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The Epstein-Barr virus transcription factor Zta (encoded by BZLF1) is a bZIP protein containing an
�-helical coiled-coil homodimerization motif (zipper). The Zta zipper forms less-stable dimers than other bZIP
proteins, and an adjacent region (CT) interacts with the zipper to form a novel structure that is proposed to
strengthen the dimer. Here we question the role of the CT region for Zta function. Cross-linking experiments
demonstrate that the entire CT region lies adjacent to the zipper. Detailed analyses of Zta truncation
mutations identify an involvement of the proximal CT region (221 to 230) in dimer formation with a further
contribution from the distal region (236 to 243). Biophysical analyses reveal that residues 221 to 230 enhance
the stability of the coiled coil. The ability of the Zta truncation mutants to interact with three Zta-binding sites
also requires the proximal CT region. Fine mapping of DNA-binding requirements highlighted the contribu-
tion of these amino acids for Zta function. Thus, the proximal part of the CT region is required to aid the
dimerization of Zta and thereby its DNA-binding ability. In contrast, although the distal part of the CT region
aids dimerization, it promotes only a modest increase in DNA binding. To probe this further, we defined the
contribution from the CT region for Zta to transactivate a promoter embedded within the viral genome. From
this we conclude that the proximal part of the CT region is absolutely required, whereas the distal part is
dispensable.

Epstein-Barr Virus (EBV), a lymphocryptovirus, is respon-
sible for severe human malignancies, such as Hodgkin’s dis-
ease, Burkitt’s lymphomas, nasopharyngeal carcinoma, and
gastric carcinoma, and is the causative agent of infectious
mononucleosis (8, 19). EBV replication is tightly regulated,
with only a few latency-associated genes expressed in the ma-
jority of infected cells. The product of the BZLF1 gene, the
lytic switch transactivator Zta (ZEBRA, EB1, and Z), medi-
ates the disruption of EBV from latency (6, 7, 32). Indeed, a
virus lacking the BZLF1 gene is unable to trigger the viral
replicative cycle of EBV (10). The cascade of lytic EBV gene
expression is initiated by Zta, which initially autoregulates its
own promoter through binding to two Z-responsive elements
(ZREs) (12, 33). The expression of Zta then induces activation
of the BRLF1 and BMLF1 genes through the ZREs in their
promoters. Together the BMRF1 and BRLF1 gene products
activate the expression of approximately 100 viral genes (9, 15,
31). Zta is also an essential factor for EBV replication, since it
can directly bind to the origin of lytic replication (25, 26) in
addition to promoting cell cycle arrest (3, 4).

Zta is a member of the bZIP family of transcription factors
(26–30). The general structure of bZIP family members, in-
cluding Zta, comprises a transactivation domain, a DNA con-
tact region (basic), and a dimerization region (zipper) (17).

Early work from several groups revealed that Zta binds to
DNA as a multimer and mutations within the zipper prevent
this binding (5, 11, 16, 18).

The basic region of Zta conforms to the bZIP model; how-
ever, the zipper region does not. The zipper regions of other
bZIP family members contain a repeat of hydrophobic leucine
residues every seven amino acids and form amphipathic �-he-
lical structures that dimerize through their hydrophobic sur-
faces to form coiled coils. In contrast, Zta lacks the usual
heptad repeats of leucine seen in canonical bZIP members,
with other hydrophobic residues taking their place (5, 11, 16,
18). This led us to question whether Zta dimerizes through a
coiled-coil motif. Biophysical evidence indicates that the
dimerization domain of Zta forms a weak coiled coil (14). This
prompted us to ask whether additional regions outside the
zipper aid dimer stability and unmasked a contribution from
the C-terminal or CT region, which is adjacent to the zipper
(13). The recently solved crystal structure of Zta, containing
part of the CT region, revealed complex interactions between
the zipper and CT regions, which are proposed to stabilize
dimer formation (20, 23). The CT region of Zta is highly
conserved in all EBV isolates and EBV-related viruses but has
no homology with proteins from other species (14). Prelimi-
nary analysis of the role of this region revealed that the CT
region is necessary for Zta to interact with a ZRE and to
transactivate a synthetic ZRE-dependent reporter construct
(13).

