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ABSTRACT: Single-molecule fluorescence measurements can provide a new perspective on the conforma-
tions, dynamics, and interactions of proteins. Recent examples are described illustrating the application
of single-molecule fluorescence spectroscopy to calcium signaling proteins with an emphasis on the new
information available in single-molecule fluorescence burst measurements, resonance energy transfer, and
polarization modulation methods. Calcium signaling pathways are crucial in many cellular processes.
The calcium binding protein calmodulin (CaM) serves as a molecular switch to regulate a network of
calcium signaling pathways. Single-molecule spectroscopic methods can yield insights into conformations
and dynamics of CaM and CaM-regulated proteins. Examples include studies of the conformations and
dynamics of CaM, binding of target peptides, and interaction with the plasma-membrane Ca2+ pump.
Single-molecule resonance energy transfer measurements revealed conformational substates of CaM, and
single-molecule polarization modulation spectroscopy was used to probe interactions between CaM and
the plasma-membrane Ca2+-ATPase.

Single-molecule fluorescence methods have the potential
to resolve details about protein conformations, interactions,
and dynamics that were previously hidden by ensemble
averaging. As the practice of single-molecule methods
expands, it is useful to examine what new information can
be obtained about biomolecules and what the limitations of
the methods are. This paper will examine these questions in
the context of recent applications of single-molecule fluo-
rescence techniques in the author’s laboratory to the con-
formations, dynamics, and interactions of the calcium
signaling protein calmodulin (CaM1) (see Figure 1).

Proteins are dynamic molecules. Multiple conformational
states are required for them to function. CaM is no exception

and appears to sample an unusually wide range of conforma-
tions (1). How can the distribution of such conformations
be characterized? Conventional bulk measurements detect
the average properties of many (typically>1010) molecules
and therefore do not resolve the range of conformations that
are actually present. One way to attack this problem is to
detect and characterize molecules one at a time.

Introduced in the early 1990s (2-6), single-molecule
fluorescence methods can now address real problems in
biology (see recent reviews (7-10)). Conformational states
and conformational motions can be detected that may be
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missed by other methods. Dynamic processes can be probed
under either equilibrium or nonequilibrium conditions by
following the fluctuations of an appropriate single-molecule
spectroscopic signal. In kinetic measurements, the problem
of temporal synchronization in ensemble experiments (e.g.,
by stop-flow, temperature jump, or flash photolysis) is
circumvented, as there is a population of only one. Of course,
other methods can also provide information on conforma-
tional heterogeneity, and single-molecule methods bring their
own set of challenges. Nevertheless, in many biological
systems, single-molecule fluorescence methods have pro-
duced new insights that complement more traditional struc-
tural and biochemical approaches.

The potentials and limitations of the methods used and
the resulting information are described below in the context
of our studies in CaM. In our laboratory we have applied
single-molecule spectroscopy to CaM on three levels: (1)
the structure and dynamics of CaM itself; (2) CaM binding
to peptide targets representing CaM-binding domains of
target enzymes; and (3) CaM binding and activation of a
target enzyme, plasma-membrane Ca2+-ATPase (PMCA). It
is important to stress, however, that these are just examples
among many applications of single-molecule methods to
many areas of biology, which include probing the dynamics
and folding of proteins (11-16) and nucleic acids (9, 17,
18), the function of molecular motors (19-22), the motions
of proteins in membranes (23-26), and viral infection (27,
28).

SINGLE-MOLECULE TECHNIQUES

In order to obtain useful information about biological
systems through single-molecule methods, spectroscopic
techniques are needed that are sensitive to molecular mech-
anisms or conformations. There are many techniques to
choose from. For example, fluorescence polarization is
sensitive to molecular orientational mobility (29-31); fluo-
rescence intensity changes can probe enzyme function (32);
and Förster resonance energy transfer (FRET) can detect
changes in intramolecular or intermolecular distances (12,
15, 33-36). Therefore, the emergence of single-molecule
spectroscopy over the past decade has added powerful new
tools for studies of biochemical systems. This review will
focus in particular on a subset of these methods as they have
been applied in our laboratory to the dynamics and interac-
tions of CaM.

Single-Molecule Techniques for Freely Diffusing Mol-
ecules. Detecting single molecules as they diffuse freely in
solution (see Figure 2) circumvents the need for schemes to
immobilize the molecules. This simplifies sample preparation
and avoids the risk of perturbing the behavior of the probed
molecules by restricting them at a surface or in a matrix.
The excitation beam is simply focused into a small volume
of sample containing fluorescence-labeled molecules. As
fluorescence-labeled molecules diffuse through the focal
region of the microscope, they emit fluorescence bursts,
which are detected and analyzed in real time or recorded
for later processing. Burst fluorescence methods go back to
some of the earliest applications of single-molecule detection
(2, 5, 6, 37-40). Detection of multiple fluorescence param-
eters including photon arrival times, fluorescence lifetimes,
fluorescence anisotropy, and emission wavelength provides
additional information that can be used to identify and sort
molecules (41-43). Burst methods allow high time resolu-
tion, so that molecular dynamics can be probed down to the
microsecond time scale (12, 15, 34, 44). The method is
limited, however, by the time window of the average transit
time of molecules through the focal region, typically∼1 ms.
Thus tracking single-molecule properties for longer time
periods requires a different approach involving restriction
of translational diffusion of the molecule.

