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We report a study on protein-protein noncovalent interactions in an intracellular signaling protein complex,
using single-molecule spectroscopy and molecular dynamics (MD) simulations. A Wiskott-Aldrich Syndrome
Protein (WASP) fragment that binds only the activated intracellular signaling protein Cdc42 was labeled
with a novel solvatochromic dye and used to probe hydrophobic interactions significant to Cdc42/WASP
recognition. The study shows static and dynamic inhomogeneous conformational fluctuations of the protein
complex that involve bound and loosely bound states. A two-coupled, two-state Markovian kinetic model is
proposed for the conformational dynamics. The MD simulations explore the origin of these conformational
states and associated conformational fluctuations in this protein-protein interaction system.

Introduction

Cell signaling is at the core of most biological functions and
often involves dynamic interactions among proteins. Protein-
protein interactions induce conformational changes that initiate
chain reactions, which, in turn, lead to cellular responses. A
comprehensive characterization of such protein interactions is
critical to understanding the regulatory mechanisms that control
cellular functions.

To study protein interactions in cell signaling, ensemble
measurements, which yield information only on averaged
properties, are inadequate. The crucial early events of cell
signaling often involve only a few molecules and then are
magnified along the signaling pathways. Furthermore, for
intrinsically heterogeneous systems such as protein complexes,
protein interaction dynamics possess both spatial and temporal
inhomogeneities,1-8 which result in inhomogeneous rates among
protein complexes (static inhomogeneity) and rate fluctuations
during the time of protein-protein interaction (dynamic in-
homogeneity).

Under physiological conditions, it is difficult for ensemble-
averaged experiments9 to identify and characterize static in-
homogeneity; moreover, it is almost impossible for such
experiments to identify dynamic inhomogeneity or distinguish
between the two inhomogeneities; stochastic protein-protein
interactions prevent such characterizations when many mol-
ecules are measured simultaneously. Single-molecule spectros-
copy is powerful in regard to obtaining such information,
because it is capable of characterizing biomolecular processes
that are inhomogeneous and unsynchronizable.10-18 The high
temporal and spatial resolution obtainable in single-molecule
fluorescence spectroscopy13-18 makes it ideal for studying
conformational dynamics and localization of proteins under
physiological conditions.

We recently demonstrated the application of single-molecule
fluorescence spectroscopy to DNA-protein interactions in DNA

damage recognition.16 Large-amplitude conformational fluctua-
tions were observed that underlie significant static and dynamic
inhomogeneities in the interactions of DNA-protein complexes,
which suggests that biomolecular recognition involves a highly
flexible protein tertiary structure. This finding, which is in
agreement with recent NMR structural studies of protein
complexes, indicates that binding domains undergo dramatic
conformational changes from disordered to ordered states upon
complex formation.19,20 It is possible that structural transitions
of flexible conformational domains are common in biomolecular
recognition, which can be identified by measuring single-
molecule conformational fluctuation dynamics.

In the current study, the interactions of an intracellular
signaling protein Cdc42 with its downstream effector protein,
Wiskott-Aldrich Syndrome Protein (WASP), were examined
using single-molecule fluorescence spectroscopy. Cdc42 belongs
to the Rho family of small GTP-binding proteins (GTPases)
that act as molecular switches in signaling pathways to regulate
diverse cellular responses.21,22 Only when it is bound to
guanosine 5′-triphosphate (GTP) does Cdc42 assume an active
conformation that enables it to bind and activate a series of
effector proteins via direct protein-protein noncovalent inter-
actions. Previous solution NMR and X-ray crystallographic
analyses19,20,22,23and studies of binding energetics20,24,25provided
a knowledge base to facilitate our interpretation of the single-
molecule data.

