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The RNA from bacteriophage QB can be translated by cell-free extracts from
wheat embryos. This translation, by 80S ribosomes, occurs at a low magnesium
ion concentration. Three products are synthesized which coelectrophorese with
Q6 proteins synthesized in Escherichia coli extracts. The smallest of these has
been identified as coat protein. Although the polycistronic bacteriophage
message is translated with fidelity, the efficiency is much less than when the
monocistronic brome mosaic virus coat protein message is translated.

Recently there has been considerable interest
in the translation of viral messengers in cell-free
extracts from eukaryotic organisms, particu-
larly messengers from animal viruses (1, 6, 7,
11). However, the mammalian extracts used in
such studies are not convenient to prepare and
do not always produce authentic products. We
have investigated the use of plant extracts as an
alternative to mammalian cell extracts. Ex-
tracts from wheat embryo (10, 13) are easily
prepared and very active. We are currently
using such extracts to study the translation of
the RNA components of brome mosaic virus
(BMV) (17), a virus which can infect wheat
plants and may therefore be regarded as a
model homologous messenger. Translation of
BMV RNA 4, a monocistronic messenger, gives
an incorporation of L-leucine (into BMV coat
protein) of about 200 pmol/Ag of RNA added,
indicating that each messenger RNA is read
about four times.
We wished to determine whether heterologous

virus messengers, particularly polycistronic
ones, can be translated in the wheat embryo
system. For our initial studies, we chose bacteri-
ophage Q,B RNA since its structure and prod-
ucts are well characterized and it has been
tested in several extracts from mammalian cells
(2, 14, 16). We find that Q,B RNA is translated
with fidelity in wheat embryo extracts, yielding
the same products as in Escherichia coli ex-
tracts. This suggests that the plant ribosomes
can recognize bacterial initiation and termina-
tion codons) and that a heterologous polycis-
tronic message can be translated accurately,

although with less efficiency than a homologous
monocistronic viral message.

MATERIALS AND METHODS
Throughout the preparations described here, pre-

cautions were taken to maintain bacteria-free and
ribonuclease-free conditions.

Preparation of wheat embryo cell-free extracts.
The method for preparation of wheat embryo cell-free
extracts was as previously described (17), with a few
modifications. Dry embryos from wheat seeds
(Triticum vulgare L., cultivar Kenosha) or from
wheat germ (General Mills Inc., Vallejo, Calif.) were
purified by flotation on a cyclohexane-carbontetra-
chloride mixture (9, 17). Dry embryo (1 g) was ground
to a paste in a mortar with 2 ml of "grinding solution"
(1 mM magnesium acetate, 2 mM calcium acetate, 90
mM potassium acetate; no buffer or sulfhydryl rea-
gent was added at this stage). Broken pieces of a
sterile, glass capillary tube were used as abrasive.
Grinding solution was added in 2-ml portions during
continued grinding to make a 10-ml extract. DNase
(RNase-free; Worthington Biochemical Corp.) was
added (-5 ug/ml). The extract was centrifuged at
23,000 x g (average) for 10 min. Tris-acetate buffer
(pH 7.6, 1:100 by volume, 1 M) and magnesium
acetate (1: 100 by volume, 100 mM) were added to the
supematant fluid, which was centrifuged again at
23,000 x g. The supernatant fluid was clear yellow.
Pellicle material and the cloudy portion of superna-
tant fluid (about 1 ml) above the pellet were dis-
carded. The extract was then dialyzed overnight
against 10 mM Tris (acetate; pH 7.6) containing 1
mM magnesium acetate, 90 mM potassium acetate,
and 1 mM dithiothreitol (DTT), kept in ice. The
dialyzed extract (S-23) was less clear after dialysis at
0 C), but this did not affect the activity (at 31 C).
S-23 prepared in this way contains about 15 to 20 mg
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of protein per ml, 2 to 3 mg of ribosomes, and about 4
mg of soluble nucleic acid per ml.
Wheat embryo in vitro reaction mixture. The in

