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ABSTRACT  The simian virus 40 (SV40) origin region includes
the viral replication origin and the early and late promoters and
consists of a few palindromes, a 17-base-pair (bp) A+T-rich se-
quence, three copies of a G+ C-rich 21-bp repeat, and two copies
of a 72-bp repeat. We have made sequential deletions in the SV40
origin region and determined the early promoter efficiencies of
these truncated DNA segments by connecting them in the correct
orientation with the coding regions of selectable marker genes and
assaying the expression of the chimeric marker genes in vivo in
different host cell lines. A truncated SV40 early promoter segment
containing only the TATA box and the major in vivo mRNA ini-
tiation sites has essentially no promoter efficiency. We have lo-
cated the major component of the SV40 early promoter within the
21-bp repeated sequences, which consist of an alternating and
mutually overlapping array of two C-rich oligonucleotides having
the consensus sequences Y-Y-C-C-G-C-C-C (Y = pyrimidine nu-
cleoside) and G-C-C-C-(C)-1-4-@)-C-T. Between one and two cop-
ies of the 21-bp repeat were adequate for gene expression under
conditions in which the enhancement effect of the 72-bp repeat
was minimal. We also find that the SV40 72-bp repeat exhibits a
pronounced host range in its enhancement of gene expression; the
enhancement is only 2-fold in the nonpermissive mouse cells but
amounts to 10- or 20-fold in the permissive monkey cells or the
semipermissive human cells, respectively.

Comparison of the promoter sequences of various cellular and
viral genes transcribed by eukaryotic RNA polymerase II has
identified certain consensus sequences located at similar dis-
tances upstream from the mRNA initiation sites (cap sites). One
of these, called the “TATA box” (1), located about 28 nucleotides
upstream from the cap site, is involved in directing the accurate
initiation of transcription (2). Another sequence called the CAT
box, having the consensus sequence G-G-Y-C-A-A-T-C-T (Y
= pyrimidine nucleoside), occurs about 80 nucleotides up-
stream from the cap site (3). Deletion of the region spanning
the CAT box drastically reduces promoter efficiency in a few
systems examined so far (4-6). A more recent study on the pro-
moter of the thymidine kinase (tk) gene of herpes simplex virus
1 (HSV-1) has shown that mutations, not within the CAT box,
but in a sequence C-C-C-C-G-C-C-C located 105 nucleotides
upstream from the cap site, reduce promoter efficiency drasti-
cally (7).

The simian virus 40 (SV40) early promoter region is present
within a broader control region located within nucleotides
5,171% and 2707 in the DNA that also includes the viral repli-
cation origin and the promoter of the late region. This region
contains, sequentially, a 27-base-pair (bp) perfect palindrome
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(containing the major in vivo early mRNA cap sites; see ref. 12),
a 17-bp A+T-rich sequence containing the early region TATA
box, three copies of a G+C-rich 21-bp repeat, and two copies
of a 72-bp repeat present near the most upstream location of this
control region.

Removal of the TATA box and downstream sequences in-
cluding the major cap sites does not affect the SV40 early pro-
moter efficiency (2, 13). Removal of one copy of the 72-bp repeat
gives rise to a viable mutant of SV40 (14), but removal of both
copies causes nonviability (14) and severely impairs the func-
tioning of the viral early region (15). This impairment can be
rectified by reinserting the 72-bp sequence, either at the same
location or as far as 4,000 bp from the early coding region, and
in either orientation (16). The SV40 72-bp repeat is also capable
of enhancing the expression of heterologous genes, again in a
cis fashion (16, 17). Thus, the major role of the 72-bp repeat is
as an enhancer of gene expression, by some unknown mecha-
nism. The orientation-independence and long-distance aspects
of its action show that it is not a promoter in the conventional
definition of the term. A similar enhancer sequence has also
been found in polyoma virus DNA (18, 19).

Recently, we have precisely mapped the boundaries of the
SV40 replication origin by making sequential deletions of the
origin region starting from the end near the 72-bp repeat and
assaying the replication efficiencies of chimeric plasmids con-
taining these truncated origin region segments in vivo in COS-
1 monkey cells (20). These strategic deletions have been ex-
ploited in the present study to map the viral early promoter.
We have cut out the truncated SV40 origin region segments
from the chimeric plasmids referred to above and connected
them (in the orientation of the viral early transcription) to the
promoterless coding regions of selectable marker genes. We
have determined the promoter efficiencies of the SV40 origin
region segments by measuring the transformation frequencies
of the respective chimeric marker genes in vivo, using different

cell types.

