doi:10.1016/j.jmb.2009.03.013

J. Mol. Biol. (2009) 388, 327-344

JMB

Available online at www.sciencedirect.com

ScienceDirect

Indirect DNA Readout on the Protein Side: Coupling
between Histidine Protonation, Global Structural
Cooperativity, Dynamics, and DNA Binding of the
Human Papillomavirus Type 16 E2C Domain

Tommaso Eliseo't, Ignacio E. Sanchez?, Alejandro D. Nadra'-?,
Mariano Dellarole?, Maurizio Paci', Gonzalo de Prat Gay?*
and Daniel O. Cicero'*

"Wniversity of Rome “Tor
Vergata” via della Ricerca
Scientifica 1, 00133 Rome, Italy

’Fundacién Instituto Leloir and
IIBBA-CONICET, Patricias
Argentinas 435 (C1405BWE),
Buenos Aires, Argentina

Received 24 November 2008;
received in revised form

6 March 2009;

accepted 6 March 2009
Available online

12 March 2009

Edited by ]. E. Ladbury

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 B-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 B-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 p-
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 pB-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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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.”’ Histidine side chains often
take part in direct readout,>® providing a plausible
regulatory mechanism under physiological condi-
tions due to their intrinsic pK, of 6.3. Second, the
dynamics of the globular domain”'® and, in parti-
cular, the target DNA sequence'*'® 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.” %1920

Human papillomaviruses (HPVs) are highly pre-
valent pathogens of epithelial tropism.*"*> Mucosal
HPYV 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. >
Epidemiological studies have identified HPV type 16
as the type with the highest oncogenic potential.>! The
two available prophylactic vaccines** 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.” The circular double-
stranded DNA HPV genome typically codes for only
two late proteins and six early proteins.”® The early
protein E2%” is a modular 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.”**
E2C also targets four conserved DNA sites in the
regulatory region of the HPV genome,'®"” leading to
the regulation of viral replication and transcription of
the early proteins, including the two oncoproteins E6
and E7.1%18 Fine discrimination between the DNA
sequences of the four sites is therefore crucial for the
regulation of the viral life cycle.''® Unregulated
transcription of E6 and E7 upon integration into the
host genome and loss of the E2 gene is associated with
cancer.”

The native state of the E2C domain is a homo-
dimeric B-barrel consisting of two p—a—f motifs per
monomer.161730-40 The B-strands of the motifs form
the conserved eight-stranded p-barrel core of the
structure, arranged in two R4—-R1-p3-R2 sheets. The
interface between the E2C monomers comprises the
hydrophobic core of the barrel and of p4-p4’ and
p2—32" hydrogen bonds. Both a-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 binding'®'"***?® and with most
residues in helix 1 and Lys349 at the N-terminus of
helix 2 being directly involved in p53 binding.?**
Helix 1 is best described as a strained bipartite helix,
with a canonical a-helix N-terminal half and a 3,
helix C-terminal half.*' 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.* 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.'®"® Sequence recognition by E2C is mediated
by direct protein-DNA contacts between the ACCg/
¢GGT hemisites and the highly conserved N294,
K297, C298,Y301, and R302 residues from helix 1 in

the first p—a—p element of each monomer.'®%3335%

Direct sequence readout constitutes the bottleneck of
complex formation along the two-state kinetic bind-
ing route.*’ 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 P,-strand; and K349 in
helix2.16-18333538 Direct E2C-DNA contacts contri-
bute most of the free energy for complex formation.**
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.!41® We call this phenom-
enon DNA-dependent indirect readout.

The HPV16 E2C dimeric p-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
bir1dir1g.16'l7'33'35'38 However, the p-barrel of the
HPV16 E2C domain suffers only small changes in
structure upon DNA binding,*0>! in agreement with
its overall rigidity in a molecular dynamics simulation
relative to its bovine papillomavirus homolog.**°
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.*” This suggested that the
dynamics of the p-barrel, rather than the structure,
influences DNA binding”’—a mechanism that has
not been investigated to date. Second, the electrostatic
potential of the DNA binding side of the 3-barrel may
also play a role in indirect readout by favoring DNA
bending.'®'7?3%7% 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 of His288 and His318, and
the global conformational dynamics of E2C.*® Our
results reveal that the p-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
HPYV type 16 E2 protein, a potential drug target from
the most common strain of this oncogenic pathogen.*

Results

pH dependence of specific E2C-DNA binding

We have characterized the binding of HPV16 E2C 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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Table 1. Specific E2C-DNA binding as a function of pH,
measured by ITC in 100 mM Tris, 50 mM Mes, 50 mM
sodium acetate, 200 mM NaCl, and 0.2 mM DTT at 25 °C

AH Kq AG
pH (kcal/mol) (nM) (kcal/mol)

—-TAS
(kcal/mol) N C

45 —-4.01+0.04 26+4 -10.40+0.09 —-6.39+0.10 0.94 360
50 -6.16+0.10 35+9 -10.21+0.15 —-4.05+0.18 0.77 234
5.5 —-10.30+£0.06 52+5 -9.98+0.05 0.32+0.08 0.95 206
6.0 —14.92+0.08 63+5 -9.86+0.04 5.06+0.09 0.88 141
6.5 —16.86+0.12 76+7 -9.75+0.05 7.11+0.13 0.86 112
7.0 -18.30+0.11 78+5 -9.64+0.04 8.66+0.12 0.84 110

75 —11.47+0.10 111+11
8.0 —10.01+0.09 139+12
85 —8.19+0.08 165+16

—9.52+0.06 1.95+0.12 0.90 75
—9.39+0.05 0.62+0.11 0.84 61
-9.29+0.06 —1.10+0.10 0.78 46

The total ionic strength is 300 mM, independent of pH. The fit of
the raw data yields the change in enthalpy upon binding and the
dissociation constant. AG is calculated as RTIn(Ky), and —TAS is
calculated as AG minus AH. N is the stoichiometry of the reaction,
and C is the ratio of the ligand concentration to the dissociation
constant.*’

[100 mM Tris, 50 mM 4-morpholineethanesulfonic
acid (Mes), 50 mM sodium acetate, 200 mM NaCl, and
0.2 mM DTT] that ensures a constant ionic strength of
300 mM over the pH range studied.”” In the pH range
between 4.5 and 8.5, the observed stoichiometry is 0.8
or higher, and the ratio of the dissociation constant to
the E2C concentration, or ¢ parameter,49 is above 40
(Table 1), validating the fitting of the data to obtain a
dissociation constant for the E2C-DNA interaction.*’
At higher or lower pH values, E2C was not stable in
solution, leading to the observation of abnormal
stoichiometries (data not shown).

