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The DNA-binding mechanism of the dimeric C-terminal domain of the
papillomavirus E2 protein with its specific DNA target was investigated
and shown to proceed through two parallel pathways. A sequential
multi-step reaction is initiated by the diffusion-controlled formation of an
encounter complex, with no evidence of base sequence discrimination
capacity. Following a substantial conformational rearrangement of the
protein, a solvent exclusion step leading to the formation of a final pro-
tein–DNA complex was identified. This last step involves the largest
burial of surface area from the interface and involves the consolidation of
the direct readout of the DNA bases. Double-jump stopped-flow experi-
ments allowed us to characterize the sequence of events and demon-
strated that a fast-formed consolidated complex can take place through a
parallel route. We present the simplest model for the overall mechanism
with a description of all the intermediate species in energetic terms.
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Introduction

In the same way that unfolded proteins need not
sample all possible conformations for each residue
as challenged by the Levinthal paradox, gene regu-
latory proteins do not undergo a random three-
dimensional diffusion process in order to reach
their DNA targets.1 A two-step mechanism has
been proposed in which a first non-specific-binding
step is followed by protein translocation events
along the DNA chain such as inter-segment trans-
fer, protein sliding or “hopping” through micro-
scopic dissociation events and one-dimensional
diffusion.1 – 4

As previously established for the Escherichia coli
Lac repressor, DNA-binding rates can be faster
than what it is expected for a diffusion-controlled
reaction.2 In addition to non-specific binding and
facilitated translocation processes, association rate
enhancements beyond diffusion limits can be
explained by spatially arranged and complemen-
tary electrostatic fields that may funnel the posi-
tively charged DNA-binding domain into the
negatively charged DNA polymer,3,5 earlier
described as “oriented diffusion”.2

Several protein–DNA interactions have been
described since then, and a general mechanism
was proposed,6 involving: (i) conformational
changes in either protein or DNA, or non-specific
binding of the protein to DNA, prior to the elemen-
tary bimolecular step, (ii) a bimolecular step where
an initial complex is formed at the diffusion–col-
lision rate or slower, depending on orientation
effects, and (iii) local and/or global conformational
changes in the encounter complex, leading to a
consolidated and stable species.

A group of transcription regulatory proteins pre-
sent segments within their DNA-binding domains
that range from globally7 to locally disordered,
and that must undergo substantial folding coupled
to DNA binding,8 leading to complex binding
mechanisms. Another group of proteins forms
either monomers or weak dimers in solution, and
dimerization can take place after an initial binding
event by the monomer.9

What are the essential sequences of steps during
and beyond the elementary bimolecular event that
lead to the formation of a stable specific protein–
DNA complex? A unique example of a detailed
characterization of a protein–DNA recognition
mechanism is the TATA box-binding protein (TBP)
to DNA.10 In this work, thermodynamic, kinetics
and structural changes were analyzed along the
reaction coordinate. TBP is a particular case of
protein–DNA recognition where a substantial
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deformation of the DNA takes place.10,11 We now
address this problem using the DNA-binding C-
terminal domain of the E2 transcriptional regulator
from human papillomavirus (HPV16-E2C)12,13 and
a small DNA duplex containing its target site, as a
model protein–DNA recognition system. This
domain forms a highly stable and intertwined
dimeric b-barrel structure,14 only shared by the
EBNA1 C-terminal domain.15 Although a short-
lived non-native monomer can be found on its
kinetic folding pathway,16 HPV16-E2C forms a
tight dimer with a dissociation constant of
1 £ 10212 M21.17,18 HPV16-E2C is a stable dimer
under our experimental conditions and the DNA
target used is a small duplex, thus minimizing slid-
ing or other coupled diffusion facilitating mechan-
isms, and simplifying the number of possible
events to be analyzed. Using stopped-flow spectro-
scopic techniques, we describe the kinetic mechan-
ism of interaction of this dimeric DNA-binding
domain to specific and non-specific DNA targets.
We show that this reaction can proceed through
either multi-state or two-state parallel pathways,
and describe the intermediates in energetic terms.

Results and Discussion

Two diffusion controlled bimolecular events in
excess of protein

We used a fluorescein-modified site 35 18mer
DNA duplex target previously described,17 and
carried out kinetic experiments of its interaction
with E2C. Under pseudo first-order conditions
with excess of E2C domain, a large FITC fluor-
escence change was observed in stopped-flow
experiments, and the data fitted to a double expo-
nential process (Figure 1(A)). Both observed rates
are dependent on the protein concentration and
thus correspond to bimolecular association events,
with kon of 0.6 £ 109 M21 s21 and 1.4 £ 109 M21 s21,
respectively (Figure 1(B)). These magnitudes are
in the range of the calculated diffusion limit for
an electrostatic assisted collision between macro-
molecules of these sizes.6,19 In the presence of
sucrose or glycerol, the association rates are slowed
down with a magnitude expected for a diffusion-
limited process for both bimolecular reactions (not
shown).