Materials and Methods

We used a dye-labeled fragment of WASP (denoted CBD,
for the Cdc42 binding domain of WASP) to track Cdc42 activity
and protein-protein interactions in the binding complex. CBD,
which is a 13-kDa WASP fragment (residues 201-320),
contains the CRIB (Cdc42/RAC interactive binding) motif
(238-251), an N-terminal portion (201-237), and a C-terminal
segment (252-320), with dye labeling at residue 271 via a
cysteine mutation. This biosensor was designed for live-cell
imaging based upon a domain-dye approach that is advantageous
for studying unlabeled proteinsin ViVo, and a novel solvato-
chromic dye, I-SO (indolenine-benzothiophen-3-one-1,1-di-
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oxide), whose fluorescence properties are sensitive to changes
in the local environment.26-28

For ensemble-averaged fluorescence measurements, assays
were prepared by a 1:1 volume-ratio mixing of CBD (300 nM)
and Cdc42 (1µM) loaded with GTP or guanosine 5′-diphosphate
(GDP, 10µM) in buffer solutions (50 mMtris-HCl, pH 7.6, 50
mM NaCl, 5 mM MgCl2, 1mM DTT). Steady-state ensemble
fluorescence measurements were performed on a fluorometer
(PTI QM-2000). For the single-molecule experiments, Cdc42-
CBD protein complexes at nanomolar concentrations were
embedded in agarose gel (0.5%) and sandwiched between two
cleaned cover glasses.

Single-molecule measurements were performed on an inverted
confocal fluorescence microscope (Nikon model Diaphot 300)
under ambient conditions.16,29 Figure 1 shows the schematics
of the experimental setup. A continuous-wave (CW) krypton-
ion laser (Innova 90C, Coherent) or a Nd:YAG pumped
picosecond-pulsed R6G dye laser (Coherent) delivered the 568-
nm excitation light via a single-mode optical fiber (SMOF). The
linear polarized light was focused to a near diffraction-limited
spot in the sample by a high numerical aperture objective (60×,
N.A. ) 1.4, Nikon). Individual protein complexes were located
by raster-scanning the sample. Fluorescence photons were
directed onto one or two silicon avalanche photodiodes (APDs),
to acquire emission images and time trajectories from single-
protein complexes. For single-molecule anisotropy experiments,
a polarization beam-splitter cube (CVI Laser) was used to
separate the two orthogonal polarization components into two
APD detectors. Fluorescence time-stamping TCSPC (time-
correlated single-photon counting)29-31 data were collected using
a PicoQuant TimeHarp 200 card in a time-tagged time-resolved
(T3R) mode.

The molecular dynamics (MD) simulations were performed
on an SGI Onyx2 super-computer, using Insight II software
(Accelrys, Inc.). Energy minimization was performed using a

molecular mechanics CVFF force field.32,33MD trajectories were
calculated after energy minimization with a distance-dependent
dielectric constant.32,34

Results and Discussion

The ensemble-averaged fluorescence measurements of the dye
and protein assay are summarized in Figure 2. It clearly
demonstrates the binding activity of the dye-labeled CBD
biosensor system and its sensitivity to the environmental
hydrophobicity. The results are consistent with a previous
report.27 Figure 2A shows the fluorescence emission spectra of
the solvatochromic dye I-SO in water, methanol, and butanol.
The dye fluorescence intensity increased by∼3-fold as the
solvent hydrophobicity increased from water to methanol and
butanol. We also observed a solvent-dependent change in the
dye fluorescence lifetimes, from∼200 ps in water to∼1 ns in
more-hydrophobic solvents such as methanol, in ensemble-
averaged TCSPC measurements.

Figure 2B shows the result of a control fluorescence assay
experiment. Upon binding of the dye-labeled CBD biosensor
to the activated GTP-loaded Cdc42, fluorescence intensity
increased by a factor of 2-3 as the dye molecule probed the
hydrophobic interface of the protein-protein interactions.19,24

In contrast, the GDP-loaded Cdc42 did not yield such an
intensity change, because Cdc42 was not activated by GDP and
was incapable of binding to the CBD biosensor.27 The dye-
labeled CBD alone in buffer solution gave only low fluorescence
intensity, suggesting that CBD alone, without a protein-protein
interaction interface, does not provide a hydrophobic environ-
ment for the dye molecule. The attached I-SO dye is sensitive
only to active binding of Cdc42-CBD that forms a hydrophobic
interface accessible to or around the dye molecule. Our MD
simulations discussed later have further illustrated the dye’s local
environment and the interface structure of the protein-protein
interactions. In our experiments, a nonhydrolyzable GTP
analogue, GTP-γ-S, was used to irreversibly bind and lock
Cdc42 in the active conformation.27 Thus, the GTP binding and
unbinding process was eliminated from the single-molecule
experiments that measured only the activated Cdc42 interacting
with CBD. The effects of GTP-γ-S are the same as that of GTP,
and the biological relevance and validity of using GTP-γ-S has
been well established in the literature.26

