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ABSTRACT The simian virus (SV40) 72-base pair (bp) tandem
repeated sequences have recently been shown to function as ac-
tivators or enhancers of early viral transcription. A recombinant
viral genome was recently constructed by inserting 72-bp tandem
repeats from the Moloney murine sarcoma virus (MSV) in place
of the 72-bp repeats of SV40. Although this genome replicates in
monkey kidney cells, its rate of large tumor antigen expression and
replication is considerably slower than that of wild-type SV40. In
mouse cells, however, equivalent levels of large tumor antigen
appear to be expressed from both wild-type and recombinant ge-
nomes, suggesting a relationship between the level of enhancer
activity and the host cell. To confirm this observation, we have
applied a sensitive quantitative assay for gene expression based
on the conversion of chloramphenicol to its acetylated forms. The
gene encoding the enzymatic function chloramphenicol acetyl-
transferase was inserted into two vectors in which the enhancer
sequences from SV40 or MSV were placed adjacent to the early
SV40 promoter. The SV40.tandem repeats appear to activate gene
expression to significantly higher levels in monkey kidney cells,
but-the MSV repeats are more active in two lines of mouse cells.
These findings suggest that the tandem repeat elements may in-
teract with host-specific molecules and, furthermore, may con-
stitute one of the elements determining the host range of these
eukaryotic viruses.

Characterization of the nucleotide signals that constitute eu-
karyotic promoters is essential to an-understanding ofgene reg-
ulation. In addition to the Goldberg-Hogness sequence (or T-
A-T-A box) which participates 'in the precise positioning of the
5' ends ofRNA-molecules (1-3), upstream elements have been
implicated in the activation or enhancement oftranscription for
certain viral or eukaryotic genes by a number of studies (4-12).
It was initially demonstrated that the simian virus 40 (SV40) 72-
base-pair (bp) repeats activate early viral gene expression (5, 6).
Further studies indicated that these sequences could also func-
tion when they were removed from their original location and
placed at positions distant from the other promoter elements
(8, 9). The tandem repeats also retained activity when inserted
in an inverse orientation (9, 13). Other studies have indicated
that the 72-bp repeats ofSV40 could increase the transformation
efficiency of the herpes simplex virus thymidine kinase gene
(10). An analogous fragment from the polyoma virus genome was
shown to enhance the transcriptional activity of heterologous
genes such as rabbit /3-globin gene (11).
We have recently demonstrated that a retrovirus, the Mo-

loney murine sarcoma virus (MSV), contains sequences in the
long terminal repeats (LTRs) which can functionally replace the
72-bp repeats of SV40 (12). Preliminary data on large tumor
antigen (T antigen) expression has suggested the possibility that

the tandem repeats of SV40 and MSV activate gene expression
in a host-specific manner.

In this study we used a sensitive and quantitative assay of
gene activity to determine the effect of enhancers on the early
SV40 promoter. The results suggest that host specificity is one
property of certain activator elements.

MATERIALS AND METHODS
Virus Strains and Cell Lines. Small-plaque wild-type (WT)

SV40 (strain 776) and the SV40 recombinant containing the
MSV tandem repeats (SVrMsv) (12) were used to assay T antigen
production. The cell lines were CV-1 monkey kidney cells, sec-
ondary African green monkey kidney (AGMK) cells, LMTK-
mouse cells, MEFC mouse cells (kindly provided by J. Tev-
ethia), and NIH 3T3 mouse cells.

Viral Infection and T-Antigen Analysis. Equal amounts of
WT SV40 (10 plaque forming units per cell) and.SVrMsv as de-
termined by dot blot analysis were inoculated into cells grown
to confluency in 6-cm dishes. At 24 hr after infection, the cul-
tures were placed in methionine-free medium and labeled with
[35S]methionine at 100 ,Ci/ml (1 Ci = 3.7 x 10"° becquerels).
Viral proteins were extracted and immunoprecipitated with
hamster antiSV40 T antigen antiserum provided by G. Jay or
S. Tevethia. The immunoprecipitated proteins were analyzed
by electrophoresis on 10% polyacrylamide gels (14).