MATERIALS AND METHODS

Materials. The HSV-1 tk gene and the Escherichia coli xan-
thine/guanine phosphoribosyltransferase (Eco-gpt) gene were
the marker genes used for assaying the promoter efficiencies
of the SV40 origin region fragments in this study. The HSV-1

Abbreviations: SV40, simian virus 40; HSV-1, herpes simplex virus 1;

bp, base pair(s); T antigen, tumor antigen.

* Present address: Dept. of Cell Biology, Baylor College of Medicine,
Houston, TX 77030.

1t The SV40 numbering system of Buchman et al (8), derived from the
sequence of SV40 DNA determined by Reddy et al. (9), Fiers et al.
(10), and Van Heuverswyn and Fiers (11), is used in this paper.
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tk plasmid pRB103, identical with the plasmid pFG5 described
in the literature (21), and the Eco-gpt plasmid pSV2-gpt (22),
were kindly provided by B. Roizman (University of Chicago)
and P. Berg (Stanford University), respectively. Human 143B
tk™ and mouse L tk~ aprt™ cell lines (aprt encodes adenine
phosphoribosyltransferase), used for the tk transformation as-
says, were obtained from E. Mocarski (University of Chicago)
and E. Kaufman (University of Illinois at Chicago), respectively.
Monkey cell line CV-1P and mouse L cell line were used for
the Eco-gpt transformation assays. The mycophenolic acid used
in the Eco-gpt selective media was a gift from Lilly Research
Laboratory (Indianapolis, IN). Enzymes and radioactive ma-
terials were purchased from commercial sources. Phage T4
DNA ligase was a generous gift from P. Matsumura (University
of Illinois at Chicago).

Directional Joining of SV40 Early Control Region Frag-
ments to the Marker Genes. The construction of a series of
pSVori recombinants, whose SV40 inserts have sequential dele-
tions in the origin region, has been described (20). The chimeric
marker genes, in which the coding regions of the marker genes
are driven by the truncated SV40 early control region segments
derived from the pSVori recombinants, were constructed as
shown schematically in Fig. 1. The tk plasmid, pRB103, was cut
with HindIII and Bgl II to remove the smaller fragment con-
taining the tk promoter by gel electrophoretic fractionation. The
larger fragment, containing the tk coding region, has different
5' cohesive termini and is suitable for the directional joining of
the SV40 fragments. The pSVori recombinants were cut first
with HindIII at nucleotide 29 of the plasmid (23), followed by
cleavage at nucleotide 5,226 of the SV40 insert (just down-
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stream from the major early cap sites; see ref. 12) with Alu I,
to produce fragments containing the SV40 origin region and
flanking plasmid sequences. The Alu I ends of these fragments
were modified to Bg! II ends by using Bgl II linkers. These
HindIl1/Bgl 11-ended SV40 fragments were then ligated with
the HindIIl/Bgl Il-ended tk vector fragment with the result
that the tk coding region was just downstream from the SV40
early cap sites. The Eco-gpt constructs were made similarly as
shown in Fig. 1. Promoterless HSV-1 tk and Eco-gpt constructs
were made by removal of the promoters, conversion of the ends
to a compatible type by using the same linkers, and cyclization
by ligation in vitro.

Competent E. coli MC1061 cells were transformed with the
respective ligation products (24). Ampicillin-resistant colonies
were picked and probed suitably, using known colony hybrid-
ization protocols (25). Positive colonies were analyzed by the
miniscreen procedure (26), and those with the correct restric-
tion analysis were chosen for large-scale DNA production.

Transformation of the Cell Lines. The tk and Eco-gpt trans-
formations were done according to Wigler et al. (27) and Mul-
ligan and Berg (22), respectively, using between 1 and 10 ug
of each construct per 5 X 10° cells. Only those cells that took
up the marker gene and expressed it would be able to survive
and proliferate to form clones in the selective medium. The
healthy colonies of greater than 50 cells produced in each case
were counted.

