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ABSTRACT Oligonucleotide primers have been used to gen-
erate a cDNA library covering the entire tobacco mosaic virus
(TMV) RNA sequence. Analysis of these clones has enabled us to
complete the viral RNA sequence and to study its variability within
a viral population. The positive strand coding sequence starts 69
nucleotides from the 5' end with a reading frame for a protein of
Mr 125,941 and terminates with UAG. Readthrough of this ter-
minator would give rise to a protein of Mr 183,253. Overlapping
the terminal five codons of this readthrough reading frame is a
second reading frame coding for a protein OfMr 29,987. This gene
terminates two nucleotides before the initiator codon of the coat
protein gene. Potential signal sequences responsible for the cap-
ping and synthesis of the coat protein and Mr 29,987 protein
mRNAs have been identified. Similar sequences within these
reading frames may be used in the expression of sets of proteins
that share COOH-terminal sequences.

The packaged single-stranded RNA of tobacco mosaic virus
(TMV) Vulgare is an active mRNA for a protein of Mr -130,000
and its readthrough product of Mr =165,000 (1, 2) but fails to
direct the synthesis of several other viral products, including
the viral coat protein. These are expressed during infection from
a set of subgenomic mRNAs. The mRNA for the coat protein
(1) is known to contain the terminal 692 residues ofthe genomic
RNA (3), and the mRNA for a Mr 30,000 protein (4) appears to
contain the terminal 1,500 residues of TMV RNA. A number
ofother 3'-coterminal and colinear subgenomic mRNAs that are
packaged have been detected by hybridization probes (5). In
order to determine the full coding capacity ofTMV and to study
its mode of gene expression and the possible role of the RNA
in virus assembly, we have completed the sequence of TMV
RNA (3, 6).

cDNA cloning and sequence analysis

Strategy. Short overlapping cDNA fragments representing
the entire TMV RNA sequence were cloned in bacteriophage
M13 (7, 8), their sequences were determined by the dideoxy
chain-termination method (7), and overlaps were determined
by computer methods (9). TMV proved to be a poor template
for the synthesis of cDNA longer than 2,000 nucleotides, and
we found that the efficiency of the second-strand reaction was
highly sequence dependent. These problems were circum-
vented by using a series of synthetic oligodeoxynucleotides to
prime synthesis at either random or specific sites along the
molecule. Efficient cloning of molecules that were rendered
double-stranded was achieved by cleaving the synthetic DNA
with restriction endonucleases. The use of several restriction
enzymes ensured that overlapping sequences were cloned.

Priming with Synthetic Oligonucleotides. Mixtures of four-
to seven-residue oligonucleotides, synthesized by phospho-

diester chemistry (10), were used as nonspecific primers on
TMV RNA or on cDNA. Double-stranded cDNA to most of
TMV genome could be synthesized by using these primer
"cocktails." To direct the synthesis of double-stranded cDNA
to the termini and other poorly sampled regions of TMV RNA,
oligonucleotide primers of 13 to 17 residues were synthesized
by the solid-phase phosphotriester method (11). These included
an oligonucleotide [d(TGGGCCCCATCCG)] complementary
to the 3'-terminal 13 nucleotides (3) and a 15-residue oligonu-
cleotide [d(CTCGCTTATTACTTT)] complementary to a se-
quence 222-236 nucleotides from the 5' terminus (6). Double-
stranded cDNA to the 5' end was prepared by back priming
with an oligonucleotide [d(GTATTTTTACAACAATT)] corre-
sponding to the 5'-terminal 17 nucleotides of TMV RNA (6).
This was inserted into the BamHI site of M13 MP7 (8) after
blunt-end ligation to BamHI linkers (7). The oligonucleotides
d(GTCAACTTCCAAAGATT) and d(CTGAATACCCTCT)
(complementary to nucleotides 1,813-1,829 and 3,159-3,172)
were synthesized to obtain clones to the 5' sides of regions of
TMV RNA well represented by cDNA clones from previous
"shotgun" experiments. cDNA priming was with 10- to 100-fold
molar excess of oligonucleotide over TMV RNA template (usu-
ally 5 ,ug ofTMV RNA in a 25-,u reaction mixture) and standard
incubation conditions for reverse transcription were used (12):
42°C and 60 min, with a 30°C and 15-min preincubation for the
short oligonucleotide cocktails.

