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The alternating sequence poly(dG-dT) - poly(dA-dC) is a highly repeated sequence in the eucaryotic genome.
We have examined the effect of trans-acting early viral proteins on the ability of the GT element to stimulate
transcription of the adenovirus major late promoter (MLP). We find that the GT element alone does not
activate expression from the MLP in either the presence or absence of another enhancer element. However, in
the presence of the ElA gene products of either adenovirus type 5 or 2, the GT element activated expression
from the MLP. The stimulatory activity of the GT element in the presence of ElA had the properties of an
enhancer element, and the trans-activating effect on the GT element was additive in conjunction with the
ElA-responsive BK virus enhancer. We also have demonstrated that a specific nuclear factor(s) binds to the GT
element. However, the ElA protein(s) do not affect the initial factor interaction(s) with the GT element.
Overall, our data demonstrate that trans modulation of promoter activity can be mediated through the GT
element.

The eucaryotic genome contains approximately 100,000
copies of a widely dispersed copolymer, poly(dG-
dT) - poly(dA-dC) (see reference 33). These GT elements
have been found in the nontranslated regions and introns of
a number of cloned genes, present as 20- to 60-base-pair
tracts (14, 15). A number of studies have suggested that the
GT element may be a site of recombination (32-34) as well as
have an involvement in gene conversion events (8). In
addition, the mammalian GT element has been shown to
have weak transcriptional enhancer activity with the simian
virus 40 (SV40) early promoter (16). The GT element is
capable of forming left-handed, or Z-form, DNA (13, 17, 36),
which has been suggested to play a role in the regulation of
transcriptional enhancers (27), and potentially to be a nega-
tive regulatory sequence (28, 30). In addition, non-B-DNA
and Si-sensitive structures have been suggested to be in-
volved in transcriptional control (see reference 39).

In the present study, we have examined the effect of the
GT element on transcription from the adenovirus major late
promoter (MLP) in the presence and absence of trans-acting
viral proteins. Our data demonstrate the presence of a host
cell-independent GT-binding protein and the ability to mod-
ulate a promoter through the trans induction of enhancer
activity from the GT element.

Effect of the GT element on expression from the MLP. To
determine the effect of the GT element on the activity of the
MLP, we utilized a transient expression system with the
chloramphenicol acetyltransferase (CAT) gene. Shown in
Fig. 1 are the CAT expression plasmids used in the study.
Each plasmid in Fig. 1A is the same except for the regulatory
region driving expression of the CAT gene.

In Fig. 2A, the effect of the GT element on MLP activity
in the monkey kidney cell line, MK2, is shown. The GT
sequence had no stimulatory effect on the MLP; the levels of
CAT produced from pLP-CAT (lane 3) and pLP(GT)-CAT
(lane 1) were approximately the same. In addition, there
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were no differences in the levels of CAT expression from
GT-containing plasmids in the HeLa and COS-1 cell lines
(Table 1). This is in contrast to previous results demonstrat-
ing that a GT (TG) element stimulated activity of the SV40
early promoter in HeLa, COS-1, and CV1 cells (16). These
data suggest a possible promoter dependence for GT en-
hancer activity.
As shown in Fig. 2A, lane 2, the level ofCAT activity from

pLP(GT)-CAT increased approximately 10-fold following
cotransfection with the adenovirus type 2 ElA expression
plasmid pSVE1A. The levels of CAT from pLP-CAT in the
presence and absence of ElA (lanes 5 and 4, respectively)
were not significantly different. Thus, the GT element ap-
peared to activate transcription from the MLP in the pres-
ence of ElA. In support of these data, we determined the
relative promoter strength of pLP-CAT and pLP(GT)-CAT
in the 293 cell line, which constitutively expresses the ElA
gene products. Whereas the GT element alone had no effect
on the MLP in MK2 cells, a five- to seven-fold increase in
activity was observed with the GT element in this E1A-
producing cell line (Fig. 2B). The ability of the ElA pro-
tein(s) to stimulate activity in the presence of the GT element
was host cell specific. As shown in Fig. 2C, the level of CAT
produced from pLP(GT)-CAT (lane 1) was not increased by
ElA (lane 2) in the HeLa cell line. In fact, the presence of
the ElA proteins resulted in a slight decrease in CAT
activity.