The parent plasmids pRB103 and pSV2-gpt were used as the
positive controls in these experiments. The transformation fre-
quencies were expressed as number of colonies produced per
1 X 108 cells per ug of tk or gpt gene. Plasmid pRB103 had a
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Fic. 1. Construction of the pSV-tk and pSV-gpt fusion plasmids. The procedure is described in detail in Materials and Methods. (A) SV40 early
control region. The end points of the bold lines below, in B and C, show the extents of this control region contained in the fragments derived from
the respective pSVori recombinants (20). Thin lines connected to the bold lines show the adjoining plasmid sequences, if any, in the fragments.
The nucleotide numbers of the plasmids are shown within brackets and the numbers for SV40 without brackets. Empty triangles within the parent
tk (pRB103) and Eco-gpt (pSV2-gpt) vectors, shown in the right-hand side of B and C, indicate the points where the vectors were cut to remove the
intervening promoter regions and replace them with the SV40 control region fragments shown to their left. The broken lines in the pSV2x21 frag-
ments indicate the extent of an internal deletion. Amp®, ampicillin resistance.
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transformation frequency of 1 X 1073 in mouse L tk™ aprt~ cells
in our hands, in good agreement with the value reported by
Colbere-Garapin et al. (21), who used an identical plasmid. The
transformation efficiency of human 143B tk~ cells by pRB103
was about 1/200th as high. Interestingly, the parent gpt vector,
pSV2-gpt, which contains the complete SV40 early promoter
and enhancer sequences, transformed monkey cells with a 4-
to 5-fold higher frequency compared to mouse L cells, whereas
pSV2x21-gpt, lacking the 72-bp enhancer sequence, trans-
formed both monkey and mouse cells with about the same fre-
quency. The promoterless tk and Eco-gpt vectors, used as neg-
ative controls, did not produce any colonies in these experiments,
and the same result was obtained with mock transfections.

RESULTS

Structural Analyses of the Chimeric Plasmids. The extent
of the SV40 origin region sequences present in the tk and Eco-
gpt constructs, confirmed by digestions with the appropriate
combinations of restriction endonucleases (data not presented),
are as shown in Fig. 1. All constructs made-in this study (except
the promoterless tk and Eco-gpt vectors) contain the 27-bp per-
fect palindrome (having the major early in vivo cap sites) and
the 17-bp A+T-rich sequence (having the early TATA box). The
pSVO0x21 constructs do not have any of the copies of the up-
stream repeated sequences. The pSV1x- and 2x21 constructs
have one or two copies of the 21-bp repeat, respectively. The
pSV2172-tk construct (and the equivalent pSV2-gpt vector) con-
tain three copies of the 21-bp repeat and two copies of the 72-
bp repeat.
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Fic. 2. The relative transformation frequencies of the pSV-tk and
pSV-gpt chimeric genes obtained with three different cell lines. (A)
Mouse cells and ¢k constructs; (B) Mouse cells and gpt constructs; (C)
human cells and ¢k constructs; and (D) monkey cells and gpt constructs.
The transformation frequencies of the constructs are expressed rela-
tive to those of pSV2172-tk and pSV2-gpt taken as 100%. The terms
pRB103-np and pSV2-np refer to the promoterless constructs of the &
and Eco-gpt vectors, respectively. The results shown are the means and
SEMs of six different experiments with five plates for each condition
in each experiment.
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Mapping of the Major Component of the SV40 Early Pro-
moter Within the G+C-Rich 21-bp Repeats. The promoter
efficiencies of the SV40 early control region fragments in driving
the expression of the marker genes were assayed by determin-
ing the transformation frequencies of the constructs relative to
those of the positive controls used in the experiments. In mouse
L tk™ aprt™ cells, plasmid pSV2x21-tk exhibited a transforma-
tion frequency that was identical with that of pRB103 (Fig. 24).
Plasmid pSV1x21-tk exhibited about a half of the transformation
frequency of pSV2x21-tk, and that of pSV0x21-tk was extremely
low. Because the pSV0x21-tk control region contains the SV40
major early mRNA cap sites and TATA box, this result indicates
that these sequences alone [whose deletions do not affect the
expression of the viral early region as shown by earlier results
(2, 13)] are not sufficient for promotion of gene expression in
vivo. The addition of one copy of the 21-bp repeat to the control
region (as in pSV1x21-tk) causes a significant increase in trans-
formation frequency, and the addition of two copies of the 21-
bp repeat (as in pSV2x21-tk) raises the transformation frequency
to the level achieved with the homologous HSV-1 tk promoter
(Fig. 2A). From these results, we conclude that the major com-
ponent of the SV40 early promoter activity resides within the
G+C-rich 21-bp repeat.

