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Antibody Recognition of a Flexible Epitope at the DNA Binding Site of the Human
Papillomavirus Transcriptional Regulator E2

Maria Laura Cerutti, Diego U. FerreifoSantiago Sanguineti, Fernando A. Goldbaum,* and Gonzalo de Prat-Gay*
Fundacio Instituto Leloir, Consejo Nacional de dastigaciones Ciefficas y Tenicas, Buenos Aires, Argentina
Receied July 28, 2006; Résed Manuscript Receeéd October 27, 2006

ABSTRACT. We have obtained a monoclonal antibody (ED15) against the C-terminal DNA-binding domain
of the high-risk human papillomavirus strain-16 E2 protein that strongly interferes with its DNA-binding
activity. We here characterize the recognition mechanism of this antibody and find that the-ER15
interaction has a strong electrostatic component, which correlates with the high proportion of acidic residues
found in the antibody combining site. Further circular dichroism experiments in the presence of phosphate
show that, in addition to electrostatic screening of key potential interactions, ionic strength affects the
conformation of the epitope. In addition, the interaction is strongly modulated by pH, which correlates
with the local flexibility of the epitope rather than the presence of pH sensitive residues at the interface.
Noticeably, this finding is well correlated with the strong entropic component of the interaction. Site
directed mutagenesis indicates that the ED15 epitope involves at least part of the DNA-binding helix of
E2, explaining the mAb inhibitory activity. At physiological salt concentrations, the equilibrium dissociation
constant of the E2ED15 interaction is 10’ M and the association rate is®l~! s7%, at least 1 order

of magnitude slower than those generally reported in the most extensively described “nonflexible”
antibody-protein interactions, indicating the presence of a slow conformational rearrangement on the
antigen as the rate-limiting step. The crucial role of antigen flexibility in antibgaptein recognition is
discussed.

Recognition of antigens by antibodies is a fundamental of local folding and association with DNA are tightly coupled
event in the adaptive immune response. In addition, antibody (4—7). The papillomavirus E2 transcriptional regulator is a
antigen interactions have been extensively used as modeDNA-binding protein in which its DNA recognition helix,
systems of proteirprotein interactions. Comprehensive although formed, is highly dynamic and flexibi@<10). E2
biochemical and crystallographic data on classical modelsis the master regulator of gene transcription and viral DNA
of protein antigens, such as lysozyme and influenza virus replication, and its loss of function has been associated with
neuraminidase, complexed to typical secondary response highdevelopment of cervical carcinomadl( 12). As other
affinity monoclonal antibodies have largely contributed to transcriptional regulators, E2 has a modular architecture: the
the recognition mechanisms (reviewed in igf However, amino-terminal conforms a transcriptional activation domain
since the protein antigens used in these models are knowrthat is linked by a disordered hinge region to the C-terminal
to be relatively rigid, questions regarding the influence of DNA-binding and dimerization domain (E2&)The E2C
antigen flexibility on antibody recognition are not easily domain is formed by two identical polypeptide chains folded
tractable. Given the growing knowledge about systems in into a dimericj-barrel structure X3, 14). Each monomer
which folding is coupled to ligand recognition, local and contributes fours-strands to the single central barrel and
global folding processes of proteins upon binding are turning two o-helices that protrude away form it. The magohelix
out to be at least as representative as “rigid” proteS). of each monomer inserts into successive major grooves of
Possibly, the more remarkable example of this kind of the DNA-binding site, making direct contacts with specific
process is found in transcription factors, where the processDNA bases; this helix is thus termed “the recognition helix”.
The folding mechanism of the high-risk human papilloma-
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the sensitivity of this particular fold to changes in the protein genome. The sequence of the A chain iSGFAAC-
microenvironment. Moreover, it has been shown that the CGAAATCGGTTGA-3 (HPLC purified, IDT, Coralville,
DNA binding characteristics of E2C are also affected by IA). Single stranded oligonucleotide concentration determi-
subtle changes in experimental conditioBs20, 21). Thus, nation and annealing were carried out as descri@&jl (

the highly dynamic character of this viral regulatory protein,  MAbs Purification and SequencinglAb ED15 and ED23
along with its strong biomedical relevance, make it a suitable IgGs 22) and their derived Fab fragments were prepared
model antigen to study the nature of an antibegyotein following standard procedure24). Messenger RNAs from
interaction in which the antigen is denoted by a remarkable the ED15 and ED23 hybridoma cell lines were extracted and
plasticity. purified using a Fast-track kit (Invitrogen), and cDNA was

