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The retinoblastoma tumor suppressor (Rb) plays a key role in cell cycle
control and is linked to various types of human cancer. Rb binds to the
LxCxE motif, present in a number of cellular and viral proteins such as
AdE1A, SV40 large T-antigen and human papillomavirus (HPV) E7, all
instrumental in revealing fundamental mechanisms of tumor suppression,
cell cycle control and gene expression. A detailed kinetic study of RbAB
binding to the HPV E7 oncoprotein shows that an LxCxE-containing E7
fragment binds through a fast two-state reaction strongly favored by
electrostatic interactions. Conversely, full-length E7 binds through a
multistep process involving a pre-equilibrium between E7 conformers, a
fast electrostatically driven association step guided by the LxCxE motif and
a slow conformational rearrangement. This kinetic complexity arises from
the conformational plasticity and intrinsically disordered nature of E7 and
from multiple interaction surfaces present in both proteins. Affinity
differences between E7N domains from high- and low-risk types are
explained by their dissociation rates. In fact, since Rb is at the center of a
large protein interaction network, fast and tight recognition provides an
advantage for disruption by the viral proteins, where the balance of
physiological and pathological interactions is dictated by kinetic ligand
competition. The localization of the LxCxE motif within an intrinsically
disordered domain provides the fast, diffusion-controlled interaction that
allows viral proteins to outcompete physiological targets. We describe the
interaction mechanism of Rb with a protein ligand, at the same time an
LxCxE-containingmodel target, and a paradigmatic intrinsically disordered
viral oncoprotein.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

The retinoblastoma tumor suppressor (Rb) protein
plays a central role in the control of cell cycle
progression, development, differentiation and chro-
matin structure.1–3 Rb is functionally inactivated in
a wide range of human tumors4 and is targeted
by several oncogenic viruses, leading to cell
transformation.5 Rb is an adaptor protein reported
to associate to over 100 targets6 that functions as hub
d.
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Fig. 1. Structural features of the HPV E7 protein and the E7 LxCxE:Rb interaction. (a) Scheme of the HPV E7 dimer and
its E7N and E7C domains (The E7C domain structure is from Protein Data Bank ID: 2B9D). Monomers are depicted in red
and yellow, respectively. CR1 and CR2, conserved regions 1 and 2, respectively; Nt, N-terminus; Ct, C-terminus; gray
ball, zinc atom. (b) Sequence of the HPV16 E7N domain and E7 fragments used for kinetic studies. Black line: LxCxE
motif; gray line: CKII–PEST region. Red box: phosphoserine residues. (c) Structure of the HPV16 E721–29 peptide bound to
the RbAB domain (Protein Data Bank ID: 1GUX). Left: surface representation of the RbB subdomain and stick
representation of the LxCxE peptide; peptide residues are shown in boldface. Right: electrostatic potential surface
representation showing the location of conserved positively charged (yellow letters) and negatively charged (black letters)
surface residues.
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of a large protein–protein interaction network.7

Control of the G1/S transition is mediated through
binding of Rb to E2F, which leads to inhibition of the
transcriptional activity of different members of the
E2F/DP family.3 Rb also interacts with and regu-
lates the function of proteins from the chromatin
remodeling machinery including histone deacety-
lases (HDACs) HDAC1,2, histone methylase
Suv39h1 and the regulatory subunit of the con-
densin II complex hCAP-D3.2,8

The RbAB domain (residues 380–787) contains
two highly conserved protein-binding surfaces: the
E2F site, which is targeted by the E2F transactivation
(E2FTD) domain,9,10 and the LxCxE cleft, which is
the binding site for the HDAC protein11 and several
other cellular LxCxE-containing Rb targets.12 Li-
gand exchange at both sites is important for Rb
function. Upon phosphorylation, intramolecular
interactions of the RbAB flexible linker with the
E2F site13 and of the RbC domain with the LxCxE
cleft14 lead to E2F displacement. The LxCxE linear
motif is an interaction module widely disseminated
among many eukaryotic DNA15 and RNA16–18

viruses that serves virus replication, allowing
targeting of cell cycle control regulated by the
retinoblastoma protein.19 Human papillomavirus
(HPV) E7,20 SV40 large T antigen21 and adenovirus
E1A22 use the LxCxE motif as a high-affinity anchor
for Rb binding. Docking to the LxCxE cleft allows
interactions with additional Rb surfaces, such as that
of the adenovirus E1A CR1 region with the E2F
site,23 which lead to E2F displacement.24,25

The thermodynamics and kinetics of protein–
protein interactions determine ligand exchange dy-
namics and therefore strongly influence protein
network function. For example, modest changes in
the stability26 or dynamics27 for formation of key
complexes in the Ras–effector network can have a
strong effect on cell phenotype. Knowledge of the
dynamics and mechanisms of ligand exchange at the
LxCxE cleft is essential for understanding the
competition established between viral and cellular
proteins that target this surface and, in particular, the
interfering effect that E7 will have on the Rb
regulatory network upon viral infection or oncogenic
over-expression. This implies quantifying the binding
stability, measuring the timescales for association and
dissociation and identifying intermediate species and
the kinetic routes connecting them.28 Nevertheless,
structural information is available for only a few
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LxCxE-containing proteins,11,20,21 and knowledge of
their kinetics and mechanism of interaction is still
lacking.
HPV E7 is a prototypical viral oncoprotein linked

to cancer by its strong transforming properties,29

which also impairs pocket protein function upon
natural expression.30 These effects depend critically
on the ability of E7 to promote the dissociation of
endogenous complexes between pocket proteins
and their cellular partners. HPV16 E7 consists of
an intrinsically disordered N-terminal domain
(E7N, residues 1–40) that contains the LxCxE
motif31–33 and of a folded C-terminal domain (E7C,
residues 41–98) responsible for Zn2+ binding and
protein dimerization34,35 (Fig. 1a). The primary
interaction between E7 and Rb occurs through a
nanomolar affinity interaction between the LxCxE
motif (residues 21–29) of E7 and the LxCxE cleft in
the RbAB domain (Fig. 1b and c).20,36 Residues 21–
29 are disordered in free E731 yet adopt a well-
defined extended conformation in the complex,20

making this a coupled folding and binding event.
The acidic casein kinase II (CKII)–PEST region
(residues 30–40, Fig. 1b) harbors two CKII phos-
phorylation sites (S31 and S32), which increase Rb
binding affinity,36 and a PEST degradation signal.37

Site-directed mutagenesis of the E7 CKII–PEST
region and of a patch of highly conserved lysines
on the surface of RbAB (Fig. 1c) impairs E7:RbAB
binding, suggesting that these complementary
charged residues established ionic interactions.38
The conserved lysines in RbAB are also required for
the association with cellular LxCxE-containing
proteins.39 The presence of a negatively charged
residue immediately preceding the motif determines
the differences in affinity between high-risk and
low-risk E7 proteins40 and between the LxCxE
motifs of E7 and the cellular HDAC protein,11 but
the role of electrostatic contacts in the E7:Rb
interaction has not been assessed. The additional
regions of E7 that participate in Rb binding include
an interaction between the E7C domain and the
RbC domain, which is required for E2F
displacement,25,34,41 and interactions of the E7C
domain and the E7 CR1 region with RbAB, which
target additional interaction surfaces of this
domain.36 The E7C domain increases E7 monomer
affinity for RbAB by 10-fold, while the E7 CR1
region does not contribute to Rb binding by the E7
monomer.36 Differences in the transforming prop-
erties of prototypical high- and low-risk E7 proteins
(HPV16 and HPV18 versus HPV11 and HPV6)42 are
related to changes in Rb interaction affinity, with
high-risk E7 proteins binding with higher affinity
than their low-risk counterparts.36,40