Very similar results were obtained in mouse L cells by using
the corresponding Eco-gpt constructs (Fig. 2B), supporting the
conclusion reached above on the importance of the 21-bp repeat
in the SV40 early promoter region.

SV40 72-bp Repeat Exhibits a Pronounced Host Range Bias
in Its Enhancement Effect. The major structural difference
between pSV2172-tk (and its equivalent, pSV2-gpt, in the Eco-
gpt system) on the one hand, and the corresponding pSV2x21
constructs on the other hand, is the presence of the 72-bp en-
hancer sequence in the former, but not in the latter. In the
nonpermissive? mouse L cells, the enhancement effect of the
expression of the marker genes by the 72-bp repeat was found
to be approximately 2-fold (Fig. 2 A and B). However, in per-
missive? (monkey) or semipermissivet (human) cells, the con-
structs containing the 72-bp repeat exhibit a severalfold higher
transformation frequency, compared to those not having the 72-
bp repeat (Fig. 2 C and D). In monkey cells, the difference
between the promoter efficiencies of the pSV2172 and pSV2x21
constructs is approximately 10-fold (Fig. 2D), whereas it is ap-
proximately 20-fold in human cells (Fig. 2C). These results show
that, in permissive and semipermissive cells, the 72-bp repeat
is required for efficient gene expression in vivo.

In monkey cells, the 21-bp repeats exhibit a basal level of
promoter efficiency, which is further reduced when the number
of copies of the 21-bp repeat is decreased, with the construct
containing none of the copies of this sequence exhibiting the
lowest level of promoter efficiency (Fig. 2D). This finding con-
firms our previous finding obtained by using the nonpermissive
mouse cells (Fig. 2 A and B) that the 21-bp repeat is an important
component of the SV40 early promoter.

DISCUSSION

In this study, SV40 early control region fragments, containing
strategic deletions placed sequentially starting from the most
upstream location, have been excised from the SV40 early cod-

$These terms are used strictly in the context of accepted convention
on the ability of a cell line to support an infection by SV40. In non-
permissive cells, the early region of SV40 is expressed, but viral DNA
reﬁlication and late region expression do not occur. In semipermissive
cells, early region expression and DNA replication occur, but there
is a block in synthesis of the late proteins. In permissive cells, all of
these phenomena occur normally.
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ing region, connected to the coding regions of the HSV-1 tk and
Eco-gpt marker genes, and assayed in vivo in different cell types
for their efficiencies in driving the expression of the marker
genes. This approach has the following advantages: (i) the ex-
periments can be performed across species barriers, using dif-
ferent mammalian host cell lines; (i) the transformation assay
used is very sensitive, enabling one to measure both small and
large differences in promoter efficiencies; and (iii) one of the
products of the SV40 early region, the large tumor (T) antigen,
is known to repress the expression of the early region by binding
to the control region and acting at the transcriptional level (28,
29); using marker genes for the assay, we have eliminated this
complication due to autoregulation by the T antigen.

One of the interesting observations made in this study is the
host range bias exerted by the SV40 72-bp repeat in its en-
hancement effect. The enhancement effect is much more pro-
nounced in the permissive monkey cells and semipermissive
human cells than in the nonpermissive mouse cells. The reason
for this host range bias is not presently understood, and awaits
clarification from studies on the mechanism of the enhancing
effect of the SV40 72-bp repeat. Our finding on the host range
bias of the SV40 72-bp repeat is similar, but in the reverse phy-
logenetic direction, to the observation made by Levinson et al.
(30) on the substitution of the SV40 72-bp repeat with a 72-bp
repeat derived form the long terminal repeat of a murine sar-
coma virus. This murine viral sequence did substitute for the
SV40 72-bp repeat, but the effectiveness of the former was only
a fraction of that of the latter in monkey cells.

Another observation that we have made in this study is sig-
nificant, but again awaits clarification from studies on the mech-
anism of action of the SV40 72-bp repeat. We find that the SV40
72-bp repeat is a more stringent requirement for gene expres-
sion in the semipermissive human cells than in the permissive
monkey cells (see Fig. 2 C and D). This finding is unexpected
because one would expect the maximal enhancing effect in the
homologous cell type.