Burst measurements are closely related to fluorescence
correlation spectroscopy (FCS), which was first developed
in the 1970s (45, 46). In FCS, as in burst measurements,
molecules are detected as they diffuse through the focal
region of the microscope. Fluctuations in fluorescence signals
are analyzed by autocorrelation and cross correlation of
signals from one or more fluorophores. Any dynamic process
that modulates the fluorescence can contribute to the FCS
signal. Thus, FCS is sensitive to translational diffusion,
molecular interactions, kinetics, triplet dynamics, and intra-
molecular motions (44, 47-50). Dynamics can be probed
over a large time range, from nanoseconds to milliseconds,
limited at short times by the photon count rate and at long
times by the transit time of molecules through the focal
region of the beam. Interpretation of FCS results is less direct
than many other methods, involving calculation and analysis
of correlation functions.

FRET in Single Molecules. With its sensitivity to intra-
molecular distances and dynamics FRET is powerful when
applied at the single-molecule level. Single-molecule FRET
was first demonstrated in DNA oligomers a decade ago (33)
and has been applied in numerous studies since then (see
refs 51-54 for reviews). In our lab, we set out to probe
conformations of CaM at the single-molecule level by FRET.

In FRET, energy is transferred from an excited fluorophore
(the “donor” D) to another fluorophore (the “acceptor” A)
by dipole-dipole coupling over distances of tens of ang-
stroms (55, 56). The efficiency of energy transfer depends
on distance to the sixth power and can be measured either
from the relative fluorescence intensities of D (ID) and A
(IA) fluorophores or from the fluorescence lifetimes of D in
the absence (τD) or presence (τDA) of A. Detection of single-
molecule FRET by D and A intensities requires two photon-
counting detectors such as avalanche photodiodes (APDs)
or a CCD detecting dual colors (57). While the lifetime
method requires only a single detector, a pulsed laser is

FIGURE 1: Crystal structures of Ca2+-CaM showing labeling sites
34 and 110 (red and green spheres). The structure on the left shows
CaM in an extended conformation with a helical central linker (pdb
3cln (127)). The structure on the right shows a compact conforma-
tion with a sharply bent central linker (pdb 1prw (89)). Figures
were generated in VMD for WIN32, version 1.8.4 (128).
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needed for excitation and signals must be processed by time-
correlated single photon counting.

With assumptions about the role of D and A orientational
averaging (discussed below) the distanceR between D and
A is given by

where γ is a correction factor for the relative detection
efficiencies of D and A fluorescence,cID corrects for cross-
talk of D fluorescence in the A channel, andR0, the Förster
radius, is the distance at which the efficiency of energy
transfer is 50%. For accurate intensity-based FRET measure-
ments both intensities must be corrected for background
counts.R0 depends on a number of factors, including the
quantum efficiency of D, the absorption coefficient of A,
the overlap between the emission spectrum of D and the
absorption spectrum of A, and, notoriously, the relative
orientations of D and A (56). Usually these relative orienta-
tions are not precisely known and an orientationally averaged
value is assumed, but this assumption must be checked.
Given this assumption, the value ofR0 can be computed by
numerical integration of the overlap of the fluorescence
emission spectrum of D with the absorption spectrum of A

(56). Typically for visible dye pairs,R0 has a value between
45 and 60 Å.

Recently, several laboratories have used single-molecule
detection to test the validity of common assumptions about
FRET (35, 58, 59). In measurements with dyes attached to
various lengths of polyproline, deviations from the energy
transfer predicted by eq 1 were observed, implicating
incomplete orientational averaging or breakdown of the
point-dipole approximation (for short distances) and intra-
molecular dynamics (for longer distances) (60).

One of the most severe limitations in applying FRET to
single-protein molecules is the need to attach two dye
molecules to specific locations of the protein. Protein sites
must be identified where D and A labels can be specifically
attached, typically at Cys residues or amino groups or by
fusion to fluorescent proteins. For some proteins, many such
sites exist naturally, so that undesired competing sites must
be eliminated by mutation. The possible effect of mutations
and labeling on the biological activity of the protein must
be checked. Once labeling sites are identified, for analysis
of single-molecule signals it is necessary to sort DA-labeled
molecules from other species present, e.g., molecules doubly
labeled with either D or A, DD or AA, or singly labeled
molecules (D or A). In some cases, this separation can be

FIGURE 2: (A) Illustration of excitation of a freely diffusing CaM-DA molecule yielding a fluorescence burst as a CaM molecule diffuses
through the focal region. The inset shows an expanded plot of a single burst of donor (Alexa Fluor 488) and acceptor (Texas Red) fluorescence
counts collected in 300µs time bins. (B) Single-molecule FRET data. The sample was excited at 488 nm. Bursts of high fluorescence
correspond to single CaM-DA molecules traversing the focal region. The top panel shows emission from the donor fluorophore, and the
bottom panel emission from the acceptor fluorophore. The CaM concentration was 100 pM. (C) CaM-DA distance distributions showing
conformational substates of CaM measured by FRET between the donor fluorophore AlexaFluor 488 and the acceptor fluorophore Texas
Red, attached to Cys residues mutated into CaM at sites 34 and 110. The FRET efficiency was calculated in 300µs time bins from the
measured D and A fluorescence counts, and the corresponding distances histogrammed as described in the text. Top: 25µM Ca2+. Bottom:
150 nm Ca2+. Models at the top show possible structures of conformational substates of CaM: compact (left), bent (center), and extended
(right).
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achieved at the labeling step by exploiting different labeling
chemistries or labeling rates for D and A labels. In other
cases, DA-labeled molecules can be separated from other
species after labeling, for example by HPLC (61). When
neither of these methods is feasible, DA-labeled molecules
can be sorted from other species at the signal level by
checking for the presence of both D and A signals in single-
molecule bursts. Photophysical phenomena such as triplet-
state formation or other blinking effects can interfere with
FRET measurements and therefore should be characterized
for the dyes used (58). Photobleaching can also limit single-
molecule FRET, and sorting methods can check for loss of
D or A by photobleaching (62). Methods for such sorting
include setting threshold signals levels in both D and A
channels (42, 63), examining the D lifetime in parallel with
FRET efficiency (14), and alternately exciting D and A (43,
57, 64). The latter approach provides the clearest control for
presence of D and A in single molecules, but with the added
requirement for two collinear laser beams aligned through
the microscope onto the sample.