The free energy for specific E2C-DNA binding
shows two transitions as a function of pH (Fig. 1a),
indicating that at least two functional groups change
their pK, values upon binding.”' Binding is stronger at
lower pH for both transitions, showing that the pK, of
both groups is higher in the complex than in the free
reagents.”’ We have fitted the data in Fig. 1a to a model
with two independently titrating residues in order to
obtain the relevant pK, values (see Materials and
Methods).”" One of the titrating groups has a pK, of
4.95+0.08 in the free state and a pK, of 5.24+0.07 in the
complex, while the other one has a pK, of 7.42+0.09 in
the free state and a pK, of 7.61£0.09 in the complex.

pH dependence of E2C native-state structure

ITC data show a coupling between the ionization of
two E2C residues and the free energy of specific E2C-
DNA binding. This coupling may be due to pH
titration of residues involved in direct protein-DNA
contacts or through modulation of the protein
structure and/or dynamics caused by protonation.
Circular dichroism (CD) spectroscopy in the far-UV
region showed that heparin, sodium chloride, and
sodium phosphate can induce changes in the structure
of E2C,”" indicative of a plastic native-state ensemble.
DNA binding induces similar changes, showing that
conformational plasticity is coupled to binding.”

We used far-UV CD to follow the influence of
protonation on the secondary structure of E2C at pH

values between 5 and 9, in the three-component buffer
used in the ITC experiments (Fig. 1b). While E2C
shows a far-UV CD spectrum typical of a fully native
protein between pH 5 and 9, we could also observe a
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Fig. 1. Specific DNA binding and far-UV CD of E2C as a
function of pH in 100 mM Tris, 50 mM Mes, 50 mM sodium
acetate, 200 mM NaCl, and 0.2 mM DTT at 25 °C. The total
ionic strength is 300 mM, independent of pH. (a) Free energy
of binding as a function of pH, measured by ITC. Error bars
are fitting errors given by the Microcal Origin software
(Microcal Software, Northampton, MA, USA). The line is a
fit to a model with two independently titrating residues
with pK, values of 4.95+0.08 and 7.42+0.09 in the free
protein and pK, values of 5.24+0.07 and 7.61+0.09 in the
DNA-bound protein. Inset: Example of binding isotherm at
pH 6.0 resulting from integration of the specific heats with
respect to time. (b) Far-UV CD spectra at pH 5 (continuous
line) and pH 8 (dotted line). The protein concentration is
10 pM. (c) Molar ellipticity at 235 nm and fit to a single
protonation event with a pK, value of 7.3+0.1.
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minor transition in the spectrum between pH 5
(continuous line) and pH 8 (dotted line) (Fig. 1b).
We fitted the data at each wavelength using the
equation for pH titration of a single chemical group
(see Materials and Methods). All wavelengths can be
fitted with the same pK, (data not shown), suggesting
that the changes in secondary structure are coopera-
tive and coupled to a single protonation event. Figure
1c shows pH titration data at 235 nm, which can be
fitted with a pK, value of 7.3+0.1. This pK, for
changes in the secondary structure of the domain
corresponds to one of the pK, values for the pH
dependence of DNA binding (Fig. 1a).

Protonation of E2C histidine residues is governed
by their molecular environment and coupled to
specific DNA binding

Our thermodynamic and spectroscopic results
suggest that pH titration of at least two E2C residues
between pH 5 and pH 9 with pK, values of 5.0 and 7.3
is coupled with changes in the free energy for specific
DNA binding, and that one of them is coupled with
conformational changes in the native state of the
domain. In the absence of deeply buried arginine,
lysine, aspartate, or glutamate residues in the
structure of E2C,*” the obvious candidates to produce
such effects are the five histidine residues in the E2C
sequence (Fig. 2a),”* although we cannot, in principle,
exclude the aspartate and glutamate residues for the
group with a pK, of 5.0. We have characterized in
detail the molecular environment of the histidine
residues of the E2C protein in the free state and in
complex with the “site 35” DNA binding site using
NMR, in order to identify the residues whose
protonation is coupled to changes in protein con-
formation and binding.

We performed all NMR experiments described in
this work at pH values between 5 and 9 and in 50 mM
sodium phosphate and 5 mM DTT. The temperatures
were 30 °C for the free protein and 45 °C for the E2C-
DNA complex. These conditions optimized spectral
resolution and protein stability and solubility.”’ On
the other hand, ionic strength varies for this buffer in
the pH range used, and the pK, values obtained
should be regarded as a?yroximations. First, we
recorded a series of 'H-""N heteronuclear single
quantum coherence (HSQC) and long-range 'H-""N
HSQC spectra of free E2C as a function of pH to
observe the correlations between the two carbon-
attached hydrogens gHﬂ and H) and the two
nitrogens (N°! and N*) of the imidazole ring. Figure
2b shows sample spectra of E2C (left) and the E2C-
DNA complex (right) at pH 7.5. Assignments of the
five histidine imidazolic ringzs have already been
described for the free protein.”” Assignments of the
E2C-DNA complex were based on the analysis of
"H-'H nuclear Overhauser enhancement (NOE) in
the "*C-edited 3D NOE spectroscopy spectrum, using
the available assignment of the side chains.?® The
right triangular pattern of cross-peaks in the 'H-'°N
long-range HSQC spectrum can be used to determine
the composition of the equilibrium between the

protonated form and the neutral form of a histidine
and which of the two nitrogens is attached to the
hydrogen in the neutral form>* (Table S1). We used the
chemical shift for both nuclei of the histidine
imidazole ring and for the amide group of the protein
backbone to determine the pK, values for the histidine
residues (see Materials and Methods) (Table 2 and Fig.
3). Overall, the free E2C histidine pK, values
presented here are in good agreement with a previous
study carried out under different solvent conditions.”
The imidazole ring of a deprotonated histidine can
exist in two tautomeric forms, depending on whether
the hydrogen is bound to the N** or N°' atoms.” The
relative populations of the N“*-H and N®'-H
tautomers are shown in Table 2. We can combine the
tautomer populations and pK, values to draw a
picture of the molecular environment of the five E2C
histidines in the two forms of the protein. For a
solvent-exposed histidine, the expected pK, is
approximately 6.3, and the populations of the N>~
H and N*'-H tautomers are expected to be in a 80:20
ratio.”

His322 and His326

These two histidine residues are located in the
solvent-exposed and flexible 32—33 loop (Fig. 2a). In
the unbound E2C, they both present the canonical pK,
and tautomer ratio, indicating that they are fully
exposed to the solvent. The p2—p33 loop is known to
remain highly flexible in the DNA complex’' and
forms only long-range contacts with the DNA.?' The
loop is close in space to the negatively charged
phosphate backbone,” and mutation of residues
Lys325 and Lys327 to alanine moderately decreases
the affinity for DNA.** From these data, we hypothe-
sized that the two chargeable histidine residues could
establish electrostatic interactions with the target
DNA. However, the chemical shifts, pK,, and
tautomer populations of His322 and His326 do not
change upon DNA binding (Table 2 and Fig. 3a). Thus,
His322 and His326 do not take part in DNA binding
and remain solvent exposed in the DNA complex.

