
Increased Stability and DNA Site Discrimination of “Single Chain” Variants of the
Dimeric â-Barrel DNA Binding Domain of the Human Papillomavirus E2

Transcriptional Regulator†

Mariano Dellarole,‡ Ignacio E. Sa´nchez,‡ Eleonora Freire, and Gonzalo de Prat-Gay*

Instituto Leloir and IIBBA-Conicet, Patricias Argentinas 435 (1405), Buenos Aires, Argentina

ReceiVed June 5, 2007; ReVised Manuscript ReceiVed August 14, 2007

ABSTRACT: Human papillomavirus infects millions of people worldwide and is a causal agent of cervical
cancer in women. The HPV E2 protein controls the expression of all viral genes through binding of its
dimeric C-terminal domain (E2C) to its target DNA site. We engineered monomeric versions of the HPV16
E2C, in order to probe the link of the dimericâ-barrel fold to stability, dimerization, and DNA binding.
Two single-chain variants, with 6 and 12 residue linkers (scE2C-6 and scE2C-12), were purified and
characterized. Spectroscopy and crystallography show that the native structure is unperturbed in scE2C-
12. The single chain variants are stabilized with respect to E2C, with effective concentrations of 0.6 to 6
mM. The early folding events of the E2C dimer and scE2C-12 are very similar and include formation of
a compact species in the submillisecond time scale and a non-native monomeric intermediate with a
half-life of 25 ms. However, monomerization changes the unfolding mechanism of the linked species
from two-state to three-state, with a high-energy intermediate. Binding to the specific target site is up to
5-fold tighter in the single chain variants. Nonspecific DNA binding is up to 7-fold weaker in the single
chain variants, leading to an overall 10-fold increased site discrimination capacity, the largest described
so far for linked DNA binding domains. Titration calorimetric binding analysis, however, shows almost
identical behavior for dimer and single-chain species, suggesting very subtle changes behind the increased
specificity. Global analysis of the mechanisms probed suggests that the dynamics of the E2C domain,
rather than the structure, are responsible for the differential properties. Thus, the plastic and dimeric nature
of the domain did not evolve for a maximum affinity, specificity, and stability of the quaternary structure,
likely because of regulatory reasons and for roles other than DNA binding played by partly folded dimeric
or monomeric conformers.

Papillomaviruses are small double stranded DNA viruses
that are capable of infecting epithelia and cause a variety of
lesions that go from innocuous to malignant, where the most
widespread threat is cervical cancer (1). The virus contains
only 8 open reading frames (2), and thus it is extremely
effective in leading a productive life cycle in infected
epithelia. The E2 protein was first identified as a transcrip-
tional activator, but at present it is known to act as repressor
depending of the yet unknown features in the virus life cycle,
linked to the epithelial cell differentiation (3). In addition,
several other essential functions in DNA replication, episome
migration in mitosis, apoptosis, and replication origin bind-
ing, establish it as a multifunctional protein (4-6). Its
architecture is composed of an N-terminal transactivation

domain and a C-terminal dimerization and DNA binding
domain (E2C1), separated by a nonconserved and flexible
domain termed “hinge” (7).

One of the essential reactions in the biological activity of
E2 is the primary DNA site recognition by the E2C domain.
The binding of E2C to its target DNA takes place thanks to
its unusual dimericâ-barrel topology, only shared with the
Epstein-Barr EBNA1 origin binding protein (8), that posi-
tions two successive DNA binding helices along the major
grooves of a pseudo-palindromic site (9). We have been
investigating the folding and DNA binding mechanisms of
E2C from HPV16 as a model for DNA recognition by
proteins, besides its key role in the virus life cycle. The
HPV16 strain accounts for around 60% of the cervical
cancers linked to HPV. The structural topology of HPV16
E2C is overall similar to other E2C domains (5, 10, 11).
Studies on the HPV31 E2C suggested a rather dynamic
domain (12). The dimer unfolds and dissociates in a
concerted manner (13), and a well-defined compact inter-
mediate of non-native nature was found on its kinetic
pathway (14, 15). There is local persistent residual structure
in the urea denatured state, and there are two parallel routes
for folding/association, one at high and one at low protein
concentration, respectively (16). Equilibrium DNA binding
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of HPV16 to a specific site showed higher affinity and
specificity than the domain form BPV1, a prototypic bovine
strain, even for the BPV site (17). Kinetics of DNA binding
proceed through two parallel routes, one, a single-step
encounter, and the other, a multistep pathway (18). System-
atic mutagenesis of the DNA binding helix showed that the
contributions of protein side chains are additive (19). No
“hot-spots” were found, uncovering an essential difference
with model protein-protein interfaces (19). More recently,
NMR analysis of the HPV16 E2C-DNA complex and
mutagenesis studies uncovered a previously undescribed
contribution of Lys 349, out of the consensus DNA binding
site, to the affinity of binding (20).

E2C binding to its target DNA takes place in its native,
dimeric state. Thus, stability and function of this domain are
coupled, as in many transcription factors (21). Several groups
have engineered monomerized variants of dimeric transcrip-
tion factors in order to decouple stability and DNA binding
(22-27). In most cases, the stability at physiological protein
concentrations was improved, while retaining wild type
binding affinity (22-27). We set out to engineer monomeric
or “single chain” versions of the HPV16 E2C in order to
address the folding and DNA binding mechanisms of this
model domain. We determined the crystal structure of one
of the variants and analyzed its stability and folding
mechanism (11). Binding to specific DNA is up to 5-fold
stronger in the single chain proteins, while the binding to
nonspecific DNA is weaker. This translates to an increased
DNA sequence discrimination capacity. Overall, these results
show the E2C as a robust and unique domain with improved
properties, and suggest its possible use as an engineering
scaffold.

