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Regulation of Brome Mosaic Virus Gene Expression by
Restriction of Initiation of Protein Synthesis
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The translation of total and individual brome mosaic virus (BMV) RNAs was
examined in a wheat germ cell-free system in the presence of various inhibitors.
Inhibitors of the initiation of polypeptide synthesis, e.g., potassium ions, 7-
methylguanosine 5'-monophosphate, and aurintricarboxylic acid, were shown not
only to inhibit overall BMV protein synthesis but also to change the ratio ofBMV
polypeptides synthesized. Under conditions restrictive for initiation, the transla-
tion of nonstructural BMV genes was suppressed, but coat protein synthesis
proceeded at a high rate. A similar discrimination among BMV messengers was
exerted by a regulatory protein kinase isolated from wheat germ. These results
suggest that the regulation ofthe expression ofBMV genes is based on a difference
in the mechanism of formation of initiation complexes for individual BMV
messages.

Investigation ofthe in vitro translation oftotal
mRNA's derived from plant viral multipartite
genomes allows us to study the simultaneous
translation of a population of messages. It cre-
ates the situation similar to that encountered in
normal cells, where many messengers are inter-
playing at the same time. One of the best-char-
acterized plant viruses with a divided genome is
brome mosaic virus (BMV) (9). The total RNA
extracted from BMV virions is composed of four
monocistronic messengers, designated RNA 1,
RNA 2, RNA 3, and RNA 4, in the order of
decreasing molecular weight (6). All of these
mRNA's contain a cap structure on their 5'
terminus (6, 16). These RNAs are translated in
vitro into a collection of four polypeptides: la,
2a, 3a, and 4a (23). Polypeptide 4a is a coat
protein, and the other polypeptides are non-
structural viral polypeptides (6).

It is clear that the ratio of synthesis of non-
structural proteins should be variable during
viral development (3, 6, 22). At an early phase,
nonstructural proteins thought to be involved in
RNA replication accumulate, whereas at a late
phase, synthesis of coat protein required for
capsid organization dominates.

It is accepted that the regulation of the for-
mation of individual BMV proteins occurs on
the translational level (6). However, the partic-
ular mechanism responsible for this regulation
is unknown. In this paper we demonstrate that
upon restriction of the initiation of polypeptide
synthesis, the formation of coat protein prevails
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over nonstructural BMV proteins. From our re-
sults, it seems that the mechanism of regulation
of BMV protein synthesis is similar to that de-
scribed by Lodish for globin chain formation
(10).

MATERIALS AND METHODS
7-Methylguanosine 5'-monophosphate (m7G5p), so-

dium salt, was from P-L Biochemicals, Inc., Milwau-
kee, Wis.; aurintricarboxylic acid (ATA), ammonium
salt, was from Sigma Chemical Co., St. Louis, Mo.;
cycloheximide, B grade, was from Calbiochem, La
Jolla, Calif.; ['4C]leucine (specific activity, 211 mCi/
mmol) was from UVVVR, Prague, Czechoslovakia.
The preparation of a cell-free system from wheat

germ and tRNA from wheat germ, the isolation of
total BMV RNA, and radioactivity measurements
were performed by methods described previously (22).
Individual BMV RNAs were separated on a sucrose
gradient by the method of Stubbs and Kaesberg (18).
Preparations of RNA 4 and RNA 3 were shown to be
electrophoretically pure. RNA 1 and RNA 2 do not
separate on a sucrose gradient, and they were used as
a mixture, referred to as RNA 1+2. This mixture was
shown to be electrophoretically free from other RNAs
and contained equimolar amounts ofRNA 1 and RNA
2. Preparations of total BMV RNA contained individ-
ual components in a molar ratio of 1:1:4:4.