E7 is an extended, structurally flexible dimer in
solution (Fig. 1a) that can adopt a compact
conformation in low concentrations of GdmCl33

and can undergo structural transitions upon mild
changes in the chemical environment.31,33 Intrinsic
disorder and conformational plasticity within E7 are
thought to expand its interaction repertoire31,33,43,44

and may allow for flexibility and speed45 in
accommodating the several interaction surfaces
that participate in binding to Rb, but the influence
of multiple binding sites and structural flexibility on
the mechanism of interaction with Rb has not been
explored to date. Other LxCxE-containing Rb
partners also present multiple interaction sites,
including viral proteins AdE1A and SV40-LT and
cellular targets HDAC, EID-1 and CtIP,11,46–51

stressing the need for understanding their role on
the interaction mechanism.
Recombinant expression and purification of Rb

domains have proven to be a challenging task, and
to date, there are no structural or biophysical studies
of full-length Rb. Large multidomain proteins such
as Rb can be tackled by the domain approach, where
studies of individual domains set the basis for
studies involving larger protein fragments, as
shown with great success for the P53 tumor
suppressor.52 We have chosen the RbAB domain,
which contains the primary E7 interaction site, as a
starting point for studying the Rb:E7 interaction
mechanism. In the present work, we combined
stopped-flow fluorimetry, equilibrium measure-
ments, peptide mapping and quantitative modeling
to perform a detailed kinetic study of the interaction
between HPV E7 and the RbAB domain in solution.
Our results provide insights for understanding the
mechanisms through which viral proteins such as
HPV E7 efficiently interfere with the Rb interaction
network and reveal features of a coupled folding
and binding reaction involving an intrinsically
disordered viral protein.
Results

Measurement of E7:RbAB association kinetics

In order to study the mechanism of association
between the HPV E7 protein and the RbAB domain,
we used a series of N-terminally fluorescein
isothiocyanate (FITC)-labeled synthetic peptides
corresponding to different E7 regions (Fig. 1b) or
FITC-labeled recombinant full-length E7 protein.
Measurements were performed in reaction buffer
containing 20 mM sodium phosphate (pH 7.0),
200 mM NaCl, 1 mM DTT and 0.1% Tween 20 at
20±0.1 °C, where the binding reaction is fully
reversible and yields a stable complex.36 Association
and dissociation reactions were monitored through
changes in fluorescence intensity or anisotropy of
the FITC moiety coupled to the E7 fragments, and
time traces were acquired by using a stopped-flow
fluorimeter or a fluorescence spectrometer



Fig. 2. Kinetics and NaCl dependence of the interaction between the E7 LxCxE motif and the RbAB domain. (a)
Association trace recorded after mixing 5 nM FITC-E716–31 with 50 nM RbAB and fit to a mono-exponential function, with
kobs=3.01±0.04 s−1. (○) Amplitude of the dissociation phase at different delay times measured in an interrupted
association experiment; a mono-exponential fit gave k=3.10±0.28 s−1. (b) Observed association rate constant (kobs) as a
function of RbAB concentration at fixed 5-nM FITC-E716–31 concentration. Data were fit to a linear function (R2=0.997;
slope=3.44±0.02×10− 2 nM−1 s−1; intercept=0.023±0.009 s−1). (c) Dissociation trace recorded after adding 1.25 μM
unlabeled E716–31 peptide to a stoichiometric complex of 25 nM [FITC-E716–31:RbAB]. Data were fit to a mono-exponential
function with slope obtaining, for this trace, a value of koff=0.067±0.001 s−1. (d) NaCl dependence of the equilibrium
dissociation constant obtained from kinetic (○) or equilibrium (●) measurements. (e) NaCl dependence of the kinetic
association (○) and dissociation (●) rate constant. (f) Rate–equilibrium free-energy plot for the effect of NaCl on the
E716–31:RbAB interaction. Data from plots (d) to (f) were fit to linear functions with R2N0.99, and the ΓNaCl values are
reported in Table 2.
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depending on the timescales of the binding re-
actions. The dissociation constant of the E7 dimer
has been estimated to be 1 μM by analytical
ultracentrifugation.53 Therefore, under the measure-
ment conditions (low nanomolar concentrations), it
is safe to assume that the E7 protein was monomeric.
The RbAB domain and E7 peptide fragments were
also monomeric in the concentration range assayed
(see Materials and Methods).
Table 1. Kinetic rate constants for the interaction between Rb

Fragment kon (M−1 s−1) koff (s
−

HPV16 E716–31 3.44±0.02×107 0.072±0
HPV16 E716–40 2.33±0.01×107 0.073±0
HPV16 E716-40PP 1.40±0.30×108 0.050±0
HPV16 E71–40 2.50±0.10×107 0.066±0
HPV11 E71–42 3.10±0.30×107 3.30±0
HPV18 E71–43 2.41±0.06×107 0.270±0

All measurements were performed at 200 mM [NaCl] and 20±1 °C.
a Kd(kin) was calculated as koff/kon.
b Kd(eq) data are from Ref. 36.
c Kd(eq) data were determined as explained in Materials and Metho
The HPV16 E7 LxCxE motif binds to RbAB
through a two-state association route

We have previously mapped the energetic contri-
bution of different regions of the HPV16 E7 protein
to RbAB binding, showing that the LxCxE motif
constitutes the main binding determinant and
accounts for 90% of the total free-energy of
interaction.36 In order to study RbAB association
AB and E7N fragments
1) Kd(kin)

a (M) Kd(eq)
b,c (M)

.001 2.10±0.03×10−9 5.1±1.3×10−9b

.001 3.13±0.05×10−9 6.5±1.0×10−9b

.004 0.36±0.08×10−9 1.8±0.4×10−9b

.001 2.60±0.10×10−9 3.0±1.6×10−9c

.10 110±10×10−9 102±25×10−9c

.002 11.2±0.3×10−9 3.3±0.3×10−9c

ds and Supplementary Fig. 4.

image of Fig. 2


Scheme 1. Kinetic association route for the [E716-31:
RbAB] complex.
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kinetics, we used the FITC-labeled E716–31 fragment,
which contains the LxCxE motif (Fig. 1b). We
measured the increase in FITC fluorescence produced
after mixing solutions containing a fixed amount of
FITC-labeled E716-31 and varying concentrations of
RbAB. All association traces in pseudo-first-order
regime showed a mono-exponential increase in
fluorescence with time (Fig. 2a), indicating the
presence of a single association event. Furthermore,
the observed association rate (kobs) increased linearly
with increasing RbAB concentration, confirming the
bimolecular nature of the association reaction (Fig. 2b).
In order to measure the dissociation rate, we first

assembled a stoichiometric 25-nM [E716–31:RbAB]
complex using FITC-labeled peptide. After equilibra-
tion, dissociation was produced by adding an excess
amount of unlabeled E716–31 peptide. Addition of the
unlabeled ligand produced a decrease in the fluores-
cence signal to a value undistinguishable from that of
the unbound probe, verifying that the association
reaction was fully reversible (data not shown). Dissoci-
ation traces showed amono-exponential decay, indicat-
ing the presence of a single dissociation event (Fig. 2c).
The presence of a single association phase in

pseudo-first-order regime, the linear dependence of
kobs on RbAB concentration and the presence of a
single dissociation phase are compatible with a two-
state reaction. The microscopic association rate
constant calculated from the pseudo-first-order plot
was kon =3.44±0.02×10

7 M−1 s−1 (see Materials and
Methods and Table 1). The dissociation rate constant
was calculated by averaging the rates obtained by
fitting several dissociation traces to a mono-expo-
nential decay (Fig. 2c), obtaining koff =0.072±
0.001 s−1 (Table 1), and by extrapolating the
intercept of the pseudo-first-order plot (Fig. 2b),
obtaining koff=0.023±0.009 s−1. Because of the small
value of koff, the estimation obtained from the
dissociation trace was considered more exact than
Table 2. NaCl dependence of the equilibrium and rate consta

