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ABSTRACT

The trans activator protein of Bovine Leukaemia Virus
(tax) increases the rate of transcription from the virus
promoter through 21 bp sequences located in three
tandem copies in the virus LTR. Based on data obtained
by three different experimental approaches we
concluded that the central CRE-like motif found in each
of the BLV 21 bp repeats plays an important and
indispensable role in tax mediated trans activation.
These include (i) in vivo analysis of the function of
mutant 21 bp sequences in transient transfection, (ii)
gel mobility shift assay to show that CREB binds to BLV
21 bp repeats in vitro and (iii) the demonstration that
the production of antisense CREB mRNA inhibits tax
trans activation. Further studies with different deletion
mutant CREB proteins suggest that although CREB«
can interact with factors involved in BLV trans
activation, it does not promote transcription initiation;
consequently some other member/s of the CREB/ATF
family must be involved.

INTRODUCTION

Bovine leukaemia virus (BLV) is a retrovirus that causes enzootic
bovine leukosis (4). The genome of BLV encodes a protein called
p**tax which can dramatically increase transcription from the
viral long terminal repeat (LTR) (6,25).

Trans activation of the BLV LTR by p3*ax requires 21-bp
tandem repeats present in the U3 region of the LTR (6).
Nucleotide sequence data show that similar repeats are found in
the LTRs of the closely related human T-cell lymphotropic viruses
(HTLV-I and HTLV-II). All these elements have a sequence
similar to the cyclic AMP (cAMP) -responsive element (CRE)
which is the binding site of cellular transcription factors belonging
to the CREB/ATF protein family (14).

The 21-bp repeats are essential for zax mediated trans activation
in both the BLV and HTLYV systems. Since fax does not bind
directly to the promoter region, it is believed to exert its effect
through cellular proteins that recognise these sequences. Several
proteins binding to the HTLV- and BLV LTRs have been
identified (1,8,13,17,18,24). All these contain amino acid
sequences similar to those identified as conserved functional

. domains in members of the CREB/ATF protein family (leucine

zipper, multiple potential phosphorylation sites and a basic
domain). Moreover, recent studies demonstrated that CREB but
not ATF directly interacts with HTLV-I tax (28). In these
experiments CREBq, the first recognised form of the CREB
protein family was used. CREBa is present in a large variety
of organisms and in different cell lines (2). This protein can
induce transcription of several genes in response to the increased
cAMP level (16). In the CREBa protein three functional domains
have been identified: an N-terminal trans activator domain
(containing a glutamine rich Q region and a 14 amino acid long
« peptide, which interacts with the phosphorylation motifs to
stimulate transcription activation (27)), a basic domain, involved
in DNA-binding and a Leu-zipper dimerization domain at the
C-terminal part of the protein. CREBa also contains a
phosphorylation cluster in which the phosphorylation motifs of
the protein kinase A, C, and casein kinase II can be found.
Another form of CREB missing the o peptide (CREBAq) is
produced by alternative splicing. The o peptide is believed to
modulate the activity of CREBa via conformational changes (27).

In this paper we demonstrate that CREB« binds to the BLV
21-bp repeats in vitro. Constructing ‘synthetic LTRs’ bearing
different point mutations in the repeat elements we found, that
the CRE-like element was an important target of trans activation
in BLV. In accordance with these, expression of the antisense
CREB mRNA strongly reduced the BLV fax activation of the
LTR linked CAT reporter gene in transient cotransfection
experiments. Surprisingly, expression of the CREB« protein also
inhibited BLV tax trans activation. Using deletion mutants of
CREBa we demonstrated that the N-terminal 197 amino acids
were essential for producing this inhibitory effect. As this region
did not include the DNA-binding domain of the protein, most
probably the inhibition by CREB« was not the result of blocking
the target site but was realised via protein-protein interaction.
Based on these data we hypothesise that although proteins
belonging to the CREB family can interact with activator factors
involved in tax activation, only specific members can promote
the transcription initiation.

