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ABSTRACT. At least three hundred million people worldwide are infected with the hepatitis B virus (HBV),
and epidemiological studies show a clear correlation between chronic HBV infection and the development
of hepatocellular carcinoma. HBV encodes a protein, pX, which abducts the cellular transcriptional
machinery in several ways including direct interactions with bZIP transcription factors. These interactions
increase the DNA affinities of target bZIP proteins in a DNA sequence-dependent manner. Here we use
a series of bZIP peptide models to explore the mechanism by which pX interacts with bZIP proteins.
Our results suggest that pX increases bBIRA stability by increasing the stability of the bZIP dimer as

well as the affinity of the dimer for DNA. Additional experiments provide evidence for a mechanism in
which pX recognizes the composite structure of the peflitld complex, not simply the primary peptide
sequence. These experiments provide a framework for understanding how pX alters the patterns of
transcription within the nucleus. The similarities between the mechanism proposed for pX and the
mechanism previously proposed for the human T-cell leukemia virus protein Tax are discussed.

Infection with the hepatitis B virus results in chronic target sites. These observations suggest that pX interacts
hepatitis B, and epidemiological studies show a clear with transcription factors to enhance, directly or indirectly,
correlation between chronic HB\ihfection and the develop-  their transactivation potentiald§) or to deliver the trans-
ment of hepatocellular carcinoma)( The HBV genome activation region of pX to the DNA targe23).

encodes surface and core antiges3, a viral polymerase Among the proteins with which pX interacts are bZIP
(4), and a protein called pX that is highly conserved among transcription factors34—26) in the CREB/ATF subfamily
hepadnaviridaed). Though not the product of an oncogene, (16, 17, 2J. CREB/ATF bZIP proteins mediate the cellular
pX induces the malignant transformation of fetal mouse cells response to cyclic AMP by stimulating transcription from
(6) and is implicated in the progression from HBV infection target sites containing the CAMP response elem28t29.
to liver cancer ). In spite of its importance in the etiology  Early studies demonstrated that in the absence of pX, the
of hepatocellular carcinoma, the molecular basis for pX human proteins CREB and ATF-2 bound poorly to a CRE-
function remains poorly understood. like site within the HBV enhancer. However, both proteins

pX functions in both the cytoplasm and the nucle86 ( bound the HBV enhancer with high affinity in the presence
In the cytoplasm, pX stimulates the Ras-Raf-MAP kinase of pX (17). Later biochemical studiesl6) identified the
signaling cascade by increasing the fraction of active, GTP- pz|p element30), the 60 amino acids that comprise the bZIP
bound Ras9). The resultis an increased fraction of active  DNA binding domain 81—33), as the primary site of
Raf and mitogen-activated protein kinase which can stimulate interaction with pX. These experiments failed to provide
transcriptional activators. In the nucleus, pX stimulates evidence for an increased concentration of CREB homodimer
transcription from a variety of DNA target sites including in the presence of pX, suggesting that pX did not alter the
the SRE 10), «B (11), C/EBP, HBV and HTLV enhancers  bZIP monomer-dimer equilibrium.
(12), AP'.l and AP'Z 13), Sv40 @4), and CRE 15) Based on these results, we formulated three detailed
Although in certain cases pX may enhance transcription by models to describe the effect of pX on the stability of a
stimulating phosphorylation cascad®} (n other cases there 7 |p.p\A complex. These models are illustrated schemati-
Is evidence for a direct p%(transcrjptiqn fact_or interact.io_n cally and as free energy diagrams in Figure 1. In model 1,
(16-21). pX does not possess high intrinsic DNA affinity ) apjlizes the bzIFDNA complex by stabilizing interac-
(17, 22, yet it activates transcription from multiple DNA tions between two bZIP monomer34j. In this model, pX
stabilizes the bZIP dimer, decreasing its dissociation constant
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_Model 1: Enhance DNA binding by stabilizing bZIP+bZIP interactions. —
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FiGure 1: Three models to describe the effect of pX on the stabilities of HZINA complexes at equilibrium. Each model is represented
by a scheme (at left) and a reaction coordinate diagram (at right). In model 1, pX increases the stability ofDiNBZtBmplex by
stabilizing bZIPbZIP interactions. In model 2, pX increases the stability of a PENPA complex by stabilizing bZIFDNA interactions.

