
Vol. 31, No. 2JOURNAL OF VIROLOGY, Aug. 1979, p. 484493
0022-538X/79/08-0484/10$02.00/0

Heterogeneity of the 5' Terminus of Late mRNA Induced by a
Viable Simian Virus 40 Deletion Mutant

GUY HAEGEMAN, HUGO VAN HEUVERSWYN, DIRK GHEYSEN, AND WALTER FIERS*
Laboratory ofMolecular Biology, State University of Ghent, B-9000 Ghent, Belgium

Received for publication 21 February 1979

dl-1811 is a viable simian virus 40 deletion mutant which lacks the DNA region
corresponding to the major capping site of the late viral RNA. The exact size of
the deletion (40 base pairs) was determined by comparison of the mutant DNA
sequence with the wild-type simian virus 40 (strain 776) DNA sequence. Although
dl-1811 forms somewhat smaller plaques, the amount of viral RNA late after
infection was not significantly reduced compared with that of the wild type. Virus-
specific, polyadenylate-containing, 32P-labeled late RNA was purified from the
cytoplasm and enzymatically degraded to characterize the 5' terminus. The cap-
containing oligonucleotides were isolated, and their structures were analyzed by
further digestion. Instead of a single cap structure, we found a variety of capped
5' termini, with adenosine caps occurring much more frequently than guanosine
caps. Nevertheless, there was a remarkable homology between both types of
terminal sequences. Conceivably, the minor cap population present in wild-type
simian virus 40 late mRNA may correspond to the collection of capped termini
identified in the dl-1811 late mRNA. Cellular cytoplasmic RNA shows a similar
pattern of cap structures, but the relative abundance is quite different.

Elucidation of the processes involved in initi-
ation and 5'-terminal modification of eucaryotic
cellular or viral mRNA's is an intriguing prob-
lem. The structure of the 5'-end group, the en-
zymatic mechanism leading to "cap" formation,
and the possible function of capped structures
in subsequent processing or in translation of
mRNA or in both have been the subject of
intensive investigation (for a review, see refer-
ences 5, 17, 29, 30).
The late mRNA species ofthe eucaryotic virus

simian virus 40 (SV40) also have a capped 5'
terminus (20), whose structure has been de-
scribed in detail (11, 12, 32). The sequence of the
leader fragment, i.e., the segment between the
cap structure and the coding sequence, has been
characterized both by fingerprinting (3, 13) and
by reversed transcription (2, 9). Moreover, the
region of the viral genome that specifies the
capped terminal sequences derived from the ma-
jor untranslated leader of the viral late RNA has
been identified (14). A number of viable deletion
mutants ofSV40 have been described which lack
different parts of the genome between 0.68 and
0.74 map unit (24, 31). Conceivably, some of
these may have lost the segment corresponding
to the major capping site of the transcript. As
capping and initiation of RNA transcription are
presumably closely related or interdependent
phenomena (7, 8, 36, 38), it was of interest to
determine how a mutant which lacks the normal

major capping site of late RNA overcomes this
handicap. Therefore, a mutant which has lost
the DNA region corresponding to the major 5'-
capping site was isolated and characterized by
nucleotide sequence analysis. The 5' termini of
the mutant late mRNA molecules were then
identified in detail. We found that the mRNA
population starts with a variety of different cap
structures. The fact that the amount of late
mRNA was approximately unchanged means
that these alternative sites for RNA initiation
(or processing) become activated when the nor-
mal major capping site of SV40 wild-type virus
is eliminated.

MATERIALS AND METHODS

Virus stocks and cells. SV40 deletion mutant dl-
1811 is a spontaneously generated mutant which lacks
the HhaI restriction site at map position 0.726 and
which maintains the HpaII site that partly overlaps
the former restriction site in the clockwise direction
(see Fig. 2); dl-1811 was selected on this basis. Plaque
assays with wild-type SV40 (strain 776) and dl-1811
were performed on monolayers of CV-1 monkey kid-
ney cells. dl-1811 is viable but gives rise to smaller
plaques as compared with wild-type plaques.

