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DEMONSTRATION OF THE MESSENGER ROLE OF VIRAL RNA*

By A. Tsucrta,T H. FRAENKEL-CoNrRAT, M. W. NIRENBERG, AND J. H. MarTHAEL]

VIRUS LABORATORY, UNIVERSITY OF CALIFORNIA, BERKELEY, AND NATIONAL INSTITUTE OF ARTHRITIS
AND METABOLIC DISEASES, BETHESDA

Communicated by W. M. Stanley, March 30, 1962

Recently, it has been demonstrated that the amino acid incorporation in cell-free
E. coli extracts which is dependent upon the presence of sSRNA, transfer enzyme,
GTP, and ribosomes is greatly stimulated by the addition of macromolecular RNA
from various sources, including TMV.! 2 That such added RNA served as
messenger or template was strongly suggested by the finding that only phenyl-
alanine was polymerized if polyuridylic acid (polyU) was added,! whereas different
nucleotide copolymers directed many amino acids into protein with distinct spec-
ificity.® ¢+ It thus seemed possible that any protein could be synthesized by this
system if the correct informational RNA were added. Since TMV-RNA stimu-
lated amino acid incorporation in this system, we compared the nature of the
protein so synthesized with authentic TMV-protein. The purpose of this com-
munication is to report the results of such experiments.

Methods and Materials—Preparation of the E. coli enzyme extracts corresponding to “preincu-
bated S-30’’ fractions have been described, as well as the other components of reaction mixtures,
methods of washing precipitated protein and plating and counting radioactive samples.!

Uniformly labeled C-L-phenylalanine having a specific radioactivity of either 5-10 or 200250
mC/mM was obtained from Nuclear-Chicago Corporation and New England Nuclear Company,
respectively. C'-L-tyrosine having a specific radioactivity of 200 mC/mM was obtained from
New England Nuclear Company. The C'*-algal protein hydrolysate had a specific radioactivity
of 12.5 mC/m atom of carbon and was prepared from Chlorella grown upon C'4-Ba(CO;).2 Yeast
RNA was obtained by the method of Crestfield et al.®

Results.—A. Incorporation studies: The dependence of C'*-valine incorporation into protein
upon TMV-RNA is shown in Figure 1. Incorporation increased roughly in proportion to the
amount of TMV-RNA added from very low values to 75-fold when 0.2 mg RN A was present in the
0.25 ml of reaction mixture.

C!4-valine incorporation in the presence and absence of TMV-RNA is plotted against time in
Figure 2. As before, little C!4-valine incorporation into protein occurred in the absence of TMV-
RNA. In the presence of 50 ug of TMV-RNA per 0.25 ml reaction mixture, C'4-valine incorpora-
tion was linear between 5 and 30 min. These results show that viral RNA stimulates amino acid
incorporation as does E. coli RNA and synthetic polynucleotides.

The proportion of C'4-valine incorporated into ribosomal-bound protein as compared to in-
corporation into soluble protein in the presence and absence of TMV-RNA was determined after
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F1a. 1.—Stimulation of C!4-L-valine incor-

poration into protein by TMV-RNA. 0.25
ml reaction mixtures contained described com-
ponents (see legend to Table 1, also ref. 1)
and were incubated at 37° for 90 min before
deproteinization.

Fia. 2.—C!'“L-valine incorporation into
protein, plotted as a function of time. A +
50 ug TMV-RNA. 0.25 ml reaction mix-
tures containing described components (leg-
end to Table 1) were incubated at 37° for 90
min before deproteinization.

centrifugal separation of the particles (Table 1). Of the C!-valine incorporated into protein under
the influence of TMV-RNA, 55 per cent was found in the soluble protein.

Table 2 illustrates the marked inhibitory effect of puromycin, a known inhibitor of cellular and
cell-free protein synthesis upon C'4-amino acid incorporation into soluble protein as directed by
viral RNA.

Both methionine and histidine are absent from wild-type TMV protein but are present in the
HR strain. It therefore was of interest to determine whether the RNA of wild-type TMV-RNA
differed from HR-RNA in relative ability to stimulate the incorporation of either of these amino
acids. The results of Table 3 demonstrate that both TMV-RNA and HR-RNA stimulate the
incorporation of both C'4-methionine and C!*-histidine to a similar extent.