vitro reaction mixture consisted of 10 Mliters of Mix IV
(ATP [25 mM], GTP [3.75 mM], phosphoenol-
pyruvate [PEP] [50 mM], and amino acids [0.25 mM
each]), 10 gliters of radioactive amino acid, 10 gliters
of HKM (consisting of 200 mM HEPES [N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid] buffered
to pH 7.5 with KOH, magnesium acetate [35 mM],
and potassium acetate [500 mM]), 50 Mliters of S-23,
20 Mliters of water, and an appropriate concentration
of mRNA. For product analysis experiments, the
ingredient volumes were doubled to give a 200-Mliter
reaction mixture. The S-23 extract was diluted by half
in the reaction mixture, such that the final concentra-
tions were 20 mM HEPES, 5 mM Tris, 4 mM Mg2+,
approximately 100 mM K+ (95 mM from potassium
acetate and 5 to 8 mM from the KOH), 0.25 mM for
each amino acid, 2.5 mM ATP, 0.375 mM GTP, 5 mM
PEP (but no PEP kinase), 0.5 mM DTT, 0.75 to 1.0
mg of S-23 protein, and 2 to 10 Mg of BMV RNA or 10
to 25 Mg Q,B RNA. These concentrations were deter-
mined as optima for BMV RNA translation and were

kept as such for Q# RNA experiments, since the
efficiency could not be markedly increased by chang-
ing ionic conditions.
Preparation of E. coli cell-free extract. E. coli

(Q13) cells were grown in Penassay broth to an optical
density at 600 nm of 0.5 to 0.6, and then washed in
buffer I (20 mM Tris [pH 7.5], 5 mM magnesium
acetate, 100 mM ammonium chloride and 6 mM
2-mercaptoethanol). Extracts (S-30) were prepared
essentially by the method of Capecchi (3), except that
the washed alumina was equilibrated with buffer I
before autoclaving, and the alumina cell pellet after
the first grinding and centrifugation was ground a

second time (adding more alumina) and reextracted
with buffer I. The S-30 extracts were combined and
dialyzed against buffer I. This contained 5 mM Mg'+
(rather than the conventional 10 mM) to allow more

dissociation of 70S ribosomes into subunits) required
for initiation. E. coli S-30 (25 ;liters) was added to a

100-uliter reaction mixture which contained finally:
45 mM HEPES, and 5 mM Tris (pH 7.5), 80 mM
NH4Cl, "20 mM k+, 10 mM magnesium acetate, 2
mM ATP, 0.2 mM GTP (stock solutions of these
adjusted to pH 7.0), 3 mM 2-mercaptoethanol, 0.75 to
1.0 mg of S-30 protein, and 0.1 mM for each amino
acid. Phosphoenolpyruvate and pyruvate kinase were

unnecessary; indeed some batches of the latter in-
hibit. Usually no other additions are necessary, but
each new S-30 preparation was tested for formyl donor
(as calcium leucovorin) and extra sulfhydryl reagent
(DTT) requirements. These were added if necessary.

Radioactive amino acids. Labeled amino acids
were obtained from Amersham-Searle and Co. Leu-
cine and sometimes lysine or arginine were used. For
routine incorporation experiments, they were diluted
with unlabeled amino acid to give a "4C specific
activity of about 20 MCi/Mmol (using 0.2 ACi/100 Mliter
reaction). For analysis of in vitro products, specific
activities ("C-amino acids) of up to 300 gCi/ALmol
were used. Tritiated amino acids were used at a

specific activity of about 250 MCi/umol for most
experiments.

Radioactivity was counted on Whatman 3 MM
disks (washed in hot trichloroacetic acid [90 C] and
then in ethanol and ether) in a toluene-based scintil-
lator; "C counting efficiency was about 50%, SH
counting efficiency was about 15%.

