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ABSTRACT The effect of ultraviolet radiation on the ex-
pression of the genes of vesicular stomatitis virus (VSV) was
studied in a cell-free system which executed coupled tran-
scription and translation of the viral genes. In this system,
which contained detergent-activated virus and a cytoplasmic
extract of mouse L-cells, three of the five viral proteins (N,
NS, and M) were synthesized accurately and efficiently; a pu-
tative precursor to the viral glycoprotein (G) was also made,
but synthesis of the L protein was not detected. In response
to irradiation of VSV, the synthesis of each protein in the
coupled system displayed a characteristic single-hit inhibi-
tion. This permitted calculation of the apparent target-sizes
for expression of the different viral genes relative to the en-
tire genome (3.6 to 4.0 X 106 daltons) as measured by loss of
infectivity. These are: N, 0.55 X 106; NS, 0.83 X 106; M, 1.12
X 106; G, 1.76 X 106 daltons of RNA. Only the N protein gene
has a target-size which corresponds to that predicted from
the molecular weight of its messenger RNA (molecular
weight: 0.55 X 106). The target-sizes for the other three genes
are two to four times larger than expected, and are not pro-
portional to the molecular weights of their corresponding
messenger RNAs (molecular weights: NS, 0.28 X 10s; M, 0.28
X 106; G. 0.7 X 106). This polar effect of UV irradiation is in-
consistent with independent transcription of each of the
genes of VSV. Rather, the target-sizes appear to be cumula-
tive, suggesting that transcription initiates at a single point
on VSV RNA and proceeds in the order 3' - N - NS - M -G -
(L) - 5'.

Vesicular stomatitis virus (VSV) (Indiana serotype) is a rhab-
dovirus containing as its genome a single negative strand of
RNA of molecular weight 3.6 to 4.0 X 106 (1). This RNA
contains the genes for the five known virus-specific proteins,
all of which are components of the virus particle: L, the vi-
rion-associated transcriptase (RNA nucleotidyltransferase,
EC 2.7.7.6); G, the virion glycoprotein, which is a compo-
nent of the viral lipid envelope; N, the nucleoprotein; NS, a
minor protein of unknown function which is associated with
the viral core; and M, the matrix protein, another compo-
nent of the viral envelope (2). Five corresponding species of
messenger RNA have been extracted from infected cells,
and characterized by translation in cell-free systems (3, 4).
The molecular weights of these mRNAs are: L, 51.65 X 106;
G, 0.7 X 106; N, 0.55 X 106; M and NS, both 0.28 X 106 (5).
The mRNAs are synthesized by the viral transcriptase and
are complementary to the viral genome (6, 7).

In vitro, low concentrations of non-ionic detergents re-
move the envelope of VSV and activate the virion transcrip-
tase (8). Like the polysomal RNA from infected cells, the
transcription product is complementary to the viral genome
and can be translated in vitro into authentic viral proteins
(9) although the synthesis of L protein from mRNA made in
vitro has not been reported.

However, the detailed mechanism of VSV mRNA synthe-
sis and its relationship to replication is unclear. In particular

Abbreviation: VSV, vesicular stomatitis virus.

it is not known whether the individual mRNAs result from
independent initiation of transcription at five sites on the ge-
nome, or whether they arise by sequential read-through
from a single initiation site, followed by processing of a large
precursor molecule. Clearly, a minor adaptation of the latter
mechanism could provide a pathway to an intact positive
copy of the genome RNA, a necessary intermediate in repli-
cation. In this paper we describe experiments designed to
show whether VSV has a single or multiple sites for the initi-
ation of transcription.
A major effect of low doses of ultraviolet light on nucleic

acids is to produce covalent thymine or uracil dimers in re-
gions containing T-T or U-U sequences (10, 11). Transcrip-
tion beyond such dimers is blocked (12). We therefore inves-
tigated the effect of UV irradiation of VSV on the expression
of the viral genes. Expression of the genes for N, NS, M, and
G proteins was assayed by measuring synthesis of the viral
proteins in vitro in a coupled transcription-translation sys-
tem that makes these four proteins under the direction of
detergent-activated VSV. If the genes are transcribed inde-
pendently, then the sensitivity of each to UV irradiation of
the virus should be proportional to the size of the gene; i.e.,
the target-size for each gene will be directly related to its
physical size. On the other hand, if transcription initiates at
only one point on the genome, and the mRNAs are synthe-
sized by read-through and processing, then the sensitivity of
a gene will depend strongly on its position in the genome,
since its target-size will include all proximal genes. In the
latter situation, the gene order can be determined by refer-
ence to the relative sensitivities of the individual genes. The
same approach has been used to map the ribosomal RNA
genes in Escherichia coli (13) and mouse L-cells (14).

