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Bacteriophage MS2 RNA is 3,569 nucleotides long. The
nucleotide sequence has been established for the third and
last gene, which codes for the replicase protein. A secondary
structure model has also been proposed. Biological properties,
such as ribosome binding and codon interactions can now be
discussed on a molecular basis. As the sequences for the
other regions of this RNA have been published already, the
complete, primary chemical structure of a viral genome has
now been established.

RNA BACTERIOPHAGES such as MS2 have been important in
molecular biology not only because they provide a model
system for investigating viral RNA replication and the
physiology of the infected cell, but also in the study of funda-
mental processes such as translation!. MS2 RNA contains the
genetic information to specify three viral polypeptides (Fig. 1).
The first two genes code for the A protein and the coat protein,
which are structural elements: the virus particle contains one
A-protein molecule? and approximately 180 coat protein mole-
cules. For practical reasons, most knowledge of the in vitro
replication of phage RNA is based on work with a purified
system derived from cells infected with the distantly related
bacteriophage Qf (reviewed in ref. 3), but the principal findings
are presumably also valid for the MS2 phage group®. The
enzyme complex responsible for viral RNA replication has been
referred to variously as viral RNA-dependent RNA poly-
merase®, RNA synthetase® and replicase®. As the latter name is
simple and unambiguous we use it here. The replicase complex
consists of four polypeptides, a, B, v and 8*7:%. B is specified by
the third and last viral gene and has a molecular weight of
approximately 63,000 (ref. 4). o has been identified as the 30S
ribosomal subunit S1 (ref. 9) and y-8 as the elongation factors
Tu-Tst3.

The expression of the three viral genes is strictly regulated.
The A-protein gene is presumably only translated from chains
in a nascent state"1%'11, The replicase gene is subject to a polar
control by the coat gene; this means that the latter has to be
translated to allow expression of the replicase gene!*°. More-
over, the coat protein represses the replicase gene!''® while the
replicase complex in turn might be involved in shutting off coat
gene expression'2, Regulation of the frequency of gene expres-
sion by modulation has also been proposed!®14,

We have shown that the MS2 genome starts from the 5" end
with a 129-nucleotide untranslated leader sequence (Fig. 1),
Then follows the A-protein gene which starts with a G-U-G
initiation codon and ends with a U-A-G codon'!-!¢, an inter-
cistronic region of 26 nucleotides, the coat protein gene'4, an
intercistronic region of 36 nucleotides'*''?, the replicase gene
(see below) and finally a 174-nucleotide untranslated segment
at the 3’ terminus!®'8. The proposed secondary structure models
provide a rational basis for explaining such biologically relevart

phenomena as the autocontrol of A-protein gene expression'’,
the polarity effect'¢ and the location of easily mutable sites**-4,

We now report the complete primary structure of the third
and last MS2 gene, which codes for the replicase subunit. Some
partial nucleotide sequences have been published before!3:19-20,

Nucleotide sequence and structure

Our methods, which have been described before!!:1%18, were
briefly as follows. Uniformly 32P-labelled MS2 RNA (2-8 mCi)
was digested partially at 0 °C with the single-strand-specific
ribonuclease T, and the digest was fractionated by electro-
phoresis on a polyacrylamide slab gel'®. A series of bands was
obtained, and the material in each band was separated further
into individual fragments by two-dimensional gel electro-
phoresis?'. The advantages of the latter method are that, in
general, pure and unique fragments are obtained and that the
procedure is applicable to virtually any chain length. These pure
fragments were suitable for detailed sequence analysis, mainly
according to the methodology described by Sanger and
colleagues??2%, or modifications thereof*®'?t, The structural
determination of the longer oligonucleotides required various
methods?5 26 and will be described in detail elsewhere.
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Fig. 1 The genome of MS2 contains three genes, shown in
blocks. Untranslated regions are present at both ends of the viral
RNA and between the genes. The length of the different regions,
expressed in number of nucleotides, is shown on top. The nucleo-
tides in the viral RNA are numbered from the 5 end to the
3’ end and the positions of some important signals are indicated
underneath (the initiation codon is considered part of the genes
and the termination codon part of the untranslated region).

