
How single molecule detection measures the
dynamic actions of life

Yoshiharu Ishii1 and Toshio Yanagida1,2

1Formation of Soft Nano-machines, CREST, JST 1-3 Yamadaoka, Suita, Osaka, 565-0871 Japan
2Graduate School of Frontier Biosciences, Osaka University, 1-3 Yamadaoka, Suita, Osaka, 565-0871 Japan

�Received 19 March 2007; published online 18 April 2007; corrected 18 July 2008)

Biomolecules dynamically work in cells in which a variety of molecules assemble
and interact in unique manner. The molecular mechanisms underlying several
biological processes have been elucidated from the results obtained from the
descriptions of cell function, from the snapshots of the structures of
biomolecules involved in these processes, and from the biochemical properties
of these reactions in vitro. Recently developed single molecule measurements
have revealed the dynamic properties of the biomolecules that have been hidden
in the data that have been averaged over large numbers of molecules in both
ensemble measurement and in cells. Single molecule imaging and manipulation
of single molecules have allowed the visualization of the dynamic operations of
molecular motors, enzymatic reactions, structural dynamics of biomolecules,
and cell signaling processes. The results have shown that the single molecule
techniques are powerful tools to monitor the dynamic actions of biomolecules
and their assemblies. This approach has been applied to a variety of fields within
the life sciences. As new information emerges about the dynamic actions of
biomolecules using methods of single molecule detection new views on how
biological processes work will be revealed. [DOI: 10.2976/1.2723643]
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Single molecule measurements are
based on two techniques: manipulation
and imaging. Manipulation of biomol-
ecules allows biomolecules to be ar-
ranged specifically as in their biologi-
cal environment and their interactions
to be accurately measured (Ishii et al.,
2001; Mehta et al., 1999). Visualization
of single biomolecules allows the mo-
tion of biomolecules and their associa-
tion and dissociation events to be mea-
sured in biomolecules at the single
molecule level in real time (Ishijima
and Yanagida, 2001; Kulzer and Orrit,
2001; Weiss, 2000). These methods
have been used in various areas of life
science. Movement of molecular mo-
tors along biomolecular tracks along
with the passive and diffusive motion
of biomolecules can be tracked in cells.
The enzymatic reactions involving the
association and dissociation events can
be visualized at the single molecule

level. These single molecule techniques
have been extended by combining them
with fluorescence spectroscopic tech-
niques. This has allowed structural
changes of single biomolecules and the
changes they undergo when interacting
with other biomolecules to be mea-
sured in real time.

Single molecule measurements
have many unique features that are dis-
tinct from other ensemble measure-
ments including the following. (i) The
dynamic changes of biomolecules can
be detected without averaging over a
large number of molecules. (ii) Reac-
tions that occur repeatedly can be
traced on the same molecule and char-
acterized by statistically analyzing the
data for individual biomolecules.
Events of biomolecules can be affected
by the previous events that have oc-
curred in that molecule. (iii) Events
that are made up of a series of reactions
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can be monitored without synchronizing large numbers of
molecules. (iv) The input-output, stimulus-response, or
structure-function relation can be directly determined, by si-
multaneously measuring two parameters representing these
properties in the same biomolecules. (v) Events that occur
rarely can be detected. Just because these events do not occur
often does not mean they are not important. Minority events
can be of great importance in biological systems. Such mea-
surements provide new information that cannot be obtained
in ensemble measurements. In this perspective review, we
search for the route to describe the dynamic action of bio-
molecules in life using single molecule measurements. Some
of the interesting topics and papers are not described because
of limited space.

