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1. Introduction

Even though we have several techniques, represented by the electron microscopy, to obtain
images of single molecules, in this chapter, we use ‘single-molecule imaging” (SMI) for a lim-
ited means—that is, imaging of fluorescently labeled biological molecules at work for ana-
lyzing their behaviors. To observe biological molecules at work, imaging in aqueous
conditions is essential. Therefore, optical microscopy is the main technology in SMI. Fluores-
cence labeling is good to use for imaging in optical microscopy, because it allows high con-
trast and selective imaging of molecules that we are interested in. SMI provides information
of dynamics and kinetics of molecular reactions. In 1995, two groups firstly and independ-
ently realized SMI of biological molecules in aqueous conditions [1,2]. In the early days, SMI
was used mainly for the in vitro studies of protein motors [1,2] and metabolic enzymes [3].
Detection of enzymatic reaction (reaction kinetics) [1,3] and detection of protein dynamics
(lateral and rotational movements) [2] have been the two main usages of SMI since the first
development of this technology. After that, the application of SMI has been extended, and in
2000, SMI became to be used in living cells [4,5].

Probably, for the readers, the most familiar usage of SMI is the measurement of molecular
dynamics, including conformational changes and lateral and rotational movements. Howev-
er, kinetic analysis is one of the original applications of SMI as mentioned above, and in
many cases, it relates more closely to the higher-order biological functions than does dy-
namics analysis. This chapter focuses on the kinetic analysis of protein-protein interactions,
including molecular recognitions and enzymatic reactions in living cells. As the application
of SMI, we introduce a ligand-receptor interaction on the cell surface, and a process of pro-
tein activation occurs in a ternary protein complex beneath the plasma membrane. Because
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the main subject of this chapter is the technical issue, these two examples of applications are
chosen to explain how to analyze single-molecule data to understand kinetics of molecular
interactions quantitatively in living cells. At the present time, we have several textbooks spe-
cialized for the technologies and applications of SMI in a wide field [6-8]. Please refer to
these books for information lacking in this chapter.

2. Motivation of Single-molecule Imaging Measurements of Molecular
Interactions

2.1. Single-molecule versus ensemble-molecule measurements

Before considering about technological issues, it might be important to discuss why we need
SMI measurements of molecular interactions. The operation of biological molecular ma-
chines is basically stochastic. Therefore, in ensemble average measurements, in which only
the averages over a huge number of reaction events are observed, details of the reaction
process are obscured. In SMI measurements, it is possible to virtually synchronize a particu-
lar point in the reaction process for kinetic analysis. For example, imagine the observation of
an enzyme reaction. The substrate solution is added to the enzyme solution to start the reac-
tion. In ensemble measurements, the time of the two solutions mixing is set to time 0, and
the concentration of the product is monitored with time. In the mixture, first, a substrate
molecule needs to diffuse and collide with an enzyme molecule to form an enzyme-sub-
strate (ES) complex; then, a chemical reaction starts on the enzyme molecule. The time 0 in
ensemble measurements is not the time of ES complex formation. The time of ES complex
formation is different for each molecule due to the stochasticity of molecular reactions, and
this difference obscures the measurements of chemical reactions. In SMI measurements, the
time point of each ES complex formation is detected, and after the observation, all the time
points for individual molecules are aligned to time 0. Hence, in SMI measurements, we se-
lectively extract the process of chemical reactions, removing the diffusion and collision for
kinetic analysis.

This principle of SMI measurements also allows separation of forward and backward reac-
tions. Here, imagine an association-dissociation reaction between two species of molecules.
In the reaction mixture, both association and dissociation occur in parallel (on the different
molecules). Even if we monitor the initial process of complex formation soon after the mix-
ing of the two solutions, it is impossible to separate forward and backward reactions com-
pletely, and in the equilibrium, it is absolutely impossible to measure reaction kinetics, at
least when the numbers of molecules are large. In SMI measurements, each association or
dissociation event is detected individually; therefore, after the observations, association (or
dissociation) events can be selected for pure kinetic analysis of association (dissociation) re-
actions. Because of this, kinetic analysis based on SM], is possible, even in the equilibrium
(or steady state) conditions.

Structures of biological macromolecules, especially proteins, often show multiple metasta-
ble points (this phenomenon is called polymorphism). Each single molecule is drifting among
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these metastable points in various timescales. post-translational modifications, such as phos-
phorylation, may stabilize one or some of the metastable structures, according to each sin-
gle molecule. SMI measurements are good to detect distributions and fluctuations of reactions
and structures caused by static and dynamic polymorphisms of biological macromole-
cules [3,9-11]. In some cases, non-random reactions of proteins have been detected using
SMI [3,9,11].

2.2. Single molecule measurements in living cells

In a cellular context, it is difficult to perform long time-series analyses of the reaction on the
same single molecules due to high density and lateral movements of the molecules. Howev-
er, SMI measurements still have advantages over conventional ensemble average measure-
ments. SMI allows in situ, non-destructive quantitative measurements. SMI measurements
provide absolute values of the kinetic and dynamic parameters of the molecular reactions
and dynamics, including number, density, reaction rate constants, lateral diffusion coeffi-
cient, and transport velocity, with the smallest disruption of the living cell systems [8,12,13].