The low fluorescence intensity of dye-labeled CBD alone
gives the advantage of eliminating signal contamination in the
single-molecule protein-protein interaction experiments. We
have studied individual CBD molecules without the presence
of Cdc42 in buffer and agarose gel, and we found that the single
molecules of dye-labeled CBD alone were not detectable beyond
the background noise, because of low fluorescence intensity.
Therefore, the single molecules being probed are almost
exclusively the Cdc42-CBD complexes, which is consistent
with the ensemble-averaged control results (see Figure 2).

Previous NMR analyses have indicated that the WASP
fragments undergo dramatic conformational changes from
disordered to ordered tertiary structures in the presence of the
GTP-activated Cdc42.19,20 Preferential binding of WASP to
GTP-activated Cdc42 seems to be derived not only from polar
and hydrophobic contacts involving highly conserved residues
in the CRIB (Cdc42/RAC interactive binding) motif but also
from hydrophobic interactions outside the CRIB motif.19,20,35

In the present study, the dye molecule was intended to probe
the extra-CRIB hydrophobic interactions significant to Cdc42/
WASP recognition. As shown in the inset of Figure 2B, the
dye molecule was strategically attached to a site among

Figure 1. Instrumentation for single-molecule fluorescence experi-
ments. Single-molecule measurements were performed on an inverted
confocal fluorescence microscope (Nikon model Diaphot 300) with
excitation light from a continuous-wave (CW) or pulsed laser source.
Individual protein complexes embedded in agarose gel were located
by raster-scanning the sample. Fluorescence photons were directed onto
avalanche photodiodes (APDs) to acquire emission images and time
trajectories.
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hydrophobic residues, to probe relevant Cdc42-CBD inter-
actions while giving minimum perturbation to the protein-
protein interactions.

Using single-molecule spectroscopy, we collected fluores-
cence emission images and trajectories from individual Cdc42-
CBD complexes that had been immobilized in agarose gel.
Figure 3A displays a raster-scanned fluorescence image (10µm
× 10 µm) of single-protein complexes. Fluorescence photons
were detected by an APD and recorded by a time-stamping
TCSPC module. As shown by the top-left plot in Figure 3B,
the raw data consist of pairs of registered times for each detected
photon, the arrival time (t) and the delay time (∆t), with respect
to the laser excitation reference signal.29 The fluorescence
intensity trajectory can be calculated from the histogram of the
arrival time t, as shown by the bottom plot in Figure 3B. A
nanosecond fluorescence decay curve can be obtained from the
histogram of the delay time (∆t) of the fluorescence photons,
as shown by the top-right plot in Figure 3B. Therefore, our
photon stamping detection was able to record both the fluores-
cence intensity and the lifetime simultaneously.29

From the trajectories of single-protein complexes, we ob-
served fluorescence intensity fluctuations with high to low
intensity ratio of more than 3-fold. The fluctuation time scale
ranges over 2 orders of magnitude. We have used autocorrelation
function to analyze the time scale of the fluctuation. The
autocorrelation function,C(t) ) 〈∆I(t)∆I(0)〉/〈∆I(0)2〉, is cal-
culated from a single-complex fluorescence intensity trajectory
I(t), where∆I(t) ) I(t) - 〈I(t)〉. Figure 4A shows an example
of the autocorrelation function of a single-complex intensity
trajectory. A typical spike att ) 0 is due to uncorrelated
measurement noise and faster fluctuations beyond the instrument
time resolution. Fort > 0, the autocorrelation function can
be fit to a biexponential decayC(t) ) Af exp(-kft) + As

exp(-kst), with Af ) 0.17,kf ) 250 ( 60 s-1 andAs ) 0.14,
ks ) 45 ( 10 s-1. The autocorrelation functions of all single-
complex trajectories are fit to either single-exponential or
biexponential decays.