His306

This histidine residue is located at the C-terminal
half of the DNA binding helix (Fig. 2a). In free E2C,
His306 shows a decreased pK, of 5.7 and a modest
decrease in the population of the N*>~H tautomer.
This indicates that this residue establishes weak
interactions with its tertiary environment, which
disfavor the N“>~H tautomer and proton binding.
The pK, value and tautomer composition of His306
present little changes upon binding (Table 2 and Fig.
3a), indicating that the side chain is not directly
involved in binding.

His318

This histidine residue belongs to the solvent-
exposed side of By-strand on the DNA binding
surface of the domain (Fig. 2a). His318 shows an
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Fig. 2. Molecular environment of E2C histidine residues. (a) Representation of the structure of the free E2C

homodimer.®

Y The backbone of the protein is shown as a ribbon, and the five histidine side chains are shown in all-atom

stick representation (His288 in red, His 306 in green, His318 in blue, and His322 and His326 in cyan). We also show the
location of the DNA recognition helices. (b) Long-range "H~""N HSQC spectra of free and DNA-bound E2C obtained at
pH 7.5. The color coding used for the five histidine residues is the same as in (a).

increased pK, of 6.7 in E2C, implying that the native
structure favors protonation. In agreement with this,
in the neutral form of His318, the two possible
tautomers are almost equally populated, with both
nitrogen atoms oscillating rapidly between nonpro-

tonated and protonated states, causing the side chain
to resemble a charged histidine. DNA binding shifts
the pK, of His318 to 7.8, the strongest perturbation of
all E2C histidines (Table 2 and Fig. 3a). The tautomer
population of the neutral His318 in complex with
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Table 2. E2C residues showing pH-dependent chemical
shifts in the pH range 5-9, pK, values, population of the
N*? tautomer for deprotonated histidines, and influence of
specific DNA binding

pKa N-H (%)
Residue Free E2C E2C-DNA Free E2C E2C-DNA
His288 4-5 4-5 100 100
His306 5.74+0.02 5.6+0.1 56 68
His318 6.74+0.06 7.76+0.04 45 ND
His322 6.29+0.01 6.3+0.1 83 81
His326 6.22+0.04 6.2+0.1 81 79

DNA could not be determined due to the shift in pK,.
We interpret that His318 interacts with the negatively
charged phosphate backbone of the DNA via water
molecules as in some®™—but not all****—homolo-
gous complexes. Thus, we can assign His318 to the
residue with a pK, of ~7.3 identified in the pH
dependence of DNA binding measured by ITC at
constant ionic strength (Fig. 1).

His288

His288 belongs to Bi-strand and is buried in the
hydrophobic core of the 3-barrel, far from the DNA
binding surface (Fig. 2a). It presents a sharply
decreased pK, in the range of 4-5 (Fig. 3b). The
exact value could not be accurately determined by
using the 'H-""N cross-peaks due to both line
broadening and overall protein instability below
pH 5. We interpret that partial protonation of

(a) E2C-16

ppm

H322,H326

8.0 4
H
7.6
5 6 7 8
(b)
ppm
1 - H288
2514
15N
2494
5 6 7 8 pH

His288 renders a more dynamic E2C, while full
protonation leads to global unfolding of the domain.
The changes in chemical shift reported for E2C NH
groups in the dimeric interface between free and
complexed E2C are small.®' This is in agreement with
the small differences in tautomer populations and
chemical shifts between the free and DNA-bound
forms for the H and N nuclei of His288 (Table 2; Table
S1). Both data sets support a small conformational
change in the B-barrel dimeric interface upon DNA
binding. Similar to the free form of the protein, we
could not determine the pK, of His288 in the E2C-
DNA complex due to incomplete pH titration (Fig.
3b), but could estimate that it falls in the pH range 4-5
(Table 2). Interestingly, the curve for N°' shows a
double sigmoidal shape that can be fitted with pK,
values of 4.4 and 7.7. Comparison with the results in
Table 2 suggests that His288 suffers a change in
conformation upon protonation of His318 in the E2C—
DNA complex. By comparison with the ITC data,
taking into account the changes in buffer and
temperature, we can assign His288 to the E2C residue
with a pK, of around 5.0, which influences DNA
binding (Fig. 1).

Coupling between histidine protonation and E2C
structure

Next, we determined which regions of E2C change
conformation upon protonation of histidine residues.
The amide '°N chemical shifts of many residues in the
free form of the domain change in the pH range from 5

E2C-16 : DNA

H322,H326

1 H306

5 6 7 8 pH

Fig. 3. E2C chemical shifts as a function of pH. (a) pH dependence of H*' chemical shifts for His318, His306, His322,
and His 326, and fits to single protonation events. Left: Free E2C. Right: DNA-bound E2C. (b) pH dependence of N* and
H¢! chemical shifts on His288, and fits to single or double protonation events. Left: Free E2C. Right: DNA-bound E2C.
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to 9. This is the result of the pH titration of side chains
showing pK, values in this range that affect indirectly
the structure, or more generally the electronic
environment, of the nuclei. Fitting the curves of
chemical shift versus pH (see Materials and Methods)
allowed the extraction of the pK, values, as well as the
differences in chemical shift between the structures
with a given histidine protonated or nonprotonated
(see Fig. S1 for examples). Some of the EH titrations
were biphasic, indicating that some N chemical
shifts change upon pH titration of more than one
residue. In these cases, the data were fitted using a
double sigmoidal curve, obtaining two pK, values
and corresponding changes in chemical shift (Table 3).
An additional residue, Cys298, titrates within this pH
range with a pK, of 8.8 in free E2C (data not shown;
the ionization and redox properties of this residue will
be the subjects of future work).

Most E2C backbone amide nitrogens titrate with
apparent pK, values that are almost identical with
those determined for one of the five histidine residues
(Table 3 and Wetzler et al.*'). We could not measure
the influence of His322 and His326 protonation on the
structure of the p2—-p3 loop because most residues in
this region cannot be monitored above pH 5. Only a
few residues from the rest of the domain cotitrate with
these two histidines (Table 3), indicating that proto-

Table 3. Cotltratmg residues in free E2C in the pH range
5-9 from amide '°N chemical shifts

Secondary Appm
Residue structure element pKa amide °N
G291 pl1 6.28+0.08 0.33
W317 p2 6.3+0.2 ND
T320 p2 6.3£0.2 ND
T284 pl1 6.84+0.03 0.96
1289 p1 6.51+0.05 0.27
K290 p1 6.7+0.1 0.26
T311 p2 6.65+0.05 0.52
H318 p2 6.73+0.05 1.46
W319 p2 6.81+0.05 0.93
1330 3 6.5+0.1 0.14
T332 p3 6.73+0.05 0.65
T334 p3 6.72+0.09 0.28
S337 p3 6.7+0.2 0.18
S357 p4 6.5£0.1 0.24
F360 p4 6.76+0.03 0.44
M361 p4 6.70+0.07 0.95
S362 p4 6.72+0.01 0.62
1363 p4 6.5+0.2 0.86
T284° p1 4.5+0.2 091
L.289 p1 45+0.2 0.22
K290 p1 4.7+0.2 0.78
H318 p2 45+1.0 1.21
W319 p2 45+0.2 1.45
1330 p3 4.5+0.2 0.43
T332 p3 4.7+0.2 0.41
D336 B3 45+1.0 1.15
S337° B3 45+1.0 0.74
S357 p4 4.7+0.2 0.83
F360? p4 45+0.2 0.69
M361 p4 4.5+0.2 0.57

The data for His306 have been published elsewhere!
2 Residues that are close to D336 and can, to some extent, be
perturbed by aspartate titration.

nation of His322 and His326 does not influence
residues that are far away in the structure. Similarly,
only residues in the DNA binding helix or close in
space cotitrate with His306 (11 residues; average
pKa=5.6+0.1).