As mentioned above, for the time-series analyses, SMI measurements do not require physi-
cal synchronization, which is indispensable in ensemble molecule measurements. Synchro-
nization, like concentration or temperature jumps, generally alters the condition of cell
cultures, possibly affecting many cellular reactions in addition to the subject of the experi-
ment. Therefore, it sometimes becomes ambiguous if the changes of the measured value re-
flect the reaction kinetics itself or the cellular dynamics triggered by the changed culture
conditions. SMI measurements allow kinetic analysis in steady state, avoiding changes of
culture conditions. For example, Hibino et al. [14] measured dissociation kinetics between
two protein species, Ras and RAF, using SMI in quiescent cells in a steady state.

SMI measurements can detect small numbers of reactions in a limited volume inside living
cells, because they are based on imaging with spatial resolution and possess the extreme
sensitivity to detect single molecules. Using SMI measurement, Ueda et al. [15] measured
the numbers and rate constants of the reactions between cAMP and its receptor, comparing
the front and rear halves of a single Dictyostelium amoeba during chemotaxis. Tani et al. [16]
analyzed reaction kinetics at the growth cone of nerve cells. These works have revealed that
kinetic parameters of the same reactions diverged according to the positions in single cells.
In addition, SMI measurements have directly revealed that cellular responses, such as neu-
rite elongation [16] and calcium response [17], are caused by signaling of tens or hundreds
of protein molecules.

The range of application of SMI measurements is broad, covering various fields of biological
sciences of cells, including not only basic biochemistry and biophysics but systems biology,
pathology of genetic diseases, action points analyses in pharmacology, and toxinology. SMI
measurements provide absolute values of reaction parameters, which can be substituted in-
to the reaction models described using mathematical equations. Since these values are deter-
mined in live cell conditions, SMI measurements are good to use in combination with
mathematical modeling constructed to explain and predict dynamics of complex intracellu-
lar reaction networks.
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3. Technologies of Single-molecule Imaging in Living Cells

3.1. Microscope and imaging equipment

SMI uses optical microscopy, and since most of the biological molecules are translucent for
visible light, some kind of labeling is required. For detection of single molecules, labeling
with fluorophore is effective, because it provides high-contrast imaging, which is essential
both for detection of small signals from a single molecule and for detection of specific spe-
cies of molecules in crowded conditions of living cells. Labeling by fluorescent proteins has
expanded the application of SMI in living cells.

Fluorescence signal from single fluorophores is small but enough to be imaged individually
when recent high-sensitivity video cameras, like EM-CCD or CCD equipped with a multi-
channel plate image intensifier are used. Standard temporal resolution of SMI in living cells
is several tens of ms, and in some cases, under strong illumination, ms sampling has been
achieved gathering hundreds of photons from a single fluorophore per single video frame.

For detection of small signals from single molecules, background rejection is essential. Total
internal reflection [1] and oblique illumination [18] are useful technologies of wide-field flu-
orescence microscopy to realize effective background rejection and can be used for SMI in
living cells (Figure 1) [19].
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Figure 1. Single-molecule imaging in living cells. Schemes of total internal reflection (A) and oblique illumination
(B) microscope and a single-molecule image of tetramethylrhodamine-labeled EGF on the surface of living Hela
cells under an oblique illumination microscope (C) are shown. Bar in C: 10 um. Detection of singlemolecules can
be examined by single-step photobleaching (D).

Figure 2 shows the optical setup of our TIR microscope for SMI, which was home-built
based on a commercial inverted fluorescence microscope. Solid-state continuous wave lasers
in different emission wavelengths are used for illumination according to the species of fluo-
rophore. Between the lasers and the microscope, a two-dimensional beam scanning system
is constructed. This system is composed by a pair of diagonallypositioned Galvanometer-
scanning mirrors and a telescope that inserted between the two scanning mirrors. The two
scanning mirrors are moved sinusoidally with a 7 phase difference in a frequency higher
than the frame rate of imaging (30 Hz is the typical frame rate). Therefore, the specimen is
illuminated from every direction during the acquisition of single frames. Thus, the system
achieves pseudo-circular illumination.
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Circular illumination is better in TIR-microscopy than the illumination from a fixed single
direction that is usually used in commercial TIR system, especially for observations of bio-
logical samples having anisotropic structure [19]. It also reduces effects of spatially inhomo-
geneous illumination pattern often caused by the strong coherence of laser beams. There are
several methods to construct circular illumination path using only static optical elements or
a rotatory moving mirror with a fixed angle, however, using a pair of Galvanometer, the in-
cident angle of the illumination beam to the specimen is easily adjusted to the best position
for each specimen by changing the amplitude of vibration of the scanner mirrors.
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Figure 2. Optical path of a total internal reflection fluorescence microscope for single-molecule imaging.The illumina-
tion laser beams are introduced into an inverted fluorescence microscope from the epi-illumination path. Between the
microscope and lasers, a two-demensional beam scanning system is inserted to achieve pseudo-circular illumination
(see text for details). The violet (405-nm) laser is used for photoconversion of fluorophores. BE: beam expander, DM:
dichroic mirror, FS: field stop, GM: Galvanometer scanner mirror, L: lens, N/4: quarter wave plate, M: mirror, ND: neu-
tral density filter, S: shutter.