Discrete fragments can be obtained reproducibly because of
the specific three-dimensional conformation of the viral RNA;
for example, a fragment may correspond to a hairpin. In milder
conditions of partial enzymatic digestion, larger fragments are
obtained, for example, several hairpins linked to each other or
bound by secondary interactions. Although in this way several
regions can often be ordered, this approach has practical limits.
On the one hand, if a fragment becomes too large (for example,
more than 300-400 nucleotides) its oligonucleotide composition
can no longer be established accurately and on the other hand,
some sites in the viral RNA are extremely sensitive to Ty
ribonuclease (see legend to Fig. 2). To solve this problem, we
introduced the use of carboxymethylated ribonuclease (CM
ribonuclease); this enzyme cleaves mainly between C and A
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Fig. 2 Primary nucleotide sequence and secondary structure model of the replicase gene. The
sequence is read from the 5’ to the 3’ end: U-A-A, termination signal of the preceding coat gene; an
intergenic region of 33 nucleotides; A—-U-G, the initiation codon of the replicase gene; the replicase
gene (1,632 nucleotides); U-A-G, the termination signal; an untranslated, 171-nucleotide 3'-terminal
sequence. Together with previous models for the 5'-leader sequence-A-protein gene'* and the coat
gene™ this figure completes the chemical structure of the entire MS2 RNA. The numbering starts at
the first (5”) nucleotide and ends at the 3’-terminal residue 3569. The primary structure has been
established rigorously but the secondary structure is based in part on experimental evidence and
theoretical predictions and in part on conjectures (see text). Arrows point to sites easily split by
nucleases during partial digestion of complete MS2 RNA: solid arrows, T, ribonuclease; dashed
arrows, CM ribonuclease. The feathers indicate the sensitivity of the bond in the conditions used:
~ (0) split very seldom, (1) seldom, (2) rather often, (3) very often, (4) always.
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. U-A-G;

and between U and A residues?®”. Such partial digestion of
MS2 RNA with CM ribonuclease identified a complete new set
of fragments. These not only often constituted suitable material
for solving nucleotide regions not well represented in T, frag-
ments, but by and large provided all the essential overlaps, which
have enabled us to reconstruct the entire sequence.

For identification of the fragments and for correlating the T,
fragments with the CM ribonuclease fragments, we used a
catalogue of all the unique oligonucleotides (mainly T, oligo-
nucleotides). In this respect, an improved minifingerprinting
system?2® has been very helpful in the last stages of this work.

The nucleotide sequence of the replicase gene is shown in the
form of a secondary structure model in Fig. 2. It starts with the
initiation codon A-U-G and ends with the termination codon
these regions have been published before!4-16-18,
Figure 2 also shows sites which are sensitive to ribonuclease T},
but which could be bridged by suitable CM-ribonuclease frag-
ments, and vice versa for sensitive CM sites. For example, the
T, fragment 2381-2532 was nearly always found in the same
band of the primary gel separation system as the T, fragment
2533-2631, but no linkage in primary sequence could be
demonstrated. Direct proof for the correct order, however, was
provided by the characterisation of several CM fragments, such
as 2500-2596.

Such fragments, clearly linked by secondary interactions and
only separated in the denaturing conditions of the first dimension
of the two-dimensional gel fractionation system?!, provided the
primary basis for the construction of the secondary structure
model. Sometimes a unique pairing scheme could be derived,
but more often there were several alternatives (usually varying
only in detail). On the basis of simplified rules for estimating
thermodynamic stability?®-3°, the most plausible configuration
can be selected. After these hairpins have been fixed, additional,
thermodynamically stable interactions can then be sought. The
model shown in Fig. 2 is much more tentative as far as the latter

. aspects are concerned. But it is satisfying that by and large the

feathered arrows, which are a measure of the sensitivity of the
site towards nucleases, point to loops at the top of hairpins, or
to discontinuities in the helical segments or to other single-
stranded loci. Further study of the model by chemical modifica-
tion is in progress.