The backbone amide nitrogen of His318 cotitrates
with that of 15 residues, with an average pK, value of
6.7+0.1, in agreement with the data presented in
Table 2. In contrast with other histidines, His318
protonation leads to "N chemical shift changes in
residues belonging to the four strands of the dimeric
B-barrel (Fig. 4 and Table 3). This explains the change
in secondary structure observed by CD and assigned
to this side chain by comparison with the ITC data.
Interestingly, pH titration of His318 extends its effect
far away from its position in the structure, including
residues 360-363 in 4-strand on the opposite side of
the barrel that are, on average, 16.5 A apart (C*-C*
distance) and residues Ala329, Val331, and Thr332,
which are 4.9,7.6,and 10.4 A apart, respectively. Most
of the cotitrating residues are involved in contacts
between the two monomers. Comparison with the
ITC and CD data (Fig. 1) indicates that protonation of
His318 is coupled with both specific DNA binding
and a change in the secondary structure of the
domain, which we can now assign to the p-barrel.

The backbone amide nitrogen of His288 cotitrates
with that of 12 residues, with an average pK, value of
4.6+0.1 (Table 3). This value is within the range
anticipated from the tautomer populations and
chemical shifts of this side chain (Fig. 3b and Table
2). The value of the pK, is also compatible with the
protonation of an acidic side chain of an aspartate (the
pK, of a solvent-exposed residue is 3.8) or glutamate
(4.5) of the protein. Inspection of the observed shifts,
in fact, reveals a large change in chemical shift for the
amide "°N of Asp336 (1.15 ppm), a possible indication
that this perturbation is the consequence of the pH
titration of its own side chain. Other residues that
show their side chains close to this aspartate are
Thr284, Ser337, and Phe360; so, it is possible that the
observed chemical shift perturbation is related, to
some extent, to the protonation of Asp336 (Fig. 4). On
the other hand, eight residues belonging to the
dimeric B-barrel and the dimerization interface do
not show any close acidic residue, and their perturba-
tion can be assigned to the protonation of His288 (Fig.
4 and Table 3). The perturbation reaches the 3,-strand
in the DNA binding surface, providing an explana-
tion for the coupling between His288 protonation and
DNA binding. Altogether, the perturbation of amide

N chemical shifts by protonation of E2C histidine
side chains confirms the key role of His288 and His318
protonation in E2C native-state structure. Protonation
of His288 and His318 leads to changes in the dimeric
B-barrel conformation, regardless of the site of
perturbation. The o-helices of E2C, including the
DNA binding helix, are not affected by protonation of
these two histidines, as is the B-barrel. pH titration of
His288 and His318 is also coupled to specific DNA
binding, strongly suggesting a linkage between DNA
binding and the global structure and dynamics of the
domain.
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His318

His288

Fig. 4. Representation of cotitrating residues in the structure of the free E2C homodimer.*® The backbone of the protein
is shown as a ribbon, and the side chains of the cotitrating residues are shown in all-atom stick representation. Left: His318
and cotitrating residues. Right: His288 and cotitrating residues. Asp336 is shown in red, and Thr284, Ser337, and Phe360

are shown in pink.

Coupling between histidine protonation, specific
E2C-DNA binding, and the global conformational
dynamics of E2C

The pH dependence of the backbone amide "N
chemical shifts shows that the p-barrel of E2C
undergoes a small but cooperative change in con-
formation upon protonation of His318 and His288.
We will now examine the effect of histidine protona-
tion on the dynamics of the domain using the pH
dependence of the cross-peaks in the "H-""N HSQC
spectrum (Fig. 5). A remarkable effect of pH is
observed also for the intensity of NH cross-peaks.
AtpH 6.5-7.0, almost all residues give rise to a visible
signal in the HSQC spectrum,® while certain peaks
disappear at higher pH values (8.0-8.5) and other
peaks disappear or exhibit a very reduced intensity at
lower pH values (5.0-5.5). The HSQC spectrum of the
DNA-free HPV16 E2C protein recorded at 30 °C and
pH 5.0 is shown in Fig. S2 of Supplementary Material,
where the corresponding HN cross-peak assignment
is reported. The assignment at pH 5.0 was confirmed
by analysis of triple-resonance experiments (HNCO,
HNCA, and '"N-edited NOE spectroscopy). This
assignment confirms that those peaks that disappear
at acidic pH values do not appear in other regions of
the spectrum. Relative intensities of cross-peaks in the
HSQC are determined by the relaxation properties of
the two nuclei. Fast internal flexibility would cause an
increment of the intensity as the signal becomes
sharper. On the contrary, both chemical exchange and
conformational exchange (in the microsecond-to-
millisecond timescale) will diminish it, as the signal
becomes broader. In the case of amide HN nuclei,
exchange with the solvent, which occurs by an acid-
catalyzed reaction below pH 4 or by a base-catalyzed
reaction at higher pH,”® is expected to decrease the
cross-peak intensity of solvent-exposed residues at

pH values higher than 7.5. This is the case for Gly353
(Fig. 5a), located in the solvent-exposed a2—34 loop.
The intensity of a cross-peak may also decrease
because of the appearance of protein motions in the
microsecond-to-millisecond timescale following the
protonation of a side chain, as for Gly359 (Fig. 5a).

Figure 5c shows the logarithm of the ratio between
the peak intensities at pH 5 and pH 9 (filled circles) for
all characterized E2C amides in the free form of the
domain. In this plot, residues exchanging with the
solvent present a positive value for log(lso/Io).
Among the regions with regular secondary structure,
helix a2 and strands p1 and p3 show little exchange of
the amide proton with water. Strands 32 and B4, both
closing the dimeric B-barrel, and the recognition helix
al show a high degree of water exchange. Last, the
exchange effect is strongest for the solvent-exposed
B2—P33 loop, leading to the disappearance of most HN
cross-peaks of these residues in the "H-""N HSQC at
pH values above 5. On the other hand, a number of
residues show a large decrease in intensity upon
going to acidic pH (Fig. 5c). The residues are spread
over the four strands of the barrel: Val287, Leu 289,
and Gly291 in p1; Ser314 in p2; Val331 and Thr332 in
p3; and Gly359 and Ile363 in 4. We conclude that
protonation of His288 and His318 not only induces
conformational changes in the P-barrel but also
increases its dynamics in the microsecond-to-milli-
second timescale.