Viral RNA preparations. Qf bacteriophage was
grown and isolated as described previously (8). RNA
was purified by the method of Strauss and Sinsheimer
(20), but the phenol was removed by an ether extrac-
tion and there was only one ethanol precipitation. The
precipitate was dissolved in 10 mM Tris, pH 7.0.
BMV RNA and its separated components were

prepared from BMV (Russian strain) (18; L. Lane,
Ph.D. thesis, Univ. of Wisconsin, Madison, 1971). The
RNA was finally dissolved in 10 mM Tris-borate, pH
8.3, containing 1.5 mM EDTA.
SDS-urea polyacrylamide gel electrophoresis.

Amino acid incorporation was measured during incu-
bation by removing 10- or 20-Mliter samples from a
200-Mliter reaction mixture. To the 120 to 160 gliters
remaining, 50 Mliters of a mixture containing 250 mM
EDTA, 5% (wt/vol) casein amino acids, and 50 Ag of
RNase/ml was added; the mixture was then incu-
bated at 37 C for 10 min. Solid urea (to give 6 to 8 M)
and 2 Mliters of 2-mercaptoethanol were added. After 5
min, 20 gliters of 10% sodium dodecyl sulfate (SDS)
was added, and the mixture was heated at 60 C for 15
min and dialyzed for 24 h (against 6 M urea, 0.1%
SDS, 1% 2-mercaptoethanol, and 100 mM sodium
phosphate buffer, pH 7.6). A sample prepared in this
way (200 uliters) was applied to a 10% polyacrylamide
gel (6 by 80 mm) (19) made in 100 mM phosphate
buffer (pH 7.6) containing 6 M urea, 0.1% SDS, and
10 mM 3-mercaptopropionic acid. Electrophoresis
was for about 18 h (3 mA/gel) at room temperature.
Bromophenol blue was used as a tracker dye.

Acid gel electrophoresis. In vitro incubated reac-
tion mixtures were treated with EDTA, RNase, amino
acids, and urea as described above, but SDS was
omitted. The EDTA and amino acids were removed
by dialysis against 200 mM glycine adjusted to pH 4.0
with lactic acid and containing 6 M urea. The gels
consisted of 7% polyacrylamide (38 parts acrylamide-
1 part bisacrylamide) buffered with 0.125 M NaOH
adjusted to pH 4.2 with lactic acid, and containing 6
M urea. The running buffer was 200 mM glycine-lac-
tate, pH 4.0. Electrophoresis was for about 4 h at 3
mA/gel. Methyl green was used as a tracker dye.

Fractionation and analysis of polyacrylamide
gels. Gels were fractionated with a Gilson gel frac-
tionator, which crushes the gel to fine particles
through a stainless-steel gauze. Each fraction was
equivalent to 1 mm of gel and was eluted with 0.33 ml
of water. These fractions were incubated at 60 C for 3
h, or at room temperature overnight, before addition
of dioxan-napthalene-Triton X-100 scintillation fluid.
Radioactivity was counted on a Beckman LS-330
liquid scintillation spectrometer. For dual isotope
counting, the 3H channel had a "4C "cross-talk" of
10%, under these quench conditions.
Trypsin digestion and peptide analysis. SDS-

urea polyacrylamide gels were subjected to electro-
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phoresis as described above. A 50-uliter sample from
each 0.33-ml fraction was counted. Those fractions
corresponding to the viral coat protein peak (five to
six gels) were pooled. Gel particles were removed by
centrifugation, and the supernatant fluid was then
dialyzed against water for 48 h to remove the SDS.
The sample was then adjusted to 0.2 M NH4CO,, and
trypsin (Calbiochem, TPCK-treated, 10 mg/ml of 0.1
N HCI) was added to give a concentration of about 1.5
mg/ml. After 6 h of digestion at 37 C, a further 0.7
mg/ml was added, and the sample was incubated for
an additional 12 h. The digest was then lyophilized,
dissolved in 1 ml of 0.2 M pyridine (pH 3.1 with
acetate), and eluted thorugh a Dowex column (50 by 8
mm) (4) with pyridine buffer. The fractions were
lyophilized, dissolved in 0.5 ml of water, and mixed
with dioxan-napthalene-triton X-100 scintillation
fluid.