Some of the segments, which remained single stranded in the
model shown in Fig. 2, can be base paired to other regions of the

molecule (Fig. 3). Such long distance interactions (that is,
linkage of segments far apart in the primary sequence) certainly
agree with hydrodynamic and other physical properties of MS2
RNA3:32 but they are not supported by direct experimental
evidence. Some of these interactions may have important
functional roles, as in the control of the genetic expression or in
encapsidation. For example, the coat protein gene must be
translated before the ribosome-binding region of the replicase
gene becomes accessible. This polar effect can be explained by
the interaction of segment 1409-1433 with segment 1738—1769
(Fig. 3), as proposed in a slightly different form*. This does not
exclude that rearrangements to other conformations may
occur#33, ,

Little can be said about the tertiary interactions of the type
found in tRNA3, which almost certainly are also present in
MS2 RNA. Yet they may influence profoundly the structure—
function relationship. Moreover, some alternative conformations
which have not been retained in the present model (Fig. 2) may
be stabilised by such tertiary interactions and thus may represent
the true conformation.

Sequence of replicase subunit

On the basis of the nucleotide sequence, we can deduce the whole
amino acid sequence of the replicase gene product (Fig. 4);
only the first three amino acids had been established previously
by direct peptide analysis32¢, This is the first protein for which
the primary structure has been solved entirely on the basis of the
genetic information which encodes it.

The replicase subunit is a 544-amino acid polypeptide. Like
the A protein, it ends with an arginine residue. It is even more
rich in arginine than the A protein (some arginine residues may
be involved in interactions with the RNA). But as the aspartic
acid content is also high (6.0%;), the polypeptide is slightly less
basicthan the A protein. Also noteworthy are a relatively high
leucine content (9.0%;; also high in the A protein) and phenyl-
alanine content (6.9%,). On the other hand, valine, alanine and
glutamine are low, compared with the two other viral proteins.

At present no very meaningful deductions can be made from
the amino acid sequence. With available procedures it is not
possible to derive a plausible conformation and even less to
interpret the structure-function relationship. But when more

———

Fig.3 Model for long distance interactions in
MS2 RNA. The outline of the complete chain
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data become available on viral and other RNA polymerases
these amino acid sequences may reveal important clues on virus
evolution and/or their origin.

Biological information content

The ribosome-binding region, including the initiating A-U-G
of the replicase gene, was first identified by Argetsinger-Steitz®’.
Good yields were only obtained after partial unfolding of the
viral RNA. It is still not clear which features constitute a ribo-
some-binding region, although progress has been made. Shine
and Dalgarno®® have proposed that a purine-rich sequence
preceding the initiation codon is involved in an interaction with
a complementary 3’-terminal segment of the ribosomal 16S
RNA. Indeed, all genuine ribosome-binding sites characterised
so far contain a sequence of three or more purine nucleotides
complementary to the 3’ end of 16S RNA. Also, experimental
evidence has been obtained for the direct complementary inter-
action between the ribosome-binding region and the 3’ end of
the 16S rRNA®. But this cannot be the whole answer, because
many regions in the viral RNA fulfil these criteria, yet are not
bound. For example, the segment 2381-2396 is . . . U-A-A-G-
G-A-G-C-C-U-G-A-U-A-U-G... .; according to the criteria
mentioned it should interact about as strongly as the A-protein
initiation region with both Escherichia coli and Bacillus stearo-

thermophilus 16S TRNA38, That this is not observed may maean
that masking/accessibility by secondary and tertiary structure
may be equally important. Such cryptic sites may be involved in
the additional initiations observed after formaldehyde treat-
ment?, but these are very unnatural conditions. On the other
hand, ribosome binding as tested by protection against nuclease
may not be as specific as polypeptide chain initiation. In the
original fingerprints of the protected regions of the E. coli
ribosome there were additional, unexplained spots®”; on the
basis of preliminary identification (J. A. Steitz, personal com-
munication) it seems likely that the main contaminating sequence
contained the region 1965-1986. Likewise, in the experiment
with B. stearothermophilus ribosomes at 49 °C (plate IV in
ref. 41) a major contaminant must have been 2926-2967. In
neither case is it immediately obvious why this anomalous
binding reaction occurred.

Translation of the replicase gene is repressed by the coat
protein, and the region to which the coat binds has been
characterised*2. The coat protein may interact with an alter-
native hairpin structure (Fig. 6 of ref. 14, and ref. 33).

Starting from the initiating A-U—-G the nucleotides are read
in triplets. For many regions the correct reading frame could be
derived independently from the fact that the two illegitimate
reading frames were blocked by nonsense code words'®. The

Fig. 4 Nucleotide sequence of the replicase gene and amino acid sequence of the coded polypeptide. As in Figs 1-3, the nucleotides are
numbered from the 5 end of the viral RNA. The amino acid sequence is entirely deduced from the nucleotide sequence data. In analogy
with the QP polypeptide it is assumed that the initiating formylmethionine has been eliminated in a post-translational process®. This
polypeptide, together with three host components S1, Tu and Ts, forms a complex which is responsible for specific viral RNA replication.