MATERIALS AND METHODS

Construction, Expression, and Purification of Single Chain
E2C. The starting point for the construction was the
previously described E2C ptzU18-based expression vector
(13). In this plasmid, the open reading frame of E2C is
flanked at the 5′ end by a restriction site forEcoRI, a
ribosome binding site and a restriction site forClaI at the
ATG codon, and at the 3′ end by a restriction site forBamHI
downstream of the Stop codon. We constructed a monomeric
version of E2C by inserting a sequence coding for E2C,
followed in tandem by a sequence coding for a linker at the
restriction site forClaI. The inserted sequence thus precedes
the original ORF for E2C. We synthesized the insert by a
PCR reaction from theEcoRI to theBamHI restriction sites
of ptzU18-E2C with the following primers: N-term AGG-
GAATTCA AAGAGGAGAA ATTACATATG ACAC-
CCATAG TA, C-term scE2C-6 CATCGATCCA CCGG-
TACCGC CTATAGACAT AAATCCAGT, C-term E2Csc-9
CATCGATCCG CCTGAGCCAC CGGTACCGCC TATA-
GACATA AATCCAGT, C-term scE2C-12 CATCGATCCG
CCACCTGAAC CGCCACCGGT ACCGCCTCCT ATA-
GACATAA ATCCAGT. The PCR product yields an E2C
ORF without the stop codon and with a linker sequence and
a restriction site forClaI at the 3′ end. At the 5′ end we
mutated the originalClaI restriction site to anNdeI restriction
site. The PCR product was then cloned in tandem with the
original gene in the same T7 expression vector ptzU18,
between theEcoRI andClaI sites, generating the E2C-linker-
E2C gene. Finally, the ligation product was sequenced,

stored, and transformed into the Bl21(DE3) plysE. coli
expression strain.

Wild-type HPV16 E2C and its single chain versions
scE2C-6 and scE2C-12 were recombinantly expressed,
purified, and stored as previously described for E2C (17).
Briefly, the proteins were overexpressed inEscherichia coli
as soluble folded dimers. All constructions had a very high
affinity for the Heparin Hyper D column, even in the
presence of 0.6 M NaCl at pH 8.0. Protein eluted from this
column is>90% pure. Purity after size exclusion chroma-
tography is>95%. Protein concentration was determined
spectrophotometrically using a molar extinction coefficient
ε280 ) 41920 M-1 cm-1.

Circular Dichroism.Samples containing 10µM of E2C
proteins were extensively dialyzed against 50 mM Sodium
phosphate buffer, pH 7.0, 1 mM DTT at 298 K and far UV
CD spectra recorded in a Jasco (Japan) J810 equipment in a
0.1 cm path length cuvette. Ten scans were accumulated and
averaged for each measurement.

Crystallization, X-ray Data Collection, and Structure
Determination.The E2Csc-12 protein was crystallized by
the vapor diffusion method using hanging drops against a
reservoir solution at room temperature. A mixture of 1µL
of protein stock solution (6 mg/mL) and 1µL of precipitating
agent (80 mM sodium citrate (pH 5.21), 1.53 M (NH4)2SO4,
and 150 mM sodium and potassium tartrate) was equilibrated
against 150µL of the same precipitating agent. Hexagonal
crystals grew in a few weeks. X-ray diffraction data were
collected at the X9A beamline at the National Synchrotron
Light Source (Brookhaven National Laboratory, New York)
during the RapiData 2005 course using a MarCCD detector.
Crystals were cooled to 100 K, and the resolution was 1.85
Å. Data indexing, integration, scaling, and reduction were
performed with the programs MOSFLIM, Scala, and Trun-
cate from de CCP4 package (28). A total of 5% of the
measured reflections were flagged for cross-validation. The
structure was solved by molecular replacement method with
the program AMoRe (29) using the dimeric model of E2C
HPV16 (PDB entry 1BY9) (11). Due to the minimal
differences between the search model and the unknown
structure, phasing was straightforward. Model building was
carried out with O (30), and the structure was refined with
CNS (31). The 2Fo - Fc andFo - Fc maps built showed a
strong and well-defined electronic density. Model building
included two additional residues in theâ3 sheet, A327, and
A328 and few side chain shifts. Refinement was carried out
using the maximum likelihood algorithm and cycles of
simulated annealing. During the final stages of refinement,
solvent molecules and a sulfate anion were introduced.
Details of data collection parameters and processing statistics
are shown in Table 1.

Equilibrium Denaturation.Equilibrium denaturation ex-
periments were performed in MES (2-(N-morpholino)-
ethanesulfonic acid) 100 mM, DTT 1 mM, pH 6.1 or sodium
phosphate buffer 50 mM pH 7.0, 1 mM DTT, at 298 K as
described (13). The variables monitored were the molar
ellipticity at 222 nm and the center of mass of the
fluorescence emission spectrum after excitation at 280 nm.
The data for E2C were fitted to a two-state coupled
unfolding/dissociation model N2 T 2D (13), and the data
for a monomeric variant to a two-state model NT U (32)
using the ProFit software (Quantumsoft, Zurich). In all cases
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the free energy for unfolding∆Geq was assumed to vary
linearly with denaturant concentration, with a proportionality
constantm (13, 32). The denaturant concentration at which
half of the protein molecules are unfolded, [D]50%, was
calculated as described (13, 32). All fits were carried out
using the ProFit software (Quantumsoft, Zurich).

