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Structural basis of DNA methylation-dependent site selectivity of the Epstein-Barr 
virus lytic switch protein ZEBRA/Zta/BZLF1 
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Supplementary Data 
 

Supplementary Table 1. Crystallographic data collection and refinement statistics. 

Data Collection  
ESRF beamline ID23-2 
Wavelength (Å) 0.8726 
Space group C2 
Unit cell dimensions a=208.0 Å, b=26.56 Å, c=80.85 Å, b=103.1° 
No. complexes in asymmetric unit 2 
Resolution range (Å) 1 34 – 2.5 (2.6 – 2.5) 
No. of measured reflections 56,118 (6368) 
No. of unique reflections 15,447 (1710) 
Multiplicity 3.63 (3.72) 
Completeness (%) 98.9 (99.8) 
Mean I/sigma(I) 12.7 (2.4) 
Rmeas 0.082 (0.712) 
CC1/2 0.998 (0.767) 
Refinement  
Resolution  16 – 2.5 
No. reflections (total/Rfree) 14,841 / 762 
Rwork/Rfree 0.2768 / 0.3387 
Number of atoms/Mean B-factor (Å2)  

Protein:        Complex 1 (chains A,B)   992 / 52.0 
 Complex 2 (chains E,F)   953 / 69.6 
 Total 1996 / 60.8 
DNA:        Complex 1 (chains C,D)   650 / 66.0 
 Complex 2 (chains G,H)   501 / 96.4 
 Total 1164 / 79.3 
Water:      65 / 40.6 

R.m.s. deviations:   
Bond distances (Å) 0.010 

   Bond angles (o) 1.159 
Ramachandran analysis (%) 