MATERIALS AND METHODS
Plasmid constructs

Plasmids pBLH2CAT, pU3RCAT, pXB-RS and pET11 have
been described previously (5,20,6,22). For the bacterial
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expression of CREB« a full length CREBa ¢cDNA was cloned
into the pET11 plasmid (This plasmid was kindly provided by
C. Giam). For the construction of a BLV minimal promoter a
474 bp HindlI-HindIII fragment containing the BLV LTR was
cloned from pBLH2CAT into pHC624 (3). The resulting plasmid
was digested with Pvull (cleaves at —123 and —148 in the U3
region), and after Bal31 treatment (for various times) ligated with
Bg/ linkers. The ends of the created deletions were determined
by nucleotide sequencing and a plasmid carrying the BLV
promoter region from —64 to +294 was selected. From this the
BLYV promoter was inserted in front of the CAT coding sequence
as a Bglll-HindIll fragment, resulting in plasmid pBA16.

Cell culture, transfection and CAT assay

HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% foetal calf serum.
Transfections were performed by the calcium phosphate
procedure using 1ug of BLV fax expression plasmid DNA (pXB-
RS), 3 ug of the reporter constructs (full length or the mutant
BLV LTR sequences cloned upstream of the CAT gene), and
2—4ug of CREB expression plasmid (either the full length or
mutant CREB cDNA under the control of the Rous sarcoma virus
promoter). When a plasmid was omitted in the transfection
experiments, DNA levels were kept constant by using supercoiled
plasmid DNA as carrier (pHC624) (3). Cells were harvested 40
hours after transfection and CAT activities were determined as
have been described previously (11). CAT activity was
quantitated by cutting the appropriate spots and determining their
radioactivity by LSC. In the experiments with CREB the reaction
containing the pPBLH2CAT reporter plasmid and the pXB-RS rax
expressing construct was used as a reference and its CAT activity
was taken to be 100%.

Overproduction of CREB« and preparation of HeLa nuclear
extracts

Cultures of BL21(DE3) E. coli cells harbouring the pET11CREB
plasmid were induced by addition of 1mM IPTG in logarithmic
phase. Three hours later cells were harvested, suspended in
bufferA (50mM Tris—HCIl pH=8.0, 50mM NaCl, ImM EDTA,
0.5mM DTT and 0.5mM PMSF), and sonicated. Supernatant
obtained after high speed centrifugation (10.000 rpm 20 min in
Sorvall GSA rotor) was used in gel-shift experiments. In extracts
prepared from uninduced culture we could not detect any proteins
which interacted with the labelled oligonucleotides under the same
conditions. HeLa cell nuclear extract was prepared as described
by Dignam et al. (7)

Gel mobility shift assay

The determination of DNA-protein complexes by gel-
electrophoresis was carried out as have been described previously
20).

In vitro mufagenesis of CREB«

The N-terminal 197 amino acid coding sequence of the CREB«
protein was cloned into the M13 bacteriophage as an HindIII-
Kpnl fragment. Site directed mutagenesis was performed as
described by Kunkel et al. (15), using the following synthetic
oligonucleotides: CREBol (GCAGACAACCCCGGGAGTGG-
AGAT), CREBo2 (GTTCAAGCCCCCGGGCAGATTGCC),
CREBo3 (ACATTAGCCCCCCGGGGTATCCATG), CREBo4

(CCCAATGGGCCCGGGGTCCAGGTC), CREBSer (TCAA-
GGAGGGCATGCTACAGGAAA).

RESULTS

The CRE-like sequences in the 21-bp repeats are involved in
BLYV tax trans-activation

Plasmid pBA16 contained only the TATA-box and the first 21
bp repeat of the BLV LTR. As this promoter did not respond
to tax activation (Fig. 2. lane 1), we used it as a minimal promoter
to determine the fax responses of different 21 bp motifs. Three
21 bp repeats were synthesised: B20 contained the wild type
sequence of the second 21 bp repeat, B21 is identical to B20
except that the CRE-like motif was destroyed by three base
substitutions, similarly B25 contains a single base substitution
which creates a palindromic CRE (Fig. 1.). Two copies of these
oligonucleotides were inserted upstream of the pBA16 minimal
promoter, resulting in a ‘synthetic LTR’ with a structure similar
to the repeats found in the wild type promoter. Transient
expression system was used to examine the fax responsivity of
the obtained constructs (Fig. 2. lane 2—4). As anticipated,
insertion of two copies of the wild type or consensus CRE
containing 21 bp repeat rendered the pBA16 minimal promoter

u3 R uUs
40
20 _ W
— - - I~
Tz —7
BA16 CAT
B 40 agCctTGAGCTGCTGACCTCACCTGCTGAT
ACGCGACGACTGGAGTGGACGACTAGC
B 20 tCcgaAAAGCTGGTGACGGCAGCTGGTGGCTAG
TTTCGACCACTGCCGTCGACCACCGATCgatc
B 21 tcgaAAAGCTGGTGACACGAGCTGGTGGCTAG
TTTCGACCACTGTGCTCGACCACCGATCgatc
L3
B 25 tcgaAAAGCTGGTGACGTCAGCTGGTGGCTAG
TTTCGACCACTGCAGTCGACCACCGATCgatc
CRE consensus TGACGTCA
B 10 ctagACCTCCCCAACTTCCCCTTTCCCGAAAAATCCACACCCTA