3.2. Fluorophores

Both the chemical fluorophores and fluorescent proteins are applicable as the probes of SMI
in living cells. To obtain good contrast against autofluorescence of cells and optics, fluoro-
phores with relatively longer wavelength emissions are generally better. As the chemical
fluorophores, tetrametylrhodamine (TMR), Cy3, Cy5, Alexa 488, and Alexa 594 are used fre-
quently. Among the fluorescent proteins, as far as we know, eGFP is the best for SMI be-
cause of relatively good photostability. As the red fluorescent protein in SMI, tag RFP is
applicable. Photoconvertible proteins, Eos and mKikGR, are good in photoactivation locali-
zation microscopy (PALM), which is an application of SMI [20]. Protein tags, like HaL.o and
SNAP, which can be conjugated covalently with chemical fluorophores after expression in
living cells, are useful, because chemical fluorophores are generally more photostable than
the fluorescent proteins, and colors of fluorescence emission can be changed according to
the purpose of the experiment. When an especially strong and stable (long observation time)
signal is required, Q-dot or other fluorescent beads will be used. In such cases, steric hin-
drance and multivalency should be controlled carefully.
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3.3. Sample preparation

For SMI, cells are cultured on a coverslip and set on the microscope. Since contamination of
small dust on the coverslip prevents SMI, the coverslip must be washed thoroughly before
transfer of cells onto it [21]. Usage of glass coverslips (not conventional plastic cell culture
dishes) that has the high refractive index was necessary to achieve total internal reflection;
however, some cell culture dishes or chambers made of plastic with the refractive index sim-
ilar to that of glass (1.52) can be purchased recently. One day or more before the observa-
tion, the culture medium should be replaced to one that does not contain phenol red to
reduce background fluorescence. The culture medium used during observation should also
not contain phenol red.

When proteins tagged with fluorescent proteins, like GFP, are expressed and observed in
cells, conditions for the transfection of cDNAs should be carefully controlled to avoid over-
expression that prevents SMI (see section 3.5). Similarly, when HaLo or SNAP tag is used,
staining should be carried out with a much lower concentration of fluorescent regents than
that recommended by the manufactures.

3.4. Image processing

The signal-to-noise ratio (5/N) in SMI is usually not good due to small signals and, especial-
ly in cells, due to rather large background autofluorescence and scattering. Temporal aver-
aging over successive video frames improves S/N under the sacrifice of temporal resolution.
Spatial filtering of the images is also used to improve image quality. But, one must be care-
ful to use any temporal and spatial filtering, because they sometimes do not preserve the lin-
earity of signal intensity. Background subtraction is usually carried out before quantification
of single-molecule signals. In cells, because background signals are highly inhomogeneous,
the background levels should be determined locally.

After the appropriate pretreatments, the position and signal intensity are determined for in-
dividual single-molecule images. For this purpose, fitting with a two-dimensional Gaussian
distribution is usually used. Fitting functions can include background signals instead of the
pretreatment of background subtraction. We usually use a Gaussian distribution on an in-
clined background plane as the fitting function [21]. Positions of the molecule can be deter-
mined as the centroid of the distribution with sub-pixel spatial resolution. Signal intensity
can be calculated by integration of the distribution function. Accuracy of these parameters
depends on the measurement system and should be determined statistically from the re-
peated measurements of the same single molecules.

There are several criteria to judge whether single molecules are really detected or not [4].
Single-step photobleach is the most convenient and used criterion (Figure 1D). To distin-
guish photobleach from disappearance by the movements of molecules, like release into the
solution, illumination intensity should be changed. Photobleaching rate, but not the rate of
most of other phenomena, depends on the illumination intensity. Because the size of fluoro-
phores is much smaller than the spatial resolution of the optical microscope, the profile of
single-molecule images must be the point spread function of the optics. The intensity distri-
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bution of single molecules should be Gaussian, because the photon emission from a fluoro-
phore is a Poisson process; however, when the intensities are small, the distribution
becomes binominal or sometimes looks as a log-normal distribution.

3.5. Technical limitations specific for SMI

Photobleach of the fluorophore seems to be the most serious problem in SMI. This brings a
trade-off between S/N of the single-molecule measurments and the observation length of
each single molecule. By increasing the illumination power, the signals from single mole-
cules increase to improve S/N, which in turn improves the temporal resolution and the accu-
racy of position determination; however, at the same time, the observation length of each
single molecule must be decreased due to increased photobleacing rates. In typical condi-
tions, the emission photon numbers from a single chemical fluorophore, including TMR and
Cy3, before photobleach is less than 1 million, and those from fluorescent proteins are sever-
al times smaller. Since SMI in typical conditions requires thousands of photon emissions
from a fluorophore per frame (due to limited numerical aperture of the objective and tran-
mittance of the optics, <10% of which reach to the camera), only hundreds of frames can be
acquired for each single molecule. If a video rate movie is taken, single molecules could be
observed only for about 10 s in average.