We have previously characterized a set of murine mono- Synthesized using the Copykit (Invitrogen) with an oligo-
clonal antibodies (mAb) against the HPV16 E2C domain (dT) primer. Degenerate primers designed for amplification
(22). Epitope mapping and functional analysis of the gener- of mouse heavy and light variable region sequencesaf\d
ated anti-E2C mAbs revealed the presence of two separateV/L, respectively) 25) were employed, and the PCR products
antibody populations: one formed by antibodies directed Were cloned using the TA cloning kit (Invitrogen). Several
against an epitope totally or partially overlapped with the clones for each chain were sequenced to ascertain the absence
DNA-binding surface of the transcription factor, interfering of artifacts arising from PCR amplification. Complementary
with E2C binding to DNA; and other which recognize a determining residues and framework regions were defined
repetitive epitope on the opposite surface of the dimeric according to Kabat26). Where the Kabat definitions of the
domain, able to form a stable ternary complex with protein CDRs differed from Chothia definition27), the Chothia
and DNA. In the present work we further characterize the scheme was followed. The theoretical isoelectric poinks (p
interaction of E2C with the DNA-binding inhibitory mAb  of the heavy and light variable regions were obtained using
ED15. An epitope-mapping ELISA assay confirmed that the ProtParam program (ExPASYy).

ED15 recognizes an epitope comprising part of the E2C  ELISA Assaysviaintenance of the ED15 epitope following
DNA recognition helix, explaining its DNA-binding inhibi- ~ E2C carboxy-biotinylation was subsequently checked by
tory activity (22). Amino acid sequence analysis shows that assaying mAbs reactivities against the labeled protein by
the ED15 paratope is highly acidic, possibly electrostatically ELISA. Briefly, 96-well ELISA plates (Maxisorp, Nunc)
complementary to the basic E2C DNA-binding surface. We Were sensitized with Ag of streptavidin in Tris buffer saline
characterized both the kinetic and thermodynamic parametersTBS) and blocked with 1% bovine serum albumin in TBS.
of the antibody-antigen interaction by surface plasmon Next, different amounts of biotinylated E2C (22000 nM)
resonance and isothermal titration calorimety and analyzedwere incubated for 20 min. In order to avoid nonspecific
the antigen secondary structure by circular dichroism spec-binding of E2C to the plate, this step was carried out under
troscopy. We found that the ED3E2C interaction is highly ~ high ionic strength and reducing conditions (TBS plus 1 M
electrostatically driven, and that the E2C flexibility plays a NaCl and 1 mM DTT). Then, &g of purified IgG mAbs or
critical role in the antibody recognition. Our results show Polyclonal anti-E2C antibody sera in blocking solution was
that the ED15-E2C pair is an excellent antiboehprotein added to each well and their reactivities were tested by
model to study the nature of the forces driving the humoral incubating with peroxidase-conjugated polyclonal antibodies
immune recognition of flexible and positively charged to murine IgG Fc fragment (Accurate, USA). All incubations

antigens, as are most nucleic acid regulatory proteins. ~ were performed durg1 h atroom temperature. The reaction
was developed according to standard procedures, and the
EXPERIMENTAL PROCEDURES final color was read at 492 nm in an ELISA Reader (S960
Metertech Inc., Taiwan).
E2C Purification, Mutagenesis, and Biotinylatiofhe The epitope mapping ELISA assay was carried out by

C-terminal 80-amino acid DNA-binding domain of the sensitizing the plate with 0.2mg/well of E2C or E2C
HPV16 E2 wild type and mutant proteins were produced, mutants in TBS buffer. After blocking, solid-phase E2C
expressed, and purified as previously descrit2l Taking  proteins were incubated with purified mAbs 1gG (Q6/
into account the high proportion of basic amino acids E2C el| in blocking solution). The reaction was developed as
has in its DNA-binding surface, a kit designed to biotinylate described above.
the carboxyl groups of the protein was employed: the EZ-  Kinetic MeasurementsThe kinetics of association and
Link Biotin-LC-PEO-Amine kit (Pierce Chemicals, Rock-  dissociation between the anti-E2C mAbs and E2C were
ford, IL). Since biotinylation of carboxylic groups is not an  stydied in an I1Asys plus Affinity Sensor Biosensor (Thermo-
efficient chemical reaction, several modifications to the Labsystems). E2C coupled to biotin and added to a cuvette
standard protocol had to be made. The final protocol was aspreviously derivatized with streptavidin was used as the
follows: 250ug of E2C (1.5 mg/mL) in 0.1 M MES [(2-  solid-phase ligand in the assay. Streptavidin coupling to
N-morpholino) ethanesulfonic acid] pH 5.5, 1 MM DTT was  the biosensor carboxymethyl dextrane matrix cuvette was
incubated with 125L of 50 mM Biotin-LC-PEO-Amine  carried out using the EDC/NHS coupling kit as recommended
and 62.5L of 1 mg/mL EDC (1-ethyl-3-[3-dimethylamino-  py the supplier. Briefly, 4:g of streptavidin (1 mg/mL) in
propyl] carboiimide hydrochloride) fo2 h atroom temper- 10 mM sodium acetate pH 5.6 was added to the cuvette.
ature with stirring. Reagents in excess were removed by After coupling, nonreacted NHS ester groups were blocked
dialysis. with 1 M ethanolamine. 200 arc sec response units of
E2C DNA Ligand.The sequence of the double-stranded streptavidin was obtained after removing loosely associated
oligonucleotide used in the isothermal titration calorimetry protein with 10 mM HCI. Then, biotin-labeled E2C was
experiments corresponds to E2 site 35 in the HPV-16 placed in the cuvette and incubated until the signal response
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FR1 CDR1 FR2 CDR2
ED15 EVQLQEESGSELVRSGASVKLSCTASGFNIK DYYVH WVKQRTEQGLEWIG WIDPENGDSECADKNQG