We have also measured the pH dependence of the
cross-peaks in the "H-""N HSQC spectrum for DNA-
bound E2C (Fig. 5¢, empty squares). In contrast with
the free E2C, there are no cross-peaks that decrease in
intensity at acidic pH values. One example is Gly359,
which was not detected at pH 5 in the free state (Fig.
5a) but did not change its intensity as a function of pH
in the E2C-DNA complex (Fig. 5b). This behavior
extends to the abovementioned residues of the barrel
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Fig. 5. 'H-""N HSQC spectrum of E2C as a function of pH in the range 5-9. (a) Example cross-peaks for free E2C. (b)
Example cross-peaks for DNA-bound E2C. (c) Logarithm of the cross-peak intensity at pH 5 and pH 9, log(I5 0/ Iy o), for the
free (black circles) and DNA-bound (empty squares) forms of the domain. p-Strands are represented as arrows, a-helices
are represented as white rectangles, and 3 helices are represented as gray rectangles.

strands, as observed in Fig. 5c. We interpret that DNA
binding quenches the microsecond-to-millisecond
dynamics of the B-barrel triggered by protonation of
His288 and His318.

We have further investigated the coupling between
specific DNA binding and E2C dynamics in the
picosecond-to-nanosecond and microsecond-to-milli-
second timescales by measuring '°N relaxation data
at pH 6.5 for E2C in the free and DNA-bound forms.
Although the free domain becomes less dynamic at
this pH value than at lower pH values, this condition
ensures the measurement of relaxation times for a
higher number of 15N nuclei. Backbone °N T;, T»,
and steady-state 5N-['H] NOE were measured at a
'H resonance frequency of 700 MHz (Fig. S3 in

Supplementary Material). We were able to obtain
relaxation parameters for 63 of 80 residues at 30 °C for
the DNA-free protein. On the other hand, only 48 of 80
accurate relaxation rates could be measured for the
DNA-complexed form at the same temperature,
while 72 values could be measured at 45 °C (Fig. S3,
central panel). However, all cross-peaks detectable at
45 °C in the '"H-'"N HSQC were also visible in the
spectrum recorded at 30 °C, although they exhibited a
somewhat broader linewidth (see Fig. 54 in Supple-
mentary Material). The very small difference in
chemical shifts shows that no significant changes
occur in the E2C-DNA protein when the temperature
israised from 30 to 45 °C. Most of the missing residues
belong to the 32—33 loop. In fact, only two residues of
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this loop were visible in the 'H-">N HSQC spectra for
the free form (Val324 and Ser328), and three residues
of this loop were visible in the "H-""N HSQC spectra
for the E2C-DNA complex (Val324, Ser328, and
Lys325). In addition, all T, values measured at 30 °C
for the DNA-bound form are low (26.1 ms, on
average), except for the central flexible p2-33 loop.
These values can be translated into a rotational
correlation time 7. of 26 ns, estimated using an
isotropic model of rotational motion for the complex.
The assumption of isotropic motion is confidently
valid if one considers the DNA-bound conformation
of E2C.*"*> The observed T. value is not compatible
with the conditions employed to study the system
and corresponds to a molecular size much higher than
that of the E2C-DNA complex (28 kDa). When
relaxation data are collected at 45 °C, the resulting

(a)

T. obtained from relaxation analysis is 18.6 ns, which
leads to a viscosity-corrected value of 13.2 ns at 30 °C.
This value is compatible with the DNA-E2C mole-
cular size and indicates that relaxation data measured
at 30 °C are affected by factors other than the global
tumbling and internal dynamics (aggregation). These
observations suggested that experiments be carried
out at a higher temperature in the case of the complex
without compromising conclusions about the protein
internal dynamics.

We analyzed the "N relaxation data using the
reduced spectral density approach, which makes no
assumption about the nature of molecular global
rotational diffusion.”” In its reduced version,®®>’
relaxation rates are related to motions of the N-H
bond at 0, oy, and 0.87wy frequencies. The corre-
sponding spectral densities at these three frequencies |
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() can be calculated from relaxation times T; and T,
and the heteronuclear NOE using standard equations
(see Materials and Methods). We can use a plot of |
(0.87wyg) versus J(0) to detect different contributions
from both fast and slow motions (Fig. 6). Higher-than-
average J(0) values may reflect contributions from
chemical or conformational exchange, whereas |
(0.87wpy) is insensitive to these motions. On the other
hand, high values of [(0.87wy;) and low values of J(0)
are indicative of fast local motions. Due to these
relationships between internal motions and spectral
density function values, it is expected that regions
with flexibility in the fast timescale (picosecond-to-
nanosecond timescale) will appear in the upper-left
regions of the plot, whereas residues showing micro-
second-to-millisecond flexibility will show up to the
right of the average values. To make visualization
easier, we have used color coding combining red (for |
(0.87wp)) and blue (for J(0)) (Fig. 6).

In free E2C, we detect fast motions for the p2-p3
loop and at the beginning and end of the a2-helix (Fig.
6a). This includes Lys297, Lys304, and Lys349, all of
which play a role in the interaction with DNA,*' and
Glu338 in the p53 binding region. Slow motions in
free E2C causing shortened T, relaxation times are
concentrated in the R-barrel and, in particular, involve
residues forming the dimeric interface such as Thr332,
Met361, and 1le363 (Fig. 6a). In DNA-bound E2C, the
dispersion of values in the [(0.87 w;)-versus-J(0) plot is
clearly smaller than that for the free protein (Fig. 6),
indicating quenching of several internal motions.
Upon DNA binding, most fast motions are attenu-
ated, including the residues in the recognition helix
(Glu338 and Lys349). The 2-3 loop shows sig-
nificant flexibility, confirming that this loop does not
acquire a rigid structure by contacting the spacer
region of the DNA.”’ DNA binding also leads to a
drastic reduction of slow motions in the microsecond-
to-millisecond timescale for the p-barrel (Fig. 6b), in
agreement with our measurements as a function of

pH (Fig. 5c). This fact can be quantified by the
reduction in standard deviation in the J(0) values
calculated for the E2C-DNA complex (0.71 ns/rad)
with respect to that for the free protein (1.14 ns/rad).
In summary, we found evidence for fast motions in
the E2C-DNA binding surface and slow motions in
the R-barrel, both of which disappear largely upon
DNA binding.