Nucleotide sequence analysis. The size of the
deletion in dl-1811 was estimated by restriction en-
zyme analysis, and the actual number of deleted base
pairs was determined by direct DNA sequence analysis
according to the chemical degradation procedure of
Maxam and Gilbert (23).
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5' TERMINI OF SV40 dl-1811 LATE mRNA 485

Preparation of [32P]mRNA and analysis of cap
structures. Procedures for infecting confluent mono-
layers of CV-1 cells with dl-1811, labeling with 32p;,
and isolation and purification of cytoplasmic, virus-
specific, polyadenylate-containing RNA are as de-
scribed previously for wild-type SV40 virus (12). Usu-
ally, virus-specific RNA selected by hybridization onto
Sepharose-bound SV40 DNA was rehybridized to viral
DNA immobilized on amino-cellulose (27). This sec-
ond hybridization yielded highly purified RNA frac-
tions, as analyzed by RNase T1 digestion and minifin-
gerprinting (13). Generation of the 5'-terminal capped
structures by RNase T2 hydrolysis and subsequent
two-dimensional fractionation was as described pre-
viously (12). To obtain a quantitative distribution of
the different capped termini, each of the spots on the
polyethyleneimine (PEI)-cellulose plate was cut out,
and its radioactivity was counted by liquid scintilla-
tion. The nucleotide material was recovered from the
PEI-cellulose by a microelution technique and further
analyzed with Penicillium nuclease Pi or with nucleo-
tide pyrophosphatase (12). Due to incomplete sepa-
ration of the 5' mononucleotides pC and pA from their
methylated derivatives in the second dimension of the
PEI miniplate, it was occasionally useful to fractionate
the P1 digests of some cap structures two-dimen-
sionally on cellulose plates (20 by 20 cm; Macherey-
Nagel & Co., Diiren, Federal Republic of Germany) as
described by Nishimura (26). However, because in this
system the 5' mononucleotide pC now coincides with
the 2'-O-methylated pG (pGm), it was necessary in
two particular cases (see Results) to confirm the com-
position by one-dimensional chromatography with 0.2
M lithium formate (pH 3.0) on PEI-cellulose (34).

RESULTS
Characterization of the deleted region of

the dl-1811 genome. Preliminary characteri-
zation of dl-1811 DNA with various restriction
enzymes (HhaI, HpaII, HindII + III, and BglI)
had indicated that the deletion was approxi-
mately 25 to 30 base pairs long and was located
in HindII + III fragment C between the Bgll
and HpaII sites (map positions 0.660 and 0.726,
respectively). Further analyses indicated that
the size of the PvuI-BglJ fragment (0.712 to
0.660 map unit) was identical to that of wild
type, as was its EcoRII digestion pattern. Hence,
on the basis ofthese restriction enzyme analyses,
we can conclude that the deleted region is local-
ized in the area between the HpaII site (0.726
map unit) and the PvuII site (0.712 map unit).
Because the DNA was resistant to cleavage by
HhaI at position 0.725 but was still sensitive to
HpaII cleavage, it was digested by the latter
enzyme to linear (form III) molecules. These
were 5'-terminally labeled by means of T4 poly-
nucleotide kinase and [y-32P]ATP and digested
with BglI into two singly labeled subfragments,
the smaller of which contained the deletion.
After separation by gel electrophoresis, the
smaller subfragment was partially degraded as

described by Maxam and Gilbert (23). The deg-
radation pattern is shown in Fig. 1; it permits
reading ofthe nucleotide sequence counterclock-
wise from the HpaII cleavage site and reveals a
deletion of 40 base pairs, including the segment
which specifies the 5' terminus of the major
untranslated leader fragment of SV40 late
mRNA (14). By analysis of the complementary
strand starting from the labeled PvuII site at
position 0.712 and going in the clockwise direc-
tion, at least 100 nucleotides could be read from
the gel, and these results confirmed the position
of the dl-1811 deletion. This deletion and the 5'-
terminal segment of the major wild-type mRNA
leader are illustrated in Fig. 2 (it may be noted
that the major 5'-capping site is the same for
both 16S and 19S mRNA's [9, 10, 12, 14]).
Isolation of viral mRNA. Although one of

