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Background: HTLV-I Tax is believed to activate viral
gene expression by binding bZIP proteins (such as CREB)
and increasing their affinities for proviral TRE target sites.
Each 21 bp TRE target site contains an imperfect copy of
the intrinsically bent CRE target site (the TRE core) sur-
rounded by highly conserved flanking sequences. These
flanking sequences are essential for maximal increases in
DNA affinity and transactivation, but they are not, appar-
ently, contacted by protein. Here we employ non-denatur-
ing gel electrophoresis to evaluate TRE conformation in
the presence and absence of bZIP proteins, and to explore
the role of DNA conformation in viral transactivation.

Results: Our results show that the TRE-1 flanking
sequences modulate the structure and modestly increase
the affinity of a CREB bZIP peptide for the TRE-1 core
recognition sequence. These flanking sequences are
also essential for a maximal increase in stability of the
CREB-DNA complex in the presence of Tax.
Conclusions: The CRE-like TRE core and the TRE
flanking sequences are both essential for formation of
stable CREB-TRE-1 and Tax-CREB-TRE-1 com-
plexes. These two DNA segments may have co-evolved
into a unique structure capable of recognizing Tax and
a bZIP protein.
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Introduction

Human T-cell leukemia virus type I (HTLV-I) is the eti-
ologic agent of a group of diseases known collectively as
adult T-cell leukemia [1,2]. One of the proteins encoded
by HTLV-I is the transcriptional activator, Tax, which
regulates viral gene expression through three 21-base-
pair (bp) DNA target sites located within the HTLV-I
long terminal repeat (LTR) [3]. These 21-bp target sites
are known as Tax response elements (TREs). Each TRE
contains an imperfect copy of the cyclic-AMP response
element (CRE, ATGACGTCAT), the target site for
bZIP proteins in the CREB/ATF sub-family [4]. This
CRE target site is flanked by highly conserved sequences
of unknown but critical function (Fig. 1a) [5]. Although
Tax activates transcription through target sites recognized
by bZIP proteins, Tax is not a bZIP protein, and does not
bind DNA with high affinity [6,7]. Substantial evidence
indicates that Tax activates HTLV-I transcription by
interacting with host bZIP proteins to increase their
affinities for viral TREs [8~12]. bZIP proteins that inter-
act with Tax and bind TREs include CREB and ATF-2,
two proteins that bind the consensus CRE target site
with high affinity [6,13-18] and specificity [19,20].
Considerable efforts are currently aimed at understand-
ing the mechanism by which Tax interacts with bZIP
proteins to increase their affinities for DNA [17,21-29].

Two significant differences exist between the three 21-bp
TREs and a consensus CRE target site (Fig. 1). First,
only six or seven bp of the central 10-bp core of each
TRE are identical to the corresponding base-pairs of the
CRE target site. Second, whereas the sequences flanking

the 10-bp CRE target site do not always influence the
DNA-binding activities or transcriptional potencies of
CREB/ATF proteins [23,30,31], the sequences flanking
the central core of each TRE are critical for both func-
tions. In vitro selection experiments indicate that the
flanking sequences contribute to the stability of the
Tax-CREB-TRE complex but not to that of the
CREB-TRE complex [23,25,30]. Mutagenesis experi-
ments indicate that transcriptional activation of the
HTLV-I genome 1is abolished when the flanking
sequences are mutated [5,8,32,33].

Several possible explanations exist for the importance of
the conserved TRE flanking sequences. These sequences
could be contacted by Tax, or they could be contacted
by CREB in the presence of Tax, or they could alter the
overall conformation of the DNA so that it presents an
appropriate binding site for a Tax—-CREB complex. The
CREB-TRE and Tax—~CREB-TRE complexes produce
similar interference footprints, suggesting that the flank-
ing sequences are not contacted by Tax or by CREB
when Tax is present [23,24]. Two observations suggest a
role for DNA conformation in the formation of
Tax—CREB-TRE complexes. First, d(C)d(G) runs,
which are found in the TRE flanking sequences, exhibit
small but detectable curvature in solution [34]. Second,
the consensus CRE target site, which resembles the
central TRE core, displays major-groove curvature that
is no longer seen after binding by members of the
CREB/ATF family of bZIP proteins such as CREB
[20,35]. Given the possibility of non-B-form DNA
structure in the TRE target site, we examined its
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“ l TRE-1 5'-AAGGCTCTGACGTCTCCCCCC-3
| TRE-2 5' -TAGGCCCTGACGTGTCCCCCT-3" |
| TRE-3 5'-CAGGCGTTGACGACAACCCCT-3" |
CRE 5'------- ATGACGTCAT-----~- 3
(b) ¢
TCT 5'-AAGGCTATGACGTCATCCCCC-3' |
CTC 5'------- CTGACGTCTC--~~- -~ 3t ‘