Signal intensity (photon flux) of single fluorophores is limited, because the fluorescence
emission cycle requires a finite time. The fluorescence lifetime, which is the rate-limiting pa-
rameter under strong enough illumination, of typical fluorophores used in SMI is about 1
ns, meaning that the maximum photon flux is about 10° s*. However, strong illuminations
that cause such high-rate emission induce higher-order excitation that could be the reason of
undesired photochemical reactions. Practical photon emission rate is no more than about 10°
s’. This means that because thousands of photons are required to acquire a snapshot of SMI,
temporal resolution of SMI is difficult to be improved to more than 1 ms. Accuracy of posi-
tion detemination depends on the signal intensity. When more than 10,000 photons are ob-
tained on the camera for a single frame, the centroid of a single-molecule image can be
determined with 1 nm of accuracy [22]. Such high accuracy cannot be obtained with a tem-
poral resolution better than subseconds.

The special resolution of the optical microscopy is worse than 200 nm. This limits the densi-
ties or the concentrations of the molecule to be observed, because in dense conditions, im-
ages of molecules overlap to inhibit single-molecule detection. The practical limits of the
molecular density and concentration are about 10 um™ and 10 nM, respectively. Concentra-
tions of most cell signaling proteins are thought to be within these limits, but those of struc-
tural proteins could exceed these limits.
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4. Applications and DetaAnalysis

4.1. Single-molecule kinetic analysis

4.1.1. Principle

Durations and intervals of molecular interactions contain information about reaction kinet-
ics. Hereafter, we call the durations of the colocalization of two molecules as ‘on-times’, and
the intervals from the dissociation of two molecules to the association of the next molecule
with one of the dissociated two molecules as ‘off-times’. On-times and off-times can be
measured for single events using SMI. Dual-color SMI (Figure 3) is possible to detect on-
times, but in practice, due to photobleach, it is difficult to detect successive multiple on-
times for a single molecule and not easy to detect even a single off-time.

Figure 3. Dual-color single-molecule imaging of TMR-labeled epidermal growth factor (EGF; magenta) and GFP-
Sos (green) in a living Hela cell. Basal cell surface was observed using a dual-colour total internal reflection fluores-
cence microscope. EGF receptors (EGFR) on the cell surface are activated by EGF binding. Then, Sos molecule,complexed
with Grb2, associates to the activated EGFR. White spots represent the EGF-EGFR-Grb2-Sos complexes in the plas-
ma membrane.

More practical single-molecule measurements of on- and off-times are achieved for the in-
teractions between a soluble molecule and a molecule stably attached on stationary struc-
tures. Because of the rapid Brownian movements in solution, soluble molecules cannot be
observed as clear fluorescent spots and can only be imaged when they associate with fixed
or slowly moving molecules. Therefore, in vitro SMI measurements, interactions between
fluorescently labelled soluble molecules and a (non-labeled) molecule fixed on the substrate
are often observed [1, 11]. In such cases, because different soluble molecules interact with a
fixed molecule in turn, photobleach has minimal effect. Similar measurements can be ach-
ieved in living cells when interactions are observed between a fluorescently labelled soluble
molecule (either in the extracellular solution or in the cytoplasm) and molecules in the mem-
brane or cytoskeleton structures. Inside living cells, detection of the successive on-times as
well as the single off-time is difficult by this way because of the movements and/or high
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density of the non-labeled molecules. However, even in living cells, measurements of the
waiting times of the first association after some perturbation and measurements of off-times
are usually possible for kinetic analyses.

4.1.2. Estimation of the reaction parameters

Consider a reaction of state change,

k

As o M)

Here, A and ¢ represent association and dissociation states, respectively, for example, and
then k is the dissociation rate constant. The on-time distribution, which is the normalized
histogram to show the fraction of on-times observed in each time interval from t to t+At,
means changes of the nomarlized frequency to observe disappearance of the association
state as a function of time. In other words, the on-time distribution represents the reaction
rate to produce the dissociation state with time after the formation of the association state.
(Disappearance of A state is the appearance of ¢ state in the reaction equation (1).)

Hence, the on-time distribution is the reaction rate equation,

0D _ka®). )

Here, the reaction is assumed to proceed according to a simple mass action model. Differ-
ent from the kinetic analyses in conventional biochemical techniques that deal with the
concentration changes, the reaction rate equations in SMI describe state changes of a sin-
gle molecule with time; i.e., in equation (2), A(t) and ¢(t) do not mean the concentrations
but the probabilities with which each of the states is observed. Because every single mole-
cule takes one of the two states in this reaction model, and because at the starting point of
each on-time the molecule takes A state, equation (2) has a conservation condition; A(t) +
¢(t) = 1, and the initial condition; A(0) = 1. Under these conditions, equation (2) is solved
as A(t)=exp (-kt). Then,

d(g,it) =kA(t)=k exp(—kt). 3)

By fitting the on-time distribution with equation (3), the best-fit value for k is obtained.