MATERIALS AND METHODS

Cells and Virus. The heat-resistant strain of VSV (Indiana
serotype; obtained originally from Dr. A. F. Holloway) was
grown in African green monkey kidney (Vero) cells and pu-
rified by sucrose velocity gradient centrifugation and glyc-
erol-potassium tartrate equilibrium density gradient centrif-
ugation (15). The purified virus was stored at -70¶lin 10 mM
Tris-HCl, pH 7.6, containing 100 mM NaCl and 1 mM
EDTA. Standard preparations contained about 1010 plaque-
forming units/ml [assayed on monolayers of Vero cells (16)],
and 0.2 mg of protein per ml. For the growth of radioactive-
ly labeled virus, L-[14C]arginine and L-['4C]lysine, each at
1.1 Ci/mol and 0.16 mM, were present from 2.5 to 20 hr
after infection.
UV Irradiation. Standard preparations of VSV were ex-

posed to UV radiation essentially as described by Marcus
and Sekellick (17), but without prior dilution. The dose rate
was 6.5 ergs mm-2 sec1 ( 1 erg = 10-7 J). Under these con-
ditions, infectivity was lost at an exponential rate with a 37%
(1/e) survival dose of 120 ergs mm-2. We attribute this
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FIG. 1. Kinetics of incorporation of label from (a) [3H]UTP and (b) a mixture of 3H-labeled amino acids in the coupled transcription-
translation cell-free system. Aliquots (5 ,1) were taken at the times shown and assayed for radioactivity insoluble in trichloroacetic acid at 00
(panel a) or trichloroacetic acid at 850 (panel b). *, Cell extract without VSV; 0, VSV (50 ,4g/ml) without the cell extract; 0, cell extract plus
VSV (50 ,g/ml).

anomalously high value to the high concentration of .virus
during irradiation (cf. 17).

Cell-Free RNA and Protein Synthesis. Cell-free protein
synthesizing systems were prepared as described previously
(18) from mouse L-929 cells grown in suspension culture.
Reaction mixtures for coupled transcription and translation
of VSV RNA contained: 30 mM Tris-HCl, pH 7.6; 33 mM
NH4Cl; 7 mM KCl; 4.5 mM Mg-acetate; 1 mM dithiothrei-
tol; 0.2 mM spermidine; 1 mM ATP; 0.5 mM GTP, CTP,
and UTP; 10 mM creatine phosphate; 80 jig of creatine ki-
nase per ml; 50 jiM appropriate unlabeled amino acids;
0.05% Triton-N101; 50 ,jg of purified VSV per ml; and 30%
cell-free extracts (to give a final concentration of about 1.5
mg of protein per ml). Cell-free protein synthesis was unaf-
fected by 0.05% Triton-N101. To follow RNA synthesis, we
added 100 MCi/ml of [3H]UTP (Amersham/Searle Corp.,
specific activity 49 Ci/mmol). To follow protein synthesis
we added 100,MCi/ml of a reconstituted protein hydrolysate
containing 15 3H-labeled L amino acids, but lacking aspara-
gine, cysteine, glutamine, methionine, and tryptophan
(Schwarz/Mann), or 100 gCi/ml of a mixture of L-[4,5-
3H]lysine (Amersham/Searle Corp., 18 Ci/mmol) and L-[5-
3H]arginine (Amersham/Searle Corp., 22 Ci/mmol). Incu-
bation was at 300. Aliquots were spotted on Whatman GF/A
paper discs and washed either with cold 5% trichloroacetic
acid (0°) containing 40 mM sodium pyrophosphate (to fol-
low RNA synthesis) or with hot trichloroacetic acid (850, to
follow protein synthesis). The dried filters were analyzed in
a liquid scintillation counter.
Polyacrylamide Gel Electrophoresis and Fluorography.