Fig. 1. Sequences of the TREs, CRE and the TCT and CTC
chimeric target sites. () Sequences of the three Tax response ele-
ments (TREs) found in the HTLV-I long terminal repeat and a con-
sensus CRE target site. Bases within each TRE target site that are
identical to the corresponding CRE target site base are high-
lighted in yellow. (b) Sequences of the chimeric TCT and CTC
sequences used to further examine TRE-1 conformation. Pink
letters indicate bases derived from the CRE target site, and blue
letters indicate bases derived from the TRE-1 target site.

conformation in the presence and absence of bZIP pro-
teins to gain insight into the role of DNA conformation
in the formation of Tax-CREB-TRE complexes.

Results and discussion

Phasing analysis of TRE-1

Helical phasing analysis [36] was employed to determine
whether the 21-bp TRE-1 target site, like the CRE
target site, is intrinsically bent. Helical phasing analysis is
based on the differential mobilities of curved and
straight DNA fragments in non-denaturing polyacryl-
amide gels. Bent DNA molecules migrate more slowly
through these gels than do straight molecules of the
same length. In a phasing analysis, a set of DNA test
fragments is constructed. Each test fragment contains a
different number of base pairs between the DNA target
site of interest and an A-tract sequence which bends by
54° toward the minor groove [37]. The distance between
the centers of these sites is varied in five steps over the
space of one helical turn (10-11 bp). If the DNA target
site of interest is straight, then the five test fragments will
migrate through a non-denaturing gel at comparable
rates because they will all contain only one bent
sequence — the A-tract. If the DNA target site of inter-
est is intrinsically bent, however, then the five fragments
will migrate through the gel at different rates depending
on whether the target-site bend increases or decreases
the overall curvature of the DNA fragment. Phasing
analysis distinguishes bends that are a result of intrinsic
curvature from those that are a result of inherent flexi-
bility, and it also determines the direction of the target
bend relative to the A-tract bend [38].

The three TRE target sites in the HTLV-I LTR are not
identical. We chose to study TRE-1, whose central 10-bp
core is most similar to the consensus CRE target site (Fig.
1a). The test fragments used for phasing analysis of TRE-1
and CRE (as a control) are shown in Figure 2a. The CRE
test fragments contain flanking sequences that do not

themselves exhibit intrinsic curvature [35]. The TRE test
fragments include the conserved flanking sequences
found in the 21-bp TRE-1 target site (Fig. 1a), and there-
fore have a greater number of base pairs separating the
target site and the A-tract than do the corresponding
CRE test fragments. Since the TRE constructs otherwise
contain the same sequences as the CRE constructs, any
observed curvature in the TRE target site cannot result
from an intrinsic bend in the linker [35].