This procedure is similar to that used in a conventional biochemical analysis based on en-
semble-molecule measurements. However, there are two major different points between
SMI and ensemble-molecule analyses. First, the initial condition A(0) =1 is not always appli-
cable in ensemble-molecule analysis. Second, and more importantly, in SMI analysis, the for-
ward and backward reactions can be analyzed completely separately. In the presence of
many molecules in the reactant, the association and dissociation reactions take place in par-
allel; therefore, in ensemble molecules, the reaction equation should be
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A O (4)

Then, the rate equation is

00 1AM -k L o). 5)

Here, L means the concentration of the ligand molecule, which can be thought of as a con-
stant in the presence of excess amount of the ligand. The solution for A(t) under the same
conditions, A(t) + ¢(t) =1 and A(0) =1, is

K, kL
A= expl-(k+ kL )+ g ©

indicating that the association (k,) and dissociation (k.) rate constants are never able to deter-
mined independently by fitting to a timecourse describing the concentration change of A
state. (In ensemble-molecule measurements, obtaining multiple timecourses by changing the
ligand concentration, L, the association and dissociation rate constants can be determined
separately. However, in this case, there is an additional assumption that the rate constants
are independent of the concentration.)

Reactions are not always as simple as described in equation (1). Multi-component reactions,
described by a sum of exponential functions, are usual for proteins [11,15]. Also, reaction in-
termediates are sometimes involved. Such reaction structures could be noticed from the
shape of the on(off)-time distributions. For example, sequential dissociations of two binding
sites in a single molecule are described by the tandem reaction model [14],

ky ky

A=B—o )
Here, ¢ state is the off state again,and the on-time distribution is

do(t)

i =k,B(#). (8)

At the same time,
dA(t) 9
o =-k, A1), )

and
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9O _k AE) - K, B(2). (10)

Solving the coupled differential equations (8-10) under the conditions A(t) + B(t) + ¢(t) =1,
A(0)=1, and B(0) = ¢(0) =0,

do(t) kyk,
a =k, B(t)= - k, -k, {exp (-k;t) - exp (-kyt)}. (11)

This distribution is peaked; conversely, from the peaked distribution of on-times, presence
of a reaction intermediate (or multiple intermediates) can be noticed. By fitting the on-time
distribution by equation (11), two reaction rate constants can be determined. However, in
this case, even two values of the rate constants are obtained, it is impossible to assign which
one is the value of each rate constant, because k, and k, are interchangeable in equation (11).
Additional experiments or information is required for the assignment.

4.1.3. spFRET measurements for detection of molecular interactions

In some case, more direct evidence for interactions between two species of single mole-
cules should be required. Although the spatial resolution of optical microscopy is worse
than 200 nm, the position (centroid) of each single-molecule image can be determined at
nm-level resolution, if sufficient signal is obtained [22]. Dual-color SMI (Figure 3) allows
detection of colocalization within several tens of nm in typical conditions. More accurate
detection of direct molecular interactions is allowed by detecting single-pair FRET (spFRET)
signal [4,23]. spFRET has a power to detect molecular interactions in crowding conditions,
because FRET from sparsely distributed donors to dense acceptors yields sparse signal from
the acceptors, which can be detected in single molecules [24]. However, usage of spFRET is
limited due to its weakness to photobleach and difficulty to tuning labeling conditions to
obtain high FRET efficiency.

4.2, Interactions between epidermal growth factor (EGF) and EGF receptor, and receptor
dimerization

4.2.1. EGF and its receptor

Ligand-receptor interactions are one of the basic reactions in cell signaling systems. Here,
we used SMI for detection of interactions between an extracellular ligand and receptor on
the cell surface.

Epidermal growth factor, EGF, is a soluble cell signaling protein in the extracellular medi-
um. EGF associates with its receptor, EGF receptor (EGFR), in the plasma membrane to
stimulate cell proliferation [25]. EGFR is a single membrane spanning protein expressed in
various types of animal cells. At the extracellular domain, an EGFR molecule associates with
a single molecule of EGF; then, the conformational change of EGFR is thought to induce di-
merization of two EGF-associated EGFR molecules. In addition to monomers of vacant
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EGFR molecules, predimers of EGFR molecules (dimers without association of EGF mole-
cules) are known to present on the cell surface. However, it is widely believed that only after
formation of doubly liganded dimers (signaling dimers), EGFR molecules are activated
through phosphorylation at the cytoplasmic domain. These phosphorylations are carried
out through the mutual phosphorylations in the signaling dimers using the kinase activity
in the cytoplasmic side of EGFR molecules (Figure 4). We tried to determine the kinetic
process of EGF-EGFR associations and formation of signaling dimers of EGFR using SMI
measurements [26,27].

© 2xEGF
Extracellular domain

X2

Tyrosine kinase
/ domain

Tail domain

Figure 4. A schematic model of associations between EGF and EGFR and formation of signaling dimers of EGFR.