It is important to note that the dynamic studies of
the E2C-DNA complex were conducted at a tempera-
ture (45 °C) higher than and at a pH (5.5) lower than
those of the free E2C protein (30 °C; 6.8). Although the
higher temperature used in the complex studies
would enhance the conformational flexibility of the
protein, we found a more rigid structure, reinforcing
the observation that DNA binding quenches internal
motions. In addition, we have observed that the free
E2C protein is more flexible at IQH 5.5, as different
signals disappear in the 'H-""N HSQC due to
conformational exchange in the microsecond-to-milli-
second timescale. At this pH, the DNA-bound form
does not show any short 5N To. In fact, T, values
measured both at 30 °C and at 45 °C for the DNA-
complexed protein (Fig. S3, central panel) show that
transverse relaxation rates are not significantly shor-
tened for residues experimenting slow dynamics in
the free state, neither for residues making direct
contacts with the DNA bases. These observations give
a second indication of the diminished flexibility of the
protein caused by DNA binding.

Very slow dynamics of E2C as measured by
solvent exchange

We have also probed the dynamics of E2C in the
hours timescale by monitoring hydrogen—deuterium
exchange (HX) of backbone amides. We dissolved the

rotein in D,O at pHx* 6.5 and 30 °C and collected
H-""N HSQC spectra after 0.5, 2, 4, 12, 24, and 48 h.
The cross-peaks that remain detectable after each time
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Fig. 7. HX of E2C backbone amide hydrogens. Left: Free E2C. Right: DNA-bound E2C. The protected amides at each
time point and their hydrogen bond partners in the native homodimer are shown as a contact map. For clarity, contacts
are grouped according to interacting secondary structure elements. Tertiary and quaternary contacts are in red and blue
fonts, respectively. p-Strands are represented as arrows, a-helices are represented as white rectangles, and 3, helices are
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are shown in Fig. 7 as a contact map that highlights
both the backbone hydrogen bond donor and
acceptor residues and the regular secondary struc-
tures. Points above the diagonal correspond to
tertiary intramonomer contacts (red), and points
below the diagonal correspond to quaternary inter-
monomer contacts (blue). The HX kinetics are
commonly on the hours timescale and report on the
conformer population-weighted solvent accessibility
of each backbone amide hydrogen. In free E2C, HX
may take place from the fully folded conformation,
from regions undergoing local fluctuations, from
cooperatively unfolded secondary structure elements,
and from the fully unfolded domain.®® HX in the
complex may happen not only from the residual
population ensemble of free E2C but also from the

(a)

ensemble of DNA-bound E2C conformations, which
may include nonspecific complexes and molecules in
which one or more secondary structure elements
unfold.'’ Given this potential complexity, we inter-
pret the E2C HX kinetics as an ensemble-averaged
measure of the domain dynamics and its changes
upon binding.

For free E2C, only six NH cross-peaks are detectable
after 24 h (Fig. 7, left), indicating that this structure has
an unusually high solvent accessibility compared to
most proteins of similar size and stability. The fastest
exchange is observed for the DNA binding helix and
the p2-p2 and P4-Pp4 quaternary interactions that
hold the barrel together, in agreement with the data in
Fig. 5. On the other side, the p4-p1, R1-R3, and p3—p32
hydrogen bonds between strands that hold together
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the half p-barrel of each monomer and helix a2 show
a higher degree of protection and may be considered
the “slowly exchanging core” of the E2C domain.
The situation is largely different for the E2C-DNA
complex (Fig. 7, right). Forty-eight hours after
transferring the sample to D,O, most of the backbone
hydrogens belonging to regions with defined second-
ary structures are still visible. Quaternary interactions
still show less protection than tertiary hydrogen
bonds, and the 3,3 segment of the DNA recognition
helix exchanges faster than the a-helix segment, as
expected from its malleability.*' The general slow-
down of exchange is in agreement with the reduction
of motions in the DNA binding helix and the p-barrel
observed upon DNA binding (Figs. 5c and 6b).

Free DNA and E2C-DNA conformations are
unperturbed by pH changes

The results presented point towards a large change
in free E2C conformation and dynamics upon proto-
nation of two key histidine residues. However,
changes in the protonation state and/or conforma-
tional properties of free DNA or the protein-DNA
complex between pH 7.0 and pH 5.0 can also
contribute to the observed increase in affinity. We
have used chemical shift as a sensitive probe for this
type of changes in the free DNA and the E2C-DNA
complex. Figure 8a shows a series of 'H spectrum of
the 18-bp double-stranded DNA corresponding to the
site 35 used in this study. No significant chemical shift
changes were detected for the imino proton resonances
of Tand G bases that are present at very low fields due
to the double-helix formation (Fig. 8a, left spectra). In
addition, no remarkable changes were detected in the
region between 5.0 and 9.0 ppm, where NH, groups of
A, C, and G, as well as aromatic protons of the bases,
are observed (Fig. 8a, right spectra). This analysis
shows that a change of pH in this range does not
perturb DNA conformation significantly.

Next, we explored the possible difference in
conformation for the E2C-DNA complex formed at
pH 7.0 and pH 5.0. Figure 8b shows the HN chemical
shift changes between these two pH values. Large
shifts are circumscribed to the region close to His306,
which, according to our pK, measurements, changes
its protonation state between 7.0 and 5.0. However,
the effect of this change on histidine protonation is
only local.*! On the contrary, residues that contact the
DNA (evidenced by black circles in the figure) show
an almost identical chemical shift, indicating that the
protein-DNA interface conformation is invariant
between pH 5.0 and neutral pH.

These two observations leave the changes in protein
conformation and dynamics as the only significant
contributions to the increase in DNA affinity going
towards acidic pH values.

Discussion

This work is the first report of data on the
dynamics and amide hydrogen exchange of an

E2C-DNA complex. Additionally, we have studied
the coupling between DNA binding and histidine
protonation. In other protein-DNA binding reac-
tions, histidine residues play a role in binding
through a direct readout mechanism.>® If this were
the case for E2C, the extent of coupling between
protonation and binding should correlate with
proximity to the DNA in the complex, with His306
in the DNA binding helix and His318 in 32 being the
most important, with His322 and His326 from the
flexible p2-p3 loop playing a secondary role, and
with His288 in the core of the P-barrel being
decoupled from function. Surprisingly, we found
that coupling is strongest for His288 and His318,
weak for His306, and absent for His322 and His326.
This hierarchy does not correlate with direct protein—
DNA contacts in the complex, but with the molecular
environment of each histidine in the free state of E2C
(Figs. 2 and 3, and Table 2). His288 and His318,
which deviate most from a canonical solvent-
exposed side chain, are the ones with the strongest
influence on binding. His288 exerts its influence in
spite of being far from the binding surface, and
His318 contacts the DNA directly, but its protonation
is clearly coupled with the structure and dynamics of
E2C through long-range effects (Figs. 1 and 3-7).
Thus, the dynamics of the network of residue-
residue contacts in the E2C domain is coupled to
DNA sequence recognition. This result confirms for
HPV16 E2C the “protein-dependent indirect read-
out” that was previously deduced from structural
considerations and thermodynamic measurements
on homologous E2C-DNA" complexes'®!77%3538
and observed in other systems.”” "’

Interestingly, the different conservation levels of the
five E2C histidines in human genital papillomaviruses
(Bose et al.”” and Fig. S5) correlate with the degree of
coupling between DNA binding and side-chain
protonation. Histidines 288 and 318 are conserved in
most human genital papillomavirus types, His306 is
present in around half of the viral types, and histidines
322 and 326 appear only in a minority of types.
Moreover, naturally occurring substitutions for
His288 and His318 (Fig. S5) parallel the dominant
protonation and tautomeric states of the side chains in
free HPV16 E2C (Table 2). The only other residue
observed at position 288 is a glutamine, which is the
closest mimic possible for the N**~H tautomer of a
neutral histidine, thanks to the ¢ amide nitrogen.
Similarly, in nature, His318 is only substituted by
arginine, which is structurally similar to a protonated
histidine due to the neutral N° and the partially
charged NY. We interpret that the conservation/
substitution patterns observed in nature support the
functional significance of our in vitro pK, values and
tautomer populations and suggest that histidine
protonation may actually play a regulatory role in vivo.