The amplitude of the slower association phase,
kon1; disappears as the protein concentration is
increased (Figure 1(C)) and, at the highest protein
concentrations tested, the observed rate fits to a
single exponential event (Figure 1(C)). This is
indicative that a competition between reactants,
and therefore reaction pathways, is taking place so
that when DNA is limiting only the faster binding
occurs. Since there is no evidence of higher order
oligomers formed by E2C (even when tested up to
millimolar concentrations), and dissociation to
monomers is in the sub-picomolar range,18 this
result suggests that there is a pre-equilibrium of

DNA-binding conformers in the dimeric domain,
that might correspond to the two different “bind-
ing modes” described in the equilibrium-binding
mechanism.17

The extrapolated off-rate for the faster-binding
event, koff2; is 6 s21, with an estimated encounter
KD of 5 nM. The disappearance of the slower bi-
molecular event precludes the determination of an

Figure 1. Kinetic association curves between E2C and
its cognate site 35 DNA. (A). Typical stopped-flow fluor-
escence trace at 5 nM FITC-site 35 and 40 nM E2C. The
line represents the best fit of the data points to the fluor-
escence changes. The top and bottom insets show the
residuals to single or double-exponentials, respectively.
(B). Pseudo first-order plot for the relaxation times of
both phases: kon1 (filled circles), kon2 (empty circles).
Above 60 nM [E2C], the data fit to one exponential. The
filled triangles show the results obtained in a different
experiment for the site-directed mutant (K304A), where
only one binding event was detected (see the text). (C).
Relative amplitudes corresponding to kon1 (filled circles)
and kon2 (empty circles) shown in (B).
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accurate koff1; but it nevertheless appears to be
below 1 s21. It should be pointed out that these
off-rates represent the dissociation of an encounter
complex and not the overall dissociation rate of a
consolidated complex (see below).

When we analyzed a mutant protein K304A at
the equilibrium, we found that only one “binding
mode” was present under the same experimental
conditions. This mutation is located at the C-term-
inal end of the highly dynamic DNA recognition
helix, which suggests that this residue is somehow
involved in the stabilization of the binding helix.
(D.U.F. & G.P.G., unpublished results). If there is
a correspondence between “binding modes”,
found at equilibrium binding experiments, and
the conformers suggested, the K304A mutant
should affect the equilibrium between conformers.
Indeed, in a stopped-flow experiment under
pseudo first-order conditions, only one bimolecu-
lar-binding event was observed (Figure 1(B), black
triangles), with a second order rate constant of
0.7 £ 109 M21 s21, similar to the slowest of the bind-
ing events observed for the wild-type protein.
Since the encounter rate is not affected by
mutation, it appears that there is no sequence dis-
crimination at this early event. A single-binding
event is observed throughout the concentration
range, suggesting that there is no competition
between protein species as was observed for the
wild-type protein. The fact that the mutant pre-
sents a single-binding event supports the
hypothesis that an equilibrium between confor-
mers is the basis for the two observed rates, and
that this equilibrium could be shifted by a single
mutation.

Kinetic binding to non-cognate and
non-specific DNA sites

E2 proteins bind to the consensus palindromic
sequence ACCGN4CGGT, where N4 is a four-base
spacer, which is not directly contacted by E2,14

although HPV16 E2C was shown to display a
higher affinity for AT-rich spacers.20,21 We have
measured the binding affinity in solution of the
HPV16 E2C domain for a bovine papillomavirus
(site BOV) derived site used in crystallographic
studies14 containing a CG for AA replacement in

the spacer region of the duplex and its affinity is
three orders of magnitude lower than the cognate
HPV16 site 35.17 Stopped-flow experiments in
excess of protein over the FITC-labeled BOV oligo-
nucleotide, show a major bimolecular event with
an association rate similar to that observed for the
cognate site 35, and another minor and much
slower bimolecular event (Table 1).

We investigated the kinetic-binding parameters
of non-specific DNA duplexes of different charac-
teristics. One of the duplexes, ISET35, contains the
same base composition of site 35 but in a random
sequence. When measured in a pseudo first-order
experiment, two binding events were observed
with rates similar to those of site BOV (Table 1).
The fact that the kon2 event is as fast as the specific
DNA duplex suggests that the non-specific binding
is also diffusion-controlled. The off-rate of one of
these two events cannot be calculated accurately,
but the faster associating event clearly shows an
extremely fast off-rate of 107 s21 (Table 1).

