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The determination of the total 5,224 base-pair DNA
sequence of the virus SV40 has enabled us to locate
precisely the known genes on the genome. At least
15.29% of the genome is presumably not translated into
polypeptides. Particular points of interest revealed by
the complete sequence are the initiation of the early
t and T antigens at the same position and the fact that
the T antigen is coded by two non-contiguous regions
of the genome; the T antigen mRNA is spliced in the
coding region. In the late region the gene for the major
protein VP, overlaps those for proteins VP, and VP;
over 122 nucleotides but is read in a different frame.
The almost complete amino acid sequences of the two
early proteins as well as those of the late proteins have
been deduced from the nucleotide sequence. The
mRNAs for the latter three proteins are presumably
spliced out of a common primary RNA transcript. The
use of degenerate codons is decidedly non-random, but
is similar for the early and late regions. Codons of the
type NUC, NCG and CGN are absent or very rare.

SIMIAN virus 40 (SV40) (and the distantly related polyoma
virus) have been intensively studied both as models of
eukaryote gene organisation and expression and because
of their oncogenic potential (see refs 1-3 for recent reviews).
SV40 infection in monkey cells follows a lytic cycle but in
other cells such as mouse, rat, rabbit and human the
infection is abortive and the SV40 genome or parts thereof
can become integrated into the host cell genome resulting
in transformation of the cell. SV40 can also cause tumours
when inoculated into newborn animals. The determination
of the complete sequence reported here now makes it
possible to assign precise genomic locations to biological
functions that have been discovered and analysed by many
workers and which will be discussed below.

The SV40 virion contains, in. addition to its genome
wrapped in the host-derived histones H2A, H2B, H3 and
H4, the major capsid protein VP, and two minor structural
components, VP, and VP;. SV40 DNA is a supercoiled,
circular duplex of 5,224 base pairs. The single EcoRI restric-
tion enzyme site is taken as zero point for the physical map
(Fig. 1). The restriction enzymes HindIl and IIT produce
13 fragments designated A to M*?® which are often used
as a basis for further studies. The cleavage sites of many

other restriction enzymes have been determined"*°, DNA
replication initiates bidirectionally from around position
0.67 and terminates on the other side of the circle, where
the two replication forks meet. The half-circle from 0.67 to
0.17, replicated and transcribed counterclockwise, corre-
sponds almost exactly to the early region, while the segment
0.67 to 0.17 replicated and transcribed clockwise, corre-
sponds to the late region (Fig. 1).

We report here the entire nucleotide sequence of SV40
DNA (strain 776). The earlier results were obtained by
analysing highly labelled RNA transcribed in vitro from
restriction fragments”®. The introduction by Maxam and
Gilbert’ of the base-specific, partial chemical degradation
of terminally labelled DNA, however, allowed much faster
sequence analysis. All our more recent results were obtained
by this approach, often applied on each of the two com-
plementary strands. S. M. Weissman and his colleagues have
pursued similar lines of investigation and their results are
presented elsewhere (ref. 10 and references therein).

For representation of the sequence we have taken as a
zero point the base pair present in the centre of the remark-
able, 27-base-pair long palindrome located at position 0.663
(ref. 11). This centre lies at or very close to the origin of
DNA replication. The single site on SV40 DNA for the
restriction enzyme Bg/I is also around this position (the
enzyme recognises the central part of the palindrome men-
tioned above). The nucleotide sequence of the early region
is presented in Fig. 2 and the sequence of the late region
in Fig. 3. For both regions, only the DNA strand with the
same polarity as the messenger is given. This corresponds
to a counterclockwise and a clockwise orientation respec-
tively (see Fig. 1). The endpoint at the junction of the
Hind fragments C and B is somewhat arbitrary; it should
be noted, however, that the end of the cytoplasmic late
mRNA corresponds almost exactly to this position (see
below).