An autoradiogram illustrating the relative mobilities of
the TRE-1 test fragments is shown in Figure 2b; this
figure also shows test fragments containing either the
AP-1 or the CRE target site. The data show that while
the mobilities of the five CRE test fragments vary in a
phase-dependent manner, the mobilities of the five
TRE-1 test fragments do not. Plots showing the relative
mobilities of the two sets of test fragments as a function
of the distance in base pairs between the centers of the
TRE-1 or CRE target site and the center of the A-tract
are shown in Figure 2c. Among the CRE test fragments,
the molecule with the slowest mobility (CRE-26) con-
tains a linker that separates the center of the CRE target
site from the center of the A-tract by 2.5 helical turns of
DNA. In this molecule, the CRE target site and the
A-tract are out of phase, confirming the presence of an
intrinsic major-groove bend in the CRE target site [35]
that adds constructively to the A-tract bend in this orien-
tation. The five TRE test fragments, however, exhibit the
same mobility, indicating the absence of a net intrinsic
bend in the 21-bp TRE target site. Estimation of the
bend angles [39—41] suggests that the CRE target site is
bent by 11 £ 1°, while the TRE-1 target site is straight
(1 £ 1°). Because the TRE-1 sequence differs from the
consensus CRE target site by only 3 bp in the central
10-bp DNA binding region, the finding that the TRE-1
target site has no curvature was unexpected.

Three possible explanations could account for the differ-
ence in intrinsic curvature between the TRE-1 and CRE
target sites. The first possibility is that the 5-6 bp flanking
either side of the 10-bp CRE-like core in the TRE-1
target site might modulate the intrinsic major-groove
bend and cause TRE-1 to appear straight in the phasing
analysis. This model invokes a 21-bp TRE with several
composite bends that together generate a fragment that
appears straight in a phasing analysis. A second possibility
is that the 3-bp difference between the 10-bp core of the
CRE and TRE-1 target sites might result in a change in
conformation. This 3-bp difference actually leads to five
new dinucleotide steps that could be important [42].
Finally, it is possible that a combination of both the con-
served TRE flanking sequences and the central base pair
changes could lead to the observed TRE-1 conformation.

Phasing analysis of CRE/TRE chimeras

To distinguish between these possibilities, we con-
structed two sets of phasing oligonucleotides, labeled
TCT and CTC in Figures 1b and 2a. The TCT test
fragments contain the 10-bp consensus CRE target site
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Fig. 2. Phasing analysis of DNA curvature demonstrates that the CRE target site is bent, but the TRE-1, CTC and TCT target sites are not.
(@) The probes used for phasing analysis of the CRE and TRE-1 target sites contain a CRE (pink boxes) or TRE-1 (blue boxes) target site
separated by a variable length linker from a 25-bp A-tract sequence (black boxes) that bends intrinsically toward the minor groove by 54°
[37]. The TRE test fragments include the conserved flanking sequences found in the 21-bp TRE target site and therefore have a greater
number of base pairs separating the TRE target site and the A-tract. The constructs used for phasing analysis of the chimeric CTC (blue
box surrounded by pink) and TCT (pink box surrounded by blue) sequences were constructed similarly. The probe names refer to the dis-
tance in base pairs between the centers of the test target site and the 25-bp A-tract. The probes containing the TRE flanking regions (TRE
and TCT) have a larger number of base pairs in this region due to the increased length of the test target site. With the exception of the
variable linker, all five constructs were the same size and contained the same sequence. (b) Autoradiogram illustrating non-denaturing
electrophoretic mobility analysis of the AP-1, CRE, TRE-1, TCT, and CTC DNA test fragments (numbering as in (a)). (c) Plots of the relative
mobilities of the CRE (pink), TRE-1 (blue), CTC (pink and blue circles), and TCT (blue and pink squares) DNA test fragments as a function
of the distance in base pairs between the centers of the target and the A-tract sites. The mobilities of the DNA fragments (i) were mea-
sured as the distance in millimeters from the center of the electrophoresis well to the center of the DNA band and were normalized to
the average mobility of the fastest and slowest fragments to give the relative mobilities (p; , = W/ Iy, )- The data shown represent the
average of at least three separate determinations. Error bars represent one standard deviation. The points are connected by the calculated
best fit of the data to a cosine function [41].

surrounded by the TRE-1 flanking sequences; the CTC
test fragments contain the 10-bp CRE-like core of
TRE-1 surrounded by the CRE flanking sequences
[35]. If the TRE-1 flanking sequences counteract a bend
in the central 10-bp core, then the TCT test fragments
should not show evidence of intrinsic curvature while
the CTC test fragments should. If the three-base-pair
difference between the CRE target site and the TRE-1
central core abolishes the intrinsic curvature, then the
TCT test fragments should show evidence of intrinsic
curvature and the CTC test fragments should not. If

both factors contribute to the conformation of the
DNA, then both sets of chimeric test fragments should
appear either straight or bent.