Here we investigate the involvement of the CT region in Zta
structure and function and demonstrate that the entire CT
region lies in close proximity to the zipper. The contribution of
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the CT region to dimerization, DNA-binding, and transactiva-
tion of Zta is established using a variety of in vitro assays and
an in vivo assay.

MATERIALS AND METHODS

Cell culture. Cells of the 293-BZLF1-KO epithelial cell line, which contains
the B95-8 strain lacking the BZLF1 gene (10), were maintained in RPMI 1640
medium supplemented with 10% (vol/vol) of fetal bovine serum, 100 U/ml of
penicillin, 100 �l/ml of streptomycin, and 2 mM of L-glutamine in a humidified
5%-CO2 environment at 37°C. The medium was also supplemented with 100
�g/ml of hygromycin for maintenance of the recombinant virus. All reagents
were from Invitrogen.

Transfection. 293-BZLF1-KO cells were transfected using the Effectene trans-
fection reagent kit (QIAGEN). In a six-well plate, 4 � 105 cells were seeded prior
to transfection with 0.8 �g of DNA.

Expression vectors and mutagenesis. Termination codons were introduced
into the coding sequence of pSP64Zta (24) by site-directed mutagenesis, replac-
ing a termination codon (TAA) for the indicated amino acid codon. Thus, for
D228ter the codon encoding D is replaced with a termination codon and the
terminal residue within the resulting protein is V227. Some mutants have been
described previously (13). The following oligonucleotides were used to generate
the mutations: D228 Ter, AGCCTGGATGTTTAAGACTCCATTATCC; I231
Ter, ATGTTGACTCCATTTAAATCCCCCGGACACC; T234 Ter, TCCATT
ATCCCCCGGTAAACACCAGATGTTTTAC; V237 Ter, CGGACACCAGA
TTAAGTTTTACACGAG; and L243 Ter, GTTTTACACGAGGATCTCTAG
TTAAATTTCTAA.

The C-terminal truncation mutants and wild-type Zta were cloned into the
pBABE puro vector using the BamHI and EcoRI sites for in vivo expression (21).

Zta1 to -3 were generated by sequential rounds of mutagenesis, starting by
substituting H239-D241 for alanine (Zta1), additionally substituting R233 and
D236 for alanine (Zta2), and finally additionally substituting D226 and D228 for
alanine (Zta3). The following primers were used: Zta1, CCCCGGACACCAG
ATGTTTTAGCCGCGGCTCTCTTAAATTTCTAAC; Zta2, GACTCCATTA
TCCCCGCGACACCAGCTGTTTTAGCCGCGGCTCTC; and Zta3, GATGT
GCCCAAGCCTGGCTGTTGCCTCCATTATCCCCGCGACACC.

Dimerization assay. Zta proteins were generated in a wheat germ translation
system incorporating [35S]methionine (Promega). Four microliters of the trans-
lated protein was mixed with 9 �l of buffer (10 mM KPO4, 10 mM dithiothreitol)
at 37°C. Cross-links were generated following the addition of glutaraldehyde to
a final concentration of 0.05% (vol/vol) and a 30-min incubation at 37°C. Excess
glutaraldehyde was quenched by the addition of 100 mM glycine and the cross-
linked proteins analyzed on a 10% bis-Tris gel in morpholinepropanesulfonic
acid buffer (Novex) and detected by phosphorimaging (STORM; Amersham).

EMSA. One oligonucleotide (10 pmol) was labeled at the 5� end with
[�-33P]ATP (25 �Ci) using polynucleotide kinase (Roche), and 20 pmol of the
complementary oligonucleotide strand was added to the labeled single strand
and incubated for 2 min at 95°C, 10 min at 65°C, and 30 min at 37°C to anneal
the strands. The 5� oligonucleotide sequences of the ZIIIB and AP1 probes used
are as follows: ZIIIB, 5�-GTACATTAGCAATGCCTG-3�; and AP-1, 5�-GATC
CATGACTCAGAGGAAAACATACG-3�. The ZRE1 probe was described
elsewhere (2). The electrophoretic mobility shift assay (EMSA) was performed
as previously described (1).