The other type of DNA duplexes that we investi-
gated is the binding site of EBNA1, the origin-
binding site of the Epstein-Barr nuclear antigen
1.15 Under pseudo first-order conditions, two bind-
ing events were observed, and these are four
orders of magnitude slower than those for the
specific duplex described above (Table 1). Since E2
does not recognize any DNA sequence in this
oligonucleotide,17 and given that a non-specific
random duplex binds very fast, the behavior
towards the EBNA conserved site could be
explained by orientation restrictions in this DNA
duplex, something that would not occur in a flex-
ible random sequence.6 In addition, this sequence
would not present the pre-curvature observed in
E2 sites.22

Dissociation

In order to investigate the dissociation rate of the
consolidated protein–DNA complex, we added
E2C to FITC-modified site 35 DNA at a 1:1 ratio,
and a fluorescence change was observed upon
complex formation. After 20 minutes incubation, a
50-fold excess of non-fluoresceinated site 35 DNA
was added, and a decrease in fluorescence to initial
values indicated complete dissociation (Figure 2).

Table 1. Kinetic parameters characterizing the encounter complex formation and the dissociation events between E2C
and different oligonucleotides

Oligo kon2 (M21 s21) kon1 (M21 s21) k21 (s21) koff2 (s21) koff1 (s21) a koff2 (s21)a

Site 35b 1.4 £ 109 0.6 £ 109 6.3 ND 0.018 0.004
Site BOVc 1.2 £ 109 6.0 £ 105 ND 0.07 0.037 0.009
Site EBNAd 3.6 £ 105 1.8 £ 105 0.12 0.032 0.57 0.027
Iset35e 1.5 £ 109 1.1 £ 106 107 ND 1.73 0.34

a Measured from the dissociation of the consolidated complex. k23 ¼ koff1:
b HPV-16 cognate: TCA ACCG ATTT CGGT TAC (recognition sequence underlined).
c BPV-1 cognate: CCG ACCG ACGT CGGT CGG (recognition sequence underlined).
d Epstein-Barr nuclear antigen 1 cognate: GGG TAG CAT ATG CTA CCC.
e Randomized site35: TAC TTG ACA GGT CCA TGT.
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For a more accurate determination of the off-rates,
in particular for the faster non-specific DNAs, the
experiment was carried out using stopped-flow.
The site 35 DNA dissociation curve fits to a double
exponential decay, with a rate of 0.004 s21, corre-
sponding to 70% of the amplitude and a 0.018 s21

phase accounting for 30% of the amplitude
(Table 1). Neither the rates nor the relative ampli-
tudes of these phases are affected by varying the
concentration of the non-fluoresceinated DNA
(not shown). This fact rules out the possibility that
the dissociation process under investigation is
mediated by facilitated diffusion mechanisms
such as displacement or intersegment transfer.1

The dissociation events of all the DNAs tested
exhibited biphasic behavior and the rates were
greatly accelerated for the non-specific duplexes,
EBNA1 and ISET, and only doubled for the BOV
site. These results point at the fast rate of dis-
sociation as the basis for the lower affinity of the
non-specific sites. However, it is not possible to
directly correlate the phases observed for the
specific and non-specific oligonucleotides, since
the changes in fluorescent signals are not necess-
arily the same.

A preferential-binding event in excess of DNA
is followed by rearrangements

The binding of E2C to DNA can also be reported
by changes in fluorescence of the tryptophan resi-
dues facing the center of the intertwined b-barrel.17

We carried out a pseudo first-order experiment,
now with the DNA in excess over the fixed E2C
concentration, monitoring an increase in trypto-
phan fluorescence. The kinetic profiles conformed

to a single concentration-dependent phase with a
kon of 0.6 £ 109 M21 s21 (Figure 3(A)), in agreement
with the slower binding mode ðkon1Þ observed in
excess of protein (Figure 1(A)). In addition, a con-
centration-independent phase is observed, with a
rate k2 ¼ 8 s21 (see Figure 7 for overall rate con-
stant nomenclature), which we assign to a confor-
mational rearrangement of the protein molecule.
The off-rate of the binding event cannot be
obtained accurately enough from extrapolation
(Figure 3(A)) but appears to be within experimen-
tal error of that obtained in the pseudo first-order

Figure 2. Dissociation kinetics between E2C and differ-
ent DNA targets. 50 nM FITC-site 35 oligonucleotide was
mixed with 50 nM E2C and, after 20 minutes, the com-
plex was outcompeted with a 50-fold molar excess of
unlabelled site 35 as the FITC fluorescence was recorded.
Inset: stopped-flow traces of similar experiments con-
ducted with different oligonucleotides: site BOV (filled
circles); site EBNA (empty circles); iset35 (line). All the
traces fitted to double-exponential decays, with the koff

rates listed in Table 1.