the phenotypic characteristics of dl-1811 is the
small size of its plaques relative to wild-type
SV40 (strain 776) plaques, we did not observe a
decreased production of viral late mRNA at 48
h postinfection, i.e., at the time we harvested the
RNA. Mutant SV40-specific mRNA usually rep-
resented 5 to 10% of the total cytoplasmic poly-
adenylate-containing RNA of the infected cells,
and this amount was not substantially different
from the wild-type viral [32P]mRNA fraction.
Preliminary experiments indicated an extensive
heterogeneity of 5'-terminal structures (data not
shown). Therefore, to avoid residual cellular
mRNA contamination, viral late RNA was pu-
rified by two successive hybridizations with viral
DNA immobilized on different matrices: the first
hybridization was to Sepharose-bound SV40
DNA, and the second was to cellulose-bound
viral DNA. At most, 15 to 20% of the material
selected by the first hybridization step did not
rehybridize to the cellulose-bound SV40 DNA
and was of nonviral origin, as evidenced by fin-
gerprinting of RNase T1 digests of nonbound
material. Additional radioactivity was released
from the matrix by a number of successive
washes; the wash with the so-called clean-up
buffer, containing low salt and 50% formamide
(27), consisted already almost exclusively of viral
RNA sequences with only minute amounts of
foreign RNA. The RNA fraction recovered by
the final elution represented 50% of the input
3P radioactivity and was considered to be com-
pletely SV40 specific, as T, oligonucleotides of
nonviral RNA origin were not detectable in the
T, fingerprints. These patterns further showed
that the relative abundance of late 19S RNA
was normal (10 to 20%) and that the amount of
early RNA was very small (<5%), in agreement
with previously published results on wild-type
mRNA (19, 37).
Isolation and identification ofcapped ter-
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A T mini. The mutant late mRNA was digested with
+ L+ Lg RNase T2 and bacterial alkaline phosphatase,and the hydrolysate was separated two-dimen-

sionally on PEI-cellulose thin-layer plates. A
typical degradation pattern is shown in Fig. 3;
besides some tailing from the 32p;, a great variety
of products could be seen on that part of the
plate where the terminal cap structures were

GTc. assumed to occur. All of these were eluted and
Ac upon further analysis with P1 nuclease were

A A. found to contain P1 cap cores (see below). Hence,
AA the multiplicity observed was not due, e.g., toA

G incomplete T2 hydrolysis (which would mainly
CcG yield internal oligonucleotides), but actually rep-

G- resented a number of different 5'-terminal struc-
A
G tures, all of which were derived from the highly
T purified mutant late mRNA. The 32P radioactiv-

T. ity present in the entire cap population
TC amounted to about 0.1% of the input radioactiv-

c ity, and this agrees with the proportional cap
A content present in wild-type SV40 RNA (12).
T. All the T2-resistant 5'-terminal structures

were further hydrolyzed with PI nuclease, and
G the products were separated by two-dimensional
G chromatography on PEI miniplates (35). The
A most important results are shown in Fig. 4. The

main common spot, near the blue dye marker
T 2xylene cyanol, was the P1 cap core 7mGpppmAm

(the methylation state of the adenosine is further
Ta established below) (pXm stands for a nucleotide

methylated at the 2'--position of the sugar
residue, mX indicates that the methylation oc-

G curs on the base moiety of the nucleotide, and
products modified at both positions are denoted
by pXm). The common spot on the other mini-
plates, near the yellow dye marker, was the