B. Identification of products: To test the working hypothesis that the C!labeled protein
synthesized under the influence of TMV-RNA would resemble TMV-protein, native unlabeled
TMV-protein was added to the incubated and centrifuged reaction mixture. The protein was
then reisolated, and an attempt was made to ascertain by various methods whether it carried the
radioactive label in a manner sufficiently constant, specific, and stable to justify the conclusion

TABLE 1
C1-VALINE INCORPORATION INTO SOLUBLE AND R1BosoMAL Bounp PROTEIN

Protein fraction Addition Counts/min
Soluble None 85
+ 0.5 mg TMV-RNA 881
Ribosomal bound None 60
+ 0.5 mg TMV-RNA 740

1.0 ml reaction mixtures containing 0.025 umole each of 19 L-amino acids minus valine, 1.8 mg of preincubated
8-30 protein, 0.02 umole of C!4-L-valine (98,000 cpm), in addition to previously described components,! were in-
cubated at 37° for 90 min. h reaction mxture was then diluted with 9.0 ml of 0.01 M Tris, pH 7.8, 0.01 M
magnesium acetate, 0.05 M KCI, and 6 X 10-3 M mercaptoethanol and was centrifuged at 100,000 X g for 2 hr
at 2°. Supernatant solutions were decanted and the protein precipitated by the addition of trichloracetic acid.
Ribosomal pellets were r pended in the above buffer and were also precipitated with trichloracetic acid. The
washed precipitates were plated and counted.?
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TABLE 2
ErrecT oF TMV-RNA vproN CM-AmINO AcID INCORPORATION INTO PROTEIN
Counts/ Counts/min/mg

min/mg soluble protein
Experiment X soluble minus puromyecin
no. Cl4-isotope Addition protein control
1 Ct-protein hydrolysate None 1,872 601
+0.5 mg TMV-RNA 10,905 9,634

+0.5 mg TMV-RNA + 1,271
0.015 pmole puromycin

2 C1-L-phenylalanine None 150 57
+0.5 mg TMV-RNA 1,604 1,511
+0.5 mg TMV-RNA + 93 —

0.015 pmole puromycin

In Experiment 1, each 0.5 ml reaction mixture contained approximately 12.5 ug. C!4-algal protein hydrolysate
(~500,000 cpm); 0.006 umole each of 20 C!2-amino acids and 0.84 mg of preincubated S-30 enzyme protein as well
as described components.! In experiment 2, each 0.25 ml reaction mixture contained 0.02 umole C!-L-phenyl-
alanine (~110,000 cpm), 0.025 umole each of 19 C!2-amino acids minus phenylalanine, and 0.84 mg of preincubated
S-30 enzyme protein as well as described components.! After incubating reaction mixtures at 37° for 90 min,
samples were chilled and ribosomes were removed as described under Table 1. The figures in the table represent
co:xints/xi:in of C'4-amino acids incorporated into soluble protein, as counted after trichloracetic acid precipitation
and washing.

TABLE 3
ErrecT oF WiLD-TyrE TMV anp HR-MuTtaNT RNA uroN AMINO AcID INCORPORATION
CM-amino acid Addition Counts/min

C14.Valine None 40
+50 ug TMV-RNA 1,210
+50 ug HR-RNA 1,430

C14-Methionine None 220
+50 ug TMV-RNA 902
+50 ug HR-RNA 674

C14.Histidine None 28
+50 ug TMV-RNA 120
+50 ug HR-RNA 111

0.25 ml reaction mixtures contained 0.02 umole of the appropriate Cl4-amino acid, 0.025 pmole of each of
19 L-amino acids minus the C!4-amino acid, 0.84 mg of preincubated S-30 protein and previously described
components.! Reaction mixtures were incubated at 37° for 60 min and then were precipitated and counted as usual.

that the added viral protein acted as carrier for similar or identical material synthesized under the
influence of viral RNA.

The methods used in reisolation and characterization of the protein were (1) precipitation of the
protein by anti-TMV serum, (2) aggregation and sedimentation of the protein at pH 4.6, (3) frac-
tionation of the protein on DEAE cellulose columns, (4) reconstitution of the protein with added
TMV-RNA to form typically infectious and sedimentable virus rods, (5) degradation of the protein
by trypsin and identification of specific peptides. Methods 2 and 3 which serve for the purification
of the viral protein were usually used prior to applying the more selective tests #4 and 5.