Construction, Growth, and Purification of Plasmids. Con-
struction of plasmids was performed as indicated in the text
according to described methods (15). Plasmids were transfected
onto cells 70% confluent by a modification of the Ca2'-precip-
itation method (16, 17). The ratio of plasmid activity remained
constant over the range 15-35 jig per dish, and 25 pug was cho-
sen as the optimal concentration. After incubation at 370C for
48 hr [the optimal time for incubation (unpublished results)],
the cells were harvested and cell extracts were incubated with
['4C]chloramphenicol and 4 mM acetyl-CoA in 250 mM Tris
(pH 7.8) (17). After analysis by ascending thin-layer chroma-
tography, the rates of conversion were determined by scintil-
lation counting.

RESULTS
Viral Expression. SVrMSv is a recombinant virus constructed

from WT SV40 by replacement. of the 72-bp tandem repeats
with those from Moloney murine sarcoma virus (Fig. 1). In a
previous study (12) we observed that the recombinant virus
grows more slowly than WT SV40, presumably due to the rel-
ative level ofenhancement ofT antigen by the SV40 (versus the
MSV) activator sequences. To assess the relative production of
T antigen in monkey and mouse cells, aliquots of both stock

Abbreviations: SV40, simian virus 40; bp, base pair(s); MSV, Moloney
sarcoma virus; LTR, long terminal repeats; T antigen, large tumor an-
tigen; WT, wild type; CAT, chloramphenicol acetyltransferase.
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viruses were inoculated in parallel into either CV-1 monkey
kidney cells or MEFC mouse cells. To prevent a dispropor-
tionate increase in the template numbers as a result of repli-
cation, infections of permissive monkey kidney cells were per-
formed in the presence of hydroxyurea (0.01 mg/ml), at levels
known to inhibit viral DNA replication. No inhibitors were
added to nonpermissive mouse cells. The relative amount ofT
antigen synthesized after infection of monkey kidney cells by
WT SV40 relative to the recombinant virus was approximately
5:1 (Fig. 2) as determined by scanning the fluorograph of the
polyacrylamide gel. In contrast, after infection of mouse cells,
roughly equal amounts ofT antigen were synthesized by these
viruses. Because the only significant difference between these
two viral genomes resides in the tandem repeats, the level of
expression of T antigen might be dependent in part upon this
activator element and its relationship to the species of infected
cell.

Transient Plasmid Expression. The insensitivity in detection
and quantitation of T antigen in the above study led us to adopt

*> an alternative method of demonstrating the relative "activator
U strength." We (17) recently had constructed a plasmid, pSV2

cat (Fig. 3), containing the early SV40 transcriptional promoter
adjacent to the coding sequences for a bacterial enzyme, chlor-
amphenicol acetyltransferase (CAT; acetyl-CoA:chloramphenicol
3-O-acetyltransferase, EC 2.3.1.28) which provides a number
of advantages in assaying gene activity. The production ofCAT
in eukaryotic cells (which is dependent upon the eukaryotic

}:0-4promoter and enhancer sequences preceding this gene) can be
measured sensitively and accurately. Furthermore, the level of

-9gCAT activity in cell extracts has been found to correlate with
>C^ gene activity at the level ofRNA production (unpublished data).

Because the enzyme CAT is apparently absent from eukaryotic
cells, background levels ofgene expression are effectively zero.

The plasmid pSV2 cat (Fig. 3) contains the SV40 repeats, the
e)<as SV40 early promoter, the CAT-encoding region in place of the
N.A former T antigen sequences, and the SV40 poly(A) addition site.

A corresponding plasmid carrying the MSV repeats (pSrM2 cat)
' 'C and a control plasmid lacking either set of repeats but retaining
C.- C-%

other promoter elements (pA1ocat2) were constructed as de-
scribed in Fig. 3.

