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Abstract
TAX protein activates transcription of the human T-cell leukaemia virus type I (HTLV-I) genome through three
imperfect cyclic AMP-responsive element (CRE) target sites located within the viral promoter [1]. Previous work
has shown that Tax interacts with the bZIP element of proteins that bind the CRE target site [2-4] to promote
peptide dimerization [3,5], suggesting an association between Tax and the bZIP coiled coil. Here we show that the
site of interaction with Tax is not the coiled coil, but the basic segment. This interaction increases the stability of
the GCN4 bZIP dimer by 1.7 kcal mol sup -1 and the DNA affinity of the dimer by 1.9 kcal mol sup -1. The
differential effect of Tax on several bZIP-DNA complexes that differ in peptide sequence or DNA conformation
suggests a model for Tax action based on stabilization of a distinct DNA-bound protein structure. This model
may explain how Tax interacts with transcription factors of considerable sequence diversity to alter patterns of
gene expression.
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Previous work has shown that Tax shifts the bZIP monomer-dimer equilibrium towards the dimer in the
absence of DNA and increases the association rate, but not the dissociation rate, of the bZIP-DNA complex [3].
These data are consistent with two models (Figure 1). Model 1 invokes a direct interaction between Tax and the
bZIP coiled coil that decreases the dissociation constant of the bZIP dimer (Kdim); model 2 invokes a direct
interaction between Tax and one or more bZIP basic-spacer segments that decreases the dissociation constant of
the bZIP-DNA complex, KDNA, as well as Kdim. To distinguish model 1 from model 2, we compared the effect
of Tax on two GCN4-derived peptides that differed in their ability to form a coiled coil. G54 contains the entire
GCN4 bZIP element, whereas GSS sub 29 contains two copies of the GCN4 basic-spacer segment peptide
assembled into a dimer with a disulphide linkage (Figure 2) [6,7] and is therefore insensitive to a Tax-induced
increase in dimerization. Model 1 predicts that Tax will have no effect on the DNA affinity of G sup SS29,
whereas model 2 predicts that Tax will effect GSS sub 29 by an amount corresponding to the effect on DNA
binding.
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Figure 1. Two limiting models to account for the improvement in DNA-binding activity of bZIP proteins in the presence of HTLV-I Tax.
Shown are reaction coordinate diagrams illustrating the relative free energies of the unfolded bZIP monomer (P), the bZIP dimer (P2 ), and the
bZIP-DNA complex (P2 -D) in the presence and absence of Tax (T). The number of Tax molecules represented by T was not determined. a,
In model 1, Tax interacts with the bZIP coiled coil to decrease the dissociation constant of the dimer (Kdim). The improvement in DNA
affinity (Delta Delta G1 Tax) results from a decrease in the energy of activation associated with dimerization (case 1, lower left; dimerization is
rate-limiting) or from a shift in the monomer-dimer equilibrium that decreases the energy of activation associated with DNA binding (case 2,
lower right; DNA binding is rate-limiting; we assume that Delta Delta Gdim = Delta Delta G1 *symbol*). The absence of an effect of Tax on
the dissociation rate of the bZIP-DNA complex [3] requires that the increase in apparent binding energy (Delta Delta G sup 1Tax) equals the
decrease in the energy of the transition state (Delta Delta G1 *symbol*). b, In model 2, Tax interacts with the bZIP basic-spacer segment (or a
pair of basic-spacer segments) to decrease the dissociation constant of the bZIP-DNA complex (KDNA) as well as Kdim. The improvement in
DNA affinity (Delta Delta G2 Tax) results from a decrease in the energy of activation associated with dimerization (case 1, lower left) or DNA
binding (case 2, lower right) with no decrease in the energy of activation associated with dissociation of the bZIP-DNA complex. In this case,
the improvement in apparent binding energy (Delta Delta G2 Tax) that accounts for the increase in affinity represents the sum of the effects of
Tax on dimerization (Delta Delta Gdim) and DNA binding (Delta Delta GDNA). Although it is unlikely that two bZIP monomers and Tax
assemble into a ternary complex in a single step, the kinetic binding pathway is not known. For this reason we depict formation of the TaxbZIP dimer complex with a single equilibrium.
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Figure 2. bZIP peptides used in this study [8,9]. The bZIP element is composed of a basic segment whose residues participate in DNA
contacts [11,26] joined through a non-conserved six-residue spacer to a zipper segment responsible for protein dimerization [24].