SINGLE MOLECULE IMAGING
Optical microscopy on which the single molecule measure-
ment systems are built is the tool that enables active events in
cells to be observed with minimal damage to the molecules.
Individual biomolecules in the nanometer size range have
been observed by attaching large or bright probes such as
polystyrene beads, glass microneedles, gold particles, and
fluorescent probes. In fluorescence measurements signals
can be detected from biomolecules of interest without being
disturbed by light and Raman scattering. This is possible be-
cause the observations are made at a wavelength different
from that of the excitation light (Michalet et al., 2003). Weak
fluorescence signals from single molecules can be monitored
using local illumination from a laser, which reduces the
background noise and increases the signal-to-noise (S/N) ra-
tio. Single molecules were first visualized using near-field
scanning microscopy (Betzig and Chichester, 1993). Total
internal reflection fluorescence (TIRF) microscopy uses an
evanescent field created in the vicinity of the interface be-

tween the sample solution and the slide glass when a laser is
total internally reflected (Axelrod, 1989) [Fig. 1(A)]. It is
possible to image the events occurring in a two-dimensional
(2D) plane on the surface of the slide glass (Funatsu et al.,
1995). In confocal microscopy, fluorescence signals from a
small area in the order of the wavelength are detected
through a pinhole in front of the detector. This allows only
fluorescent light from a conjugated focal plane to be detected
(Amos and White, 2003). The observation points are scanned
in 3D for imaging (Trautman and Macklin, 1996) or fixed to
monitor molecules passing through the small illumination
area [fluorescence correlation spectroscopy (FCS)] (Rigler,
1995).

Single fluorescence spots are an accumulation of photons
successively emitted from single fluorescent molecules. The
number of photons that emit fluorescence fluctuates ran-
domly with time (Kulzer and Orrit, 2001). In addition, single
molecules occasionally exhibit blinking in which the fluores-
cence is turned off and on due to photochemical reactions of
the fluorophores (Dickson et al., 1997). Photobleaching is
the event when a fluorescence probe suddenly ceases to emit
fluorescence. Photobleaching has been used to confirm that
the fluorescence arises from single molecules. However, be-
cause of photobleaching the measurement time is limited.
Thus, fluorescence probes used for single molecule measure-
ments must be photochemically stable against blinking and
photobleaching and emit a strong fluorescence signal with a
high atomic absorption, a high quantum yield, or a short life-
time. Organic fluorescent dyes can be attached to specific
functional groups such as a thiol group of a cysteine residue
of proteins or an amino group. Using mutagenesis tech-
niques, cysteine residues can be introduced to specific posi-
tions that one wishes to label. Cyanine dyes and tetramethyl-
rhodamine (TMR) were first used for single molecule

Figure 1. Single molecule imaging. �A� Sche-
matic drawing of a basic system of illuminating
single fluorescent molecules on the glass surface
in total internal reflection fluorescence microscopy
�above� and typical images of single molecules. �B�
Visualization of the sliding movement of a GFP-
tagged myosin molecule along an actin filament
immobilized on the glass surface. �C� Visualization
of the turnover of ATP hydrolysis by a single myo-
sin molecule on a glass surface.
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imaging and since then many fluorescent dyes have been de-
veloped. YOYO families, which attach to the base of DNA
molecules, are used to stain DNA. Small molecule, ATP and
cAMP, which play an important role in biological activities,
can be labeled chemically (Tokunaga et al., 1997; Oiwa et
al., 2003). Fluorescent proteins that occur naturally such as
green fluorescent protein (GFP) and their mutant forms have
been used for labeling proteins both in vitro and in vivo
(Tsien, 1998; Miyawaki, 2003). Recently, varieties of fluo-
rescent proteins with a wide range of excitation and emission
wavelength have been developed. The fluorescent proteins
are fused to target proteins at the DNA level. Therefore, fluo-
rescent proteins are suitable for imaging proteins in living
cells. One drawback is that these probes are bulky and can
only be attached to a limited number of positions. Quantum
dots (QDs) are a new class of probes, which have a high in-
tensity and a long lifetime against photobleaching (Smith et
al., 2006). Once again there are problems with QDs affecting
the kinetic properties of proteins and steric hindrances. Fluo-
rescent labels having a large surface area can be used for a
variety of functions, which will expand the numbr of appli-
cations they can be used for.