Another challenge in single-molecule FRET experiments
is to decode information about the molecular dynamics and
conformations that is embedded in the stream of detected
photon counts. Most current methods are coarse-grained,
accumulating data into time bins. Although this approach is
relatively simple, it is overly conservative, resulting in loss
of information. New methods are needed to bring out the
underlying information on kinetics, dynamics, and conforma-
tions. Work is starting to appear along these lines based on
maximum likelihood estimators and statistical analysis (65-
70). Other recent analytical approaches are aimed at im-
proved precision of measurement in analysis of FRET
efficiency distributions (71).

Single-Molecule Polarization Methods. The probability of
absorption of light by a single molecule depends on the
relative orientation of the molecular absorption transition
dipole and the polarization of the excitation light. Similarly,
the polarization of emitted fluorescence photons depends on
the orientation of the emitting dipole. The response of a
single molecule to polarized light and the polarization of
emitted fluorescence therefore carry information about the
orientation and orientational mobility of single molecules (4,
72, 73). Polarization methods have been applied to track the
orientations of CaM bound to myosins, yielding detailed
information about the mechanisms of motor-protein proces-
sivity (19, 30, 74). In these experiments, the polarization of
the excitation beam was alternated approximately every 10
ms and the fluorescence polarization detected. The method
requires modulation of the polarization of one or more
excitation beams (for example with Pockels cells) and
detection of fluorescence in multiple polarization channels.

Our implementation of single-molecule polarization modu-
lation spectroscopy involves rotation of the excitation
polarization (31, 75-77). Although this approach yields less
detailed information than multiple-channel measurements,
it requires only one excitation channel and one detection
channel to track orientational mobility. As the polarization
of the excitation beam is rotated, the depth of modulation
of single-molecule fluorescence measures the orientational
mobility of the fluorescent molecule. The modulation depth
is sensitive to orientational mobility in the plane of the
rotating polarization. Orientation of the transition dipole out

of this plane can also decrease the modulation depth due to
a component of the electric field along the axial direction at
the focus of a high numerical aperture objective, but the
contribution is minor (31). Because the modulation depth
depends on the ratio of modulation to average fluorescence
intensity, it probes the orientational mobility of molecules
in their ground electronic state and is not sensitive to
fluctuations in fluorescence lifetime or fluorescence quantum
yield. In this sense, it is akin to a linear dichroism
measurement. The method can probe orientational mobility
on time scales from hundreds of microseconds to milli-
seconds or longer. By varying the rate of polarization rotation
by a Pockels cell, information about the time scale of
orientational motion can also be generated.

CALMODULIN CONFORMATONS AND
DYNAMICS

Biological signals are frequently transmitted by Ca2+ ions.
A central link in Ca2+ signaling pathways is calmodulin
(CaM), a Ca2+-activated molecular switch (78, 79). CaM is
a small (16.7 kDa), acidic protein with two globular domains
connected by a central linker (see Figure 1). Each domain
contains two EF-hand sites that bind Ca2+ ions when the
Ca2+ concentration rises above resting Ca2+ concentrations
of around 100 nM (reviewed in ref80). Upon binding Ca2+,
the EF-hand domains open, exposing hydrophobic protein
domains that can bind a wide range of target proteins (1,
81, 82). The response of CaM to Ca2+ and its interaction
with target proteins therefore regulate many important
cellular functions such as gene expression, neurotransmission,
ion transport, smooth muscle contraction, neuronal plasticity,
learning, and memory formation (83). How these responses
occur and are relayed to target enzymes depends on the
interplay of protein conformational changes and protein-
protein interactions.

For Ca2+-CaM, the first crystal structures showed an
extended, dumbbell-shaped molecule with two globular
domains linked by a central helix (84, 85). Biochemical (86,
87) and structural (88) studies, however, suggested a much
more flexible structure of CaM in solution. In fact, an NMR
structure did not resolve the relative orientations of the
opposing N-terminal and C-terminal domains of Ca2+-CaM
(88), indicating considerable conformational flexibility.
Remarkably, a recent crystal structure of Ca2+-CaM showed
a compact conformation of CaM (89) (also shown in Figure
1), further demonstrating that Ca2+-CaM can exist in a range
of possible conformations. However, each of these structural
methods measures an ensemble-averaged structure that does
not reveal the underlying distribution of conformations
present, leaving unanswered the question of the actual
distribution of conformations.