The early region

Soon after infection of either permissive or non-permissive
cells by SV40, virus-specific, poly(A)-containing 19S mRNA
appears in the cytoplasm™. This early mRNA is transcribed
counterclockwise and hybridises to about 48% of the
genome from approximately 0.65 to 0.17 (refs 13, 14). The
same region is also expressed in SV40-transformed cells,
although transcription may proceed somewhat further in
the 3’-end direction”. Temperature-sensitive mutants
affected in an early function correspond to the complemen-
tation group A, and these mutations map in the Hind
fragments H, 1, and occasionally B'*". Gene 4 codes for



Fig. 1 Standard physical map of SV40 DNA and localisation of
the main biological functions. The single cleavage site of the
restriction enzyme EcoRI is used as a reference point for the
physical map (inner circle). The next circle shows the position of
the HindIl and III restriction fragments A to M. These Hind
cleavage sites (and FEcoRl) are also indicated on the total
nucleotide sequence in Figs 2 and 3. The origin of DNA repli-
cation (ori) is at or close to 0.663; this site corresponds to a large
palindromic sequence, part of which represents the recognition
sequence of Bgl/l. The centre of this palindrome is taken as the
zero point for presenting the sequence of the early region (53"
in counterclockwise orientation) in Fig. 2 and of the late region
(5’-3’ in clockwise orientation) in Fig. 3. The five virus-coded
proteins are indicated by blocked arrows; note that the T antigen
is coded by two non-contiguous segments on the genome (there is
some uncertainty in the position of the points as indicated by the
dashes). Untranslated parts of the mRNA are shown as solid lines;
dots indicate uncertainty as to the exact position of the 5" end.
Zigzag lines are used for the segments spliced out. A wavy line
with an A illustrates the 3'~terminal polyA tail.

the T antigen, a protein with a molecular weight of about
90,000-100,000 (ref. 18). It is phosphorylated but pre-
sumably not glycosylated (at least not the nuclear T
antigen®). T antigen is found in productive infections and in
SV40-transformed cells. In the former, it is amongst other
things essential for SV40 replication and for stimulating
cellular functions; in non-permissive cells, T antigen is re-
quired for the initiation and presumably maintenance of
transformation'™®. T antigen is an autoregulator; it shuts
off its own synthesis at the level of transcription®*'.

We have localised the carboxyterminal end of the T
antigen at nucleotide 2,549 of the early region (Fig. 2 and
ref. 22). The exact position of the N-terminal starting signal
of this gene, however, has only recently become clear**.
Indeed, originally there was some confusion because the
region between map positions 0.54 and 0.175 can code for,
at most, a polypeptide of molecular weight 72,000 while the
estimated size of T antigen exceeds 90,000. The reasons for
placing the boundary at about map position 0.54—and not
closer to the origin—were based on the isolation and
characterisation of a series of non-defective deletion mutants
which lack sequence information in the region 0.54-0.59
and which still produce T antigen of normal size**. More-

over, nucleotide sequence information in the region im- -

mediately preceding 0.54 clearly indicated that translation
termination codons are present in all three possible reading
frames, thereby precluding continuous protein synthesis
through this region®®.

Progress in the characterisation of polyoma virus (which
infects mice) has revealed that its molecular biology is in
many aspects similar to that of SV40"’. T. Benjamin and

coworkers have isolated and characterised what seems to be
a new class of early mutants®?. These are host range
mutants growing normally only on certain cell types; they
can no longer transform cells. They have been mapped in
the proximal part of the early region®, in a segment which
may approximately correspond to the 0.54-0.59 area of
SV40 DNA. Indeed, the SV40 mutants mentioned above
which have a deletion in this region cannot transform cells
to anchorage-independent growth®’. The protein responsible
for this second early function was subsequently identified
and called small t antigen®®**'*. It has a molecular weight
of 15,000-20,000 and is absent or truncated in nearly
all deletion mutants which map between 0.54-0.59 (refs 26,
34, 35). A remarkable fact is that T and t are related; they
share immunogenic determinants and most of the methio-
nine-containing tryptic peptides of t are also present in the
tryptic fingerprint of T. Both proteins normally have a
blocked N-terminus, which impedes further detailed analysis.
Paucha er al.”, however, were able to synthesise unblocked
polypeptides in vitro. t And T were found to have an
identical N-terminal sequence. The start codon for both
proteins was identified by correlating the protein chemistry
data with the nucleic acid sequence®**. t Starts at nucleo-
tide 80 of the early region (Fig. 2) and is read continuously
until the stop codon UAA at position 602. We assume a
colinearity between the gene and the protein which is likely
since Paucha er al.*® were able to synthesise apparently
normal t (but not T) using complementary RNA transcribed
in vitro from SV40 DNA with Escherichia coli RNA
polymerase.