In preparation for polyacrylamide gel electrophoresis, the
protein products of the cell-free system (37 Al) were digested
for 15 min at 300 with ribonuclease A (50 jg/ml) in the
presence of 10 mM EDTA and 100 mg of casein hydrolysate
per ml. Sodium dodecyl sulfate and 2-mercaptoethanol were
added to give final concentrations of 1% and 2%, respective-
ly, and the samples were heated at 1000 for 2 min. After
cooling, the samples were made 2 M in urea, and 0.01 M in
sodium phosphate, pH 7.6. They were then subjected to
electrophoresis on 10% polyacrylamide-dodecyl sulfate slab

gels (17 cm long X 0.3 cm thick) according to the method of
Weber and Osborn (19), except that the gels contained 6 M
urea and were prerun for about 2 hr with a solution of 1%
3-mercaptopropionic acid and 6 M urea in electrophoresis
buffer. Electrophoresis was at 60 mA for 60 hr, after which
the gels were stained with Coomassie Brilliant Blue, de-
stained, and either subjected to fluorography by the method
of Bonner and Laskey (20) (for 3H-labeled proteins; Fig. 3)
or each channel was sliced transversely into 2 mm fractions
(for double-labeled proteins; Fig. 2). The gel slices were dis-
solved in 0.5 ml of 30% H202 at 600 for 5 hr, mixed with 7.5
ml of Aquasol (New England Nuclear), and analyzed in a
liquid scintillation counter under double label counting con-
ditions which gave negligible spillover of 3H counts into the
14C channel, and 16.2% spillover in the other direction. For
accurate measurement of the amount of radioactivity in
3H-labeled proteins, appropriate bands were cut out of the
dried gel slab using the fluorograph as a guide. The dried
gel fragments were dissolved in 1 ml of 30% H202 at 600 for
24 hr, mixed with 12 ml of Aquasol, and analyzed in a liquid
scintillation counter.

RESULTS
Coupled Transcription and Translation In Vitro. The

RNA synthesis induced by 50 ,g/ml of purified VSV in the
presence of 0.05% Triton-N101 and a cell-free system de-
rived from mouse L-cells is shown in Fig. la. VSV transcrip-
tion was stimulated and prolonged by the addition of the
cell extract, and a linear rate of RNA synthesis for up to 12
hr has been observed. A strong stimulation of amino acid in-
corporation occurred in response to VSV transcription (Fig.
lb), and a linear rate of protein synthesis for up to 10 hr
(after a short lag) has been observed under these conditions.
We attribute this unprecedented endurance of cell-free pro-
tein synthesis to the continuous production of new mRNA.
The total amount of VSV mRNA synthesized was relatively
low (about 12 jig/ml at 8 hr) compared with the amounts
which normally saturate cell-free systems, and accordingly,
protein synthesis was proportional to RNA synthesis under
the conditions of the experiments.
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FIG. 2. Polyacrylamide gel electrophoresis of the protein prod-
ucts of the coupled system directed by VSV (panel a; [3H]arginine-
and [3H]lysine-labeled), and of purified VSV (panel b; [14C]argi-
nine- and [14C]lysine-labeled). An aliquot of the cell-free system
(40,000 3H cpm) was taken after 8 hr incubation and prepared for
electrophoresis as described in the text. The sample was mixed
with purified VSV (20,)00 14C cpm) and subjected to electrophore-
sis on a 10% polyacrylamide gel (19). Transverse slices (2 mm) of
the gel were dissolved and subjected to double label analysis in a
liquid scintillation counter. The 3H cpm in panel a have been cor-
rected for 16.2% spillover from 14C and for the radioactivity con-
tributed by the endogenous products of the coupled system (minus
VSV). Only three endogenous products were detected: a peak of
1150 cpm at 4.3 cm, a peak of 350 cpm at 5.6 cm, and a peak of 300
cpm at 8.1 cm. Electrophoresis is from left to right.