Qualitative electrophoretic mobility shift experiments showed that Tax enhanced DNA binding by both GSS29
and G54 (Figure 3). This result demonstrates an interaction between Tax and one or more bZIP basic-spacer
segment(s) and provides experimental support for model 2. To determine the relative effects of Tax on
dimerization (Delta Delta Gdim) and DNA binding (Delta Delta G2 DNA), we measured the effect of Tax on the
dissociation constants of the G54 -CRE and GSS29 -CRE complexes (Figure 4(a)). Tax supplemented the binding
energies (Delta Delta Gobs) of these two complexes by 3.6 and 1.9 kcal mol sup -1, respectively. Because G sub
54 was predominantly monomeric under the conditions of the DNA titration [8,9], the 3.6 kcal mol sup -1
stabilization with Tax represented the full effect on dimerization and DNA binding. Because G sup SS29 was a
covalent dimer, the 1.9 kcal mol sup -1 stabilization with Tax represented the effect on DNA binding. Taken
together, these results apportion the binding energy supplied to G54 by Tax (Delta Delta G2 Tax) roughly equally
between dimerization (1.7 kcal mol sup -1) and DNA binding (1.9 kcal mol sup -1) [5].
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Figure 3. Qualitative analysis of the binding of a 24-base-pair CRE probe and GSS2 9 [6] or G5 4 [8]. In the absence of Tax (lanes 3 and 8),
GSS2 9 and G5 4 showed half-maximal binding at peptide concentrations of 2 and 0.5 nM, respectively. At a concentration of 0.15 nM G5 4,
where little CRE probe was bound in the absence of Tax (lane 4), the addition of 0.3 micro Meter Tax had a significant effect on the fraction
of DNA bound at equilibrium (lane 5). Similar results were obtained with GSS2 9; although little CRE probe was bound at a GSS2 9
concentration of 25 pM (lane 9), a significant enhancement was observed in the presence of 0.3 micro Meter Tax (lane 10). This enhancement
in binding was not seen when Tax was denatured by heating in the presence of phenanthroline (lane 11), nor when the reaction was
supplemented with an equivalent concentration of calmodulin (lane 12), nor with a mixture of the molecular chaperonin GroEL, adenosine
triphosphate and Magnesium2 + in place of Tax. METHODS. Tax was expressed in Escherichia coli from a pTaxH6 expression vector [25] and
purified to homogeneity by Ni-chelate chromatography and FPLC (Superdex). Binding reactions contained the indicated peptide and < 50 pM
of end-labelled CRE probe [6] (AGTGGAGATGACGTCATCTCGTGC) in a final reaction mixture containing 75 mM HEPES (pH 7.1), 60
mM KCl, 5 mM MgCl2 , 4 micro Meter ZnSO4 , 400 micro Meter EDTA, 0.5 micro gram micro liter sup -1 BSA, 0.5 ng micro liter sup -1
poly(dl-dC) *symbol* poly(dl-dC), 4 mM beta-mercaptoethanol, 5 ml l sup -1 Nonidet-40, 100 ml l sup -1 glycerol (final volume 10 micro
liter).
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Figure 4. Quantitative electrophoretic mobility shift analysis of bZIP-DNA complex stability in the presence (filled circles) and absence
(open circles) of Tax. a, Binding of the CRE probe by G5 4 and GSS2 9 in the presence and absence of 5 micro Meter Tax. In the absence of
Tax, the CRE probe was bound by G5 4 with an apparent dissociation constant (Kapp) of (2.3 plus/minus 0.2) x 10 sup -19 M sup 2 and by
GSS2 9 with an apparent dissociation constant of (2.1 plus/minus 0.4) x 10 sup -9 M. In the presence of Tax, the dissociation constant of the
G5 4 -CRE complex was (3.3 plus/minus 1.4) x 10 sup -22 M 2 , whereas the dissociation constant of the G sup SS2 9 -CRE complex was (6.3
plus/minus 0.3) x 10 sup -11 M. b, Analysis of the binding of the CRE probe by G5 4, BRCC and gcg in the presence and absence of 0.62
micro Meter Tax. Apparent dissociation constants in the absence of Tax were: G5 4 -CRE (3.8 plus/minus 0.4) x 10 sup -17 M2 ; BRCC-CRE,
(6.8 plus/minus 3.4) x 10 sup -16 M2 ; gcg-CRE, (2.3 plus/minus 0.5) x 10 sup -15 M2 . Apparent dissociation constants in the presence of
Tax were: G5 4 -CRE, (1.3 plus/minus 0.5) x 10 sup -19 M2 ; BRCC-CRE, (1.2 plus/minus 0.3) x 10 sup -16 M2 ; gcg-CRE, (4.6 plus/minus
1.8) x 10 sup -17 M2 . c, Analysis of the binding of the CRE and AP-1 probes by ATF-2350-505 in the presence and absence of 0.62 micro
Meter Tax. Apparent dissociation constants in the absence of Tax were: ATF-2
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505, (3.6 plus/minus 0.7) x 10 sup -17 M2 . Apparent dissociation constants in the presence of Tax were: ATF-2350-505, (6.6 plus/minus 3.2)
x 10 sup -19 M2 ; ATF-2350-505, (5.5 plus/minus 2.4) x 10 sup -17 M sup 2. METHODS. Binding reactions were performed under
conditions similar to those in Figure 3 except that the final reaction mixture for b and c contained 80 mM HEPES, pH 7.1, 90 mM KCl, 7.5
mM MgCl2 , 6 micro Meter ZnSO4 , 140 ml l sup -1 glycerol, 0.7 ml l sup -1 Nonidet 40, 2.4 mM beta-mercaptoethanol, 0.1 mg ml sup -1
BSA and 0.5 ng micro liter sup -1 poly(dl-dC) *symbol* poly(dl-dC). Equilibrium dissociation constants of peptide-CRE complexes were
obtained by fitting the binding data to the Langmuir equation Theta = (S) x 1/(1 + Kapp/([peptide]T)n ), where Kapp and S are adjustable
parameters (n = 1 for GSS2 9; n = 2 for G5 4, BRCC, gcg, ATF-2350-505) and Theta = fraction of DNA bound. Values for Delta G sub obs
were calculated from the relationship Delta Gobs = -RT In (1/Kd ), where R = 0.00198 kcal mol sup -1 K sup -1 and T = 277 K. Values for
Delta Delta Gobs are valid with the assumption that Tax does not alter the standard state, as defined by the binding conditions in the absence
of Tax.