   Favored/ outliers 96.6 / 0.0 
Molprobity analysis 

   Clash Score / Overall score  12.92 / 2.27 
1 Numbers in parentheses refer to the outer resolution shell. 
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Figure S1. Comparison of ZEBRA/DNA complex structures.  
a. Previous structures of ZEBRA bound to an AP-1 site (PDB 2C9L) and to the Rp meZRE2 site (PDB 5SZX) 
were aligned with our crystal structure via the basic region (res. 180-200) and the heptad DNA site (base 
pairs -3 to +3) , yielding overall RMSD values (for 122 Ca and 30 P atoms) of 1.73 and 0.91 Å, respectively. 
These values reduce to 0.43 and 0.33 Å when only the bZIP basic regions and 7-bp binding site (42 Ca and 
14 P atoms) are compared, highlighting that the structures mainly differ in the dimerization domain. The 
latter domain exhibits a variable degree of bending by up to 11°, corresponding to a relative displacement 
of ~8 Å at the tip of the coiled coil.  
b. Comparison of interactions between Asn182 and the A half-sites of AP-1 and meZRE2. ZEBRA interacts 
with the meZRE2 A half-site essentially as in the ZEBRA/AP-1 structure (PDB 2C9L) except for contacts 
mediated by residue Asn182. In the AP-1 complex Asn182 forms bridging H-bonds with the C2’ and T–3 bases, 
whereas in the meZRE2 complex a slightly rotated Asn182 side chain interacts only with meZRE2 base C2’ 
and forms a weaker H-bond than in the AP-1 complex (bond distance of 3.2 Å versus 2.8 Å). However, in 
the alternate crystal form of Hong et al. (42) Asn182 adopts the same conformation as in the AP-1 complex, 
suggesting that ZEBRA tolerates variability of the Asn182 rotamer when bound to meZRE2. DNA bases of 
AP-1 are shown in light and dark green, those of meZRE2 in pink and violet. H-bond lengths are indicated 
in Ångstroms. The green asterisk indicates the H-bond interaction absent in our crystal structure. 
c. CpG-proximal Arg190-mediated interactions in the AP-1 and meZRE2 complexes. Coloring scheme is as in 
(b). The magenta asterisk indicates the additional interaction (part of a bifurcated H-bond) observed in the 
meZRE2 complex that is absent from the AP-1 complex since the A-1’ exocyclic N6 atom cannot accept a 
proton. 
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Figure S2. DNA interactions and hydrogen bond network involving ZEBRA’s CpG-distal and CpG-proximal 
Arg190 residues. H-bonds are shown as dashed black lines and van der Waals contacts as thick broken gray 
lines. Two water molecules (labeled "w") bridge the A and M half sites by forming H-bonds with each 
other, with the C0' and G–1' bases, and with the guanidino groups of the two Arg190 residues. 
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Figure S3. Comparison of meZRE2, AP-1 and meAP-1 DNA conformations bound to ZEBRA and Jun. 
a. Displacements involving methylcytosines -2' of ZEBRA-bound meZRE2 (left) and -3 of Jun-bound meAP-
1 (right) relative to the corresponding AP-1 nucleotide. Black and gray dashed lines indicate hydrogen 
bond and van der Waals interactions, respectively.  
Left. meZRE2 nucleotide mC–2' is shifted by 1.5 Å relative to AP-1. This displacement cannot be ascribed to 
the use of a ZEBRA mutant to solve the AP-1 bound structure (43) since a lower resolution structure of 
wildtype (WT) ZEBRA bound to AP-1 (PDB 2C9N) exhibits the identical position for the G-2’ base, and 
because the corresponding G-2 base in the A half-site of meZRE2 adopts the same unshifted position. Right. 
Aligning the structures of Jun bound to AP-1 and to a variant (meAP-1) containing a methylcytosine at 
position -3 shows that the mC–3 base of meAP-1 is displaced by 2 Å relative to the T–3 base of AP-1 (42). The 
shift occurs in a direction orthogonal to that observed in the ZEBRA/meZRE2 complex and allows mC-3 to 
maintain a hydrogen bond with the altered side chain conformation of Jun residue Asn262. (The atomic 
coordinates of 2H7H were modified by flipping the chi2 angle of Asn262 by 180o so that the H-bonding 
geometry makes sense). Note that the left and right panels, shown in the same relative orientation to 
facilitate comparison, concern nucleotide shifts in the right and left DNA half-sites, respectively.  
b. Structural alignment of the ZEBRA-bound meZRE2 and AP-1 complexes (left) compared with that of the 
Jun-bound AP-1 and meAP-1 complexes (right). Whereas the conformational change in the DNA backbone 
is restricted to the -2’ nucleotide on the left, it extends over several nucleotides on the right. 
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Figure S4. Stabilization of the Ser186 g+ rotamer by the mC1 methyl group.  
a. Left, Torsion angle convention for serine showing the g+, g– and t rotamers. Right, Propensities for 
serine to adopt the three different rotamers when located within an a helix. The g– conformation is highly 
favoured because it allows the Ser hydroxyl group to hydrogen bond with the carbonyl group of residue N-
3. Propensities are from ref. (77). 
b. Comparison between the g+ and g– rotamers in the presence of meZRE2. Modeling the g– rotamer of 
Ser186 in the ZEBRA/meZRE2 complex shows that this rotamer unfavorably juxtaposes the polar Ser186 
hydroxyl and hydrophobic mC1 methyl groups (red arrows). Black and gray dashed lines indicate H-bonds 
and van der Waals contacts, respectively. 
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Figure S5. CpG hydroxymethylation destabilizes the ZEBRA/meZRE2 complex.  
a. ZRE2 sequences used for binding assays. Cytosine nucleotides 1 and -2' were either unmodified, 
methylated or hydroxymethylated as indicated. 
b. FP assays assessing the binding of ZEBRA to ZRE2 sites that are either unmodified, symmetrically 
methylated or hydroxymethylated, or that bear one hydroxymethyl and one methyl mark. The data shown 
represent the mean ± SD from three independent experiments. 
c. Torsion angle definition for the hydroxymethyl group of hmC. The view is along the C5M-C5 bond, with 
the C5M atom closer to the viewer.  
d. Alignment of hmC nucleotides from PDB entries containing B-form DNA. A total of 18 nucleotides from 
11 high-resolution (better than 2 Å) crystal structures were aligned (PDB entries 4glc, 4glh, 4hli, 4i9v, 4pba, 
4pbB, 4r2c, 4r2p, 5cjy, 5deu, 5dsb). For clarity, non-hydroxymethyl group atoms are shown for only one 
nucleotide. The alignment reveals two predominant orientations for the hydroxymethyl group, syn-
periplanar (sp; q=-14° to 25°) and +clinal (+c; q=73° to 135°). Hydroxymethyl groups from structures in 
which the CpG motif is symmetrically hydroxymethylated on both cytosines (PDB entries 4r2c and 4r2p)  
are shown with their C5 and C5M atoms in magenta and their O5 atom in pink.  
e,f. Model of the ZEBRA/meZRE2 complex with (e) mC1 and (f) mC-2' replaced by hmC. Representative sp 
(q=15°) and +c (q=109°) conformations are taken from a symmetrically hydroxymethylated CpG motif (pdb 
4r2p, hmC residues B9 and C53, respectively). Hydrogen bonds and steric clashes are indicated by dashed 
black lines and by a series of red disks, respectively. 