Fragment ΓEQ
NaCl Γo

HPV16 E716–31 −1.47±0.05 −1.2
HPV16 E716–40 −1.82±0.07 −1.5
HPV16 E716–40PP −2.43±0.07 −1.8
HPV16 E71–40 −1.60±0.12 −1.3
HPV11 E71–42 −1.44±0.07 −1.4
HPV18 E71–43 −1.42±0.11 −1.2

All reported values were obtained from linear fits with R2 N 0.99 exce
a R2 = 0.17
that obtained by extrapolation. The equilibrium
dissociation constant calculated from the kinetic rate
constants considering a two-state reaction was
Kd=koff/kon=2.1±0.03×10

− 9 M, in excellent agree-
ment with the value of 5.1±1.3×10−9 M obtained
from equilibrium titration experiments36 (Table 1).
We followed the formation of the final complex in
an interrupted “double-jump” association experi-
ment (see Materials and Methods). In this experi-
ment, we mixed 10 nM FITC- labeled E716–31 with
50 nM RbAB. After varying delay times, we added
an excess 2. 5-μM amount of unlabeled E716–31
peptide and measured the resulting dissociation
kinetics. At all delay times, we found a single
dissociation phase with an average rate constant of
koff=0.054±0.002 s−1, corresponding to the dissoci-
ation of the [E716–31:RbAB] complex (Table 1). The
amplitude of this phase is proportional to the
concentration of the [E716–31:RbAB] complex. This
complex was formed with an apparent rate constant
kobs=3.10±0.28 s−1 (Fig. 2a, open circles), which
was in excellent agreement with the rate measured
in the direct association experiment, kobs=3.01±
0.04 s−1 (Fig. 2a, line trace). This agreement
provided additional evidence that the HPV16
E716–31 fragment associates with the RbAB domain
following a two-state route with no detectable
intermediates, according to Scheme 1.

Ionic strength dependence of the HPV16 E716–31:
RbAB interaction

A thermodynamic signature of electrostatic in-
teractions is their sensitivity to variation of the ionic
strength, since high salt concentrations screen charge–
charge interactions.54 We performed equilibrium
titrations and kinetic measurements in reaction buffer
containing varying NaCl concentrations in order to
analyze the contribution of electrostatic interactions to
the formation of the [E716–31:RbAB] complex. Equi-
librium titrations were performed at NaCl concentra-
tions equal or higher than 0.2 M (Supplementary Fig.
1a), since at lower [NaCl], we observed slow
precipitation of the complex. The association rate
constant at each [NaCl] was calculated as kon =
(kobs− koff)/[RbAB], and the koff values were deter-
mined from dissociation traces obtained by addition
nts for RbAB:E7N interactions
n
NaCl Γoff

NaCl αNaCl

0±0.05 0.26±0.01 0.82±0.01
6±0.03 0.26±0.04 0.85±0.02
6±0.08 0.57±0.06 0.76±0.02
1±0.14 0.30±0.04 0.82±0.03
0±0.06 0.03±0.04a 0.98±0.03
7±0.11 0.14±0.01 0.90±0.01

pt noted otherwise.

image of Scheme 1


Fig. 3. NaCl dependence of the equilibrium and kinetic rate constants for the interaction between RbAB and E716–40 or
E716–40PP. NaCl dependence of the equilibrium dissociation constant (a) and the kinetic association (b) and dissociation (c)
rate constants for the interaction between RbAB and the E716–40 (■) and E716–40PP (▲) peptides. Data for E716–31 (○) are
shown for comparison. The data were fit to linear functions with R2N0.99, and the ΓNaCl parameters obtained from the fits
are reported in Table 2.
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of excess unlabeled ligand. Kinetic traces were
mono-exponential at all NaCl concentrations (Sup-
plementary Fig. 1b and c), and there was a good
agreement between the Kd value obtained from
kinetic (Fig. 2d, open circles) and equilibrium (Fig.
2d, filled circles) measurements, indicating that the
reaction did not deviate from a two-state route.
The magnitude of variation in the equilibrium and

rate constants produced by variations in [NaCl] can
be characterized by the slope of − log Kd (or log Ka),
log kon and log koff versus log [NaCl], also referred to
as ΓEQ

NaCl, Γon
NaCl and Γoff

NaCl:55,56

GEQ
NaCl = −

BlogKd

Blog NaCl½ � =
BlogKa

Blog NaCl½ �
Gon
NaCl =

Blogkon
Blog NaCl½ � ;G

off
NaCl =

Blogkoff
Blog NaCl½ �

A negative value of ΓEQ
NaCl and Γon

NaCl and a
positive value of Γoff

NaCl indicate that the complex is
destabilized upon an increase in [NaCl].
An increase of 1 order of magnitude in [NaCl]

produced a 70-fold increase in the Kd value,
corresponding to a 2.5±0.1 kcal mol−1 decrease in
the stability of the [E716–31:RbAB] complex (Fig. 2d
and ΓEQ

NaCl=−1.47±0.05, Table 2). This effect was
due mainly to a decrease in kon (Fig. 2e, open circles;
Γon

NaCl=−1.20±0.05, Table 2), with a minor contri-
bution due to a modest increase in koff (Fig. 2e, filled
circles; Γoff

NaCl=0.26±0.01, Table 2).
The αNaCl parameter is defined as the ratio of the

rate of variation of log (kon) upon a variation in log
[NaCl] with respect to the rate of variation of log (Ka)
upon a variation in log [NaCl]:

aNaCl =
Blog konð Þ= Blog NaCl½ �
Blog Kað Þ= Blog NaCl½ � =

Gon
NaCl

GEQ
NaCl

This parameter measures the proportion of the
variation in the total free energy of interaction
produced by salt that is reflected as a variation in the
free energy of activation for the association
process. In the simplest case, αNaCl takes values
between 0 and 1, with a value of 1 indicating that
the probed interactions are fully established in the
transition-state ensemble (TSE) and a value of
0 indicating that the interactions are not present in
the TSE.
The [E716–31:RbAB] complex had a value of

αNaCl=0.82±0.01 (Fig. 2f and Table 2), indicating
that the complex is stabilized by electrostatic in-
teractions that are, to a large extent, established in
the TSE and contribute to complex formation by
speeding up association.

Contribution of the CKII–PEST region to RbAB
binding

The CKII–PEST region of E7, which lies proximal
to the LxCxE motif, is conserved and contains a high
proportion of negatively charged residues (Fig. 1b)
previously proposed to contribute to RbAB
binding.38 In order to test for this possibility, we
measured the [NaCl] dependence of the equilibrium
and rate constants for the interaction between RbAB
and the E716–40 peptide, which contains both the
LxCxE motif and the CKII–PEST region (Fig. 1b).
Binding kinetics were mono-exponential, with a
linear dependence of kobs on RbAB concentration
(Supplementary Fig. 2a–c). The Kd values deter-
mined from kinetic measurements and from equi-
librium titrations were in excellent agreement
(Table 1), confirming that association followed a
two-state reaction.
At 0.05 M NaCl, the presence of the CKII–PEST

region increased the binding free energy by 0.45 kcal
mol−1. The presence of the CKII–PEST region also
increased ΓEQ

NaCl from −1.47±0.05 for E716–31 to
−1.82±0.07 for E716–40 (Fig. 3a and Table 2). These
results indicated that the CKII–PEST region contrib-
uted with stabilizing interactions, which were of
electrostatic nature.

