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We compared the 5’ termini and splices of the late 16S and 19S RNAs
synthesized by wild-type simian virus 40 and five mutants containing deletions in
their late leader region. All mutants produced more unspliced 19S RNA than did
wild-type virus, and in two mutants, unspliced 19S RNA constituted more than
60% of the total 19S species. The other three mutants each utilized predominantly
a different one of the three spliced species of 19S mRNA. All mutants also
produced decreased quantities of 16S mRNA, indicating that they may be
defective for splicing both late RNAs. None of the 5’ termini of the 16S and 19S
RNAs made by the five mutants predominated as in those made by the wild type.
Some of the mutant 5’ termini were the same as those used by the wild type,
whereas others were different. Although present, the major 5'-end positions used
by the wild type were frequently not used as major sites by the mutants. In
addition, mutants with very similar deletion endpoints synthesized RNAs with
different 5’ ends. Thus, downstream mutations have a pronounced effect on the
location of 5’ ends of the late RNAs, and there is no obvious involvement of a
measuring function in the placement of 5’ ends. For all mutants and wild-type
virus, the 5’ termini used for 16S and 19S RNAs showed major differences, with
some degree of correlation found between the 5’ ends and the internal splices of
specific mRNA species. A model for the regulation of simian virus 40 late gene
expression is presented to explain these findings.

Until 1978, the late region of simian virus 40
(SV40) was thought to code for two discrete
mRNAs: (i) 16S mRNA, coding for synthesis of
VP-1, the major capsid protein, and (ii) 19S
mRNA, serving as the template for synthesis of
the minor capsid proteins VP-2 and VP-3. How-
ever, studies conducted during the past several
years have revealed considerable complexity in
these mRNAs, with respect to both their splicing
patterns and their 5’ termini (4, 11, 25, 26, 34).
The 16S mRNAs all contain an identical ‘‘body’’
region spliced in a unique way to a 5'-terminal
leader. However, they fall into three subclasses
on the basis of their leader sequences: (i) most of
the 16S mRNAs contain leaders colinear with
SV40 DNA; (ii) some have spliced leaders; and
(iii) a small percentage have leaders possessing a
tandem duplication of 93 nucleotides. The 19S
RNAs also have an identical body ' region, but
they exhibit even more diversity in their leader
segments. One subclass is completely unspliced,
whereas three subclasses of 19S mRNA contain
splices that join the 5’ end of the 19S body to
leader sequences with different 3’ termini (see

Fig. 1). Furthermore, within the subclasses of
16S and 19S RNAs, individual members differ in
the locations of their 5’ termini. These 5’ termini
span a 300-nucleotide region of the viral genome
(11) and overlap the region encoding the early-
strand transcriptional start sites by approximate-
ly 60 nucleotides (8). v

The diversity in the structures of the late
mRNAs indicates the existence of complex
mechanisms for the regulation of late gene
expression. Furthermore, even though mutants
with deletions in the late leader region are viable
(1, 18, 30, 37, 38; J. Mertz, unpublished data),
one would expect at least some of the late
transcriptional control signals to map in this
region. Complicating the picture further is the
discovery that a nucleic acid-binding protein,
the agnogene polypeptide, is encoded in this
region (21, 22; P. Berg, personal communica-
tion; D. Nathans, personal communication; J.
E. Mertz, A. Murphy, and A. Barkan, J. Virol.,
in press).

To gain insight into some of the mechanisms
controlling late RNA synthesis and processing,
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we and others have analyzed the structure of the
RNAs synthesized by viable mutants containing
deletions in the leader and immediately up-
stream region of the SV40 genome. We have
reported previously (12) that the mutant d1-805,
lacking all but 15 nucleotide pairs of the region
encoding the major leader, synthesizes 19S
RNAEs, all or virtually all of which are unspliced
over their entire length, contain intervening se-
quences, and function as mRNAs. Furthermore,
this mutant (12), three mutants with deletions in
successive segments of the major late leader
region (32, 33), and late leader mutants de-
scribed by others (18, 40) use new genomic sites
for the S’ termini of at least some of their major
late RNAs.

Here we present a more detailed analysis of
the primary structure of the late RNA species
produced by five late leader mutants. Our major
findings are: (i) all five mutants are defective in
splicing late-strand primary transcripts; (ii) a
wide variety of 19S RNA splicing patterns are
compatible with viral viability; (iii) downstream
mutations have dramatic effects on the localiza-
tions of late 5’ termini; and (iv) some correlation
exists between how an RNA is spliced and the
location of its 5’ end. To explain these diverse
and apparently confusing findings, we hypothe-
size that expression of the late region of SV40 is
regulated by two or more overlapping promoter
regions, each responsible for controlling the
synthesis of one or more of the late virus-coded
proteins. The complex control of SV40 late
transcription and processing suggests the possi-
bility that expression of other eucaryotic genes
is also regulated by extremely complex mecha-
nisms.