FR3 CDR3 FR4
KATMTADTSSNVAYLHLSSLTSEDTAVYYC FSIYYDSTY WGQGTTVTVSS

FR1 CDR1 FR2 CDR2
ED23 EVQLQQSGAELVKPGASVKISCKASG YTFTDYIMD WMKQSPGKSLEWIG NIHPNYDVTSYNQKFKGKATL
FR3 CDR3 FR4
TVDRSSSTAYMELRSLTSEDTALYYCTR RVGNFEFTY WGQGTL

Ficure 1: Amino acid sequences of theq\Vegions of the ED15 and ED23 anti-E2C mAbs. The framework (FR) and complementarity
determining regions (CDR) are indicated above the appropriate sequence segments in the figure.

reached equilibrium. This step was carried out under high uM site 35 double-stranded oligonucleotide or 1Ll

ionic strength buffer conditions to avoid protein aggregation ED15 IgG binding sites) was titrated with several injections
on the derivatized surface (25 mM Bis-Tris-HCI pH 7.0, 1 of E2C protein (94:M). The volume of each injection was

M NaCl, 1 mM DTT). The optimal amount of biotinylated 8 uL, except for the first injection, which was;&d_ and was
E2C needed to be immobilized for the subsequent kinetic subsequently eliminated from data analysis. Injections were
constant measurements was determined by following the continued beyond saturation levels to allow for determination
binding response upon incubation with different mAbs of heats of ligand dilution. After substracting the heat of
concentrations. Preliminary experiments revealed that thedilution, the resulting data were fitted to a single-site binding
kinetic and equilibrium parameters obtained using univalent isotherm using the Microcal ORIGIN 5.0 software supplied
Fab fragments or divalent whole IgG molecules were almost with the instrument. The antibody binding sites were assumed
indistinguishable. As the sensorgrams obtained with IgG to be independent, and the concentration of active antibody
molecules yielded better signal-to-noise ratio, subsequentwas therefore adjusted based on a 1:1 stoichiometry of
experiments were therefore performed with purified IgG interaction. All measurements were carried out at 298 K.
mADs.

Studies of the ionic strength of antibodi#2C kinetic RESULTS
constants were carried out in 25 mM Bis-Tris or 10 mM  The \{; Domain of mAb ED15 is Highly AcidicThe
sodium phosphate buffer pH 7.0 plus 1 mM DTT, and primary structure of the anti-E2C mAb ED15 was determined
different concentrations of NaCl (65 240 mM). The ionic from its cDNA sequence (Figure 1). The amino acid
strength of the solutions was calculatedlas 0.55;mz?, sequence of the heavy chain variable regiop)(ptesents a
wherem are the molarities and are the charges of each of noticeably high proportion of acidic residues (16 out of 116,
thei species. Kinetic experiments of ED15 binding to E2C 13.8%) and a low proportion of basic ones (6 out of 116
at different pHs were carried out in 10 mM sodium phosphate residues, 5.2%). In particular, the second complementarity
buffer (pH range 5.5- 8.0), 50 mM NaCl, and 1 mM DTT.  determining region (CDR) presents five negatively charged
In all cases, rate constants for association and dissociationand only one positively charged residue. Overall, this amino
were obtained by globally fitting the data from five to eight acid pattern gives the ED15\fegion a theoretical isoelectric
injections of different concentrations (18-106 M) of point (p) of 4.29 (ExPASYy ProtParan2@)). On the contrary,
antibody using the Fastplot software (ThermoLabsystems)the Vi amino acid sequence of ED23, an antibody directed
using the 1:1 Langmuir binding model. In order to minimize against a continuous epitope on the opposite face of the
artifacts that arose by sample injection, antibody samplestranscription factor, presents almost the same proportion of
were prepared in the same buffer as that contained in theacidic and basic residues (11 out of 113 residues, 9.7%, and
cuvette. All experiments were performed at Z5. 12 out of 113 residues, 10.6%, respectively). As a conse-