Folding Kinetics.Refolding and unfolding kinetics were
recorded in an Applied Photophysics SX-18MV spectropho-
tometer. The sample was excited at 280 nm (4 nm slit), and
fluorescence was recorded using a 320 nm cutoff filter. In
the refolding experiments one volume of 10µM unfolded
protein in HCl 10 mM, pH 2.0 was mixed with one volume
of refolding buffer, to final conditions of MES 100 mM,
DTT 1 mM, pH 6.1. In the unfolding experiments, one
volume of 55µM native protein in MES 100 mM, DTT 1
mM, pH 6.1 was mixed with ten volumes of the same buffer
with varying urea concentrations.

The unfolding data for E2C were fitted to a simple two-
state model for unfolding, Nf U (14). The unfolding data
for scE2C-12 were fitted to a three-state model for unfolding
with an obligatory, high energy intermediate NT I f U
(33). All activation free energies were assumed to vary
linearly with denaturant concentration, with a proportionality
constantm (33). Since the intermediate is not populated, only
the ratio of the rate constants for the steps leading from the
intermediate,kIN/kIU, can be obtained from the data. For
practical reasons we did not fit the ratio directly but kept
kIN and its denaturant dependence fixed at a value that will
not make this step rate-limiting under any conditions (kIN )
105 s-1, mIN ) 0 (kcal/mol‚M)) (33).

DNA Binding Followed by Fluorescence.Equilibrium
binding of E2C protein and the monomeric variants to a
specific E2 HPV16 DNA site (GTAACCGAAATCGGT-
TGA) and a nonspecific randomized binding site with the
same nucleotide composition (ACATGGACCTGTCAAG-
TA) was carried out by fluorescence spectroscopy in a
Aminco Bowman series 2 luminescence spectrometer as-
sembled in “L” geometry (17). The buffer conditions were
150 to 300 mM sodium phosphate, pH 7.0, 1 mM DTT, at
298 K. 5 to 20 nM solutions of the fluorescein labeled DNA
oligonucleotide were titrated with increasing amounts of the
corresponding protein. Samples were equilibrated for 2
minutes before each measurement. In all cases, maximal
dilution was 20%, and the data were corrected accordingly.
The excitation wavelength was 495 nm (4 nm slit), and
emission was recorded at 520 nm. The data were fitted to a
quadratic binding equation (17):

where P is the E2C variant, L is the DNA, and P:L is the
protein-DNA complex;∆F is the difference in the signal
between the E2C-DNA complex and free DNA; andKD is
the dissociation constant for the interaction.

Isothermal Titration Calorimetry.Experiments were per-
formed using the VP-ITC (MicroCal). In each titration 10
µM E2C protein, in the cell, was titrated with several
injections of 100µM ligand in sodium phosphate 200 mM
pH 7.0, 1 mM DTT, at 298 K. The volume of each injection
was of 5 µL, except the first injection, which was 2µL.
Injections were continued beyond saturation levels to allow
for determination of heats of ligand dilution. The resulting
data were fitted to a single-site binding isotherm, after
subtracting the heat of dilution, using the ORIGIN 5.0
software supplied with the calorimeter.

RESULTS

Construction and Expression of “Single-Chain” Variants
of E2C.Three single-chain variants of HPV16 scE2C were
constructed, expressed, and purified as described in Materials
and Methods. We engineered linkers of 6, 9, and 12 residues,
respectively. The length of the linker was constrained by
the need to join approximately 17 Å, the distance between
the N- and C-termini of two different subunits in the E2C
dimer (10, 20) (Figure 1C). The glycine-rich linker sequences
(GGGTGGGSGGGS, SGGSGGTGG, and GGTGGS) were
chosen in an attempt to maintain maximum flexibility and
reasonable solubility, on the basis of previous studies on
monomerized transcription factors (22-27). While the
scE2C-9 variant expressed only at very low levels inE. coli,
the scE2C-6 and scE2C-12 variants showed good expression
levels and could be obtained in mg amounts to>95% purity
(see Materials and Methods).

The Structures and Conformations of E2C and Its Mon-
omeric Variants Are Indistinguishable.We first checked the
structural integrity of the single chain variants by spectro-
scopic methods. The fluorescence spectra of both variants
are indistinguishable from the dimeric HPV16 E2C domain,
not only in the native form but also in the unfolded state in
6.0 M GdmCl, anticipating that the environment of the
tryptophan residues in both states are similar (Figure 1A).

Table 1: X-ray Data Collection Parameters and Processing Statistics
for scE2C-12

Data Collection
wavelength (Å) 0.9791
number of frames 90
oscillation step (deg) 1
crystal-to-detector distance (mm) 95.1

Indexing And Scaling
cell parameters (Å) a) b ) 43.17,c ) 74.92
cell angles (deg) R ) 90,â ) 90,γ ) 120
space group P3121
resolution limit (Å) 1.80
total reflections (unique) 40056 (7833)
multiplicitya 5.1 (5.2)
I/σ 25.5 (6.8)
Rmerge(%)b 4.5 (18.5)
completeness (%)b 99.3 (100)
B-factor (Wilson plot, Å2) 23.9

Refinement
cutoff F > 2σ
dimers/asymmetric unit 1/2
number of protein atoms 1208
number of water molecules 80
number of ion atoms 10
R-factorc 0.2266
freeR-factord 0.2407
rmsd bond lengths (Å) 0.005226
rmsd bond angles (deg) 1.07807
B-factor protein (average, Å2) 26.27
B-factor waters (average, Å2) 38.05
B-factor anion (average, Å2) 63.106
a Values in parentheses correspond to the highest resolution shell:

1.90-1.80 Å. b Rmerge ) ∑i|Ii - 〈I〉|/∑i|Ii|. c R ) ∑hkl|Fo - Fc|/∑i|Fo|.
d Rfree is the same asR, but for 5% of the data excluded from the
refinement.