We also examined the effect of Tax on a bZIP peptide that, unlike G54, formed a stable coiled-coil dimer.
BRCC contained the basic and spacer segments of GCN4 fused to a zipper segment designed to exhibit high
helical propensity (Kdim [nearly equal] 5 pM) [10]. Model 1 predicts that the DNA affinity of BRCC will be
unaffected by Tax. Model 2, however, predicts that BRCC will be affected by Tax but less than by G54, and this
prediction was borne out by experiment: Tax enhanced the stability of the BRCC-CRE complex by 1.0 kcal mol
sup -1 under conditions where the G54 -CRE complex was stabilized by 3.1 kcal mol sup -1 (Figure 4(b)).
To identify a set of basic-spacer segment residues important for Tax recognition, we compared the effect of
Tax on a series of peptides [8,9] containing sequences from two bZIP proteins whose homology was restricted to
residues essential for DNA recognition (GCN4 and CRE-BP1) [11,26]. Tax supplemented the binding energies of
these peptides by between 1.0 and 3.1 kcal mol sup -1 under conditions where the binding of G54 was enhanced
by 3.1 kcal mol sup -1 (Figure 4(b)). The effect of Tax was larger for peptides containing the GCN4 basic segment
than for those containing the CRE-BP1 basic segment. However, the effect of Tax on peptides containing the
GCN4 basic segment varied depending on the source of the spacer and zipper segments. For example, the CRE
target-site affinity of gcg, which contained the basic and zipper segments of GCN4 linked by the spacer segment
of CRE-BP1, was enhanced by 2.2 kcal mol sup -1 (Figure 2 and Figure 4(b)) (Delta Delta Gobs = 3.6 kcal mol sup
-1). These results indicate that Tax is sensitive to sequence variation throughout the bZIP element [4].
There are many examples of transcriptional activation through CRE target sites by Tax [12], but few examples
of transcriptional activation through AP-1 target sites [13-15]. These two DNA sequences differ by only a single G
*symbol* C base pair and, owing to an intrinsic major groove bend in the CRE target site, they present similar
recognition surfaces in the major groove [8]. To determine whether the qualitative difference in transcriptional
activation through CRE and AP-1 target sites by Tax is correlated with the quantitative difference in stabilization
of the corresponding bZIP-DNA complexes, we measured the effect of Tax on the CRE and AP-1 target-site
affinities of the bZIP peptide ATF-2350-505 [16]. Tax stabilized the ATF-2350-505 -CRE complex by 2.5 kcal
mol sup -1 (Delta Delta G2 Tax) under conditions where it stabilized the ATF-2350-505 -AP-1 complex by 1.0
kcal mol sup -1. Thus Tax increases the selectivity of ATF-2350-505 for the CRE target site by 1.5 kcal mol sup
-1. These results suggest that transcriptional activation through CRE target sites by Tax could be favoured
because of selective stabilization of bZIP-CRE complexes. Moreover, the observation of different effects of Tax
on two bZIP-DNA complexes that differ by a base pair and the conformation of DNA in the complex [8],
combined with our inability to identify a set of bZIP protein side chains essential for Tax activity, support a model
in which Tax stabilizes a distinct DNA-bound protein structure.
There are two general mechanisms by which Tax could improve both dimerization and DNA binding. Tax
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could orient the two basic-spacer segment helices as they emerge from the dimer interface into a conformation
appropriate for DNA binding. Recognition of the dimer enhances dimerization; the enhancement in DNA binding
results from a reduction of the entropy required to orient the helices. Alternatively, Tax could stabilize helical
structure within a single basic-spacer segment, a region that is largely unfolded in the absence of DNA [6,7,10,17].
Increased helicity within the basic-spacer segment enhances DNA binding; the lowered energetic cost of initiating
helical structure enhances dimerization. Tax contains several sequences compatible with the formation of type-II
polyproline helices that stabilize alpha-helical structure in certain small proteins [18,19] and may act in an
intermolecular fashion to stabilize helical structure within the basic-spacer segment. The energetic models
presented here provide a framework for analysing the mechanisms by which other accessory factors [20-23]
interact with bZIP proteins to alter patterns of gene expression.
Received 27 January; accepted 7 June 1995.
ACKNOWLEDGEMENTS. We thank S. Cload, D. Crothers, J. Hartwig, S. Metallo, T. Shrader, P. Sigler
and N. Zondlo for comments and discussion; R. Gaynor, T. Ellenberger and A. Franklin for gifts of reagents; and
P. L. Yang for technical assistance and for a critical reading of the manuscript. This work was supported by
grants from the American Cancer Society (A.S. and J.K.N.), the NIH (J.K.N.), the National Foundation for
Cancer Research (A.S.) and the David and Lucile Packard Foundation (A.S.). A.M.B. was supported by a
Rudolph Anderson postdoctoral fellowship. C.R.P. was supported by an NSF predoctoral fellowship.