On the basis of our control experiments, which indicate that
the detectable single-molecule fluorescence only comes from
the Cdc42-CBD complex, we attribute the fluorescence

Figure 2. (A) Ensemble fluorescence emission spectra of dye (I-SO) in water (dotted curve), methanol (dashed-dotted curve), and butanol (solid
curve). (B) Ensemble fluorescence assays of Cdc42 with CBD biosensor. Fluorescence emission spectra (right side) were obtained with excitation
at 568 nm, and fluorescence excitation spectra (left side) were taken with emission at 630 nm. The solid curve pair represents the active GTP-
activated Cdc42 forming complexes with dye-labeled CBD; the dash-dotted curve pair represents the GDP-loaded Cdc42 with dye-labeled CBD;
and the dotted curve pair represents the dye-labeled CBD alone. A non-hydrolyzable GTP analogue, GTP-γ-S, was used to lock Cdc42 in the active
conformation. Inset: a structure based on MD calculations of protein complex Cdc42 (blue)/WASP (yellow) with dye attachment (red) outside the
CRIB motif (white) among hydrophobic residues (purple).
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intensity fluctuations to conformational fluctuations of the
protein complex. The dissociation constant of activated Cdc42
and the CBD fragment of WASP has been reported20 in the
range of∼10-2 s-1, suggesting that dissociation of the Cdc42-
CBD complex is a rare event during our single-molecule
trajectory measurement within a few seconds. This conclusion
is consistent with the observation that fluorescence fluctuation
was insensitive to the agarose gel concentration (∼0.2%-2%),
corresponding to the change of cavity sizes (∼50-300 nm) of
the agarose gel.16 Subsequent reassociation in the agarose gel
should occur within microsecond time scale, considering that
the confinement volumes in 0.5% agarose gel are likely<10
pL.16

To further confirm that the fluorescence intensity fluctuations
are due to protein-protein interactions rather than dye motions
or intrinsic photophysical processes, we have studied the
intensity trajectories of I-SO dye-labeled CBD alone as a
control experiment. CBD alone in buffer solution did not give
enough fluorescence intensity for single-molecule measurements,
which is consistent with the fact that the I-SO dye is only
strongly fluorescent under hydrophobic conditions, as shown
in Figure 2A. In an alternative approach, we spin-coated low-
concentration CBD on a poly(methyl methacrylate) (PMMA)
surface. Less than 20% of the intensity trajectories of CBD on
PMMA surface showed fluctuation at rate of∼10 s-1. For the
rest of the molecules, the autocorrelation functions have either

no other decay components or too small an amplitude, besides
the initial shot-noise drop. Those molecules basically have no
intensity fluctuations.

To rule out hindered rotation or rotational jumps36 of the
protein complex trapped in the pores of the agarose gel as the
origin of the observed intensity fluctuation, we performed single-
molecule polarization measurements on individual Cdc42-CBD
complexes embedded in agarose gel. The histogram in
Figure 5 shows the statistical distribution of the steady-
state anisotropy value of the single-protein complex
calculated from the single-complex anisotropy trajectory
r(t) ) [I|(t) - I⊥(t)]/[ I|(t) + 2I⊥(t)].29 The possible value of
single-molecule anisotropy is between-0.5 and 1.0, two
limiting cases in which the single-molecule transition dipole is
either perpendicular or parallel to the linear polarized excitation
light. Single molecules with strongly restricted rotational
motions show a broad distribution of anisotropy values while
freely rotating single molecules show a narrow distribution.29,37

The protein complexes here show anisotropy values of 0-0.4,
with a mean value of∼0.25 (see Figure 5), which indicates
free rotation of the protein complex in the agarose gel.

We reached the following conclusions from the control
experiments:

(1) The measured conformational fluctuations were spontane-
ous, because the decay rate constants of the autocorrelation

Figure 3. (A) Single-molecule fluorescence raster-scanning image of GTP-loaded Cdc42 in complex with dye-labeled CBD biosensor. (B) Top-
left plot is an example of the raw data of one-channel photon time-stamping TCSPC. Each dot corresponds to a photon stamped with an arrival time
(t) and a delay time (∆t). The fluorescence intensity trajectory (bottom plot) is calculated from the histogram of the arrival timet with a time-bin
resolution of 0.01 s. The dye molecule was photobleached at∼3.6 s. The nanosecond fluorescence decay curves (top-right plot) are the histograms
of the delay time (∆t) of the fluorescence photons (t < 3.6 s) and background photons (t > 3.6 s).
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functions were independent of the laser excitation intensity at
a level of<250 W/cm2.