In model 3, pX increases the stability of a bZIMA complex by stabilizing bZIZIP and bZIPDNA interactions.

complex AAGey represents the sum of the effects on CCCCACTCTGC-3 CHGss: 5-CTCTGCGTGGAKT-
dimerization and DNA binding. Here we show that the GACGCAAC CTCGTCTCTGC-3 HCHss: 5-CTCTGCT-
interactions between bZIP peptides and pX are most ac-GTTTGATGACGTCAT CCCCACTCTGC-3 and their
curately depicted by model 3. Using these models and complements. Synthetic oligonucleotides were purified and
experiments with different DNA target sequences, we further 5'-end-labeled by use of standard methodi¥).

identify that the structure of the basic segment bound inthe  The peptide As contains ATF-2 residues 347211 fused
major groove is an important feature recognized by pX. The tg a carboxy-terminal hexa-histidine tag to aid in purification
ab|l|ty of pX to enhance diﬁerentia”y the b|nd|ng of pI’OteiI’IS (27) A65 was expressed in BLZl(DEs) pLyE colifrom

to varied DNA target sites provides a molecular rationale pjasmid pLGA65. The cell pellet was suspended in 10 mL
for the altered transcriptional patterns observed in HBV- of 50 mM NaHPO,, 300 mM NaCl, and 10 mM 2-mercap-
infected cells 85, 3§ and provides a framework for the tpethanol (pH 8.0), lysed by boiling, and clarified by
design of pX inhibitors. centrifugation. Aswas purified by Ni chelate chromatog-
raphy (Qiagen) and dialyzed against 10 mM iRy, 2.5

mM 2-mercaptoethanol (pH 7.4) before use. MALDI mass
spectrometry indicated a molecular mass of 8701 Da for the
isolated peptide, which agreed well with the expected mass
of Aes, 8605 Da.

Peptide A, was prepared by solid-phase synthesis using
standard FMOC/TBTU amino acid chemistry and a Millipore
9600 Peptide Synthesizetd). Cleavage of the peptide from

MATERIALS AND METHODS

HBV pX Expression and Purificationfull-length HBV
pX (subtype adw2) was expressed in BL21(DE3) pL¥sS
coli from a pET-8c plasmid3{7), and purified 16, 37). After
purification, the solution containing pX was dissolved in
0.05% (v/v) aqueous NP-40 at a concentration ofud8,
aliquoted into single-use fractions, and stored-&0 °C.

The fraction of active pX in our preparation was not
determined. Analogous treatment of BL21(DE3) pLysS cells
transformed with pBR322 did not produce any observable
protein, nor activity in the electrophoretic mobility shift
assays (EMSA) described below.

Peptides and DNA.The preparation and purification of
peptides G4 (38) and Gg° (39, 40 have been described,
as have DNA duplexes CREand AP%; (39, 40. Gsgwas
a kind gift of Dr. Tom Ellenberger (Harvard University,
School of Medicine). The DNA duplexes CREHBV 33,
CHGs3, and HCHj contained the following sequences:
CRE;z 5-CTCTGCGTGGARTGACGTCAT CTCGTC-
TCTGC-3, HBV33 5-CTCTGCTGTTTGTGACGCAAC-

the solid support requice4 h at 25°C in 5 mL of a solution
containing 84% TFA, 4% phenol, 4% water, 4% ethanedi-
thiol, and 4% thioanisole. The peptide was purified by
reverse-phase HPLC on a semi-preparatiyg3G0 A column
(Vydac). MALDI mass spectrometry indicated a molecular
mass of 4314 Da for the isolated peptide, which agreed well
with the expected mass oA 4292 Da. A;>Swas prepared

by air oxidation of A, and purified by HPLC as described
for Aso.