Second-Strand Synthesis, Cloning, and Assembly of the Se-
quence. cDNA freed from RNA by alkaline hydrolysis (100 mM
NaOH, 1 mM EDTA for 15 min at 70°C) was used as a template
for second-strand synthesis primed by "flip back" or added oli-
gonucleotide primers. The standard reaction used Klenow DNA
polymerase and incubation was in 10 mM Tris HCI, pH 7.4/
10 mM MgCl2/10 mM dithiothreitol/100 mM NaCI/50 AM
each deoxynucleoside triphosphate at 37°C for 30 min. In some
experiments no attempt was made to purify the cDNA. Oli-
gonucleotides generated in the first-strand reaction were used
to prime second-strand synthesis on TMV cDNA by using the
conditions of Wickens et al. (12) or the conditions described
above after melting and annealing desalted products ofthe first-
strand reaction (alkali treatment of the first-strand reaction
product was shown by these approaches not to cause deami-
nation of cytidine residues). These double-stranded cDNAs
were digested by restriction endonucleases (Sau3a, Taq I, Msp
I, Hae III, Alu I, Rsa I, Tha I, HinfI, EcoRI, Bgl II, and HindIII)
and inserted into appropriately linearized M13 vector replica-
tive form DNAs (8) by direct ligation or with BamHI linkers.
Recombinant molecules were isolated by transfection of Esch-
erichia coli JM101 and detected by lac complementation assay
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(8) and plaque hybridization to 32P-labeled TMV cDNA and ki-
nase-labeled TMV RNA oligonucleotides (5). The recombinants
were then plaque purified and grown up in liquid culture for
storage as phage stocks. Template preparation and DNA se-
quence analysis were as described by Sanger et al. (7). Inserts
containing an internal restriction site were treated as multiple
ligations and were entered into the data base (9) as separate
events. As the sequence approached completion, overlapping
recombinants were selected by directed cDNA priming (see
above), specific restriction enzyme digestions, and plaque hy-
bridization to M13 clones representing the termini of large
blocks of sequence.

Organization of the TMV genome

TMV Strains Are Polymorphic. The sequence presented in
Fig. 1 is based on the sequences ofmore than 400 independently
derived cDNA clones. Each nucleotide was represented on av-

erage in 13 independently isolated clones, including ones ori-
ented in both the positive and negative senses. Only the 5'-ter-
minal capped G and the last eight nucleotides were not
determined by this method. At certain positions in the se-

quence, notably at the 5' end, polymorphisms in the sampled
viral population were detected (Fig. 1). Most of the changes
involve the third position of codons and so do not alter the
amino acid sequence. The 5' end of TMV RNA was represent-
ed by two substantially different variants, which differ in length
by three nucleotides. The amino acid sequences coded by these
two variants differ at only four residues, and these changes are
conservative-Glu to Asp at 108 and 177 and Thr to Ser at 93
and 129. These sequence polymorphisms cannot be due to er-
rors in the in vitro reverse transcription ofTMV RNA, because
the changes observed consistently maintain the phase and na-

ture of the coded amino acid sequence and clones with the al-
tered sequences were reproducibly obtained at a level of
40-60%, suggesting a stability of the population with no selec-
tion for either variant.

Comparisons between the complete sequence presented
above and partial sequences of TMV RNA obtained in other
laboratories by direct RNA sequencing methods reveal similar
patterns of sequence variability. The 3'-terminal 1,000 nucleo-
tides ofTMV RNA obtained by Guilley et al. (3) differ from our

sequence at 14 residues, without altering the coded amino acid
sequence. The published 5'-end sequence of TMV RNA (6) is
most closely related to the shorter variant we present in Fig.
1, but 13 positions within the coding sequence are altered, lead-
ing to a few conservative amino acid substitutions. Within re-
lated stocks of TMV over a period of 14 years, a number of vari-
ations have become established around the nucleation region.
A significant alteration is the substitution of a C (residue 5,481)
for a U (3, 13) within the small loop of the origin of assembly
hairpin sequence. These two kinds of variability reflect the low
fidelity of RNA-dependent RNA replication (14).
TMV Has Only Three Open Reading Frames. Coding se-