Conformational Substates of CaM. What conformations
are actually present in solution? Are there identifiable
conformational substates? In order to answer these questions,
we used single-molecule FRET measurements with CaM
freely diffusing in solution (63, 90, 91). Other experiments
had previously detected a two-component fluorescence
lifetime decay of a FRET donor (92). We attached fluorescent
dyes to Cys residues introduced into the opposing globular
domains of CaM (61, 93) (see Figure 1). The FRET
constructs labeled with D and A dyes are termed CaM-DA.
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For each single-molecule burst, fluorescence counts from D
and A were binned (in time bins of 75µs to 800µs) and the
ratio of fluorescence from D and A, corrected for cross-talk
and the relative detection efficiencies of D and A channels
(see eq 1), was used to calculate the distance between dyes.
The distribution of distancesR between D and A, shown in
Figure 2, demonstrates that distinct conformational substates
of CaM are indeed present in solution. The existence of these
states had not previously been demonstrated.

The single-molecule FRET distributions reveal a wide
range of conformational states of CaM. Conformations with
D-A distances less than 30 Å demonstrate the existence of
compact conformations while conformations with D-A
distances of over 50 Å show that extended conformations
are also present. The familiar dumbbell-like crystal structure
of Ca2+-CaM (see Figure 1) predicts a distance of around
55 Å between labeling sites (residues 34 and 110). This
suggests that the extended conformational substate observed
in the single-molecule FRET distributions may resemble this
structure. In contrast, the conformational substates of CaM
with the largest population do not correspond to any of the
known crystal structures, but are consistent with reports that
the central linker of Ca2+-CaM is bent in solution (94). For
apoCaM, a solution structure predicts a distance between
labeling sites of 38 Å (1CFD (95)), and this is consistent
with the intermediate conformational substate detected for
apoCaM (Figure 2).

Thus the single-molecule FRET distributions demonstrated
for the first time the presence of at least three discrete
conformations of Ca2+-CaM and apoCaM in solution. The
population of conformational substates is Ca2+ dependent.

The extended conformational state has a higher population
for apoCaM, while the compact conformation has a higher
amplitude for Ca2+-CaM.

What might be the functional role of conformational
substates of CaM? Several possibilities can be postulated.
First, the conformations of CaM bound to targets span a wide
range of geometries (1). The existence of a range of
conformations, from compact to extended ones, may facilitate
recognition and interaction of CaM with different target
binding domains in diverse binding geometries. Second, the
presence of a compact conformation for Ca2+-CaM might
provide a means for interdomain contacts. Several lines of
evidence indicate communication between opposing domains
of CaM (96, 97), but the coupling mechanism has been
unclear. The existence of a compact conformation provides
a possible mechanism for the propagation of structural
information from one domain to the other.

Unfolding Conformations of CaM. What happens to the
conformational substates of CaM as it unfolds? The presence
of distinct N- and C-terminal domains connected by a central
linker raises the possibility that CaM may unfold in distinct
steps. Studies showed that denaturation of the intact apo
protein cannot be described simply as the sum of the
unfolding of isolated N- and C-terminal domains (96, 98).

The CaM-DA construct affords the opportunity for more
detailed information about the unfolding pathway of CaM
(99). FRET distributions for CaM are shown in Figure 3 as
a function of urea concentration. Conformational substates
are evident at each urea concentration. The distributions both
broaden and shift to longer distances, and the population of
an extended conformation increases as the urea concentration

FIGURE 3: (A) Single-molecule CaM-DA distance distributions at varying urea concentrations (0.15µM Ca2+, 0.1 M KCl, 1 mM MgCl2,
pH 7.4). Distance histograms were determined as described in Figure 2. The solid lines show fits with three populations modeled as Gaussian
functions where the centers and widths are fixed and only the amplitudes are varied. The lower right-hand plot shows the variations of these
amplitudes with urea concentration. The population with center at 36 Å corresponds to the intermediate conformational substate detected
under native conditions. The population centered at 43 Å is interpreted as an unfolding intermediate corresponding to denaturation of the
C-terminal domain of apoCaM. The population centered at 58 Å comprises the extended conformation of CaM observed under native
conditions and an extended denatured conformation that forms at high urea concentrations. Adapted from ref99. (B) Illustration of possible
unfolding pathways for CaM (see similar scheme proposed in ref98). Structures 1 and 2 represent conformational substates present under
native conditions. Structure 3 is an unfolding intermediate that forms at urea concentrations above 2 M as thepopulation of 1 decreases.
Extended conformations of denatured CaM (structure 4) are not significantly populated except at high urea concentrations (>4 M). Adapted
from ref 99.
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increases. The shift and broadening of the distributions
cannot be described simply as the disappearance of a native
conformation and the appearance of an extended conforma-
tion. Therefore, in contrast to a two-state folding mechanism,
the folding landscape of CaM possesses, at a minimum, at
least one significantly populated intermediate structure
between native and unfolded states, consistent with thermal
stability measurements (96, 98).

The simplest description describes the unfolding pathway
in terms of a single unfolding intermediate. To test this
model, we fit the distributions with three conformational
substates having fixed centers and widths, allowing only their
amplitudes to vary at different urea concentrations. These
fits, shown in Figure 3, reveal several interesting features
of CaM unfolding. First, the distributions can be described
by an unfolding intermediate with a peak D-A distance of
43 Å. This is more elongated than the intermediate confor-
mational substate detected under native conditions (D-A
distance 36 Å for apoCaM) but shorter than the extended
conformational substate (about 55 Å). The D-A distance
of 43 Å indicates an intermediate unfolding conformation
that is not fully extended, consistent with denaturation of
one of the domains of CaM. The unfolding intermediate is
present even at urea concentrations of 8 M urea, suggesting
that native-like conformations of CaM continue to exist even
at high urea concentrations. At urea concentrations above
about 6 M, the population of an extended conformation with
D-A distances of 55 to 65 Å begins to increase. This
distance, which is similar to the D-A distance of the
extended conformational substate of CaM under native
conditions, is shorter than expected in a random-coil,
suggesting that even this extended conformation retains
native-like structural elements. This result is consistent with
recent simulations that suggest that average end-to-end
distances in denatured proteins may not differ substantially
from end-to-end distances for proteins maintaining specific
structural features (100-102).