RESULTS

Q# RNA stimulation of amino acid incor-
poration in the wheat embryo cell-free sys-
tem. When Qfl RNA is used as messenger in the
wheat embryo cell-free extract, there is a three-
to fourfold stimulation of the amino acid incor-
poration activity above the control. This is not a
large stimulation, although it is readily and
consistently detectable. Similar stimulation is
obtained with the heterologous system (E. coli
extracts programmed with BMV RNA). The
homologous systems were more active. Q,B RNA
stimulated the E. coli extract activity over
82-fold, and even with very small quantities of
BMV RNA (less than the optimum) amino acid
incorporation of the wheat embryo extract was
stimulated by about 30-fold. Typical data are
presented in T'able 1.
The kinetics of QI# RNA-directed amino acid

incorporation by wheat embryo S-23 is shown in

Fig. 1. Usually there is a lag for 5 to 10 min, then
the incorporation increases for about 60 min
and reaches a plateau at 90 to 120 min. (Fig. 1).
The kinetics are similar for BMV RNA and,
indeed, are characteristic of the wheat system.
The kinetics of incorporation are different in the
E. coli system; there is no time lag for either
messenger and the plateau is reached between
40 and 60 min (results not shown).
Table 1 shows that high activity of the wheat

embryo S-23 can be attained with only small
amounts of mRNA. Various concentrations of
the homologous monocistronic message (BMV
RNA 4) and the heterologous polycistronic mes-
sage (Q,B RNA) were added in the wheat embryo
cell-free system (Fig. 2). The wheat embryo
S-23 became saturated (Fig. 2b) with only 4 Ag
of BMV RNA 4 per 100lAliters. This is unlike
the E. coli system, which requires over 100 og
RNA per 100 uliters (results not shown). With
Qf RNA in the wheat system, the maximal
activity is reached at about 20 ,g of Q,B RNA per
100 uliters. Addition of more of this messenger
inhibits the incorporation (Fig. 2a).
The wheat embryo system is quite efficient at

protein synthesis. We calculate that with BMV
RNA at the saturating concentration each mes-
sage is read on average three to four times
(Table 2). Under the same conditions and at the
saturating concentration of Q13 RNA, 4.8 pmol
of leucine is incorporated into protein per ,g of
Qf RNA in the reaction mixture. This is equiva-
lent to an average "messenger reading number"
of 0.6 (Table 2). Either not all messages are
read, due to a limiting factor (such as a specific
initiation factor), or a considerable percentage
of the messenger molecules is not available to be
translated, perhaps owing to nuclease digestion.

TABLE 1. Viral RNA -directed incorporation into protein, in extracts from wheat embryo and E. coli:
comparison of heterologous and homologous messengersa

Radioactivity Stimulation
Determination Extract Viral RNA (counts/min/ (fold)

100,Mliters) (od

Heterologous systems Wheat embryo Q (13.5,gg) 8,820 3.4
E. coli BMV 4 (7 jg) 8,660 2.8
E. coli BMV 3 (44 Ag) 15,495 5.0

Controls Wheat embryo 2,560
E. coli 3,070

Homologous systems Wheat embryo BMV 4 (1.4 ,g) 73,885 28.8
Wheat embryo BMV 3 (4.4 /g) 90,940 35.5
E. coli Qft (27 Mg) 253,860 82.6

a E. coli S-30 and wheat S-23 extracts and incubations were as described in Materials and Methods.
Radioactive labeling was with 'H-arginine, -lysine, and -leucine (0.033 mM each, 248 yCi/jsmol). The counts per
minute indicated are at 15% counting efficiency. The E. coli extracts were incubated at 37 C for 40 min; the
wheat embryo extracts were incubated at 31 C for 60 min.
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Table 2 also shows that commercially available
wheat germ (see Materials and Methods) gives
preparations as active as embryos obtained
from wheat seeds. However, food-store wheat
germ obtained locally, containing a considera-
ble amount of endosperm and "chaff" yet
claimed to be "untreated," does not give active
preparations.
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FIG. 1. Kinetics of wheat embryo in vitro protein
synthesis directed by Q# and BMV messengers. The
wheat embryo in vitro reaction mixture was as de-
scribed in Materials and Methods. A 200-uliter mix-
ture was used, and 20-Muliter samples were removed at
time intervals, onto 3 MM filters previously treated
with a few drops of 10%o trichloroacetic acid. The
incorporation of "4C-leucine directed by 20 ;sg (10
ug/100illiters) of BMV RNA is compared to 3H-leu-
cine incorporation directed by 30 Ag (15 ug/100
Mliters) of Qf RNA. Symbols: 0, BMVRNA transla-
tion; 0, Q# RNA translation.