TGGAGGGGTTGAAGGGGAAAGGGCTTTTTAGGTGTGGGATtcga

Figure 1. Structure of the BLV LTR A: The BLV LTR consists of three regions.
All the promoter elements can be found in the U3. This region includes three
21 bp long repeats (black boxes) which are the major targets of tax trans activation.
The R and US are the 5’ non-translated regions of the virus RNA. BA16 contains
the LTR from the 5’ end of the proximal 21 bp repeat and CAT as a reporter
gene. Hatched boxes represent the positions of the oligonucleotides B20, 21, 25,
which were cloned upstream of the LTR resulting in constructs pBA1620—25d.
B: Sequences of the synthetic oligonucleotides: B 40: wild type sequence of the
first BLV 21bp repeat; B 20: wild type sequence of the second 21 bp repeat;
B 21: sequence of the second repeat with a destroyed CRE-like element; B 25:
a point mutation in the second repeat, resulting in a consensus CRE sequence.
(The nucleotides in boldface show the mutations affecting the CRE-like element.
The lower case letters represent the flanking nucleotides used to clone the
oligonucleotides as dimers into the Xhol site of the pBA16 plasmid.) B 10: TRE2
sequence of BLV (present between the first and second repeat elements).



tax responsive while the mutation which destroyed the CRE-like
sequence abolished fax activation.

In vitro interaction of CREB and the BLV 21-bp repeats

The experiments described above demonstrated that the CRE-
like elements at the centre of the 21 bp repeats are involved in
mediating tax activation. To determine whether these motifs are
recognised by the cellular CRE binding factor (CREB) we carried
out gel shift experiments. The rat CREBa protein was
overexpressed in bacteria using the pET11CREB expression
plasmid. As labelled probe, the three oligonucleotides described
above, a synthetic copy of the first 21 bp repeat (B40), or the
region between the first and the second 21 bp repeats (B10) were
used. CREBa formed complexes with B20, B40 and B25.
Complexes with identical mobility were observed when HeLa
nuclear extract was used instead of bacterially expressed CREB«
(Fig. 3.). Consistent with the notion that CREB is involved in
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Figure 2. Effects of the synthetic oligonucleotides on tax dependent trans activation.
HelLa cells were transiently transfected with 3ug of the reporter constructs and
1ug pXB-RS. The reporter constructs were: lane 1: pBA16; lane 2: pBA1620d;
lane 3: pBA1621d; lane 4: pBA1625d.
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Figure 3. Interaction between CREB« and the BLV 21bp repeats. Gel mobility
shift assay was carried out with >2P -labelled DNA fragments, containing the
B10 (lane 1), B20 (lanes 2, 6), B40 (lane 3), B21 (lane 4), B25 (lane 5) BLV
repeats (see Fig. 1.), the crude extract, containing the overexpressed CREBa
(lanes 1—5) or HeLa (lane 6) cell nuclear extracts and 1ug of poly dI-dC.
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mediating the tax response, oligonucleotides B21 and B10 failed
to interact with CREB. These results are in agreement with the
in vivo data: the oligonucleotides which showed zax responses
interacted with CREB while those which were inactive in trans
activation did not form any complexes.