SINGLE MOLECULE MANIPULATION
Manipulation techniques allow biomolecules to interact with
other molecules in an appropriate arrangement for effective
measurements (Fig. 2). Laser and magnetic trap and glass
microneedle methods have been used. The laser trap is a
method used to manipulate small dielectrics by pushing the
proteins towards the focal point of the laser using light pres-
sure when a laser of suitable waverlength is irradiated (Ash-
kin, 1997). Biomolecules can be manipulated by attaching
them to a trapped bead (Svoboda et al., 1993) or microneedle
(Kishino and Yanagida, 1988). The biotin-streptavidin,
antigen-hapten, and His-tag systems act as a molecule glue
to attach the biomolecules or their assemblies to beads or mi-
croneedles.

These manipulation methods are also used for mechani-
cal measurements. When biomolecules attached to large
probes are displaced from the equilibrium position, me-
chanical forces are applied to pull them back to their original
position. The response of the biomolecules against such me-
chanical forces can be monitored. For example, the force vs
extension relation of biomolecules and their assemblies can
be determined, when both ends that have been attached to
probes are extended. The structural changes or breakage of
an assembly of biomolecules caused by the mechanical
forces can also be monitored. The molecular motors move
against the trapping force. The force generated by molecular
motors can be measured from the displacement when the
stiffness of the system is known. The displacement of the
beads or tip of a microneedle can be measured with nm ac-
curacy using a pair of photodiodes. Given that the spring
constant is less than 1 pN/nm, forces can be measured in the

order of pNs. Trapped beads and the tips of a microneedle
undergo thermal fluctuation depending on the stiffness of the
system. The extent of thermal fluctuation can be greater than
the size of the measurement that is being measured.

PROBES AND THEIR EFFECTS ON MEASUREMENTS
Improvements in the time and space resolution, stability of
the measurements, length of the measurement time, and the
configuration of the measurement systems will make new in-
sights of the mechanisms underlying the behavior of biomol-
ecules possible. The development of stable fluorescence
probes is important. Rigid linkers between the biomolecules
and the large probes improve the resolution of the mechani-
cal measurements. In instances where the fine structure
needs to be resolved on a high scale, it is critical to improve
the resolution.

In single molecule measurements, the use of either fluo-
rescent probes to visualize molecules or probes to monitor
mechanical changes are essential. It is almost impossible to
trace the changes of single molecules without the use of
probes. However, the probes may alter the properties of the
biomolecules themselves or their behavior. For accurate
measurements it is important to minimize the effects of
probes on the function of biomolecules to which the probes
are attached. The effect of the fluorescent probes will depend
on their size, physical and chemical properties, and the posi-
tion where the probes attach. The probes restrict some degree
of freedom of motion. The restricted motion may mimic the
behavior in the biological environment. Biomolecules can
also become restricted when they are assembled with large
numbers of other biomolecules. In other cases probes may
slow down reactions. This however, can be used as an advan-
tage when rapid reactions are being measured that could not
otherwise be measured without the probe. However, it is im-
portant to confirm that the essential mechanisms have been
maintained.

NONPROCESSIVE MOVEMENT OF MUSCLE MYOSIN II
Basic techniques of single molecule measurements have
been developed and used in the research of molecular motors
(Dantzig et al., 2005). The single molecule technology was a
prerequisite for understanding the mechanism of the molecu-
lar motors and in fact its development greatly contributed to
the description of the operations of molecular motors.
Muscle is a macroscopic machine in which myosin and actin
assemble in a hierarchic structured manner. The sliding
movement of myosin and actin filaments is thought to cause
muscle contraction and this molecular event is amplified to
macroscopic force and motion. However, the direct observa-
tion of the sliding movement using purified actin filaments
and myosin molecules under microscopy was only possible
once individual actin filaments could be visualized
(Yanagida et al., 1984). Actin filaments fluorescently labeled
with phalloidin move on myosin molecules immobilized on
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the slide glass when ATP was added as an energy source
(Kron and Spudich, 1986). A fundamental question arising
from the original motility assays was: how far do actin fila-
ments move during hydrolysis of a single ATP molecule?
Many assumptions were required to estimate this distance
because many molecules are involved in the movement of a
single actin filament. Single molecule measurements were
essential to answer this question unambiguously (Toyoshima
et al., 1990; Harada et al., 1990). The development of tech-
niques to manipulate actin filaments using a laser trap or
glass microneedle allowed the unitary step caused by myosin
interacting with actin in the presence of single ATP mol-