Figure 2b shows the phasing analysis of the TCT and
CTC test fragments. Neither set shows evidence of
intrinsic curvature. R elative mobility plots (Fig. 2¢) show
no differences among the sets of CTC and TCT oligo-
nucleotides. The bend angles estimated for both chimeras
were found to be 0 X 1° [39-41]. Either the two sets of
chimeric DNAs are straight, or they contain composite
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bends that counteract each other and cause the test frag-
ments to appear straight. In either case, since both

~ sequences appear straight, the conformational difference

between CRE and TRE-1 cannot be attributed to either
the central core or the TRE-1 flanking region alone, but
must be an essential combination of these elements.

The TCT and CTC phasing data can be analyzed in light
of other results to provide more specific conclusions about
the nature of the TRE and CRE target sites. The intrinsic
bend in the CRE target site, detected initially by helical
phasing analysis [35], has been confirmed by the use of lig-
ation-ladder experiments (L.S.S. & A.S., in preparation).
When the intrinsically bent 10-bp CRE target site is
replaced by the 10-bp TRE-1 core (to create the CTC
construct), no bending is seen. This result suggests that the
TRE-1 10-bp core is not bent, in agreement with ligation
ladder analysis of multimers of the 10-bp TRE-1 central
core (J.M.C. & A.S., unpublished results). It also suggests
that a 3-bp (5 base-step) change is enough to eliminate
the intrinsic CRE bend, which is consistent with mutage-
nesis data showing that the CRE bend requires two out-
of-phase 5'-TGA-3' half sites located on opposite DINA
strands (L.S.S. & A.S., in preparation). This latter suggestion

is also consistent with the finding of major-groove curva-
ture within protein-bound DNA segments containing
two pyrimidine-purine (YR) steps placed 6—10 bp apart
with an additional YR step in the center [42]. This
arrangement is found in the CRE target site but not in
the TRE-1 10-bp core.

When the intrinsically bent 10-bp CRE target site is sur-
rounded by the TRE flanking sequences in the TCT con-
structs, the CRE major-groove bend is lost. This result
suggests that the TRE-1 target site flanking sequences are
sufficient to alter DNA conformation at a distance, and
that perhaps the central 10-bp core and the conserved
flanking sequences somehow act together to provide the
unique structure of the 21-bp TRE target site.

Effect of CREB on DNA conformation

Despite the differences in their conformations, the TRE
and CRE target sites are bound by some of the same
bZIP proteins, such as CREB. CREB is one of several
bZIP proteins that removes the intrinsic CRE target site
bend when it binds [20,35]. Therefore, it is possible that
the TRE-1 conformation has evolved to stabilize
CREB-TRE complexes selectively. The TRE-1 target
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site could, for example, present a ‘pre-straightened’ CRE
target site that is organized for the binding of CREB.
Alternatively, the TRE-1 target site could behave like
the CRE target site and bend to present an appropriate
conformation for CREB. To explore the relevance of
the different conformations for protein binding, we
evaluated the conformation of each set of phasing
oligonucleotides (CRE,TRE-1, CTC, and TCT) bound
to a peptide comprising the bZIP element of human
CREB, bbb [20].

An autoradiogram illustrating the mobilities of the free
and bbb-bound CRE, TRE-1, CTC and TCT test frag-
ments is shown in Figure 3a. The data show that bbb
alters DNA conformation in all four cases. The bbb-
bound CRE test fragments have lost the phase-depen-
dent mobility differences seen in the free DNAs [20],
whereas the bbb-bound TRE-1, TCT and CTC test
fragments have gained phase-dependent mobility differ-
ences that are absent in the free DNAs. Figure 3b shows
the relative mobilities of the free and bound DNA for
each set of phasing constructs plotted against the dis-
tance between the centers of the target site and the
A-tract. Since the lowest mobility complexes result
when the centers of the test and A-tract sites are in
phase, we conclude that the bbb—TRE-1, bbb—TCT and
bbb-CTC complexes contain DNA bent toward the
minor groove. The observation that formation of the
bbb—CRE and bbb—~TRE-1 complexes both involve a
bend toward the minor groove (11 * 1° and 14 % 1°,
respectively) indicates that the TRE target site does not
present a straight CRE target site that is pre-organized
for binding CREB.The CTC and TCT target sites also