Circular Dichroism Spectroscopgircular dichroism (CD) guence, the calculated palue of this region is~8.0. The
spectra were monitored in the far-UV region using J810 light chain variable regions (Y of both antibodies havelp
equipment (Jasco, Japan). Ten scans were averaged for eaabf 8.60 and 8.39 for ED15 and ED23, respectively.
measurement at 2% 0.1 °C. Data were collected with a The E2C-ED15 Interaction Has a Strong Electrostatic
scan rate of 100 nm mir in a 0.1 cm path length cuvette. ComponentSince the highly acidic nature of the ED1%V
Studies of the effect of the ionic strength on E2C conforma- region seems to be electrostatically complementary to the
tion were performed at a 30M protein concentration in 10  basic surface of the E2 DNA-binding site, we next investi-
mM Bis-Tris or sodium phosphate buffer pH 7.0 with 1 mM gated the role of the electrostatic forces in the formation of
DTT, and different concentrations of NaCl (60360 mM). this protein-antibody complex. The effect of the ionic
CD spectra of wild type and E2C mutants (M) were strength on the interactions of ED15 and the control mAb
measured in 10 mM sodium acetate buffer, pH 5.6 with 1 ED23 with E2C was investigated by surface plasmon
mM DTT. In all cases, the protein samples were extensively resonance. Initial binding studies were performed in Bis-
dialyzed in each buffer condition prior to CD measurements. Tris buffer at pH 7.0, a condition previously used to

Isothermal Titration CalorimetryExperiments were per-  characterize the interaction of E2C with its target DNA
formed using the VP-ITC (MicroCal, USA). Samples were sequences2@). Table 1 shows the associatiok,s) and
prepared by dialyzing all interacting components extensively dissociation Kgisg rate constants, as well as the equilibrium
into 10 mM sodium phosphate pH 7.0, 178 mM NaCl, and dissociation constank) of the ED15-E2C interaction at
0.2 mM DTT. In each experiment, the ligand in the cell (9 different NaCl concentrations. At intermediate salt concen-
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Table 1: Effect of lonic Strength on the E2@&Ab Interactions in Bis-Tris Buffér

ED15 ED23

iOﬂiC Stl’ength kass kdiss KD kass kdiss KD

(mM) (M~*s™) C) (M) (M~*s™) C) (M)
75 9.54x 10* 7.20x 10°3 7.51x 10°8 1.03x 1° 5.40x 1078 5.24x 1078
100 7.24x 10¢ 9.30x 10°3 1.29x 107 1.66x 1P 3.30x 1073 2.01x 10°®
125 1.38x 10* 1.21x 1072 8.70x 1077 8.74x 10¢ 5.60x 1073 6.40x 1078
150 7.31x 10° 9.0x 1078 1.23x 10°¢ 1.40x 1° 4.70x 1073 3.40x 1078
175 1.34x 10° 9.9x 1078 7.39x 10°® 8.58x 10* 4.50x 1073 5.21x 1078

@ Measurements were carried out in 25 mM Bis-Tris buffer pH 7.0, 1 mM DTT and increasing NaCl concentrations. Constant values were
obtained by global fitting of data from five to eight different concentrations of antibody’410 ¢ M) to a 1:1 binding model. The temperature
was set at 28C. TheKp is calculated a&gisdKass

trations, thekassis around 10 M~* s7* and the kinetic off-
rate is around 1@ s 1. Increasing the buffer ionic strength
from 75 to 175 mM produces a 70-fold reduction in tag
without affecting thekgiss Assuming a two state binding
model, the calculatelp drops 2 orders of magnitude within

Debye-Hiickel model gives a slope 6f12 and an extrapo-
lated kassat O ionic strength of 1.6« 10° M~ s™1. To our
surprise, we found that the slope value is well out of the
range of those commonly described for protefmotein
associations. The higher value reported for a nearly com-

these ionic strength limits, indicating that the ED15 binding
is strongly modulated by salt. As a control, the interaction
of ED23 with E2C is insensitive to ionic strength changes

pletely electrostatically steered proteiprotein complex is
that of the thrombir-thrombomodulin interaction, with a
slope value of-6 (29). Since it has been reported that the

(Table 1 and Figure 2A, open circles). folding properties of E2C are sensitive to changes in the ionic
Logarithmic representation of thess versus the square  strength 17), not only may the observed effect be related to
root of ionic strength shows a linear dependence betweenthe electrostatics of the interaction but also antigen confor-
these two parameters for the EDAB2C interaction (Figure ~ mational changes could be taking place.
2A, closed circles). Fitting of the data according to a simple  In order to analyze the effect of ionic strength on E2C
conformation, we used circular dichroism spectroscopy to

A 55 evaluate the secondary structure of the protein upon salt
5F addition. The far-UV circular dichroism (CD) spectra of E2C
455 in Bis-Tris buffer presents two distinctive minima at 210
o F and at 224 nm and a maximum at 195 nm, corresponding to
X 4p a substantial amount ef-helical contributions15). Figure
o 355 2B shows the CD spectra of E2C at different ionic strength
- F concentrations in Bis-Tris buffer. The increment in buffer
3L ionic strength from 80 mM to 360 mM produces a decrease
25§| ] of approximately 1000 deg ¢hdmol™ in molar ellipticity
02 025 0.3 035 0.4 0.45 ([®]mrw) at botha-helix minima. It should be noted that
11/2 the spectra at both high and low ionic strength are indicative
B of folded ensembles, ruling out unfolding as a possible cause

of the weakened ED15 interaction. Furthermore, since the
overall folding of the E2C domain is stable at high ionic
= strength 17), we speculate that the observed conformational
E changes are local, and possibly restricted to dHeelical
regions.