Last, but not least, the observations made in this study show
that the G+C-rich 21-bp repeat is an important component of
the SV40 early promoter. In a situation in which the compli-
cation due to the enhancement effect of the 72-bp repeat is
minimal—namely, in mouse L cells—the 21-bp repeat is found
to function as an efficient promoter, comparable in efficiency

-130 -120
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to the homologous promoter of the HSV-1 tk gene (Fig. 2 A and
B). The complete removal of the 21-bp repeat (in addition to
the 72-bp repeat) causes an almost total abolition of promoter
efficiency, though the TATA box sequence and the major early
mRNA cap sites are still present in the defective control region.
This finding points to the 21-bp repeat as the main recognition
signal for the eukaryotic RNA polymerase II for initiation of
transcription downstream from this sequence. This is the sec-
ond function that we ascribe to the SV40 21-bp repeat, in ad-
dition to our earlier finding that the 21-bp repeat, though not
a part of the core region of the SV40 replication origin, exerts
a pronounced enhancement on the replication efficiency of the
DNA (20).

The sequence of the pertinent portion of the SV40 early pro-
moter region is shown in Fig. 3. The three copies of the 21-bp
repeat consist of six copies each of two alternating and mutually
overlapping C-rich oligonucleotides having the consensus se-
quences Y-Y-C-C-G-C-C-C and G-C-C-C-(C)-5-4--C-T as
shown in Fig. 3. The former oligonucleotide, whose presence
as a repeated sequence was noted by Subramanian et al. (31)
during their sequence analysis of the SV40 EcoRII-G fragment
containing this region, is strongly reminiscent of the sequence
C-C-C-C-G-C-C-C located at position —105 of the upstream
control region of the HSV-1 tk gene and found to be an impor-
tant element of the HSV-1 tk promoter (7). The latter oligo-
nucleotide, G-C-C-C-(C)-3-4-1-C-T, resembles the CAT box
consensus sequence, G-G-Y-C-A-A-T-C-T, believed to be a
component of eukaryotic RNA polymerase II promoters (3).

From the foregoing discussion it is evident that the SV40
early promoter region is unique in containing an array of mul-
tiple alternating and mutually everlapping copies of two puta-
tive upstream control elements that are present as single copies
in the other known cellular and viral promoters interacting with
eukaryotic RNA polymerase II. This multiplicity of control ele-
ments explains why only a portion of this region is required for
efficient promotion of gene expression, as in the case of our
pSV1x21 and pSV2x21 constructs. The multiplicity of these con-
trol elements also explains the dosage effect that we observe in
comparing the promoter efficiencies of the SV40 early control
region segments present in the pSVO0x21, pSV1x2l, and
pSV2x21 constructs.

The results of the present study and other earlier results on
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Fic. 3. Partial sequence of the SV40 early control region. Arrows above the sequence show the upstream boundaries of the SV40 control region
segments of pSV0x-, 1x-, and 2x21 constructs. The major in vivo early mRNA initiation site shown at bottom right is the most upstream one of
a set of three sites located within a spacing of five nucleotides at this location (12). The negative numbers above the sequence are upstream nu-
cleotides relative to this mRNA initiation site. The early TATA box is shown boxed within the A+T-richi sequence. Brackets above the 21-bp repeats
show the six copies of the C-rich octanucleotide having the consensus sequence Y-Y-C-C-G-C-C-C; brackets below show six copies of a sequence
analogous to the CAT box consensus sequence (3). Note the alternating and partially overlapping arrangement of these two C-rich oligonucleotides

within the 21-bp repeats.
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FiG. 4. Sequences at the SV40 control region and their functions determined so far. The T antigen binding sites are based on Myers et al. (29),
modified subsequently. The term ORI refers to the viral replication origin whose limits were determined by Bergsma et al. (20). The G+C-rich 21-
bp repeats increase the viral replication efficiency (20) and function as the major component of the viral early promoter (the present study). The
TATA box and the major early cap sites are also included within the early promoter because of their roles in the accurate initiation of transcription
(2). The 72-bp repeat is an enhancer sequence (16, 17), required for efficient gene expression in permissive or semipermissive cells but not in non-

permissive cells (the present study).

the functions of the sequences located in the SV40 origin region
are summarized in Fig. 4.
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