Figure 3. Kinetics of the association events in excess of
DNA. (A). Pseudo first-order plot of the association
between 25 nM E2C with different concentrations of site
35 DNA. The Trp fluorescence change was recorded and
the data fitted to a double-exponential process: kon1
(empty circles), k2 (filled circles). (B). Fluorescence
stopped-flow kinetic trace recorded in two time bases
(1 second and 200 seconds) after mixing 300 nM E2c
and 300 nM site35. (C). Double-log plot of the salt con-
centration dependence for the same rates described in
(A) at 25 nM E2C and 70 nM site 35.
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experiment in excess of protein. The faster binding
event observed with FITC-DNA experiments
might not be detected because of the lower sensi-
tivity of this intrinsic probe as opposed to
fluorescein.

The co-crystal structure of E2C and DNA shows
that an extensive contact network is formed at the
binding interface,14,22 and it has been suggested
that large conformational changes are prerequisite
for tight binding.23,24 It is unlikely that this complex
interface is fully formed in less than 100 ms, the t1=2

of the 8 s21 phase. Searching for slower phases, we
carried out experiments at higher concentrations
of protein and DNA so as to accelerate and separ-
ate the bimolecular event. Effectively, the associ-
ation and the first-order rearrangement of 8 s21 are
separable from a slower phase found in a different
time range (Figure 3(B)). This additional phase of
0.04 s21 does not depend on protein concentration
and shows a decrease in fluorescence, as opposed
to the two faster phases.

The single bimolecular event is highly
dependent on salt concentration (Figure 3(C)).
The slope of the double log plot indicates that
four to five Naþ counterions are displaced from
the binding interface.6 The first-order phase k2

described is not affected by salt, suggesting that
no exposed ionic interactions are involved in this
event (Figure 3(C)).

The specific interaction pathway involves a
solvent exclusion and conformational
rearrangement step

The formation of a final consolidated protein–
DNA complex must include a precise set of inter-
actions together with solvent removal from the
interface to a significant extent.14,22 Since there is
no direct means for observing such a phenomenon,
we made use of the fluorescent probe 1-anilino-8-
naphtalene sulphonate (ANS). E2C was shown to
bind ANS16 and bisANS in at least two sites, one
of them being displaced by specific DNA.24 Due to
its small size, ANS could be potentially trapped at
the encounter complex interface together with the
solvent. E2C was mixed with near to saturation
amounts of ANS and equilibrated, yielding an
increase in ANS fluorescence, as expected. Upon
mixing with site 35 DNA, a decrease in fluor-
escence was indeed observed, following a single
exponential decay with a rate of 0.04(^0.008) s21.
This rate was independent of either ANS or protein
concentration (not shown). Since the off-rate of
ANS spontaneously dissociating from the protein
is much slower (0.003 s21), we interpret that the
observed rate reflects the exclusion of solvent
from the interface. Pseudo first-order experiments
in the presence of identical amounts of ANS show
that the dye does not affect the on-rate of the
elementary bimolecular step at all (not shown).
One of the first-order phases reported by trypto-
phan fluorescence in kinetic-binding experiments
with site 35 DNA has an identical rate (Figure

3(B)), strongly suggesting that a concomitant pro-
tein conformational change takes place together
with the solvent exclusion. While the related site
BOV DNA displaces the ANS in a similar time
frame with a rate of 0.032(^0.007) s21, the non-
specific ISET and EBNA DNAs are not capable of
displacing the dye, even at concentrations tenfold
their KDs (not shown). These results indicate that,
although non-specific DNAs are able to bind as
fast as the specific duplex to form the encounter
complexes, these complexes do not undergo a sub-
sequent rearrangement involving solvent exclusion
in the way the specific event does, in agreement
with the proposed models of non-specific binding
to DNA.6,25