Inhibition of CREB expression abolishes frans activation

The experiments described above established that the CRE-like
sequences are essential for the frans activation and that the CREB
protein in vitro interacts with these elements. To determine, if
this interaction takes place in vivo as well, we attempted to inhibit
the expression of CREB in HeLa cells. For this purpose, a
plasmid which directs the transcription of the N-terminal segment
of CREBa in antisense orientation was constructed. (Fig. 4A.).
The fragment of CREB encoded by this region is conserved in
all known members of this protein family, consequently the
antisense RNA product could inhibit the expression of all cellular
CREB forms. When this construct was cotransfected with the
pBLH2CAT indicator and pXB-RS, tax expression plasmids, the
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Figure 4. Structure and effect of the antisense CREB construct on trans activation.
A: The Hind II— Kpn I fragment of the plasmid pRSV ASCREB contains the
Q region and the phosphorylation motifs for protein kinases of the CREB« in
antisense orientation, and it is transcribed from the point indicated by an arrow.
This plasmid was constructed from pRSVcat (4). B: HeLa cells were transfected
with 3ug of the pPBLH2CAT reporter construct and the appropriate other plasmids.
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Figure 5. Structure and effect of the wild type and mutant CREBa« proteins. A:
All of the deletion constructs were cloned into pPRSVCREBuw instead of CREBa.
CAN was constructed with Ncol digestion and T4 polymerase reaction. In CANS,
an Ncol —Stul fragment was deleted. For the C-terminal deletions we used Kpnl
and Srul sites to insert a nonsense linker containing a Xbal site. B: 6 mg of total
DNA was used for transfections. Each lane contained 3ug of pBLH2CAT and
1ug pXB-RS rax expressing plasmid. The lanes 3—10 show the effect of the
different mutant CREB proteins.

level of trans activation was strongly reduced (Fig. 4B.). These
data further supported the notion that a member of the CREB
protein family plays an important role in the trans activation of
BLV.

Overexpression of CREB« inhibits the tax activation

The observed inhibition of zax activation with antisense CREB
mRNA prompted us to test if overexpression of CREB would
give rise to a higher level of trans activation. To test this, a
plasmid, directing the expression of CREBax was cotransfected
with pPBLH2CAT and pXB-RS into HeLa cells. Contrary to our
expectation, CREB« inhibited the tax trans activation (Fig. 5.
lane 2), resulting in only 10—20 percent of the CAT activity
compared to the level obtained in its absence (Fig. 5. lane 1).
Similar level of inhibition was detected if the homologous mouse
protein was used (data not shown). To analyse which functional
domain of CREBa might cause this surprising effect we
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Figure 6. Structure and effect of the overexpressed CREB phosphorylation cluster
and the CSer133 mutant on zax activation. A. CANX and CANSX were constructed
form CAN and CANS by insertion of a nonsense linker into the Kpn I site. In
the CSer133 mutant the Pro132Ser133 motif was changed into Ala132Cys133.
B. The cells were transfected with 3ug reporter, and 1ug effector plasmids. In
lane 2 2ug CSer133 was cotransfected. In lanes 3—6 the appropriate other
constructs were added.

constructed several plasmids to express different deletion mutants
of the CREB« protein (Fig. 5. lane 3—6). The effect of these
mutations on the trans activation was tested by cotransfecting
with pBLH2CAT and the tax expression plasmid. The results
from these experiments showed that while deletions at the N-
terminal region resulted in proteins, which lost their ability to
inhibit the trans activation (Fig. 5. lane 3,4), a mutant, in which
the DNA binding and the Leu-zipper domains were deleted
(CREB197) while the trans activator domain was preserved,
strongly reduced fax activation (Fig. 5. lane 5). If, in addition
to the C-terminal DNA-binding and dimerization domains, the
phosphorylation site was also removed (CREB131), no inhibition
was observed (Fig. 5. lane 6). These results indicated that only
the N-terminal frans activator region (including the Q region,
the o peptide and the phosphorylation cluster) but not the DNA-
binding domain of CREBo: was essential for the inhibition of the
tax trans activation. This domain of CREB contains several
glutamine residues which were suggested to be involved in CREB
mediated trans activation (9). We changed some of these
glutamines to ProGly in mutations CREB31, -32, -33, -34
(GIn10GlIn11, GIn30Pro31, GIn38Val39, GIn62Thr63). None of
these proteins inhibited tax trans activation (Fig. 5. lane 7—10).



The mouse CREBAw protein, in which the o peptide was not
present did not inhibit the trans activation either (not shown).