4.2.2. Single-molecule imaging of EGF association

EGF can be conjugated with chemical fluorophores like TMR at the N-terminus without dis-
ruption of its biological activity. After applications of nM orders of TMR-labeled EGF to the
culture medium of cells under an oblique illumination fluorescence microscope, associations
of single EGF molecules on the apical surface of living cells were observed in real time (Fig-
ure 1C). Movies of EGF associations were acquired in 20 frames/s. In this experiment, a hu-
man breast cancer cell line, MCF-7, was used. From the single-molecule movies, associations
of single EGF molecules were detected individually as the sudden appearance of fluorescent
spots on the cell surface (Figure 5A). When the association sites contained more than one
EGFR molecule, the second associations were observed at the same positions of the first as-
sociation sites. Some of the double association sites could be predimers of EGFR, and others
could be two EGFR molecules presented in close proximity by accident. In our experimental
conditions, no association site showed more than double association.

The association kinetics between EGF and EGFR were analyzed from the distributions of the
waiting times for associations of single EGF molecules (Figure 5B,C). The waiting time dis-
tribution for the EGF association for the first EGF molecules could be described by a 2-com-
ponent exponential function with rate constants of k; = 1.4 x 10°nM's? and k, = 3.8 x 107
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nM's. The difference between two types of EGF association sites in the association rate
constant of EGF has not been fully known, but it is possible that the latter (k,) is the associa-
tion rate constant of the first EGF molecule to the predimers of EGFR, because the associa-
tion rate constant for the single association sites was the same as k; (Figure 5B).

The waiting time distributions for the second associations to the double association sites
were peaked (Figure 5C). The distributions were analyzed using the tandem reaction model
(equation 7). By changing the concentration of EGF, the rate constants for the intermediate
formation (k;) and for the association of the second EGF molecule (k,) were assigned: k; was
independent of the EGF concentration, suggesting that it was the rate constant for a confor-
mational change induced by the first EGF association, while k, was proportional to EGF con-
centration, suggesting they were the association rate constants for the second association of
soluble EGF molecules with the singly-liganded EGFR dimers. The values were k; = 4.0 s™
and k,/L = 2.4 nM's!. The intermediate between the first and the second associations of EGF
molecules was first detected using SMI. These results suggest that the association rate con-
stant with EGF is increased by the formation of predimer of EGFR and, after the association
of the first EGF molecule to the EGFR dimer, increased further. These properties of EGF-
EGEFR interactions facilitate the formation of signaling dimers of EGFR. Similar results were
observed on HeLa cells [26] and other EGFR family members on MCF-7 cells [27].
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Figure 5. Single-molecule measurement of the associations between EGF and EGFR. (A) Single-molecule detections of
the associations of EGF with EGFR are illustrated schematically. Waiting times of the association (appearance) of fluo-
rescent spots on the cell surface (t;) were measured individually after the application of TMR-EGF to the cell culture
medium. Second associations of TMR-EGF, which could be detected by a step-like increase of the fluorescence intensi-
ty, were observed in some association sites. The waiting times of the second association after the first association (t)
were also measured. (B) The distributions of t, were measured for all association sites (red bars) and for the single
association sites (green bars) in the presence of 4 nM TMR-EGF. The numbers of events were 57 (red) and 31 (green).
Lines show the results of fitting with the reaction models. The red histogram was fitted with a two-component expo-
nential function, suggesting the presence of two different association sites. The green histogram was fitted with a sin-
gle-component exponential function. See text for the values of rate constants. (C) The distributions of 1, were
measured in the presence of 2 nM (red bars) or 4 nM (green bars) of TMR-EGF. The numbers of events were 30 (red)
and 81 (green). The distributions were analyzed by the tandem reaction model. In this model, the first and second
steps are the state change and association of the second EGF molecule, respectively. Therefore, the reaction rate of
the first step is independent to the EGF concentration, but the second step should be proportional to the EGF concen-
tration. The best-fit values of the first-order reaction rate constants for the second step were 4.7 and 4.7 s (2 nM),
and 3.4 and 10 s (4 nM), suggesting that the rate constant of the first step were 4.7 (2 nM) and 3.4 (4 nM) s', and the
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second-order rate constants were 4.7/2 (2 nM) and 10/4 (4 nM) nM's”". The averages of the rate constants weighted
with the event numberare 4.0s" and 2.4 nM's™.