A alternative purine cap core 7mGpppGm. It may
c be noted that in most (if not all) cases, the major

adenosine cap (A-cap) as well as the major gua-
nosine cap (G-cap) were accompanied to a cer-
tain extent by a minor product migrating slightly
slower in both dimensions. These minor spots
were initially thought to originate from incom-
plete PI hydrolysis (14), but we obtained evi-
dence that they corresponded to P1 cap cores
with a ring-opened p mG residue (data not
shown). This reaction, which is greatly enhanced
at alkaline pH (21), may have occurred when
the T2-generated termini were eluted from the
PEI miniplate with 2 M triethylammonium car-
bonate (pH 10). Ring opening is responsible for
the loss of a fractional positive charge from the

ment was degraded as described by Maxam and
G* 4 Gilbert (23). The sequence of the strand that codes for

late mRNA (I strand) can be read continuously from
the HpaII cleavage site (map position 0.726) in the

FIG. 1. Chemical degradation pattern of the BglI- counterclockwise direction (see Fig. 2). The position
HpaII restriction fragment ofdl-1811 DNA. The frag- of the deletion is indicated by A.
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CCTAACTGACACACATTCCACAGCTGGTTCTTTCCGCCTCAGAAGGTACC

GGATTGACTGTGTGTAAGGTGTCGAC.CAAGAAAGGCGGAGTCTT.CCATGG.
0.708 Pvu Kpu I

mpppmAmUmU U C A G G C C A U G G U G C U G CG C C GG
TAACC|AAGTTCCTCTTTCAGAGGTTATTTCAGGCCATGGTGCTGCIGCCGG
ATTGGTTCAAGGAGAAAGTCTCCAATAAAGTCCGGTACCACGACG|CGGCC

0.722 ---
HhaIHpi

CUGUCACGCCAGGCCUCCGUUAAGGUUCGUAGGUCAUGGACUGAAAGUAA
CTGTCACGCCAGGCCTCCGTTAAGGTTCGTAGGTCATGGACTGAAAGTAA
GACAGTGCGGTCCGGAGGCAATTCCAAGCATCCAGTACCTGACTTTCATT

0.736

FIG. 2. Nucleotide sequence ofthe SV40DNA region extending from 0. 708 to 0. 736map unit. The nucleotide
region absent from dl-1811 DNA is enclosed in the box; it comprises 40 base pairs and includes the major
capping site of the viral late mRNA atposition 0. 722. The sequence ofthe major leader fragment of wild-type
mRNA is shown above and colinearly with the DNA sequence, beginning from the capping site (13,14). The
recognition sequences of relevant restriction endonucleases are indicated. Note that the nucleotide sequence

of wild-type SV40 DNA in the segment deleted in dl-1811 has been corrected by insertion ofan additional T-
G dinucleotide (H. Van Heuversuwyn and W. Fiers, manuscript in preparation).
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FIG. 3. Two-dimensional fractionation on PEI-cellulose of a combined RNase T2 and bacterial alkaline
phosphatase digest of 32P-labeled dl-1811 late mRNA. The first dimension was electrophoresis atpH 3.5 in 5
M urea, and the second dimension consisted of chromatography with I Mpyridine-formic acid, pH 4.3. The
capped products are numbered, as indicated in the accompanying diagram, and their identification is
summarized in Table 1. B denotes the position of the blue dye marker xylene cyanol.

base-methylated pG residue; hence, ring-opened
cap cores are more tightly bound to the PEI ion
exchanger and have retarded mobility in both
chromatographic dimensions as compared with
the undegraded products.
The positions of the mononucleotides could

be predicted from an earlier publication (35),
considering that 3' nucleotides and 5' nucleotides
migrate with about the same mobility in the
system used. Methylated nucleotides moved
only slightly faster in the first dimension but
had considerably greater mobility in the second

dimension compared with the corresponding
nonmethylated residues. The positions of var-
ious nucleotides were established by a number
of experiments with 32P-labeled digestion prod-
ucts derived from viral or cellular mRNA's and
comparisons with different methylated and non-