Electrophoretic Mobility Shift AssayThese experiments
were performed as described3f. A set of solutions
containing serially diluted bZIP peptide was incubated with
<50 pM DNA in the presence or absence of @M pX in
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A Basic Region |Spacer]| Leucine Zipper V7

Ags MNEDPDEKRRKFLERNRAAASRCRQKRKVWVQSLEKKAEDLSSLNGQLQOSEVTLLRNEVAQLKQLLHHHHHH
A;3;; MNEDPDEKRRKFLERNRAAASRSRQKRKVWVQSGGC

Gse MKDPAALKRARNTEAARRSRARKLORMKOLEDKVEELLSKNYHLENEVARLKKLVGER
Gsg SAALKRARNTEAARRSRARKLORMKQLEDKVEELLSKNYHLENEVARLKKLVGER
Gao SAALKRARNTEAARRSRARKLORMKQGGC

FIGURE 2: bZIP peptides used in this study. The DNA binding activity of a bZIP protein is localized to 60 contiguous amino acids termed
the bZIP element30—32, 60). Each bZIP element contains three segments: a zipper segment that mediates formation of a parallel coiled
coil from two protein monomers5(l); a basic segment containing residues that contact DBPA §3; and a spacer segment that fixes the
relative orientation of the basic and zipper segmeé#s 65 and contributes to half-site spacing selectivigjl ( 38, 66, 6Y.

a reaction mixture containing 2.7 mM KCI, 137 mM NaCl, 0.1 kcatmol™*. Thus, the affinities of both & and Ag;5S
4.8 mM NgHPQ,, 1.4 mM KH,POy, 1 mM EDTA (pH 7.8), for CRE4 were enhanced by pX, but the effect opsAvas
1 mM DTT, 0.034% (v/v) NP-40, 10% (v/v) glycerol, g approximately twice the effect on&£S. Decreasing the pX
of BSA, and 40 ng of poly(ddC)-poly(dl-dC) in a final concentration to 1.M decreased the magnitudes of the
volume of 10uL. DTT was omitted in reactions containing observed free energy changes; however, the ratio between
Asz>Sor Go®S. Reactions were incubated for 45 min at either the AAGopsvalues observed for and A,SSwas unchanged
25°C or 4°C, and then applied directly onto nondenaturing (data not shown). Similar results were obtained with an
10% [49:1 acrylamide:bis(acrylamide) ratio] gels prepared analogous set of peptides derived from the yeast protein
in 20 mM Tris, 153 mM glycine. Incubation of the binding GCN4 @5) (Gs; and G¢> (Figure 2): pX supplemented
reactions for times upot 2 h yielded results that were the free energy of the & CREx complex byAAGgps= —2.2
identical to those obtained using a 45 min incubation, + 0.3 kcatmol~* under conditions where it supplemented
indicating that the reactions reached equilibrium within 45 the free energy of the &S CREx complex byAAGgys =
min. Data were quantitated as described previoudB).(  —0.7 + 0.1 kcatmolX. Taken together, these results
RESULTS indicate that the effect of pX on DNA binding by ATF-2-
and GCN4-derived peptides is best described by model 3,
Effect of pX on Dimerization and DNA Binding of bZIP which invokes an effect on both bZIP dimerization and DNA
Proteins. To determine which of the three proposed models binding.
best describes the mechanism of DNA binding enhancement Tne similarity between the effect of pX on ATF-2- and
by HBV pX, we compared the effect of pX on the DNA  GCN4-derived peptides is notable in view of the lack of
affinities of two peptides, & and A;> Both peptides were  sequence homology between these two proteins within the
derived from human ATF-22(7, 44. Ass contained the  pz|p element. A and Gg share only 2 of the 20 basic
entire ATF-2 bZIP element, whereas ®* contained tWo  gegment residues that do not directly contact DNA, and share
copies of the ATF-2 basic and spacer segments (Figure 2)qny 18 of the 58 amino acids within the entire bZIP element.
joined at their carboxy termini by a disulfide bond. Since pegpite this lack of identity, pX interacts with both peptides
A3 is a covalent dimer in the absence of pX, it iS anq has similar effects on the stabilities of the DNA
insensitive to a p?(-mduced increase in dimer concentration. complexes that they form. This correspondence suggests that
Thus, if pX stabilizes the &DNA complex solely through s s be capable of recognizing a broad range of amino
an increase in the stability of the bZIP dimer (model 1), then o4 sequences, or it must recognize a structural feature