[P:L] ) 0.5∆F([P] + [L] + KD) -

x([P] + [L] + KD)2 - 4[P][L] (1)
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Far UV CD analysis shows that the overall shapes of the
spectra, including the position of the minima at 212 and 226
nm, are similar (Figure 1B). The small differences observed
could correspond to the contribution of the additional linker
residues or result from the intrinsic flexibility of the domain
(34).

The structures of E2Csc-6, E2Csc-12, and E2C are very
similar, according to spectroscopic evidence. However, small
changes in the structure of a protein may not be evidenced
by circular dichroism or fluorescence spectroscopy. In order
to check for changes in atomic detail, we crystallized E2Csc-
12 and determined its structure by X-ray diffraction (Table
1, Protein Data Bank ID 2Q79). The structure revealed two
additional residues in theâ3 sheet, A327 and A328. The
electron density of the linker is visible at lowσ (0.4). Despite
this, the density between A283 and D362 is not clear enough
for the linker to be completely traced. Both dimeric E2Csc-
12 and E2C superimpose very well with a CR root-mean-
square deviation (rmsd) of 0.27 Å (Figure 1D), indicating
that monomerization of E2C by a 12-residue linker does not
change the structure of the protein.

Increased Stability of Monomeric E2C Variants.The
stability of the engineered variants was evaluated by chemical
denaturation using GdmCl and urea, followed by fluores-
cence and CD. We carried out the experiments in 50 mM
sodium phosphate, pH 7.0 (Figure 2A) and 100 mM MES,
pH 6.1 (Figure 2B), in order to match the conditions used
in the DNA binding and folding studies in this and previous
work (14, 15). All E2C variants showed cooperative transi-
tions, in which secondary and tertiary structure are lost
concomitantly (Figure 2). This is in agreement with previous
studies on E2C, including the observed stabilization effect
by phosphate (13). All the data could be fitted confidently

to two-state folding (monomeric variants) or folding/dis-
sociation (dimer) models, without populated intermediates
(see Materials and Methods). The parameters obtained are
shown in Table 2. The results for the single chain variants
do not depend on protein concentration, as expected (data
not shown). Them-values for the momomerized variants are
very similar to those for E2C, indicating that the change in
solvent accessible surface area upon unfolding remains
roughly the same upon linking the dimer subunits covalently
(35).

Both scE2C-6 and scE2C-12 unfold at higher denaturant
concentrations than E2C, indicating that they are more stable
than the dimeric parent protein at the micromolar monomer
concentrations used in these experiments (Figure 2 and Table
2). scE2C-12 is more stable than scE2C-6. The free-energy
change (∆G) values obtained from the fit cannot be compared
directly because the equilibrium for the dimer depends on
protein concentration while those for the monomers do not
(36, 37). The appropriate way to compare the stability of
monomeric and dimeric variants ruled by equilibria of
different molecularity is the use of the effective concentration
Ceff (36, 37). Ceff is the protein concentration at which dimer

and monomer have the same free energy for unfolding (36,
37). The theory predicts that a dimer will be less stable than
a monomer at concentrations lower thanCeff, and vice versa
(36, 37). The effective concentrations of scE2C-6 and scE2C-
12 are shown in Table 2, and indicate that the monomeric
variants are more stable than the parent dimer at concentra-
tions lower than 0.5-5 mM.

The Early Folding EVents of scE2C-12 and E2C Are Very
Similar. Folding of dimeric E2C from its monomeric, acid-
denatured state is a multistep process. Upon dilution into
refolding buffer, the protein folds into a monomeric inter-
mediate (IM) in about 25 ms (14, 15). Formation of the
intermediate appears as an overshoot in the fluorescence
kinetic trace (14, 15). IM folds into the native state through
two parallel reactions, one of which takes place through a
dimeric intermediate (14). In this work, we investigated
whether the monomeric intermediate observed in the refold-
ing of E2C is also populated in the folding mechanism of
scE2C-12.

FIGURE 1: Structural characterization of monomeric variants of
E2C. A and B: Spectra of native and unfolded (6 M GdmCl) E2C
(solid line), scE2C-6 (dashed line), and scE2C-12 (dotted line). All
proteins were at 10µM in sodium phosphate buffer 50 mM pH 7,
1 mM DTT. (A) Fluorescence emission spectra. (B) Far-UV CD
spectra. (C) Putative structure of scE2c-12 modeled from the
solution HPV16 E2C structure (pdb entry 1R8P) with MODELLER
9v1 software (57). The figure was prepared using PyMol (Delano
Scientific LLC). (D) Superposition of the polypeptide backbones
of E2C (pdb entry 1BY9) (white) and scE2C-12 (pdb entry 2Q79)
(black). The figure was prepared using MOLMOL 2.0 (58).