(2) Fluorescence fluctuation did not originate from dye
interactions in the CBD biosensor, because dye-labeled CBD
alone did not give a sufficiently high fluorescence intensity to
be detected at the single-molecule level. Only the Cdc42-CBD
complex was “visible” to our measurements.

(3) Fluorescence fluctuation was not a result of interaction
between the dye-labeled CBD and the agarose gel, because the
fluorescence quantum yield of dye-labeled CBD remained as
low in the agarose gel as in the buffer solution.

(4) A triplet-state formation of the dye molecule in the
Cdc42-CBD complex was unlikely to produce such a fluores-
cence fluctuation, because the fluctuation is spontaneous rather
than photo-induced; besides, the triplet state dynamics would
have been at a much faster time scale38 under ambient conditions
than the 10-100-ms time scale observed in our fluorescence

intensity fluctuations. The single-molecule control experiments,
together with the ensemble-averaged measurements (Figure 2B),
support attributing dye fluorescence fluctuations to the protein-
protein interactions and the conformational fluctuations at the
interface being probed.

Given the location of the dye attachment and the more than
2-fold fluorescence intensity fluctuations, we postulate that the
conformational fluctuations involve bound (B) and loosely
bound (LB) states of the protein complex. We have reported
similar bound and loosely bound states for DNA-protein
complexes in a DNA damage recognition system.16 The LB
states are a subset of conformations with deviated nuclear
displacements from the bound equilibrium states; they distort
the protein-protein interaction interface and the local environ-
ment of the dye probe without disrupting the sub-nanometer
long-range interactions,39 so that the overall protein complex is
still associated. Compared with the B state, the LB state gives
significantly lower fluorescence intensity, as the distorted
protein-protein interaction interface probed by the I-SO dye
becomes more solvent-accessible and hydrophilic. With respect
to our ensemble-averaged assay experiment (Figure 2B), the B
state corresponds to the high-intensity Cdc42-CBD bound
equilibrium state, where the local environment of the dye probe
is much hydrophobic, and the LB state has a hydrophilic local
environment of the dye probe resembling the environment of
CBD alone. In our single-molecule experiments, fluorescence
fluctuations at millisecond and subsecond time scales reflect
the Cdc42-CBD conformational changes between the B and
LB states.

The conformational fluctuation rates are found to be highly
inhomogeneous. The inset in Figure 4B shows an occurrence
histogram of fluctuation rate (k). The probability density function
(PDF)40 of the conformational fluctuation rate,

is constructed using parameters from fitting the autocorrelation
functions of single-complex fluorescence intensity trajectories,
whereki, ∆ki, andwi represent the fluctuation rate, its standard
deviation, and its relative weight. The PDF statistically evaluates
the rate constants with their standard deviations and occurrences,
providing a more reliable distribution than does an occurrence
histogram.40,41 Variations of more than 2 orders of magnitude
occur in the conformational fluctuation rates among individual
protein complexes, as shown in both panel B of Figure 4 and
its inset. Although we are not able to identify exactly how many
conformational states contribute to the inhomogeneous distribu-
tion, at least two subgroups of states (B1 and B2) are associated
with conformational fluctuations at∼10 and∼40 s-1 (see Figure
4B).

Approximately 75% of the single-complex fluorescence
intensity trajectories demonstrated single-exponential autocor-
relation decays, whereas∼25% showed biexponential decays,
indicating non-Poisson kinetics.1-7,42The non-Poisson behavior
suggests that the Cdc42-CBD interactions have both static and
dynamic inhomogeneities. The dynamic inhomogeneity has been
observed for other protein systems2,13,15-17,43 and may be
characterized by the “Agmon-Hopfield” diffusive model44,45

or the multiple-state Markovian model.46 Our experimental
results, which indicate the existence of at least two subgroup
conformations (Figure 4B), can be described qualitatively by a
simple two-coupled, two-state Markovian kinetic model

Figure 4. (A) Second-order autocorrelation function,C(t), calculated
from a fluorescence intensity trajectoryI(t) of a single Cdc42-CBD
complex. Solid curve is a biexponential fit with decay rates of 250(
60 and 45( 10 s-1. (B) The probability density function (PDF) of the
conformational fluctuation rates. The PDF is constructed using
parameters from fitting the autocorrelation functions for 60 individual
protein complexes. Inset: the occurrence histogram of the single-
complex conformational fluctuation rate.