quences on the infectious positive strand consist of only three
major reading frames. The first methionine begins an open

reading frame for a protein of Mr 125,941, which terminates at
an amber codon at residue 3,417. An in-phase coding sequence
extends beyond this terminator for another 1,497 nucleotides,
allowing readthrough synthesis of a protein of Mr 183,253.
These sequence data are consistent with the observations that
cell-free translation ofTMV leads to the synthesis of a protein
of Mr =130,000 and its readthrough product of Mr =165,000,
whose translation may be enhanced by addition of an amber

suppressor tRNA (2). The end of the reading frame for the Mr
183,253 protein overlaps by five codons with a reading frame,

in a second phase, that codes for a protein of Mr 29,987 [the Mr
30,000 protein described by Beachy and Zaitlin (4)], which ter-
minates with a UAA codon two nucleotides before the initiator
codon for the coat protein (3). The complementary sequence
(negative strand) shows only two regions that could potentially
code for proteins of Mr =15,000, but these appear unlikely to
correspond to expressed genes because they lack appropriate
signal sequences for mRNA synthesis (see below) and because
proteins of these sizes have not yet been detected in tissues in-
fected by TMV.

Ribosome Binding and the 5' Ends of Subgenomic mRNAs.
Protein synthesis in eukaryotes is initiated almost invariably at
the AUG closest to the 5' end of a mRNA and does not reinitiate
internally. The 5' noncoding regions of eukaryotic mRNAs tend
to be low in G, and purines are preferred at positions -3 and
+4 surrounding the initiator codon, the canonical sequence
being G---AUGG (15). In TMV and other polycistronic plant viral
RNAs (16, 17) only the first AUG codon is active. The proposed
initiation codon for the Mr 125,941 protein and its readthrough
product, at residue 69, follows a sequence lacking G residues
and shows purines in the preferred positions.

Synthesis of a separate coat protein mRNA and other subge-
nomic mRNAs during TMV infection exposes initiation codons
and "ribosome binding sites" at the 5' end ofthese mRNAs. The
coat protein mRNA begins with a capped G (3) corresponding
to residue 5,703 of the genomic sequence. Between this G and
the coat protein initiator codon at residue 5,712, which shows
appropriate context nucleotides, is a short U +A-rich sequence.
A similar U+A-rich sequence is seen near the presumed ini-
tiator codon for the Mr 29,987 protein (residue 4,903, Fig. 1).
By analogy to the coat protein mRNA the G at residue 4,895
should be capped in the Mr 29,987 protein mRNA. These U+A-
rich sequences, which we call Butler boxes, are not common
in eukaryotic messengers in general but appear to be a regular
feature ofsubgenomic mRNA encoded by plant viruses, and are
similar to the U+A-rich sequences typically found at the 5' ends
of their genomic RNAs [(16, 17); see legend to Fig. 1].

COOH-Terminally Overlapped Proteins. Hybridization and
translation experiments have demonstrated that in addition to
the coat protein and Mr 29,987 protein mRNAs of at least five
other 3'-coterminal mRNAs coding for proteins of Mr between
=20,000 and =90,000 are synthesized during infection. These
mRNAs are packaged, because their sequences extend beyond
the origin of assembly (13). T. Hunter, R. J. Jackson, and D.
Zimmern (personal communication) have analyzed a set of pro-
teins of Mr 30,000, 29,000, and 23,000 that are synthesized in
vitro in response to packaged subgenomic mRNAs. Comparison
of their peptide maps with our sequence data shows that these
proteins have overlapping COOH-terminal sequences and ini-
tiate at methionine codons within the Mr 29,987 gene at the sites
indicated in Fig. 1. At both sites the initiator methionine codon
is preceded by the sequence GACAAAA. This sequence is likely
to correspond to the 5' ends of the mRNAs specifying these
proteins, but shows little homology to the Butler box.
We have examined the entire TMV sequence for other pos-

sible sites of internal initiation by looking for potential ribo-
some-binding sites closely preceded by either a Butler box or
a sequence related to the flanking sequences for the Mr 27,875
and 19,478 proteins. The most promising of these are indicated
in Fig. 1. Further sequence evidence at the protein level and
on the subgenomic mRNAs is clearly required before the use
of these putative sites in protein synthesis is established, but
two independent observations suggest that at least some ofthese
sites are active. Stimulation ofTMV readthrough translation by
coinjection ofTMV RNA and suppressor tRNAs into Xenopus
oocytes (ref. 18 and E. Kubli and M. Bienz, personal com-
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Mr 125,941 & 183.253 proteins
ENJA Y T Q T A T T/S S A L L D/E