FIGURE 2: Equilibrium unfolding of E2C (circles), scE2C-12
(squares), and scE2C-6 (triangles) followed by fluorescence (filled
symbols) and CD (empty symbols). (A) Experiments in sodium
phosphate pH 7.0 50 mM, 1 mM DTT at 298 K. (B) Experiments
in MES pH 6.1, 100 mM, 1 mM DTT at 298 K. Protein
concentrations were at 10µM in all cases.

Ceff(M) )
Keq

monomer

Keq
dimer

(2)
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We carried out stopped-flow refolding kinetics of acid-
unfolded scE2C-12 followed by fluorescence (see Materials
and Methods). The observed rate constants for this variant
do not depend on protein concentration, as expected for a
unimolecular process (data not shown). Figure 3A shows that
there is a large change in the fluorescence of scE2C-12 in
the dead time of the instrument, approximately 2 ms. Such
fast changes in fluorescence are often observed in the
refolding of small proteins or domains (38). We have
compared the dead-time changes in the fluorescence of
scE2C-12 and dimeric E2C as a function of urea concentra-
tion (Figure 3B). The curves for the two proteins superimpose
well, suggesting that formation of an equivalent collapsed
species takes place within the first 2 ms of refolding of E2C
and scE2C-12.

The inset in Figure 3A shows the observable changes in
scE2C-12 fluorescence during refolding. The data are well
described by the sum of three exponential functions, with
rate constants of 37( 1, 3.6 ( 0.2, and 0.22( 0.01 s-1,
respectively. The rate constant for the fastest process is very
similar to the rate constant for formation of the monomeric
intermediate during refolding of E2C, 31 s-1 (15). The
overshoot in fluorescence intensity in the first 100 ms is also
similar to the one observed during refolding of E2C (15).
Moreover, the urea dependence of the natural logarithm of
the rate constant is-0.78( 0.02 M-1, in excellent agreement
with that for the formation of IM in E2C (-0.86( 0.01 M-1)
(Figure 3C). From these data, we propose that a species
equivalent to the monomeric intermediate observed during
refolding of E2C is also populated during refolding of scE2C-
12, which is monomeric but a duplicate of the polypeptide
chain. We conclude from the data shown in Figure 3 that
monomerization of E2C by a flexible linker does not alter
substantially the early folding steps.

ComparatiVe Analysis of the Unfolding Mechanism of E2C
and Single-Chain Variants.Kinetic unfolding of E2C by
addition of urea is a simple two-state process that follows
single-exponential kinetics (14). There are no changes in the
fluorescence signal in the dead time of the instrument (data
not shown), and the natural logarithm of the observed rate
constant depends linearly on urea concentration (Figure 4A).
Unfolding of scE2C-12 under the same conditions also
follows single-exponential kinetics (data not shown). The
complete amplitude of the fluorescence change between the
native and unfolded states is resolved in the stopped-flow
measurements (Figure 4B), indicating the absence of rapid
processes taking place in the dead time of the instrument.
The urea dependence of the natural logarithm of the rate
constant for unfolding of scE2C-12 shows a sharp change
between two limiting slopes at high and low urea concentra-
tion (Figure 4A). This is indicative of a denaturant-induced
change of rate-limiting step on a linear pathway with an

obligatory high-energy intermediate (33). Consequently, the
data were well described by the following three-state model
for unfolding (Figure 4A).

The observed change in the mechanism for unfolding may

Table 2: Equilibrium Denaturation of E2C and Its Monomeric Variants

buffer protein ∆G (kcal·mol-1) m (kcal·mol-1·M-1) [D]50% (M) Ceff
a (mM)

sodium phosphate 50 mM, 1 mM DTT, pH 7.0 E2C -14.80( 0.04 4.00( 0.01 1.99( 0.01
scE2C-12 -10.40( 0.77 3.55( 0.26 2.93( 0.30 5.9
scE2C-6 -10.30( 0.81 3.96( 0.30 2.60( 0.28 0.63

MES 100 mM, 1 mM DTT, pH 6.1 E2C -10.43( 0.01 2.03( 0.01 1.41( 0.01
scE2C-12 -6.79( 0.83 2.10( 0.25 3.23( 0.55 1.5

a At 3 M denaturant.Ceff ) Keq
monomer/Keq

dimer.

FIGURE 3: Refolding kinetics of scE2C-12 in 100 mM MES, pH
6.1 at 298 K, monitored by fluorescence. (A) Kinetic trace at 0 M
urea. The data are normalized so that the fluorescence signal for
the native state is one and the fluorescence signal for the unfolded
state at pH 2 is zero. The line is a fit of the data to a sum of three
exponentials. The inset highlights the measurable changes in
fluorescence. (B) Initial fluorescence signal of the refolding kinetics
of E2C (O) and scE2C-12 (9). The data are normalized by setting
the fluorescence signal for the unfolded state (extrapolated from
high urea concentrations) to zero and the value at 0 M urea to one.
(C). Urea dependence of the natural logarithm of the rate constant
for formation of the non-native intermediate of E2C (O, dashed
line) and scE2C-12 (9, continuous line). The lines are linear fits
to the data.

N T I f U (3)
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be a switch to an alternative unfolding pathway or the
observation of a previously hidden transition state along the
same pathway. We have investigated whether one of the two
transition states in the unfolding mechanism of scE2C-12
corresponds to the transition state for unfolding of E2C by
examining the corresponding microscopic rate constants and
their urea dependencies (Figure 4A, dashed lines). Clearly,
none of the two transition states in the unfolding mechanism
of scE2C-12 correspond to the transition state ensemble for
unfolding rate of E2C. Thus, E2C and scE2C-12 unfold by
different mechanisms.