The products of cell-free protein synthesis (labeled with
[3H]arginine and [3H]lysine) were mixed with authentic
VSV proteins (from purified virus labeled with [14C]arginine
and [14C]lysine) and analyzed by electrophoresis on sodium
dodecyl sulfate-polyacrylamide gels (Fig. 2). The three
major products of the cell-free system corresponded exactly
in electrophoretic mobility with the viral proteins N, NS,
and M. A minor product at 7.5 cm had an apparent molecu-
lar weight of 63,000 and probably corresponded to a nongly-
cosylated polypeptide precursor (P63) of the viral glycopro-
tein (G), which has been described by other workers (4, 9,
21). Preliminary analysis of the tryptic peptides of these four
proteins confirms their identification as the products of
translation of the N, NS, M, and G protein genes of VSV
(data not shown). No product corresponding in size to the
viral L protein was detected under these conditions.
UV Irradiation of VSV. The effect of UV irradiation of

VSV was determined by using irradiated virus to direct pro-
tein synthesis in the coupled system. The products were

subjected to electrophoresis on 10% polyacrylamide gels con-

taining sodium dodecyl sulfate, and the radioactive proteins
were detected by fluorography of the dried gel (Fig. 3).
Levels of irradiation which introduced up to 8.5 UV hits per
genome on average (as determined by loss of viral infectiv-

FIG. 3. Polyacrylamide gel electrophoresis of the protein prod-
ucts made in the coupled system directed by VSV which had been
exposed to UV radiation. Samples of purified VSV (0.2 mg of pro-
tein per ml) were exposed to UV radiation for various times and
then used to direct coupled transcription and translation for 8 hr
in an L-cell extract as described in the text. The protein products
(labeled with a mixture of 15 3H-labeled L amino acids) were
subjected to electrophoresis on a 10% polyacrylamide slab gel in
the presence of 0.1% sodium dodecyl sulfate. The positions of the
radioactive proteins were determined by fluorography (20) of the
stained, dried gel. The positions of the authentic viral proteins
were determined from the stained gel. Products directed by: (A)
VSV, no irradiation; (B) VSV, 10 sec irradiation; (C) VSV, 20 sec
irradiation; (D) VSV, 40 sec irradiation; (E) VSV, 100 sec irradia-
tion; (F) VSV, 125 sec irradiation; (G) no VSV, no irradiation. Two
fluorographs of the same gel slab are shown; the one on the right
has been overexposed to reveal the P63 protein.

ity, Fig. 4a) did not result in the appearance of new protein
bands nor any evidence of increased early quitting. On the
other hand, the synthesis of G, N, NS, and M proteins de-
creased with increasing time of irradiation, which was in ac-
cordance with the decreased rates of RNA and protein syn-
thesis induced by irradiated virus (Fig. 4b). In order to mea-
sure the exact amount of each protein synthesized, the ap-
propriate bands were cut out of the gel, dissolved, and as-
sayed by liquid scintillation counting. The results are shown
in Fig. 4c-f. Each protein showed an inhibition of synthesis
which followed single-hit kinetics, although their individual
sensitivities differed. The UV doses corresponding to 37%
survival were: N protein, 825 ergs mm-2; NS protein, 553
ergs mm-2; M protein, 410 ergs mm-2; G protein, 260 ergs
mm-2. The dose corresponding to 37% survival of viral in-
fectivity was 120 ergs mm-2.

DISCUSSION
These results show that the transcription executed by deter-
gent-activated VSV can be coupled with cell-free protein
synthesis to produce viral proteins. Similar results have been
obtained coupling the transcription of Newcastle disease
virus with translation by cytoplasmic extracts of L-cells or
primary chick embryo cells (L.A.B., C.N.W., and L. E.
Hightower, unpublished results). The efficiency and endur-
ance of protein synthesis in the coupled system far exceed
those of conventional cell-free systems, and under optimum
conditions 1 jug of mRNA directs the synthesis of about 0.1
,gg of protein. After this work was completed, Breindl and

Proc. Nat. Acad. Sci. USA 73 (1976)



Proc. Nat. Acad. Sci. USA 73 (1976) 445

Table 1. Comparison of the target-sizes and mRNA sizes
for N, NS, M, and G proteins