Figure 5. Statistical distribution of the steady-state anisotropy value
of single-protein complexes immobilized in agarose gel (0.5%).

PDF(x) ) ∑
i

wi

∆kix2π
exp[-

(x - ki)
2

2∆ki
2 ]
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(2 × 2 model):46 two slowly interconverting (ú) conformational
fluctuation processes (channel 1 and 2) that have different
activation barriers and fluctuation rate constants (k1, k1′, k2, k2′).

In this 2× 2 model, the fluctuation dynamics of each channel
is single-exponential with different rate ofκ1) k1 + k1′ andκ2

) k2 + k2′. As we have discussed previously, the single-complex
conformational fluctuation rate has a broad distribution, and
there are primarily two subgroups of rates atκ1 ) 10 s-1 and
κ2 ) 40 s-1 (see Figure 4B). When the interconversion rate (ú)
is comparable tok1 andk2, the autocorrelation functions can be
biexponential, indicating dynamic inhomogeneity as we have
observed for 25% of the single complexes.1,2,4-7,17 In contrast,
for the majority of the individual Cdc42-CBD complexes, the
interconversion is either so fast that the autocorrelation function
would remain single-exponential according to the Kubo-
Anderson line shape theory,6,47,48or slower than the measure-
ment time (a few seconds) so that the single-exponential
autocorrelation function corresponds to the fluctuation dynamics

of either channel 1 or channel 2. At this stage, we are unable to
quantitatively measure the interconversion rates or differentiate
between conformational fluctuations associated with either very
fast or very slow interconversion rates.

We have further explored the possible molecular structure
of these multiple conformational states (B1, B2, LB1, and LB2)
using MD simulations. MD simulations are intrinsically single-
molecule computational “experiments”. The first MD simulation
was demonstrated in the late 1970s.49 For the past 25 years,
coupled with extensive knowledge of protein X-ray crystal and
NMR structures, MD simulation has become a viable approach
to obtain detailed information on protein conformational motions
and protein-protein interactions.50 An important application of
MD simulations is to provide a “snapshot” comparison with
experimental single-molecule time trajectory. Despite significant
effort and progress, combining MD simulations with single-
molecule time trajectory is still technically difficult, because
of the temporal range mismatch: femtoseconds to nanoseconds
(microseconds in few cases)50-52 for MD simulations limited
by computational power, versus sub-milliseconds to seconds for
single-molecule spectroscopy limited by excitation saturation
and photobleaching. Here, we use MD simulations to explore
the interface structures of protein-protein interaction in the dye-
labeled Cdc42-CBD complex, which has not been reported
previously. The purposes of our MD simulations are (i) to show
that the I-SO dye is located in the interacting region of the
complex, and it can probe the protein-protein interactions; (ii)

Figure 6. (A) Representative structure of Cdc42 (blue)/CBD (yellow and white) complex based on molecular dynamics (MD) calculations. CPK
renderings illustrate the amino acid residues (purple) surrounding the dye molecule (red ball-and-stick). (B) The important hydrophobic interactions
involving Cdc42 Phe37 and Phe56 and WASP Leu263 and Leu267 that were probed by the dye molecule. (C) Solvent-accessible surface (mesh
rendering) of the dye molecule prior to binding of CBD to Cdc42; the surface area was∼377 Å2. (D) Solvent-accessible surface of the dye
molecule after Cdc42-CBD binding; the surface area reduced to∼225 Å2.
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to show that the characteristic interacting region of Cdc42 and
CBD is not drastically changed by the dye attachment; (iii) to
estimate the protein-protein interaction interface for B and LB
states of the Cdc42-CBD complex; and (iv) to enhance our
understanding of the LB states.