A parallel pathway leading to a fast-formed
consolidated E2C-DNA complex

In order to discriminate whether the observed
dissociation events (Figure 2) are parallel or
sequential reactions, and to obtain further infor-
mation on the binding mechanism, we carried out
a double-jump association-dissociation experi-
ment. Using a stopped-flow fluorimeter, E2C was
mixed with equimolar amounts of FITC site 35
DNA at 100 nM concentration, where the elemen-
tary bimolecular step has a half-life of 12 ms. At
different delay times ranging from 0.01 seconds to
100 seconds, the complex was mixed with a 25-
fold excess of unmodified DNA and the fluor-
escence change upon dissociation was monitored
as in Figure 2. Surprisingly, we found that 70% of
the amplitude corresponded to two slow phases of
0.0037 s21 and 0.0011 s21 (Figure 4(A)), highly
coincident with the phases observed in the dis-
sociation of the consolidated complex (Figure 3,
Table 1). However, these phases are already pre-
sent at 10 ms after the initial mixing of protein
and DNA. While these amplitudes remain constant
throughout the time range, two phases of 1 s21 and
0.07 s21 are transient and almost disappear at 2
seconds and 20 seconds, respectively (Figure 4(B)).
We interpret that these phases are sequential,
where the amplitude of the 1 s21 phase disappears
first and is highly coincident with the off-rate
obtained from extrapolation in pseudo first-order
experiments, strongly suggesting that it corre-
sponds to the actual dissociation of the encounter
complex. We assign the 0.07 s21 rate to the reverse
reaction of the first rearrangement observed in the
pathway after the encounter complex. The pre-
sence of dissociation phases at the earliest delay
times with rates coincident with those correspond-
ing to dissociation of the stable complex, indicate
that a significant amount of consolidated complex
is formed without going through defined structural
rearrangements, i.e. they proceed through a paral-
lel reaction pathway. Furthermore, the fact that
both phases show the same relative amplitudes
throughout the time range indicates that the equili-
brium between the final complexes is in fast
exchange.
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Similar double-jump association–dissociation
experiments were performed with site BOV DNA.
The resulting profiles show three phases: (i) a fast
event with a kobs ¼ 2 s21 that disappears with
time, which we ascribe to the dissociation of the
encounter complex E2C-site BOV; (ii) a phase with
a rate of 0.008 s21 present throughout the time
range, ascribable to the major dissociation phase
of the consolidated E2C-site BOV complex
(Table 1) which, as in the site 35 DNA, is present
from the shortest delay time after mixing. A slow
phase with a rate constant of 0.004 s21, coincident
with one of the phases observed in the dissociation
of the consolidated E2C-site BOV complex (Table 1),
tends to disappear as the time of mixing
progresses, suggesting that it corresponds to dis-
sociation of a complex having undergone a confor-
mational rearrangement after the encounter
complex in the direction towards the formation of
the final complex.

In the case of the non-specific iset35 DNA
duplex, two phases were present from the earliest

delay times with rates of 2.0 s21 and 0.5 s21,
respectively, coincident with the phases described
in the dissociation of the final complex (Table 1).
Thus, even in the non-specific interaction, there
are parallel pathways one of which passes through
an encounter complex that rearranges and the
other through the direct formation of a final com-
plex, presumably because of a highly favorable
conformation of both reactants, even if these con-
formations are loose, locally disordered or highly
flexible.26

Temperature dependence of the encounter,
rearrangement and dissociation events

Analysis of the temperature dependence of the
rates of interaction between macromolecules is
essential for the understanding of the nature of
the steps involved in a kinetic mechanism.6 We
chose to monitor changes in tryptophan fluor-
escence in excess of DNA, since there is only one
observable path. Pseudo first-order experiments at

Figure 4. Double-jump associ-
ation–dissociation experiment.
100 nM E2C was mixed with
100 nM FITC-site 35 and after the
“delay time”, the complex was
competed with 2.5 mM site 35.
After the second mix, dissociation
fluorescence traces were collected
at different time frames and the
data fitted to exponential decays.
(A). Recovered kobs1; (empty cir-
cles), 2 (filled circles), 3 (empty tri-
angles), 4 (filled triangles). (B).
Corresponding amplitudes of
phases 1 and 2. The amplitudes cor-
responding to phases 3 and 4
remained constant (see the text).
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different temperatures (Figure 5(A)) show a negli-
gible effect on either the on-rate or the off-rate cor-
responding to the encounter complex (Figure 5(A),
inset). The lack of change precludes an accurate
determination of thermodynamic activation par-
ameters. In pseudo first-order conditions at a
single DNA concentration in excess over E2C, tem-
perature dependence data show a linear Eyring
plot with a small activation energy for the encoun-
ter complex (Table 2). Thus, a negligible effect of
temperature on the elementary association step is
in concordance with an entropically driven
encounter,27 consistent with the counterion release
evidence obtained (Figure 3(C)). Thus, temperature
effects appear to be restricted to those related to
effects on the diffusion properties of the
macromolecules.6 If one considers surface area as
the unique source of DCp‡;28,29 the lack of curvature
in either reactions suggests a minimal change in
the exposure of surface area to the solvent from
either the free reactants or encounter complex to
their transition state ensembles (TSE).