Equivalent amounts of the control plasmid (pAlocat2) or the
CAT plasmids containing the SV40 (pSV2 cat) or the MSV
(pSrM2 cat) tandem repeats were introduced into the CV-1 line
of monkey kidney cells by the calcium precipitation method
(16, 17). Forty-eight hours after transfection, equivalent amounts
of cells were harvested and the CAT activity of the cell lysates

.E d ~ was assayed by thin-layer chromatography. An example of this
:> 3 assay at 30 min is shown in Fig. 4. Similar experiments were

performed by transfecting these three plasmid constructs into
mouse L cells. The percentage of ['4C]chloramphenicol con-
verted to an acetylated form was determined by scraping spots
from the plates and measuring the radioactivity in a liquid scin-
tillation counter. These results, expressed as percentage con-
version during the time ofa standard reaction, are shown in Fig.
5.

44mIn monkey kidney cells and in mouse cells, the gene activity
a

,,, ofplasmids with no activator elements (pAlocat2) was extremely
low (<0.5%). This level of conversion, however, was higher
than that seen with either a mock cell lysate or with a recom-
binant containing no promoter elements (pSVO cat, Fig. 3). It
is not clear whether the low level of residual gene activity ex-
hibited by the control plasmid pA1Ocat2 reflects the retention

'01'of 20 nucleotides from one SV40 repeat or is due to some in-
; E- herent activity elsewhere in this control region (for example,
d0 the 21-bp repeats). Nevertheless, the constructs containing

.-
ui

(A)
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FIG. 2. Expression of SV40 T antigen after infection of CV-1 mon-
key kidney cells and MEFC mouse cells with WT SV40 and SVrMsV.
At 24 hr after infection, T antigen was labeled with [t5Slmethionine,
immunoprecipitated with anti-T antiserum, and analyzed by gel elec-
trophoresis. A fluorograph of a typical gel is shown. Lanes: SV40 in-
fection ofCV-1 cells (lane 2) andMEFC cells (lane 5); SVr'sV infection
of CV-1 cells (lane 3) and MEFC cells (lane 4); immunoprecipitation
of SV4O-infected CV-1 cells (lane 1) and MEFC cells (lane 6) with nor-
mal hamster serum. The proteins observed in MEFC infections at mo-
lecular weight 73,000 and 45,000 were present in lane 6 (normal
serum), although not clearly visible in this photograph. These bands
are not related to T antigen. Numbers are molecular weight markers
shown x 10-3.

complete enhancer elements showed significantly increased
levels of CAT gene activity as assayed in extracts from either
monkey (CV-1) or mouse (L) cells. In a standard 60-min reac-

tion, the extracts from CV-1 cells transfected with-the recom-

binant containing the SV40 repeats (pSV2 cat) converted ap-

proximately 11% of the chloramphenicol to an acetylated form
while the plasmid containing the MSV repeats (pSrM2 cat) con-
verted only 2% of the substrate (Fig. 5). Thus, the ratio of en-
hancement in CV-1 cells was approximately 5 times as great with
the SV40 repeats as with the MSV repeats. Similar results were
found in separate experiments using secondary African green
monkey kidney cells (data not shown). Transfections ofall three
plasmids were also performed in human (HeLa) cells, and the
ratio of SV40 expression to MSV expression was found to be
approximately 5:1, similar to results observed in monkey cells.
The results obtained from transfection of mouse cells with

the three plasmids are shown in Fig. 5. During the 60-min in
vitro reaction, 6% of the substrate was converted by an extract
of L cells transfected with pSV2 cat; the extract obtained after
transfection ofL cells with pSrM2 cat, which contains the MSV
repeats, resulted in a 15% conversion; therefore, the ratio of
activity for the SV40 to the MSV enhancers in mouse cells was
approximately 2:5. Similar results were obtained when these
plasmids were transfected into NIH 3T3, another line ofmouse
cells, (data not presented).