t Is 174 amino acids long and has a molecular weight of
20,503; the sequence is shown in Fig. 4. The N-terminal
methionine is blocked by acetylation (A. Mellor and A. E.
Smith, personal communication). t Contains 19 lysine and 8
arginine residues and 14 aspartic acid and 11 glutamic acid
residues; hence it is slightly basic. Most noteworthy is the
high content of S-containing amino acids: 10 methionine
and 11 cysteine residues. The latter are present mainly in
the second half of the molecule. Except for its essential
role in transformation (possibly involving acetylation of
histones amongst other things*®), little is known as yet con-
cerning the biological function or mechanism of action of t.

T starts at the same position on the genome as t***** and
both molecules are identical up to perhaps about the middle
of t. Then, due to a crossover, the remaining part of T is
coded by a region starting around map position 0.53 (see
below) and terminating with the UAA codon at position
2,550 (Fig. 2). Such a mechanism whereby the synthesis of
a polypeptide is directed by two non-contiguous segments
on the genome is, of course, formally equivalent to the
insertion of extraneous DNA into a structural gene®"®.
The crossover in the t region cannot occur much before
nucleotide 280 (Fig. 2) since otherwise the number of
identical peptides in t and T could not be accounted for;
on the other hand, the crossover cannot occur beyond
nucleotide 380 since this region can be deleted in viable
mutants which still make normal T but not t**¢*** T can
be coded again from nucleotide 672 onward, that is, a
continuous reading frame is present until the termination
codon at position 2,550. The deduced amino acid sequence
is shown in Fig. 4. Tt is not known at which point in the
nucleotide sequence translation actually picks up again, but
we believe it to be not too far from the earliest possible
position mentioned above. Indeed, the mutant dI-1001 lacks
the Hind fragments H and T and induces the synthesis of a
shortened, T antigen-related protein with a molecular
weight of 33,000 (ref. 18). Since these two Hind fragments
code for 20,400 molecular weight of protein, it seems likely
that the deleted DNA is not a multiple of three nucleotides
and, as a result, translation after the deletion must continue
in another reading frame and stop soon after the Hind B
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Fig. 2 Nucleotide sequ-
ence of the early region.
Only the strand with the
same polarity as the early
mRNA is shown (in a
5’ to 3’ orientation). The
sequence starts at the
centre of the 27 base pair
long palindrome at pos-
ition 0.663 on the stan-
dard map (Bgll site).
The end is the junction
between the Hind frag-
ments B and G. The
different Hind fragments
are indicated. The initi-
ation codon for t and T
antigens is boxed, as are
the respective termin-
ation codons. The read-
ing frame for translation
is indicated by dots (see
text, and. Figs 1 and S for
the special role of the
sequence between about
nucleotide 380 and 672).
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Fig. 3 Nucleotide seg-
uence of the late region.
Only the strand with the
same polarity as late
mRNA is shown (in a
5’ to 3’ orientation). The
start and endpoint are
the same as in Fig. 2.
The cleavage sites of
HindILand Il and EcoRI
restriction enzymes are
shown (see also Fig. 1).
The presumed initiation
codons for VP,, VP; and
VP, are boxed, as well
as the termination codons
for VP,/VP; and for
VP,. The reading frame
in the translated region
is indicated by dots (note
that the last part of the
VP,/VP, gene overlaps
the beginning of the VP,
gene).



region is entered (this is evident from a close inspection of
the sequence in Fig. 2). Hence, this explanation implies that
about 300 amino acids of T must be coded for by the Hind
A fragment; about 100 amino acids may be shared with t
and at most 188 may be coded for by the region before the
junction to Hind H (map position of 0.534-0.426). This
would mean that translation must indeed resume rather
soon after nucleotide 672.