Effect of Phosphate Salts on the EBAB2C Interaction.
In order to separate the contribution of the electrostatic forces
= from the conformational changes induced by salt on E2C,
5.6 ] we conducted a new series of spectroscopic and kinetic

210 220 230 240 250 26 studies in different experimental conditions. Since it was

Wavelength (nm) previously shown that phosphate salts have a strong stabiliz-

FiGURE 2: Effect of ionic strength on the E2@mADb interactions ing effect on E2C folding, the behavior of the E2C domain
in Bis-gr(;s buf(fjef- (A)fDeb%/&iucéglgcgzzhovlvmgdthe i€n|ic under different ionic strength conditions was evaluated in
e o <os oai o 1 Sodim phosphate buffer. Figure 38 Shows tht the ncrement
for details). The data were fitted to the Debydiickel relation- in buffer ionic strength produces only a minor change in
ship: 10gKass= log K, + zagad 2 Wherekassis the association ~ E2C secondary structure. In particular, small but significative
rate constant at an ionic strengthk’, is the association rate ~ changes (200 deg cnimol™ in [O]wrw) in the 210 and
constant at zero ionic strength (by extrapolation), agdand zy, 224 nm bands of the CD spectra are observed when ionic
are the charges of the antigen and antibody, respectively. (B) strength is increased from 80 to 360 mM. Thus, the overall
Comparison of the far-UV CD spectra of the HPV16 E2C antigen qomain conformation remains almost unaffected by salt

i?]t ggf %ﬁ'tég‘ﬁi:tﬁnﬁér gﬂn;:%mm'ﬁ nls .mS'\};l)elgt_lr_?_ V\é?rgorerﬁ%ded increment in the presence of phosphate salts, the mentioned

(solid line), 160 mM (dotted line), and 360 mM (dashed line) ionic CD changes likely being related to a stabilizing phosphate
strength at 3«M protein concentration. effect on the protein9).

[©lmRw X 103 (deg.cm2.dmol-1)
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A 55 o Table 3: pH Dependence of the ED162C Kinetic Constants
5k ] pH Kess(M 1 579) Kaiss (S79)
~ 45F ] 5.5 1.44x 10P 1.00x 1073
ﬁ 3 ] 6.0 5.58x 10* 1.09x 1073
x  4f 6.5 2.15x 10 1.15x 1078
)] 7.0 1.24x 10¢ 1.10x 10°3
L2 35[0 8.0 1.47x 10* 1.42x 1073
af ] a Measurements were carried out in 10 mM sodium phosphate buffer
C ] plus 1 mM DTT and 50 mM NacCl.
250ty b bt 11
0.250.30.350.40.450.50.55 ||VIIVV||||l!||llll|llll|lllI|l!!|
. 1172 100 - o 7
ok r ZF) [ o ]
o
g 80 ]
) — - 1
o S 60F .
S c [ o ]
g N L 4
2 Q 40 ]
2 Xt
* 200 o ]
= [ ]
[ O ]
= 4 of ]
[CRRNCY ) i E T T PR P S T T T FUTTE PUUTT P P
210 220 230 240 250 260 5 55 6 65 7 75 8 85
Wavelength (nm
gth (nm) pH

Ficure 3: Effect of ionic strength on the E2€ED15 interaction I . o

under antigen stabilizing cor?ditions. (A) Debysliickel plot Ficure 4: Dependence of the EDXE2C equilibrium dissociation
representation of the kinetic parameters of the EBESC interac- constant on pH. The association and dissociation rate constants were
tion under different ionic strength conditions in phosphate buffer. detérmined at different pH values in sodium phosphate buffer (see
(B) Far-UV CD spectra of E2C (3@M) in 10 mM sodium Table 3).