(1) Precipitation of the protein with anti-TMV serum: The diluted and centrifuged amino acid
incorporation mixtures were treated with TMV-protein and anti-TMV serum as described in
Table 4. The counts obtained after the extensive washing procedure indicated that an appreciable
fraction of the label incorporated into protein under the direction of TMV-RNA was precipitated
by anti-TMYV serum, but much less in the control without added RN A, and still less in the presence
of puromycin. When amino acid incorporation was stimulated to a similar extent with yeast
RNA and then TMV-protein and antiserum were added, the TMV-antibody precipitate contained
only about one third of the radioactivity, compared to reaction mixtures containing TMV-RNA.

(2) Isoelectric protein aggregation: The reaction mixtures containing about 2-10 mg of added
TMV-protein per ml became opalescent upon addition of acetate (to pH 4.6, 0.1 M), and a sedi-
ment obtained upon ultracentrifugation could largely be redissolved in water at about pH 8,
clarified by low-speed centrifugation, and again sedimented at pH 4.6. The redissolved material
showed in different experiments UV absorption spectra ranging from being qualitatively and
quantitatively typical of the added TMV-protein to indicating the presence of excessive amounts
of a nucleoprotein. The total and the specific radioactivity of this material was usually somewhat
higher in the experimental sample (containing TMV-RNA in the incubation mixture) than in the
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TABLE 4
REAcTION OF SYNTHESIZED C*-PROTEIN WITH TMV-ANTISERUM*

Counts/min in

Counts/min antibody-antigen
Additions Counts/min minus puromycinf precipitate%
None 1,870 530 99
+0-5 mg TMV-RNA 10,900 9,560 2,250
+0.5mg TMV-RNA + puromycin 1,340 0 71
+0.5 mg yeast RNA 13,250 11,910 782

Reaction mixtures are described under Table 2, experiment 1. After a 90 min incubation at 37°, ribosomes
were removed as described under Table 1.

* Kindly given us by C. A. Knight.

13.0 ml of reaction mixture precipitated with trichloracetic acid, washed, and plated as usual.

To 3.0 ml of 100,000 X g supernatant solution were added 2.0 ml of buffer solution, 0.5 mg purified TMV-
protein, and 0.5 ml rabbit TMV-antiserum. Samples were incubated at 37° for 60 min, and precipitates were
centrifuged at 10,000 X g for 15 min at 2°. Supernatant solutions were discarded and pellets were resuspended in
5 ml of 0.9 per cent NaCl. Precipitates were washed in this manner 3 additional times. After the last wash, pro-
tein was denatured by the addition of trichloracetic acid, and the precipitated protein was washed and plated
as has been described.! *

controls, but there was enough radioactivity also in the latter to illustrate that this method was not
very selective in isolating only TMV-protein. However, this method served well to remove any
free C'4 amino acids, for it was observed that the specific radioactivity (C!4-phenylalanine) in such
material was decreased by no more than 50 per cent by extensive dialysis against water, 0.05 M
phenylalanine (pH 9) or 67 per cent acetic acid. In different experiments, a total of 50,000~
300,000 cpm were recovered in this macromolecular fraction.

(3) Column fractionation of TMV-protein: A chromatographic system was developed for the
separation of native TMV-protein from other reaction products. A DEAE cellulose column
(0.9 X 20 cm) was used at 5°, with a gradient of 2 X 1073 to 1 M sodium acetate (pH 7.3). Be-
sides the main protein peak emerging after about 220 ml, a small peak appeared frequently at
310 ml which is tentatively attributed to partly denatured material. In some experiments, a good
part of the added protein (up to 60 per cent) did not chromatograph but could only be recovered by
means of 0.1 N alkali, and this is regarded as completely denatured material. The recovery of
native protein seemed to depend on the amount of RNA contaminating the applied sample. Re-
covery of control protein was close to 100 per cent. Even if the UV spectrum of the applied sample
was that of a nucleoprotein, the material appearing in the early peaks showed a typical protein
spectrum indistinguishable from that of TMV-protein. Recovery of radioactivity in the main
protein peak ranged from 0.5-10 per cent of that applied to the column in the various experiments,
and its specific radioactivity has ranged from 20 to 200 cpm/mg.