methylated reference compounds revealed by
UV illumination (optical density references). On
the basis of the characteristic mobilities of the
degradation products, the structure of a given
T2-resistant cap could be directly deduced from
simple visual inspection of the P1 digestion pat-
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FIG. 4. Two-dimensional separation on PEI-cellulose miniplates ofthe P1 analysis ofseveral T2-resistant,
capped products which were resolved by fractionation in two dimensions (Fig. 3). The separation was as
described by Volckaert and Fiers (35). The radioactive spots can be deduced by comparison with the diagram,
which shows the locations of different hydrolysis products. pX denotes eitherpC orpA, which are not always
well resolved in this chromatographic system (see text for further identification). B and Y mark the positions
of the dye markers xylene cyanol (blue) and methyl orange (yellow), respectively. Small (radioactive) dots (on
top and bottom) were used as references for superposition ofthe autoradiograms and optical densitypatterns.

terns. However, as there was poor and some-
times inconclusive resolution between the mon-
onucleotides pC, pA, and their methylated rela-
tives, the P1 analyses of cap structures contain-

ing pC orpA residues were confirmed in different
chromatographic systems (see below).

It is remarkable that certain T2-generated
caps with different mobilities in the electropho-
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retic (first) dimension (Fig. 3) displayed P1 diges-
tion patterns identical to each other on the PEI
miniplates (products 12 and 16, 13 and 14, 4 and
18, and 11 and 19 in Fig. 4). Although the actual
reason for this phenomenon is not known, the
apparent heterogeneity did not originate from
differences in composition (as revealed by re-
peated PI analysis), nor did it arise from different
methylation states (as shown by nucleotide py-
rophosphatase treatment of the cap cores in-
volved) or from a ring-opened p7mG residue
(which would have resulted in a considerable lag
of the affected product in the chromatographic
[second] dimension of the fractionation system).
Possibly, a different spatial configuration of the
cap structure (16) or the effects of salt, which
greatly alters electrophoretic mobility on cellu-
lose acetate, may have been responsible for the
phenomenon.

5'-Terminal sequences containing methylated
or unmethylated pC or pA residues in the pe-
nultimate position (e.g., product 7 in Fig. 4) were
further characterized on a two-dimensional
chromatography system in which pC and pA

were clearly distinguishable from the corre-
sponding methylated derivatives. Figure 5 shows
the separation pattem of the P1 hydrolysates of
compounds 2, 3, and 6 (see Fig. 3). Again, the
compositions of the capped products could be
directly determined by visual inspection of the
plate and by referring to added optical density
marker nucleotides. However, because in this
system pGm migrated with pC, it was useful
(though not essential) to prove by a complemen-
tary experiment the authenticity of the pGm
residue. Such a separation was performed by
thin-layer chromatography at pH 3.0 on PEI-
cellulose plates (34) for products 7 and 15, the
only two capped termini that contained a pGm
residue in combination with either pC or pA, as
revealed by the preceding analysis on PEI
miniplates.
To establish the methylation state of the

adenosine residue of the A-cap cores, the mutant
late mRNA was totally degraded with Pi nu-
clease. Two-dimensional fractionation of the
products yielded the purine cap cores in a ratio
of A-cap to G-cap of about 8:2, together repre-

Twodimensionalchromatographic I

FIG. 5. Two-dimensional chromatographic separation on cellulose plates (20 by 20 cm) of the Pi analysis
of capped products 2 (a), 3 (b), and 6 (c) (see Fig. 3). The first dimension was developed with isobutyric acid-
0.5M ammonia, 5:3 (vol/vol); the second dimension was run with isopropanol-concentrated HCI-water, 70:
15:15 (vol/vol), as described by Nishimura (26). The identities ofthe radioactive spots were deduced from their
unique positions compared with internal optical density references, which are indicated by dashed circles.
The accompanying diagram (d) shows the locations of the relevant products.
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senting 0.09% of the total radioactivity of the
RNA. The products were recovered and further
analyzed by means of nucleotide pyrophospha-
tase. The G-cap revealed only pGm as the pe-
nultinate nucleotide and no nonmethylated pG
residues; the A-cap showed exclusively N6-
methyl-pAm (pemAm) in this position (data not
shown). Hence, we concluded that all the A-cap
cores present in the T2-resistant termini con-
tained a doubly methylated pA residue, as pre-