Although the T antigen interacts specifically with SV40
DNA®*, it is not particularly basic. In certain areas S-
containing amino acids are rather frequent** and, in
general, many hydrophobic clusters are present. Particu-
larly remarkable is the high proline content of the carboxy-
terminal end: six out of ten residues are proline®. The
latter aspect is confirmed by direct analysis of an adeno-
virus—SV40 fusion protein, in which the carboxyterminal
sequence is derived from SV40 T antigen®.

T is synthesised from a 19S mRNA®*'*. As discussed
above, the protein is coded for by two non-contiguous
regions on the genome. In view of well-documented evidence
from adenovirus mRNA and SV40 late mRNA®*7*° it is
likely that the transposition or splicing-out of the inserted
genetic information occurs at the mRNA level. Berk and
Sharp®* have provided direct evidence for an early SV40
messenger which corresponds approximately to the region
0.67-0.60 linked to 0.54-0.14 and is estimated to be 2,230
nucleotides long. It may be noted, however, that for the
late SV40 messengers the splicing removes segments before
the structural part of the gene, while in this early mRNA,
the crossovers are in translated regions. We know that the
segment deleted from late mRNA is present in (most of)
the nuclear RNA, and hence that splicing in this case is a
post-transcriptional event (our unpublished results). Whether
this is also true for the early mRNA has not yet been
established. i

t is synthesised from an mRNA which sediments slightly
faster than the mRNA coding for T (ref. 33). According to
the interpretation discussed above, only about the first
quarter of the RNA molecule would be translated and the
remainder would constitute a link with the region beyond
nucleotide 2,552 (Fig. 2) where there are presumably essen-
tial signals for the termination of transcription, processing,
polyadenylation and/or transport (Fig. 1). According to re-

cent evidence, even t mRNA is subject to splicing; a small

segment, perhaps about 50 nucleotides, is removed from the
region around 0.55-0.54 (ref. 51). It is noteworthy that this
corresponds to a region which is unusually AT-rich: the
51 base pairs between nucleotides 591 and 641 are 82.4%

AT and a middle segment of 18 base pairs is exclusively AT.

Also the region following the common leader sequence of
the two (or three) late SV40 mRNAs (nucleotide 509 to 535
in Fig. 3) is remarkably AT-rich. This feature could perhaps
have a role in splicing.

The 5-end of the early mRNA has been reported to map
around position 0.67 (ref. 52), but the exact location of the
mRNA start is not known. The 3’-end was found to extend
to about position 0.16 (ref. 53). This corresponds almost
exactly to the termination codon of VP; (nucleotide 2,574
in Fig. 3). The signal AAUAAA is present in all eukaryotic
mRNAs as well as in encephalomyocarditis virus RNA,
10 to 20 nucleotides before the poly(A) tail**~*°. It is present
twice in SV40 early mRNA and its complement can be
seen at nucleotide 2,618-2,613 and again at nucleotide
2,589-2,584 in Fig. 3. Detailed comparison of the viral,
cytoplasmic mRNAs with the DNA sequence indicates that
the 3’-terminal, untranslated regions of the early and late
mRNAs overlap for a distance of about 80-100 nucleo-
tides**,  As was found for parts of the regions spliced out
of the early and late transcripts, the untranslated segment
between the termination codons of the T antigen gene and
the VP, gene is rather AT-rich (74.5% compared with
59.5% for the total SV40 genome).

The late region

Late transcription starts concomitantly with or following
SV40 DNA replication, which itself requires a functional
early gene A product. No late transcription occurs when
DNA replication is blocked (as in non-permissive cells or
after the addition of appropriate inhibitors). The 5-end of
late mRNA maps around 0.72, but its precise position is
unknown'®'***; the heteropolymeric 3’-end of the cyto-
plasmic mRNA to which the poly(A) tail is added, corre-
sponds almost exactly to the Hind G-Hind B junction (see
below; refs 50, 57 and Fig. 1).