1 10 29 310 40 50 68 70 90 9910 110
T U R 6 N N S5T L U N D L A K R R L Y D T A U E/D E F N A R D R R P K U N F S K U I
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UUGGGAGAAGUUUGGAAACAAGGGCAUAGAAAGACCACCCUCAAGGAUUAUACCGCAGGUAUAAAAACUUGCAUCUGGUAUCAAAGAAAGAGCGGGGACGUCACGACGUUCAUUGGAAAC
4320 4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430

T V I I A A C L A S M L P M E K I I K G A F C G D D S L L Y F P K G C E F P D UACUGUGAUCAUUGCUGCAUGUUUGGCCUCGAUGCUUCCGAUGGAGAAA4UAAUCAAAGGAGCCUUUUGCGGUGACGAUAGUCUGCUGUACUUUCCAAAGGGUUGUGAGUUUCCGGAUGUG
4440 4450 4460 4470 4499 4490 4500 4510 4520 4530 4540 4550

Q H S A N L M W N F E A K L F K K Q Y G Y F C G R Y V I H H D R G C I V Y Y D P
CAACACUCCGCGAAUCUUAUGUGGAAUUUUGAAGCAAAACUGUUUAAAAAACAGUAUGGAUACuUUUGCGGAAGAUAUGUAAUACAUCACGACAGAGGAUGCAUUGUGUAUUACGAUCCC

4560 4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670
L K L I S K L G A K N I K D W E H L E E F R R S L C D VA V S L N N C A Y Y T Q

CUAA4GUUGAUCUCGAAACUUGGUGCUAAACACA4UCAAGGAUUGGGAACACUUGGAGGAGUUCAGAAGGUCUCUUUGUGAUGUUGCUGUUUCGUUGAACAAUUGUGCGUAUUACA4CACAG
4680 4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790

(Fig. 1 continues on next page.)



Proc. Natl. Acad. Sci. USA 79 (1982) 5821

Mr 29,987 protein
EM] A L

L D D A V W E V H K T A P P G S F V Y K S L V K Y L S .D K V L F R .S L F I D G S
UUGGACGACGCUGUAUGGGAGGUUCAUAAGACCGCCCCUCCAGGUUCGUUUGUUUAUAAAAGUCUGGUGAAGUAUUUGUCUGAUhAAGUUCUUUUUAGAAGUUUGUUUAUAGAUGGCUCU

4800 4810 4820 .4830 4840 4850 4860 4870 4880 4890 - > 4910
(Mr 27,875)

V V K G K V N I N E F I D L T K CMJ E K I L P S M F T P V K S V M C S K V D K I CM]
S C

AGUUGUUAAAGGAAAAGUGAAUAUCAAUGAGUUUtAUC~GACCUGACAAAAAUGGAGAAGAUCUUACCGUCGAUGUUUACCCCUGUAAAGAGUGUUAUGUGUUCCAAAGUUGAUAAAAUAAU
4920 4930 4940 4958 :--------> 4970 4980 4990 5000 5010 :-----

V H E N E S L S E V N L L K G V K L I D S G Y V C L A G LV V T G E W N L P D N
GGUUCAUGAGAAUGAGUCAUUGUCAGAGGUGAACCUUCUUAAAGGAGUUAAGCUUAUUGAUAGUGGAUACGUCUGUUUAGCCGGUUUGGUCGUCACGGGCGAGUGGAACUUGCCUGACAA

5040 5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150
(Mr 19,478)