phosphate buffer pH 7.0, with 1 mM DTT, at 80 mM (solid line),

160 mM (dotted line), and 360 mM (dashed line) ionic strength the stability of E2C, changing its unfolding and dissociation

concentrations. equilibrium constantsl, 17). Taking this into account, we
subsequently evaluated whether ED15 binding is also
Table 2: lonic Strength Dependence of the EBE2C Interaction modulated by pH. The kinetic parameters of the EBE2C
in Phosphate Buffér interaction measured in a wide pH range in phosphate buffer
ionic strength |_<?ss_l k(ﬂsis Ko are shown in Table 3. THessincreases at acidic pH, being
(mM) M~7s (9 M) 10-fold faster when the pH goes from 7.0 to 5.5. On the
85 1.64x 10¢ 1.09x 107 Z 6.64x 10 : contrary, the dissociation rate constant remains unaffected.
gg iggi ig é-ggi iga g-iii igs As a result, thekp shows a clear dependence on pH, which
160 8.70x 10° 0.91x 103 1.04x 10-7 decrease; 13-fold from pH 7.0 to 559 x 1078 to ~7 x
260 4.50% 108 1.10x 1073 2.43x% 1077 10° M, Figure 4). CD spectra of the E2C domain at these
a Measurements were carried out in 10 mM sodium phosphate buffer pH conditions a_r_e _almost superlmposable (dat_a not shown).
pH 7.0 with 1 mM DTT and increasing concentrations of NaCl. Thus, the sensitivity of the EDX3E2C interaction to pH

variations can be ascribed to the interaction itself and not to
The effect of ionic strength in the kinetics of binding of major local conformational changes on the epitope. No
ED15 to E2C in phosphate buffer is showed in Table 2. reliable determination of the constants could be attained at
While no changes on the dissociation rate constant arepH 5.0, probably due to the marginal stability of the dimer
observed (averageiss = 1072 s71), the kyssdisplays a 3.5- at this pH (5, 17). This result would be indicating that ED15
fold reduction when ionic strength is increased from 85 to binding is sensitive to the E2C unfolding that takes place a
260 mM. Consequently, th&p is also reduced 3.5-fold low pH (<5.5).
within this ionic strength range. The representation of the In order to investigate the enthalpic/entropic components
data in a DebyeHuckel plot is shown in Figure 3A. Inthis  of the ED15-E2C interaction, we carried out isothermal
case, the slope of the plot is2.6, a value that falls within titration calorimetry (ITC) experiments. Figure 5A shows
the range of those reported in highly electrostatically steeredthe raw calorimetric data of the ED¥E2C interaction
protein—protein interactions (reviewed in r2f). Therefore, (upper line). No detectable heat change of binding was
the stabilization of the viral domain by phosphate allowed observed (Figure 5B, open symbols), even when different
as to establish the electrostatic character of the EEEZEC ionic strength conditions were assayed (not shown). The
interaction. However, the extrapolat&gdsvalue at O ionic binding isotherm for the interaction of E2C with its DNA
strength is 3 orders of magnitude smaller than that obtainedligand carried out in identical conditions confirms that the
in the Bis-Tris experimentsy1 x 10° M~ s71), indicating lack of signal in the ED15E2C interaction is due to a very
that the thermodynamic stabilization of E2C operates againstlow AH component. The titration curve (Figure 5A, lower
binding to the antibody (see below). trace) shows the steep change in specific heat characteristic
ED15 Binding to E2C Is Sensit to pH and Entropically ~ for tight binding reactions with a marked enthalpic compo-
Driven. It was previously shown that pH strongly affects nent, and the calculateflH of binding is —21.0 kcal per
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-20[, b Ficure 6: MAb ED15 recognizes the highly flexible DNA-binding
h L ] helix of the E2 transcription factor. (A) ELISA reactivity of ED15
24l (open bars) ED23 mAbs (closed bars) against a panel of E2C
0 05 1 1.5 2 mutants. Single amino acid residue E2C mutants were used as
Molar ratio antigen and antibody reactivity was developed as described in

FiGURE 5: The ED15-E2C interaction is entropically driven. (A) ~ Experimental Procedures. Gray bars represent the reactivity of a
Raw data showing the heat released during binding of E2C to ED15 control mAb. (B) Superimposition of the far UVCD spectra of
(upper trace) and site 35 (lower trace) in phosphate buffer at 200 the wild type (solid line) and E2C mutants (dotted line) in 10 mM
mM ionic strength. A factor of 0.1 was added to the EBERC sodium acetate buffer, pH 5.6 with 1 mM DTT. Protein concentra-
titration data to avoid data overlapping and better visualize the tion was 10uM. The spectrum showing an anomalous CD signal
traces. (B) Integrated heat of binding for the E2@and interac-  corresponds to the N293G mutant.

tions at 298 K. Data for the E2€ED15 interaction showing no

heat change are plotted in open symbols. Data were fitted to a singlecontacts with the side chain of the mutated residue. On the

binding model, assuming an effective concentration of antibody other hand, the A293G replacement did not affect the mAb

binding sites. As a control, the heat change of the enthalpically - - .
driven E2C-DNA interaction is shown in closed symbols. bEi[rigis;];eaCt'VIty’ constituting an internal control of the ED15