MATERIALS AND METHODS

The isolation (30), biological properties (30), and
nucleotide sequences of the genomes (1) of the late
leader mutants dI-805, d1-806, dI-809, and dI-810 have
been reported previously. Mutant dl-1470 was isolated
and its late leader region was sequenced by Tom
Shenk (unpublished data); this mutant was kindly
provided to us by him.

Confluent monolayers of Vero African green mon-
key kidney cells in roller bottles (750 cm? were
infected with wild-type SV40 strains 776 and 800 and
the late leader mutants at multiplicities of infection of
approximately 20 PFU per cell and maintained at 37°C
as described previously (11). The cells were harvested
with a rubber policeman, washed with normal saline,
and lysed by gently swirling for 10 min in 10 mM Tris-
hydrochloride (pH 7.5)-10 mM NaCl-3 mM MgCl~
0.5% Nonidet P-40. Nuclei and cytoplasm were sepa-
rated by low-speed centrifugation, and polyadenylated
RNAs were extracted as described previously (11).
Extractions performed with the same buffer containing
0.14 M NaCl yielded similar populations of cytoplas-
mic RNAs (12).

Nucleotide sequences of the 5’-terminal regions of
the 16S and 19S RNAs made by wild-type and mutant
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viruses were determined by ‘‘primer extension.’’ This
methodology has been described in detail previously
(10, 11, 29).

RESULTS

Genomic structure of mucants. Figure 1 depicts
schematically the structures of the late leader
regions of the two wild-type strains used in these
studies (strains 776 and 800) and the mutants
derived from each of them (dl-805, dI-806, dl-
809, and dI-810 from strain 800 and d1-1470 from
strain 776). The two wild-type strains differ in
one and only one respect in this region: whereas
strain 776 contains a 72-base-pair tandem repeat
within the late leader region (nucleotides 25
through 96 and 97 through 168) (7, 35), strain 800
contains an 85-base-pair tandem repeat in which
residues 97 through 104 of the sequence in strain
776 are replaced by a second copy of residues
169 through 189 (here designated 169’ through
189’) (12; L. Trimble and J. Mertz, unpublished
data).

Each of our five mutants contains a large
deletion in the late leader region. The sizes of
the deletions range from 137 nucleotides in dl-
806 to 249 nucleotides in d1-1470. d1-805 contains
a 187-base-pair deletion which maps totally
within the major late leader. The 5’ end of this
deletion lies six nucleotides downstream from
residue 243, the map location of the 5' terminus
of most 16S RNAs and several 19S RNAs,
whereas its 3’ end lies nine nucleotides upstream
from residue 444, the donor splice site of all 16S
RNAs and some 19S RNAs. As noted previous-
ly, although the 16S RNAs made by this mutant
are spliced, its 19S RNAs are unspliced (12).

Mutants dI-809 and dI-810 possess similar de-
letions that start at a common 5’ site (residue
215) but terminate five nucleotides apart (at
residues 384 and 389, respectively). We chose to
investigate the primary structures of the RNAs
of these two mutants for four reasons: (i) despite
their similar genomic structures, dl-810 is far
more defective for growth on monkey cells than
d1-809 (1, 30); (ii) both mutants lack residue 243,
the map location of the most abundant 5’ termi-
nus of the late wild-type RNAs; (iii) the dele-
tions in these mutants remove the donor splice
site at residue 291 and come close to the donor
splice site at residue 212; and (iv) mutants pos-
sessing similar deletions should synthesize late
RNAs whose 5’ ends map at similar or identical
sites if measuring functions for determining the
locations of the 5’ ends of the RNAs exist.

The deletions in dI-806 and dI-1470 also begin
at a common 5'-terminal site (residue 137) and
extend for different distances, i.e., to residues
374 and 390, respectively. This pair of mutants
was also of interest for four reasons: (i) dI-806
grows at a slow rate, whereas dl-1470, with the
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Major 16S mRNA:
Splice: 444-138|
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19S mRNAs:
Splices:
________________________________ ——ff——
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__________________ ——ff——
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FIG. 1. Structures of wild-type SV40 late RNAs and late leader deletion mutants. Brackets indicate the
positions of the 72- and 85-base-pair tandem repeats in the late leader regions of wild-type strains 776 and 800,
respectively. Locations of splices are shown by square-ended ovals. Nucleotides are numbered according to a
modification (33) of the system of Reddy et al. (35). Nucleotide numbers in the system of Buchman et al. (3) can
be calculated from those used here by adding 82 to nucleotides 1 through 5,161 and subtracting 5,161 from

nucleotides 5,162 through 5,243.

larger deletion, grows more rapidly; (ii) both
lack not only residue 243, but also residue 182,
the map location of the second most abundant 5’
terminus of the late RNAs; (iii) both lack the
donor splice site at residue 212, and d1-1470 also
lacks the donor splice site at residue 291 where-
as the deletion in dI-806 comes to within 16
nucleotides of this site; and (iv) these mutants
also presented the opportunity to look for in-
volvement of a measuring function in the place-
ment of the 5’ ends of the late RNAs.