The translation of BMV total and individual RNAs
was performed in the wheat germ unfractionated sys-
tem. Details are given in the legend to Fig. 1. Trans-
lation products were analyzed by electrophoresis on
12% polyacrylamide slab gels containing sodium do-
decyl sulfate by the method of Laemmli (8). This was
followed by fluorography by the method described by
Bonner and Laskey (4). Polish blue base X-ray film
produced by Foton, Warsaw, Poland, was used. When
necessary, the quantitation of radioactive products
was performed by densitometry.
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RESULTS
One of the best-known inhibitors of initiation

in eucaryotic cell-free protein-synthesizing sys-
tems is m7G5 p. It is thought to be a competitive
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FIG. 1. Analysis ofproducts of the translation of
BMV RNAs in the cell-free wheat germ system. The
incorporation mixture (25 or 50 ul) contained 3 mM
magnesium acetate, 95 mM potassium acetate, 4.8
mM Tris-acetate (pH 7.6), 60 pLM spermine tetrachlo-
ride, 0.48 mM dithiothreitol, I mM ATP, 0.375 mM
GTP, 20 mM creatine phosphate, 125 pg of creatine
kinase per 25 pul, 20 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid)-KOH buffer
(pH 7.6), 125 pM unlabeled amino acids, 0.1 pCi of
[14CJleucine (specific activity, 211 mCi/mmol), 12 ,A1
of extract per 25 p1 (30 mg/ml), and the indicated
amounts ofBMVRNA. With buffer and salt concen-
trations, the contribution of the extract is taken into
account. Translation was performed with the follow-
ing: 1.5 pg ofRNA 1+2per 25 A1 (lane 1); 1 pg ofRNA
3 per 25 pl (lane 2); 0. 75 pg of RNA 4 per 25 p1 (lane
3); and 2 pg of total BMV RNA per 25 p1 (lane 4).
Samples of2 to 10 I containing 3,300 cpm for lane 1,
2,600 cpm for lane 2, 3,700 cpm for lane 3, and 11,000
cpm for lane 4 were submitted to electrophoresis. A
molecular weight estimation was performed by com-
paring positions ofproducts with the following mo-
lecular weight markers: cytochrome c, chymotrypsin-
ogen A, ovalbumin, bovine serum albumin, and Esch-

inhibitor of the 5'-terminal cap structure present
in many eucaryotic mRNA's (16, 19). The inhib-
itory effect of the cap analog was shown to
depend on the potassium ion concentration in
the wheat germ translation system primed with
vaccinia mRNA (21). Thus, before we investi-
gated the effect of m7G5p on BMV RNA trans-
lation, we studied the effect of potassium ions
on protein synthesis in the presence of total and
individual BMV RNAs (Fig. 2). Maximum trans-
lation of total BMV RNA was achieved at about
a 90 mM concentration of potassium in the
system, and the same occurred for RNA 3 and
RNA 1+2. On the other hand, maximum incor-
poration in the presence of RNA 4 was shifted
to a higher potassium ion concentration (about
110 mM).

It is believed that the most sensitive step
arrested by a higher-than-optimal concentration
of K+ ions is the initiation of polypeptide syn-
thesis (15, 20). This notion is also supported by
observations that polyuridylic acid-directed
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FIG. 2. Effect ofpotassium ion concentrations on
the translation ofBMVRNAs in the wheatgerm cell-
free system. The translation was performed in 25 l
as described in the legend to Fig. 1. The concentration
ofpotassium ions was adjusted to obtain values in-
dicated on the abscissa. The concentrations ofRNAs
were as follows: total RNA, 2 pig; RNA 1+2, 1.2 pg;
RNA 3, 1 pg; RNA 4, 1 pg.

erichia coli polymerase subunits (M,, 12,400, 25,000,
45,000, 67,000, 39,000, 155,000, and 165,000, respec-
tively). Labels on the right indicate Mr x 10-3.
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translation, which can be taken as a measure of
elongation processes, is optimal at a 170 mM
potassium ion concentration (13) and that when
the translation of a natural message is initiated
at a low potassium ion concentration and contin-
ued at 170 mM K+, it proceeds at a high rate,
but no chain reinitiation occurs (17). Therefore,
a supraoptimal potassium ion concentration may
be regarded as inhibitory for initiation, and ac-
cording to the model proposed by Lodish (10), it
may affect the ratio of viral polypeptides forned
in the cell-free system primed with total BMV
RNA.
This supposition was confirmed by an analysis

of products formed at different potassium ion
concentrations (Fig. 3). The synthesis of coat
protein increased with potassium ion concentra-
tions of up to 107 mM, whereas the synthesis of
longer polypeptides was already inhibited at this
potassium ion concentration. At 127 mM potas-
sium, there was virtually no product other than
coat protein. It is noteworthy that a decreased
synthesis of full-length viral proteins was not
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associated with an increased appearance of un-
finished polypeptides. It confinns the supposi-
tion that initiation, but not polypeptide elonga-
tion, is affected at supraoptimal potassium ion
concentrations.