4.3. Interaction between a small GTPaseRaf and a cytoplasmic kinase RAF

4.3.1. Ras and RAF

As the second example of SMI kinetic analysis, intracellular molecular reactions of RAF
were analyzed [14,28,29]. As a downstream signaling of EGFR, EGF stimulation induces ac-
tivation of a small GTPase, Ras, on the cytoplasmic side of the plasma membrane. The active
form of Ras is recognized by a cytoplasmic serine/threonine kinase, RAF, which is the
MAPKKK of the RAF-MEK-ERK MAPK cascade; thus, RAF translocates from the cytoplasm
to the plasma membrane upon activation of Ras (Figure 6A). The active form of Ras induces
translocation of RAF but does not activate RAF directory. RAF activation was induced
though phosphorylations by still undetermined kinase(s) on the plasma membrane. RAF
contains two association sites for Ras (the Ras-binding domain RBD and the cysteine-rich
domain CRD). In addition, RAF has at least two conformations, open and closed. In the
closed form, due to intramolecular interactions, CRD and the catalytic domain (CAD) of
RAF are covered from Ras and the kinase(s), respectively (Figure 6B). Thus, the kinetics of
RAF activation in the ternary complex among Ras, RAF, and the kinase(s) should be compli-
cated. Actually, the kinetics of RAF activation has not been known at all. It cannot be stud-
ied in vitro, since the kinase(s) is(are) not determined. However, in living cells, SMI
measurement is applicable.

Stimulated

@»"(ID Cataliitic D. [

RAF (closed) RAF (open)

Figure 6. Translocation of RAF.(A) C-RAF1 and its fragments tagged with GFP at the N-terminus was expressed in He-
La cells and observed in ensemble-molecules before (upper panel) and after (lower panel) stimulation of cells with
EGF. RAF (whole molecule) translocated from the cytoplasm to the plasma membrane. Translocation was not evident
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for RBD, CRD, and CRD-CAD fragments. RBD-CRD fragments accumulated on the membrane independent of EGF stim-
ulation. (B) RAF contains two Ras-association domains (RBD and CRD) and has two conformations (open and closed).

4.3.2. Single-molecule imaging of RAF translocation

C-RAF, which is a ubiquitous isoform of RAF, was tagged with GFP (GFP-RAF) and ex-
pressed in HeLa cells. GFP-RAF presented in the cytoplasm of quiescent cells and translo-
cated to the plasma membrane upon activation of cells with EGF. The translocation of whole
molecules of RAF was observed in ensemble-molecule imaging. Only a small amount of the
RBD fragment of RAF showed translocation, and the RBD-CRD fragment bound to the plas-
ma membrane independently of cell stimulation (Figure 6A). The RBD-CRD fragment with a
mutation to inactive RBD (CRD) and a mutant of RAF in the open form with inactive RBD
(CRD-CAD) did not show remarkable translocation to the plasma membrane in ensemble
molecules, even after EGF stimulation.

Reducing the expression levels of GFP-tagged molecules, single molecules of RAF and its
fragments were observed on the plasma membrane (Figure 7). For all molecules, transient
associations with the plasma membrane were observed in single molecules after EGF stimu-
lation, and for the molecules containing RBD (RAF, RBD, and RBD-CRD), associations of a
small amount of molecules were observed, even in quiescent cells. The densities of mem-
brane-associated molecules increased with overexpressions of Ras, suggesting Ras-specific
membrane interactions of RAF molecules.

Figure 7. Single-molecule images of RAF and RAF fragments in Hela cells. These images were observed in a Hela cells
2-5 min periods after stimulation with EGF.

4.3.3. Kinetic analysis of RAF activation

On-time distributions of RAF molecules were obtained in cells after EGF stimulation (Figure
8A). RBD and CRD showed single exponential on-time distributions with the decay rate
constants of 3.8 and 2.4 s, respectively. Because the decay of on-time distributions is deter-
mined by both dissociation and photobleach as the reasons of disappearance of the fluores-
cent spots, the decay rate constants are the sum of the rate constants for dissociation and
photobleach. After the corrections for the photobleaching rate constant, which was deter-
mined by SMI in fixed cells, the dissociation rate constants for RBD (k;) and CRD (k,) were
determined as k, = 3.7 and k, =2.3 s, respectively. Corrections of photobleach were also car-
ried out in the following analyses (see supplement information of [28] for details). The on-
time distribution of RBD-CRD was peaked, suggesting sequential dissociation of RBD and
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CRD from Ras. Association with Ras using both RBD and CRD could induce firm mem-
brane anchoring of RBD-CRD, even in the quiescent cells. Applying the dissociation rate
constants of RBD and CRD, the on-time distributions of RBD-CRD could be described by the
following reaction model [29]:

RC  C— . (12)

In this scheme, RC or C represents the state in which the molecule associates with Ras using
both RBD and CRD, or only CRD, respectively. Since it is known that CRD of Ras molecules
associates with Ras very rapidly after the association of RBD to Ras [14], R state (in which
the molecule associates with Ras only with RBD) was neglected in this reaction scheme. Us-
ing this scheme, k;. (the association rate constant between RBD and Ras from the C state)
was determined to be 1.0 s

RAF and CRD-CAD interact with the kinase(s) on the plasma membrane as the substrate. In
addition, RAF contains open-close dynamics. Our previous study using spFRET [14] indicat-
ed that the initial association form of RAF with the activated Ras (in our time resolution of
~0.1 s) is an open conformation. The reaction model (equation 12) was extended to include
the phosphorylation by the kinase.