bend toward the minor groove upon binding of bbb;
CTC bends by 9 £ 1° and TCT by 7 £ 1°. The observa-
tion that changes in flanking DNA sequence alter the
extent of bending induced by bbb supports the idea that
the central 10-bp core and the conserved flanking
sequences act together to provide the unique structure
of the 21-bp TRE target site.

Effect of flanking sequences on Tax-bZIP-DNA stability

To determine if a correlation exists between TRE/CRE
conformation and the extent to which bZIP peptide
binding to these sequences can be enhanced by Tax, we
measured the effect of added Tax on the stabilities of the
CRE, TRE, TCT, and CTC complexes of bbb (Fig. 4).
The bbb~TRE complex exhibits an equilibrium diss-
ociation constant (K of 4.5x1071M2 (AG_,, =
~19.4 kcal mol™) in the absence of Tax and 4.4 x 10717
M? (AG,,, = —20.7kcalmol™!) in the presence of Tax,
corresponding to a 1.3kcalmol™! increase in binding free
energy due to Tax (AAG,,). The bbb~CTC complex
exhibits a K; of 8.1x1071M2 (AG_  =—-19.1kcal
mol ™) in the absence of Tax and 3.0 x 10716 M? (AG
= ~19.7kcalmol™) in the presence of Tax, correspond-
ing to a 0.6kcalmol™! increase in binding free energy
due to Tax. The bbb—CRE complex exhibits a K; of
8.8 x 10716M? (AG,,, = —19.1kcalmol™) in the absence
of Tax and 1.7 x 1071 M2 (AG_,, = —20.0kcalmol™?) in
the presence of Tax, corresponding to a 0.9 kcal mol™!
increase in binding free energy due to Tax. Finally, the
bbb~TCT complex exhibits a K, of 8.7 x 10716 M?
(AG,,, = —19.1 kcalmol™) in the absence of Tax and
1.7 x 10716 M? (AG,,, = -20.0kcalmol™) in the pres-
ence of Tax, corresponding to a 0.9 kcalmol™" increase
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in binding free energy due to Tax. Thus, the effect of Tax
on stability of the bZIP-DNA complex is largest (1.3
kcal mol™!) within the context of 2 natural TRE-1 target
site. Changes in either the flanking sequences or the
sequence of the central core or both diminish the effect
of Tax to 0.9 or 0.6 kcal mol~!. These data suggest that
the extent to which a bZIP peptide is responsive to Tax
correlates directly with the detailed structure of the
DNA target site to which the bZIP peptide binds. This
observation provides additional support for a2 model in
which Tax recognizes the detailed structure of a
bZIP-DNA complex, and not simply bZIP peptide
sequences [21].

Implications for Tax recognition of CREB-TRE complexes
Our data show that the TRE-1 target site must bend upon
formation of a CREB-TRE-1 complex, indicating that
the TRE-1 target site structure is not pre-organized for
CREB. The TRE-1 target site could, however, be pre-
organized for binding Tax and CREB.Tax could bend the
TRE target site to aid CREB binding, or it could pre-
organize CREB such that it binds the TRE-1 target site
without inducing the DNA bending seen with CREB
alone. Both scenarios could explain the stabilization of the
CREB-DNA complex. Because the Tax—~CREB~TRE
complexes are unstable during the native gel electrophore-
sis conditions of a phasing analysis, we could not, in this
study, determine the effect of Tax on the conformation of
the CREB-CRE and CREB-TRE complexes. Further
work 1s in progress to address this issue.