For MD simulations of the Cdc42-CBD complex, we
obtained the NMR structures of Cdc42 in complex with a WASP
fragment from the Protein Data Bank. Based on model 5 of
1CEE (20 NMR-derived solution structures of Cdc42 in complex
with the WASP fragment),19 we attached the dye molecule and
extended the WASP C-terminal segment, according to the
structure of our CBD biosensor. After energy minimization using
a molecular mechanics CVFF force field,32,33a trajectory of 10
ps as a “snapshot” was calculated with a distance-dependent
dielectric constant under the condition of no surrounding water
molecules.

A representative complex of Cdc42 (blue) and CBD (yellow)
is shown in Figure 6A. The solvatochromic dye was located
within the protein interfacial pocket. Among amino acid residues
(purple) surrounding the dye molecule (red) were Cdc42 Phe37
and Phe56 residues and WASP Leu263 and Leu267 residues,
as shown in Figure 6B. These residues formed important
hydrophobic contacts; disruption of these contacts through
mutation or elimination leads to significant decrease in the
binding affinity of Cdc42/WASP.19 The MD calculations further
confirmed that the dye molecule probed important hydrophobic
interactions outside the conserved binding motif CRIB (white).
Various modes of interactive motions, especially those involving
the important hydrophobic residues (Cdc42 Phe37 and Phe56
and WASP Leu263 and Leu267), could result in multiple
conformations between B and LB states, whereas the overall
complex is still associated. The rate distribution in Figure 4B
reflects this conformational inhomogeneity and the fluctuations.
Because the dye fluorescence properties are sensitive to the local
environment, conformational fluctuations in the probed signaling
region lead to dye fluorescence fluctuations observed in the
single-molecule experiments.

Figures 6C and 6D demonstrate that the solvent-accessible
surface area of the dye molecule undergoes a decrease from
∼377 Å2 to ∼225 Å2 upon Cdc42-CBD binding. This signifies
an increasingly hydrophobic environment that surrounds the dye
molecule upon formation of the protein complex, which is
consistent with ensemble fluorescence measurements (see Figure
2). It is likely that the B and LB conformational states
correspond to different degrees of distortion of the solvent-
accessible surface and that the LB states are more solvent-
accessible.

MD simulations can provide a “snapshot” assessment of
possible conformational structures, and this approach is par-
ticularly informative when the results can be evaluated consider-
ing the single-molecule spectroscopic experiments. However,
it is still difficult to determine the specific molecular configura-
tions of residue interactions that various conformational states
might constitute. Similar single-molecule measurements of
protein complexes with point mutations in the probed signaling
region might illuminate the issue; however, mutations in this
region could disrupt Cdc42/WASP recognition.20 Although
more-sophisticated MD simulations that consider water mol-
ecules and counterions may provide more accurate structural
and energetic characterizations, our MD simulations shed light
on essential conformations of the multiple states involved in
Cdc42-CBD interaction dynamics.

Conclusions

We have conducted a single-molecule study of protein-
protein interaction dynamics in an intracellular signaling protein
complex, Cdc42/WASP. Using a novel CBD biosensor, which
is a dye-labeled WASP fragment that binds only the GTP-
activated Cdc42, we were able to probe hydrophobic interactions
significant to Cdc42/WASP recognition. Single-molecule fluo-
rescence measurements revealed static and dynamic inhomo-
geneities in this protein-protein interaction dynamics, and our
study characterized the dynamic nature of molecular recognition
within the Cdc42/WASP signaling complex. A coupled-two
channel Markovian model was proposed for the fluctuation
dynamics of protein-protein interactions, and the possible
molecular structures of the protein complex were explored by
molecular dynamics (MD) simulations.

The Cdc42-CBD complexes showed conformational fluctua-
tions between bound and loosely bound states while the overall
complex was still associated. The distribution of the fluctuation
rates was highly inhomogeneous with variations of 2 orders of
magnitude among individual complexes under the same condi-
tion, indicating static inhomogeneous dynamics. The confor-
mational fluctuation dynamics of∼25% of the single complexes
also showed dynamic inhomogeneity, i.e., rate changes during
the measurements of protein-protein interactions. The results
suggest highly dynamic rather than static protein-protein
interactions in this cell signaling system. By establishing a
molecular imaging system with adequate spatial and temporal
resolution and combining single-molecule experimental and
computational approaches, we expect to expand our studies to
other important biomolecular complexes under physiological
conditions and eventually to living cells.
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