Aes should display higher DNA affinity in the presence of shared between these two
- peptldBE complexes. Recent
SS 9
pX whereas A;>>should not. If pX stabilizes the &rDNA experiments document the ability of pX to interact with

complex solely through an increase in the stability of . . . . . - .
AexDNA interactions (model 2), then bothedand AsSS ((12|f{;arent bZIP proteins lacking extensive amino acid identity

should display higher DNA affinity in the presence of pX . )
and the magnitudes of the enhancements should be compa- PX Recognizes bZIPNA Structure, Not Peptide Se-
rable. Finally, if pX stabilizes the & DNA complex by quence.To e.x.plore the role of DNA sequence and structure
increasing the stability of the bZIP dimer as well as the iN PX recognition of bZIP proteins, we compared the effects
stability of bZIPDNA interactions (model 3), then bothed ~ Of PX on the As and Ge complexes of two related but
and AgSSshould display higher DNA affinity in the presence structurally distinct DNA sequences. The CRE (ATGAT-
of pX. However, the effect on & should be greater than ~CAT) and AP-1 (ATGACTCAT) sequences are both con-
the effect on ASSby the amount corresponding to the effect Sensus bZIP target sites. Although the sequences of these
on peptide dimerizatior4@). sites differ by only a single central base pair, their structures
pX Stabilizes bZIMZIP and bZIPDNA Interactions. differ significantly. The available data indicate that the AP-1
Binding isotherms illustrating the affinities ofsAand Ag,5S target site (ATGACTCAT) exists in a structure that is very
for a 24 bp oligonucleotide (CRE containing a consensus ~ close to straight, B-form DNAJ1, 4§ whereas the CRE
CRE site (ATGACGTCAT) in the presence and absence of target site bends intrinsically toward the major groo46) (
9.7uM pX are shown in Figure 3A. Equilibrium dissociation Both sequences bend toward the minor groove upon binding
constants and the corresponding binding free energies aréfes (D. N. Paolella, personal communication) whereas there
summarized in Table 1. pX supplemented the free energyis no change in conformation upon binding tg;@!6). Thus,
of the AesCREx complex by AAGes = —1.7 + 0.2 to a first approximation, the CRE and AP-1 complexes of
kcalmol~! under conditions where it supplemented the free Ags and GCN4 differ only in the way they present the bZIP
energy of the A:°SCRE complex byAAGups = —0.8 + basic segments in the major groove. If pX recognizes bZIP
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circles) of pX. (A) Effect of pX on the CRf affinities of Ags, Gse, A32°S, and Gg° at 4 °C. (B) Effect of pX on the CRE and AP%s
affinities of Ags and Gg at 4°C. (C) Effect of pX on the affinities of & for CREs3, HCHzs, HBV 33, or CHG3 at 25°C. (D) Effect of pX
on the affinities of @ for CREz3, HCHz3, HBV33, or CHGgs at 25°C.