CaM Conformational Dynamics. Given that CaM exists
in conformational substates, an important question is how
fast these states interchange. Conformational substates of
CaM were observed in FRET distributions with bin times
up to 800µs (63, 90). (Longer bin times are not possible
due to the transit time of freely diffusing molecules through
the focal region.) If conformational interchange occurred on
a faster time scale, conformational averaging would result
in narrowing of the FRET distribution. The absence of such
narrowing shows that the conformational interchange must
occur on a longer time scale.

In order to explore further the time scale of conformational
interchange, single-molecule fluorescence-burst FRET tra-
jectories were selected with durations of several milliseconds.
Figure 4 shows a plot of several trajectories that track the
conformational substate of CaM over periods of up to a few
milliseconds. Occasional jumps from one conformational
substate to another occur on the millisecond time scale.
Interchange on this time scale has implications for the
function of CaM. The millisecond interchange of confor-
mational substates of CaM may permit rapid exploration of
conformational space for molecular recognition of target
binding domains. Interchange on this time scale further
implies that experiments with longer effective probing times
(e.g., NMR NOE measurements) yield an average over the

properties of conformational substates having quite different
interdomain conformations.

We also used FRET coupled with fluorescence correlation
spectroscopy (FCS) to probe the dynamics of CaM in
solution (63). Nanosecond orientational motions of CaM
tethered to a surface were previously probed by single-
molecule fluorescence anisotropy measurements (103). FCS
coupled with FRET affords a sensitive probe of intra-
molecular fluctuations on the microsecond and millisecond
time scales. This is the time scale on which functional
motions of proteins often occur (104, 105), but it has often
been difficult to probe motions on this time scale. FCS-
FRET can be used to probe these motions because, as the
distance between D and A fluorophores fluctuates, the FRET
efficiency also fluctuates, and these fluctuations can be
detected, for example in the cross correlation between D and
A fluorescence intensities. FRET fluctuations give rise to
an anticorrelation between D and A intensities, resulting in
a negative contribution to the cross-correlation function.
Decay of the anticorrelation component contributes a rising
component in the cross-correlation function on the time scale
of dynamic fluctuations (15, 106-108). FRET fluctuations
also contribute a decay component to the autocorrelations
of D and A intensities. Our approach involves global analysis
of the complete set of second-order correlation functions:
the autocorrelation in the D channelGDD(τ), the autocorre-
lation in the A channelGAA(τ), the cross correlation of D
with A GDA(τ), and the cross correlation of A with DGAD(τ).
The correlations shown in Figure 5 contain information about
both the intramolecular and translational dynamics of the

FIGURE 4: Single-molecule trajectories showing several examples
of conformational interchange. The trajectories show D-A distances
calculated from D and A fluorescence counts in sequential 300µs
bins in long-duration bursts. The single-molecule distributions at
0.15µM Ca2+ (top) and 25µM Ca2+ are shown in the background.
Most trajectories remain in the same conformational substate, but
occasional jumps are observed. Analysis shows that conformational
exchange is not associated with changes in total intensity, and
therefore is not likely related to the presence of more than one
molecule (91). Adapted from ref91.
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labeled molecules. The full correlation function incorporating
fluctuations from diffusion and from intramolecular dynamics
can be written (15)

where GXY
d (τ) is the correlation function for translation

diffusion, E(τ) describes the intramolecular dynamics, and
aXX andaXY are scaling factors that allow for differences in
the τ )0 values of the functions resulting from different
probe volumes in the D and A channels. Results for Ca2+-
CaM and apoCaM showed that intramolecular fluctuations
occur on the time scales of hundreds of microseconds and
several milliseconds (63, 109).

CALMODULIN -TARGET INTERACTIONS

CaM relays Ca2+ signals by binding to specific domains
of target proteins. A CaM target database (110) currently
contains some 300 sequences known to bind CaM. Deci-
phering the mechanisms of recognition and binding of a
target is important for understanding the regulation of target
proteins. Therefore a great deal of attention has been focused
on the rates and equilibrium constants for CaM binding to
peptides that represent the CaM-binding domains of target
enzymes (see for example refs92and111-113). A number
of structures are also now available of CaM-peptide
complexes (reviewed in ref1).

It may be possible to answer a number of outstanding
questions about CaM-peptide interactions by single-
molecule methods. Are the conformations of these complexes
static, or do they fluctuate among conformational substates?
How do the N- and C-terminal domains of CaM interact with
the peptide in the process of molecular recognition and

binding? What are the intermediate states in CaM-peptide
binding? The first detection of single-molecule CaM-target
binding was demonstrated in the Moerner laboratory with a
“cameleon” fusion protein consisting of CaM, ECFP and
EYFP fluorescent proteins, and the CaM-binding domain of
myosin light-chain kinase (114). Fluctuations were observed
that were dependent on Ca2+ concentration. Hochstrasser and
co-workers detected binding of a fluorescently labeled
synthetic peptide to CaM encapsulated in a hydrogel with
evidence for a heterogeneous binding-site environment,
particularly at intermediate Ca2+ levels (115). Lu and co-
workers have detected conformational states of CaM com-
plexes with a 28-residue segment of the CaM binding domain
of PMCA (116).