Target- RNA
Viral Do size t size §

function* (ergs mm-2)t (daltons ofRNA X 10-6)

Infectivity 120 3.82 3.82
N protein 825 0.55 0.55
NS protein 553 0.83 0.28
M protein 410 1.12 0.28
G protein 260 1.76 0.7

* Viral infectivity was measured by plaque assay (14); 'synthesis of
N, NS, M, and G proteins was measured in the coupled cell-free
system (see legend'to Fig. 4).

t Do is the UV dose which corresponds to 37% survival of infectivity
or protein synthesis.

t The target-size for' loss of infectivity was assumed to correspond
to the molecular weight of VSV genome RNA. The other target-
sizes were calculated as being inversely proportional to the corre-
sponding Do.

§VSV genome RNA, ref. 32; VSV mRNAs, ref. 5.

Holland (21) reported the development of a coupled system
using VSV ribonucleoprotein cores and extracts of various
eukaryotic cells, but the translation in their system was
much shorter-lived and only about 5% as efficient as that de-
scribed in this paper.
The major protein products are the viral proteins N, NS,

and M. A small amount of P63, a putative nonglycosylated
precursor to the viral glycoprotein, is also made, but, in
agreement with the results of other workers (9, 21), no prod-
uct corresponding in size to the viral L protein (molecular
weight 190,000) has been detected (Figs. 2 and 3). Since the
in vitro products of VSV transcription contain sequences
complementary to almost the entire genome (22), the lack of
L protein synthesis is probably due to a post-transcriptional
deficiency of the cell-free system.
The use of UV irradiation to measure the target-sizes for

expression of the different genes of VSV depends on the fact
that transcription beyond a UV hit is blocked (12, 14). Thus
the nucleotide sequences in a transcriptional unit which are
distal to the site of a UV hit will not appear in the transcrip-
tion product and will not be translated into viral proteins.
This permits calculation of the target-size of the transcrip-
tional unit. In principle, any inhibitor of RNA chain elonga-
tion could be used (cf. 23), but UV has the advantage that
the target-size of each gene, measured in vitro, can be calcu-
lated as a fraction of the target-size of the intact RNA mea-
sured from viral infectivity. Assuming that the UV target for
infectivity is the complete viral RNA, and that it contains a
random distribution of potential sites for UV hits, the target-
size for each gene which directs the synthesis of a protein in
the coupled system can be calculated in terms of RNA mo-
lecular weight.

In Table 1, the target-sizes calculated from the data in
Fig. 4c-f are compared with the molecular weights of the
mRNAs for the different viral proteins. Clearly, there is no
direct relationship between target-size and mRNA size. The
two values are in close agreement for the N protein, but for
the other proteins, encoded in both larger (G) and smaller
(NS and M) messengers, the target-sizes exceed the mRNA
size by two to four times. This is also shown in Fig. 4c-f
where the broken lines indicate the UV sensitivities predict-
ed from the molecular weights of the mRNAs for the four
proteins, assuming that each is transcribed from an indepen-
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FIG. 4. The effect of UV irradiation of VSV on: (a) its infectiv-
ity, measured by plaque assay on Vero cells; (b) the rates of tran-
scription (0) and translation (0) directed in the coupled cell-free
system, and measured between 2 and 4 hr of incubation; (c) syn-
thesis of N protein, measured from polyacrylamide gel patterns of
the protein products directed in the coupled cell-free system after
8 hr incubation (see Materials and Methods and Fig. 3); (d) syn-
thesis of NS protein, measured as for (c); (e) synthesis of M pro-
tein, measured as for (c); (f) synthesis of P63 protein (G), measured
as for (c). In each case, the amount remaining has been plotted (on
a semi-log scale) as a percentage of the activity (infectivity, etc.) of
unirradiated VSV. The UV dose-rate was 6.5 ergs mm-2 sec-'. In
panels c-f, the broken lines indicate the UV sensitivities which are
predicted from the molecular weights of the corresponding
mRNAs, assuming that each is transcribed from an independent
initiation site. The solid lines in panels c-f indicate the UV sensi-
tivities which are predicted from the molecular weights of the cor-
responding mRNAs, assuming that they are transcribed from a
single initiation site and in the order N, NS, M, G. The deviation
from linearity in the response of P63 to increasing doses of UV
probably reflects the difficulties involved in measuring such small
amounts of minor product.