Previously, we demonstrated that the T antigen of SV40
activated the MLP in trans (10). To determine whether this
trans-acting protein also activated the GT element, both
pLP-CAT and pLP(GT)-CAT were cotransfected with the T
antigen expression vector pSV3gpt (ATCC 37144). The
SV40 T antigen activated expression from both plasmids
approximately sevenfold; MLP expression from pLP(GT)-
CAT was not higher than that from pLP-CAT (data not
shown). In addition, the levels of CAT with or without the
GT element were approximately the same in the T-antigen-
producing COS-1 cell line (Table 1).

Effect of the GT element on enhancer-activated expression
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FIG. 1. CAT expression plasmids used to study the effect of the
GT element on transcription of the MLP of adenovirus. (A) The
construction of plasmids pLP-CAT (10), pBL2-CAT (11), and
pBal8-CAT (10) has been described previously. A synthetic GT
element, consisting of GT repeated 21 times and flanked by XhoI
and BamHI sites [GATCCTCGA(GT)21GAATTCTCGAG], was in-
serted into the CAT expression plasmids described above. The
EcoRI site in the synthetic element was used to orient the insert.
pBL(GT)-CAT was constructed by inserting the GT element be-
tween the BK virus P2 (1) enhancer and the MLP at the XhoI site
(adenovirus 2 [AD2], nucleotide 5778). pLP(GT)-CAT was con-
structed from pBL(GT)-CAT by deleting the BK enhancer from the
MstI (nucleotide 188) to the BgIII (BK; nucleotide 4654) site. (B)
Plasmids pBal8-CAT(GT6) and pBal8-CAT(GT9) were derived
from pBal8-CAT by insertion of the GT element at the BamHI site
3' to the CAT gene and SV40 polyadenylation site (SV40, nucleotide
2533) in both orientations (GT6, sense; GT9, antisense). ori, Origin.
(C) The adenovirus ElA expression plasmid, pSVE1A, was con-

structed with the BalI restriction fragment (Ad2, nucleotides 270 to
2065) containing the ElA coding sequence, inserted downstream of
the SV40 early promoter-enhancer (at the Stul site at nucleotide
5190). pSVElA also contains the EcoRI to NdeI restriction fragment
of pBR322, including the ampicillin resistance gene and origin of
replication.

of the MLP. In a previous report, we demonstrated that the
activity of the BK virus enhancer also could be stimulated by
ElA (10). As shown in Table 1, expression of CAT from the
BK virus enhancer-stimulated MLP was increased approxi-
mately fivefold by the GT element in the 293 cell line but was
unchanged in the MK2 and COS-1 cell lines. In addition, the
stimulatory effects of ElA on the BK virus enhancer and the
GT elements appeared to be additive. In MK2 cells, the level
ofCAT activity from pBL(GT)-CAT also was approximately
sevenfold higher than that from pBL2-CAT following

m9n,.cm

1 2 3 4 5

c

C 99QQ> W §c

* 1 3-ac

. _ -3-ac

1-ac

1 2 3 4

FIG. 2. Effect of poly(GT) element on the expression of the MLP
alone and in the presence of the adenovirus ElA gene products in
the monkey kidney cell line MK2 (ATCC CCL7) (A), the adenovi-
rus-transformed human kidney cell line 293 (ATCC CRL 1573) (B),
and the human HeLa cell line (ATCC CRL 2.1) (C). Cells were
transfected, and after 48 h, a cell extract was prepared and assayed
for CAT activity as described previously (10). Unreacted
[14C]chloramphenicol (cm) and its acetylated forms, chlorampheni-
col 1-acetate (1-ac) and chloramphenicol 3-acetate (3-ac), were

separated by thin-layer chromatography and detected by autoradi-
ography. The cm STD lane is the control, showing acetylated
chloramphenicol forms using purified CAT (Pharmacia). In cotrans-
fection experiments, the ElA gene was introduced by using
pSVE1A, and ElA-dependent repression of pSL-CAT (10) was used
as a control for ElA activity for each transfected cell line.