CD analysis. Circular dichroism (CD) spectroscopy analysis was performed on
two synthetic peptides, M221pep (acetyl-LLQHYREVAAAKSSENDRLRLLL
KQ-amide) and I231pep (acetyl-LLQHYREVAAAKSSENDRLRLLLKQCPS
LDVDSI-amide), which were synthesized, purified by high-pressure liquid chro-
matography, and verified by matrix-assisted laser desorption ionization–time of
flight mass spectrometry (Alta Biosciences). Millimolar stock solutions of these
peptides were reconstituted in 25 mM of potassium phosphate (pH 7.0), 100 mM
NaCl, and 1 mM dithiothreitol. Concentrations were determined by the absor-
bance at 280 nm, assuming a molar extinction coefficient of 1,490 M�1 cm�1 for
both peptides. CD spectroscopy was carried out with a Jasco J-715 spectropolar-
imeter fitted with a Peltier temperature controller. For thermal unfolding exper-
iments, the signal at 222 nm was measured as the temperature was increased in
a stepwise manner at a rate of 1°C/min over the range from 2°C to 90°C. The
midpoint temperature of unfolding was taken as the maximum of the first
derivative of the melting curves obtained.

Analytical ultracentrifugation. Sedimentation equilibrium studies were con-
ducted at 5°C with a Beckman Optima XL-I analytical ultracentrifuge fitted with
an An-60 Ti rotor as described elsewhere (34). A 100-�l sample of peptide (at a
starting concentration of 500 �M peptide [pH 7]) was used with a 110-�l sample

of matched buffer as the reference. The sample was equilibrated for 24 to 72 h
at rotor speeds of 25,000, 30,000, 35,000, 40,000, 50,000, 55,000, and 60,000 rpm.
Equilibrium curves were recorded at 280 nm. The resulting data sets were fitted
simultaneously with routines from Ultrascan II, version 8.0 (Borries Demeler).
Two fitting methods were used: the first assumed a single ideal species, and the
second assumed a monomer-dimer (M221pep) or dimer-tetramer (I231pep)
equilibrium. The molecular mass, molar extinction coefficient, and partial spe-
cific volume at 20°C were calculated from the amino acid composition of each
peptide: these were 2,991.9 Da, 1,490 cm�1 M�1, and 0.7448 cm3 g�1, respec-
tively, for M221pep and 4,050 Da, 1,490 cm�1 M�1, and 0.7401 cm3 g�1, respec-
tively, for I231pep; the solvent density at 20°C calculated from the buffer com-
position was 1.000529 g cm�3.

Gene expression analysis using real-time PCR. Following transfection of the
293-BZLF1-KO cells with various pBABE-BZLF1 CT mutants, cells were lysed
and total RNA was isolated using the RNeasy kit (QIAGEN), followed by the
synthesis of cDNA using the ImProm-II reverse transcription system (Promega).
Quantitative real-time PCR was performed using SYBER green master mix
(QIAGEN) mixed with 0.4 �M of each primer and 1 �l of DNA to a final volume
of 25 �l. The sequences of the primers used in determining gene expression are
as follows: L32 (housekeeping gene), 5�-CAACATTGGTTATGCAAGCAAC
A-3� and 5�-TGACGTTGTGGACCAGGAACT-3�; Zta (for transfection effi-
ciency), 5�-CTATCAGGACCTGGGAGGGC-3� and 5�-CACAGCACACAAG
GCAAAGG-3�; and BMRF1, 5�-AGAATGGCCCTACAAGTCG-3� and 5�-CA
CACGTGACTGCCGAAGTG-3�. The Real time PCR cycling condition was as
follows: step 1, one cycle at 50°C for 2 min, followed by 95°C for 10 min; step 2,
40 cycles at 95°C for 15 s and 60°C for 1 min.

Cross-linking and mass spectrometry analysis. pRSETbZIPCT was generated
by amplifying the coding region from amino acid 134 to 245 of Zta and subclon-
ing the resulting fragment into the BamHI and EcoRI sites of pRSETA using the
following oligonucleotides: 5�-GGGAATTCTTAGAAATTTAAGAGATCCTC
G-3� and 5�-CCGGATCCATGGGGGCTAACCAAGGACAAC-3�.