ecules to be determined (Finer et al., 1994; Ishijima et al.,
1994). The stepwise movements of the actin filaments were
observed when they were attached to beads trapped by a laser
at both their ends or to a glass microneedle at one end [Figs.
2(A) and 2(C)]. However, muscle myosin readily dissociates
from actin filaments after each stepwise movement. The step
size of the individual step movement has not been deter-
mined as it has only been possible to determine the average
step size (Molloy et al., 1995). This is because the initial po-
sition of the step movement could not be determined due to
the large Brownian motion just prior to the steps. The ob-
tained average step size varies greatly �5–20 nm� between

Figure 2. Single molecule manipulation and
step movement of nonprocessive muscle myo-
sin II. �A� A single actin filament is manipulated
through two beads attached at both ends using a
laser trap. For mechanical measurements, the ac-
tin filament interacts with a myosin molecule immo-
bilized on a pedestal in the presence of ATP. The
movement caused by single myosin molecules can
be measured by recording the displacement of one
of the beads. �B� A single myosin molecule is at-
tached to a tip of a microneedle and manipulated.
The movement of a single myosin molecule is
measured from displacement of the tip of the mi-
croneedle, when it interacts with actin filaments on
the glass surface. �C� Displacement records of the
movement of muscle myosin II on an actin filament
using a scanning probe microscope. Cycles of the
step movement of myosin and its return to the
original position were monitored as in a laser trap
measurement �top�. The rising phase of the step
movement was expanded and substeps of 5.5 nm
were monitored. �D� Simultaneous measurement
of the mechanical movement measured using a la-
ser trap �top� and ATP hydrolysis turnover mea-
sured using single molecule imaging �bottom� with
a fluorescent ATP analogue. Myosin strongly inter-
acting with actin �1� dissociates upon binding of
ATP to myosin. Myosin interacts weakly with actin
�2� and generates mechanical motion when Pi and
ADP dissociates from myosin �3� and then myosin
interacts with actin strongly �4 and 1�.
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the different research groups (Mehta et al., 1999; Tyska et
al., 1999; Molloy et al., 1995; Tanaka et al., 1998).

Manipulating single myosin molecules instead of the ac-
tin filaments allowed the measurements to be made with a
greater resolution (Kitamura et al., 1999). A single myosin
molecule attached to a scanning probe will interact with ac-
tin filaments on the surface of a glass slide [Fig. 2(B)]. It is
possible to detect the rising phase of a step using this mea-
surement system partly because the step is slowed down.
Single steps have been found to contain several substeps
5.5 nm in size which corresponds to the size of an actin
monomer [Fig. 2(C)]. The steps occur randomly and are in-
dependent of ATP. Occasionally steps occur in the backward
direction which suggests that the movement of muscle myo-
sin is driven by biased Brownian movement during hydroly-
sis of single ATP molecules. The velocity (inverse of the
dwell time between the substeps) of myosin was measured as
a function of load. The force-velocity relation obtained from
single molecules was the same as that obtained in muscle,
indicating that some of the characteristic properties of mac-
roscopic machines originate from the basic units of the mo-
lecular machine. So far the substeps have not been observed
with any of the other single molecule detection techniques.
The difference in the results may be explained by the differ-
ence in the arrangement of proteins and probes in the differ-
ent measurement system.