The late region is known to code for only three structural
proteins, VP;, VP, and VP;. The corresponding genes have
been approximately localised on the genome by mapping
temperature-sensitive mutations and DNA deletions which
affect a particular protein'®'™*>°"%  All tryptic peptides
derived from VP; are also present in a fingerprint of
VP,**% and since deletions at the beginning of the VP,
gene do not affect the size of VP4, it is generally believed -
that translation of the V' P; gene is initiated inside the VP,
gene and from there on is read in the same reading
frame®>®,

The nucleotide sequence of the entire late region is shown
in Fig. 3. Segments have been described before in detail:
Hind C", Hind L and Hind M%, Hind D**, Hind E%,
Hind K", Hind F*"%, Hind J* and Hind G™ (see ref. 10
for parallel results obtained by S. Weissman and colleagues;
Hind M and a segment around the Hind C/A junction have
been independently sequenced by R. Wu and coworkers™:™).

The origin of DNA replication is around 0.67 map units;
Subramanian et al.’* pointed out that this region contains a
remarkable palindromic sequence of 27 base pairs. This
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Fig. 4 Amino acid sequence of the early region of SV40 DNA.

The sequence in the top part corresponds to t antigen (174 amino

acids). T antigen starts at the same position and shares an

estimated 100 amino acids with t; the lower part gives the maximal

sequence which can follow the common N-terminal segment.

For reasons discussed in the text, it is likely that indeed most of
this coding potential is actually used.



segment is also rather well conserved in polyoma DNA
(refs 73, 74; B. Griffin, personal communication). The first
structural gene, which codes for VP, presumably starts at
position 543 (Fig. 3). This has not been firmly established
by correlation with protein sequence data but is supported
by various arguments®. As discussed above, the first
initiating codon in the early region of the genome is at
position 80 (Fig. 2). Hence, in between these divergently
directed structural genes there is a 622 base pair (542+
794 1) DNA segment which contains information not only
for initiation of DNA replication, but presumably also for
early transcription, late transcription, for ribosome binding
and initiation of translation, and for the processing of
mRNAs, as discussed below (some of these biological signals
may of course overlap each other or part of the structural
genes). This DNA sequence contains many remarkable
features, such as palindromes, long repeats, so-called ‘true’
palindromes, blocks with an exceptionally high AT-content
which are moreover asymmetric (that is T residues in one
strand and A residues in the other) and unusual alternations
of AT-rich and GC-rich blocks™® %™ The biological
significance of these features is largely unknown, but at
least some of these sequences can be deleted. In particular,
a segment of about 90 nucleotides from map position 0.675
to 0.692 is redundant™. Other deletions in this area are still
viable but result in a decreased plaque size and/or burst
size™ ™.

We believe that the VP, gene starts at position 543 and
the VP, gene at position 897 and that both end with a
UAA at 1,599 (refs 63-66). Initiation elsewhere would
either involve GUG as a start codon (which is unlikely) or
result in an unrealistic polypeptide size. VP, contains 352
amino acids before processing and VP;, 234 amino acids.
The corresponding molecular weights of 38,533 and 26,967,
respectively, are in reasonable agreement with direct size
estimates based on the electrophoretic mobility of these
proteins in SDS-polyacrylamide gels (see ref. 79 for
example). The amino acid sequence has been published™*™*
and can be deduced from the information given in Fig. 3.
It should be noted that this sequence refers to the primary
translation product; that may be subsequently processed and
is presumably blocked at the N-terminus®. The composition
deduced corresponds moderately well with the directly
determined values® and in particular shows the absence of
cysteine residues in VP; (ref. 82). The aminoterminal
sequence of VP: is exceptionally rich in alanine
and is very hydrophobic; it contains no basic residue
in the first 98 amino acids. Conceivably, it may be
involved in an interaction with membranes. The carboxy-
terminus of VP, and VP; is, however, unusually basic; 15 of
the last 34 residues are either lysine or arginine. This basic
tail may perhaps anchor the protein to the DNA® ™. It is
of interest that the VP,/VP; gene overlaps the VP, gene
over a distance of 122 nucleotides®”. Since the common
segment is read in two different translation frames, it may
be less malleable evolutionarily and this may be why it is
precisely this region which cross-hybridises with the polyoma
genome®’,