Splices in wild-type and mutant 19S RNAs. In
previous studies (11, 34), we determined the
primary structures of the 5’-terminal regions of
wild-type SV40 late RNAs by the method of
primer extension. This procedure involves (i)

annealing a viral DNA fragment labeled with 2P
at the 5’ terminus to the 5’ end of the body
region of a specific RNA, (ii) extending the
primer in a 5 — 3’ direction with reverse
transcriptase, (iii) separating the resultant
cDNAs on an 8% polyacrylamide-7 M urea gel,
and (iv) sequencing the individual cDNAs by the
method of Maxam and Gilbert (29). Here we
have used this procedure to analyze the 5'-
terminal primary structures of the late RNAs
made by our five mutants. Since the 5’ ends of
the body regions of all of the late 19S RNAs lie
at residue 476 (Fig. 1), all studies on the 19S
RNAs were performed using an Avall restric-
tion fragment of wild-type SV40 DNA spanning
residues 479 through 509 as a primer.
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FIG. 2. cDNAs transcribed from 5’ ends of wild-type and mutant 19S RNAs. Methods for the synthesis and
separation of the cDNAs are given in the text. The 3’ termini and splices of the numbered cDNAs are given in
Table 1. Late RNA extracted from cells infected with wild-type strain 776 gave a cDNA pattern essentially

identical to that shown for wild-type strain 800.

Gel electrophoretic patterns of the cDNAs
synthesized from the 5’ ends of polyadenylated
cytoplasmic late 19S RNA obtained from Afri-
can green monkey kidney cells infected with
wild-type SV40 and each of the five deletion
mutants are shown in Fig. 2. The pattern for
wild-type strain 800 is similar if not identical to
that published previously for wild-type strain
776 (11). As with wild-type virus, a multiplicity
of cDNAs are also synthesized on the 5’ termini
of the 19S RNAs of each of the mutants. For
both wild-type and mutant viruses, the cDNA
patterns were qualitatively reproducible; how-
ever, for as yet unknown reasons, relatively
small differences in the relative abundances of
specific cDNAs were observed in certain experi-
ments (data not shown). No obvious similarities
in the patterns of cDNAs among mutants or
between mutants and wild-type virus can be
deduced from Fig. 2.

Table 1 lists the splices in all of the abundant
species of wild-type and mutant 19S RNAs, as
determined from sequence analysis of the num-
bered cDNAs shown in Fig. 2. By combining
this information with estimates of the relative
abundances of each cDNA (Fig. 3), as measured
by densitometric tracings of the autoradiographs

shown in Fig. 2, we determined the approximate
percentages of each subclass of 19S RNA pro-
duced by each of the mutants and by the wild-
type virus (Table 2). The major findings derived
from the data presented in Fig. 3 and Table 2 are
as follows.

(i) No new splices are present in the mutant
19S RNAs. However, the relative abundances
of unspliced 19S RNA and the three subclasses
of spliced 19S RNA differ greatly among the
five mutants and the wild-type virus.

(i) Most, if not all, of the dI-805 late 19S
RNAs are unspliced. Approximately 20, 25, 40
and 60% of the 19S RNAs produced by dI-809,
dl-806, dI-1470, and d1-810, respectively, are also
unspliced at their 5’ ends. Thus, all of our
mutants produce relatively larger quantities of
unspliced 19S RNA than wild type. Further-
more, since the mutants synthesize approxi-
mately the same absolute amounts of 19S RNA
as wild type (A. Barkan and J. Mertz, manu-
script in preparation), the absolute amounts of
unspliced 19S RNA produced by the mutants are
increased. For dl-805, we have shown that the
19S RNA is unspliced over its entire length and
resides on polysomes (12). Piatak et al. (33) have
also found increased levels of unspliced 19S
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FIG. 3. Relative abundances of 5’ termini and splices of prominent 19S RNAs. The relative abundances of
individual 19S RNAs were estimated by densitometry of the gels shown in Fig. 2 autoradiographed for various
periods of time. For each virus, the most abundant cDNA(s) was assigned a value of +5, and other cDNAs were
assigned values based on relative abundances. Splices and 5’ termini are taken from Table 1. The graph for the
wild type was obtained from an analysis of strain 776 19S RNAs. However, similar data were obtained for strain
800 19S RNAs except that the strain 776 RNA terminating at residues 92-96 terminated in strain 800 at residues

178'-182'. ORI, Within origin of replication.
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TABLE 2. Wild-type and mutant 19S RNA splicing patterns
% Total 19S RNA in:
Splice -

Wild type? d1-805 d1-806 d1-809 dI-810 dl-1470
Unspliced 5-15 100 24 20 60 35
212-476 5-10 <1 0t 80 <1 0?
291-476 40-50 0? 60 0? 0? 0®
444-476 25-40 <1 16 <1 40 65

¢ Similar results were obtained for wild-type strains 776 and 800.

® Donor splice site is deleted in mutant.