mole of E2C (Figure 5B, closed symbols). These results Mutations in several exposed residues of ¢hbelix that
indicate that the\G of the ED15-E2C interaction must be  do not affect the E2 DNA-binding helix conformation have
driven by entropy. no effect on ED15 reactivity, suggesting that many of the
MAb ED15 Recognizes an Epitope in the DNA-Binding residues involved in the E2EDNA interaction are not part
Surface of E2C We have previously shown that ED15 of the epitope recognized by this mAb. The residues where
interferes with E2CG-DNA complex formation 22). How- the effect on antibody binding is significant and may imply
ever, we had no direct evidence that the epitope recognizeddirect contacts are N294D, Y301, located at the N-cap and
by this mAb was located at the DNA-binding surface of the center of the DNA-binding helix, respectively, and K325,
protein. In order to further characterize the epitope recognizedlocated in the nearb§y2—33 loop (residues 321328. Figure
by ED15, we carried out a site-directed mutagenesis epitope-7). This loop is believed to contact the DNA, since it is
mapping approach, in which E2C mutants carrying a single located near in space and single mutations affect DNA
amino acid residue substitution along the DNA-binding binding (19, 30). Mutation N294D severely affects ED15
surface were used as antigens. Most site directed mutantgeactivity. In this case, despite the replacement’s being made
were shown not to disturb the overall protein structure, which on a residue located at the N-cap of the recognition helix,
allowed the energetic changes to be assigned to individualno changes on E2C conformation were observed (Figure 6B).
side chain group substitutior3@). Thus, the decrease in ED15 reactivity against this mutant
Figure 6A shows the reactivity of mAb ED15 against a may be due either to the loss of a direct interaction with the
panel of single point E2C mutants at the DNA-binding helix, asparagine side chain or to a repulsive effect of the negative
analyzed in an ELISA experiment. Mutation A293G pro- charge of the aspartic residue. Mutation Y301F does not
duces a significant decrease in ED15 reactivity. This replace- affect binding, indicating that the OH group of Y301 is not
ment is located at the N-cap of the helix, and unlike all other involved in direct contacts with the antibody. On the other
mutants, generates a substantial conformational change irhand, the substitution Y301A produces a detectable decrease
E2C, most likely perturbing the entire DNA-binding helix in ED15 reactivity, indicating that this difference can be
(Figure 6B). Therefore, the decrease in ED15 reactivity ascribed to the aromatic motif ring of the tyrosine. Mutation
against this mutant is more likely to be due to the overall K325A produces a significant decrease in ED15 reactivity,
distortion of the epitope rather than the lack of essential which is completely restored when a conservative replace-
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K325 the anionic character of this region could imprint a net
negative charge to the ED15 paratope, making it suitable
for binding the positively charged DNA-binding surface of
E2. Subsequently, the ionic strength experiments allowed us
to demonstrate the predominant role of the electrostatic forces
in the ED15-E2C interaction. As usually observed in
binding reactions between oppositely charged ligands, the
association rate of the EDE2C interaction showed a
strong dependence on ionic strength whereas the dissociation
rate constant remains invariable. Tkgsdecreases linearly
as the square root of the ionic strength increases, yielding a
Debye-Hiuckel slope value of-2.6. Notably, this value is
the highest reported until now for an antibeéyrotein
interaction (ranging from-0.5 to —1.6) (37—40).

K325 We showed that the association of ED15 to E2C is highly
FiGURE 7: Putative recognition site of ED15. The high-resolution sensitive to pH variations, being strongly favored at acidic
structure of the E2C dimer was taken from the protein data bank pHs. Since the dimeric domain-is3.0 kcal mot* less stable
Eﬁglt:()eciﬂiarlSt?r?a{éeor\iﬁgéega}guIsar'][g\(/jv L'jrs“ien Dl:Alké)linginsg r:g(r:ee'a-lr;zeis at pH 5.6 compared to phis above 7.0, and 6.0 kcat frial
represented as a transparent surface. 1ghe surface gf the mutateHhOSphate bufferl), we be_lleve that the pH effect is linked
residues is shown solid, and colored according to the ED15 0 the degree of stabilization of the antigen rather than to
reactivity (high in white, low in black). The labels mark the residues modifications in the protonation state of titrable residues at
that are proposed to be directly involved in ED15 binding. The the interface. The impossibility of determining tideH of
figure was prepared with VMDA) and the coordinates deposited  the ED15-E2C interaction also points out that, unlike most
by Nadra et al. 10). characterized antibodyprotein complexesl), the ED15-

ment to Arg is assayed. This result suggests thatanonspecificEzC is mainly entropy-driven. Although a large loss of

electrostatic interaction between E2C and ED15 is taking ﬁzng%?/gztggﬁ;nergr?ﬁg rglrt)a c;r;ebcl)?(\j/:/z?erv}/r%urLdtr:gailgtetga?e
place. Altogether, these data confirm that ED15 recognizes 9 = g¢, . o
: I may be driving the required positive entropy change. In the
an epitope located at the DNA-binding surface of the HPV16 . o :
r S TS P - same way, no reliable determinations AH over a wide
transcription factor, explaining its inhibitory activity. In

addition, they support that ED15 is extremely sensitive to temperature range were observed In the thfo'ﬁ"”"mm'
; . . bomodulin interaction40). Thus, despite a pending exhaus-
local perturbations of this epitope.