Lazarides, Files and Weber*® determined the first seven
amino acids of VP;. With this information we could establish
that the codon for the N-terminal alanine starts at position
1,489 (refs 7, 86). It is preceded by an AUG codon, but
another AUG appears two codons before. Recent in vitro
translation experiments suggest that the latter is used for
initiation (A. Mellor, R. Hewick, and A. E. Smith, personal
communication). This would mean that a Met-Lys-Met
sequence is subsequently processed away. The VP; poly-
peptide is 361 amino acids long and its entire sequence has
been published®®”. It has a molecular weight of 39,708
which is considerably less than the 42,000 to 47,000
estimated by its mobility in SDS gels (see ref. 79

for example). This discrepancy may possibly be related to
the high proline content. The VP: gene is terminated by a
single UGA signal starting at position 2,572 in Hind G.

Once the lytic infection is fully under way, the amount
of late virus-specific RNA in both the cytoplasm and the
nucleus is 10 to 20-fold higher than the RNA derived
from the early region. Two late poly(A)-containing mRNAs
—19S and 16S—can readily be resolved, coding for VP2 and
VP: respectively. In the case of polyoma it is known that
VP; is made on a separate 18S mRNA (ref. 88; B. Kamen,
personal communication; T. Hunter, personal communi-
cation), and the same may be true for SV40. The bulk of
the 16S mRNA hybridises to the restriction fragments Hind
K, F, J and G**°, which, as we have seen, contain the
structural information for VP;. Late 19S mRNA hybridises,
in addition, to the Hind fragments D and E, which together
with Hind K, contain the VP, gene®. Obviously, 19S mRNA
(and the putative 18S mRNA) carries the information for
making VP; but does not express it (Fig. 1). The initiating
AUG for VP; is possibly too far away from the capped
5’-terminus, or is perhaps buried in a secondary structure;
a hairpin model for this region has been proposed®.

Zain et al’” have reported that the Ti-oligonucleotide
(G)UUAACAACAACAAUUG, which corresponds to the
junction of the fragments Hind G-Hind B, is no longer
present in the late mRNAs, although all preceding Ti-
oligonucleotides can be identified. We have confirmed this
and found that the 3’-end of both late mRNAs is in the
form (G)UU(AACQC)I-3 poly(A). Counting from the U-A
junction (the last nucleotide in Fig. 3), the 3’-untranslated
sequence of 16S mRNA is 78 nucleotides (including the
terminator UGA). It contains the sequence AAUAAA at
a distance of 12-7 nucleotides from the U-A junction (this
common signal present in 3’-untranslated regions was dis-
cussed above for the early mRINA). Under certain condi-
tions, single-stranded SV40 DNA forms hairpins which can
be fixed and visualised by electron microscopy®®. One
hairpin occurs around map position 0.17 and may corre-
spond to a hairpin structure which can be proposed for the
3’-untranslated segment™. It is possible that in the nucleus
the transcription runs somewhat further and is terminated
in Hind B™*. This sequence would correspond to anti-early
mRNA (see Fig. 2).

The 5-end of SV40 mRNA is a 7-methyl G cap®~*.
Further investigation has revealed that both 19S and 16S
late mRNAs start with either 7-methyl Gppp 6,2’-dimethyl
ApU or 7-methyl Gppp 6,2’dimethyl Ap 2’-methyl UpU,
the latter being relatively enriched in the 16S mRNA®. It
remains to be established whether both types of cap struc-
ture come from the same place on the genome and whether
they are directly derived from the 5-end of the primary
transcript.