MS2 ‘REPLICASE GENE

1764
]
U-C-G.A-A-G.A-C-A.A-C-A.A-A-G.A-A-G.U-U-C.A-A-C.U-C-U.U-U-A.U-G-U.A-U~U.G-A-U.C-U-U.C-C-U.C~G-C.G-A-U.C-U-U.U-C-U.C-U-C.

Ser - Lys - Thr - Thr - Lys ~ Lys - Phe - Asn ~ Ser - Leu - Cys - Ile - Asp - Leu - Pro - Arg - Asp - Leu - Ser - Leu -
20

1824
]
G-A-A.A-U-U.U-A-C.C-A-A.U-C-A.A-U-U.G-C~-U.U-C-U.G-U-C.G-C-U.A-C-U.G~-G-A.A-G-C.G-G-U.G-A-U.C-C~G.C-A-C.A-G-U.G-A-C.G—A-C.
Glu - Ile - Tyr - Gln - Ser - Ile - Ala - Ser - Val - Ala - Thr - Gly - Ser - Gly - Asp - Pro - His - Ser - Asp - Asp -
40
1884

]
U-U~-U.A-C-A.G-C-A.A-U-U.G-C-U.U-A-C.U-U-A.A-G-G.G-A~-C.G-A-A.U-U-G.C-U-C.A-C-A.A-A-G.C-A-U.C-C-G.A-C~-C.U-U-A.G-G-U.U-C-U.

Phe - Thr - Ala - Ile - Ala - Tyr - Leu - Arg - Asp - Glu - Leu - Leu - Thr -~ Lys - His - Pro - Thr - Leu - Gly - Ser -
60

1944
1
G-G-U.A-A-U.G-A-C.G-A-G.G-C-G.A-C-C.C-G-U.C-G-U.A-C-C.U~-U-A.G-C-U.A-U-C.G-C-U.A-A~-G.C-U-A.C~-G~G.G-A~G.G~C-G.A-A-U,.G—G-U.

Gly - Asn - Asp - Glu - Ala - Thr - Arg - Arg -~ Thr - Leu - Ala - Ile - Ala - Lys - Leu - Arg - Glu - Ala - Asn - Gly -
’ 80

2004
1
G-A-U.C-G-C.G-G-U.C~A~G.A-U-A.A-A-U.A-G-A.G-A-A.G-G-U.U-U-C.U-U-A.C-A-U.G-A-C.A-A~-A.U-C-C.U-U~G.U-C-A.U-G-G.G-A~0.C—C-G.

Asp - Arg - Gly - Gln - Ile - Asn - Arg - Glu - Gly - Phe - Leu - His - Asp - Lys - Ser - Leu - Ser - Trp - Asp - Pro -
100

2064
é—A—U.G-U—U.U-U-A.C-A-A.A-C-C.A—G-C.A-U-C.C-G-U.A—G-C.C-U-U.A-U-U.G—G—C.A-A-C.C—U-C.C-U-C.U-C-U.G-G-C.U—A-C.C-G—A.U—C-G.
Asp - Val - Leu - Gln - Thr - Ser - Ile - Arg - Ser - Leu - Ile - Gly - Asn - Leu - Leu - Ser - Gly - Tyr - Arg - f;g -
2124
d-C-G.U-U-G.U-U-U.G—G-G.C-A—A.U-G—C.A-C-G.U-U-C.U-C-C.A-A-C.G-G-U.G-C-U.C-C-U.A-U-G.G-G-G.C-A-C.A-A-G.U—U-G.C-A-G.G—A-U.
Ser - Leu - Phe - Gly - Gln - Cys - Thr - Phe - Ser - Asn - Gly - Ala - Pro - Met - Gly - His - Lys - Leu - Gln - ?:g -
2184
é—C-A.G—C-G.C—C-U.U-A-C.A-A—G.A-A-G.U-U-C.G-C-U.G-A-A.C-A-A.G~C—A.A-C-C.G-U-U.A—C—C.C-C-C.C-G-C.G-C'U.C-U-G.A-G-A.G-C-G.
Ala - Ala - Pro - Tyr - Lys - Lys - Phe -~ Ala - Glu - Gln - Ala - Thr - Val - Thr - Pro - Arg - Ala - Leu - Arg - ?ég -
2244