k-1ﬂ 3.6 kzz 24
Re.—= — P
k.= 1.0
chH k3 ke Hkg L@
K1 ka
REXf——2 CA———— X
kq. kxc
1 ka
RCp (k:’ Cp — dp
1=

(13)

Here, for simplification, phosphorylation of RAF was assumed to be a single Michaelis-
Menten type reaction. Suffixes X and p mean that each state forms complexes with the kin-
ase(s) and is phospholylated, respectively. For the CRD-CAD fragment, RC, RCX, and RCp
are not applicable.
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Numerically solving the coupled differential equations for the time-dependent probability
changes of the molecular states, functions to describe the on-time distributions of RAF and
CRD-CAD were calculated and fitted simultaneously to the results of experiments to find the
best-fit values of the rate constants. The results are shown in Figure 8B. The deformation of
the RAF-kinese complex without enzymatic reaction was slow (k;< 10 s™) and negligible, and
the complex formation mostly took place from the RCX state, not from the C state. The large
difference between the rates of complex formation with the kinase from the RC (47 s™') and C
(0.6 s7) states suggests that interactions with Ras at the RBD and CRD coordinately work for
effective presentation of RAF to the kinase. The very rapid association between RAF in the RC
state and the kinase to form the RCX complex suggests a preexisting complex between Ras
and the kinase. Simulation using the parameters determined by this analysis predicted that
once associated with Ras, 95% of RAF molecules are released to the cytoplasm in the phos-
phorylated (active) form. Thus, efficiency of phosphorylation on the plasma membrane is high,
and the overall activation level of RAF in cells should be regulated by the translocation from
the cytoplasm to the membrane and/or dephosphorylation in the cytoplasm.
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Figure 8. Single-molecule analysis of RAF activation. On-time distributions of RAF and fragments of RAF were ana-
lyzed. Results of fittings with the kinetic models are shown (A). The best-fit values of the reaction rate constants (s)
were determined (B).

4.4. Applications in toxinology

Kinetic analysis of the protein-protein interactions using SMI is a general technology, and
there have already been several examples in toxinology. Staphylococcus aureus leukocidin fast
fraction (LukF) and y-hemolysin second component (HS) assemble into hetro-oligomeric
pores of y-hemolysin on the cell surface to induce cell lysis. Detecting spFRET between
LukF and HS, Nugyen et al. [24] have succeeded in determining equilibrium dissociation
constants between the molecules in the intermediate complexes during the pore formation.
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A hydrophobic environmental sensitive fluorophore, badan, labeling LukF, has also been
used to detect complex formation with HS in single molecules [30].

Groulx et al. [31] measured the stoichiometry of oligomerization of another pore-forming
toxin using SMI. Monomers of Bacillus thuringiensis toxin CrylAa were labeled with a fluo-
rophore at a cysteine residue. After the complex formation, molecules were attached on a
coverslip to observe the photobleaching process. Counting the step number during the pho-
tobleach, it was concluded that the toxin forms a tetramer.

Nabika et al. [32] used SMI for observation of lateral diffusion of cholera toxin B subunit
(CTX) on the artificial lipid bilayer containing GM1, which is the receptor of CTX. The diffu-
sion coefficient was one order smaller than that of lipid molecules in the membrane, and
there were higher (0.4 um?s) and lower (< 0.1 um?s) diffusive fractions. This observation
was explained by assuming multivalent binding between CTX and GM1 molecules.

On the contrary, toxin has been used for single-molecule measurement. Since direct fixation
of molecules to a substrate possibly induces artifacts in the measurements, single molecules
are sometimes entrapped into fixed tiny liposomes in which the molecules can move more
freely. In this case, however, the solution around the molecules cannot be changed during
the experiment, limiting experimental conditions. Okumus et al. [33] used liposomes, recon-
stituting pore-forming toxin, to allow exchange of inside solutions.

5. Conclusions

As shown in this chapter, SMI can be used to detect molecular interactions between proteins
and other biological molecules. In addition to detections of static oligomerization states, SMI
allows characterization and analysis of dynamic reaction processes, including association-
dissociation kinetics and enzymatic reactions.

Kinetic analyses based on SMI measurements have several advantages over analyses using
conventional biochemical and ensemble-molecule imaging measurements: SMI allows quan-
titative measurements with minimal disruption of the system integrity. Actually, SMI is ap-
plicable to complex systems, like living cells, and avoids perturbations for synchronization.
Measurements in complex systems are useful in analyses of the reaction kinetics between
unknown elements, as shown in the case of RAF and the undetermined kinase(s). SMI meas-
urements have often found novel reaction intermediates. This is because virtual synchroni-
zation at the reaction steps and complete separation between the forward and backward
reactions are allowed.

These advantages of SMI measurements make them effective in quantitative analysis of bio-
logical reaction kinetics, providing basic information required in system-level analyses in re-
cent molecular cell biology. In the near future, SMI measurements will be expanded to be
used in pharmacology to provide novel drug screening methods and analyses of the sites of
action for medical drugs, in pathology to detect currently undetermined dysfunctions of
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pathological mutant molecules, and in toxinology for the analyses of molecular mechanisms
of toxic functions.
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