	 7	

 
 
Figure S6. Poor DNA-binding activity of the ZEBRA S186C mutant is not due to cysteine oxidation. a. 
Hypothetical model of a disulfide-crosslinked homodimer formed by ZEBRA mutant S186C. Because 
residue 186 localizes to the inner helical surface of each monomer in the ZEBRA homodimer, the two 
Cys186 residues could hypothetically form a disulfide crosslink that would lock the homodimer in a 
conformation incompatible with DNA binding. (In contrast, the two Cys189 residues are too far apart to 
spontaneously form a disulfide bond). The indicated modeled region was obtained by extending the 
helical trajectory of ZEBRA's zipper region towards the N-terminus using a canonical coiled coil (PDB 3HE5) 
as a template (118). b. Coomassie-stained SDS denaturing gel showing that the amount of covalent ZEBRA 
homodimer formation is negligible. WT and mutant forms of MBP-tagged ZEBRA proteins used for FP 
assays were heated at 95oC for 5 min in the presence (lanes 3 and 5) or absence (lanes 2 and 4) of b-
mercaptoethanol (b-ME; 180 mM) prior to loading on the gel. c. Mass spectrometry (LC/ESI) analysis of 
WT and mutant MBP-tagged ZEBRA proteins used for FP assays. Proteins were incubated in the presence 
or absence of 20 mM dithiothreitol (DTT) prior to analysis. The measured masses of the monomers closely 
match the theoretical expected mass, confirming that cysteine residues are in their fully reduced state. 
Only trace amounts of covalent ZEBRA homodimer are detected, indicating that there is little disulfide 
crosslink formation. d. FP assays assessing the binding of the S186C mutant to the meZRE2 site. Protein 
samples were incubated in the presence or absence of 10 mM DTT prior to performing the assay. The 
presence of the reducing agent had no detectable effect on the DNA-binding activity of the S186C mutant.  
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Figure S7. Transactivation of a CpG-methylated promoter mirrors stability of the ZEBRA/meZRE2 
complex whereas viral production shows a threshold-like response.  
a. Fold-induction in luciferase reporter assays plotted against the apparent free binding energy measured 
in FP assays. The correlation coefficient (CC) between the log of the fold induction and DGapp is indicated.  
b. Viral production plotted against fold-induction in the luciferase reporter assay. The CC between the log 
of viral production and the log of fold induction is indicated. GRU, Green Raji Units.  
c. The ability to induce viral production is associated with ZEBRA/meZRE2 complex stability. Point mutants 
that induced or failed to induce detectable viral production are shown in green and magenta, respectively. 
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Figure S8. Stabilization induced by CpG methylation (DDGme/Z) plotted against solvent accessibility of the 
CpG methylation marks.  
Structures of meZRE2-bound ZEBRA mutants were modeled and the accessible surface area (ASA) of the 
cytosine methyl groups was calculated using the Areaimol program from the CCP4 suite (46). The crystal 
structure of the ZEBRA/meZRE2 complex was modified by replacing the mutated residue by alanine or, in 
the case of non-alanine subtitutions, by selecting the sterically allowed rotamer most closely resembling 
that of the WT residue. In the case of the S186A mutant the mC-2' nucleotide was modeled in the BI 
conformation based on the crystal structure of the S186A mutant bound to AP-1 (PDB 2C9L), since loss of 
the serine hydroxyl group would destabilize the BII conformation (Figure 2). None of the point mutations 
altered the solvent exposure of the methyl group on mC1, which remained highly buried (ASA=0.6 Å2). Not 
shown is the S186C mutant which, with the same ASA for the mC-2' group as WT ZEBRA and a DDGme/Z of -
1.08 kcal/mol, appeared as a clear outlier in this plot. 