Single-Chain Variants Display Increased DNA Binding
Affinity and Target Discrimination.We have measured the
binding of E2C and its two monomeric variants for a specific
E2C target DNA site using fluorescence spectroscopy (17)
in sodium phosphate buffer, pH 7.0, 1 mM DTT at 298 K
(see Materials and Methods). Titration of 100 nM fluorescein-
labeled DNA with scE2C-12 and E2C showed identical 1:1
binding stoichiometries (Figure 5A, inset). The same result
was obtained for scE2C-6 (data not shown). We determined
the dissociation constants,KD, for the protein-DNA com-
plexes with experiments at lower concentrations of DNA and
protein (Figure 5A and Table 3). At 200 mM sodium
phosphate, the affinity of scE2C-12 for DNA is 0.6 kcal/
mol greater than for both E2C and scE2C-6 (Table 3). We
confirmed the greater affinity of scE2C-12 relative to E2C
using an electrophoresis mobility shift assay (see Supporting
Information).

We have measured the enthalpic contribution to the free
energy of binding∆G by isothermal titration calorimetry
(Figure 5B, inset). This allows us to dissect∆G into enthalpic
and entropic contributions (Table 3). Binding is enthalpy-
driven in all three cases, and the enthalpy term∆H is very
similar for all three variants, as the superposition of the
titrations shows in Figure 5B. The increased affinity of
scE2C-12 comes from a larger∆H, opposed but not
counterbalanced by a smaller increase in the entropic term
-T∆S(Table 3). Interestingly, although the affinities of E2C
and scE2C-6 for DNA are the same, both∆H and -T∆S
have smaller values in scE2C-6 than in E2C (Table 3). This
change in the underlying thermodynamics of the interaction
suggests that scE2C-6 and E2C bind DNA in a different
manner.

We have further characterized the interaction of the E2C
variants with DNA by measuring their dependence on the
concentration of sodium phosphate (39). The results confirm
that the affinity of scE2C-12 for DNA is higher than that of
E2C (Figure 5C). For all variants, the logarithm of the
dissociation constant increases linearly with the logarithm
of phosphate concentration. This is indicative of net cation
release from the DNA backbone upon binding (39). The
slopes for E2C and scE2C-12 are identical within the
experimental error (Table 3), indicating that the energetic
contribution of cation release to the free energy of binding
is the same for the two proteins (39). The slope for scE2C-6
is clearly smaller than for the other two variants (Table 3).
This abrupt change in the energetic contribution of cation
release to binding suggests an altered mode of binding for
scE2C-6 relative to E2C and scE2C-12, in agreement with

FIGURE 4: Unfolding kinetics of scE2C-12 in 100 mM MES, pH
6.1 at 298 K, monitored by fluorescence. (A) Dependence of the
observed rate constant for unfolding of E2C (O) and scE2C-12 (9)
on urea concentration. The continuous lines are fits to a two-state
model for E2C and to a linear three-state model with a high-energy
intermediate for scE2C-12. The dashed lines correspond to the rate
constants for the individual transition states in the three-state model.
(B) Dependence of the initial (0) and final (9) fluorescence signals
for unfolding of scE2C-12 on urea concentration.

FIGURE 5: DNA binding of E2C (O), scE2C-12 (9), or scE2C-6
(2). (A) Determination of dissociation constants (KD). Binding
experiments were performed by adding protein to a fixed amount
of oligonucleotide at dissociating conditions and followed by the
emission intensity of the fluorescein probe. Inset: Stoichiometry
of protein-DNA interaction measured at 100 nM of DNA. (B) ITC
binding isotherms resulting from integration of the specific heats
with respect to time, with the appropriate molar correction. Inset:
Raw ITC data for the titration with scE2C-12. (C) Dependence of
KD on sodium phosphate concentration from 150 to 300 mM. The
lines are linear fits to the data for each variant.
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the thermodynamic measurements. Our experiments show
that monomerization increased the affinity of E2C for DNA
modestly: 2- to 5-fold in the case of the 12-residue linker
and up to 2-fold in the case of the 6-residue linker. However,
in the case of scE2C-6 the thermodynamics of the interaction
changed significantly.

Increased Sequence Discrimination Capacity in Linked
E2C Species. InViVo binding of transcription factors to DNA
requires not only a high affinity of the protein for its target
site but also a high affinity relative to nonspecific sequences,
in order to discriminate among the large number of sites in
the genome (40), that is, a high specificity of binding. The
specificity of binding or discrimination capacity can be
defined as the ratio of the dissociation constants for
nonspecific and specific DNA (17):

We have measured the affinity of binding of the monomer-
ized variants of E2C to a randomized target site as a model
for their ability to bind nonspecific DNA (17) (see Materials
and Methods). Remarkably, the binding affinity of the
monomeric variants for nonspecific DNA is lower than that
of E2C, with a 2-fold increase inKD in the case of scE2C-
12 and 7-fold in the case of scE2C-6 (Table 3). This, together
with the changes in the affinity for the target DNA, leads to
an overall increase in binding specificity of 10- and 6-fold
for scE2C-12 and scE2C-6, respectively (Table 3).

