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A GC box in the bidirectional promoter is essential for expression of the
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The human dikydrofolate reductase and riismautch repair protein 1 genes are organized in a head-to-heud configuration separated by an 88 base-pair

segment and directed by a bidirectional promoter. In vivo transient assays of the site directed mutant promolers using firefly luciferase as a reporter

showed that an AT-rich sequence, ACAAATA, in the GC-rich promoler sequence is not required for transcription. However, two out of four GC

boxes were shown to function as bidirectional positive regulatory elements. Among them, a GC box at the midpoint of the region between the
two initiation sites is essenlial for supporting minimal bidirectional activity.
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1. INTRODUCTION

We have recently isolated and characterized cDNA
clones derived from transcripts initiated 89 base pairs
upstream from the DHFR gene but transcribed from
the opposite strand [1]. The divergently transcribed gene
encodes a protein highly homologous to a bacterial
DNA mismatch repair protein, MutS [2], and therefore,
we have named it the human mismatch repair protein
1 (MRP1). A homologous gene also has been identified
in the region upstream from the mouse DHFR gene {3].

We have previously shown that as small as a 165 bp
DNA fragment from =111 to +54 relative to the DHFR
initiation site has bidirectional promoter activity [4].
This sequence is characterized by richness in guanosine
and cytosine, presence of four GC boxes, and lack of the
typical TATA or CAAT boxes. Instead, this promoter
contains an AT-rich sequence ACAAATA at 29 bp up-
stream from the DHFR start site [5]. Previous studies,
using in vitro transcription assays, have shown that the
multiple GC boxes and the sequence surrounding the
initiation site play important roles in transcription of
the DHFR gene [6-9]. However, the promoter elements
for MRP! expression have not been studied so far,
primarily because MRP1 transcripts could not be de-
tected by in vitro transcription assays [10]. We have
recently demonstrated that an in vivo assay based on
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transient expression of heterologous reporter genes can
be used for detection of bidirectional activity of the 165
bp promoter sequence [4]. In this study, using the firefly
luciferase gene as a reporter, we examined the role of the
AT-rich sequence and the multiple GC boxes in the
control of both DHFR and MRPI1 expression.

2. MATERIALS AND METHODS

2.1, Plasniid construction

A basic plasmid g68X was consiructed by insertion of two polyad-
enylation signals from the human globin genes into the plasmid 8X
[11], to minimize interference belween sense and antisense transcripts
derived from the bidirectional promoter in a circular plasmid. The 114
bp wild type or mutant bidirectional promoter sequences from =99 to
+15 relative 1o the DHFR initiation site were chemically synthesized
(BP). These fragments were inserted between the Pstl and HindIIE sites
of af8X, yielding BP/28X. The DNA fragment containing the firefly
luciferase coding sequence and the SV40 polyadenylation signal (Luc
[12)) was inserted into either the Pyl and BamHI sites (MPRI1 side:
BP-M-Luc) or the Hindlll and Xfhol sites (DHFR side; BP-D-Luc)
(Fig. 1).

2.2, In vivo transient assay

Ten ug of luciferase plasmids and | gg of RSY-CAT as an internal
control were co-transfected into 5 x 10° HeLa cells in 10 cm dishes by
the CaPO, method, and cell lysales were prepared two days after
transfection. Luciferase activity [12] was normalized for transfection
efficiency by CAT activity [13).

2.3, RNase protection assay

Fifty ug of BP-M-Lue or BP-D-Luc and 10 ug of the internal
control plasmid conlaining the RSY driven human growth hoermone
gene (RSY-GH) were co-introduced into 1.5 x 107 HeLa cells in 15 cm
dishes and total RNA ftom transfected HeLa cells was analyzed by
RNase protection analyses [1] using the ML or DL riboprobes plus
the growth hormone exon | riboprobe. The ML riboprobe is derived
from the 370 bp Hinfl (within the luciferase gene 250 bp downsiream
from the junction 1o the DHFR/MRP| promoter)-Hindlll fragment
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Fig. 1. Construction of firefly luciferase expression vectors for studying the DHFR/MRPI bidirectional promoter.

of BPwt-M-Luc, while the DL riboprobe is derived from the 370 bp
Pstl-HinfT fragment of BPwt-D-Luc.

3. RESULTS

The 114 bp bidirectional promoter was chemically
synthesized (BPwt), and the luciferase coding sequence
was linked to either the DHFR side (BPwt-D-Luc) or
the MRP1 side (BPwt-M-Luc) of the promoter (Fig. 1).
These [uciferase constructs and the internal control
piasmid (RSV-CAT) were co-introduced into HeLa
cells and the promoter aciivity was determined by mon-
itorng e ducierase poXiry alter 43 » [Fig. 2). BPwi-
M-Luc gave about two-fold higher activity than BPwt-
D-Luc, consistent with our previous results using the
165 op promoier Yinked 1o the CAT geve J4)

In the first experiment, we mutated an AT-rich seg-
ment, ACAAATA, located 29 bp upstream from the
DHFER initiation site. This is the only AT-rich stiretch
in the GC-rich promoter sequence. This sequence is not

a consensus match for the TATA box, but this position
is usually occupied by the TATA box with respect to the
DHFR initiation site. Such AT-rich segments have been
also found in several GC-rich, TATA-less promoters
[14-16], and some of these segiments have been shown
to be able to functionally substitute for the TATA box
[17). Accordingly we wanted to examine two possible
functions of this clement. The first possibility was that
this was one of the variant forms of the TATA box and
was involved in positioring of the DHFR initiation site,
The second possibility was that this sequence was irrel-
evant 10 promoter function. In this case, however, it
may be passible that lack of the TATA box was respoi-
sible for heterogenous initiation including bidirectional
transcription.