cotransfection of both plasmids with pSVElA (data not
shown). Thus, the GT element could activate expression
from the MLP in the presence of another ElA-responsive
element. As shown in Table 1, the level of CAT expression
from the pBal8(GT)-CAT plasmids, in which the GT ele-
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TABLE 1. Comparative activities of CAT expression plasmids
containing the GT element in several cell lines

Relative level of CAT in cell linea:
Plasmid

293 MK2 COS 1 HeLa

pLP-CAT 1 1 1 1
pLP(GT)-CAT 5 0.9 NT 0.8
pBL2-CAT 66 28 8 2.1
pBL(GT)-CAT 263 21 8 2.2
pBal8-CAT 280 20 NT NT
pBal8-CAT(GT6) 960 NT 11 NT
pBal8-CAT(GT9) 830 NT NT NT

a The level ofCAT activity from pLP-CAT was assigned a value of 1 in each
cell line, and the level from other plasmids was expressed relative to that
value. We have determined by Northern (RNA) blot analysis that differences
in the level of CAT activity reflect differences in the level of CAT mRNA and
by primer extension analysis that all transcription of the CAT mRNA initiates
at the MLP cap site. In addition, we have determined by Southern blot
analysis that differences in plasmid copy number are not responsible for the
differences in CAT activity or CAT mRNA levels (data not shown). Each
datum point is the average of from two to eight individual determinations. NT,
Not tested.

ment was placed 3' to the CAT cistron in both orientations
(Fig. 1), was three- to fourfold higher than that from pBal8-
CAT, and the effect was independent of the orientation of
the GT element. These data demonstrate that the E1A-
induced activity of the GT element on transcription from the
MLP has the properties of an enhancer element.

In HeLa cells, the GT element had no stimulatory effect
on the activity of the MLP in constructions containing the
BK virus enhancer (Table 1); the same level ofCAT activity
was observed in cells transfected with pBL2-CAT and
pBL(GT)-CAT. The low-level activity of the BK virus
enhancer in HeLa cells was shown previously to be due to
repression by a specific nuclear factor (11). The ElA gene
products have been shown to activate (3, 10, 22) as well as to
repress (2, 19, 36) the activity of enhancer sequences, and
we previously reported that the BK virus enhancer, which is
stimulated by ElA in kidney cells (10), is repressed by the
ElA proteins in the HeLa cell line (11). In the presence of
the ElA proteins, the level of CAT from pBL2-CAT was
reduced approximately 3.5-fold and that from pBL(GT)-
CAT was reduced approximately 11-fold. These data suggest
that either the repression of BK virus enhancer activity by
ElA is stimulated in the presence of the GT element or the
repressive effect of ElA on both elements is additive.
Overall, our data show that ElA affects the BK virus
enhancer and the GT element in the same way, i.e., stimu-
lating enhancer activity in MK2 cells and repressing the
activity in the HeLa cell line. These data suggested that both
the BK virus enhancer and the GT element may be interact-
ing with the same factor(s) that specify their host cell-
dependent responses to ElA.

Interaction of nuclear factors with the GT element. Exper-
iments were performed to determine whether a specific
nuclear factor(s) interacted with the GT element and, if so,
whether or not the ElA protein(s) affected the interaction(s).
Nuclear extracts were prepared, and specific binding of
protein factors to the poly(GT)21 element was determined by
DNase footprint and gel migration retardation analyses by
using conditions described previously (11). To assure that
nuclear extracts from each cell line were as equivalent as
possible, extracts were prepared at the same time and under
identical conditions and were shown to be transcriptionally
active, as measured by runoff transcription from the MLP
(12). As an additional control for the consistency of extracts,