tive calorimetric study of this E2€antibody interaction, the
DISCUSSION entr_opi(_: nature is clear. _ _ _
Kinetic measurements at physiological salt concentrations
The relevance of plasticity in macromolecular interactions showed that the association rate constant of this interaction
is gaining more attention every day as it allows linking and is at least 1 order of magnitude slower than those generally
extending conformational variants to biological function. reported in antibody protein interactions (X0against 10—
Among proteir-protein interactions, antigerantibody com- 10° Mt s 1. On the other hand, the off-rate falls into the
plexes are one of the systems in which plasticity is more typical values, 10° to 10°° s™* (38—41). Considering that
evident. In the last years, many reports have addressed thehe ED15-E2C interaction is electrostatically steered (a
importance of flexibility in antibody binding, mainly focusing factor commonly related to fast rate association constants),
in the precomplexed antibody dynami@&l{36). Unfortu- we would have expected tHgssto be at least in the 20
nately, the fact that in these studies haptens or peptides wergange. However, it is important to mention that the model
used as antigens has limited the analysis of the oppositeantigens used to characterize most classic antibpdgtein
situation,i.e.. to what extent does antigen flexibility influ-  interactions are compact and globular proteins of limited
ence antibody recognition? In order to get insight into this flexibility (e.g., lysozyme, neuraminidase}2—45). Thus,
question we carried out a comprehensive study of the the slow association of this complex strongly suggests that
interaction of the DNA-binding domain of the HPV16 E2 rearrangements in either or both macromolecules must take
transcription factor with the specific mAb ED15. We here place upon complexation, posing an energy barrier. A
demonstrated that the mAb recognition is severely affected comparison of the ED15E2C association rate constant with
by the occurrence of conformational changes on the viral that obtained for the diffusion controlled and largely
protein, the interaction being entropically driven. In addition, electrostatically steered interaction of E2C with its target
we showed that the ED13E2C interaction has a predomi- DNA sequence (10 M~! s71) (21) also supports this
nant electrostatic component, being one of the highestassumption. Taken together, our present kinetic and ther-
electrostatically steered antibodprotein interactions de-  modynamic experiments demonstrate that local, most likely

Y301

scribed until the present. dynamic, conformational changes on the viral domain
Analysis of the primary sequences of the anti-E2C mAbs strongly modulate the antibody affinity.
showed that the ¥ region of ED15 is highly acidic. Our site-directed mutagenesis analysis showed that the

Moreover, the theoretical isoelectric point of this sequence epitope recognized by ED15 partially overlaps with the
is one of the lowest Ipvalues found for ¥, domains in the DNA-binding site of the transcription factor, comprising part
antibody sequence database (4.3 against8.0, Ig se- of the recognition helix and the proximg2—£3 loop. This

quences at the NCBI database). Thus, it seems likely thatregion presents a high proportion of positively charged
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residues: five basic residues in the recognition helix and
two lysines (plus the potential positive charges of two
histidines) in the32—/433 loop. This loop is dynamic and not
observable in the few HPV E2C structures availaBlel(,
19). Thus, based on the structural E2C data and in our present
results, we believe that the ED15 epitope is not only highly
positively charged but also remarkably flexible. This idea is
in excellent agreement with the salt and pH experiments
presented here. We showed that single amino acid replace-
ments that modify the secondary structure of E2C have a
dramatic effect on ED15 binding, indicating that alterations
in the DNA-binding helix prevent recognition by the antibody
due to alterations in the actual epitope. Despite the recent 12.
demonstration that the overall backbone conformation of E2C
remains virtually unchanged upon DNA complexation, a
clear differential chemical shift pattern in the recognition
helix of the unbound and bound domain was pointed out
(19). In both cases, most amide protons from the helix
backbone exchange extremely fast with the solv8n46).
Presumably, this flexibility in the DNA-contacting regions
would assist the protein for reaching the most favorable
DNA-complementary interface, constituting another pos-
sibility of controlling its regulatory biological functions.
Altogether, our results reveal two distinct aspects of the
ED15-E2C interaction: its particularly ionic character and
its entropic nature. In addition, these results illustrate the
high sensitivity of this mAb to sense the conformational
changes that take place on the flexible DNA-binding surface 17
of the high risk E2 HPV16 transcription factor. The fine
modulation of this antigenantibody interaction by pH and
ionic strength highlights the importance of flexibility on
antibody-protein recognition and exemplify how the rep-
ertoire of the humoral immune response toward different
conformers of pathogenic antigens can be expanded. Hope-
fully, in the next years the principles governing the recogni-
tion of more flexible regulatory proteins by specific anti-
bodies will be addressed. Clearly these principles cannot be
extracted from structures because of their dynamic nature 20.
and require the integration of thermodynamic, kinetic, and
mutagenesis with structural and dynamic studies.
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