Significance

HTLV-I is one of several viral pathogens whose
replication depends on a viral protein that
expands or alters the DNA recognition properties
of a cellular transcription factor. Other examples
include hepatitis B virus, which produces the pX
protein, bovine leukemia virus, which produces
BLV Tax, and adenovirus, which produces the E2
protein. In the case of HTLV-I Tax, the DNA
sequences recognized by the human bZIP protein
CREB are expanded from 8-10 to 21bp, with the
additional nucleotides flanking a non-consensus
bZIP target site. Previous work has suggested that
these flanking sequences are not contacted by
CREB or Tax, yet they are essential for the
observed changes in DNA-binding and viral
transactivation. Here we provide evidence that the
flanking sequences are conserved to create,
through effects on DNA conformation, a better
binding site for the complexes formed between
Tax and the cellular bZIP transcription factors
that are required for HTLV-I replication.

Materials and methods

Preparation of test fragments for TRE-1 phasing analysis
The single-stranded oligonucleotides required to generate the
TRE-1 test fragment set were synthesized on a Millipore Expe-

dite model 8909 nucleic-acid synthesizer. These oligonu-
cleotides contained the following sequences: TRE-26S-A:
5'-CTAGAAGGCTCTGACGTCTCCCCCC, TRE-28S-A:
5-CTAGAAGGCTCTGACGTCTCCCCCCCT, TRE-31S-A:
53'-CTAGAAGGCTCTGACGTCTCCCCCCCTCGC,
TRE-33S-A: 5-CTAGAAGGCTCTGACGTCTCCCCCC-
CTCGCAC, TRE-36S-A: 5'-CTAGAAGGCTCTGACGT-
CTCCCCCCCTCGCACTGT, A-tractS-A: 5'-CTGCAAAA-
CGGGCAAAAACGGGCAAAAACGC, TRE-265-B: 5-GCA-
GGGGGGGAGACGTCAGAGCCTT, TRE-28S-B: 5'-GC-
AGAGGGGGGGAGACGTCAGAGCCTT, TRE-31S-B:
5'-GCAGGCGAGGGGGGGAGACGTCAGAGCCTT,
TRE-33S-B: 5'-GCAGGTGCGAGGGGGGGAGACGTCA-
GAGCCTT, TRE-365-B: GCAGACAGTGCGAGGGGG-
GGAGACGTCAGAGCCTT, A-tractS-B: 5'-TCGAGCGTT-
TTTGCCCGTTTTTGCCCGTTTTT, and were purified by
standard methods [43]. The five TRE-S-B strands and the
A-tractS-A strand were phosphorylated using T4 polynu-
cleotide kinase, and each set of complementary A and B strands
were annealed. Each of the five double-stranded TRE fragments
prepared this way (TRE-26D, TRE-28D, TRE-31D, TRE-33D,
TRE-36D) was joined separately to the double-stranded A-
tract fragment using T4 DNA ligase in buffer containing 50 mM
Tris HCI (pH 7.8), 10 mM MgCl,, 10 mM DTT, 1 mM ATP
and 50 ug ml™! BSA at 16 'C for 12 h. These five inserts were
then cloned separately into pPBEND2 [44] between the unique
Sal T and Xba I restriction sites, using the ligation conditions
above, to generate five pJMC-TRE plasmids. These plasmids
were used to transform competent Escherichia coli GM2929 cells
and plasmid DNA was isolated from individual colonies using
the Wizard Miniprep Kit (Promega). Correct clones were iden-
tified initially by loss of the Sal I site. Plasmids were sequenced
(Circumvent Kit, New England Biolabs) to ensure the integri-
ty of the inserted sequences. Digestion of each plasmid with
Stu I generated the set of five oligonucleotides used for phasing
analysis. These phasing oligonucleotides were amplified and
internally labeled with o-[32P]-ATP using the PCR and Vent
(exo-) DNA polymerase (New England Biolabs) in buffer con-
taining 10 mM KCl, 10 mM (NH,),80,, 200 mM Tris-HCI
(pH 8.8), 6 mM MgSO,, 0.1% Triton X-100, 0.1 ugmi!
single stranded binding protein (Promega), 0.1 mg ml~! BSA.

