubation with wheat
germ extract S-23 in the presence of pm7G. The experimental con-
ditions were the same as in Fig. 4 but 7-methylguanylic acid was added
to the incubation mixture to a final concentration of 1 mM. (A and
B) Intact CPV mRNA incubated for 1 and 3 min, respectively. (C and
D) Tobacco pyrophosphatase-treated CPV mRNA incubated for 1
and 3 min, respectively. 0, 3H; 0, 32p.

This means that the first nucleotide at the 5' terminus of the
tobacco phosphodiesterase-treated mRNA was released as a
mononucleotide, and some of it was converted to nucleoside
by phosphatase action, which may be contained in the S-23
fraction of the wheat germ extract. From these results, it is
suggested that an exonucleolytic activity 5' - 3' in the wheat
germ extract cannot cleave the confronting nucleotide structure
at the 5' terminus of mRNA, m7G5'ppp5'N(m), and therefore
cannot degrade the intact mRNA; it degrades RNA only after
the 5'-terminal modification is removed. In other words, the
confronting structure at the 5' terminus of mRNA seems to
protect the RNA molecule from exonucleolytic degradation;
the degradation of mRNA would start by removal of the 5'-
terminal modification.

DISCUSSION
In order to elucidate the function of the 5'-terminal modifica-
tion in eukaryotic mRNA, protein synthesis activity should be
compared for the native mRNA and the modification-deleted
mRNA. Because the 7-methylguanosine residue confronting
the 5' terminus of mRNA carries a 2','-cis-diol, it is deleted by
oxidation with periodate followed by a-elimination with amine.
However, this procedure is sometimes not perfect for all the
residues in question (22). Moreover, it also splits a nucleoside
residue at the 3' terminus of RNA. In contrast to this, a phos-
phodiesterase purified from cultured tobacco cells (20) cleaves
only pyrophosphate linkages in mRNA specifically, so that only
7-methylguanylic acid residues confronting the 5' terminus of
mRNA through a pyrophosphate linkage can be removed (14,
15). As shown here, removal of the 7-methylguanylic acid
residue was complete under the given conditions, and no other
splitting in the mRNA molecule was detected.
mRNAs of CPV and globin as well as TMV RNA can stim-

ulate protein synthesis acting as a template in wheat germ ex-
tract. When the 5'-terminal blocking structure had been re-
moved by tobacco phosphodiesterase, all the mRNAs lost the
ability to synthesize protein. Thus, the confronting nucleotide

Biochemistry: Shimotohno et al.
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structure is necessary for protein synthesis. This was also shown
by the inhibitory effect of added 7-methylguanylic acid (5'-
phosphate) to the native mRNA (Y. Kodama, K. Shimotohno,
and K. Miura, unpublished results; refs. 4 and 5).

Although a CPV mRNA preparation consisted of 10 differ-
ent-sized RNA molecules (17), each RNA molecule seemed to
be monocistronic, as also is globin mRNA. A TMV RNA mol-
ecule contains much information for proteins, being polycis-
tronic, but it was recently reported that TMV RNA functions
continuously as a long template molecule to translate the tem-
plate into a large peptide molecule which is processed later into
individual functional protein molecules (23). Therefore, the
7-methylguanylic acid-blocking structure at the 5' terminus
of mRNAs seems to be necessary for one read-through on the
template mRNA from near the 5' terminus, not for the start of
the inner cistrons.

Because protein synthesis proceeds in the direction 5' -1 3'
of the template mRNA, the 5'-terminal modification may be
related to the formation of an initiation complex in protein
synthesis. Removal of the modified structure at the 5' terminus
of mRNA caused loss of the initiation complex formation ca-
pability of mRNA. Addition of 7-methylguanylic acid to the
native mRNA caused a similar effect. Therefore, 7-methyl-
guanylic acid at the 5' terminus of mRNA is necessary at the
step of formation of the initial complex in protein synthesis.
The 7-methylguanylic acid residue or the confronting nu-

cleotide structure may be necessary for mRNA to bind specif-
ically with ribosomes or some factors of the formation of the
initiation complex in protein synthesis, to maintain the func-
tional structure of mRNA, or to protect mRNA from degra-
dation. The first possibility was suggested by Filipowicz et al.
(24). The last possibility was clearly shown here by comparison
of the stability of the modification-deleted mRNA with the
native mRNA by incubation in a wheat germ extract (Fig. 6).
If the 5'-terminal modification is removed, the RNA molecule
seems to be degraded exonucleolytically from the 5' terminus
by an enzyme in the wheat germ extract.

In the experiments on protein synthesis and initiation com-
plex formation, it was noticed that the tobacco phosphodies-
terase-treated RNA did not lose its mRNA activity completely,
10-20% of that of native mRNA remaining (Figs. 3 and 4). Even
if the modification had been removed, a small number of the
mRNA molecules would be able to form an initiation complex
to synthesize protein before degradation.

In any case, the 7-methylguanylic-acid residue at the 5' ter-
minus protects the mRNA from exonucleolytic degradation in
the cell. The presence of 7-methylguanylic acid confronting
the 5' terminus of mRNA is now known to be common for eu-
karyotic systems. Although there are some exceptions-for
example, poliovirus mRNA and satelite tobacco necrosis virus
RNA (25-27)-there may be a device to stabilize mRNA even
in these cases as shown in the protein component attached to
the 5' terminus of the polio mRNA (28). Absence of the 5'-ter-
minal modification in prokaryotic mRNA (K. Miura, M. Hiruta,
M. Yamamoto, and F. Imamoto, unpublished data; refs. 29 and
30) may be one of the causes of short lifetime or rapid turnover
of bacterial mRNA.
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