RNA in cells infected with three late leader
mutants and have shown that they are also
present on polysomes (although for one mutant
the level of unspliced 19S RNA on polysomes
was much less than in whole cytoplasm). Since
all of our mutants, including d1-805, synthesize
VP-2 and VP-3 (Barkan and Mertz, in prepara-
tion), we believe that their unspliced 19S RNAs
can probably function as mRNAs.

(iii) Although all of the mutants studied retain
the donor splice site at residue 444, they differ
greatly in their utilization of it. Mutants dI-805
and d1-809 make no 19S RNA containing the 444-
476 splice, whereas mutant dl-1470 uses it more
frequently than wild type. The finding that some
mutants fail to make any 19S RNA having this
splice seems remarkable since these same mu-
tants do use the donor splice site at residue 444
to make 16S mRNA (see below).

(iv) Of the three mutants that retain the donor
splice site at residue 212, two (d1-805 and dI-810)
do not make detectable amounts of RNA con-
taining the 212-476 splice, whereas one (dI-809)
uses this splice in the vast majority (approxi-
mately 80%) of its 19S RNA even though it is a
very minor splice in wild type. The disparate
behavior of dI-809 and dI-810 is particularly
noteworthy since the deletions in both mutants
have the same 5’ endpoint at residue 215 and
nearby 3’ endpoints.

(v) d1-806, the only mutant retaining the donor
splice site at residue 291, uses the 291-476 splice
even more frequently than wild type and, seem-
ingly, at the expense of the 444-476 splice.

(vi) Mutants dI-810 and dI-1470 delete both the
212 and the 291 donor splice sites and have
deletions with similar 3’ ends. Nevertheless, the
former makes primarily unspliced 19S RNA,
whereas the latter makes 19S RNA primarily
with the 444-476 splice.

These striking differences in the relative abun-
dances of the various species of 19S RNA pro-
duced by wild-type SV40 and the five mutants
studied here indicate that several factors, includ-
ing specific sequences within the late leader
region and the precise primary and, consequent-
ly, secondary structures of the initial transcripts,

play important direct or indirect roles in regulat-
ing the processing of the late 19S RNAs.

Splices in wild-type and mutant 16S RNAs. The
primary structures of the 5’-terminal regions of
the 16S RNAs were also determined by primer
extension. In this case, cDNAs were synthe-
sized by the extension of primers binding just
downstream from the 5’ end of the body of 16S
RNA. The DNA primer used for the analysis of
the d1-810 16S species was a restriction fragment
spanning residues 1,427 through 1,457; a frag-
ment spanning residues 1,382 through 1,415 was
used for the remaining analyses (see Fig. 1).

Figure 4 shows the gel electrophoretic pat-
terns of cDNAs obtained from the polyadenylat-
ed cytoplasmic late 16S RNAs synthesized in
monkey cells infected with wild-type SV40 and
each of our mutants. As with the 19S RNAs, the
cDNA patterns of the 16S RN As synthesized by
each mutant are very different from one another
and from the pattern seen with wild-type 16S
RNAs. Whereas a single band predominates in
the wild type, the cDNA pattern for each of the
mutants is composed of numerous bands. Densi-
tometric tracings of these cDNA patterns indi-
cated that whereas the major species of 16S
RNA made by the wild type constitutes 80 to
90% of the total, the most abundant 16S RNA
species made by any of the mutants constitutes
no more than 20 to 25% of the total.

The results of nucleotide sequence analysis
of each of the numbered cDNAs shown in Fig. 4
are summarized in Table 3. The salient points
regarding the primary structures of the 16S
RNAs made by wild-type SV40, as deduced
from the cDNA data, have been reported previ-
ously (34) and are as follows: (i) all of the RNAs
contain a splice linking residues 444 and 1,381;
(ii) the sequence of the leader of the principal
RNA species is colinear with the viral DNA
sequence; (iii) several of the minor species (cor-
responding to cDNAs 8, 9, and 11 of the wild
type) contain a second splice within their lead-
ers, linking residues 212 and 351; and (iv) the
RNA corresponding to ¢cDNA 12 contains a
tandem duplication of residues 351 through 444.

Essentially all of the cDNAs made from the
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FIG. 4. cDNAs transcribed from 5’ ends of wild-type and mutant 16S RNAs. Methods for the synthesis and
separation of the cDNAs are given in the text. The 3’ termini and splices of the numbered cDNAs are given in
Table 3. Late RNA extracted from cells infected with wild-type strain 776 gave a cDNA pattern indistinguishable

from that shown for wild-type strain 800.

16S RN As of mutants dI-806, di-809, dI-810, and
di-1470 also contain the 444-1,381 splice. cDNAs
S through 10 of mutant dI-805 also have this
splice; however, the remainder appear to lack
any splice 5’ to residue 1,381. The significance
of the unspliced cDNAs of dI-805 is unclear and
has been discussed previously (12). Although
they could be derived from 19S RNAs by either
premature termination of reverse transcription
or RNA degradation, the possibility still exists
that they are derived from processing intermedi-
ates or unspliced 16S RNA species.