(4) Reconstitution: When a solution of 0.1 per cent TMV-protein and 0.005 per cent TMV-
RNA in 0.1 M pH 7.3 pyrophosphate is held for 4-6 hr at 30°, about half of the two viral compo-
nents usually combine to form stable, sedimentable, and infectious TMV rods.® TMV-protein
reisolated from control reaction mixtures, which had been incubated either with E. coli RNA or
without added RN A, behaved normally in this respect (3040 per cent yield of reconstituted virus
after two cycles of differential centrifugation). In contrast, the protein reisolated from TMV-
RNA directed reaction mixtures reconstituted to only about one tenth of that extent. The
radioactivity in such pellets was 10~20 cpm/mg, about 15 per cent of that in the protein, but,
owing to the low yields in countable material (usually less than 1 mg), the actual counts were as
low as 10 per cent above background, and the repeated centtifugal cycling performed to establish
the stability and constancy of these counts caused further loss of material and thus of net, though
not of specific counts. -In contrast, the reconstitutions with protein from control reaction mixtures
presented no technical problem and showed only 0.6 to 2 cpm/mg after the same number of cycles
of differential centrifugation. v ’

(8) Location of CY-phenylalanine and C'-tyrosine on tryptic peptides from TMV-protein: The
amino acid sequence of the TMV-protein being known,” it should be possible to establish beyond
doubt the relationship of the C4-labeled material to the carrier protein by the methods of prgfein
degradation and peptide analysis. TMV-protein is degraded by trypsin into 12 peptides of well
established chromatographic properties and of known amino acid composition. Thus, when
phenylalanine was the only radioactive amino acid used for incorporation, only the phenylalanine
containing peptides in the tryptic digest should be labeled, in proportion to their phenylalanine
content, if the radioactivity of the product was entirely due to newly synthesized TMV-protein.
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On the other hand, with tyrosine as label, only certain other peptides should carry the radio-
activity.

To ascertain the chemical nature of the incorporated label in this manner, the TMV-protein
reisolated, as described above, by isoelectric precipitations and chromatography was digested with
trypsin. The insoluble peptide (#1)® was removed by centrifugation of the digests adjusted to
pH 4.6. The soluble peptides were separated by chromatography on Dowex 1 X 2,° and each
peptide was subjected to amino acid analysis and radioactivity counting. Data obtained by this
method are summarized in Table 5. The small amounts of labeled material available for
peptide fractionation and the seeming presence of non-TMYV proteins have interfered with the
isolation of all peptides in pure form, but the basic peptides emerging early from the column have
presented no technical problems. It is evident that of these peptides only peptide #3 is appreciably
labeled by the phenylalanine marker, while with tyrosine as marker this peptide is almost free
from count, and its neighboring peaks (peptide #5 and #11) carry the label, in accord with the com-
position of the TMV peptides chromatographing in this position. Altogether 78 and 50 per cent,
respectively, of the radioactivity in the applied samples were found associated with the 4 and 3
soluble TMYV peptides containing phenylalanine and tyrosine. The distribution of the rest of the
radioactivity over other fractions and particularly its association with several minor peaks which
could not be identified with any TMV peptides indicate that some labeled protein is present in the
isolated material which bears no clear relationship to TMV-protein.® Note added in proof:
Upon separation of peptides from control digests (carrier protein from other than TMV-RNA
directed experiments), only 0.1 to 0.5 per cent of the applied count appeared in peptides #2, 3,
5, 7, and 11.

One of the 4 tyrosines of the TMV-protein occurs in the insoluble peptide #1, from which it can
be split off by chymotrypsin in form of the singular nonamphoteric peptide N-acetyl-seryl tyrosine
which marks the N-terminus of the virus protein.!! With C!4-tyrosine as the marker, this peptide,
surprisingly, contained: almost no label. Oddly enough, from the presumably denatured
protein eluted from the same DEAE column with alkali, radioactive N-acetyl-seryl tyrosine was
obtained by the same procedure (60 cpm).?

Discussion and Conclusions.—The thesis under study is that TMV-protein is
synthesized in vitro by an E. coli enzyme system subjected to the influence of
purified TMV-RNA. The first indication that this occurred was obtained in
tests with an anti-TMYV serum performed by one of us (M.W.N.) in May 1961.
However, some nonspecific precipitation of radioactivity from the control reaction
mixtures showed that the system was complex and more refined tests had to be
applied before the above thesis could be regarded as established.

The results of the reconstitution experiments suggest that at most about 10
per cent of the protein synthesized by the E. coli system in vitro is identical with
TMV-protein. Yet, the observation of a strong interference with the reconstitu-
tion reaction exerted by the reaction product, seemingly a negative result, appears
to carry strong positive implications. Since this interfering action was shown only
by protein isolated from TMV-RNA directed reaction mixtures, it certainly
appears to represent a specific effect. If one assumed that the synthesis of the
TMV-protein proceeded to a point, short of completion, which did not enable it
to form its proper 3-dimensional structure, one could well envisage stages which
would actively interfere with the reconstitution of the added authentic protein.
Thus, one may compare the protein aggregation leading to rod formation with an
antigen-antibody system, and may then regard the interfering material as a mono-
valent antigen. Obviously, a tiny amount of such material would, through prema-
ture termination, effectively interfere with the ordered aggregation of the 2,200
subunits required for complete rod formation.