1
G-C-U.C-U-A.U-U-G.G-U-C.C-G-A.G-A-C.C-A-A.U-G-U.G-C-C.G-C-G.U-G~G.A-U-C.A-G-A.C-A-C.G-C-G.G-U-C.C-G-C.U-A~U.A-A-C.G-A-G.
Ala - Leu - Leu - Val - Arg - Asp - Gln - Cys - Ala - Ala - Trp - Ile - Arg - His - Ala - Val - Arg - Tyr - Asn - Glu -
180
2304
]

U-C-A.U-A-U.G-A-A.U-U-U.A-G-G.C-U-C.G-U-U.G-U-A.G-G-G.A-A-C.G-G~-A.G-U-G.U-U-U.A-C-A.G-U-U.C-C-G.A-A-G.A-A-U.A-A-U.A-A-A.

Sexr - Tyr - Glu - Phe - Arg - Leu - Val - Val - Gly - Asn - Gly - Val - Phe - Thr - Val - Pro - Lys - Asn - Asn - Lys -
200



2364
t
A-U~A.G-A-U.C-G'G.G-C-U.G-C-C,U-G-U.A—A-G.G—A-G.C-C-U.G—A-U.A—U-G.A-A-U.A-U-G.U’A-C.C-U-C.C-A—G.A-A-A.G-G-G.G-U-C.G—G-U.~
Ile - Asp - Arg ~ Ala - Ala - Cys - Lys - Glu - Pro - Asp - Met - Asn - Met - Tyr - Leu - Gln - Lys = Gly - Val - Gly -
220
2424
]
G-C-U.U-U-C.A—U-C.A-G-A.C-G-C.C-G-G.C-U-C.A-A-A.U-C-C.G-U-U.G—G—U.A-U-A.G-A-C.C—U-G.A-A-U.G-A—U.C-A—A.U-C-G.A-U-C.A—A—C.
Ala - Phe - Ile - Arg - Arg - Arg - Leu - Lys - Ser - Val - Gly - Ile - Asp - Leu - Asn - Asp - Gln - Ser - Ile - Asn -
240
2481
C-A-G.C-G-U.C-U-G.G-C-U.C-A-G.C-A-G.G-G—C.A-G-C.G—U-A.G-A-U.G-G-U.U-C-G.C-U-U.G—C-G.A-C—G.A—U-A.G-A-C.U-U-A.U-C-G.U—C-U.
Gln - Arg - Leu - Ala - Gln - Gln - Gly - Ser - Val - Asp ~ Gly - Ser - Leu - Ala - Thr - Ile - Asp - Leu - Ser - Ser -
260
254?
G-C-A.U-C-C.G-A-U.U—C-C.A-U-C.U-C-C.G’A-U.C-G-C.C-U-G.G-U-G.U-G-G.A-G-U.U-U-U.C-U-C.C-C-A.C-C-U.G-A-G.C—U-A.U-A—U.U—C-A.
Ala - Ser - Asp - Ser - Ile - Ser - Asp - Arg - Leu - Val - Trp - Ser - Phe - Leu - Pro - Pro - Glu - Leu - Tyr - Ser -
280
2601
U—A-U.C-U-C.G—A-U.C-G-U.A—U-C.C-G—C.U-C-A.C-A-C.U-A-C.G-G-A.A-U-C.G-U-A.G-A—U.G-G-C.G-A-G.A-C—G.A—U-A.C-G-A.U-G-G.G—A-A.
.
Tyr - Leu - Asp - Arg - Ile - Arg - Ser - His - Tyr - Gly - Ile - Val - Asp - Gly - Glu - Thr - Ile - Arg - Trp - Glu -
300
266?
C-U-A.U-U-U.U-C-C.A-C-A.A—U-G.G-G-A.A—A-U.G—G—G.U-U-C.A-C-A.U—U-U.G-A-G.C-U°A.G—A-G.U-C-C.A—U-G.A-U-A.U-U-C.U-G-G.G—C-A.
Leu - Phe - Ser - Thr - Met - Gly - Asn - Gly - Phe - Thr - Phe - Glu - Leu - Glu - Ser - Met - Ile - Phe - Trp - Ala -
320
2724
1
A—U-A.G-U-C.A-A—A.G-C-G.A-C-C.C‘A-A.A-U-C.C-A-U.U-U-U.G—G-U.A-A—C.G-C-C.G-G-A.A-C-C.A—U-A.G-G—C.A-U-C.U-A-C.G-G-G.G—A-C.
Ile - Val - Lys - Ala - Thr - Gln - Ile - His - Phe - Gly - Asn - Ala - Gly - Thr - Ile - Gly - Ile - Tyr - Gly - Asp -
340
2784
]
G-A-U.A-U-U.A-U-A.U—G-U.C—C-C.A-G—U.G-A-G.A-U-U.G-C—A.C-C-C.C-G-U.G—U-G.C-U—A.G-A—G.G'C-A.C-U-U.G-C-C.U-A—C.U-A-C.G—G—U.