CREBu activates the target promoters as a phosphoprotein (26).
The major phosphorylation site is Ser133 (12). To determine if
phosphorylation is needed for inhibiting trans activation, we
changed the Pro132Ser133 in CREB into Ala132Cys133 residues
to generate mutation CREB133. Cotransfection of this plasmid
with tax expressing plasmid had no inhibitory effect (Fig. 6B.
lane 2). These data showed, that phosphorylation was essential
for the inhibition by CREBa. To test, whether the overexpression
of the CREBo phosphorylation cluster has any effect on the fax
activation, we constructed the plasmids CANX and CANSX
(Fig. 6A.), and cotransfected them with the reporter pPBLH2CAT
and the rax-expressing pXB-RS. These constructs were unable
to inhibit the BLV promoter activation (Fig. 6B. lanes 3—6).
These results, in accordance with the effects of the different
CREB constructs (CREBAa, CAN, CANS, C31-34), which
might also be the in vivo targets of the endogenous protein
kinases, suggested, that the down-regulation of the BLV promoter
tax activation is not the result of titration out the pool of protein
kinases.

DISCUSSION

Each member of the HTLV/BLYV retrovirus group contains three
similar 21 bp repeats in the U3 region. The most conserved part
of these is a 7 bp sequence motif, similar to the cCAMP responsive
element found in many cellular promoters. Detailed studies on
the HTLV-I tax trans activation indicate that these motifs serve
as indispensable part of a larger fax responsive element
(8,13,19,23). Moreover, the 21 bp repeats of HTLV-I have been
shown to form complexes with members of the cellular
CREB/ATF protein family (28). To examine the role of CRE-
like motifs present in the centre of the three BLV 21-bp long
repeats we synthetised oligonucleotides with mutations that
modified the CRE elements. Different ‘synthetic LTRs’ were
constructed inserting these oligonucleotides upstream of a minimal
BLYV promoter. Cotransfections with these plasmids and a rax
expression plasmid showed that destroying the CRE abolished
tax responsiveness. These experiments, in accordance with the
findings of Katoh at al.(14), strongly suggested that the CRE-
like motifs are essential for mediating BLV tax trans activation.
In good correlation with the data obtained in transient expression,
we found that the elements which responded to fax activation
in vivo, formed complexes in vitro with CREBq, the best known
member of the CREB/ATF protein family. Cotransfection of a
plasmid, from which the conservative coding region of the CREB
family was transcribed in antisense orientation strongly inhibited
tax activation. Taken together, these results suggested that a
member of the CREB family binds to the BLV repeats and plays
an active role in mediating tax trans activation.

To study the possible mechanism by which CREB might exert
its role in tax action a plasmid, directing the expression of CREBo
was cotransfected with a reporter construct—containing the BLV
LTR linked to the CAT gene—and the tax expression plasmid.
Surprisingly, in this case the trans activation was strongly
inhibited. The reason of this could be a competition effect either
for the DNA target sequence or for other transcription factor(s)
involved in the activation. To distinguish between these
possibilities, we constructed different mutations in CREBa and
determined the effect of these in cotransfection. Our results
showed, that the N-terminal 197 amino acids were essential for
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the inhibitory effect of CREB«, while deleting the DNA binding
and Leu-zipper domains from CREBa, the suppression was
preserved. These data indicated that the reason of the inhibition
was not the competition for the CRE-like sequence. CREB
mutants, in which glutamines in the Q activating domain were
changed or the major phosphorylation site was eliminated lost
their ability to inhibit the tax trans activation. These results
suggested, that the inhibition took place via protein-protein
interaction and a relatively large part of CREBo was needed to
exert this effect (Q-region; a-domain; phosphorylation site). An
other possible explanation for the observed CREB inhibition could
be, that the overproduction of CREB protein titrated out an
important protein kinase, and the unphosphorylated form of
CREB although interacted with the target sequence, was
functionally inactive. A similar observation was reported by
Willems at al. studying the effect of CREB2 on BLV tax trans
activation (24). However, in our system this explanation seems
less likely, since we found that overexpression of only the
phosphorylation site of CREB« did not change the efficiency of
the trans activation. In accordance with these results, some of
the protein constructs did not inhibit the zax, although they might
also be the targets of protein kinases in the cells. Based on this,
we believe that the reason of the suppressing effect could not
be the accumulation of the unphosphorylated protein.

In conclusion, our data indicate that a member of the CREB
protein family, very similar to CREBa, plays a role in BLV tax
trans activation. This protein through the frans activator
domain—which include the glutamine rich Q region, the « peptide
and the phosphorylation site—can compete with CREB« for
interaction with tax or some other factors. Experiments to identify
this protein and to demonstrate its interaction with tax are in
progress.
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