10 20 30
fLg Qo RNA/IOOX

The effects of cycloheximide and chloram-
phenicol on QB RNA-directed protein synthesis
in wheat embryo extract were tested. If Q# RNA
is being translated by 80S ribosomes in the
wheat extract and not by plastid or contaminat-
ing bacterial 70S ribosomes, then the activity
should be inhibited by the antibiotic cyclohexi-
mide, but not by chloramphenicol. This was,
indeed, found to be true (Table 3). As a control,
QB RNA was also translated in E. coli S-30, in
which it was inhibited by chloramphenicol
instead of cycloheximide.
Products of QI# RNA-directed translation

in wheat embryo extracts. On SDS-urea poly-
acrylamide gels, the product was found to
consist of one major polypeptide band (account-
ing for over 90% of the total activity) and other
very small, poorly resolved bands. A sample,
labeled with "C-arginine, -lysine, and -leucine,
was mixed with the in vitro products from the
E. coli S-30-Qf RNA system, labeled with the
3H-arginine. After SDS-urea treatment, the
sample was subjected to electrophoresis and the
gel fractions were assayed by dual isotope
scintillation counting (Fig. 3a). The major poly-
peptide product made in the wheat system
coincides with the major band made in the E.
coli system and known to be the Q# coat
protein. Coincidence of the other bands is also
evident, including band I of the QI# replicase
polypeptide. Two of the minor bands from the
wheat embryo synthesis correspond in position
to those of proteins I and II, which have been
identified in the E. coli system to be replicase
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FIG. 2. Effect of changes in the mRNA concentration for wheat embryo in vitro protein synthesis. A
comparison of Q,f RNA with the monocistronic homologous messenger, BMV RNA 4. 3H-leucine (125 MCi/M

mol) was incorporated into the trichloroacetic acid-insoluble products of the wheat embryo system as described
in Materials and Methods. Various amounts of Qj# RNA and BMV RNA 4 were added to each of two series of
incubations, respectively. (A) Q# RNA concentration curve; incorporation as 3H-leucine counts per minute per
50 Mliters. (B) BMV RNA 4 concentration curve.

B
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subunit and read-through protein, respectively
(21). A third, corresponding minor band that is
frequently found between bands II and III in Q#
RNA-programmed E. coli synthesis is of un-
known origin. Products from the in vitro syn-

TABLE 2. Efficiency of translation by wheat embryo
from seed and wheat germ cell-free extracts
programmed with Q# and BMV messagesa

Wheat seed Wheat germ
embryo embryo
extract extract

Messenger pmol of pmol of

leucine R(av)' leucine R(av)5
per Ag per Ag
of RNA ofRNA

QB RNA (tricistronic) ... 4.8 0.6 2.4 0.3
BMV RNA 3 (dicis-

tronic) .......... ..... 87.9 4.4 57.4 2.8
BMV RNA 4 (monocis-

tronic) ............... 155.2 2.9 197.6 3.6

aWheat germ from a commercial source was used
to make a wheat germ S-23 by a method similar to
that described for wheat embryo. Incubation mixtures
(100 uliters) were as described in Materials and Meth-
ods, containing 0.26 pmol of L-[4C]Ileucine (26 pCi/
pgmol). Messenger RNAs were added in the following
amounts: BMV RNA 4, 3.75 pg; BMV RNA 3, 8.85
pg; and Q,B RNA, 25 pg. Incubation was for 60 min at
31 C.