Neither the 212-351 splice nor the duplication
of residues 351 through 444 was seen in any of
the 16S RNAs made by the mutants. The former
was expected since none of the mutants studied
contains the genomic sequences for both ends of
this minor splice. In addition, only mutant d1-806
contains the sequences around residue 351 that
are presumably needed to make the duplication.
As with the 19S RNAs, no new splices, duplica-
tions, or sequence rearrangements were found in
any of the mutant 16S RNAs.

5’ Termini of mutant late RNAs. The residue
locations of the 3’ ends of the cDNAs numbered
in Fig. 2 and 4 are presented in Tables 1 and 3,
respectively. For both early and late SV40
RNAs, a good correspondence exists between
the 3’ ends of cDNAs as determined by primer

extension (8, 11) and the sequences of 5'-termi-
nal capped dinucleotides (4, 16, 17, 23; Y.
Groner, personal communication). Further-
more, various control studies, including reverse
transcription of SV40 cRNA (8) and the finding
here that late RNAs produced by mutants with
similar sequences yield cDNAs with different 3’
ends, have led us to conclude that premature
termination of reverse transcription or degrada-
tion of RNAs cannot account for the termini of
the cDNAs we have observed. Hence, we be-
lieve that the 3’ termini of all major cDNAs and
probably those of most minor ¢cDNAs corre-
spond within one or two nucleotides to the 5’
termini of in vivo species of viral RNA.

The relative abundances of the various sites
serving as 5’ termini for the 16S and 19S late
RNAs produced by wild-type SV40 and our five
mutants are summarized graphically in Fig. 3
and 5, respectively. Points of note include the
following.

(i) The multiple 16S RNAs of wild-type strains
776 and 800 start at identical loci and are present
in the same relative abundances. The 19S RNA
species of both wild-type strains also start at
identical loci, with one exception and one uncer-
tainty: (a) the 19S RNA giving rise to cDNA 9
(Fig. 3) is located in the region of residues 92 to
96 in strain 776 but appears to be shifted down-
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stream to the region of residues 178’ to 182’ in
strain 800; and (b) it is not clear whether the
strain 800 19S RNA giving rise to cDNA 1 starts
at residue 38, as it does in strain 776. In addition,
the relative amounts of the individual species of
19S RNA in the two wild-type strains are simi-
lar. Thus, the deletion of residues 97 through 104
and the insertion of a second copy of residues
169 through 189 at this site in strain 800 does not
alter late 5’ termini downstream from this site,
but does alter the location of one and possibly
two 5’ termini upstream.

(ii) As noted previously for wild-type SV40
(11), the 5’ termini of the late RNAs made by the
mutants also map at numerous sites throughout
a 300-nucleotide region of the viral genome. The
mutants use even more sites than the wild-type
virus as 5’ termini, with some sites being the
same and others different. Similar observations
have been made previously by our group (31-33)
and others (18, 40).

(iii) Wild-type strain 800 and mutants di-806,
dl-809, and d1-810 use sites between residues
169’ and 189’ as 5’ termini of their late RNAs.
Especially prominent are starts about residues
182’ and 187’'. Thus, this sequence of 21 base
pairs can be utilized in its upstream location for
the formation of 5’ termini in a manner similar to
its utilization in a downstream location. Only dI-
805 among the mutants we have studied fails to
utilize sequences from residues 169’ through
189’ as 5’ termini while making use of the
identical sequences at residues 178-180, 182, and
187-189 for 5’ termination.

(iv) Only mutant dl-805 among our mutants
retains residue 243, the principal 5’ terminus of
wild-type 16S and 19S RNAs. However, this site
is not used as a 5’ terminus in this mutant.
Consequently, downstream sequences play an
important role in the generation of 5’ ends.

(v) Although lacking residue 243, mutants dl-
809 and dI-810 retain residue 182, the second
most abundant 5’ terminus of the wild-type late
RNAs. Nevertheless, this site is used minimally
by these mutants even though their deletions
start 33 nucleotides downstream. Similarly, dl-
805, with its residue 243 site nonfunctional, uses
residue 182 at a very low level. These findings
also point to an important role for downstream
sequences in 5’-end determination.

(vi) In all of our mutants, there is an upstream
shift in the sites used as 5’ termini of the late 16S
and 19S RNAs. It is uncertain whether this shift
is a consequence of or is unrelated to the dele-
tion or underutilization of residues 243 and 182
as 5'-terminal sites. Sites used frequently by the
mutants as 5’ termini include residues 194-197,
164, 157, 129-131, 110, 182’, and 187'. Of these,
only residues 157 and 110 are used detectably by
wild-type virus. Thus, the upstream shift in 5’
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termini may be to sites used infrequently by wild
type or to entirely new sites.