His-bZIPCT Zta was produced from pRSETbZIPCT in bacteria and purified.
Elution from the nickel beads was performed with phosphate-buffered saline
supplemented with 150 mM imidazole and 0.5% (vol/vol) NP-40. The protein
was buffer exchanged into 0.1 M morpholineethanesulfonic acid (pH 4.8) using
a Slide-a-lyzer dialysis system (Pierce). To cross-link neighboring residues within
the protein, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC) was added to a final concentration of 2 mg/ml and incubated at 20°C for
2 h. Where appropriate, the protein was subsequently cleaved with cyanogen
bromide in an acidic environment (0.1 M HCl). Following separation by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualiza-
tion, proteins were excised from the gel and subjected to trypsin digestion
followed by mass spectrometry (University of Sussex proteomics service).

RESULTS

Cross talk between the CT region and the zipper region
extends to the basic region. The recently published crystal
structure of Zta contained only half of the CT region (23). In
order to probe the structure of the CT region further, we
sought to determine its proximity to the zipper using a zero-
spaced cross-linking agent, EDC. A polyhistidine-tagged ver-
sion of the bZIP and CT regions of Zta was expressed and
purified from Escherichia coli and cross-linked (Fig. 1A and B).
As anticipated, the molecular weight of the protein changed
from that of a monomer to that of a dimer. Therefore, at least
one cross-link per molecule was formed. It was anticipated that
cross-links would be formed between the two zipper regions
and potentially between the CT region and the zipper. To
question whether these links were formed, we treated the pro-
tein with cyanogen bromide, which cleaves after methionine
residues. Only one methionine is present in the zipper and CT
regions, at the boundary between them (M221), so cleavage by
cyanogen bromide should separate these regions if they are not
cross-linked together. The size of the cleaved protein was con-
sistent with two zippers and two CT regions cross-linked to-
gether, demonstrating that the CT region lies in close proxim-
ity to the zipper region and suggesting that the links between
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the CT region and zipper occurred in the majority of molecules
(data not shown).

To further map the location of the interactions, we subjected
the protein to analysis by mass spectrometry both in its native
state and following cross-linking. Trypsin digestion of the na-
tive protein generated specific peptide fragments of Zta, shown
in Fig. 1C. This analysis cannot be comprehensive, since some
cross-linked species would be of too great a mass to resolve
accurately; however, following cross-linking, two cross-links
within the zipper and three cross-links involving the “G” pep-
tide, which encompasses the distal part of the CT region and
the zipper, were identified. As EDC forms peptide bonds be-
tween amine and carboxyl groups, a trypsin cleavage site is
removed when cross-linking occurs, so a cross-link between
peptide “G” and residue R201 removes the trypsin recognition
site at the boundary of peptides “A” and “B” and results in a
mass spectrometry signal for “A � B � G,” seen in Fig. 1. All
of the cross-linked species identified in the analysis are shown
in Fig. 1; none of these were detected in the non-cross-linked
sample analyzed in parallel. This shows that one of the four
acidic groups in peptide “G” is cross-linked to R201, one to
K207, and one to R215. The contacts may occur in either an

intra- or interchain manner and could potentially stabilize the
structure. From the crystal structure of Zta, it is known that the
proximal part of the CT region runs antiparallel to the zipper
(23); these results indicate that the CT region continues in that
direction, maintaining close contact with the zipper region
throughout its length.

Dimerization of Zta requires residues in the proximal and
distal parts of the CT region. Zta truncation mutants (Fig. 2A)
and wild-type Zta were translated in vitro and labeled with
[35S]methionine (Fig. 2B). The name of each mutation reflects
the amino acid residue that was converted to a termination
codon, e.g., H199ter. Labeled proteins were incubated with
glutaraldehyde for 30 min and then analyzed for dimer forma-
tion (Fig. 2C). Preliminary experiments demonstrated that the
assay is linear over a 90-min period (data not shown). We
found that K219ter and H199ter formed negligible dimers un-
der these conditions and M221ter, L225ter, and D228ter
formed 10% as many dimers as full-length Zta, but the addi-
tion of residues to I230 allowed efficient dimer formation (75%
of that observed for Zta). In addition, residues in the distal
part of the CT region, to L243, aided dimer formation further.