We conesrnalad qwe mrtant groniaias and aecded
their promoter activity by the luciferase assay (Fig. 2)
and the transcription initiation site by the RNase pro-
tection assay (Fig. 3). In BPS, the AT-rich sequence was
destroyed by substitution with G or C, This mutation
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Fig. 2. Relative luciferase activity of the DHFR/MRPI bidirectional promoters with mutation of the AT-rich sequence. The AT-rich sequence,

ATAAACA is underlined. Asterisks of the mutant promoters indicate the same nucleotide as in the wild type promoter (BPwt). The luciferase

acivis VT eath v Weidve w BEWEWISLue or TEwi-D-Lucts shown 1n ‘bar graph Torm, and its value (%) isindicated in parentheses. Data
from at least Lwo separate experiments with duplicate samples are averaged. Error bars represent the standard error of the meun.
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Fig. 3. RNase protection analysis of luciferase transcripts. M, end-

labeled Mspl digested pBR322 marker; pUC, control RNA extracted

from Hela cells transfecied with pUC plasmid DNA. Arrows indicale

the protected fragments derived from correctly inilisted transcripts.

Asterisks (ndicace e 68 bp fragment (ot growli Aormtane (cad-
scripts that served as an internal control,

did not result in any sigmficant cfianges i promoter
activity or the initiation site for transcription in either
direciion. Therefore, this particular AT-rich sequence is
not functional in this promoter.

In BP4, the AT-rich sequence was substituted by the
perfect consensus sequence of the TATA box, TA-
TAAA. This substitution increased DHFR promoter
activity (BP4-D-Luc) and decreased MRP promoter ac-
tivity (BP4-M-Luc) without changing the initiation
sites. This mutant promoter, however, still retained bi-
directional activity. Therefore, bidirectionality of the
DHFR/MRP! promoter is not simply due to lack of the
TATA box.

In the next series of experiments, we studied the role
of the multiple GC boxes in the control of the bidirec-
tional promoter. There are four GC boxes in the mini-
mal DHFR/MRPI1 promoter in the same orientation;
two overlapping GC boxes in the middle of the inter-
genic region and two overlapping GC boxes in the re-
gion immediately upstream from the DHFR start site.
In the BP1 mutant, the two overlapping GC boxes were
converted to a single copy of the GC box in both regions
(BPT). Botn the luciierase assay and an R)lVase prowec-
tion assay (data not shown) showed that the BP] pro-
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moter has full activity in either direction, suggesting
that the overlapping structure of the GC boxes is not
important for bidirectional activity, and two GC boxes
(I or 11 and III or 1V) function in this promoter.

The consensus sequences of the GC boxes were mu-
tated by substitution with A or T (Fig. 4). Mutation of
both GC boxes LI/1V (BP7) resulted in complete loss
of promoter activity in both directions. Mutation of the
other pair of GC boxes I/II (BP8) led to about 50%
decrease in activity in both orientations. BP12 with mu-
tations of all four GC boxes showed no activity. In
BP135, the GC boxes I/Il were mutated and the GC box
IV was deleted, and therefore, this mutant promoter
contains only one GC box (IIl) in the middle. BP15
retained bidirectional promoter activity (Fig. 4).

These results suggest that the GC boxes are able to
activate transcription initiation complexes on both
sides. One middle GC box is essential for supporting
bidirectional transcription.

4. DISCUSSION

Promoters of several mammalian genes have been
shown to have bidirectional activity [14,15,18,19]. How-
ever, none of these promoters has been characterized in
detail. We showed that the GC box plays an important
role in bidivectional activity of the DHFR/MRPI1 pro-
moter. Sirnice the GC bux has been found in either orien-
tation in many promoters, this element has been
thought to regulate transcription in an orientation-inde-
pendent manner (2G]. Gur resufts stiowed that the GC
box is able to function as a bidirectional activator ele-
ment. 1t has been reported that Spl molecules bind to
tfie GC doxes arid’ SCIurace CrRiscripion of the aicase
DHFR gene [6]. Two initiation complexes for DHFR
and MRP1 transcription appear to share these Spi mol-
ecules.

A middle GC box was shown to be essential for tran-
scription of both the DHFR and the MRP1 genes. An-
other GC box immediately upstream of the DHFR ini-
tiation site is not essential, but activates transcription of
both genes. The difference in activation efficiency of
each GC box might depend on the sequence surround-
ing the GC box or the distance between the GC box and
the initiation site.

Because the GC box has been found in many unidi-
rectional promoters, the GC box alone could not be
sufficient for bidirectional activity. Transcripts of both
DHFR and MRPI1 genes start at specific sites. Our
results confirmed that positioning of the initiation sites
of these genes is regulated in a TATA-independent man-
ner. Recently, Means and Farnham [?] suggested that
transcription initiation from the mouse DHFR gene
may be positioned by an initiator element, that specifies
the initiation site within the element itselt [21]. In con-
sy, Brake woul. (22 revnndy eponisd el e gite
utilization in the Chinese hamster DHFR gene is mainly
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Fig. 4. Relative luciferase activity of the DHFR/MRPI bidirectiona! promoters with mutation of the GC boxes. Consensus sequences of four GC
boxes were boxed [23]. Experimental conditions are the same as described in Fig. 2.

regulated by upstream GC boxes. Thus, transcription
initiation from the TATA-less promoter of the DHFR
gene seems to be regulated by interactions of upstream
GC boxes and the initiator element. Although the mech-
anism of positioning of MRPI transcripts has not been
studied, another positioning element might be required
for accurate and efficient expression of the MRPI gene,
and existence of a GC box and two positioning elements
on both sides might be sufficient for minimal bidirec-
tional activity.
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