(viii) For wild-type SV40 and for each of our
mutants, the sites used as 5’ termini of the 16S
RNAs and of each of the 19S RNA species show
very little similarity qualitatively or quantitative-
ly (compare Fig. 3 and 5). For example, most
late wild-type RNA with a 5’ end at residue 243
is processed to 16S RNAs. On the other hand,
most, if not all, wild-type RNAs with 5’ ends at
residues 38, 92-96, 187, and 110 are processed to
19S RNAs with the 444-476, 212-476, and 291-
476 splices and to unspliced 19S RNA, respec-
tively. Our mutants behave in an analogous
fashion. For example, in d1-805 the residue 110,
164, 200-203, and 224-225 sites are used exclu-
sively for unspliced 19S RNAs, whereas the
residue 129-131, 178-180, 182, 195-197, and 208-
210 sites are used predominantly, if not exclu-
sively, for 16S RNAs. Furthermore, even when
RNAS of different viruses have the same 5’ end,
they are likely to be processed differently. For
example, RNA with its 5’ end at residue 110 is
processed almost exclusively to unspliced 19S
RNA in wild type and in dI-805, to 19S RNA
with the 212-476 splice in dI-809, and to 16S
RNA in dI-810. In d1-806, this same RNA gets
processed to form either 16S RNA or 19S RNAs
containing either the 291-476 or the 444-476
splice.

DISCUSSION

The studies presented here were designed to
investigate some of the mechanisms controlling
SV40 late RNA synthesis and processing. Previ-
ous studies (12, 18, 31-33, 40) and the data in
this paper all indicate that the regulation of SV40
late mRNA biogenesis is complex.

Factors involved in the biogenesis of 5’ termini
of late RNAs. From analyses of the incorporation
of B-3*P-nucleotide triphosphates into cap struc-
tures, Contreras and Fiers (5) and Gidoni et al.
(13) have demonstrated that at least some, and
probably most, of the 5’ termini of the late SV40
RNAs arise by transcription initiation. Recently,
we have found that certain 5’ termini of the late
RNAs are sites of active in vitro transcription
initiation (Ghosh, Weissman, and Lebowitz, un-
published data). In contrast, transcription is
initiated weakly or not at all at other 5’'-terminal
sites. These results suggest that a factor not
present in crude transcriptional extracts may be
required for high-level initiation from certain
sites or that certain 5’ ends sometimes arise by
the processing of primary transcripts initiated
upstream.

As noted, residue 243 is the most abundant 5’
terminus of the late wild-type RNAs (11, 16, 34).
The fact that mutants lacking this site are viable
(1, 18, 30, 37, 38) indicates that other sites can
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also serve as the 5’ ends of functional late
mRNAs. In the mutants studied here, the ab-
sence of or failure to utilize residue 243 for 5’
termination resulted almost exclusively in the
utilization of numerous upstream sites as 5’
termini. Many of these upstream sites (e.g.,
residues 194, 182, 157, and 110) also serve as 5§’
termini of wild-type late RNAs, albeit relatively
infrequently compared with residue 243. How-
ever, in the mutants, these sites become abun-
dant 5’ termini, although they never dominate as
residue 243 does in the wild type. This finding
indicates that these sites are of roughly equal
strength in the mutants and weaker than residue
243 for 5'-end determination. Of note is that sites
downstream from residue 243 are also used as 5’
termini in certain mutants that do not use resi-
due 243 (for example, see d1-806 and dI-809 in
Fig. 5), and, in some mutants, downstream 5’
termini may be quite prominent (32).

The upstream progression in the location of
the 5’ termini of the late RNAs made by most
late leader mutants lacking a functional 243 site
contrasts sharply with the downstream progres-
sion of early-strand 5’ termini when the principal
5’-terminal sites are deleted in cells transformed
by mutant viruses (2, 9). The basis for this
difference appears to lie in the structures of their
promoter-regulatory regions. The control region
for SV40 early-strand transcription contains a
TATA box embedded in a stretch of 17 consecu-
tive A-T base pairs. This TATA box is involved
in positioning the major early transcription initi-
ation sites 21 to 26 nucleotides downstream (2,
9). Thus, when the site used for the principal 5’
termini of the early mRNAss is deleted, the major
new start sites are driven by the A-T-rich se-
quence further downstream. In contrast, there is
no A-T-rich sequence upstream from residue
243, and, hence, there is no strong measuring
function moving the 5’ termini downstream
when residue 243 is deleted or nonfunctional.

In view of the measuring function associated
with the early TATA box, we examined our data
for the possible existence of a simple down-
stream or upstream measuring function that
might be involved in placement of late-strand 5’
termini. None was found. In fact, little correla-
tion appears to exist between either the length or
the location of deleted sequences and the pattern
of 5’ termini. For example, mutants d1-809 and
di-810, which have deletions differing by only
five base pairs at their 3’ ends, produce late 16S
and 19S RNAs with different locations and dif-
ferent relative abundances of 5’ termini (Fig. 3
and $5).