FIG. 1. The distal CT region closely interacts with the zipper region
of Zta. (A) Schematic diagram of Zta showing interaction of part of
the CT region with the zipper as determined by Petosa and colleagues
(23). The wavy line represents the part of the CT region of unknown
structure. (B) Migration of the bZIPCT protein in SDS-PAGE before
and after cross-linking with EDC. (C) Following excision and trypsin
digestion, resulting peptides were identified by mass spectrometry.
Potential tryptic peptides are indicated beneath the sequence, and
asterisks indicate acidic residues in peptide G. Peptides A, B, and D
cross-linked to the extreme CT region (peptide G) and peptides C and
D linked to the zipper were identified, allowing identification of spe-
cific cross-linked residues in the ZIP region.

FIG. 2. Both the proximal and distal parts of the CT region con-
tribute to dimerization. (A) Schematic diagram showing sequence of
the truncation mutants spanning the zipper and CT regions. The zip-
per region is shown as an open box and the CT region as a cross-
hatched box. (B) Amounts of translation product generated from
wheat germ extract for Zta and Zta truncated mutants used in the
dimerization assay were assessed by SDS-PAGE and quantitated by
phosphorimaging. (C) Equivalent amounts of each protein were incu-
bated at 37°C and cross-linked by addition of 0.05% glutaraldehyde for
30 min. The reaction was quenched by the addition of glycine, and
dimeric proteins were separated on a 10% bis-Tris gel and visualized
using phosphorimaging. A representative gel is shown.
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The proximal CT region contributes to the stability of the
cooperatively folded helical dimer. To analyze the contribution
of the proximal CT region to dimer formation further, we used
short synthetic peptides, containing either the zipper alone
(M221pep) or the zipper plus the proximal CT region
(I231pep), to undertake quantitative biophysical analyses (Fig.
3A). To probe the oligomerization state of the two peptides
directly and quantitatively, sedimentation equilibrium experi-
ments were performed with the analytical ultracentrifuge.
When analyzed assuming a single ideal species in solution, the
data for the longer peptide, I231pep, gave a molecular mass of
8,417 Da (Fig. 3C). This is consistent with the peptide forming
a dimer (expected Mr for the dimer � 8,101.4). Analysis of the
data assuming a monomer-dimer model failed to return con-
sistent values for the dissociation constant, indicating that no
monomer was present in the assay. In contrast, the data for
M221pep (Fig. 3B) suggested that this peptide was mainly
monomeric at 5°C, with a small proportion of dimer formed.
This is consistent with the data from Fig. 2 showing that
M221ter is poor at dimerization.

The secondary structures of both peptides were then probed
using CD spectroscopy. Both displayed spectra indicating an
�-helical structure, with minima at 208 and 222 nm (Fig. 4A).
Consistently, as judged by the intensity of the signal at 222 nm,
I231pep displayed a higher degree of helical structure in solu-

tion over a range of peptide concentrations (Fig. 4A; also data
not shown). Thermal denaturation experiments revealed that
the unfolding characteristics of the M221pep and I231pep pep-
tides were also very different (Fig. 4B). The sigmoidal curve
obtained for I231pep is consistent with a cooperative structure.
In contrast, the shorter peptide, M221pep, at best showed the
tail end of a sigmoidal (unfolding) curve indicative of much-
reduced stability. Furthermore, the Tm values for I231pep in-
creased with increasing peptide concentration, which is consis-
tent with oligomer (i.e., possible coiled-coil dimer) formation
(data not shown).

Taken together, the biophysical data show that both pep-
tides have a tendency to form helical structures in solution.
This is consistent with the leucine zipper model. However, the
ability to form stably folded dimers is markedly greater for the
longer peptide, I231pep, which includes part of the CT region,
than for the shorter peptide, M221pep, which encompasses the
zipper region only. Thus, these experiments establish the im-
portance of the proximal part of the CT region for Zta folding
and explain the relative instability of the zipper region of Zta
reported hitherto.