Asp - Ile - Ile - Cys - Pro - Ser - Glu - Ile - Ala - Pro - Arg - Val - Leu - Glu - Ala - Leu - Ala - Tyr - Tyr - Gly -
360
2844
i 1
U-U-U.A-A-A.C-C-G.A-A-U.C-U—U.C—G-U.A-A-A.A-C-G.U-U-C.G-U-G.U-C-C.G—G—G.C-U-C.U-U—U.C—G-C.G-A-G.A-G-C.U-G-C.G-G—C.G—C-G.
Phe - Lys - Pro - Asn - Leu - Arg - Lys - Thr - Phe - val - Ser - Gly - Leu - Phe - Arg - Glu - Ser - Cys - Gly - Ala -
380
2901
C’A—C.U—U-U.U;A-C.C-G-U.G~G—U.G-U-C.G-A—U.G-U-C.A-A-A.C-C—G.U-U—U.U—A-C.A-U-C.A—A-G.A-A-A.C—C-U.G—U-U.G-A-C.A-A-U.C—U—C.
His - Phe - Tyr - Arg - Gly - Val - Asp - Val - Lys = Pro - Phe - Tyr - Ile - Lys - Lys - Pro - Val - Asp - Asn - Leu -
400
296?
U-U'C.G-C-C.C-U-G.A-U—G.C-U-G.A-U-A.U-U-A.A-A-U.C-G-G.C—U—A.C-G-G.G-G-U.U-G-G.G-G-A.G—U-U.G—U*C.G-G-A.G—G-U.A-U-G.U—C-A.
Phe - Ala - Leu - Met - Leu - Ile - Leu - Asn - Arg - Leu - Arg - Gly - Trp - Gly - Val - Val - Gly - Gly - Met - Ser -
420
3021
G-A-U.C-C-A.C-G-C.C-U-C.U-A-U.A-A-G.G—U-G.U—G-G.G-U—A.C-G-G.C-U—C.U-C-C.U-C-C.C-A-G.G-U—G.C-C-U.U-C-G.A—U-G.U-U-C.U—U-C.
Asp - Pro - Arg - Leu - Tyr - Lys - Val - Trp - Val - Arg - Leu - Ser - Ser - Gln - Val - Pro — Ser - Met - Phe - Phe -
440
3081
G-G—U.G-G—G.A-C-G.G-A—C.C-U—C.G-C-U.G-C-C.G-A-C.U-A-C.U-A-C.G—U-A.G-U-C.A-G-C.C-C—G.C-C-U.A—C—G.G-C—A.G-U-C.U-C-G.G—U-A.
Gly - Gly - Thr - Asp - Leu - Ala - Ala - Asp - Tyr - Tyr - val - Val - Ser - Pro - Pro - Thr - Ala - Val ~ Ser - Val -
460
3141
U-A-C.A-C-C.A-A-G.A-C-U.C-C-G.U-A-C.G-G-G.C-G-G.C—U-G.C-U-C.G-C-G.G—A-U.A-C-C.C-G—U.A—C—C.U-C-G.G-G—U.U-U-C.C-G-U.C-U-U.
Tyr - Thr - Lys - Thr - Pro - Tyr - Gly - Arg - Leu ~ Leu - Ala - Asp - Thr - Arg - Thr - Ser - Gly - Phe - Axg - Lgu -
. 480
3204
]
G-C-U.C-G-U.A-U‘C.G-C—U.C—G-A.G-A-A.C-G-C.A—A-G.U-U-C.U-U-C.A-G-C.G-A-A.A—A-G.C-A-C.G-A-C.A—G—U.G-G—U.C-G-C.U—A—C.A-U-A.
Ala - Arg - Ile - Ala - Arg - Glu - Arg - Lys - Phe - Phe - Ser - Glu - Lys - His - Asp - Ser - Gly - Arg =~ Tyr - Ile -
500
326%
G-C-G.U-G-G.U-U-C.C-A-U.A-C-U.G-G-A.G—G-U.G—A-A.A-U—C.A—C—C.G-A-C.A-G-C.A-U-G.A-A-G.U—C-C.G—C-C.G—G-C.G-U—G.C-G-C.G—U-U.
Ala - Trp - Phe - His - Thr - Gly - Gly - Glu - Ile - Thr - Asp -~ Ser - Met - Lys - Ser - Ala - Gly - Val - Arg - Val -
520
3324
]
A‘U-A.C-G-C.A-C-U.U-C-G.G-A—G.U-G-G.C-U-A.A-C-G.C-C-G.G-U-U.C-C-C.A-C-A.U-U-C.C-C-U.C-A-G.G—A—G.U-G-U.G—G-G.C-C-A.G-C-G.
Ile - Arg - Thr - Ser - Glu-Trp—Leu-Thr-Pro—Val—Pro-Thr-Phe-Pro-Gln-Glu-Cys-Gly-Pro-Ala-
540
338ﬁ
A-G-C,U-C-U.C-C-U.C-G-G {U-A-G