A third contrast with SV40 early transcription
is our finding that downstream sequences play
an important role in the regulation of late RNA
synthesis. This effect is demonstrated clearly
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with mutant dl-805, in which the deletion lies
entirely downstream from all but the most infre-
quently used wild-type 5’ termini. Possible
hypotheses to explain this phenomenon include
the following. (i) Downstream sequences play a
direct role in regulating transcription initiation in
a manner analogous to that demonstrated for the
transcription of low-molecular-weight RNAs by
RNA polymerase III (6, 24, 36). However, if this
were true, one might expect some mutants in the
leader region to be nonviable or a measuring
function to be operative. Instead, mutants lack-
ing almost the entire late leader region, including
all of both copies of the 72 base pair tandem
repeat, (e.g., dl-1737, which lacks residues 20
through 379) synthesize late-strand RNAs in
normal or nearly normal amounts when T anti-
gen is supplied to compensate for their defect in
early RNA synthesis (G. Z. Hertz, L. Trimple,
and J. E. Mertz, unpublished data). (ii) Mutants
with deletions in the late leader region produce
RNAs, some of which have reduced stability
due to the shortened leader region. However,
Piatak et al. (33) have shown by chase experi-
ments with actinomycin D that the relative abun-
dances of different late mutant RNA species do
not change significantly with time. (iii) Initiation
sites may be determined by secondary structure
features in DNA, e.g., denatured regions or
regions that are *‘single-stranded.’’ (iv) If the 5’
termini of RNAs are sometimes determined by
processing, then mutations in downstream se-
quences might alter the processing either direct-
ly or indirectly by changing the primary or
secondary structures of the initial transcripts.
(v) Mutations in the leader region may only
indirectly affect transcription initiation as a re-
sult of feedback regulatory systems. For exam-
ple, the primary problem with dI-805 may be a
translational defect in some, but not all, of its
late mRNAs, caused by their having mutated
leader regions. Possibly, SV40 possesses feed-
back control systems that enable it to compen-
sate partially for such defects by changing the
relative frequencies of usage of different 5’ ends.
This latter hypothesis will be discussed in detail
elsewhere (Barkan and Mertz, in preparation).
Regulation of splicing of late RNAs. The data
presented here confirm our previous results
showing that SV40 late transcription results in
the production of three spliced species of 19S
RNA as well as unspliced 19S RNA. Moreover,
we have identified viable mutants in which (i)
essentially all of the 19S RNA is unspliced (dl-
805), (ii) virtually all of the 19S RNA has the 212-
476 splice (d1-809), and (iii) the vast majority of
the 19S RNA has the 291-476 splice (d1-806).
Thus, SV40 can maintain viability despite great
variability in the relative quantities of the four
classes of 19S RNA. In addition, the relative
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rates of synthesis of VP-2 and VP-3 are similar in
cells infected with each of these mutants (Bar-
kan and Mertz, manuscript in preparation).
Therefore, each of the classes of 19S RNA may
be capable of functioning in the synthesis of both
VP-2 and VP-3. Consequently, the reason for
the existence of four classes of 19S RNA re-
mains obscure.

The fact that dI-805 is viable yet produces no
detectable spliced 19S mRNA indicates that
splicing is not essential for this mRNA species to
be functional (12). Similarly, Triesman et al. (39)
have recently shown that a polyoma mutant
containing a gene for middle T antigen without
an intron makes a functional middle T mRNA,
and Gruss et al. (14) have demonstrated that an
SV40 recombinant containing a rat preproinsulin
gene lacking an intron makes a functional pre-
proinsulin mRNA. In contrast, mutants of SV40
lacking precisely the intervening sequence for
late 16S mRNA are unable to synthesize stable
16S mRNA (15, 18, 19; P. Berg, personal com-
munication). Possibly, some function coded
within this region, rather than the act of splicing,
is essential for the accumulation of 16S mRNA.

The ratio of 16S to 19S RNAs produced by
wild-type SV40 is about 5:1 to 10:1 (41). Villar-
eal et al. (40) have reported that some late leader
mutants produce late RNAs with reduced 16S-
to-19S ratios. Experiments to be reported else-
where (Barkan and Mertz, in preparation) have
also shown reduced ratios of 16S to 19S RNAs in
all of our 800-series mutants. The fact that dI-805
demonstrates both the greatest reduction in 16S
RNA (an approximately fourfold decrease rela-
tive to 19S RN A) and the greatest concentration
of unspliced 19S RNA suggests that these may
be related phenomena. Furthermore, given the
dependence of 16S RNA accumulation on splic-
ing, it seems reasonable to propose that the
reduction of 16S RNA levels and enhancement
of unspliced 19S RNA levels are the results of a
generalized late RNA splicing defect from which
all of our mutants suffer. Possibly, dI-805, which
deletes most of the major late leader region
(residues 243 through 444), and our other mu-
tants, which delete smaller portions of this re-
gion, lack sequences within the major late leader
that are involved in splicing both late RNAs.