viously reported for wild-type viral RNA (12).
This last analysis completed the structural

determination of all the different capped termini
present in dl-1811 late mRNA. The structures as
well as their relative abundances are summa-
rized in Table 1. Each cap II structure is classi-
fied next to the cap I terminus from which it is
presumably derived, and their joint radioactivity
is considered to represent one particular 5' end.
There appeared to be a great preference for A-
cap structures to G-cap termini, in agreement
with the ratio 8:2 deduced by a direct analysis of
the Pi-generated cap cores (see above). Also
included in Table 1 is the relative distribution of
the different T2-generated cap structures from
the CV-1 cellular mRNA population. Here, how-

J. VIROL.

ever, the relative amount of G-caps was much
higher, viz. 45%.

DISCUSSION

Previously, it has been shown that late after
wild-type SV40 infection of CV-1 cells, two cap

structures are most prominent in the virus-spec-
ified RNA. They have been characterized as

7mGpppmAmpU and 7mGpppmAmpUmpU (12),
and they are (mainly) derived from late mRNA,
as only minute amounts of viral early RNA
sequences occur late in infection (19, 37). The
16S species of late viral RNA has been finger-
printed, and the oligonucleotide content was

found to be in perfect agreement with the nu-
cleotide sequence of the late region of the SV40
genome (3, 13). A cap-containing RNase T1 oli-

gonucleotide, corresponding to the 5'-terminal
sequence of the major untranslated leader seg-
ment of the viral late mRNA, was localized at
SV40 map position 0.722 (14). The major leader
constitutes an uninterrupted sequence of 202
nucleotides that is spliced onto the coding por-
tion of the 16S mRNA (2, 3, 9, 13, 32). Recently,
by reverse transcription of late 16S mRNA, al-