The percentage conversion ofchloramphenicol with extracts
obtained in four separate experiments was found to vary by 20%.
Nevertheless, the ratios of activity for the MSV tandem repeats
compared to the SV40 tandem repeats remained approximately
the same. To show that similar amounts ofDNA from each plas-

FIG. 3. Construction of plasmids carrying the SV40 and SVrMSV
transcription regulatory signals coupled to the SV40 chloramphenicol
acetyltransferase gene (CAT). The plasmid pSV2 cat (17) contains the
Pvu H/HindHi fragment of SV40 coupled toCAT in a plasmid carrying
the Pvu IH/EcoRI fragment from pBR322. The plasmid pSV2 cat was
constructed by joining a fragment coding for chloramphenicol acetyl-
transferase (17) to the prokaryotic/eukaryotic vector pSV2 (18) which
contains the pBR322 origin and ampicillin-resistance gene, a SV40
early transcription unit with promoter, T-antigen encoding sequences,
and polyadenylylation site. The plasmid pSV0 cat was constructed by
deleting the Acc I/HindHI fragment from pSV2 cat and religating the
plasmid after the addition of HindIl linkers. The HindJH fragment
from SVrM~v, carrying the 72-bp tandem repeats from the LTRofMSV
coupled to the 21-bp repeats and Goldberg-Hogness box of SV40, was
ligated into theHindll site of pSVO cat. The resultant plasmid, pSrM2
cat, coupled the transcription regulatory sequences of SVrmsv to CAT
in a manner similar to that of pSV2 cat. A plasmid, pA1Ocat2, carrying
the 21-bp repeated sequences and Goldberg-Hogness box coupled to
CAT lacking tandem repeated sequences was generated byjoining the
Sph I/BamHI fragment of pA1o (a pBR322 derivative plasmid) with
the Sph I/BamHI fragment of pSV2 cat.

mid were transfected into tissue culture cells, we analyzed serial
dilutions of cell extracts by hybridization with a nick-translated
SV40 probe. These results demonstrated that there is no pref-
erential uptake of one plasmid by a given cell line (data not
shown). Thus, we conclude that, with a common SV40 promoter
element, the CAT gene activity depends on the source of the
activator sequences. The 72-bp tandem repeats from MSV stim-
ulate gene activity to a higher level in two lines of mouse cells
whereas the SV40 tandem repeats enhance gene activity to a
greater extent in two lines of monkey kidney cells.
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of core nucleotides frequently recurs. The sequence T-G-T-G-
*t * G-A-A-A-G in SV40 has a potential counterpart, T-G-T-G-G-T-

I. A-A-G, in MSV (underlined in Fig. 1). Similar sets of nucleo-
tides also can be found in the activator regions of BK virus,
polyomavirus, and bovine papillomavirus. Although the role of
such core sequences remains to be determined, preliminary

w* data suggest that these nucleotides reside in a critical region of
the activator element (unpublished data). We recently found
that a recombinant viral genome in which the MSV 72-bp tan-
dem repeats are substituted for the SV40 tandem repeats re-

1 2 3 4 5 6 mains viable in monkey kidney cells (12). It was noted, however,
ion of CAT as determined by thin-layer chroma- that the recombinant virus grows more slowly in monkey kidney
Dubation of ['4C]chloramphenicol and acetyl-CoA cells than does the WT SV40. Yet, in nonpermissive mouse
ontaining unknown quantities of CAT, the acety- cells, equivalent amounts of T antigen were synthesized. Be-
amphenicol were separated from the nonacetylated cause the essential difference between the two viruses resides
hromatographyinchloroform/methanol,95:5(vol/ in their activator sequences, we considered the possibility that
radiograph of the developedthin-layer plate is pre- cellular macromolecules might interact with these sequences
ie two monoacetylated forms of' chloramphenicol in a host-specific fashion. In this study, the coding sequences
m the unmodified substrate. Samples represent inr Ahs-eci on .in this stu e cod sequence
eated with: mock extract (lane 1), a commercially for CAT were cloned into plasmids downstream from the SV40
me (lane 2), extracts from pSV2 cat-transfectedcv- promoter sequences and either the activator from SV4O or
L cells (lane 5); and extracts from pSrM2 cat-trans- MSV. It was demonstrated that increased amounts of the CAT
ane 4) and L cells (lane 6). enzyme were synthesized in mouse cells transfected with the

plasmid harboring the MSV activator and in monkey kidney
DISCUSSION cells transfected with a plasmid containing the SV40 activator.