Table 1: Thermodynamic Data Obtained from Electrophoretic Mobility Shift Asays

AGopd—pX) AGopd+pX) AAGops
peptide DNA temp{C) Kd(—pX) (kcakmol™?) Ka(+pX) (kcakmol™) (kcakmol™?)
Ass CREx4 4 (8.7 2.1)x 107 Mm? —20.4 (3.84+ 0.2) x 10718 M2 221 —1.7£0.2
A3SS CREx 4 (1.6+£0.4)x 10°M —11.2 (3.5 0.3)x 107°M —-12.0 —0.8+0.1
Gsy CREx4 4 (7.44+ 4.9) x 107 M? —235 (6.54 2.1) x 1072t M2 —25.7 —2.2+03
GaeSS CREx 4 (3.8+£0.4)x 10°M -10.7 (1.2£0.2) x 10°M -114 -0.7+£0.1
Aes CREx4 4 (8.7+ 2.1) x 10717 M2 —20.4 (3.8+ 0.2) x 10718 M2 -22.1 -1.7+£0.2
Ass AP1Ly; 4 (2.1+£0.7) x 10°5Mm? —18.7 (3.0£1.2) x 10716 M2 —19.8 -1.1+0.1
Gss CRE 4 (1.240.3) x 10720 M2 —-25.3 (1.8 0.5) x 10721 M2 -26.5 -1.2+0.1
Gse AP1Ly; 4 (1.54+0.4) x 1000 Mm? —25.3 (8.1 2.0) x 10722 M2 —26.8 -1.6+0.1
Ass CRE;; 25 (5.4+ 2.0) x 10718 M2 —23.7 (5.1£ 0.5) x 10719 M? —25.0 -1.3+0.3
Ass HBV33 25 (1.4+ 0.4) x 10715 M2 —20.4 (9.3+ 1.3) x 10717 M2 —-21.9 —-15+03
Ass HCHss 25 (3.3£ 0.5) x 10718 M2 —23.9 (3.94£ 0.6) x 10710 M? —25.1 —-1.3+0.1
Ass CHGCs3 25 (4.7£0.7) x 10715 M2 —19.6 (3.5+0.7) x 10716 M2 =211 —1.6+£0.2
Gse CRE;; 25 (6.0£ 1.1) x 10718 M2 —23.5 (2.3£ 0.6) x 1071°M? —25.5 —2.0+0.1
Gse HBV33 25 (9.3+ 1.1) x 10719 M2 —24.6 (7.5+ 2.5) x 10720 M2 —-26.2 -1.6+0.2
Gse HCHss 25 (3.0£1.8) x 10710 M2 —25.6 (2.3 0.2) x 1072t M2 —28.2 —2.6+0.3
Gss CHGCs3 25 (1.1+£0.3) x 10718 M2 —24.6 (5.4+ 0.7) x 1072°M? —26.3 -1.7+0.2

a Shown are the equilibrium dissociation constahtg,(free energies of binding in the absende&d,,{ —pX)] and presence of pXAGond +pX)],
and the increases in stability provided by pXAXGobs). Values are calculated as describ&g).(

proteins on the basis of amino acid sequence alone, then theproteins on the basis of the structure of the bDIRA

effect of pX on the CRE and AP-1 complexes afsAr Gsg

should be identical.

However, if pX recognizes bZIP complexes should be different.

complex, then the effects of pX on these peptiidA
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Binding isotherms illustrating the affinities ofsgdand Gg These data suggest thagsAs insensitive to the identity of
for the CRE4 and AP1; sites in the presence and absence the flanking DNA in the absence of pX. These sequences
of pX are shown in Figure 3B. The data show that pX has neither modulate DNA structure in a manner that is detectable
significantly different effects on the CRE and AP-1 affinities by Aes nor present additional contacts that improve binding.
of Aes and Gg. pX supplemented the free energy of the Similar results are observed in the presence of pX. The pX-
AssCREy complex byAAG,x = —1.7 + 0.2 kcatmol™* induced increase in stability was nearly identical for all four
under conditions where it supplemented the free energy of AgsDNA complexes, and as a result, the relative stabilities

the Aes*AP 1,3 complex byAAGyx = —1.14 0.1 kcatmol ™,
Similarly, pX supplemented the free energy of thg:GREx4
complex by AAGpx = —1.2 £ 0.1 kcatmol™* under

of the four Ass"DNA complexes did not change. We
conclude that recognition of thegADNA complex by pX
is mediated by recognition of the core peptdBA complex

conditions where it supplemented the binding energy of the and is not affected by flanking DNA. This conclusion is

Gse"AP1,3 complex byAAGpx = —1.6 & 0.2 kcatmol™™.
Thus, pX increased the stability of the2#CRE;, complex
more than the g-AP1,; complex but increased the stability
of the GgAP 1,3 complex more than the4g CRE,4 complex.

consistent with DNase | footprinting experiments performed

with pX and full-length ATF-2 17) as well as methylation

interference experiments performed with pX and CRE®).(
Although pX recognition of AsDNA complexes was

The observation that pX had different effects on the stabilities insensitive to flanking DNA sequence, pX recognition of
of complexes containing the same peptide but a different Gse:DNA complexes was not. Binding isotherms illustrating
DNA sequence (and structure) supports a model in which the affinity of Gy for the CRE3, HBV 33, HCHs3, and CHGs

pX recognizes a distinct bZIBNA structure, and not simply
bZIP peptide sequence. The differential effects of pX on
the CRE and AP-1 complexes ofgAresult in a 3-fold

target sites in the absence and presence of pX are shown in
Figure 3D. In the absence of pX,s&bound HBVs3 with
slightly higher affinity AGpgy = —24.6 kcalmol™) than it

increase in the selectivity of this peptide for its cognate CRE bound CREs (AGcre = —23.5 kcalmol™). This difference
target site. This change in specificity may be related to the in affinity was due to recognition of the entire HBV

ability of pX to deregulate cellular transcription of CRE-
dependent genes.