TABLE 1. Distribution of dl-1811 cap structures

~~~~Correspondn Evidence Relative abundance of: CV-1 mRNA cap dis-

Cpstructure' bd shownintrbtospot number(s) Fig.: Cap 5' end' Purine cap tribuio (%)

mGpppmAmpC 1, 2 5 10.2 } 9.9
mGpppmAmpCmpA 3 5 0.9 0.5
(mGpppmAmpCmpC) 1.0

mGpppmAmpA 9 1.2 1.2 1.8
(mGpppmAmpAmpX) 80.4, A-cap 55, A-cap 1.0

mGpppmAmpG 5 4 28.8 | 21.5
mGpppmAmpGmpA 7 4 11.5 J 40.3 3.0

mGpppmAmpU 4, 18 4 22.8 l 11.0
mGpppmAmpUmpU 11, 19 4 5.0 J 27.8 5.6

mGpppGmpC 6 5 5.7 l 64 24.9
mGpppGmpCmpX 8 0.7 1.6

mGpppGmpGmpA 15 1 2 l 5.8 19.6, G-cap 45, G-cap 613

mGpppGmpU 12,16 4 6.0 1 3.4
mGpppGmpUmpU 17 4 1.4 1.0

(Others) 6.4

'Composition was deduced from PI hydrolysis of each compound, and this evidence is presented in Fig. 4 or
5. pX stands for either pC or pA. Structures in parentheses were observed in cellular mRNA but were not
detected among the dl-1811 cap structures.b See Fig. 3.

'Since cap I and cap II structures (30) with similar terminal sequences were assumed to be derived from the
same 5' terminus, the sum of their relative abundances was thought to represent a defined primary 5' end.
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ternative leaders, some of which are gapped,
have been detected in minor quantities (28).
Also, a great diversity of gapped and ungapped
leader sequences has been observed after reverse
transcription of 19S late mRNA, but the major
5' terminus starts apparently at the same posi-
tion as the major 16S mRNA (10), which agrees
with our previous findings (14). Most of the
altemative minor leader sequences, both in 16S
and in 19S mRNA's, do not begin at position
0.722 and therefore may have cap structures
different from the ones at the 5' terminus of the
major species. Also, characterization of the late
mRNA's by the SI mapping technique has sug-
gested the occurrence of additional 5' termini
(18, 33). It is of interest to note that the late
RNA of polyoma virus (which is distantly re-
lated to SV40) displays a diversity of 5'-terminal
cap structures which are similar in each of the
different late mRNA species (6). This situation
is consistent with a mechanism in which RNA
transcription can start at multiple initiation
points, producing 5'-terminally heterogeneous
precursors which afterwards are spliced and
processed to yield the mature viral mRNA's. A
common precursor for SV40 16S and 19S RNAs
has indeed been postulated (1, 4). However, it
cannot at present be ruled out that 5'-terminal
cap structures correspond to sites of processing
of a larger primary transcript.
SV40 mutant dl-1811 lacks part of the DNA

sequence corresponding to a fraction of the ma-
jor leader, including the major capping site. Al-
though dl-1811 produces smaller plaques than
those of the wild-type virus, late mRNA produc-
tion is not diminished. Assuming that the var-
ious mutant late mRNA species correspond to
the minor mRNA's also synthesized in wild-
type-infected cells (see below), there must exist
some compensating regulatory mechanism such
that these alternative species now account for
the bulk of the late mRNA.

Analysis of the 5' terminus of dl-1811 late
mRNA revealed instead of a nearly unique cap
structure a variety of capped products. They
were all virus specific, because the mRNA was
stringently selected by double hybridization and
was highly purified, as ascertained by T, finger-
print analysis. As early sequences are relatively
scarce late in infection (19, 37) and indeed were
(almost) not detectable in the fingerprints, the
variety of 5' termini can be attributed solely to
the late viral mRNA's. The relative abundance
of the different terminal products in the viral
RNA population clearly deviates from the over-
all distribution of capped structures present in
the cellular cytoplasmic mRNA population (Ta-
ble 1). Only purine caps have been found among

the viral RNA termini, and in these the A-cap is
much preferred to the G-cap, whereas in the
cellular cap population there is a more nearly
equimolar distribution of both purine caps. Pos-
sibly, mRNA's with A-caps are more efficiently
translated, as it has been observed that vaccinia
virus mRNA's with A-caps seem to be favored
over G-capped molecules for ribosome binding
(25).
Considering that in wild-type SV40 late

mRNA the major cap II (7mGpppmAmpUmpU)
definitely originates from the same position on
the genome as the major cap I (7mGpppmAmpU)
(14), it is likely that also in the mutant each pair
of cap I and corresponding cap II is derived from
the same 5' end. It may be noted that the well-
characterized eucaryotic a and fi globin mRNA's
also comprise mixtures of cap I and cap II struc-
tures (15, 22). In dl-1811 only the minor cap
sequence 7mGpppmAmpA lacks a related cap II
derivative; the latter may have been present in
insufficient amounts in the mutant mRNA to be
detected by the methods used. The relative
abundance of terminal sequences is decidedly
not random; one type of 5' end, namely,
7mGpppmAmpG, seems to be particularly favored
over the others, comprising 40% of the terminus
population. This cap structure is also prominent,