A number of laboratories have recently reported that the
5-leader sequence of adenovirus mRNA is coded for by
several non-contiguous regions which precede and are separ-
ated from the structural body of the gene by a considerable
distance”*®. A similar observation for SV40 was made by
hybridisation of purified late mRNA to FEcoRI-digested
DNA or to appropriate restriction fragments*”*®. By com-
parison of the fingerprints of the late mRNAs with the
known DNA sequence of the genome it was possible to
conclude independently that these messengers are
spliced®*”*°. Since the T;-oligonucleotides between positions
344 and 501 are all present in both the late 19S fingerprint
and in the 16S fingerprint, the common 5'-leader sequence
must be at least 161 nucleotides long and the capped
oligonucleotides must be derived from residue 308 or closer
to the origin. The segment spliced out of the 16S RNA
must start somewhere between residues 502 to 517 and
terminate in the region of residues 1,431 to 1,458, that is,
at least 21 residues before the presumptive AUG initiation
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Fig. 5 Codons used in the SV40 late genes (VP, and VP,). The

numbers refer to the frequency with which each triplet is used.

The data for VP, and VP, are combined (a separate table for

VP, has previously been published in ref. 6). The codeword table
for the early genes is relatively similar.

codon of VP; (ref. 50). Since the Ti-oligonucleotides between
residues 513 and 538 are missing from the late 19S finger-
print, a smaller fragment of 10 to 41 nucleotides must be
spliced out of the 19S mRNA. The reason for this splicing
and how it comes about is not known.

General characteristics and use of code words
SV40 DNA is 5,224 nucleotides long (2,574 +2,649+1). At
least 15.2% of this genetic material does not code directly
for protein synthesis (this is a minimum percentage as the
exact size of the region spliced. out of the T gene is not
known). A segment of 122 nucleotides (2.3% of the
total genome) located in the late region, is read in
two different frames and fulfils a dual function by coding
for parts of three different proteins, VP;/VP. and VPi. A
considerable portion of the genome directs the synthesis of
two different proteins albeit read in the same frame (t and T
antigens; VP; and VPy).

Earlier studies had indicated”, and confirmed®*®*"*, that
in SV40 DNA, as in all vertebrate DNA, the dinucleotide
sequence CG is very infrequent. It is of interest to note,
however, that this drastic deficiency applies mainly to the
translated regions and much less to the control region
between the initiation codons of the early and late genes
(map position 0.648 to 0.767, corresponding to nucleotide
80 in Fig. 2 and nucleotide 543 in Fig. 3). In this control
region, CG occurs 18 times relative to an expected value
of 36 to 37, whereas in the remainder of the genome it
occurs only 9 times (expected 183). Our previous con-
clusions on the non-random utilisation of codons in SV40
DNA®7” become strengthened now that the total sequence is
known. A codeword table for the late region is given in
Fig. 5, but we stress that approximately the same relative
distribution is valid for the early genes. Particularly striking
is the deficiency of codons containing the sequence CG: the
codons of the type NCG for serine, proline, threonine, or
alanine are not used at all and only 3 out of 35 codons
for arginine are of the CGN type (Fig. 5). Of the 97 codons
ending with C, only 4 are followed by a code word begin-
ning with G (1 occurs in the overlap region between the
VP;/VP; gene and the VP; gene). In the translated early
region, the sequence CG occurs only 3 times.

Another striking feature of the codeword table is the
low frequency of codons of the type NUC; in fact, the
codon for isoleucine, AUC does not occur at all in the
whole genome. Also statistically highly significant is the
fact that codons of the type UUPu are preferred over CUN
for leucine, and the codon AAA is preferred over AAG
for lysine®. Although relative codon utilisation is remark-
ably consistent over the entire SV40 genome, it cannot

reflect a general property of higher animal cells. Indeed, in
other systems, highly non-random, but quite different pat-
terns of selective codon utilisation are encountered (ref. 56
and references therein). Presumably, as in prokaryotes®,
various factors such as the tRNA composition, modulation
effects, codon—anticodon interaction energy, and structural
requirements of the mRNA influence the use made of the
degeneracy of the code.

The elucidation of the total SV40 DNA sequence has
revealed the complex and efficient organisation of the genes
and has allowed us to deduce the almost complete amino
acid sequence of all five SV40-coded proteins. Further study
of the relationship between DNA structure and function
may reveal any additional genetic information. The more
difficult task remains, however, of explaining the complex
biological functions and effects of this oncogenic virus in
terms of the primary structure of its gene products.
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