The proximal CT region is critical for Zta to bind to ZREs.
To address the ability of the Zta truncation mutants to bind to
DNA in vitro, EMSAs were carried out using three different
ZREs (AP-1, ZRE1, and ZIIIB) (Fig. 5). As expected,

FIG. 3. Stability of dimers revealed by analytical ultracentrifugation. (A) Schematic representation of residues contained within the two
synthetic peptides and their locations compared to Zta structure. Representative analytical ultracentrifuge data sets for M221pep (B) and I231pep
(C), recorded at 50,000 rpm, are shown and provide curves typical of sedimented and equilibrated species. Protein concentration (measured as
A280) versus distance (r) from the center of the centrifuge rotor. The starting protein concentration was 500 �M. Experimental data points are
shown for sedimentation of the peptide (diamonds). Also shown are simulated curves calculated assuming a completely monomeric (broken line)
or dimeric (solid line) protein. The residual signals, calculated as the difference between the experimental and fitted data for a single ideal species,
show no systematic errors, indicating that the fits are robust (lower panels).
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H199ter, the mutant lacking the zipper and CT regions,
showed negligible DNA binding to any site. Analysis of the
binding sites revealed that K219ter, M221ter, and L225ter
were unable to interact with the AP1, ZIIIB, and ZRE1 sites.
In contrast, I231ter and T234ter were able to interact almost as
well as full-length Zta, and V237ter and L243ter were able to
interact at least as well as full-length Zta. Thus, residues to
I231ter are required for interaction with DNA.

A further series of mutants, sequentially replacing all
charged amino acids in the CT region with alanine residues,
was generated (Zta1 to -3) (Fig. 6). The effect of these substi-
tutions was determined by comparing the abilities of Zta and
Zta1, -2, and -3 to interact with the ZIIIB and AP1 sites (Fig.
6). No contribution was observed for residues in the distal CT,
but further mutation of both D226 and D228 in Zta3 dramat-
ically reduced the ability of Zta to interact with both sites.
Thus, mutation of D226 and D228, either alone or in conjunc-
tion with the other charged residues in the CT region, severely
compromises DNA binding. Zta3 is also compromised in its
ability to form dimers compared to Zta (Fig. 6). Overall, this
shows that the proximal CT region contributes to the ability of
Zta to interact with DNA and that the region required corre-
lates with the region that aids dimerization.

The distal CT region is not required for transactivation
function of Zta in vivo. Since both the proximal and distal parts

of the CT region influence dimerization but only the proximal
CT region appears to be required for DNA binding in vitro, we
sought to further question whether the distal CT region con-
tributes anything to in vivo functions of Zta. A comparison of
the abilities of truncation mutants of Zta to activate the tran-
scription of a Zta-responsive gene embedded in the EBV ge-
nome revealed that I231ter was able to transactivate BMRF1 as
well as wild-type Zta (Fig. 7), whereas M221ter was not. There-
fore, the proximal CT region is required for this in vivo func-
tion, whereas the distal CT region can be dispensed with. It is
therefore unlikely that the modest contribution of the distal
CT region to dimerization and DNA binding contributes to
DNA-binding-related functions in vivo.

FIG. 4. CD spectroscopy reveals that the C-terminal region of Zta
contributes to stability of the coiled-coil dimer. (A) CD analysis de-
termining the secondary structure of the M221pep and I231pep (at a
concentration of 100 mM), shown by white triangles and black squares,
respectively. (B) The melting curve was obtained by measuring a signal
obtained at the wavelength of 222 nm for M221pep or I231pep through
a range of temperature (from 2°C to 90°C).

FIG. 5. Requirement of the proximal CT region for interaction
with three ZREs. (A) Proteins were assessed by SOS-PAGE. Abilities
of indicated Zta truncation mutants to bind to ZREs were determined
by EMSA analysis. In all cases the probe was in excess. Following
separation of free and bound ZREs by electrophoresis, locations of the
complexes were determined using phosphorimaging, with subsequent
quantitation. Duplicate experiments were undertaken, and represen-
tative images are shown (B).
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DISCUSSION

A contribution from the CT region to the dimerization abil-
ity of Zta has long been suspected (5, 11, 22). The recent
resolution of the crystal structure of Zta, containing the basic
region, the zipper region, and part of the CT region (to residue
236), revealed interactions between the amino-terminal part of
the CT region and the zipper region that could potentially
stabilize dimer formation (23). Here we show that the entire
CT region lies in close contact with the zipper region, extend-
ing almost as far as the basic region (Fig. 8A). This provides a
large potential interface over which stabilizing inter- or in-
tramolecular interactions could occur.