Preparation of test fragments for TCT and CTC

phasing analysis

Six oligonucleotides were synthesized to make each set of phas-
ing oligonucleotides. The sequences used for the TCT oligonu-
cleotides were: TCT Main: 5-GGACTAGTCTCGAGTT-
TAAAGATATCCAGCTGCCCGGGAGGCCTTCGC-
GAAATATTGGTACCCCATGGAATCGAGGGATCCTC-
TAGAAGGCTATGACGT, TCT-26S: 5'-ATGGATCGATGC-
TAGCAGATCTACGCGTGTCGAGCGTTTTTGCC-
CGTTTTTGCCCGTTTTTGCAGGGGGGATGA-CGT-
CATAGCCTTCTAGAGGATC, TCT-28S: 5'-ATGGATCG-
ATGCTAGCAGATCTACGCGTGTCGAGCGTTTT-
TGCCCGTTTTTGCCCGTTTTTGCAGAGGGGGGAT-
GACGTCATAGCCTTCTAGAGGATC; TCT-31S: 5'-ATG-
GATCGATGCTAGCAGATCTACGCGTGTCGAG-
CGTTTTTGCCCGTTTTTGCCCGTTTTTGCAGGC-
GAGGGGGGATGACGTCATAGCCTTCTAGAGGATC,
TCT-33S: 5'-ATGGATCGATGCTAGCAGATCTACGCG-
TGTCGAGCGTTTTTGCCCGTTTTTGCCCGTTT-
TTGCAGGTGCGAGGGGGGATGACGTCATAGCCTTC-
TAGAGGATC, TCT-36S: 5'-ATGGATCGATGCTAGCA-
GATCTACGCGTGTCGAGCGTTTTTGCCCGTT-
TTTGCCCGTTTTTGCAGACAGTGCGAGGGGGGAT-
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GACGTCATAGCCTTCTAGAGGATC. The sequences used
for the CTC oligonucleotides were: CTC-Main: 5'-ACTAG-
TCTCGAGTTTAAAGATATCCAGCTGCCCGGGAGGC-
CTTCGCGAAATATTGGTACCCCATGGAATCGAGGG-
ATCCTCTAGAGAGCTGA, CTC-21S: 5-CCATGGATC-
GATGCTAGCAGATCTACGCGTGTCGAGCGTTTTT-
GCCCGTTTTTGCCCGTTTTTGCAGGAGACG-
TCAGCTCTCTAGAGGATCCCT, CTC-23S: 5'-CCAT-
GGATCGATGCTAGCAGATCTACGCGTGTCGAG-
CGTTTTTGCCCGTTTTTGCCCGTTTTTGCAG-
AGGAGACGTCAGCTCTCTAGAGGATCCCT, CTC-26S:
5'-CCATGGATCGATGCTAGCAGATCTACGCGTGTC-
GAGCGTTTTTGCCCGTTTTTGCCCGTTTTTGCA-
GGCGAGGAGACGTCAGCTCTCTAGAGGATCCCT,
CTC-28S: 5-CCATGGATCGATGCTAGCAGATCTACG-
CGTGTCGAGCGTTTTTGCCCGTTTTTGCCCGT-
TTTTGCAGGTGCGAGGAGACGTCAGCTCTCTAGA-
GGATCCCT, CTC-308: 5'-CCATGGATCGATGCTAG-
CAGATCTACGCGTGTCGAGCGTTTTTGCCCG-
TTTTTGCCCGTTTTTGCAGCAGTGCGAGGAGA-
CGTCAGCTCTCTAGAGGATCCCT. Mutually primed
synthesis experiments performed with TCT-Main or CTC-
Main and each of their five respective TCT and CTC
oligonucleotides created phasing constructs identical to
TRE-1 and CRE test fragments with their central 10-bp
cores switched, as shown in Figure 1b. Oligonucleotides were
purified on an 8 % denaturing polyacrylamide gel, eluted
from the gel by effusion into TE buffer (10 mM Tris HCI, 1
mM EDTA (pH 8.0)), and desalted on Sephadex G25
columns. Concentrations were determined by measuring
absorbance at 260 nm using the relation 1 OD = 33 pg mlt
Mutually primed synthesis reactions using Vent (exo-) DNA
polymerase (New England Biolabs) were used to make each
of the ten double-stranded phasing oligonucleotides in buffer
containing 10 mM KCl, 10 mM (NH,),SO,, 200 mM Tris-
HCl (pH 8.8), 6 mM MgSO4, 0.1 % Triton X-100,
0.1 pg ml™! single-stranded binding protein (Promega),
0.05 mg ml~! BSA. DNA was internally labeled with a-[32P]-
ATP during the extension. Extension products were phe-
nol/chloroform extracted and ethanol precipitated, then puri-
fied on a 10 % denaturing polyacrylamide gel and re-annealed
prior to phasing analysis experiments.