although not the most abundant, in the cellular
mRNA.
The similarity between the A-cap and G-cap

terminal sequences is remarkable: in general, out
of 32 different possibilities, the trinucleotides
Pu-C-A, Pu-G-A, and Pu-U-U serve as the effec-
tive 5'-terminal ends of the late viral mRNA and
are presumably involved in initiation (or proc-
essing) of RNA transcription (with the 5'-ter-
minal purine more often being pA than pG).
Even the cap II formation seems to demonstrate
a certain parallelism between similar A-cap and
G-cap structures (e.g., A-G-A and G-G-A, A-U-
U and G-U-U), and this phenomenon may re-
flect a kind of sequence dependency for the
consecutive 2'-O-methylation reaction; indeed,
cap II formation exceeds 20% for the type Pu-G-
A, varies around 18% for the type Pu-U-U, and
drops to about 10% for the Pu-C-A termini. A
difference in the degree of cap II formation has
been observed between 16S and 19S species of
wild-type SV40 late mRNA, possibly related to
the cytoplasmic half-life (12). We believe, there-
fore, that our present results about cap diversity,
obtained by analysis of total unfractionated late
RNA, will also in general remain applicable to
the isolated species, except for the degree of cap
II formation. We may note here also that the
pattern of caps remains indeed identical for the
different late polyoma virus mRNA's (6). More-
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over, nonspliced dl-1811 nuclear RNA, which
may be a direct precursor to both types of cy-
toplasmic RNA, exhibits a similar variety of A-
cap structures to those described for the total
cytoplasmic viral late mRNA (our unpublished
data; not enough radioactivity was available to
make a comment about the nuclear G-cap pop-
ulation).
Although cap structure diversity is restricted

to a limited number of appropriate 5'-terminal
sequences, the specificity of initiation of tran-
scription (or, alternatively, the specificity of
processing) is not well understood. Evidently,
several trinucleotide groups distributed through-
out the HindII + III restriction fragment C of
SV40 DNA can be correlated with possible 5'
termini. The minimun length into which the
entire cap population can be fitted extends over
about 40 nucleotides. In polyoma virus RNA, it
has been suggested that all virus-specific cap
structures may be derived from a region of about
30 nucleotides in length (6). However, as char-
acterization of the leader segments of SV40 RNA
has provided evidence for extensive heteroge-
neity (10, 18, 28, 33), it seems rather unlikely
that in this case putative initiation (or process-
ing) would be restricted to such a limited area.

Finally, it should be noted that in wild-type
SV40 RNA the major cap structures reported so
far represent about 70% or more of the entire T2-
resistant material (12). As the origin of the re-
maining structures was unknown, we could not
exclude the possibility that they were due to
cellular mRNA contamination; however, we can
now conclude that they correspond remarkably
well to the alternative caps reported here for the
dl-1811 late mRNA. Indeed, in addition to the
major spots 1 and 2 (see Fig. 5 in reference 12)
derived from the major wild-type capping site,
which is deleted in dl-1811, we also observed
spots 3 and 4, which were shown by enzymic
analysis to correspond to 7mGpppnAmpG and
7mGpppmAmpC, respectively (unpublished
data). Now, the latter in addition to
7mGpppAmU constitute the predominant caps in
dl-1811 late mRNA (Table 1). Presumably, the
autoradiographs should be overexposed to re-
veal the very minor G-cap population and rele-
vant cap II structures in wild-type virus late
mRNA. The appearance of multiple alternative
cap structures in wild-type late mRNA, although
in minor quantities, should not be overlooked
and may be of important biological significance.
The selection of one major capping site out of a
number of possibilities along the DNA chain
indicates a well-defined regulatory mechanism
possibly operating at the level of initiation of
RNA transcription. Why one particular site
should be preferred over all those available and

what molecular regulation mechanism is respon-
sible for this preference is not clear. However,
the elimination of the major site does not de-
crease the total viral late mRNA production,
which demonstrates that ultimately the alter-
native (minor) initiation sites are together about
as effective in capping (and, presumably, in RNA
initiation) as the wild-type major site. As men-
tioned above, a number of secondary (minor)
leader segments have been reported in both 16S
and 19S RNAs of SV40 (10, 18, 28). These have
been characterized by reverse transcription, a
method which allows identification of, e.g.,
spliced-out regions, but which does not permit
unambiguous identification of the 5' terminus. It
is likely that the 5' end of most of these minor
mRNA's corresponds to one of the series of caps
which we have identified here. We are now
determining the exact positions on the genome
whence these different cap structures originate.
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