Results from our lab showed that single peptide binding
events can be detected (see Figure 6). We detected binding
of CaM to the peptide C28W, the CaM binding domain of
PMCA, the plasma-membrane Ca2+ pump (117). Since
peptide binding and release by CaM occurs on the time scale
of seconds, it was necessary to immobilize CaM so that
single-molecule signals could be recorded for periods of
seconds to detect peptide binding. Our approach was to
construct a fusion protein of CaM with a larger protein,

FIGURE 5: FCS and FCCS correlations for Ca2+-CaM-DA with
global fit. GDD(τ) andGAA(τ) are the autocorrelations of donor and
acceptor.GCC(τ) is the average of the cross correlationsGDA(τ)
and GAD(τ). The initial amplitudes differ because of different
effective probe volumes. AGCC(τ) curve scaled to the same initial
value asGDD(τ) is also plotted to illustrate their different time
dependences due to intramolecular dynamics. The fit yields time
constants of 140µs and 1.4 ms for intramolecular dynamics, plus
a longer-time component. The donor dye AlexaFluor 488 was
excited by a laser beam generating fluorescence bursts from donor
(directly excited by the laser) and acceptor (excited by FRET). The
CaM-DA concentration was∼10 nM with count rates of 20 000
to 30 000 per second.

GXY(τ) ) aXY[GXY
d (τ) ( fXYE(τ)]

(+ for X ) Y, - for X * Y) (2) FIGURE 6: Fluorescence trajectories for C28W binding to MBP-
CaM-AF488 immobilized in an agarose gel (2%), showing periods
of fluorescence quenching. The MBP-CaM-AF488 concentration
was 10 nM, and the C28W concentration was ca. 100 nM. The
bottom panel shows a histogram of quenching persistence times
yielding an off time of 22 s. Adapted from ref118.

Current Topics Biochemistry, Vol. 45, No. 48, 200614239



maltose binding protein, which serves as an anchor permitting
immobilization of the fluorescently labeled fusion protein
(MBP-CaM-AF488) in a low weight-percent (1-2%) agarose
gel (61). Because binding of C28W results in quenching of
MBP-CaM-AF488 fluorescence by a tryptophan residue in
the peptide, fluorescence quenching can be used to track
peptide binding (118). Single-molecule trajectories in Figure
6 illustrate MBP-CaM-AF488 quenching by binding C28W.
A histogram of the persistence times for quenching yields a
peptide off time of 22 s. This result illustrates the possibility
of measuring binding and release kinetics for small quantities
of protein at equilibrium, without the kinetic synchronization
needed for ensemble measurements as in stop-flow kinetics,
for example.

Peptide binding can also be detected by the change in
distance between D and A in CaM-DA. As above, fusion of
CaM with MBP permits immobilization of MBP-CaM-DA
in an agarose gel. We used MBP-CaM-DA to detect CaM
binding with the CaM binding domain of CaM-dependent
protein kinase II (CaMKII). With the FRET pair available
for these studies, peptide binding brings the fluorophores
attached to Cys residues 34 and 110 into close proximity so
that fluorescence from both dyes is quenched as a result of
close dye-dye interactions (93). This peptide contains no
Trp residue, so peptide binding does not significantly alter
the fluorescence of singly labeled CaM (e.g., CaM-AF488).
However, it is possible to use the fluorescence from the CaM-
DA dye pair as an on or off signal for peptide binding at the
single-molecule level. We titrated the binding of the CaMKII
peptide to MBP-CaM-DA by counting single-molecule
signals in a 20× 20 µm2 scan at a low CaM concentration,
yielding a dissociation constant of 103( 35 pM (93).
Information about the conformations of CaM bound to the
peptide is not available with the 34-110 CaM dye-pair
construct because of the close dye interactions. In future
work, we plan to use other fluorescence labeling sites where
D and A are more separated.

REGULATION OF PLASMA-MEMBRANE
CALCIUM ATPASE

Because CaM is involved in many essential cellular
functions, determining the mechanisms of interaction of CaM
with the proteins that it regulates will help our understanding
of cellular signaling pathways. Many CaM-activated enzymes
are regulated by an autoinhibitory domain, which blocks
access or function at the catalytic site (1). In our laboratory,
we have studied the activation of PMCA, a Ca2+ pump that
functions to maintain the low intracellular Ca2+ levels
necessary for Ca2+ signaling (119, 120). A better understand-
ing of PMCA regulation will further our understanding of
the mechanisms that maintain Ca2+ homeostasis in cells.

PMCA is a 134 kDa protein with ten transmembrane
segments (see Figure 7). A large intracellular loop between
transmembrane segments 4 and 5 contains the ATP binding
site and a phosphorylatable aspartate residue (121). The CaM
binding domain is located in the autoinhibitory domain near
the C terminus of PMCA (117). CaM binding triggers a
conformational change that removes autoinhibition. The goal
of experiments on PMCA in our laboratory is to understand
the coupling between CaM binding, autoinhibitory domain
conformation, and enzymatic cycling. Single-molecule meth-
ods are valuable in this system for uncovering substates and

distributions of conformations. In addition, single-molecule
spectroscopy is a useful approach to study proteins such as
PMCA that are available in low abundance.