Contribution of Extended DNA Structure to pX Enhance-
ment. Invivo, pX enhances transcription from a variety of
DNA target sites, including a 21 bp HBV enhancer located
upstream of theX gene(47, 48. Contained within this
enhancer is an imperfect 10 bp CRE site coréd @ CG-
CAAC) surrounded by distinctive flanking sequences of

unknown function. These flanking sequences resemble thosekcal-mol=3;

found in other viral long terminal repeats, including the Tax
response elements from HTLV-12, 49. The Tax response
elements and the hepatitis B virus enhancer both conta 4
cytosine residues located immediatelyt8 the CRE-like

sequence: Although the stability of thegHBV 33 complex
(AGhey = —24.6 kcaimol™!) was identical to that of the
Gse'CHCs3 complex AGuch = —24.6 kcalmol™), both
complexes were significantly less stable than the BCH33
complex AGucn = —25.6 kcalmol™t). The relative affini-
ties of the four Gg:DNA complexes were unchanged in the
presence of pX. The §gHBV3;3and Gg CHCs3 complexes
exhibited nearly identical stabilitiesAGusy = —26.2
AGche = —26.3 kcalmol™) whereas the
GserHCHs3 complex was considerably more stableQucn

= —28.2 kcaimol™1). The data suggest that pX increases
the affinity of a bZIP peptide for the DNA sequence bound
in the absence of pX but does not induce additional DNA

core. Previous results have demonstrated that the flankingcontacts. These results are consistent with model 3 in which
sequences in the HTLV-I enhancer alter the structure of the pX recognizes the structure of the DNA-bound bZIP protein.
central CRE core in the absence of a bound bZIP peptide
and the recognition of this sequence by bZIP peptides andPISCUSSION
HTLV-I Tax (49-51). In this paper, we explore the molecular mechanism by
To investigate the role of the flanking DNA in modulating which HBV pX increases the DNA affinities of certain bZIP
pX-bZIP interactions, we measured the effect of pX on the peptides at equilibrium. We proposed that this increase in
bzIP affinities of four different DNA target sites: a affinity could arise in three different ways: from an increase
consensus CRE site (CR§; a HBV enhancer site (HBY), in stability of the bZIPbZIP interaction (model 1), an
and two chimeric sites containing either a 10 bp consensusincrease in stability of the bZHBPNA interaction (model 2),
CRE core and the flanking sequences found in the HBV or both (case 343). These three possibilities are illustrated
enhancer (HCH) or the 10 bp imperfect CRE core found as reaction coordinate diagrams in Figure 1 for a binding
in the HBV enhancer and the CRE flanking sequences pathway in which dimerization precedes DNA bindifag),
(CHGs3). Binding isotherms illustrating the affinities ofsé\ In each case, if pX increases the equilibrium stability of a
for each of these DNA sequences in the presence and absendeZIP-DNA complex, then it must participate in a ternary
of pX are shown in Figure 3C. pX-bZIP-DNA complex that is more stable than the
First consider the role of flanking DNA in bZIP recogni- bZIP-DNA complex alone. This statement is true, and
tion in the absence of pX. In the absence of pX%s Bound applies equally to other related proteins, even if the complex
CRE;; with considerably higher affinityXAGere = —23.7 is difficult to observe. The only way by which pX could
kcalFmol™) than it bound HBV3; (AGpsy = —20.4 stabilize a proteifDNA complex without formation of a
kcalmol™1). This difference in affinity was due entirely to  ternary complex is by destabilizing the protein before it binds
recognition of the central CRE-like core; the stability of the DNA. Although this mechanism represents a formal pos-
Aes'CREsz complex AGcre = —23.7 kcaimol™) was sibility, it is unlikely because only a scant amount of the
comparable to that of the g&HCHs3 complex AGucy = destabilized species would exist in solution and we do not
—23.9 kcaimol™), and the stability of the &HBVs3 consider the possibility here. The observation that pX
complex AGusy = —20.4 kcaimol™t) was comparable to  increases the DNA affinities of the disulfide dimer peptides,
that of the As' CHGs3 (AGcrc = —19.6 kcaimol™) complex. A3SS and Gg°S, by values lower than those observed with
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the corresponding bZIP element peptides supports a modelevolution to two different structures capable of performing
in which both dimerization and DNA binding are affected a similar functionin vivo.

