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DNA sequence recognition by the homodimeric C-terminal domain of the
human papillomavirus type 16 E2 protein (E2C) is known to involve both
direct readout and DNA-dependent indirect readout mechanisms, while
protein-dependent indirect readout has been deduced but not directly
observed. We have investigated coupling between specific DNA binding
and the dynamics of the unusual E2C fold, using pH as an external variable.
Nuclear magnetic resonance and isothermal titration calorimetry show that
pH titration of His318 in the complex interface and His288 in the core of the
domain is coupled to both binding and the dynamics of the β-barrel core of
E2C, with a tradeoff between dimer stability and function. Specific DNA
binding is, in turn, coupled to the slow dynamics and amide hydrogen
exchange in the entire β-barrel, reaching residues far apart from the DNA
recognition elements but not affecting the two helices of each monomer. The
changes are largest in the dimerization interface, suggesting that the E2C β-
barrel acts as a hinge that regulates the relative position of the DNA
recognition helices. In conclusion, the cooperative dynamics of the human
papillomavirus type 16 E2C β-barrel is coupled to sequence recognition in a
protein-dependent indirect readout mechanism. The patterns of residue
substitution in genital papillomaviruses support the importance of the
protonation states of His288 and His318 and suggest that protein-
dependent indirect readout and histidine pH titration may regulate DNA
binding in the cell.
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Introduction

The sequence specificity of globular DNA binding
proteins arises from their three-dimensional (3D)
structure in two ways. First, a number of residues
contact the DNA directly by means of correct
positioning in 3D space, a mechanism commonly
called “direct readout.”1 Histidine side chains often
take part in direct readout,2–6 providing a plausible
regulatory mechanism under physiological condi-
tions due to their intrinsic pKa of 6.3. Second, the
dynamics of the globular domain7–13 and, in parti-
cular, the target DNA sequence1,14–18 modulate
binding through indirect effects. This “indirect
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readout” can couple DNA binding to protein dimer-
ization and other molecular functions through
allosterism.7,8,12,19,20

Human papillomaviruses (HPVs) are highly pre-
valent pathogens of epithelial tropism.21,22 Mucosal
HPV types are the etiological agents of cervical cancer,
the second most common cancer in women, and of
vaginal, anal, penile, and head and neck cancers.22,23

Epidemiological studies have identified HPV type 16
as the typewith the highest oncogenic potential.21 The
two available prophylactic vaccines24 are not widely
applied in developing countries and cannot cure the
millions of people who are already infected. Under-
standing how HPV proteins function may lead to
efficient antiviral compounds.25 The circular double-
stranded DNA HPV genome typically codes for only
two late proteins and six early proteins.26 The early
protein E227 is amodular polypeptide consisting of an
N-terminal transactivation domain, a flexible linker,
and a C-terminal domain (E2C) responsible for
dimerization and binding of the p53 protein.28,29

E2C also targets four conserved DNA sites in the
regulatory region of the HPV genome,16,17 leading to
the regulation of viral replication and transcription of
the early proteins, including the two oncoproteins E6
and E7.16–18 Fine discrimination between the DNA
sequences of the four sites is therefore crucial for the
regulation of the viral life cycle.16–18 Unregulated
transcription of E6 and E7 upon integration into the
host genome and loss of the E2 gene is associatedwith
cancer.26

The native state of the E2C domain is a homo-
dimeric β-barrel consisting of two β–α–β motifs per
monomer.16,17,30–40 The β-strands of the motifs form
the conserved eight-stranded β-barrel core of the
structure, arranged in two β4–β1–β3–β2 sheets. The
interface between the E2C monomers comprises the
hydrophobic core of the barrel and of β4–β4′ and
β2–β2′ hydrogen bonds. Both α-helices pack against
the outside of the barrel, with most residues in helix 1
and Lys349 at the C-terminus of helix 2 being directly
involved in DNA binding16,17,33,35,38 and with most
residues in helix 1 and Lys349 at the N-terminus of
helix 2 being directly involved in p53 binding.28,29

Helix 1 is best described as a strained bipartite helix,
with a canonical α-helix N-terminal half and a 310
helix C-terminal half.41 The dimeric topology of E2C
is unusual, with the DNA binding domain of the
Epstein–Barr nuclear antigen 1 being the only known
structural analog.42 In spite of the structural similarity
between these two viral DNA binding domains, their
amino acid sequences and DNA binding specificities
show no detectable homology. It is not known if this
unusual topology is related to the p53 or DNA
binding functions of E2C.
The E2C domain binds a pseudopalindromic DNA

target sequence with the consensus ACCgaaaxcGGT,
where capital letters represent strongly conserved
bases and small letters represent weakly conserved
bases.16–18 Sequence recognition by E2C is mediated
by direct protein–DNA contacts between the ACCg/
cGGT hemisites and the highly conserved N294,
K297, C298,Y301, and R302 residues from helix 1 in

the first β–α–β element of each monomer.16–18,33,35,38

Direct sequence readout constitutes the bottleneck of
complex formation along the two-state kinetic bind-
ing route.43 Direct E2C–DNA contacts also include
nonspecific interactions between the DNA backbone
of the ACCg/cGGT hemisites and N294, T295, K297,
R300, Y301, R302, K304, and K305 in helix1; Ser315,
Thr316, and Trp3177 in β2-strand; and K349 in
helix2.16–18,33,35,38 Direct E2C–DNA contacts contri-
bute most of the free energy for complex formation.44

In addition, DNA flexibility can modulate the free
energy of binding through indirect readout: the four-
base A-rich spacer in the DNA, which does not
establish direct contacts with the protein, strongly
modulates binding through its ability to bend
towards the minor groove.14–18 We call this phenom-
enon DNA-dependent indirect readout.
The HPV16 E2C dimeric β-barrel has been pro-

posed to play a role in indirect sequence readout in
two ways, mainly from the comparison of the
structures and binding specificities of homologous
E2C domains. First, its flexibility may regulate the
displacement of the DNA binding helices upon
binding.16,17,33,35,38 However, the β-barrel of the
HPV16 E2C domain suffers only small changes in
structure upon DNA binding,30,31 in agreement with
its overall rigidity in amolecular dynamics simulation
relative to its bovine papillomavirus homolog.45,46

Interestingly, we recently reported that an engineered
monomeric version of the HPV16 E2C domain shows
the same structure as the dimer, but altered DNA
binding properties.47 This suggested that the
dynamics of the β-barrel, rather than the structure,
influences DNA binding47—a mechanism that has
not been investigated to date. Second, the electrostatic
potential of the DNAbinding side of the β-barrel may
also play a role in indirect readout by favoring DNA
bending.16,17,33,35,38 His318 is located in the center of
this surface and provides an ideal probe to validate
this hypothesis, but its contribution to binding
remains uncharacterized.
We present thermodynamic and nuclear magnetic

resonance (NMR) evidence for coupling between
DNA binding, protonation ofHis288 andHis318, and
the global conformational dynamics of E2C.48 Our
results reveal that the β-barrel of the domain is a
highly cooperative structural unit that mediates
indirect DNA sequence readout. This is also the first
report of the E2C–DNA complex dynamics for the
HPV type 16 E2 protein, a potential drug target from
themost common strain of this oncogenic pathogen.25

Results

pH dependence of specific E2C–DNA binding

Wehave characterized the bindingofHPV16E2C to
a cognate nucleotide (site 35; sequence GTAACC-
GAAATCGGTTGA) using isothermal titration calori-
metry (ITC) (Table 1 and Fig. 1a). We carried out the
experiments at 25 °C in a three-component buffer
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