In order to address the mechanisms by which the CT region
contributes to Zta function, we sought to determine whether
the CT region impacts on the core properties of Zta: to fold as
a dimer and to bind to DNA. Analysis of the ability of the Zta
termination mutants to form dimers revealed that the zipper
and residues to I230 were required and that the dimer is
strengthened by the inclusion of further amino acids to L242

(Fig. 8B). The contribution of residues 221 to 230 in the prox-
imal CT region to dimer formation was further probed using
biophysical approaches. The results revealed that although the
zipper region is able to fold as an �-helix in the absence of the
CT region, the propensity of the peptides to fold into an
�-helix and their ability to form dimers are increased consid-
erably by the addition of 10 amino acids from the proximal CT
region. The crystal structure of Zta shows that residues 221 to
224 form a hairpin loop immediately adjacent to the zipper
region of Zta and residues 225 to 230 form part of the four-
helix bundle (23). The hairpin loop is considered to be impor-
tant to align the CT region and the zipper region into the
four-helix bundle. The biophysical data support the role of the
proximal CT region in stabilizing the structure of the zipper.
Mutation of charged amino acids in the CT region highlights
the contribution of D226 and D228 to DNA binding (Fig. 8B)
and provides support for the proposal that an intramolecular
salt bridge between D228 and R215 may stabilize the zipper
(23).

An analysis of the relevance of the entire CT region for the
transactivation function of Zta revealed that I231ter was able
to transactivate a viral gene embedded in the genome as well as
full-length Zta. This demonstrates that the ability of the prox-
imal CT region to promote the dimerization and DNA-binding
functions of Zta enables it to transactivate in vivo. In contrast,
the more modest contribution to dimer stability promoted by
the distal CT region is not required either for DNA-binding
stability or for transactivation function in vivo. It remains to be

FIG. 6. Importance of residues 226 and 228 for DNA-binding func-
tion of Zta. (A) Schematic representation of mutations of Zta1, Zta2,
and Zta3, with the shading as described in Fig. 2. (B) Amounts of
translation product generated for Zta and Zta truncated mutants used
in the dimerization assay were assessed by SDS-PAGE and quantitated
by phosphorimaging. (C and D) Equivalent amounts of protein were
analyzed for their ability to bind DNA by EMSA analysis. Following
separation of free and bound ZREs by electrophoresis, the locations of
the complexes were detected using phosphorimaging, with subsequent
quantitation. Duplicate experiments were undertaken, and represen-
tative images are shown for ZIIIB (C) and AP1 (D). (E) Equivalent
amounts of protein were assessed for their abilities to form dimers as
described in the legend to Fig. 2. Proteins of both monomer and dimer
sizes are shown.

FIG. 7. The CT region is required for transactivation in vivo.
(A) Expression vectors for indicated Zta truncation mutants were
introduced into 293-BZLF1-KO cells, and expression of a viral gene,
embedded in the genome, was detected using quantitative real-time
PCR. Expression of Zta RNA was also detected and was used as a
measure of transfection efficiency. The level of expression of the
housekeeping gene, L32, was used to standardize signals. Experiments
were undertaken in duplicate, and relative expression of BMRF1 was
determined. These levels were then expressed relative to the level seen
following expression of Zta. (B) Total protein extracts from cells were
analyzed for expression of Zta using Western blot analysis.
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determined whether the enhanced dimer stability observed
when the entire CT region is included in the protein has any
impact on functions of Zta that do not require DNA binding,
such as interaction with host cell signaling proteins.
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FIG. 8. Schematic diagram of structure of Zta and requirement of
the CT region for function. (A) The schematic diagram of the structure
of Zta is based on the crystal structure of Zta, which ends at D236 (23).
The additional information that the distal part of the CT region (end-
ing at F245) contacts the zipper and locations of the termination
mutants I231ter and M221 ter are shown. (B) Locations of amino acids
that contribute to dimerization are shown in bold and underlined.
Each line represents mutants that support the conclusion shown on the
right-hand side. Transactivation in vivo is represented as TA.
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