Ser - Ser - Pro -~ Arg
544



latter occur with a frequency not higher than expected for a
random distribution. Finally the reading ends with the termin-
ating U-A-G, as reported before!®. This assignment is con-
firmed by studies of specific suppression in an ir vitro translation
system*?. The replicase gene is followed by a 174-nucleotide
untranslated, 3’-terminal segment (including U-A-G); this is
shown in a more compact model in Fig. 2.

A heat stable host factor, HF (a hexamer of 72,000 daltons),
is required in the QB-replicase reaction, but only when QB-RNA
plus strand is the template®>. HF binds to two regions in QB
RNA, one of which is close to the 3" end**. Although it is
doubtful that HF is involved in the replication of the RNA of
the MS2-R17-f2 group?®, it can nevertheless specifically bind

a

U C A G
12 7 5 |u
Phe{ 16 . 12 Tyr{ %) Cys{ 2 c
u Leu{ 8 9 6 Ochre Opal A
® 10 |Ambero |[Trp 9 |G
7 10 His{@) n |u
c Leu{’é Pro{ é (~.7" Arg{g) i
\@ o [on{ 6 G
: ‘ Asn{ n Ser{@ U
Neq 13 |, J 12 7 C?) c
Ao l@ ysd 2 |ar { A
Met @9 7 718 |"PNQ@ |o
9 15 faeo) 19 19 |U
10 7 SP{ 1% 7 |c
7 12 G‘“{w 10 |6

b

U C A G
19 15 9 U
Phe{ 29 20 Tyr{ 32 Cys{ 6 |c
u Leu{ 17 [P 16 {Ochre 1 |[Opal A
1 22 |Amber 2 [Trp 23 |G
15 17 His{ 6 21 |U
26 10 9 20 | ¢
C"“”{ 15 P‘°{ 9 { 17 A'g{ 10 | A
| 9 13 |01 22 1 |G
12 19 17 8 |U
Ile{ 25| ) 2 AS”{ 28 Se’{ 16 |c
A 19 |'NT ’31_5{ 19 Ar{ 7 1A
Met 2+18 1 |Y51 26 |°81 6 |6
21 26 28 37 |U
21 21 ASP{ 22 16 |C
G |Val 16 |Ala 21 16 |Gy 12 A
| 1+18 23 GlU{ 28 16 |G

Fig. 5 Code words used in the replicase gene and in the whole

genome. The numbers refer to the frequency with which each

code word is used. a, Codewords used in the replicase gene.

Circled numbers indicate codons not used in the coat gene.

b, Summational table of codewords used in the three viral genes.