Overall inhibition of protein synthesis due to
the presence of m7G5p in the system primed
with total BMV RNA did not depend on the
concentration of potassium ions (Fig. 4). This
result, which is in contrast with observations
made for other messengers (21), may be ascribed
to the variable ratio of products synthesized,
which results in the predominant synthesis of
coat protein at high potassium concentrations
(see below).
The effect of cap analog on the translation of

individual BMV RNAs was investigated (Fig. 5).
It should be pointed out that the amounts of
individual mRNA's in the separate incubation
mixtures were adjusted to be equimolar. We
think that molar ratios of components are im-
portant when studying the translational effect of
m7G5 p, since this analog competes for ribosomes
with the 5'-terminal cap structure of mRNA's.
Under this condition the inhibitory effect of the
cap analog on the tra'islation of different BMV
RNAs was very similar.
However, the analysis of products obtained by

FIG. 3. Effect of potassium ion concentration on

the products of the translation of total BMV RNA.
The translation was performed as described in the
legend to Fig. 1, with 2 pg of total RNA per 25 1.

Lane 1, 47.5mMK ; lane 2, 67.5mMK ; lane 3,87.5
mM K ; lane 4, 107.5 mM K+; lane 5, 127.5 mM K+;
lane 6, 147.5 mM KV.

OD9 0.18 027 0.36 0.45
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FIG. 4. Inhibition ofprotein synthesisprimed with
total BMV RNAs by m7G5'p. The translation was

performed as described in the legend to Fig. 1, at 87.5
and 127.5 mM potassium ion concentrations. Mix-
tures were supplemented with 2 pg oftotalBMVRNA
in each 25,u1 and with the indicated amount ofm7G5p.

-d m ou .
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FIG. 5. Effect of m7G5p on the translation of individual BMV RNAs. The incubation was performed as

described in the kegend to Fig. 1, with a 90 mMpotassium ion concentration. Incubation mixtures (25 ,ul) were
supplemented, respectively, with equiunolar amounts ofRNAs as follows: RNA 1+2, 4.2 pg; RNA 3, 2 g; and
RNA 4,1l pg.

the translation of total BMV RNA indicated
that upon the addition of increasing amounts of
m7G5'p to the system, the proportions of prod-
ucts were changed (Fig. 6). When equal amounts
of hot trichloroacetic acid-precipitable material
from the incorporation performed in the pres-
ence of increasing amounts of analog were ana-
lyzed by gel electrophoresis and subsequent fluo-
rography, it could be seen that the synthesis of
nonstructural polypeptides la, 2a, and 3a de-
creased, with a parallel increase in the synthesis
of coat protein. At high potassium ion concen-
trations, the complete exclusion of longer poly-
peptides synthesized upon the addition of in-
creasing amounts of m G5'p could be observed.
The restriction of initiation, which was due to
the presence of the cap analog, resulted in the
exclusion of the translation of nonstructural
genes. The effect was reinforced by supraoptimal
potassium ion concentrations, the factor which
was additionally restrictive toward initiation. In
conclusion, it seems that the addition of an
inhibitor of initiation to the system affects
strongly not only the overall translation but also

the type of polypeptide synthesized in the sys-
tem primed with a population of messages.
This supposition was reinforced by experi-

ments performed with another inhibitor of ini-
tiation, ATA. It is believed that at low concen-
trations, ATA acts as a selective inhibitor of the
initiation of polypeptide synthesis (11) by block-
ing the binding of mRNA to ribosomes (5). We
observed that upon the addition of increasing
amounts ofATA, the synthesis ofproduct la+2a
decreased to 42.3%, and later to 5.8%, of the
initial synthesis. Simultaneously, the formation
of product 3a decreased to 18.3 and 4.7%, respec-
tively; on the other hand, coat protein synthesis
was diminished early to 74% and later to 21.8%,
respectively (Fig. 7, lanes 1, 2, and 3). The re-
striction of initiation caused by ATA therefore
led to the same effect as the addition of potas-
sium ions or the cap analog or both to the
system.
On the other hand, the differentiation ofBMV