C R G G V S V C L V D K R CM] E R A D E A T L G S Y Y T A A A K K R F Q F K V V P
UUGCAGAGGAGGUGUGAGCGUGUGUCUGGUGGACAAAAGGAUGGAAAGAGCCGACGAGGCCACUCUCGGAUCUUACUACACAGCAGCUGCAAAGAAAAGAUUUCAGUUCAAGGUCGUUCC

5160 5170 5180 :----------> 5200 5210 5220 5230 5240 5250 5260 5270
N Y A I TT Q D A M K N V W Q V L V N I R N V K M S A G F C P L S L E F V S V C

CAAUUAUGCUAUAACCACCCAGGAiCGCGAUGAAAAACGUCUGGCAAGUUUUAGUUAAUAUUAGAAAUGUGAAGAUGUCAGCGGGUUUCUGUCCGCUUUCUCUGGAGUUUGUGUCGGUGUG
5280 5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390

I V Y R N N I K L G L R E K I T N V R D G G P M E L T E E V V D E F M E D V P M
UAUUGUUUAUAGAAAUAAUAUAAAAUUAGGUUUGAGAGAGAAGAUUACAAACGUGAGAGACGGAGGGCCCAUGGAACUUACAGAAGAAGUCGUUGAUGAGUUCAUGGAAGAUGUCCCUAU

5400 5410 !...... 5430... 5440... 5450..... 5460... 5500... 5510

S I R L A K F R S R T G K K S D V R K G K N S S N D R S V P N K N Y R N V K D F
GUCGAUCAGGCUUGCAAAGUUUCGAUCUCGAACCGGAAAAAAGAGUGAUGUCCGCAAAGGGAAAAAUAGUAGUAAUGAUCGGUCAGUGCCGAACAAGAACUAUAGAAAUGUUAAGGAUUU
...... 5520....5530... 5540 ... ! 5560 5570 C 5600 5610 5620 5630

* Coat protein: 17,684mw
CM] S Y S I T T P S Q F V F

G G M S F K K N N L I D D D S E A T V A E S D S F
UGGAGGAAUGAGUUUUAAAAAGAAUAAUUUAAUCGAUGAUGAUUCGGAGGCUACUGUCGCCGAAUCGGAUUCGUUUUAAAUAUGUCUUACAGUAUCACUACUCCAUCUCAGUUCGUGUUC

5640 5650 5660 5670 5680 5690 5700 '-=--_-_--> 5730 5740 5750
L S S A W A D P I E L I N L C T N A L G N Q F Q T Q Q A R T V V Q R Q F S E V W
UUGUCAUCAGCGUGGGCCGACCCAAUAGAGUUAAUUAAUUUAUGUACUAAUGCCUUAGGAAAUCAGUUUCAAACACAACAAGCUCGAACU'GUCGUUCAAAGACAAUUCAGUGAGGUGUGG

5760 5778 5780 5790 5800 5810 5828 5830 5840 5850 5860 5870
K P S P O V T V R F P D S D F K V Y R Y N A V L D P L V T A L L G A F D T R N R
AAACCUUCACCACAAGUAACUGUUAGGUUCCCUGACAGUGACUUUAAGGUGUACAGGUACAAUGCGGUAUUAGACCCGCUAGUCACAGCACUGUUAGGUGCAUUCGACACUAGAAAUAGA

5880 5890 5900 5910 5920 5930 5940 5958 5960 5970 5980 5990
I I E V E N O A N P T T A E T L D A T R R V D D A T V A I R S A I N N L I V E L

AUAAUAGAAGUUGAAAAUCAGGCGAACCCCACGACUGCCGAAACGUUAGAUGCU*tCUCGUAGAGUAGACGACGCAACGGUGGCCAUAAGGAGCGCGAUAAAUAAUUUAAUAGUAGAAUUG6808 6010 6820 60308 6048 6050 6060 6070 6080 6098 6100 6110
I R G T G S Y -N R S S F E S S S G L V W T S G P A T

AUCAGAGGAACCGGAUCUUAUAAUCGGAGCUCWJUCGAGAGCUCUUCUGGUUUGGUUUGGACCUCUGGUCCUGCAACUUGAGGUAGUCAAGAUGCAUAAUAAAUAACGGAUUGUGUCCGU
6120 6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230