image of Fig. 3
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The increase in ΓEQ
NaCl was due to a stronger

dependence of kon on [NaCl] for the E716–40 peptide,
while the Γoff

NaCl value did not change (Fig. 3b and c
and Table 2). In analogy to the Φ value used to
analyze the effect of point mutations,57 it is possible
to define a ϕCKII–PEST value, which measures the
extent to which the interactions contributed by the
CKII–PEST region are established in the TSE:

fCKII−PEST =
DGON;z

16 − 40 − DGON;z
16 − 31

DGEQ
16 − 40 − DGEQ

16 − 31

A ϕCKII–PEST value of 1 implies that the interac-
tions contributed by the CKII–PEST region are fully
established in the TSE, while a value of 0 indicates
that the interactions are formed after the TSE.
Similar ϕCKII–PEST values were obtained at different
[NaCl] concentrations (data not shown). At 0.05 M
NaCl, where the energetic contribution of this region
was strongest, the ΦCKII–PEST value was 0.92±0.03
(Table 2). Therefore, we can conclude that the
stabilizing electrostatic interactions contributed by
the CKII–PEST region are established in the TSE.
Fig. 4. Binding kinetics and NaCl dependence of the E7N:R
proteins. (a) Kinetic association trace measured bymixing 200 n
was fit to a single-exponential function, with kobs=9.48±0.41 s

−

(kobs) on RbAB concentration at a fixed concentration of 20
previously described model [see Eq. (3)] to obtain the value o
measured after adding 8 μM unlabeled HPV16 E7N peptide t
400 nM RbAB. The trace was fit to a single-exponential functio
for the E7N:RbAB interaction are reported in Table 1. (d–f) N
kinetic association (e) and dissociation (f) rate constants for dif
the linear fits of the data are reported in Table 2 (R2 N 0.99 exc
(▼), HPV11 E7N (♦). In panel (f) the data for HPV16 E716-40 i
Effect of E7 phosphorylation at S31 and S32 on
RbAB binding kinetics

Phosphorylation of the serine residues located
within the CKII–PEST region of E7 is required for
the induction of S-phase reentry in HPV-infected
differentiating keratinocytes58 as well as for E7
transforming properties,59 two effects known to be
mediated through interaction of E7 with pocket
proteins. Recently, E7 phosphorylation was shown
to increase p13060 and RbAB binding affinity.36 In
order to analyze the effect of phosphorylation on the
interaction kinetics, we measured the binding
kinetics between RbAB and the HPV16 E716–40PP
peptide, which is phosphorylated at S31 and S32
(Fig. 1b). Complex formation occurred through a
two-state route, as shown by the mono-exponential
kinetics of the binding reaction, the linear depen-
dence of kobs on RbAB concentration (Supplemen-
tary Fig. 2d–f) and the agreement between the Kd
values determined from kinetic and equilibrium
measurements (Table 1).
At 0.05 MNaCl, phosphorylation had a stabilizing

effect on complex formation, increasing the binding
bAB interaction from prototypical high- and low-risk E7
M FITC-labeled HPV16 E7Nwith 800 nM RbAB. The trace
1. (b) Dependence of the observed association rate constant
0 nM FITC-labeled HPV16 E7N. The data were fit to a
f kon =2.5±0.1×10

7 M−1 s−1. (c) Kinetic dissociation trace
o a preformed complex of 200 nM FITC-labeled E7N and
n, obtaining koff=7.00±0.06×10

−2 s−1. Kinetic parameters
aCl dependence of the equilibrium constant (d) and of the
ferent E7N domains. The ΓNaCl parameters obtained from
ept as noted). E7N domains: HPV16 E7N (□), HPV18 E7N
s shown for comparison (■).

image of Fig. 4


Fig. 5. Association kinetics between full-length E7 and
RbAB. Fluorescence intensity change produced after
mixing 5 nM FITC-E7 and 100 nM RbAB in measurement
buffer containing 200 mM [NaCl]. The residuals from fits
to single-exponential (upper), double-exponential (mid-
dle) and triple-exponential (lower) functions are shown
below the graph. For this trace, the fitted rate constants
were kobs1 = 5.2 ± 0.2 s− 1, kobs2 = 1.12 ± 0.04 s− 1 and
kobs3=0.124±0.003 s−1.

Fig. 6. Quantitative modeling of the E7: RbAB interaction. (a
kobs2 and kobs3) on RbAB concentration at 0.2 M NaCl and globa
and in (d) and described in the main text and in Supplementary
obtained by the global fit shown in (a) to (c) and correspondin
linear fits of the dependence of the microscopic rate constants o
E7:RbAB interaction at 0.2 M NaCl and its ΓNaCl value are als
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free energy by 1.31±0.05 kcal mol−1 with respect to
the unphosphorylated E716–40 fragment. Phosphor-
ylation also increased the ΓEQ

NaCl value from
−1.82±0.07 to −2.43±0.07 (Fig. 3a and Table 2),
due to changes in both Γon

NaCl and Γoff
NaCl (Fig. 3b

and c and Table 2). TheΦPHOSPHO value, defined as:

fPHOSPHO =
DGON;z

16 − 40PP − DGON;z
16 − 40

DGEQ
16 − 40PP − DGEQ

16 − 40

was similar at different NaCl concentrations. At
0.05 M [NaCl], where the contribution due to
phosphorylation was strongest, ΦPHOSPHO was
0.56±0.04 (Table 2). These results indicated that
phosphorylation contributes with stabilizing inter-
actions of electrostatic nature, which are partially
established in the TSE.

Differences in binding kinetics of the E7N
domains from high- and low-risk E7 proteins

Prototypical low-risk HPV11 and HPV6 E7 pro-
teins bind to RbAB with lower affinity than do
high-risk HPV16 and HPV18 E7 proteins36,61

(Table 1), which is related to their lower transform-
ing potential.42 To investigate the kinetic basis for
these differences, we measured the equilibrium
–c) Dependence of the three observed rate constants (kobs1,
l fit to the four-state association model shown in Scheme 2
Figs. 5 and 8. (d) Microscopic rate constants at 0.2 MNaCl
g ΓNaCl values. The ΓNaCl values were obtained from the
n NaCl concentration shown in Fig. 7. The Kd value for the
o shown below the scheme.

image of Fig. 5
image of Fig. 6


Fig. 7. NaCl dependence of equilibrium and rate constants for the E7:RbAB interaction. (a) NaCl dependence of the
equilibrium constant (Kd) for the E7:RbAB and the E716–40:RbAB interactions. (·) E7:RbAB, ΓEQ

NaCl=−1.16±0.12; (■) E716–40:
RbAB,ΓEQ

NaCl=−1.82±0.07. (b) NaCl dependence of k1 (●) and k−1 (○). (c) NaCl dependence of k2 (●) and k−2 (○). (d) NaCl
dependence of k3 (●) and k−3 (○). The values of the microscopic rate constants at each NaCl concentration are reported in
Supplementary Table 1 andwere obtained from global fits of the observed association rate constants (kobs1, kobs2 and kobs3) at
eachNaCl concentration (see Supplementary Fig. 5). In (c), the NaCl dependences of kon (■) and koff (□) for the E716–40:RbAB
interaction are shown for comparison. The data were fit to linear functions, with the corresponding ΓNaCl parameters
reported in Fig. 6d.
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and rate constants the for interaction between
RbAB and the FITC-labeled HPV16, HPV18 and
HPV11 E7N domains (Fig. 1b) and their NaCl
dependence. We followed the binding reaction by
monitoring changes in FITC anisotropy, since none
of the E7N domains yielded changes in fluores-
cence intensity upon RbAB binding. In order to
increase the signal-to-noise ratio, we performed
measurements at 200 nM FITC-E7N, and associa-
tion kinetics were measured under non-pseudo-
first-order conditions to maintain complex solubil-
ity. All association and dissociation traces had
mono-exponential kinetics (Fig. 4a and c and
Supplementary Fig. 3a, b, d and e). The koff values
were obtained as previously described (Table 1),
and the kon values were determined [see Eq. (3)]
from the kobs versus [RbAB] plots (Fig. 4b and
Supplementary Fig. 3c and f and Table 1). The
agreement between the Kd values determined from
kinetic and equilibrium measurements (Table 1 and
Supplementary Fig. 4) indicated that all reactions
followed a two-state reaction.
All E7N domains showed a decrease in stability

upon increasing [NaCl] (Fig. 4d and Table 2),
indicating the presence of stabilizing electrostatic
interactions. In all cases, the αNaCl values were close
to unity, indicating that the electrostatic interactions
were present in the TSE (Fig. 4e and f and Table 2).
The differences in stability between E7N domains
were maintained across different NaCl concentra-
tions (Fig. 4d and Table 2). We defined:

fHPV11E7N =
DGON;z

HPV11E7N − DGON;z
HPV16E7N

DGEQ
HPV11E7N − DGEQ

HPV16E7N

fHPV18E7N =
DGON;z

HPV18E7N − DGON;z
HPV16E7N

DGEQ
HPV18E7N − DGEQ

HPV16E7N
which allowed us to compare the binding kinetics of
the HPV11 and the HPV18 E7N domains
with respect to the HPV16 E7N domain. At 0.05 M
NaCl, we obtained ϕHPV11E7N=0.20±0.02 and
ϕHPV18E7N=0.19±0.05, indicating that the differ-
ences in stability for both HPV11 and HPV18 E7N
with respect to HPV16 E7N were reflected mainly
by changes in koff and, therefore, in the half-life of
the complexes (Table 2).