  



	 10	

 

 
Figure S9.  ZEBRA’s transactivation activity depends on two types of target site selectivity.  
a. Schematic illustration showing the dual transactivation roles of ZEBRA during the EBV infection cycle. 
ZEBRA’s binding sites are vertically arranged in order of increasing affinity. Methylated CpG-containing 
ZREs in the host cell genome are marked by an asterisk and shown in gray. ZEBRA homodimers bound to 
these sites are also in gray. AP-1 sites within the viral genome are omitted for clarity. During prelatency 
when the EBV genome is unmethylated the ZEBRA homodimer preferentially binds to AP-1 sites over non-
methylated CpG-containing sites. During latency, ZEBRA binds to methylated CpG-containing ZREs within 
viral lytic promoters, leading to the disruption of viral latency. Similar site selectivity by a cellular AP-1 
dimer bearing a gain-of-function Ala®Ser mutation also leads to viral lytic gene expression (41). 
b. Inability of ZEBRA mutant S186A to disrupt viral latency. The S186A mutation renders ZEBRA’s site 
selectivity similar to that of cellular AP-1 proteins, which preferentially bind AP-1 sites over methylated 
and unmethylated CpG-containing ZREs. Sequestration by the higher-affinity AP-1 sites prevents cellular 
AP-1 and mutant ZEBRA proteins from binding the methylated ZREs and activating viral lytic expression.  
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Figure S10. Comparison of ZEBRA and human bZIP sequences in the vicinity of residue 186. 
a. Alignment of genomic DNA sequences from representative EBV strains. ZEBRA residue Ser186 is invariant 
and specified by a TCC codon in all known EBV strains, as revealed by a BLAST alignment of all EBV 
sequences in the NCBI nucleotide collection (1084 entries). Origin of strains is from ref. (119).  
b. Alignment of nucleotide and protein sequences from human bZIP proteins closely related to ZEBRA. 
Human proteins are ordered according to descending E-score from a BLAST search performed with the 
basic and coiled-coil regions of ZEBRA (residues 175-221) against all human proteins in the non-redundant 
protein database using the DELTA-BLAST algorithm. 
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Figure S11. ZEBRA residue Ser186 corresponds to a nearly invariant alanine in human bZIP proteins. 
Sequence alignment of ZEBRA’s basic and coiled coil residues with the corresponding regions of the 55 
unique human bZIP proteins available in the UniProt database. ZEBRA residue Ser186 corresponds to an 
alanine in all these proteins except for C/EBP protein family members, which have a valine, and CREBRF, 
which has a serine like ZEBRA. CREBRF negatively regulates CREB3, a bZIP protein implicated in the 
endoplasmic reticulum stress response, by sequestering it in discrete nuclear foci and promoting its 
degradation (120). CREBRF also represses glucocorticoid stress signaling (121), inhibits lytic replication of 
herpes simplex virus 1 (122) and is implicated in diverse developmental and cancer-related processes 
(123-125). The CREBRF Drosophila ortholog REPTOR (which also has the serine) associates with the bZIP 
protein REPTOR-BP to mediate the transcriptional response to the cellular energy sensor Target of 
Rapamycin Complex 1 (TORC1)(115) ChIP-Seq analysis identified potential REPTOR/REPTOR-RB binding 
sites that contain CpG motifs, including one within a known REPTOR transcriptional target that 
compromised rapamycin responsiveness when either the C or G was mutated (115) Thus, it is tempting to 
speculate that CREBRF and REPTOR may bind to a methylated CpG-containing site in a ZEBRA-like manner. 
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