REFERENCES
1. Shimotohno, K., Takano, M., Teruuchi, T. & Miwa, M. Proc. natn. Acad. Sci. U.S.A. 83, 8112-8116 (1986). [Context Link]
2. Franklin, A. A. et al. J. biol. Chem. 268, 21225-21231 (1993). [Context Link]
3. Wagner, S. & Green, M. R. Science 262, 395-399 (1993). [Medline Link] [Context Link]
4. Adya, N., Zhao, L.-J., Huang, W., Boros, I. & Giam, C.-Z. Proc. natn. Acad. Sci. U.S.A. 91, 5642-5646 (1994). [Context Link]
5. Anderson, M. G. & Dynan, W. S. Nucleic Acids Res. 22, 3194-3201 (1994). [Context Link]
6. Cuenoud, B. & Schepartz, A. Science 259, 510-513 (1993). [Medline Link] [BIOSIS Previews Link] [Context Link]
7. Talanian, R. V., McKnight, C. J. & Kim, P. S. Science 249, 769-771 (1990). [Medline Link] [BIOSIS Previews Link] [Context Link]
8. Paolella, D. N., Palmer, C. R. & Schepartz, A. Science 264, 1130-1133 (1994). [Medline Link] [BIOSIS Previews Link] [Context Link]
9. Metallo, S. J. & Schepartz, A. Chemy Biol. 1, 143-151 (1994). [Context Link]
10. O'Neil, K. T., Hoess, R. H. & DeGrado, W. F. Science 249, 774-778 (1990). [Medline Link] [BIOSIS Previews Link] [Context Link]
11. Ellenberger, T. E., Brandl, C. J., Struhl, K. & Harrison, S. C. Cell 71, 1223-1237 (1992). [Medline Link] [BIOSIS Previews Link] [Context Link]
12. Franklin, A. A. & Nyborg, J. K. J. biomed. Sci. 1, 17-29 (1995). [Context Link]
13. Jeang, K.-T., Chiu, R., Santos, E. & Kim, S.-J. Virology 181, 218-227 (1991). [Medline Link] [BIOSIS Previews Link] [Context Link]
14. Kim, S. J. et al. J. exp. Chem. 172, 121-129 (1990). [Context Link]
15. Uchijima, M., Sato, H., Fijii, M. & Seiki, M. J. biol. Chem. 269, 14946-14950 (1994). [Context Link]
16. Hoeffler, J. P., Lustbader, J. W. & Chen, C.-Y. Molec. Endocrinal. 5, 256-266 (1991). [Context Link]
17. Weiss, M. A. et al. Nature 347, 575-578 (1990). [Medline Link] [BIOSIS Previews Link] [Context Link]