b R(av) = the number of times a messenger is read
(on average), calculated as pico moles of protein per
pico moles of message. BMV RNA 4 makes only BMV
coat protein. Q, RNA was assumed to make mostly
(90%) Q,B coat protein. The amino acid composition of
the major product of RNA 3 is not yet known; it was
assumed to have 15 leucine residues as an approxi-
mation.

theses were also subjected to electrophoresis in
the pH 4.0/4.2 polyacrylamide gel electrophore-
sis system described above. The products of E.
coli S-30 were 3H-arginine labeled, and the
wheat embryo S-23 products were labeled with
"4C-arginine, -lysine, and -leucine. There was
one major broad band derived from the wheat
extracts, which we judge must be polypeptide
III. It migrates slightly slower (-2%) than its
counterpart from E. coli extracts.
The major product of the E. coli in vitro

translation of Q,B RNA, polypeptide III, is
known to be coat protein, some of which still
retains (formyl) methionine at its N terminus.

TABLE 3. Effect of chloramphenicol and
cycloheximide on Qj RNA -directed protein synthesis

in wheat embryo and E. coli cell-free extractsa

pmol of pmol of

Extract Treatment leucine leucine Inhibi-per 100 perug tion(%)
uliters ofRNA

Wheat embryo Control 122 4.8 0
+CAP 108 4.3 10.5
+CH 0 0 100.0

E. coli Control 1672 37.1 0
+CAP 101 2.2 94.1
+CH 1572 34.9 5.9

a Wheat embryo S-23 was incubated with 25 pg of
Qf RNA, as described in Materials and Methods. E.
coli ribosomes (700 pg) and S-100 supernatant fluid
(350 Ag of protein) were incubated with 45 pg Q,B RNA
as in Materials and Methods. Specific activity of
'4C-leucine was 26 pCi/umol. CAP, Chloramphenicol
(D-isomer) at 43.7 Ag/ml; CH, cycloheximide at 3.0
pg/ml.
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FIG. 3. Analysis of the products of wheat embryo S-23 in vitro protein synthesis by directed Qj3 RNA. (A)
SDS-urea polyacrylamide gel patterns. ( ) Q# RNA translation by wheat embryo S-23: incorporation of 14C-
arginine, -lysine, and -leucine. (- -) Qj3 RNA translation by E. coli S-30: incorporation of 3H-arginine. (The
products were co-electrophoresed and analyzed by dual isotope liquid scintillation counting as described in Ma-
terials and Methods.) (B) SDS-urea polyacrylamide gel pattern. ( ) Incorporation of 3H-methionine (0.7
Ci/mmol) in wheat S-23.
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Mature coat protein lacks methionine. When
the products of 'H-methionine incorporation in
the wheat embryo system were subjected to
electrophoresis on SDS-urea acrylamide gels,
the major readioactive band (III) corresponding
to coat protein was missing (Fig. 3b). Bands I
and II were still present. This result also indi-
cates that there is no N-terminal methionine on
this product. To provide further evidence that
the polypeptide product of the same size, syn-
thesized in wheat embryo extracts, is coat
protein-like, the tryptic peptides of this product
were analyzed. The Q,B RNA products in the
wheat embryo system were labeled with '4C-leu-
cine. These were treated as described above,
along with 3H-leucine-labeled E. coli in vitro
product. After dual-label scintillation counting
of the fractions from the Dowex column, the
tryptic peptide pattern shown in Fig. 4 was

obtained. There were 7 major leucine-labeled
peaks, and all of these from the wheat system
coincided with those from the E. coli system,
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FIG. 4. Analysis of the tryptic peptides of Qfl
RNA-directed protein synthesis in wheat embryo
S-23; comparison with the tryptic peptides of Q,9 coat
protein synthesized in vitro by E. coli S-30. The in
vitro products were labeled with 14C-leucine (wheat
embryo) and 3H-leucine (E. coli), and treated as

described in Materials and Methods. Peptides were

eluted from the Dowex column with pyridine-acetate
buffer (gradient 0.2 to 2.0 M, pH 3.1 to 5.0), lyophi-
lized, dissolved in 0.5 ml water, and counted by dual
isotope liquid scintillation counting. ( ) Tryptic
peptide of the major Q,9 RNA product synthesized by
wheat embryo S-23. (- - -) Tryptic peptides of Q#
coat protein synthesized by E. coli S-30.