The rearrangement rates increase with increasing
temperature, indicating positive activation energies
(Figure 5(B), Table 2). The free energy of activation
for both reactions is high (between 15 kcal mol21

and 20 kcal mol21) which, compared with the over-
all binding free energy (213.2 kcal mol2117), yields
deep energetic wells for the intermediate steps.
The activation energy of the first rearrangement
ðk2Þ; has both unfavorable enthalpic and favorable
entropic contributions. The positive DS‡ can arise
from increased conformational freedom in the
TSE, but needs to be further investigated. Similarly,
at this stage, it is not possible to dissect the contri-
bution of each macromolecule, protein or DNA, to
the thermodynamic activation parameters. It has
been shown that both E2 and its specific site pre-
sent some degree of structural plasticity and each
of them induces mutual conformational changes
upon binding.21,23,24

The major contribution to the activation free
energy of the second rearrangement, k3; is enthal-
pic, which can be assigned to hydrogen bonding
and van der Waals interactions formed at the inter-
face. For these close contacts to be formed,
hydration shells of both macromolecules must be
re-ordered and, as the ANS-solvent displacement
experiment showed, this occurs in the same time
frame as k3: Taken together, these results suggest
that the “direct readout” of the DNA bases would
be consolidated during this event.

There is no appreciable DCp‡ component in any
of the rearrangement steps, something somehow
unexpected, since a substantial negative DCp‡ was
detected for E2C-site 35 interaction by calorimetric
studies (1.5 kcal mol21 K21,30). This could indicate
that the DCp‡ component is present in subsequent
rearrangement processes that are not reported by
a tryptophan fluorescence change. However, in
the TBP-DNA-binding mechanism, DCp was
shown to arise from conformational equilibria and
no single step with non-zero DCp was evidenced.11

Figure 5. Temperature dependence of the association,
rearrangement and dissociation reactions. (A). Encounter
complex formation energetics probed by pseudo first-
order curves at 25 nM fixed E2C concentration at dif-
ferent temperatures: 10 8C (filled circles), 15 8C (empty
circles), 20 8C (filled squares), or 25 8C (empty squares).
The binding was followed by the E2C Trp fluorescence
change as in Figure 3. Inset: Eyring plot of the extracted
kon1 (filled circles) and k21 (empty circles) for the
encounter complex formation. (B). Eyring plots of the
concentration-independent phases were conducted at
100 nM E2C and 300 nM site 35 between 10 8C and
30 8C; k2 (filled circles); k3 (empty circles). (C). Dis-
sociation of the consolidated E2C–DNA complex was
monitored as in Figure 2 at different temperatures. The
data fitted to double-exponential decays through all the
temperature range, koff1 (filled circles), koff2 (empty
circles).
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Alternatively, since we are probing the energetics
in going from the free molecules in solution,
through the intermediates and their TSE to the
final complex, we must consider that the DCp‡

component might be evidenced in the reverse
direction, the dissociation reaction.

To probe the temperature dependence of the dis-
sociation kinetics we made use of FITC-modified
site 35. At all the temperatures tested, two fluor-
escent events describing the parallel dissociation
pathways were detected (Figure 5(C)). Both reac-
tions have high activation free energies, in the
same range of the forward k3; providing evidence
of being the rate-limiting step for both dissociation
pathways (Table 2). The activation energies have
entropic and enthalpic contributions, which is
what is expected for the breakdown of the large
interface contact network and the overall entropies
related to the process. A large negative change in
heat capacity was observed in one of the phases
(Figure 5(C), Table 2), which confirms that the bur-
ial of surface area to the solvent takes place in the
last rearrangement step, together with the exclu-
sion of solvent from the interface. Clearly, a large
DCp‡ change can only be observed in the dis-
sociation reaction.

Conclusions

We carried out an initial dissection of the kinetic
DNA-binding mechanism of a dimeric viral tran-
scriptional regulator, the E2 C-terminal domain
from human papillomavirus, as a model for a
specific DNA-binding protein. In excess of protein,
two parallel-binding events were detected upon
binding either to specific or non-specific oligonu-
cleotides. Since these events were shown to be dif-
fusion-limited, we suggest that the protein exists
in at least two different conformers prior to DNA
binding. Supporting this hypothesis, a mutant pro-
tein that presented a single “binding mode” when
tested under equilibrium conditions displayed
only one kinetic event, suggesting that the equili-
brium between conformers is linked to alternative
“binding modes”, and that this can be shifted by a
single amino acid replacement. In the presence of
excess DNA, only one binding event can be dis-
cerned, and two slower first-order phases were
evidenced.