we determined by gel shift analysis that extracts prepared at
the same time gave the same level of binding to the major
late transcription factor (data not shown). The DNase foot-
print analysis was performed by using an end-labeled restric-
tion fragment of pGTC, a plasmid in which the GT element
is upstream of the BK virus enhancer (Fig. 3A). With
increasing concentrations of 293 cell nuclear extract (lanes 1
to 3), we observed a protected region corresponding to the
GT element. Approximately fourfold less nuclear extract
was needed to obtain an equivalent level of protection of the
BK virus enhancer sites I and III (11), suggesting that the
activity or concentration of the GT binding factor is less than
that of the BK virus enhancer-binding factor (data not
shown). In gel retardation experiments using a 32P-labeled
synthetic poly(GT) element (Fig. 3B), the addition of in-
creasing amounts of nuclear extract from either 293, MK2,
or HeLa cells resulted in the appearance of distinct bands of
slower mobility. In competition studies, the shifted bands,
Bi and B2, were shown to be specific whereas the minor
band migrating between the GT probe and Bi could not be
specifically competed with unlabeled GT element (data not
shown). As shown in the example in Fig. 3C, the level of Bi
appeared to plateau with increasing nuclear extract, while
the level of B2 increased. These data suggested that B2 was
derived from B1, which was confirmed in the experiments
described below. As shown in Fig. 3D, the amount of
nuclear extract required to obtain an equivalent level of
binding to the GT element was the same for each cell line.
Thus, we could not demonstrate a significant difference in
the level of binding of nuclear proteins to the GT element
between cells expressing ElA (293) and cells not expressing
the ElA proteins (HeLa, MK2). We also examined the level
of GT-binding activity in nuclear extracts prepared from
cells 7 h postinfection with adenovirus type 5 or d1312, an
adenovirus mutant with a defective ElA gene. There was no
significant difference in the amount of extract required to
obtain the same level of Bi and B2 (Fig. 3E). Thus, the host
cell-dependent effects of ElA do not appear to be mediated
through the factor(s) involved in the initial interaction(s)
with the GT element.
To more fully characterize the GT binding factor(s), the

dose-response parameters for the formation of the Bi and B2
complexes were determined. As shown in Fig. 4A and B, the
Bi complex appeared at low concentrations of extract and
began to plateau as the B2 complex began to increase. With
further increases in nuclear protein concentration, Bi disap-
peared as B2 continued to increase and ultimately plateau. In
competition experiments, starting with conditions of equal
Bi and B2 complex, increases in the level of cold GT
resulted first in a reduction of B2, followed by reduction in
the level of Bi (Fig. 4C). In fact, no competition of Bi was
observed until the level of B2 had been reduced by 80 to
85%. The dose-response and competition data suggest that
the B2 complex is derived from the preformed Bi complex.
Similar dose-response patterns have been observed in the
dimer formation of the truncated glucocorticoid receptor to
the steroid response element (35). Additional experiments
will be needed to determine whether the B2 shift is due to
dimer formation of the factor responsible for the Bi shift or
is the next factor in the assembly of a transcription complex.
As shown in Fig. 3D, ElA did not affect either Bi or B2
formation.
We have demonstrated that binding of a nuclear factor to

an NF1 homology (BK-NF1 site) was involved in the posi-
tive activity of the BK virus enhancer (11). Markowitz and
Dynan (25) have shown that a factor that binds to the
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FIG. 3. Binding of 293, MK2, and HeLa cell nuclear proteins to the poly(GT) element. Nuclear extracts were prepared from HeLa, 293,

and MK2 cells as described by Dignam et al. (6). (A) The DNA fragment for footprint analysis was prepared from pGTC by restriction
digestion with HindlIl (BK, nucleotide 5076) and end labeling with polynucleotide kinase and [y-32P]ATP, followed by digestion with AvrII
(BK, nucleotide 366). The plasmid pGTC contains the synthetic poly(GT) element (Fig. 1) upstream of the BK virus enhancer at the StuI site
(BK, nucleotide 5122). Approximately 10 ,ug of labeled DNA was incubated with increasing amounts of 293 cell nuclear extract under
conditions described previously (11): lane 1, 5 ,ug; lane 2, 10 ,ug; lane 3, 20 ,ug; lanes 4 and 5, no extract. The position of the GT element
relative to the HindlIl site is shown. E, Position of the EcoRl site in the synthetic GT element. (B) Approximately 5 ng of GT probe, end
labeled with polynucleotide kinase and [y-32P]ATP, was incubated with various amounts of a nuclear extract prepared from either 293, MK2,
or HeLa cells, under conditions similar to those described by Carthew et al. (4), modified as described previously (11); the protein-bound
probe was separated from the free probe on a low-ionic-strength 4% polyacrylamide gel as described by Fried and Crothers (9), and after the
gels were dried, the protein-DNA complexes were visualized by autoradiography. Lanes 1, 5, and 10, No extract; lanes 6 and 11, 1.25 iLg of
extract; lanes 2, 7, and 12, 2.5 jig of extract; lanes 3, 8, and 13, 5 ,ug of extract; lanes 4, 9, and 14, 10 ,ug of extract. B1 and B2, Locations
of bound probe. (C) GT probe incubated with 1.65, 5, 8, 16.5, and 24.5 ,ug of HeLa cell nuclear extract in lanes 1 to 5, respectively. (D and
E) Amount and percent of nuclear extract bound; for details, see text.