indicating substantial similarity of the two
products. However the E. coli in vitro product
had one additional peak (peak 7 of Fig. 4). We
believe, but have not shown, that this is the
N-terminal tryptic peptide from the QB coat
proteins which have retained their initiating
formyl (f) methionine residue, namely, f Met-
Ala-Lys-Leu-Glu-Thr-Val-Thr-Leu-Gly-Asn-
Ile-Gly-Lys, and which would be expected to
have no counterpart from the wheat embryo
synthesis. (It should be noted that this tryptic
peptide exists because tryptic cleavage at the
lysine in position 3 fails [12].)
We also investigated the translation of two

Qf amber mutant RNAs in the wheat embryo
extracts. The mutants chosen were amB86 and
amB37, whose amber mutations (UAG termina-
tion codon) are at the codon of amino acids 86
and 37, respectively, of the coat protein (15).
RNA from these mutants was from phage grown
in Su+ cells. The products from the translation
of these RNAs in the wheat embryo S-23 were
labeled with "C-arginine, -lysine, and -leucine
(Fig. 5). Products smaller than the coat protein
were detected. In the case of amB86, there was a

single, major band corresponding to a protein of
molecular weight approximately 11,000, as

would be expected for an amber fragment 85
amino acid residues long. The electrophoretic

z
0

< 80(i
(I)

z

C 70(

z

cr 60

0

,] 50

F 401

J

-i

3. 301

D: 201

X:I 10

00 Z
0

zQ-E CI

E Z
_ z

LLH

0

E-2 c*
a.

'0 10 20 30 40 50 60
(top) FRACTION NUMBER (bottom)

FIG. 5. Wheat embryo S-23 translation of Qft
amber mutant RNA; estimation of the size of poly-
peptide products by SDS-urea polyacrylamide gel
electrophoresis. ( ) Products of amB37 RNA.
(- -- -) Products of amB86 RNA. (- -) Products of
wild-type RNA translated in an E. coli cell-free
extract, for comparison of "authentic" coat protein
position.
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pattern in the case of amB37 was complex and
not well resolved. Nevertheless, the most radio-
active band corresponded to a protein of molec-
ular weight 4500, consistent with an amber
fragment of 36 amino acid residues.

DISCUSSION
Extracts from wheat embryo prepared as

described in this paper, show enhanced amino
acid incorporation due to Q3 RNA. The stimu-
lation, however, is usually quite small (two- to
fourfold) compared with the homologous sys-
tem, Q,B RNA translation by E. coli extracts
(50- to 100-fold). Synthesis continues for about
60 min after an initial lag of 5 to 10 min, and
then levels off. Such kinetics are characteristic
of the wheat embryo system, since both homolo-
gous and heterologous, monocistronic and poly-
cistronic messages have similar kinetics of
translation. However, the effects of messenger
concentration depend on the message: the mon-
ocistronic homologous BMV RNA 4 saturates at
4 ,g/100 Aliters and levels off at higher concen-
tration, whereas the heterologous Q# RNA pro-
duces maximal polypeptide synthesis at 20
gg/100 pliters; higher concentrations inhibit. It
is interesting to note that inhibition and, in-
deed, the same optimal concentration is ob-
tained when Q,B RNA is translated by extracts
from Krebs II mouse ascites cells (14).