Full-length HPV16 E7 binds to RbAB through a
multistate route

The E7 protein presents a secondary lower-affinity
RbAB binding site located in the E7C domain36 that
may overlap with the previously described RbC
binding site, also located in E7C.25,34 Therefore, we
were interested in assessing the influence of this
second binding site on the interaction kinetics.
Binding between RbAB and the full-length FITC-
labeled HPV16 E7 protein at 0.2 MNaCl generated a
large change in fluorescence, which was followed by
stopped-flow kinetics (Fig. 5). The association traces
measured in pseudo-first-order regime did not
follow simple kinetics, and fits to a sum of three
exponential functions were needed to account for
the time traces at all RbAB concentrations tested
(Fig. 5). Upon going from 100 to 400 nM RbAB, the
faster phase kobs1 became 3-fold faster (Fig. 6a), the
intermediate phase kobs2 became 2-fold faster
(Fig. 6b) and the slowest phase kobs3 became 1.3-
fold faster (Fig. 6c).
The presence of three kinetic phases in the

association traces indicates that at least four states
need to be considered in order to describe the binding
mechanism. There are three such minimal kinetic
models. All of them include a bimolecular association
event and two unimolecular steps, which may, in

image of Fig. 7
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principle, involve isomerization of free E7, of the E7:
RbAB complex or of both. All three minimal kinetic
models account well for the available experimental
data. Since the main conclusions of this work are
mechanism independent, we describe in detail the
results for one of the three models (Figs. 6 and 7) and
show the results for the other two in Supplementary
Material (Supplementary Figs. 6 and 7).
We have chosen to highlight a model that considers

a pre-equilibrium between two conformations of the
E7protein (E7 andE7⁎), an association event leading to
an intermediate (E7:RbAB) complex and an isomeri-
zation step that yields the final consolidated [E7:
RbAB] complex (Scheme 2 and Fig. 6d). This model is
supported by the available biochemical data on the E7
protein. The N-terminal domain of E7 is disordered in
solution, with a heterogeneity that includes α-helical
conformations.31,33 On the other hand, this domain
adopts a well-defined, extended conformation in the
complex with RbAB.20 Thus, it is plausible that only a
fraction of free E7 molecules are competent for
binding. There are two RbAB binding sites in E7,
both of which contribute to the binding affinity.36 An
intermediate (E7:RbAB) complex may involve an
interaction at only one of the binding surfaces.
First, we fit the [RbAB] dependence of the three

observed kinetic association phases to the four-state
model at 0.2 M NaCl and restricted the fit by using
the Kd value measured independently by equilibri-
um titrations (Fig. 6a–c). This allowed us to estimate
the microscopic rate constants for each reaction step,
with standard deviations at or below 10% (Fig. 6d
and Supplementary Table 1). Free E7 exists in two
similarly populated conformers, which interconvert
with rates of about 0.15 s−1. One of these conformers
is able to associate to RbAB with a bimolecular
association rate very similar to that of the isolated
LxCxE motif (Fig. 6d and Table 1). The intermediate
complex (E7:RbAB) has lower stability compared to
the [E716–31:RBAB] complex, with a Kd of 70 nM
(Fig. 6d) compared to 5 nM (Table 1). This
intermediate complex then rearranges into the final
consolidated complex with a rate constant of 0.9 s−1.
The rate constant for the reverse process is
8×10−3 s−1 (Fig. 6d), an order of magnitude slower
than the dissociation rate of the E716–31 fragment
(Table 1). This is in accordance with the higher
binding affinity of the full-length E7 protein
(Kd=0.50±0.06 nM, Fig. 6d) as compared to the
isolated LxCxE motif (Kd=5.1±1.3 nM, Table 1).
Next, we investigated the salt dependence of the

rate constants for each microscopic step. For this
purpose, we performed equilibrium and kinetic
association experiments at NaCl concentrations
ranging from 0.1 to 1 M (Supplementary Fig. 5a).
For all salt concentrations tested, three exponential
phases were required to fit the association data (data
not shown). All observed rate constants became
slower at higher salt concentrations (Supplementary
Fig. 5b and c). The four-state model of Fig. 6d was
able to describe the [RbAB] dependence of the
observed kinetic phases at all NaCl concentrations
tested (Supplementary Fig. 5a). Each fit was
restricted using the Kd value measured at the
corresponding NaCl concentration.
The salt dependence of the equilibrium and the

microscopic rate constants is displayed in Fig. 7.
Surprisingly, the equilibrium constant for the E7:
RbAB interaction showed a shallower salt depen-
dence compared to the E716–40 fragment containing
the LxCxEmotif (Fig. 7a, ΓEQ

NaCl=−1.16±0.12 versus
−1.82±0.07). The pre-equilibriumbetween the twoE7
conformers becomes slower at higher salt concentra-
tions for both the forward and the reverse reactions
(Fig. 7b). The resulting equilibrium constant is
approximately salt independent. In other words,
electrostatic interactions do not shift the equilibrium
toward either conformation. Interestingly, we ob-
served a similar phenomenon for formation of the
intermediate (E7:RbAB) complex (Fig. 7c). The de-
pendence of the association and dissociation rate
constants had the same sign and similar magnitude,
resulting in a dissociation constant that was nearly
salt independent. The association event between E7
and RbAB had a rate constant and salt dependence
very similar to those of the E716–40 fragment contain-
ing the LxCxE motif and the CKII-PEST region (Fig.
7c). This result strongly suggests that the TSE for
association is mainly stabilized by binding of the
LxCxE motif and the adjacent CKII–PEST region. On
the other hand, the dissociation of the intermediate
(E7:RbAB) complex had a salt dependence very
different from that of the [E716–40:RbAB] complex
(Fig. 7c). There are two possible causes for this
phenomenon, not mutually exclusive. One, in the
intermediate (E7:RbAB) complex, the E7C domain
may form electrostatic interactions in addition to
those formed by the E716–40 fragment. Two, the
electrostatic interactions formed by the E716–40 frag-
ment in the intermediate (E7:RbAB) complex may be
different from those formedby the E716–40 fragment in
the [E716–40:RbAB] complex. Finally, the rearrange-
ment of the intermediate (E7:RbAB) complex into the
consolidated [E7:RbAB] complex showed a negative
salt dependence for the forward reaction, while the
reverse step had a null salt dependence (Fig. 7d). As a
consequence, electrostatic interactions favor the
formation of the final [E7:RbAB] complex from the
intermediate (E7:RbAB) complex. The salt depen-
dence of this elementary step (ΓEQ

NaCl=−1.1±0.4,
Fig. 6d) accounts for most of the salt dependence of
the complete process (ΓEQ

NaCl=−1.16±0.12, Fig. 7a).
Discussion

The interaction between E7 and Rb features
several properties also found in cellular Rb targets.
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First is the presence of the high-affinity LxCxE
motif.12 Second is the presence of several binding
sites, for example, in the interaction between Rb
and LxCxE-containing cellular partners such as
HDAC,11,47 CtIP48,49 and EID-1.50,62
Binding of the LxCxE module from HPV E7 to