http://gateway1.ma.ovid.com:80/ovidweb.cgi

Page 8 of 9

Ovid: Baranger: Nature, Volume 376(6541).August 17, 1995.606-608

4/14/03 3:36 PM

18. Adzhubei, A. A. & Sternberg, M. J. E. J. molec. Biol. 229, 472-493 (1993). [Context Link]
19. Glover, I. et al. Biopolymers 22, 293-304 (1983). [Medline Link] [BIOSIS Previews Link] [Context Link]
20. Miner, J. N. & Yamamoto, K. R. Trends biochem. Sci. 16, 423-426 (1991). [Context Link]
21. LeClair, K. P., Blanar, M. A. & Sharp, P. A. Proc. natn. Acad. Sci. U.S.A. 89, 8145-8149 (1992). [Context Link]
22. Jain, J. et al. Nature 365, 352-355 (1993). [Medline Link] [Context Link]
23. Du, W. & Maniatis, T. Proc. natn. Acad. Sci. U.S.A. 91, 11318-11322 (1994). [Context Link]
24. McKnight, S. L. Scient. Am. 264(4), 54-64 (1991). [Context Link]
25. Zhao, L. J. & Giam, C. Z. Proc. natn. Acad. Sci. U.S.A. 88, 11445-11449 (1991). [Context Link]
26. Konig, P. & Richmond, T. J. molec. Biol. 233, 139-154 (1993). [Context Link]

Accession Number: 00006056-199508170-00028

Copyright (c) 2000-2003 Ovid Technologies, Inc.
Version: rel6.0.0, SourceID 1.7240.1.49

http://gateway1.ma.ovid.com:80/ovidweb.cgi

Page 9 of 9