Phasing analysis

Phasing analyses in the absence of bbb were performed using
8 % non-denaturing (32:1 (wt/wt) acrylamide/N,N'-methyl-
ene bisacrylamide) polyacrylamide gels prepared in TG buffer
(19 mM Tris base, 162 mM glycine (pH 8.9)) and run at 4 °C
for 1500 V h. Phasing analyses performed in the presence of
bbb were carried out as described above, except that the DNA
test fragments (10 to 100 pM) were incubated with bbb
{30-100 nM) in phosphate-buffered saline (2.7 mM KCl, 137
mM NaCl, 4.3 mM Na,HPO, and 1.4 mM KH,PO, (pH
7.3)) containing 5 % glycerol, 1 mM EDTA, 1 mM dithiothre-
itol, 0.8 mg ml~! BSA and 0.05 % NP-40 for 30 min at 4 °C
prior to electrophoresis. Radioactivity was quantified with a
Betascope 603 Blot Analyzer (Betagen Corporation, Waltham
MA) and by autoradiography.

Protein expression :
Expression of bbb was carried out in BI21(DE3)pLys S E. coli
from expression vector pCREB,54 157 [45] and the protein was
purified to homogeneity by hydroxyapatite chromatography
and HPLC as described [20]. Tax was expressed in MC1061 E.
coli from the expression vector pTaxH6 [12] and was purified

to homgeneity by ammonium sulfate precipitation and
Ni-chelate chromatography.

Electrophoretic mobility-shift experiments

Binding reactions contained the indicated peptide and <50 pM
of a 33-bp end-labeled DNA probe (TRE: CTCTGCAAG-
GCTCTGACGTCTCCCCCCCTCTGC, CRE: CTCTGC-
GTGGAGATGACGTCATCTCGTCTCTGC, TCT: CTCT-
GCAAGGCTATGACGTCATCCCCCCTCTGC, CTC: CT-
CTGCGTGGAGCTGACGTCTCCTCGTCTCTGC) in a
final reaction mixture containing 65 mM HEPES (pH 7.1),
15 mM HEPES (pH 7.9), 90 mM KCl, 7.5 mM MgCl,, 6 uM
ZnSO,, 600 M EDTA, 100 ug ml™! BSA, 6 mM B-mercap-
toethanol, 0.07 % NP-40, 14 % glycerol, and approximately
0.5 pM Tax (when present) in a final volume of 10 pl. Binding
reactions were incubated at 4°C for 30 min and then applied
to a running 16 x 18 cm non-denaturing 10 % polyacrylamide
(49:1 acrylamide:bisacrylamide) gel prepared in 153 mM
glycine, 20 mM Tris base (pH 8.5). Samples were loaded and
subjected to electrophoresis at 500 V for 45-60 min. Gels were
maintained at 4 °C during electrophoresis by immersion in a
circulating, temperature-controlled water bath. The amounts of
complexed and free DNA were quantified on a Betagen 603
Blot Analyzer (Betagen Inc., Waltham, MA). Equilibrium disso-
ciation constants of peptide—CRE complexes were obtained by
fitting the binding data to the Langmuir equation

1
®=
1 Kd

" ([peptde] )

where K, is the adjustable parameter and @ = fraction of
DNA bound.

Values for AG_, were calculated from the relationship
AG,,,=-RT In(1/K,;) where R = 0.00198 kcal mol™! K~!
and T = 277 K. Values for AAG,, are valid with the assump-
tion that Tax does not alter the standard state, as defined by the
binding conditions in the absence of Tax.
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