DISCUSSION

Spectroscopic evidence suggested that monomerization of
dimeric transcription factors using flexible linkers does not
lead to substantial changes in the structure (22-27). Our
results confirm that flexible linkers of appropriate length and
composition have little, if any, influence on the average
native state structure of the protein or domain (Figure 1).
On the other hand, E2C is known to be highly dynamic in
solution as seen in molecular dynamic simulations (34),
NMR spectroscopy (12) (Cicero et al., in preparation), and
binding to DNA (5, 20). Thus, highly sensitive methods such
as circular dichroism and fluorescence spectroscopy, as well
as the X-ray structure, indicate absolute conservation of the
fold even though neither the linker nor theâ2-â3 loop shows
electron density, the latter being expected from other dimer
crystal structures, suggesting flexibility in both regions which
are curiously positioned at opposed faces of the barrel (Figure
1D).

Both single-chain variants are stabilized relative to dimeric
E2C at physiological nano- to micromolar concentrations (36,
37, 41), with effective concentrations ranging from 0.6 to 6

mM (Figure 2, Table 2). These numbers fall within the lower
limit for previous work on linked dimeric transcription
factors, in which effective concentrations ranged from 2.4
to 240 mM (Table 4) (22-27). scE2C-6 has a smaller
effective concentration than scE2C-12, suggesting that the
shorter linker of scE2C-6 induces a strained conformation
in the protein. Complementary fragments of the monomeric
proteins CI-2 and barnase have been generated by chemical
cleavage (reviewed in ref (42)). We will consider the
construction of a linked variant of E2C as the reverse
experiment. The effective concentrations reached for the
noncovalent complexes of CI2 and barnase are 8 mM and 8
M, respectively. These large differences can be ascribed to
the fact that CI2 is a slow-release protease inhibitor that
evolved to remain bound to the protease after cleavage of
the target bond at the inhibitory loop. In addition, barnase is
modular and presents an intermediate, and the isolated
fragments have stable native-like or native-compatible
residual structure, while in the case of the CI2 fragments,
one is unstructured and the other presents non-native
collapsed hydrophobic local patches, and must overcome a
larger energetic barrier for attaining the native structure. This
is reflected in the nearly 4-fold slower association rates of
CI2 compared to barnase noncovalent complexes (42).

In a similar way, the association rate of the E2C dimer is
slower than that of the model dimeric transcription factor
arc (15, 26). We ascribe this to the fact that E2C shows a
detectable, stable, cooperative, and non-native monomeric
intermediate (14) while arc has an inferred dimeric inter-
mediate (43), and no structure has been described in its
unfolded state ensemble, while persistent residual structure
was determined in E2C unfolded state ensemble (16).
Remarkably, linking two polypeptides of E2C does not affect
the formation of the “monomeric intermediate”, strongly
supporting a non-native structure in the E2C monomer, and

Table 3: Thermodynamics of DNA Binding and Sequence Discrimination by E2C and Its Monomeric Variants

protein
∆Ga

(kcal·mol-1)
∆Hb

(kcal·mol-1)
-T∆Sc

(kcal·mol-1)
(∂ log KD)/

(∂ log [phosphate])
KD

specific d

(nM)
KD

nonspecificd

(µM) specificitye

E2C -10.6( 0.1 -21.9( 0.1 11.3( 0.1 -7.1( 0.4 2.5( 0.3 8( 1 3200( 600
scE2C-12 -11.2( 0.1 -23.2( 0.1 12.0( 0.1 -6.0( 0.5 0.5( 0.2 15( 2 30000( 13000
scE2C-6 -10.7( 0.1 -20.9( 0.2 10.1( 0.2 -4.1( 0.1 3.3( 0.1 59( 11 18000( 3400
a From fluorescence measurements at 200 mM sodium phosphate, 298 K.b From isothermal titration calorimetry at 200 mM sodium phosphate,

298 K. c Calculated from columns 2 and 3:∆G ) ∆H - T∆S. d From fluorescence measurements at 150 mM sodium phosphate, 298 K.e Specificity
ratio calculated asKD

nonspecific/KD
specific (17).

specificity)
KD

nonspecific

KD
specific

(4)

Table 4: Effect of Monomerization on the Stability and DNA
Binding Properties of Dimeric Transcription Factors

protein
linker
length

Ceffective

(mM)a

affinity
(monomer)/

affinity
(dimer)b

specificity
(monomer)/
specificity
(dimer)c ref

E2C 6 0.6 0.8-2.3d 5.6 this work
12 1.5-5.9e 2.3-5.0d 9.1 this work

Arc 15 2.4 8.4, 14f 1.9, 3.2f (25, 26)
Cro 8, 16 5.3 (22, 56)
Gene V 5, 6 150 1.0, 0.8 (24)
GCN4 6 240 (23)
MASH-1 8, 17 10, 14 2.5, 2.3 (27)

a Ceff ) Keq
monomer/Keq

dimer. b Affinities for specific DNA. c Specificity
ratio calculated asKD

nonspecific/KD
specific (17). d From 150 to 300 mM

sodium phosphate.e In MES and sodium phosphate buffer.f For two
different DNA half-sites.
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indicating that the formation of the intermediate species does
not involve intermonomer interactions even in the case of a
single-chain species, which would be entropically favored
for an early dimerization. The isolated E2C monomer has
not been so far observable by dilution methods, because of
the limitations on the detection under such low protein
concentrations. Combined fragmentation and mutagenesis
approaches should be required to attempt this goal.