Polarization Modulation Spectroscopy. In our experiments
on PMCA, we used single-molecule polarization modulation,
illustrated in Figure 8. We developed a maximum likelihood
estimator method to analyze fluorescence polarization modu-
lation signals (31) in the low-count, Poisson-statistics limit
of single-molecule spectroscopy. This analysis yields the
modulation depth and phase as a function of time throughout
the fluorescence trajectory, and the modulation depth can
be used to track the orientational mobility of the fluorophore.

In order to apply single-molecule polarization methods to
CaM, we constructed T34C-CaM and labeled the Cys residue
with tetramethylrhodamine (TMR). PMCA purified from
CaM-depleted erythrocyte ghost membranes was immobi-
lized in agarose gels (∼2% by weight). CaM itself diffuses
freely through such gels, but becomes translationally re-
stricted when bound to the much larger PMCA (31, 76).
Single CaM-TMR molecules were not detected in the
absence of either PMCA or Ca2+, and thus molecules
detected under these conditions can be identified as CaM-
TMR bound to PMCA in a Ca2+-dependent manner. Single
PMCA-CaM-TMR complexes were located by scanning a
piezoelectric scanner and excited by a 543 nm beam with
polarization modulated at 25 Hz. We found that the
translational mobility of PMCA-CaM-TMR complexes was
restricted in agarose gels for periods of tens of minutes. The
modulation depth was determined for each modulation period
and averaged to give modulation depth for each molecule.

FIGURE 7: Predicted PMCA structure (130), with the extensive
cytosolic portions of the enzyme toward the bottom. The structure
was generated by homology and comparative modeling based on
reported structures of the SERCA Ca2+ pump (129) with protein-
protein docking and guidance from biochemical studies. The green
and red regions show segments 206-271 and 537-554 (respec-
tively) where the autoinhibitory domain is known to bind. The
purple segment is the CaM binding domain. The phosphorylation
site is shown in orange, and a lysine residue located in the ATP
binding region is shown in blue. Figure courtesy of G. H.
Lushington.
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Using the polarization modulation method, we measured
the modulation depths of CaM-TMR bound to PMCA under
saturating and subsaturating Ca2+ concentrations in the
presence or absence of ATP (see Figure 9). At a saturating
Ca2+ concentration, we found a single orientational-mobility
population of molecules with a low modulation depth,
consistent with CaM bound to a dissociated and mobile
autoinhibitory domain (76). In contrast, at a lower Ca2+

concentration in the absence of ATP, a second population
appears with a higher modulation depth, corresponding to a
lower orientational mobility. The distribution of orientational
mobilities shown in Figure 9 is not consistent with a two-
state model of the activation of PMCA. In a two-state model,
the autoinhibitory domain is associated with the nucleotide
binding region of the pump in the absence of CaM and
dissociated from the nucleotide binding region when CaM
is bound. In this model, at a reduced Ca2+ concentration,
fewer CaM molecules would be bound to PMCA because
of the reduced affinity of CaM for PMCA binding at reduced
Ca2+, but those molecules that are bound to PMCA would
have the same orientational mobility as at a higher Ca2+

concentration. Thus the presence of a lower mobility
population a subsaturating Ca2+ demonstrates the existence
of another state of CaM-PMCA complexes.

We proposed a model (illustrated in Figure 9) with an
intermediate state in the activation of the pump in which
CaM is bound but the autoinhibitory domain is still associated
with the active site (76). In this model the orientationally
more mobile population corresponds to PMCA-CaM com-
plexes with a dissociated autoinhibitory domain of the Ca2+

pump and the less mobile population corresponds to PMCA
with a nondissociated autoinhibitory domain (see Figure 9).
This model is consistent with kinetic measurements that
indicated that CaM can bind to PMCA in both its open
(dissociated autoinhibitory domain) and closed (nondisso-
ciated autoinhibitory domain) forms (122). In our interpreta-
tion, the depth of polarization modulation provides a means
to track the conformation of the autoinhibitory domain.

The Ca2+ and ATP dependences of these populations
support their interpretation in terms of active and inactive
PMCA (Figure 9). We found that in the presence of ATP,
which is required for enzymatic cycling, only the high-
mobility population is present, even at a reduced Ca2+

concentration. This indicates that when ATP is present, so
that PMCA is actively cycling, the likelihood for the
autoinhibitory domain to associate with the catalytic site is
very small. This finding is supported by measurements of
the susceptibility of PMCA to chymotrypsin proteolysis (77).
Thus, enzymatic cycling alters the interaction of the auto-
inhibitory domain with the catalytic domain at subsaturating
Ca2+. The change in binding propensity of the autoinhibitory
domain in the presence of ATP may occur as a result of an
enzymatic conformational change associated with ATP
hydrolysis and associated phosphorylation of the enzyme,
as has been proposed for the homologous SERCA Ca2+ pump
(123, 124).

We have carried out further polarization-modulation
experiments to probe the effect of oxidative modification
on the distribution of orientational mobilities of PMCA-
CaM complexes (75). Oxidative modification of either
PMCA (125) or CaM (126) results in reduced PMCA
activity. Single-molecule polarization modulation experi-
ments yield insight into the mechanistic source of this activity
loss. As shown in Figure 9, oxidation of CaM produces a
significantly higher population of PMCA-CaM complexes
with low orientational mobility (high modulation depth),
suggesting that oxidative modification of CaM results in a
reduced effectiveness of CaM to induce dissociation of the
autoinhibitory domain (75). Even in the presence of ATP,
which for nonoxidized CaM results in complete dissociation
of the autoinhibitory domain, a substantial fraction of
CaMox-PMCA complexes remains with a nondissociated
autoinhibitory domain (Figure 9).