The long-range effects of histidine protonation on
E2C structure make the p-barrel of the domain more
dynamic upon lowering of the pH from 9 to 5 (Fig. 4),
which in turn leads to an 8-fold increase in the
association constant for the E2C-DNA complex (Fig.
1). One possibility is that, at higher pH values, the
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protein must change conformation to bind its target
DNA. This conformational transition, even if subtle,>!
would impose a free-energy penalty. In this model,
loosening the structure of free E2C at more acidic pH
lowers the free-energy cost of the rearrangement and
leads to a higher affinity in a “protein-dependent
indirect readout” mechanism. It will be interesting to
test whether the same mechanism modulates the
kinetics of binding along one or both of the parallel
reaction pathways.®" Interestingly, the increase in the
dynamics at lower pH values is quenched upon DNA
binding (Figs. 5 and 6). This implies that the increase
in E2C dynamics at lower pH values is correlated with
the change in conformation upon binding, since an
uncorrelated loosening of the structure would lead to
a higher entropic cost for binding and a lower—not
higher—affinity. From the point of view of E2C
stability, upon going from pH 5.6 to pH 8, the
unfolding/dissociation constant at equilibrium for
the E2C homodimer increases by about 200-fold,®*
unfolding becomes 5-fold faster, and the rate-limitin
refolding reactions become about 100-fold slower.
Thus, there is a tradeoff between function and the
folding thermodynamics and kinetics of the globular
E2C domain, similar to other DNA binding
proteins.'>®*®> This tradeoff limits how far the
dynamics of E2C can be modulated for function
without becoming a partially or fully disordered
protein that folds upon binding®*®® and suggests
why the domain evolved a stable but highly dynamic
native state as opposed to a maximally stable
structure.

The HPV16 E2C R-barrel responds to histidine
protonation in a highly concerted manner, with
protonation of His288 and His318 at different loca-
tions leading to effects on both the structure (Fig. 5)
and the dynamics of the domain, as measured by
amide "N relaxation, pH dependence of the cross-
peaks in the "H-""N HSQC spectrum, and HX (Figs.
5-7). Moreover, His318 and DNA binding clearly
influence sites far away from the binding surface. The
behavior of His318 shows that two of the previously
proposed mechanisms for protein-dependent indirect
sequence readout, namely, barrel flexibility'®'”2*3>7%
and the electrostatic potential of the DNA binding
surface,'®'7%%3 are coupled and need to be
considered simultaneously. The changes in chemical
shift upon histidine pH titration are small, as
observed for DNA binding,m and point at an overall
robust yet dynamic structure of the barrel. Our view is
that the quaternary interface between strands p4—34’
and p2-R2’ is pivotal in the malleability of the -
barrel by pH and may modulate DNA binding. In
fact, the dynamics of the barrel in the microsecond-to-
millisecond (Fig. 6) and hours (Fig. 7) timescales
shows that the p4-strands are the most dynamic in the
barrel, followed by the B,-strands. This observation of
a “breathing” interface connecting two more stable
monomers may be related to the monomeric inter-
mediate observed in the refolding kinetics®** and the
amyloid route of the domain.”” In agreement with our
view, quenching of B-barrel breathing is the largest
change in the dynamics of the HPV16 E2C domain

upon DNA binding (Figs. 6 and 7; see also Falconi
et al.*>4).

The dynamics of the HPV16 E2C domain show a
remarkable partition into a few cooperative units.
The most prominent feature is that changes in the
highly cooperative -barrel do not propagate to the
B2—-R3 loop or either helix (Fig. 4 and Table 3).
Additionally, the p2—33 loop and the DNA binding
helix show only local changes upon protonation of
His306, His322, and His326 (Table 3 and Wetzler et
al.*'), showing that they are independent coopera-
tive units dominated by local interactions. These
data are in agreement with the view of the E2C {3-
barrel as a sensitive hinge that modulates the relative
position of the p53 and DNA binding helices, while
the p2-B3 loop behaves independently.'®'” We
would like to add that such a role for the p-barrel
requires that the two monomers behave as rigid flaps
and, in particular, that the DNA binding helices are
firmly anchored to the p-sheet of each monomer.*'
Indeed, the lack of coupling between the barrel and
the helices corroborates the rigidity of the monomer
“flaps.” It is known that the global dynamics of a
protein are mainly determined by the overall
arrangement of secondary structure elements within
its tertiary and quaternary structures.”'””® We
propose that this topology-activity relationship is
one of the reasons behind the rare fold of the DNA-
binding domain of the E2 HPV master regulator and
its homodimeric nature.

Finally, we would like to propose a hypothetical
role for selective histidine protonation under phy-
siological conditions. In the cell, the HPV16 E2
protein has to search for its target sequences in the
context of the viral and host genomes, and it is very
likely that the E2C domain forms a low-affinity
complex with nontarget DNA for at least part of the
search time. His318 would face the negative charges
of the DNA backbone in such a complex and
become protonated, similar to the shift in pK, that
we have observed for the specific complex (Fig. 1
and Table 2). Protonation of the His318 side chain
and—due to the cooperative nature of the two
effects—partial protonation of His288 make the E2C
B-barrel more flexible, facilitating the fit of the
recognition helices into the DNA major grooves.
Thus, we can understand His318 as a sensor that
detects the presence of DNA, triggers His288
protonation, and uses some of the stability of the
protein to induce a conformation that is better suited
for strong binding (Fig. 1). Other functions of the E2
protein that may be influenced by histidine proto-
nation and the coupled changes in dynamics include
oligomerization,70' “E1 binding, and recruitment of
transcription machinery.”’

Materials and Methods

The HPV16 E2C domain was expressed and purified as
described before.'**” Purity after chromatography in a
heparin Hyper D column and in a size-exclusion column is
higher than 95%. We determined E2C concentration by UV
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spectroscolpy, with a molar extinction coefficient of
41,290 M T em™! at 280 nm. The 18-mer single-stranded
DNA oligonucleotide of sequence GTAACC-
GAAATCGGTTGA, incorporating the HPV16 E2 binding
site 35 (reference), and its complementary strand were
purchased from MWG Biotech, Inc., (Germany). Annealing
was performed by mixing equal amounts of the oligos in
10 mM bis-Tris—-HCI buffer (pH 7.0) and 20 mM NaCl,
incubating 5 min at 95 °C, and slowly cooling to 25 °C for
16 h. This yielded a double-stranded oligonucleotide termed
Fl-site 35, and no detectable single-stranded oligonucleotide
was present as judged by PAGE (data not shown).