polypeptide synthesis was not induced by the
presence of cycloheximide in the system. Cyclo-
heximide is a potent inhibitor of protein synthe-
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FIG. 6. Effect ofm'G5p on the translationproducts
directed by total BMV RNA. The incubation was
performed as described in the legend to Fig. 1. Equal
amounts of hot trichloroacetic acid-precipitabk ra-

dioactive material were subjected to ekctrophoresis
and fluorography. Potassium ion concentrations
were 87mM for lanes I to 6 and 127 mM for lanes 7
to 12. Concentrations ofm7G5 p were as follows: lanes
I and 7, none; lanes 2 and 8, 0.09 mM; lanes 3 and 9,
0.18 mrM; lanes 4 and 10, 0.27 mM; lanes 5 and 11,
0.36 mM; lanes 6 and 12, 0.45 mM.

sis, which arrests translocation (2) and therefore
diminishes the rate of elongation. The addition
of cycloheximide to the wheat germ system
primed with total BMV RNA resulted in an

even inhibition of the formation of all BMV
polypeptides (Fig. 7, lanes 4 and 5), reaching
about 50% at higher cycloheximide concentra-
tions.

It is clear from the above results that upon

restriction of initiation, nonstructural viral mes-
sages are excluded from translation, whereas the
coat protein gene is expressed at a high rate. We
observed that such a restriction can also be
imposed by the specific component(s) of the
plant extract, e.g., the regulatory protein kinase
isolated by us that is able to phosphorylate some
ribosome-associated proteins, presumably initi-
ation factors (12). The addition of this protein
kinase to the incorporation system diminished
the rate of association of nonstructural messen-
gers with ribosomes, but did not affect the as-
sociation of BMV RNA 4 with ribosomes (14).
The wheat germ cell-free system supplemented
with protein kinase still expresses all four BMV
messengers, but whereas the formation of the
coat protein is not inhibited, the formation of
longer polypeptides in the presence of the en-

.

FIG. 7. Effect ofATA and cycloheximide on trans-
lation products directed by total BMV RNA. The
translation wasperformed as described in the legend
to Fig. 1, at a 90 mM potassium ion concentration
and with 3 pg oftotalBMVRNA per 50,lu. Lane 1, 80
&MATA; lane 2, 120 &MATA; lane 3, no ATA and

no cyctoheximide added; lane 4, 24 uM cyclohexi-
mide; lane 5,'28 WM cycloheximide.

zyme is diminished to about 50% (Fig. 3 from
reference 12).

DISCUSSION
The differential translation of structural ver-

sus nonstructural viral messengers is observed
under conditions restrictive for chain initiation.
This means that the mechanism of initiation for
these two classes of messengers should be sig-
nificantly different.
According to Kozak and Shatkin (7), the ini-

tiation ofcapped messengers occurs in two steps.
First, a ribosome recognizes the 5'-terminal cap
structure and then moves along the mRNA
strand, searching for an AUG initiation codon.
If the distance between the cap structure and
the AUG codon is large enough, a second ribo-
some can recognize the cap structure before the
translation starts and can enter the untranslated
region. This results in the formation of an initi-
ation complex with two ribosomes. It is clear
that when the cap structure is near the AUG
initiation codon, both regions will be covered by
one ribosome, and the initiation complex will
contain a single ribosome.

It is known that in BMV RNA 4 the 5'-ter-
minal cap structure is separated by 10 nucleo-
tides from the initiation codon (6), and we found
that, as is expected, this RNA forms initiation
complexes with single ribosomes (data not
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shown). In contrast to that, the initiation com-
plexes formed with RNA 1+2 at low messenger
concentrations contain not only monosomes but
also disomes (data not shown). This is in agree-
ment with a recent communication from Ahlqu-
ist et al. in which they demonstrated that in
initiation complexes formed with RNA 3, two
ribosomes are simultaneously present on one
RNA molecule (1).

Therefore, it may be that the translation of
nonstructural viral messages (RNA 1, RNA 2,
and RNA 3) is initiated by a mechanism differ-
ent from that operating during the initiation of
coat protein synthesis. It is probably this differ-
ence which is revealed by the use of inhibitors
of initiation, such as m7G5p, K+ ions and ATA.
This difference may also account for the spe-

cific effect of the wheat germ protein kinase on
the translation of viral mRNA's (12). It can be
speculated that protein kinase is a natural host
cell inhibitor, which plays a part in turning on
and off the expression of viral genes at different
stages of the viral life cycle.
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