RbAB follows a simple two-state route, with no
detectable intermediates (Fig. 2). Association is fast
(kon=3×10

7 M−1 s−1). Binding presents a strong
electrostatic component that is present in the TSE,
suggesting that long-range electrostatic interactions
between the complementary charged binding sur-
faces (Fig. 1c) assist in correct positioning of the
LxCxEmotif, as found in other electrostatically driven
interactions such as Barnase–Barstar,63 thrombin–
hirudin,64 Ras–Raf65 and SH2–ligand.56 This result
agrees with mutagenesis data showing that binding
of the LxCxE motif from E7 and HDAC to RbAB is
favored by the presence of a negatively charged
residue preceding the leucine in the motif.11 The half-
life of the complex formed between RbAB and the E7
LxCxE motif is 10 s, within the range observed in
other dynamic regulatory interactionmodules such as
PDZ–ligand,66 CheY/CheA,67 Ras–Raf65 and SH2–
ligand68 and much shorter than that of stable
enzyme–inhibitor complexes such as Barnase–
Barstar,63 thrombin–hirudin64 andAchE–fasciculin.69

This indicates that evenwhen the interaction between
E7 andRb is tight, association still probably allows for
ligand exchange with other cellular proteins at low or
intermediate expression levels.
The conserved CKII–PEST region of E7 and its

phosphorylation modulate the binding kinetics
without modifying the interaction mechanism. The
CKII–PEST region stabilizes the complex between
the LxCxE motif and RbAB (Fig. 3 and Table 1)
through electrostatic interactions that speed up
association, further contributing to orienting the
motif. This is in accordance with previous results
showing that this region contributes to RbAB
binding,38 although the magnitude of the electro-
static effect was lower than expected given the high
proportion of charged residues found in this region
(Fig. 1b and Table 2). The presence of a stretch of
negatively charged residues following the LxCxE
motif also increases RbAB binding affinity in the
HDAC protein,11 suggesting that electrostatic in-
teractions play a role in binding of both cellular and
viral Rb targets. Phosphorylation contributes elec-
trostatic interactions (Fig. 3), similar to the CKII–
PEST region. However, the stabilizing contribution
of the CKII–PEST region is 90% present in the
transition state for the association reaction, while the
stabilizing contribution of phosphorylation is only
50% present in the transition state for the association
reaction. This suggests that the interactions made by
the CKII–PEST region and the phosphate groups
may be of different nature, although they are both
negatively charged. We speculate that the CKII–
PEST region contributes long-range electrostatic
interactions, which have few conformational re-
strictions and can thus form early in the association
route. In turn, the phosphate groups would establish
both long-range interactions early in the association
route and short-range, conformationally restricted
contacts with the RbAB domain that can only form
late in the association route. The CKII–PEST region
is present in HPVE7, AdE1A and SV40-LT and
modulates their function.58,70,71 In contrast, in
cellular targets, the acidic region can be present
(HDAC, RBP1 and RIZ) or absent (CtIP, CyclinD
and BRG1/BRM), and only one-third of the targets
present a phosphorylation site. This suggests that
while the LxCxE motif provides a high-affinity
anchoring site for both viral and cellular targets,
the CKII–PEST region contributes to fine-tuning of
the RbAB interaction dynamics in favor of viral
proteins. The intrinsically disordered nature of the
E7N domain allows for presentation of these linear
motifs (LxCxE and CKII–PEST) for recognition by
protein targets such as Rb.31,36

The dynamics of the complexes formed by Rb will
dictate ligand competition between Rb targets. E7
binds to RbAB with an on-rate of 1.5 107 M−1 s−1, 1
order of magnitude faster than the on-rate of the
E2F-1 transactivation domain, measured by surface
plasmon resonance10 to be kon=1 106 M−1 s−1. A
faster association rate would provide E7 with an
advantage for displacement of E2F because E7-
induced Rb degradation will turn this interaction
into an “irreversible” process, further decreasing the
number of Rb molecules available for interaction
with E2F. On the other hand, differences in the half-
life of the complexes may also be relevant to E7
function. For example, NMR titrations showed that
differences in affinity between LxCxE peptides from
HDAC1 and HPV16 E7 were reflected by changes in
the exchange dynamics and, therefore, the koff of the
complexes, suggesting that E7 may easily displace
preformed complexes of cellular targets such as
HDAC from the LxCxE binding site.11 Rather small
differences in Rb binding strength are also related to
the variable transforming potential of prototypical
high-risk HPV16 and HPV18 and low-risk HPV11
E7 proteins.42,61 Figure 4 shows that these differ-
ences also lie on the dissociation rates, leading us to
suggest that changes in ligand exchange dynamics
may render low-risk HPV11 E7 proteins less potent
in displacing cellular Rb complexes, contributing to
the differences in the transforming potential of these
proteins.42 HPV16 E7 presents a negatively charged
aspartate at position 21 of its LxCxE motif (Fig. 1b).
Interestingly, replacement for a positively charged
arginine in HDAC1 and for a neutral glycine in
HPV11 E7 accounts for the differences in affinity
and exchange dynamics between these proteins.11,61
The E7:RbAB binding reaction features two

characteristics that are common to many naturally
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occurring protein–protein interactions yet have been
hardly explored by biophysical or kinetic experi-
ments to date. First, the complex has multiple sites of
interaction with different binding strengths, namely,
the high-affinity LxCxE motif and its modulators
and the low-affinity E7C domain. This is shared
with many other eukaryotic proteins, where multi-
ple interacting modular domains are often
present.72,73 Second, while the RbAB domain dis-
plays a compact fold,20 E7 shows remarkable
structural plasticity, particularly in the E7N
domain31 (Fig. 1a). This plasticity suggests two
potential consequences: on one hand, the ability to
adopt many different conformations may provide
with multiple efficient binding routes; on the other,
the transition from a flexible free E7 to a more rigid
bound form may create kinetic bottlenecks in this
coupled folding–binding process.74,75

Our results show that the presence of multiple
anchoring sites and coupled folding and binding
lead to considerable kinetic complexity in the
association of full-length E7 to RbAB (Figs. 5 and
6). At least two intermediates are significantly
populated during binding, indicative of a frustrated
energy landscape with several deep wells.76 Only a
fraction of free E7 molecules are competent for
binding. Since the binding kinetics of the E7N
domain are two state, we suggest that the E7 pre-
equilibrium reaction stems from a slow isomeriza-
tion in the E7C domain and/or from yet unknown
E7N–E7C inter-domain interactions that preclude
fast association. Association starts by an electrostat-
ically steered docking of the charged LxCxE motif,
showing that this region not only is the main
determinant of the binding thermodynamics36 but
also provides the fastest route for complex forma-
tion. The last step of the reaction is a slow
unimolecular rearrangement of the E7:RbAB com-
plex. We propose that, in this rate-limiting reaction,
the RbAB domain remains compact20,77 and that,
within the flexible E7, the LxCxE motif remains
docked and other parts of the molecule undergo a
conformational rearrangement. This mechanism re-
sembles that described for the coupled folding and
binding of unstructured pKID to the KIX domain,
where an on-pathway partially folded intermediate
was also identified.78 In this system, disorder within
pKID was also shown to optimize the binding
kinetics.79 Interestingly, whereas the pKID–KIX
encounter complex was mainly stabilized by hydro-
phobic contacts,78 the E7:RbAB encounter complex
is stabilized by electrostatic interactions. Recent
studies have shown that multiple anchoring sites
and intrinsic disorder within adenovirus E1A also
contribute to the formation of ternary complexes
that compete effectively with cellular interactions.22