Similar experiments probed the effect of oxidative modi-
fication of PMCA on the mechanism of activation of PMCA
(77). Again, a low-mobility (high modulation depth) distribu-

FIGURE 8: (A) Illustration of polarization modulation experiment. A laser beam coming from the left with linear polarization is passed
through an electro-optic modulator and quarter waveplate combination, which function together as a half-wave (λ/2) retarder to rotate the
polarization of the excitation beam. An orientationally immobile molecule has a high modulation depth because its excitation is modulated
as the polarization rotates with respect to the dye’s transition dipole. An orientationally mobile molecule on the other hand does not show
modulated fluorescence because the molecule rapidly samples all orientations relative to the excitation polarization. (B) An example of a
single-molecule polarization modulated trajectory (left) and maximum likelihood estimator fit (right).
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tion remained in the presence of ATP for oxidized PMCA.
In contrast, in the absence of ATP, the orientational mobility
distributions closely resembled those for nonoxidized PMCA.
In fact, the addition of ATP to PMCAox-CaM-TMR
complexes resulted in a larger fraction of complexes with a
low mobility. This result shows that coupling between the
autoinhibitory domain and the nucleotide binding domain is
altered by oxidative modification of PMCA in a way that
leads to an increased population of complexes with a
nondissociated autoinhibitory domain. It appears that
PMCAox fails to undergo the conformational changes that
occur in native PMCA that promote dissociation of the
autoinhibitory domain after binding of ATP. These results
show that the loss of activity resulting from oxidative damage
is correlated with an altered interaction between the catalytic
and autoinhibitory domains, even with CaM bound.

CONCLUSIONS AND FUTURE PROSPECTS

Over the past 10 years, single-molecule spectroscopy has
progressed from an exotic technique practiced by specialists
to a tool with real utility in the study of biological systems.
This review shows that relatively straightforward implemen-
tation (a single excitation beam and one or two detection
channels) of single-molecule methods such as burst-detected
FRET or polarization modulation can yield new knowledge
about conformational state distributions and dynamics.
Conformational substates and intermediate states were
revealed by these methods that had not previously been
detected, both for CaM and for PMCA-CaM complexes.
For CaM in solution, single-molecule measurements dem-
onstrated the presence of conformational substates spanning
a wide range of global conformations, from compact to

FIGURE 9: (A) Modulation depth histograms for complexes of PMCA with native CaM (top row) and CaMox (bottom row). A higher
modulation depth corresponds to a lower orientational mobility. PMCA was immobilized in agarose gel, in which CaM-TMR diffuses. The
histograms show the modulation depth for single PMCA-CaM-TMR complexes averaged over trajectories of several seconds duration
(limited by photobleaching). At a high Ca2+ concentration CaM-PMCA complexes are nearly all in a high mobility state, which we
attribute to CaM bound to a dissociated autoinhibitory domain (upper left panel). At a reduced Ca2+ concentration, a second, lower-
mobility population appears, which we attribute to CaM bound to a nondissociated autoinhibitory domain (upper center panel). With the
addition of ATP, the high-mobility population is recovered (upper right panel), indicating a conformational change that leads to a dissociated
autoinhibitory domain even at a low Ca2+ concentration (upper right panel). The lower row shows the effect of oxidative modification of
CaM. A large low-mobility population is present even at high Ca2+ (lower left panel) and in the presence of ATP (lower right panel),
indicating a reduced potency of CaM to induce dissociation of the autoinhibitory domain. The solid lines show fits of the histograms to
Gaussian functions with centers at modulation depths of around 0.40 (high-mobility population) or 0.62 (low-mobility population). Adapted
from refs75 and76. (B) Model for CaM activation of PMCA. Left: PMCA with nondissociated autoinhibitory domain. Center: PMCA-
CaM complex with autoinhibitory domain not dissociated. Right: PMCA-CaM complex with autoinhibitory domain dissociated. The
relative populations of PMCA-CaM complexes with dissociated and nondissociated autoinhibitory domains depend on Ca2+ concentration,
ATP, and oxidative modification of CaM or PMCA.
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extended. The conformational interchange time appears to
be on the millisecond time scale. For CaM bound to a target
enzyme, PMCA, single-molecule distributions revealed a
previously undetected intermediate state. We interpreted this
state as a PMCA-CaM complex with a nondissociated
autoinhibitory domain. The ability to detect conformational
distributions of PMCA-CaM complexes led to information
about how oxidative modification of either CaM or PMCA
results in loss of activity through decreased effectiveness in
dissociation of the autoinhibitory domain, resulting in an
increased population of enzyme in the intermediate state. This
illustrates the relevance of single-molecule measurements of
the properties of distributions for understanding biological
function.

As improvements are made in spectroscopic techniques,
targeted labeling methods, detection sensitivity, and the
development of fluorescent probes with greater bright-
ness and stability, we expect that single-molecule fluores-
cent methods will be applied to more complex biological
systems. Perhaps the most exciting challenge is the applica-
tion of single-molecule spectroscopy to study processes
in living cells. Application of these methods would
provide a new tool for scientists investigating the net-
work of CaM signaling processes in functioning cells. One
of the factors limiting such experiments at present is the need
for methods of introducing bright but biologically inert
fluorescent probes as labels inside cells. The availability of
methods to probe the interactions, dynamics, and con-
formations of single molecules as they function within the
complex network of cellular processes promises to open a
new and exciting chapter in answering important biological
questions.
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