ITC and CD measurements

The three-component buffer (100 mM Tris, 50 mM
Mes, 50 mM sodium acetate, 200 mM NaCl, and
0.2 mM DTT) was prepared by dissolving appropriate
weights of each component in water. DTT was added
from a 1 M stock solution. The resulting solution had a
pH of 8.3-8.5, which was taken to the desired value
with concentrated NaCl or NaOH and used within 12 h.
pH was measured in an Orion 420A pH meter (Orion
Research, Inc., USA). We used VP-ITC from Microcal for
ITC measurements and the proprietary Microcal Origin
software for fitting of the data. We titrated 10 uM E2C
in the cell with several injections of 100 uM DNA. The
injection volume was 5 pl, except for a first injection of
2 pl. We continued the injections beyond saturation to
determine the heat of ligand dilution, which was
subtracted from the data prior to fitting with a single-
site model. We have fitted the data to a model with two
independently titrating residues:”"

1+ 10PKhe—PH
AGbinding (pH)= AGbinding (pH 14)+2RTIn W

1)

pKBee—pH
+2RT1n( 1+10% )

1 + 10PKeomplen ~PH

where A and B are the two titrating groups and the factor
2 comes from the homodimeric nature of E2C. We carried
out CD measurements on a Jasco J-810 spectropolarimeter
using a Peltier temperature-controlled sample holder and
a 0.1-cm pathlength cuvette We recorded and averaged
five scans for each condition, with a bandwidth of 2 nm
and a data point of 0.2 nm each. All data were buffer
subtracted. No smoothing procedure was applied. We
fitted the data at each wavelength to a model with a
single titrating residue:”'

deprotonated protonated (pK—pH)
Oymw + Opvrw x 10 @)

1 + 10(PK—PH)

Omrw =

NMR spectroscopy

NMR experiments were all performed at 30 °C (free
protein) or 45 °C (DNA complex) on a Bruker Avance 700
spectrometer equipped with a triple-resonance probe
incorporating self-shielded gradient coils with uniformly
®N-labeled E2C. The buffer was composed of 50 mM
sodium phosphate and 5 mM DTT, prepared as described
above for the three-component buffer. Pulsed field gradients
were appropriately employed to achieve suppression of the
solvent signal and spectral artifacts. Quadrature detection in

the indirectly detected dimensions was obtained using the
States-TPPI method. The NMR data were processed on
Silicon Graphics workstations using NMRPipe” and
analyzed using NMRView.”® Linear prediction and apodi-
zation 90°-shifted squared sine-bell functions were typically
applied before Fourier transformation. The final concentra-
tion of the complex for NMR studies was 0.6 mM.

Histidine and amide pH titration

To investigate the tautomeric and protonation states of
E2C and E2C-DNA histidine residues, a series of 'H-°N
long-range HSQC spectra was acquired at different pH
values (from 4.5, 5.0, 5.5, 6.0, 6.5, 7.5, 8.0, 8.5, and 9.0). For
this experiment, the delay during which TH-5N antiphase
is produced was set to 22 ms to refocus sin%Ie—bond
correlations. The observed chemical shifts of H*' or N2
were plotted as a function of pH and fitted to the following
equation’” in order to evaluate pK, values:

+ ﬂ
1+ 10(PH-PK)

dobs = Od (3)
where 6, and 64 are the chemical shifts of the protonated
and deprotonated forms, respectively. In cases where a
double exponential statistically fitted the data better, the

following equation was used:

10PKa—PH 10PKe-PH
san=iy+ A(I ) p(ETY

1+ 10Pka—PH 1+ 10Pk2PH

where A and B are the respective numerical weights of the
two pH titrations and represent the Ad contribution of
each transition, and pK,; and pK,, are the corresponding
pK, values for the two titrating groups.

These equations were used to analyze the chemical shift
change on the amide '°N nuclei, and the data are reported
in Table 2. Regular "H-""N HSQC spectra were acquired at
the same pH values reported for the histidine analysis.

Curve fits were performed using KaleidaGraph
(Synergy Software) and ProFit (Quantumsoft).

Relaxation data and backbone dynamics analysis

Relaxation experiments were carried out at 30 °C on a
Bruker Avance 700 spectrometer. Measurements of BN T,
T,, and 'H-'°N NOE were made by performing estab-
lished 'H-detected pulse schemes’” in an interleaved
manner. Six points were acquired using delays of 16, 240,
465, 689,913, and 1123 ms for T at 40.5 MHz, and delays of
14, 210, 420, 700, 1191, and 1542 ms for T; at 70.9 MHz. Six
points were acquired with delays of 8.3, 33.1, 82.2, 99.4,
132.5, and 165.6 ms for T, at 40.5 MHz, and delays of 8.2,
24.5, 40.8, 57.1, 73.4, and 97.9 ms for T, at 70.9 MHz.
Integrated cross-peak volumes of nonoverlapped reso-
nances were fitted to two-parameter monoexponential
decays. The uncertainties of cross-peak intensities were
evaluated as the standard deviation of spectral noise
measured in a region free of cross-peaks. The hetero-
nuclear NOE values were determined by the ratio of cross-
peak volumes of spectra recorded with and without 'H
saturation, employing a net relaxation delay of 5 s for each
scan in both experiments.

Analysis of "°N relaxation data of E2C protein in its
DNA-free and DNA-bound forms was performed using
reduced spectral density mapping analysis.”®*” The
spectral densities at the three relevant frequencies O,
oy, and 0.87wy can be obtained from relaxation times
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Ty, T, and heteronuclear NOE using the following
equations:

ont = (1/T1)(NOE — 1)yn/vn (5)
J(0)=(6/T> — 3/T1 — 2.720nn)/ (3d* +4c*)  (6)
J(on) = (4/T1 — Sonm)/ (3d” +4c?) )
J(0.87ww) = (4onm)/ (5d°) (8)

where d=(uohynyi/ (8m2))/{(r); c= on(og—o01)/3"% 1o
is the permeability of free space; h is Planck’s constant;
Yu and yy are the gyromagnetic ratios of 'H and N,
respectively; ryp=1.02 A is the average amide bond
length; and (o)—0,)=-160 ppm is the chemical shift
anisotropy for °N nuclei.

Amide exchange studies

A series of "H-""’N HSQC was acquired at 0.5, 2,4, 12, and
24 h (midpoints of the experiments) after dissolving the
lyophilized free protein in (or transferring the complex to)
D,O to monitor the disappearance of signals of amide-
exchangeable protons.
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