positive site also interacts with additional sequences in BK
virus MM. These same sequences in the BK virus P2
enhancer were shown to be involved in both the repression
of enhancer activity (11) and positive response to ElA (10).
As shown in Fig. 4D, the synthetic BK-NF1 site (11) did not
compete for binding with the GT binding factor. The syn-
thetic GT element also could not compete for the nuclear
factor binding to the BK-NF1 site (data not shown). There-
fore, the same factor is not binding to these two E1A-
responsive elements even though both respond to ElA in a
host cell-specific manner.

In this paper, we have demonstrated that the highly
repeated GT element can affect transcription of an adjacent

promoter in the presence of ElA, a trans-acting factor. In
combination with the BK virus enhancer, the GT element
still functioned to enhance transcription in the presence of
ElA. In fact, the combination of these two ElA-responsive
elements resulted in approximately a 1,000-fold enhance-
ment of transcription from the MLP in the ElA-producing
cell line 293. Such strong transcriptional signals may be
generally useful for the overexpression of recombinant
genes. In contrast, ElA repressed MLP activity in the
presence of the GT element in HeLa cells. A similar host
cell-dependent effect of ElA on enhancer activity has been
observed for the immunoglobulin heavy-chain enhancer (3,
19). Our data also suggest that the effect of ElA does not
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FIG. 4. Dose-response results for the binding and competition of the GT-binding factor. (A) Effect of increasing levels of HeLa cell nuclear
protein on the formation of the Bi and B2 complexes. Lane 1, No extract; lane 2 through 11, 1.25, 2.5, 3.75, 5, 10, 10, 17.5, 29, 29.5, and 77
,ug of extract, respectively. (B) Summary of Bi and B2 complex formation with increasing levels of nuclear protein. Amount of probe bound
(in counts per minute) was determined from four individual experiments. (C) Competition for Bi and B2 complex formation with increasing
levels of the cold GT element determined by gel shift analysis. Reactions contained approximately S ng of labeled GT probe, 10 ,ug of nuclear
extract, and increasing levels of cold GT probe. The level of binding with no competitor was taken as 100%o for each complex. (D) Competition
for Bi complex formation with increasing levels of the GT element and BK-NF1 site (11). Conditions were as described for panel C.

involve initial interactions with the GT element. The ElA
gene product(s) has been shown to interact with cellular
factors (7, 19) and actually increase the binding activity of
factors for sequences upstream of the E2 promoter (23, 24)
and TATA binding factor (37) and also the active concentra-
tion of TFIIIC (20, 38). In other cases, there has been no
observable effect ofElA on the interaction of nuclear factors
with ElA-responsive elements (5, 21, 31).
While it is reasonable to suggest that the binding of a

GT-specific factor(s) is involved in the function of the GT
element, it is possible that the function of the GT element is
to alter local DNA structure. The formation of Z-form DNA
is stabilized by negative supercoiling and has been amply
demonstrated in vitro (17, 26). However, there is disagree-
ment in the literature as to the stability of Z-form DNA in
vivo (see reference 29). While it has been suggested that
Z-DNA structure could be stabilized by Z-DNA-binding
proteins (29), it is unlikely that the GT-binding factor de-

scribed here is a Z-DNA-binding protein because the probe
was not used in conditions conducive to Z-DNA formation in
vitro. Whether or not altered DNA structure is involved in
the function of the GT element, the GT-binding protein
described here may be important in the function of the GT
element and in its ability to regulate expression through
trans activation or repression.

We thank R. Belagaji for synthesizing the poly(GT) element used
in these studies and R. Schneider for kindly supplying the adenovi-
rus mutant d1312.
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