It is not yet known how many times a
messenger is read. We estimate that, unlike the
homologous messenger system (BMV RNA), in
which each messenger is read on average three
to four times, the Q# messages are read on
average only 0.6 times, indicating that some are
not translated at all. Possibly only a few mes-
sages are translated several times. Perhaps the
Qf RNA is degraded by nucleases in the wheat
embryo extract. However, preliminary investi-
gations of messenger degradation in wheat em-
bryo S-23 indicate that there is little nuclease
activity: 80 to 90% of most viral messages
remains intact after in vitro translation, as
judged by gel electrophoresis of 32P-labeled
messengers. Also, if there was messenger degra-
dation, there would probably be some transla-
tion of messenger fragments, particularly those
intact over the initiation region. However, there
was little synthesis of polypeptides smaller than
the coat protein. The products translated from
Q RNA in wheat S-23 are the same size as Q#
coat protein synthesized in E. coli S-30. It seems
more likely that all Q,B messages are not trans-
lated because of limiting components, such as
specific initiation factors. If there are different
cistron specific factors in the wheat S-23, vary-
ing in pool size, a very small pool of factors

capable of recognizing Q,B RNA cistrons would
explain the low efficiency of the system. Func-
tional heterogeneity of the ribosome population
could also account for such results. We rule out
the possibility that a small proportion of con-
taminating 70S ribosomes in the eukaryotic cell
extract translate the Q,B RNA on the basis of
antibiotic inhibition experiments of the type
shown in Table 3. Using "C-leucine incorpora-
tion into Qf# RNA products, we calculated that
the maximal incorporation under our conditions
is 4 to 5 pmol of leucine per mg of RNA added
(Table 2). Reactions with the optimal message
concentration (20 gg/100 ,liters) incorporate a
total of 80 to 100 pmol of leucine per 100-,uliter
reaction. In the Krebs II mouse ascites cell
extracts (14), about 25 x 103 to 50 x 103 counts
of 3H-leucine per min are incorporated per 25 to
50 pliters of reaction mixture, which is equiva-
lent to about 1.5 to 3.0 pmol (taking a specific
activity of 40 Ci/mol and an assumed counting
efficiency of 20%). Aviv et al. (2) report a
3H-leucine incorporation by Krebs ascites ex-
tracts of 0.85 to 1.27 pmol/60-,uliter reaction
mixture. The wheat embryo cell-free extract,
therefore, synthesizes more QB3 protein than
these mammalian systems.
The products of Qf# RNA translation have the

same molecular weights as the products synthe-
sized by the E. coli system. The major product
was shown to be similar to, and probably
identical, coat protein. Methionine was not
found in the synthesized coat protein, indicat-
ing that the N-terminal methionine is removed.
In E. coli extracts, a proportion of the coat
protein molecules retain N-formylmethionine at
the N-terminal end. We believe this can ac-
count for the slight difference in charge of the
wheat embryo E. coli products and the differ-
ence in just one tryptic peptide.
The fact that Q/8 RNA is translated with

fidelity in the wheat embryo cell-free system
tells us several interesting facts. First, the 80S
ribosomes of wheat plants can translate a poly-
cistronic message, although not as efficiently as
a monocistronic message like BMV RNA 4. The
QO coat protein cistron is correctly initiated and
terminated even though it is near the middle of
the messenger molecule. The ribosomes also
recognize the termination sequences UGA and
UAG, since the system can not only synthesize
the complete Qj# authentic coat protein, but
also the polypeptides of amber mutants with
UAG termination codons at positions 37 and 86
of the coat protein molecule. This may provide
an assay system for plant termination factors
since it is likely that UAG is a termination
sequence in plants as well as animals and
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bacteria. This result also shows that wheat
embryo extracts probably do not have a sup-
pressor tRNA; thus, like the mammalian cell-
free extracts (2, 14, 16) this provides a model
system for testing and identifying eukaryotic
cell suppressors.
Our results present further evidence for the

universality of the genetic code, including initi-
ation and termination sequences. Although the
system translates with good fidelity, the effi-
ciency of heterologous messenger translation is
low. This provides a model with which we can
investigate some aspects of quantity control in
protein synthesis, by finding what components
(such as specific initiation factors, ribosomal
proteins, or transfer RNAs) account for these
differences.

Recently, the wheat embryo system has been
shown to translate rabbit globin RNA (5). Since
we have shown that polycystronic messengers
can also be translated in wheat extracts, it is
likely that under suitable conditions it may also
be able to translate other heterologous RNAs,
including those of some animal viruses.
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