Double-jump association–dissociation experi-
ments provide valuable information on various
aspects of the mechanism. First, they indicate that

both first-order phases are subsequent to an inter-
mediate encounter complex. Second, they provide
a direct measurement of the off-rate of the encoun-
ter complex. Third, and most strikingly, they show
that a consolidated protein–DNA complex is
already present at 10 ms after the initial interaction
of the macromolecules. This constitutes direct evi-
dence for two parallel pathways, one through an
intermediate encounter complex that undergoes
slow rearrangements, and the other that leads
directly to the final complex in a diffusion-con-
trolled manner. Since the respective fluorescence
changes need not be proportional to the actual
amount of molecules that proceed through each
pathway, we cannot make an unequivocal estimate
of the respective populations. Finally, the presence
of the two phases in the dissociation of the consoli-
dated complex at the earliest association times,
strongly suggests that they are parallel dissociation
events. Therefore, the overall mechanism appears
to proceed through parallel pathways in both
directions.

Two slow rearrangement phases evidenced by
tryptophan fluorescence suggest that they involve
substantial changes in the conformation of the pro-
tein, since the two tryptophan residues are buried
in the central barrel constituting the dimer inter-
face. The slower rate of 0.04 s21 is highly coincident
with the dissociation of trapped ANS from the
DNA contacting region, indicative of solvent exclu-
sion from the interface, as the final step in the con-
solidation of the stable protein–DNA complex.
Figure 6 shows a scheme of the simplest model
compatible with the results described.

Based on the early occurrence of the two dis-
sociation phases observed we have proposed that
they are parallel dissociation events, corresponding
to two conformers of the consolidated complex
undergoing fast exchange, suggesting that the sol-
ution geometries of the DNA-bound conformers
are structurally related. However, more exper-
iments are required to test whether one of the
phases could be an intermediate for dissociation,
in which case, even if there are conformer ensem-
bles in the final complex, these would dissociate
through a single route.

In addition, it should be noted that the two
second-order phases observed in the pseudo first-
order experiments probed by FITC-modified DNA
could correspond to the two parallel association
reactions, one leading to the intermediate encounter
complex and the other to a fast-formed final com-
plex. A prerequisite of this fast-formed complex is

Table 2. Thermodynamic parameters for the activation energies extracted from the temperature dependence of the
reaction rates

kon1 k2 k3 koff2 koff1

DG‡
0 (kcal mol21) 4.8 ^ 1.1 16.1 ^ 3.6 19.2 ^ 3.2 19.6 ^ 0.1 20.4 ^ 0.5

DH‡
0 (kcal mol21) 1.5 ^ 0.3 21.5 ^ 2.6 18.0 ^ 3.0 11.0 ^ 1.3 15.4 ^ 7

DS‡
0 (cal K mol21) 211.1 ^ 1 18.1 ^ 2.5 24.0 ^ 1.2 228.9 ^ 1.3 217.0 ^ 7

DCp‡ (kcal mol21 K21) ND ND ND 0.26 ^ 0.1 0.98 ^ 0.4
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a population of highly favorable conformational
state of the binding partners. The fast route either
does not produce a tryptophan fluorescence
change or both second-order events cannot be dis-
criminated by this probe. The koff2=kon2 ratio yields
an estimated KD of 1.5 £ 10210 M, in excellent
agreement with the equilibrium KD (2 £ 10210 M),17

further supporting the proposition that it is a con-
solidated complex. Further, the estimation of the
KD from the product of the rate constants of the
multi-step pathway ðk21k22k23=kon1k2k3Þ yields a
value of 0.04 nM compared with 0.2 nM obtained
from equilibrium, which is an astonishing agree-
ment considering the nature of the reaction path-
way involved.

The inability of the non-specific duplexes to dis-
place ANS from the interface suggests that more
solvent remains in non-specific complexes, and
these do not undergo conformational rearrange-
ments and docking as the specific complex does.
As was earlier shown for the Eco RI-DNA
interaction,31 water is differentially sequestered at
the interface between specific or non-specific com-
plexes, providing an additional source of free
energy for specific recognition.32