We must now consider the results of the peptide analyses after tryptic digestion
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of the labeled product isolated with carrier TMV-protein. It is evident that the
bulk of the C!4-phenylalanine of the product is, in roughly proportional amounts,
associated with those typical TMV peptides which contain this amino acid. Some
of the peptides which lack phenylalanine and radioactivity in these experiments
show in the experiments with C!4-tyrosine the label expected due to their tyrosine
content. These data supply strong evidence that part of the protein synthesized
under the influence of TMV-RNA closely resembles TMV-protein in its structure.
However, the absence of label from the N-acetyl-seryl tyrosine definitely shows
that the N-terminal part of the biosynthetic product is not identical with this
protein. This may signify only the absence of the acetyl groups. Regardless of
the exact nature and extent of difference it supplies a chemical basis for the conclu-
sion derived from the reconstitution experiments that the bulk of the biosynthetic
virus protein is not quite identical with the functional protein.

The evidence for marked structural similarity between proteins synthesized by
the E. colz system and by the tobacco plant under the direction of the same RNA
clearly indicates that the genetic code is quite similar for widely divergent organ-
isms and thus probably is universal.

TMV-RNA directs the incorporation of histidine and methionine to the same
extent as does HR-RNA, even though common TMYV in contrast to HR lacks those
amino acids in its protein coat. The simplest explanation for this, namely, that
TMV-RNA carries the code for several proteins, is in line with current concepts
based on the ratio of nucleotides to amino acids in the viral coat protein (6,400:158),
as well as on the finding of many mutants showing the same amino acid composi-
tion.'? 13 This conclusion obviously complicates the task of identifying the
products of virus protein synthesis.

Summary.—The addition of TMV-RNA to a cell-free amino acid incorporating
system derived from E. coli caused up to 75-fold stimulation in protein synthesis
(C'-incorporation). Part of the protein synthesized formed a specific precipitate
with anti-TMV serum. Labeled proteinaceous material isolated from the reaction
mixture by means of carrier TM V-protein showed marked similarities in amino acid
sequences to TMV-protein, but differed in the nature of the N-terminus of the pep-
tide chain. Reconstitution experiments also suggested the presence of C!‘-labeled
protein which was virus specific and yet not identical with the native virus protein,
although a small fraction of the synthesized protein may actually be functionally
complete. It-appears justified to conclude that TMV-RNA directs the synthesis
of a protein similar to TMV-protein in a cell-free E. coli system. These data
suggest that at least part of the genetic code may be universal.

* These investigations were supported in part by Grant CRTY-5028 of the National Institutes
of Health and Grant G-9745 of the National Science Foundation.
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OF THE FROG OOCYTE*
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Communicated March 29, 1962

Much of what is known about the chemistry of the cell nucleus has come from
investigations of isolated nuclei. In this work a difficulty that constantly must be
borne in mind is that nuclei may be changed in the course of isolation; materials
may be lost from the nuclei, and materials from the cytoplasm may contaminate
the nuclei. We have found a way of isolating nuclei from frog oocytes in which
we may be reasonably confident that nuclear composition remains unchanged.
In this procedure the cells are frozen quickly and the nuclei are cleanly dissected
out while they are still frozen. Nuclei can be removed only from those cells in
which on freezing there appears a crack extending from the cell surface to the
nucleus. Such a crack occurs in about one tenth of the frozen cells. With the
finest-gauge cold hypodermic needles the frozen oocyte is opened up along the crack
as far as the nucleus, which is then removed in one piece.

Using nuclei isolated by this procedure we have determined the concentration of
sodium and potassium in the nucleus and cytoplasm and the penetration of radio-
active sodium (Na??) and potassium (K*?) ions into the nucleus and cytoplasm.
We have also studied the penetration of C!4labeled amino acids into both the
nucleus and cytoplasm.

The sodium content of the nucleus was of special interest to us because several
years ago we had found that the penetration of amino acids into isolated thymus
nuclei is dependent upon the presence of sodium ions in the medium in which the
nuclei are suspended (Allfrey et al.).” The maximum rate of penetration for