The salt dependence of the E7:RbAB interaction is
remarkably complex. Electrostatic interactions favor
complex formation for both the E7N domain and the
full-length protein (Fig. 7a), with the main contrib-
utor to the electrostatic component within the E7N
domain being the LxCxE module. However, the salt
dependence is higher for the E7N domain (Table 2).
We can interpret this result by assuming that the
electrostatic interactions formed by the E716–40
fragment upon binding are the same in isolation
and within the context of full-length E7. In this
case, we can dissect the salt dependence of the E7:
RbAB complex into additive contributions from
the N-terminal and C-terminal domains of E7, and
ΓEQ

NaCl (E7)=Γ
EQ

NaCl (E716–40) +Γ
EQ

NaCl (E7C). If
this is correct, ΓEQ

NaCl (E7C)=−1.16+1.82=0.66. In
other words, the electrostatic interactions formed by
the E7C domain upon binding are unfavorable. This
may contribute to the observation that the binding
free energy for the full-length E7 protein is less than
the sum of the binding free energies of the isolated
E7N and E7C domains.36 The association kinetics
reveal additional intricacies (Fig. 7): whereas the
pre-equilibrium reaction and the formation of the
intermediate complex show little salt dependence at
equilibrium, all the corresponding forward and
reverse reactions are strongly slowed down by
salt. Thus, for these two conformational transitions,
electrostatic interactions are more favorable in the
TSEs than in the ground states. The following
speculative scenario can explain this observation.
In the ground states, charges are held in an
unfavorable configuration by the rest of the mole-
cule. This electrostatic frustration is released to some
extent in the TSE via partial “cracking” of the
structure,76,80 leading to stabilization of the TSE
relative to both ground states of the reaction.
Altogether, probing the energy landscape for E7:
RbAB association by salt further supports the
presence of a significant amount of frustration in
this reaction.
The present study allows us to present an overall

picture of the E7:RbAB interaction, which reveals
important features concerning the role of the LxCxE
motif and of secondary interactions sites present in
E7 on the binding kinetics. As in equilibrium, the
LxCxE motif within the intrinsically disordered E7N
domain plays a crucial role by acting as a high-
affinity anchor around of which the rest of the
complex interface forms. Binding of the minimal
LxCxE regulatory module shows simple yet highly
optimized kinetics,79 with enough affinity and a
half-life to allow for competition with cellular
proteins at low expression levels typical of early
stages of natural infections. The downstream acidic
stretch, reversible phosphorylation and other prox-
imal charges may shape this competition in an HPV-
type-dependent manner. The multiple binding sites
within the flexible E7 lead to complex kinetics and
the population of frustrated species. We present a
first approach to the study of the E7:Rb interaction
mechanism. Future efforts that extend the present
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study including other Rb domains and competition
studies should help elucidate the contribution from
interactions between the E7C and the RbC domains
and uncover the mechanisms for E2F displacement.
The complexity observed in E7:Rb binding kinetics
is likely involved in fine-tuning the displacement of
cellular Rb targets that also present multiple
interaction sites and will determine the ensuing
transient and long-term effects on the Rb interaction
network upon E7 over-expression.
Materials and Methods

Protein expression and purification

The human RbAB domain (residues 372–787) and the
HPV16 E7 protein (residues 1–98) were expressed and
purified as previously described.33,36 Briefly, the RbAB
domain was cloned in the pRSET-A vector, expressed as a
His-tagged fusion protein and purified through metal-
affinity chromatography followed by ion-exchange and
size-exclusion chromatographies. The HPV16 E7 protein
was cloned in the pMalE vector, expressed as a maltose
binding protein fusion protein and purified through an
amylose resin followed by ion-exchange and size-exclu-
sion chromatographies preceded by a refolding step that
was included in order to obtain a conformationally
homogeneous sample. The RbAB domain was obtained
as a monomer as determined by its gel-filtration profile
and static light-scattering measurements, and the E7
protein was obtained as a homogeneous dimer with 1
mol of bound zinc per protein monomer. Protein purity
was N95% as judged by SDS/PAGE, and protein identity
was confirmed by Western blots and by matrix-assisted
laser desorption/ionization time-of-flight mass spectrom-
etry (Bruker Daltonics, Billerica, MA, USA). Protein
concentration was determined by the Bradford method
using bovine serum albumin as a standard or by UV
spectroscopy using reported extinction coefficients for
tyrosine and tryptophan.81
Peptide synthesis and labeling

The synthesis and labeling of the E7 peptides used in
this work have been previously described in detail.36

Briefly, peptides were synthesized by F-moc chemistry
(W. M. Keck Facility, Yale University, New Haven, CT).
FITC labeling at the free N-terminus was carried out in
100 mM sodium carbonate buffer, pH 8.0, for 2 h at room
temperature, and labeled peptides were separated from
free FITC by a PD-10 column (GE Healthcare, Uppsala,
Sweden) followed by size-exclusion chromatography or
reverse-phase HPLC. The purity of all preparations was
judged by matrix-assisted laser desorption/ionization
time-of-flight spectroscopy. Peptides were quantified by
UV absorbance at 220 nm in HCl, and the FITC
concentration was determined at pH 7.0 and 495 nm
using a molar extinction coefficient of 75,000 M−1 cm−1.82

The synthetic peptides used in this study are shown in
Fig. 1b.
Chemicals and solutions

Unless stated otherwise, all measurements were per-
formed in 20 mM sodium phosphate buffer (pH 7.0),
200 mM NaCl, 2 mM DTT and 0.1% Tween 20 at 20±
0.1 °C. All chemical reagents were of analytical grade
(purchased from Sigma-Aldrich or ICN Biomedicals), and
all solutions were prepared with distilled and deionized
(Milli-Q plus) water and filtered through 0.22-μm mem-
branes prior to use.

Kinetic measurements

Kinetic measurements were performed using an
SX18MV stopped-flow apparatus (Applied Photophysics,
Leatherhead, UK) except when stated otherwise. All
concentrations reported are those of the measurement
cell, which resulted from mixing equal volumes of protein
solutions from each stopped-flow syringe. The association
and dissociation reactions were monitored by following
the change in fluorescence intensity or fluorescence
anisotropy of the FITC moiety coupled to the E7 peptides
or the E7 protein. For FITC fluorescence measurements,
the excitation monochromator was set to 495 nm with a
4.6-nm band-pass, and emission was collected through a
515-nm-cutoff filter (Schott, PA, USA). For FITC anisotro-
py measurements, two photomultiplier tube detectors
were assembled in T-geometry, and vertically and
horizontally polarized emissions were collected through
530-nm-cutoff filters. For reactions showing slow dissoci-
ation kinetics, measurements were performed in a
fluorescence polarimeter (Aminco-Bowman) assembled
in L-geometry using a 500-μl quartz cuvette and setting
the excitation and emission wavelengths to 495 nm and
520 nm, respectively, with a 4- to 8-nm bandwidth.

Pseudo-first-order association kinetics

For the E716–31, E716–40 and E716–40PP fragments and for
the full-length E7 protein, association reactions were
measured in pseudo-first-order regime with respect to
RbAB by monitoring the change in FITC fluorescence
intensity upon RbAB binding. FITC-peptide/protein
concentration was held constant at 5 nM, and RbAB
concentration was varied between 25 and 400 nM. Eight to
ten time traces were averaged per measurement point.

Non-pseudo-first-order association kinetics

The association and dissociation between the HPV16,
HPV11 and HPV18 E7N domains and RbAB were
followed by the change in fluorescence anisotropy of the
FITC moiety coupled to the peptides. Because of greater
limitations in the signal-to-noise ratio of these measure-
ments, the association traces were recorded at 200 nM
FITC-E7N and at RbAB concentrations varying from 100
to 2000 nM. Eight to ten time traces were averaged per
measurement point.
Dissociation kinetics

Dissociation traces were measured by displacing a
stoichiometric complex of RbAB and FITC-labeled E7
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peptide/protein at 25 nM concentration by adding a 25- to
50-fold excess of unlabeled E7 peptide/protein. For
dissociation traces recorded in the fluorescence spectrom-
eter, the change in fluorescence upon dissociation could be
compared to the original fluorescence signal of the free
peptide/protein, verifying the reversibility of the reaction.
Five to ten kinetic traces were averaged per measurement.