One hypothesis for control of late RNA splic-
ing is that it is mediated in part by a 61-amino-
acid nucleic acid-binding protein encoded by
nucleotides 253 through 438 in the major late
leader (21, 22; Mertz et al., in press). However,
this possibility appears to be unlikely since none
of the mutants studied here can make this pro-
tein although they vary widely in the relative
concentrations of the various late RNA species
that they synthesize. Furthermore, mutants with
small deletions or alterations in the template for
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this protein make late RNAs similar in structure
to wild-type late RN As (33; G. Khoury, personal
communication).

In addition to a generalized late splicing defect
in all of our mutants, the data presented here
suggest the involvement of additional specific
factors in the regulation of the splicing of mutant
late RNAs. For example, mutant d1-805 fails to
use the donor splice site at residue 212 even
though its deletion is not nearby; on the other
hand, it uses the donor splice site at residue 444
for making 16S, but not 19S, RNA with the 3’
end of its deletion only nine nucleotides away.
As noted above, dI-809, with a deletion starting
at residue 215, makes 19S RNAs, about 80% of
which carry the 212-476 splice. In contrast, the
wild type produces 19S RNAs of which only 5 to
10% contain this splice, and dl-810, with a
deletion also starting at residue 215 but extend-
ing five nucleotides farther in the 3’ direction,
does not use this donor splice site at all. Table 4
compares the sequences around residue 212 in
the RNAs of the wild type, dI-809, and dI-810.
Residues 211 through 215 (AGGUA) are identi-
cal in wild-type and dI-809 RNAs and comple-
mentary to a sequence at the 5’ end of U1 RNA
(3' = 5 UUCAU™) (27). On the other hand, the
sequence in dI-810 (AGGUU) is complementary
to the U1 sequence in only the first four of the
indicated positions. Since Ul RNA may facili-
tate splicing by base pairing with regions near
splice sites, a reduced degree of complementar-
ity over these five positions may play a role in
the utilization of this splice in dI-809 and the wild
type. However, complementarity in this region
is not sufficient to ensure splicing at the 212 site,
since mutant d1-805, as noted, fails to utilize this
splice site. Possibly, sequences downstream
from residues 211 through 215 are responsible,
either directly or indirectly, for the enhanced
utilization of residue 212 for splicing in d1-809.

A working model for regulation of late RNA
synthesis. Any model for the control of late gene
expression in SV40 not only must be consistent
with the mass of confusing data presented here
and elsewhere, but also must explain why even
wild-type SV40 synthesizes late RNAs possess-
ing a variety of splices and 5’ termini. We
propose that the late gene region of SV40 con-
sists of genes that overlap, not only in their
coding regions, but in their promoter-regulatory
regions as well. In other words, we hypothesize
that the beginning of the late gene region con-
tains two or more overlapping promoter-regula-
tory regions, each responsible for controlling the
synthesis of one or more of the late virus-coded
proteins. Assuming that the 5’ termini of the
mRNAs are located where transcription begins,
each promoter could control the synthesis of its
own protein by the following series of events: (i)
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TABLE 4. Influence of sequences around residue 212 on formation of the 212-476 splice in 19S RNA

ce around residue 212 donor splice Relative abundance
Source of RNA Sequence around rest of 212-476 splice (%)
211 215
Wild type 5" CCUCAGAAGGUACCUAAC ¥ 5-10
di-810 CCUCAGAAGGUUGACGGG <1
di-809 CCUCAGA;?C:('E U I}CUGUU 80
U1 3’ GGUCCAUUCAU™A ™pppG™S’

each promoter-regulatory region determines
how frequently and precisely where transcrip-
tion begins for the synthesis of its mRNAs; (ii)
the precise primary and, consequently, second-
ary structures of the resultant initial transcripts
influence the choice of splice sites; and (iii) the
precise sequence of the leader region of the
resultant mRNA determines which downstream
translational initiation codons are used for pro-
tein synthesis.

The data presented here on the relationship
between 5’ termini and splices of the RNAs
made by both the wild type and the mutants
provide strong support for the second event.
The finding that the same 5’ ends are sometimes
seen with several of the spliced species could be
due to the 5’ end of the initial transcript influenc-
ing, only in a probabilistic manner, which of
several potential conformations the RNA is
most likely to assume and, consequently, how it
will be processed. Our model would further
predict that deletion mutants such as those stud-
ied here would exhibit numerous alterations in
late gene expression occurring at several levels
of control. First, genomic alterations of the sizes
examined here probably affect the functions of
several promoter-regulatory regions, leading di-
rectly to changes in both relative abundances
and locations of the 5’ termini of RNAs. Second,
the deletions change the primary sequences as
well as the 5’ ends of the initial transcripts;
consequently, the preferred secondary struc-
tures and splice sites used are likely to vary.
Third, the deletions, both directly and indirectly
through altered processing, affect the precise
sequences of the leader regions of their mRNAs;
consequently, these mRNAs may exhibit altered
translational efficiencies or initiation codon us-
age or both.

The complexities of SV40 late gene expres-
sion and the mechanisms required for its control
brought out by our studies suggest the likelihood
that the expression of certain other eucaryotic
genes may be governed by equally complex
regulatory mechanisms.
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