From the various kinetic and thermodynamic
data obtained in this and in previous work,17 we
can start building a picture of the energetics of the
different steps of the specific multi-state mechan-
ism (Figure 7). The initial barrier appears to be
entropic, judged by the negative DS‡: However,
since a positive DS should be expected for counter-
ion release as the unique entropy source, it is clear
that there are other contributions that outbalance
this effect yielding the negative DS for the TSE.
We know that there is no major solvent release at
this stage, therefore, a possible source is the
entropy loss of the two dynamic interaction sur-
faces from both macromolecules. A more unlikely
explanation is that the counterion release takes
place after the initial collision TSE. The encounter
complex is stabilized by electrostatic interactions
and, remarkably, the energetic difference for this
stage is almost the same for all the oligonucleotides
tested. This suggests that “sliding” of the transcrip-
tion factor along the DNA molecule could be
occurring over this isopotential energetic surface.
If the oligonucleotide contains an E2 site, the bind-
ing proceeds through the conformational changes
described. Finally, as the solvent is excluded from

Figure 6. E2C–DNA interaction
scheme. E2C exists in two popu-
lations of conformers, each of
which binds DNA through different
pathways. Rate constant values are
listed in Table 1.

Figure 7. Graphical representation of the thermodynamic changes associated with E2C–DNA specific interaction
through the two-intermediate pathway. The values correspond to 25 8C and 1 M standard state for free energy of acti-
vation, listed in Table 2. The free energy levels where deduced from equilibrium and kinetic measurements. For the
encounter complex, the lines represent the free energy levels for specific and non-specific oligonucleotides.
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the interface, the “direct readout” of the DNA
bases and the amino acid side-chains takes place.

There appears to be little if any curvature on the
Eyring plots, suggesting a small DCp‡ component
and thus a minimal change in exposure of surface
area, and solvent appears to remain throughout
the initial steps. The burial of solvent-exposed
area is triggered during the last rearrangement
step, and is only detected through the temperature
dependence of the reverse rate ðkoff1 ¼ k23Þ:

Protein–DNA interactions involve several
coupled processes and, by using a fairly simple
system, we were able to begin answering general
mechanistic and energetic questions often quite
difficult to address in more complex systems. We
were able to determine a sequential set of steps
and also demonstrated that, alternatively, a pro-
tein–DNA recognition reaction can proceed
through a parallel pathway leading to a rapidly
formed consolidated complex. Further mutagenesis
analysis and molecular dynamics simulations will
contribute to the dissection of such an elementary
reaction in the biological world.

Materials and Methods

Chemicals, protein and DNA

All solutions were prepared with distilled and deion-
ized (Milli-Q plus) water. All chemicals were of analyti-
cal grade, purchased from ICN (Aurora, Ohio, USA).
All experiments were carried out in 25 mM BisTris–HCl
buffer (pH 7.0), 200 mM NaCl, 1 mM DTT, and filtered
through 0.45 mm membranes prior to usage. The 81
amino acid residue carboxyl-terminal domain of the
HPV-16 E2 was recombinantly expressed, purified and
stocked as described.17,18 Protein concentration was
determined spectrophotometrically using a molar extinc-
tion coefficient 1280 ¼ 41; 920 M21 cm21 (dimer). All syn-
thetic oligonucleotides were purchased from IDT
(Coranville, CT, USA). Where stated, an FITC moiety
was introduced by a six-carbon linker to the 50 end of
one of the strands during synthesis. Double-stranded oli-
gonucleotides where annealed as described.17

Stopped-flow kinetics

All fluorescence stopped-flow kinetic experiments
were performed using a SX.18MV stopped-flow appar-
atus (Applied Photophysics, Leatherhead, UK). All con-
centrations reported are those resulting from mixing
equal volumes of each syringe at 25(^0.1) 8C, unless
otherwise stated. The reactions were monitored using
the fluorescence of the FITC moiety of the modified oli-
gos or the Trp fluorescence of the protein. Excitation
was set to 490 nm or 280 nm and the total fluorescence
was collected through cut-off filters (Schott, PA, USA).
Five to ten kinetic traces were collected and averaged
for each concentration point. The data were fitted to
extract the rates and amplitudes using non-linear least-
squares fitting software provided by the manufacturer,
using single or double-exponential equations. Double-
jump association–dissociation experiments were per-
formed mixing a 0.5:0.5 volume of protein and FITC-DNA
and, after the “delay time”, the reaction sample was

subsequently mixed with a volume of non-fluorescein-
ated DNA, and the fluorescent decay was measured.

Thermodynamic analysis

Thermodynamic parameters for the TSE correspond-
ing to the initial reaction steps were extracted from
pseudo first-order curves at different temperatures. The
TSE energetics of the subsequent intermediates were
done at 100 nM E2C and 300 nM DNA between 10 8C
and 30 8C. Thermodynamic parameters were extracted
from Eyring plots (ln ðkobs=TÞ versus 1=T), fitting the
data points to the equations previously described.33
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