Interrupted association experiments

Experiments were performed by first mixing equal
volumes of RbAB protein and FITC-labeled E716–31
peptide at a final concentration of 50 nM RbAB and
10 nM FITC-E716–31. After a delay time ranging from 50 to
5000 ms, the dissociation kinetics were measured by
mixing the complex with an excess amount (2.5 μM) of
unlabeled E716–31 peptide.

Data analysis and fitting

Fitting was carried out using the Profit software
(Quantumsoft, Zurich, Switzerland) to obtain parameters
and their standard deviations.

Pseudo-first-order association traces

Averages of 5–10 kinetic traces containing at least 1000
measurement points for the HPV16 E716–31, E716–40 and
E716–40PP peptides at 5 nM FITC-peptide and at each RbAB
concentration were fit to Eq. (1) to obtain the observed rate
constant:

F tð Þ = F0 + A � ekobst + c1t ð1Þ
where A is the amplitude and kobs the observed rate
constant. Signal drift was taken into account by a linear
time-dependent term (c1), and the initial fluorescence
value was Fo. The kobs values as a function of RbAB
concentration were fit to Eq. (2) to obtain the microscopic
association and dissociation rate constants for the reaction
(kon and koff):

kobs = koff + kon × RbAB½ � ð2Þ

Dissociation kinetics

Dissociation traces performed in excess of unlabeled
ligand were fit to a mono-exponential function of the form
[Eq. (1)] to obtain the koff value.
Scheme 2. Kinetic association route for the [E7:RbAB]
complex.
Non-pseudo-first-order association traces

Under our measurement conditions, all association
traces for E7N domains had mono-exponential kinetics.
The dependence of the observed association rate constant
(kobs) on RbAB concentration was fit to Eq. (3), which
describes the dependence of kobs on the kinetic rate
constants for bimolecular association processes under
non-pseudo-first-order conditions,83 and has been applied
to describe protein/peptide interactions:66,84

kobs =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2on n− RbAB½ �ð Þ2 + k2off + 2konkoff n + RbAB½ �ð Þ

q
ð3Þ
where kobs is the observed rate constant at each RbAB
concentration point and n is the fixed concentration of
FITC-labeled peptide. This allowed for the determination
of the values for kon and koff. Under pseudo-first-order
conditions (n⋘ [RbAB]), Eq. (3) breaks down to Eq. (2).

Complex association and dissociation kinetics

For the full-length E7 protein, association traces under
pseudo-first-order conditions yielded complex kinetics
that did not fit to a single-exponential function. These
traces were fit to a combination of up to three exponential
functions (with amplitudes An and rates kn):

F tð Þ = A1 � ek1t + A2 � ek2t + A3 � ek3t + c1 � t + c2 ð4Þ
Signal drift was taken into account by a linear time-

dependent term (c1), and the initial fluorescence value was
Fo.

Quantitative modeling of the E7:RbAB interaction

We considered the following linear four-state mecha-
nism for the association between E7 and RbAB, described
by Scheme 2.
Under pseudo-first-order conditions ([Rb]=[Rb]T), this

mechanism is described by differential Eqs. (6)–(9):

B E74½ �
Bt

= − k1 E74½ � + k−1 E7½ � ð6Þ

B E7½ �
Bt

= k1 E74½ � − k2RbT + k−1ð Þ E7½ � + k−2 Rb : E7ð Þ ð7Þ

B E7 : Rbð Þ½ �
Bt

= k2RbT E7½ � − k−2 + k3ð Þ Rb : E7ð Þ½ � + k− 3 E7 : Rb½ �½ �
ð8Þ

B E7 : Rb½ �½ �
Bt

= k3 Rb : E7ð Þ½ � − k−3 Rb : E7½ �½ � ð9Þ

where kn and k−n are the forward and reverse rate constants
for the nth equilibrium, respectively, and the RbAB domain is
denoted as Rb for simplicity. This system can be solved by
matrix substitution methods and gives rise to the third-order
characteristic polynomial:

E3 + C1E2 + C2E + C3 = 0 ð10Þ
where C1, C2 and C3 are coefficients that depend on the
microscopic rate constants and on Rb concentration (Supple-
mentary Fig. 8). Solving this polynomial for λ yields the three
nonzero eigenvalues that correspond to the three observed
relaxation phases (Supplementary Fig. 8). We used this model

image of Scheme 2


281Kinetics of the E7-RbAB Interaction
to perform a global fit of dependence of kobs1, kobs2 and kobs3
on RbAB concentration at different [NaCl] concentrations,
restricting the fit with the Kd value obtained by equilibrium
titrations performed at each NaCl concentration tested.
Quantitative modeling of the other two four-state mecha-
nisms for the E7:Rb interaction discussed in the Results setion
are also described in Supplementary Fig.8.
NaCl dependence of the equilibrium and kinetic rate
constants

The dependence of the equilibrium and kinetic con-
stants on NaCl concentration was assessed by performing
experiments in reaction buffer [20 mM sodium phosphate
(pH 7.0), 2 mM DTT and 0.1% Tween 20] supplemented
with varying concentrations of NaCl ranging between 0.05
and 1 M. Equilibrium titrations were performed as
previously described.36 For the E716–31, E716–40 and
E716–40PP peptides and for the E7 protein, measurements
were performed by following the change in fluorescence
intensity of the FITC-labeled peptides/protein. Kinetic
association traces were recorded in pseudo-first-order
regime at 5 nM [FITC-E7 peptide/protein] and 50 nM
[RbAB]. Kinetic dissociation traces were recorded as
described above, by displacement of a 25-nM stoichio-
metric complex of labeled peptide/protein and RbAB
with excess amounts (1.25 μM) of unlabeled peptide/
protein. The koff values were calculated directly from
fitting the fluorescence dissociation traces to a mono-
exponential function, and the kon values were calculated
from Eq. (2) using the koff values determined indepen-
dently at each NaCl concentration. For the HPV16, HPV18
and HPV11 E7N domains, measurements were performed
by following the change in fluorescence anisotropy of the
FITC-labeled peptides. Kinetic association traces were
recorded under non-pseudo-first-order conditions at
200 nM [FITC-E7N] and 300 nM [RbAB] (HPV16 E7N)
or 1 μM [RbAB] (HPV18 and HPV11 E7N). Kinetic
dissociation traces were recorded by displacement of a
200-nM stoichiometric complex of labeled peptide and
RbAB with an excess amount (8 μM) of unlabeled peptide.
The koff values were calculated directly from fitting the
anisotropy dissociation traces to a mono-exponential
function, and the kon values were calculated from Eq. (3)
using the koff values determined independently at each
NaCl concentration. Standard deviations for each kinetic
constant were calculated by error propagation of the
standard deviations of fitted parameters.

RbAB equilibrium titrations

Equilibrium titrations were performed in the same
reaction buffer and temperature used for kinetic measure-
ments by adding increasing amounts of RbAB domain to a
cuvette containing a fixed concentration (5 nM) of FITC-
labeled peptide. Measurements were performed after
equilibration of the complex using a fluorescence polar-
imeter assembled in L-geometry, and fitting to a 1:1
association model was performed as previously
described.36 The Kd values reported in Table 1 were
obtained by averaging the parameters obtained in four
(HPV16 E7N) or five (HPV11 E7N and HPV18 E7N)
independent experiments. For all interactions, stoichiom-
etry was shown to be 1:1 by titrations performed at
peptide concentrations 10 times greater than the deter-
mined Kd as detailed in Ref. 36. In order to assess the effect
of NaCl on the E716–31:RbAB and the E7:RbAB interac-
tions, we performed equilibrium titrations in reaction
buffer containing varying amounts of NaCl.
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