The initiation codewords (one G-U-G and two A-U-Gs) are
counted separately.

to a single region in these viral RNAs. Senear and Steitz**
found that HF protects a small segment in R17 RNA against
nuclease, which has the following nucleotide sequence: . . . A—A—
G-A-A-U-A-A-U-A-A-A-A-U-A-G . . .; undoubtedly this
corresponds to the residues 2352-2367 which are located in the
middle of the replicase gene. Presumably this interaction has
no functional significance; HF is known to have a high affinity
for poly(A)*, and not only is the protected sequence A rich, but
the T,-oligonucleotide A-A-U-A-A-U-A-A-A-A-U-A-Gp
has peculiar and very exceptional properties (strongly sticking
to cellulose acetate and DEAE paper).

Use of code words
The code words used in the replicase gene are summarised in
Fig. 5. On what basis is the choice made between degenerate

codons for a given amino acid? In some cases it may be a

historical accident, like the choice between a U-C-X or an
A-G-Py codon for serine. It is unlikely that there are no con-
straints on the third letters. Indeed, although the mutation rate
is very high (as evidenced by, for example, forward and back-
ward mutation rates), we have been able to work for at least 6 yr
with an essentially unaltered sequence. An obvious constraint
is that third letters may be involved in optimising the secondary
and tertiary structure. Secondary structure can be maximised
by a proper choice of third letters and by bringing complemen-
tary segments into proper register?’. Although some evidence in
this direction was found®14-¢8:4% jn the case of the coat gene, it
could not be substantiated further as more data became avail-
able'. We believe that relatively few, selected third letters are
sufficient to bring the molecule from a random secondary
structure (50-60 %, base pairing?®-*®; but this random structure
is less stable®?) to the level of a stable conformation as observed
in the viral RNAs (73 % +5 base pairing?®'). Statistical methods
may not be adequate to reveal these effects convincingly. M ore-
over, we have no way of assessing the role of third letters in
tertiary structure interactions. Neither should we forget that
selection may also operate at the level of the negative strand
(again no regions should be created which may function in
ribosome interaction, or as nuclease targets or as binding sites
for encapsidation and so on).

But it is very likely that at least for some amino acids other
factors directly related to translation in E. coli have a pre-
dominant role in the choice of the third letter. For example,
the code word G-G-U is definitely preferred for glycine and
this is true for the whole genome (significant at the 0.1%; level
as tested by x2 analysis). This effect is specific and not
due to a general preference for U in third positions, as found
in the ®X174 gene G52

We have suggested that isoleucine, tyrosine and/or arginine
have modulating codons. Indeed, in the coat protein the codon
U-A-U is not used for tyrosine, and we now conclude that for
the whole genome U-A-C is definitely preferred (0.1, signifi-
cance). Similarly, the code words C-G-Pu and A-G-Pu were
not used for arginine in the coat gene, and it now seems that
for the whole genome the preference is clearly C-G-Py >
C-G-Pu > A-G-Pu (0.19% significance). These modulating
triplets may be absolutely unacceptable in a gene like that for the
coat, which is translated at high frequency, but can be tolerated
in moderate numbers in genes whose elongation rate of transla-
tion is average. Isoleucine codons may constitute another class
of modulating triplets. A-U-A is absent from the coat gene (5%
significance; the coat contains only eight isoleucine residues),
and is known to be recognised by a specific tRNA which is
present in very small amounts in E.coli®*3. The A protein and the
replicase genes contain several A-U-A codons, and these may
very well modulate (brake) the speed of translation; in fact, in
these two genes it seems that it is the A-U-U codon which is
selected against (19 significance).

In summary, we have established the primary nucleotide
sequence of bacteriophage MS2 RNA. The polynucleotide



chain contains 3,569 residues, 10.29, of which constitute un-
translated segments. As all the genetic information is derived
from this RNA molecule, the primary structure of all the
virus-specified products (A protein, coat protein and replicase
subunit) has also been deduced. MS2 is therefore the first living
organism for which the entire primary chemical structure has
been elucidated. We propose tentative models for the secondary
folding of the viral RNA ; parts of these are based on experi-
mental evidence, and some aspects provide plausible bases for
the explanation of biological effects. The secondary structure of
the coat gene resembles a flower!4, and there are similar foldings
in other parts of the molecule; the secondary structure of the
whole viral RNA therefore constitutes a bouquet.
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