Because the amount of DNA uptake was similar for both plas-
n repeats of SV40 represent a eukaryotic reg- mids, this result suggests that the repeats from the monkey virus
that is involved in the activation or enhance- (SV40) are more active in monkey cells whereas those from the
ral transcription (5-9) and is capable of en- mouse virus (MSV) are more active in mouse cells.
isformation of LMTK7 cells by the herpes These experiments were designed to test the relative
ymidine kinase gene (10). An unusual feature strength oftwo activator sequences as they affect the SV40 pro-
equence as a control element is that it retains moter. It is clear that the overall transcriptional strength of a
,erted or when moved in either direction from viral activator-promoter complex in a specific cell will not nec-
)n (refs. 9, 11, 13, and 19; unpublished data). essarily reflect the host range of the virus. It has- been found
early differentiate the activator sequence from that a plasmid containing the entire Rous sarcoma virus LTR
ients of a promoter (e.g., the T-A-T-A box or is more active in the CAT assay in monkey kidney cells than is
ch appear to bear a fixed relationship to the 5' pSV2 cat (unpublished data). Several studies have recently pro-
ription unit. vided evidence that indicates that endogenous cellular genes
imber of viral genomes-such as SV40 (5, 6), can be activated by the insertion of promoter elements from
L9, 20), BK virus (unpublished data), bovine retroviral LTRs (23-26). The demonstration that certain LTRs
M. Lusky and M. Botchan, personal commu- contain enhancer elements (ref. 12; M. Kriegler and M. Bot-
rtain retroviruses (12, 21, 22)-contain acti- chan, personal communication) suggests that activation of en-
'here is little sequence homology among these dogenous genes, which already have promoters, also might be
Nevertheless, we recently found that one set regulated by the insertion or modification ofenhancer sequences.
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FIG. 5. Host-specific activation of the CAT gene by the 72-bp repeat sequences from MSV and from SV40. The amount of chloramphenicol
acetylated by extracts from.cells transfected with pSV2 cat (SV40 repeats), pSrM2 cat (MSV repeat), and pA1ocat2 (no repeats) is shown as a function
of time. One conversion unit represents acetylation of 1% of the substrate [14C]chloramphenicol by one-fifth of an extract from a 10-cm dish of cells
that had been transfected with 25 gg of plasmid DNA.
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The finding that enhancer sequences act in a host-specific
manner suggests that they preferentially recognize host-cell fac-
tors. Further insight into the potential host-specific nature of
activator elements is provided by recent studies on the growth
of polyomaviruses in embryonal carcinoma cells. Although WT
polyomavirus is unable to grow in undifferentiated embryonal
carcinoma cells, a number of viral mutants have been selected
that can overcome what is presumably a block at the level of
early viral gene expression (27-30). In all cases to date, the al-
terations in these mutants appear to reside in the region of the
virus harboring elements analogous to the SV40 72-bp repeats.
This would suggest that undifferentiated embryonal carcinoma
cells contain host functions that cannot interact with the WiT
sequences but can recognize the mutant virus DNA.

Speculation on the nature of these host-cell factors is limited
by our lack of understanding of the mechanism of activation.
One model suggests that the activator sequence provides a DNA
entry site for RNA polymerase II or a polymerase-associated
molecule (e.g., a r-like factor). As a second possibility, activa-
tors may provide binding sites for host-specific molecules that
induce a change in the inherent conformation or chromatin
structure of the template. The resulting structural alterations
could render the DNA more active transcriptionally. Alterna-
tively, the host-specific molecule reacting with enhancer se-
quences could simply sequester the transcriptional template in
a cellular compartment that enhances its transcriptional activity.
The mechanism of action of enhancers remains unclear, yet

the ability of the tandem repeats from both SV40 and MSV to
fuinction in monkey cells and mouse cells suggests that mole-
cules capable of interacting with the various enhancer se-
quences may reside in all cells. The relative host specificity of
this enhancement suggests, however, that a preferential inter-
action occurs between the host cell macromolecules and a spe-
cific activator element.
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