AAUCACACGUGGUGCGUACGAUAACGCAUAGUGUUUUUCCCUCCACUUAAAUCGAAGGGUUGUGUCUUGGAUCGCGCGGGUCAAAUGUAUAUGGUUCAUAUACAUCCGCAGGCACGUAAU
6240 6250 6260 6270 6288 6298 6300 6310 6320 6330 6340 6350

AAAGCGAGGGGUUCGAAUCCCCCCGUUACCCCCGGUAGGGGCCCA
6360 6370 6380 6390

FIG. 1. Nucleotide and coding sequences forTMV. The standard one-letter amino acid code is used. Variants in the nucleotide sequence are shown
on separate lines and are highlighted by an underlying *, and variations in the coding sequence are indicated in the overlying amino acid se-
quence-e.g., T/S at residue 93. At the 5' end two variant sequences, whose lengths differ by three nucleotides in the noncoding sequence, are aligned
with padding characters (-) in order to maximize their homologies. Residue numbers have been set to the uppermost variant because it is most
similar to the sequence obtained for the 5' end by Jonard et al. (6). The origin of assembly [defined by molar protection (13)] is marked by ....; its
hairpin loop center (13) is at residue 5,478. The leaky amber terminator (marked by an *) is underlined at residue 3,417. Known starts to mRNAs
are underlined by : = = = =>; potential starts by : ---->. Initiator methionine residues are placed in brackets, [M]. Molecular weights of known
proteins are presented above the initiator methionine; molecular weights of identified overlapped proteins are enclosed in brackets. The molecular
weights of proteins corresponding tothe potential starts are: residue 1,061, 87,438; residue 1,163, 83,467; residue 2,102, 48,417; residue 2,472, 34,554;
residue 3,708, 46,218; and residue 5,020, 25,284. Note the similarities between the indicated U+A-rich sequences at the 5' ends of the subgenomic
mRNAs ("Butler boxes"), the 5' end of TMV RNA, and the following plant viral RNA sequences.

Brome mosaic virus RNA 3

mGpppGUAAAAUACCAACUAAUUCUCGUUCGAUUCCGGCGAACAUUCUAUUUUACCAACAUCGGUUUUUUCAGUAGUGAUACUGUU
UUUGUUCCCGAUGUCU.
Brome mosaic virus RNA 4 (mRNA for coat protein gene, which is silent in RNA 3 of this virus)

mGpppGUAUUAAUAAUGUCG.
Alfalfa mosaic virus RNA 3

mGpppGWWCAUCUACACACGCUUGUGCAAGAUAGWAAUCAUUCCAAUCAACUCAAUAACGUUWUUACAGUGUAAUUCG
UACUUUUCGUAAGUAAGUUUCUGUAAAAGCGUUUCUGUUUUAAUUUGGCCUAACACGUAAU1CGUACUCUUCGUGAGUAAGUUG
UGUUAGCCAUACCUAUCCUUUAAAUUCCUGUCAAUUUAAAAAGAAAAUCAUUCCCAUUCGCGUAAUICGUACUCUTCGUGAGUA
AGUUGCAAAUGGAG.
Alfalfa mosaic virus RNA 4 (mRNA for coat protein gene, which is silent in RNA 3 of this virus)

mGpppGUUUUUAUUUUUAAUUUUCUUUCAAAUACUUCCAUCAUGAGU.

munication) induces a minor polypeptide of Mr 140,000. This
would be consistent with initiation of protein synthesis at nu-
cleotide 1,074 or 1,173 within the Mr 125,941 reading frame,
giving rise to a protein of Mr either 87,438 or 83,467 and its
readthrough product of Mr either 144,750 or 140,779. Partial
proteolytic digestion of [3-S]fMet-tRNA-labeled translation
products of packaged TMV RNA has shown minor NH2-ter-
minal peptides corresponding to the Mr 29,987 protein family
and an NH2-terminal peptide corresponding to a previously
unidentified protein of Mr 45,000 (ref. 19, and H. R. B. Pelham,
personal communcation).