dent initiation site. This suggests that the targets for NS, M,
and G include regions which are not present in the corre-
sponding mRNAs. However, the viral RNA is not sufficient-
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ly large for these regions to be untranslated "lead-in" se-
quences which are lost by post-transcriptional mRNA pro-
cessing. The sum of the target-sizes for N, NS, M, and G
(4.26 X 106 daltons) exceeds the molecular weight of the
VSV genome, even without the L protein gene, which alone
occupies about half the viral RNA (24). Hence, the UV tar-
gets for the expression of the N, NS, M, and G protein genes
in the coupled system must be overlapping, as would be the
case if they were transcribed from a single independent ini-
tiation site. In this situation, the UV sensitivity of each gene
would depend on its position in the transcriptional unit, and
its target.would include all proximal genes. Thus, the results
indicate that the transcriptional order of the VSV genes is N,
NS, M, G. The target-sizes which are predicted on the basis
of this scheme and the known molecular weights of the mes-
senger RNAs are: N, 0.55 X 106; NS, 0.83 X 106; M, 1.11 X
106; and G, 1.81 X 106 daltons of RNA, which are in close
agreement with the measured target-sizes for these four
genes. The segment of the genome remaining has a molecu-
lar weight of 2 X 106, which is an appropriate size to encode
the L protein.

In functional terms, the results show that in the gene se-
quence N, NS, M, G transcription of any gene is dependent
on the prior transcription of all the preceding genes. The
simplest explanation of this obligatory order of transcription
is that it reflects the physical order of the genes of the RNA.
The transcriptase initiates at a single site at or shortly before
the start of the N gene, and proceeds to read through the
genes in the sequence 3' - N - NS - M - G-5' with no possi-
bility of initiating at any other site. An alternative model
which we cannot rule out is that the order of transcription
results from separate initiation events occurring in an obliga-
tory sequence. The results of ribonucleoside [-y-32P]triphos-
phate labeling experiments show more than one labeled se-
quence (25) but the origin of these sequences is unclear in
the light of the discovery of capping of VSV mRNA (26).
The L protein gene must lie either before N (and be tran-

scribed independently) or after G (in which case it could ei-
ther be transcribed independently, or, as seems more likely,
by continued read-through). Partial mapping of the ge-
nome by hybridization with RNA from various defective
viral particles has located the L protein gene at one (uniden-
tified) end (27) or near (28) the 5' end of the genome, so it
seems probable that the gene order of VSV is 3' - N - NS -
M - G - L -5', and that the five genes are transcribed from a
single initiation point.
We presume that the individual mRNAs are generated

from the transcribing complex by cleavage of the nascent
positive RNA strand, although other mechanisms can be im-
agined. In the absence of cleavage, the product of the reac-
tion would be an intact positive copy of the VSV genome
which is, of course, a necessary intermediate in replication,
so transcription and replication may share a common process
of positive strand synthesis. The mechanism of transcription
proposed here would, in the absence of modulation, produce
equimolar amounts of the five mRNAs; the available data
from the studies of VSV-infected cells support this predic-
tion (28).

Finally, the results offer an explanation for the origin of
the phosphate group in the fl position of the blocked 5'-ter-
minal structure of VSV mRNA (26). For VSV, this phos-
phate group is derived from the capping GTP, whereas for
the other viruses studied [reovirus (29), cytoplasmic polyhe-
drosis virus (30), and vaccinia virus (31)] it derives from the
terminal nucleotide of the uncapped mRNA. We suggest

that this difference arises because the substrate for capping
in the latter cases is the biosynthetic 5' terminus, where the
potential exists for a 5'-diphosphate residue; however, for
VSV the substrate for capping is a 5' terminus generated by
cleavage, where no such potential exists. If this is the case,
the origin of the f3 phosphate in the capping group of eukar-
yotic mRNA may serve to identify messengers which arise
by cleavage of precursors.
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sion; and the members of the molecular virology journal club where
these experiments were conceived. This work was supported by
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