by pX. It also confirms that the basic-spacer segment is the

predominant site of interaction with pX, a conclusion which  ACKNOWLEDGMENT

is consistent with earlier result46). We thank A. Baranger, S. Metallo, N. Zondlo, and J. Janin
How might pX interact with the bZIP basic-spacer segment for comments and discussion. High-resolution mass spectra
to increase both DNA binding and dimerization? The basic were obtained in the Mass Spectrometry Laboratory, School
segments of bZIP proteins are unstructured in the absenceof Chemical Sciences, University of lllinois, using a TofSpec
of DNA (53-56), and become fully helical only upon mass spectrometer which was purchased in part with a grant
binding to a specific DNA target sequenc&6( 57. from the Division of Research Resources, National Institutes

Therefore, the observed increase in DNA binding could result of Health (RR 07141).

from an interaction between pX and the outside surface of
the bZIPDNA complex that stabilizes this fully helical
conformation. It has been estimated to cost roughly 1.8
kcalmol™ (—TAS) to convert one residue from an unordered
state into a helical state upon DNA bindirgg}. Thus, the
2—3 kcatmol™* enhancement in bZHDNA stability with

pX would offset a fraction of the total entropy change
required for folding of the bZIP basic segment. Alterna-
tively, pX could orient the peptide helices in the DNA major
groove @0), or alter the conformation of the peptide helix
to accommodate additional DNA contacts. The observed
increase in bZIP dimerization with pX could arise from a
helical templating effect in which induced helicity within

1.

2

o o A W

the basic or spacer segments is propagated through the zipper 7.

segment. Alternatively, some fraction of the total enhance-
ment may result from stabilization of helical structure caused
by a direct interaction between pX and the zipper segment.

How might pX recognize the structure of the bZINA
complex, and not the sequence of the bZIP protein?
Although bZIP proteins that interact with pX share few
residues that do not participate in base-specific DNA
contacts, they do share an extensive array of lysine and
arginine residues that contact the phosphodiester backbone.
These contacts exist in all bZIPNA complexes, but the
precise number and arrangement of these contacts likely
differ. One possibility is that pX recognizes the pattern of
basic side chaiphosphate contacts that positions the basic
segment helix in the DNA major groove. Even if other
factors contribute, this model would provide an explanation
for the ability of pX to interact with bZIP proteins that lack
identity at the level of primary sequence. In spite of its
evolutionary advantage to the virus, this mechanism of
recognition provides a testable strategy for inhibition of pX
function.

Our results regarding the effects of pX on bZIP peptides
mirror results obtained with another viral transcriptional
activator, the Tax protein of HTLV-I. Like pX, Tax activates
transcription of CRE-dependent genes through a direct
Tax-bZIP interaction. Like Tax, pX interacts predominantly
with the bZIP basic-spacer segment to enhance DNA binding
(34, 43, 59 and discriminates between peptB&A com-
plexes based upon the identity of the DNA target sit@).(

In spite of the similarities in their functiona vitro andin

vivo, Tax and pX exhibit no homology at the level of primary
sequence. Not only are these proteins not obviously
homologous to one another, they are also not homologous
to any protein in the Genbank nonredundant database. The

observation that these two viral accessory proteins share a 31, Ellenberger. T. E.. Brandl, C. J.. Struhl, K., and Harrison, S.

common mode of interaction in the absence of obvious
sequence homology suggests that the homology is present
but obscure, or that these proteins have converged through
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