Theory predicts that, below theCeff, the dimeric form is
less stable than the covalently linked species (36, 37).
However, the E2C dimer displays a loss in concentration
dependence of the stability toward chemical denaturation
above 10µM, and this holds for the association rate as well,
where the rate-limiting step switches to a first-order reaction
(14, 16). In the folding pathway this means a weak dimeric
intermediate preceding the main folding event, through a
different channel than the monomeric intermediate. At the
equilibrium, we believe it is due to global inter- and
intramonomer interactions predominating over those stabiliz-
ing the interface at lower protein concentrations. A similar
effect is observed for the noncovalent CI2 complex (44),
and for the thermal denaturation of the arc dimer (45). Thus,
the linear increase of stability with the logarithm of
concentration in a second-order process appears to hold
experimentally for small compounds or for dimers built up
from two natively structured monomers. In the case of the
other known dimericâ-barrel domain, the DNA binding
domain of the Epstein-Barr origin binding protein EBNA1,
we have observed that there is no concentration dependence
for chemical denaturation at protein concentrations as low
as 0.2µM (46).

On the other hand, monomerization of E2C induces a
drastic change in the mechanism of unfolding (Figure 4).
This is at odds with the results for monomeric versions of
the Arc and GCN4 transcription factors, which retain the
two-state mechanism of their dimeric counterparts (23, 26)
and with studies on complementary fragments of chymot-
rypsin inhibitor 2 and barnase, which show identical folding/
unfolding mechanisms and very similar transition state
structures to the uncleaved species (42, 47). ScE2C-12
unfolds via a linear pathway with a high-energy on-pathway
intermediate. Similar dimeric intermediates have been identi-
fied in the folding pathways of the dimeric transcription
factors Trp repressor and factor for inversion stimulation (48,
49), suggesting that dimeric intermediates are common in
the free energy landscapes of protein homodimers. The
denaturant dependence of the unfolding reaction from the
native to the intermediate state is close to zero (Figure 4A),
indicating that there is no net change in the interactions of
the protein with the solvent in the first step of unfolding
(33). This is reminiscent of the subtle quaternary structure
rearrangements that take place in several E2C domains upon
DNA binding (5, 20). We speculate that the unfolding
intermediate observed for scE2C-12 is also present in the
energy landscape of dimeric E2C and that it might be related
to regulation of DNA binding (50), and in the route for
amyloid formation that we recently described for this domain
(51).

The affinity of scE2C-12 for binding to its target DNA
increases upon monomerization evenly along the tested
phosphate concentration range, while the affinity for non-
specific DNA decreases to a larger extent, resulting in a 10-

fold increase in specificity (Figure 5, Table 3). Specific
binding of E2C to DNA induces changes in the stability and
dynamics of the protein (52), and nonspecific binding is
known to induce larger changes, at least in one protein (53).
We interpret that monomerization of E2C restricts the
structural and dynamic changes that take place upon non-
specific DNA binding but favors the changes that take place
upon specific DNA binding. The effects on nonspecific
binding are larger for the scE2C-6 variant (Table 3),
suggesting that its shorter linker leads to a more drastic
reduction in the adaptability of the domain. On the other
hand, this reduced adaptability is detrimental for specific
binding. The end result is a 6-fold increase in specificity
against the 10-fold increase of scE2C-12 (Table 3 and 4).
In fact, the scE2C-6 variant displays a significantly smaller
salt dependence than the dimer and the unstrained scE2C-
12 (Figure 5C), which suggests a decrease in the electrostatic
component of the interaction, as counterions are released
from both macromolecules upon binding (39, 54). This would
correspond to a local structural or dynamic rearrangement
of the protein DNA binding by influence of the strain
introduced by the 6-residue as opposed to 12-residue linker.
We plan to test this hypothesis using nuclear magnetic
resonance.

The improved target discrimination of the DNA by scE2C
agrees with other monomerized transcription factors (24, 25,
27), but is the largest increase in specificity for engineered
single-chain DNA binding domains described to date (Table
4). Discrimination between specific and nonspecific se-
quences is crucial forin ViVo binding of proteins to DNA
(40), but transcriptional regulators, in particular the E2
example we now describe, appear not to evolve to affinity
or specificity limits for functional and regulatory reasons.
In addition, E2 was shown to have other functions where an
equilibrium between dimers and monomer would be required.
By linking the domain, the dissociation into monomers is
eliminated, and in the case of the BPV1 E2 linked het-
erodimer recently described, it appears not to affect its role
in transcription activation or DNA replication but does affect
episomal migration (55). The biological activity of the
HPV16 E2 could be tested in the context of an engineered
viral genome.

On speculative grounds, one can argue that the conserved
dimeric â-barrel topology of E2C has not evolved for
maximum stability, binding affinity, or sequence discrimina-
tion for regulatory reasons. In addition, a monomer must
exist, depending on concentration, but most likely formed
by yet unknown cell environment conditions. This monomer
will be non-native and unlikely to bind DNA with affinity
comparable to the symmetric “double” site in the dimer. We
propose that it participates in other functions of the protein
that involve oligomerization, such as DNA linking, recruiting
of cellular transcription machinery or in replication, together
with E1. Future experiments will aim at the characterization
of the solution structure and dynamics of the scE2C-12
variant in its free form and in the complex with its target
site.

ACKNOWLEDGMENT

We would like to thank Daniel Cicero for helpful discus-
sions and for preparing Figure 1D, Gasto´n Parı´s for crystal-

12448 Biochemistry, Vol. 46, No. 43, 2007 Dellarole et al.



lography data collection, and Thierry Rose for help with the
Modeller software.

SUPPORTING INFORMATION AVAILABLE

Figure depicting DNA binding of E2C and scE2C-12
followed by electrophoresis mobility shift assay. This mate-
rial is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Bosch, F. X., Sanjose´, S., Castellsague´, X., Moreno, V., and
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