The Leaky Amber Terminator. 'Both amber suppressor
tRNAs and wild-type tyrosine tRNAs from a number of species
can promote readthrough translation OfMr 183,253 protein (18).
It seems likely that tRNATYr is responsible for the 2-5% leaky

termination of the TMV Mr 125,941 protein seen in infected
tobacco and in cell-free systems. We have found no evidence
for unusual secondary structure in the vicinity of the amber ter-
minator, and this codon is not surrounded by nucleotides that
could form additional base pairs with nucleotides surrounding
the tRNATyr anticodon (M. Bienz, E. Kubli, and M. Altwegg,
personal communication). Eukaryotic terminators show context
nucleotide preferences (20, 21) that are met by the sequences
surrounding the strong terminators ofTMV but not by the leaky
UAG terminator. It is followed by C, the most rarely used ad-
joining nucleotide (21). The leaky UAG terminator of the mu-
rine leukemia virus gag gene (22),- does, however, obey these
context rules. The use of amber codons to permit readthrough
in RNA viruses contrasts with their relatively infrequent use in
cellular messages (21) and may indicate that UAG is poorly rec-

Biochemistry: Goelet et al.



5822 Biochemistry: Goelet et aL

ognized by eukaryotic release factor, sometimes allowing
suppression by wild-type tRNAs, as found for UAG in E. coli
(23).
RNA Packaging. The bidirectional assembly of TMV RNA

with a coat protein disk preparation occurs in a "quantized" fash-
ion on the 5' side ofthe origin ofassembly (24) but continuously
on the 3' side (25). One-dimensional Fourier analysis was used
to detect any repeats around 50 or 100 bases apart that could
be responsible for this pattern of assembly. There are no sig-
nificant repeats (i.e., at the 0.5% level) at either 50- or 100-nu-
cleotide intervals of single bases, purine- or pyrimidine-rich
regions, or G di- or trinucleotides. In contrast, because of the
amino acid compositions ofthe coded proteins, there is a strong
tendency for G to be repeated with a period of 3 as the first
codon base within each reading frame. Moreover, hairpin loops
do not occur at intervals of 50 or 100 bases. The banding pattern
seen during elongation in the 5' direction with a disk prepa-
ration is therefore due not to any feature of the sequence but
probably to the package size of protein added.

Comments

The TMV genome is composed of three closely packed open
reading frames but the total coding capacity of the virus is sub-
stantially higher. Besides a sharing of NH2-terminal sequences
(2), there are also COOH-terminally overlapped proteins (T.
Hunter, R. J. Jackson, and D. Zimmern, personal communi-
cation) involving sets of subgenomic mRNAs. The genomic and
subgenomic RNAs ofTMV are 3'-coterminal and colinear, and
during infection complements to these RNAs are synthesized
(5). We have suggested that incomplete transcription ofthe viral
RNA into negative strands produces templates for the synthesis
of the positive strand mRNAs. Butler box sequences found at
the 5' end of TMV RNA and the coat protein and Mr 29,987
protein genes, and at several other internal sites, may be signal
sequences in this process. Many plant viruses are known to have
similar readthrough products of their early genes (26) and it
remains to be seen whether they also share the mechanism now
described for generating COOH-terminally overlapped proteins.
The sequencing techniques employed in this work have sam-

pled the viral population and revealed polymorphisms in the
TMV sequence. The 5' noncoding region shows the greatest
variation, but no variants have been detected in the 3' noncod-
ing region. They must therefore be under different selective
pressures, and this may be relevant to models of TMV rep-
lication.
One striking feature is the apparent lack of features associ-

ated with the virus assembly, with the exception of the origin
of assembly. Thus there is no sign of sequence repeats that
match with structural features in the virus, but rather the pack-

aging appears to be determined by the protein alone, indepen-
dent of the RNA sequence, allowing selection for other func-
tions to dominate the genome.
Our cloning has generated a fully characterized phage col-

lection that can now be used as a source of single-stranded
DNAs for hybridization experiments and directed mutagenesis.
We thank Sydney Brenner, Don Northcote, and Leslie Barnett for

their support and encouragement; Hans Matthes, Mohinder Singh, and
Rodger Staden for assistance with oligonucleotide synthesis and, com-
puter methods; David Zimmern, Tony Hunter, Mariann Bienz, Erick
Kubli, Tim Hunt, and Hugh Pelham for helpful discussions; and Panos
Antoniou and Prospero Bennedetto for food for thought.
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