OBSERVATION OF SINGLE ATP TURNOVERS AND THE
COUPLING WITH THE STEP MOVEMENT OF
MYOSIN
The binding and dissociation of fluorescently labeled mol-
ecules can be visualized on partner molecules that have been
immobilized on the surface of a glass slide [Fig. 1(C)]
(Funatsu et al., 1995). Using such imaging methods the
chemical reactions that involve the binding and dissociation
of small molecules and large biomolecules have been visual-
ized at the single molecule level. The hydrolysis of ATP by
single myosin molecules was detected using fluorescently la-
beled ATP analogues. When fluorescently labeled ATP was
bound to myosin molecules that have been fixed on a glass
surface, fluorescence spots appeared where the myosin mol-
ecules were located and disappeared when fluorescent ADP
dissociated after the hydrolysis of the fluorescent ATP. The
average duration time between the binding and dissociation
was almost the same as the turnover time of the ATP hydroly-
sis at high ATP concentration in ensemble measurement in
solution.

A basic question regarding the mechanisms of molecular
motors is: how is the chemical energy converted to mechani-
cal work? Single molecule measurements allow the timing of
the chemical reactions to be related to the mechanical events,
because both parameters can be measured from the same
biomolecule without averaging. The ATP turnover was mea-

sured using fluorescently labeled ATP. The step movement of
muscle myosin was measured using a laser trap. The two
measurements were combined to measure how the step
movement of myosin is related to the hydrolysis of ATP (Ish-
ijima et al., 1998). As expected from the biochemical stud-
ies, myosin dissociated from actin when ATP bound to myo-
sin [Fig. 2(D)]. However, the timing of the generation of the
step movements varied relative to the dissociation of ADP. In
50% of the events, the step movement was delayed after ADP
had dissociated while the steps occurred at the same time as
the dissociation of ADP for the remainder of the events. The
thermodynamic and kinetic studies using ensemble measure-
ments suggests that the free energy derived from ATP hy-
drolysis is released when Pi is released. This occurs at almost
the same time as the release of ADP. Measurement systems
need further improvement to obtain a clear answer.

Until single molecule measurements were possible, the
measurements of the energy supply and their use were
carried separately using different measurement systems.
ATPase reactions were measured in solution in test tubes us-
ing purified proteins and the mechanical measurements were
performed using muscle fibers. As both parameters were
measured separately in different systems the only way to re-
late them was to assume a one-to-one coupling between the
chemical reaction of ATP and the mechanical events. This
assumption seemed reasonable in the framework of the mea-
surement of average values. It is now possible to make both
measurements under the same experimental conditions. The
coupling between the two reactions can be experimentally
determined.

Simultaneous measurements of two different parameters
from the same molecules potentially have great importance.
Given that structure of biomolecules can be measured at the
single molecule level, the structure-function relation can be
determined by measuring structure and function at the same
time. In these types of measurements, the function must be
defined and measured at the single molecule level. The ion
currents through single ion channels can be monitored at the
single molecule level using a patch clamp method. Single
channel molecules and single molecules bound to channel
molecules can now be visualized under the same conditions
as the ion current is measured (Ide et al., 2002; Sonnleitner et
al., 2002; Blunck et al., 2004; Iwamoto et al., 2006). Unveil-
ing the structural-functional relationship of an ion channel is
an intriguing project with realistic outcomes.

PROCESSIVE MOLECULAR MOTORS
Nonprocessive muscle myosin II readily dissociates from ac-
tin filaments in each cycle of the ATPase reaction. This
makes single molecule measurements difficult. In contrast,
processive molecular motors such as kinesin and unconven-
tional myosin V and VI successively step for long distances
without dissociating. Kinesin is a microtubule-based motor
that transports cargo in cells. The step movement of kinesin

P E R S P E C T I V E

HFSP Journal Vol. 1, May 2007 19



is measured using a laser trap system in which kinesin at-
tached to a bead interacts with microtubules immobilized on
a glass surface [Fig. 3(A)] (Svoboda et al., 1993). The step
size determined from individual steps is 8 nm. This is the
same as the unit size of the microtubules. At low loads, the

step movement is primarily directed towards the plus end of
the microtubules. Steps in the backward direction occasion-
ally occur. The population of backward steps relative to the
forward steps increases with increasing load. Eventually the
number of steps in the forward and backward direction is the

Figure 3. Step movement of processive molecular motors. �A� The step movement of kinesin was measured by attaching to a bead
trapped by a laser. Successive stepping movements were monitored as the external force increased up to 7 pN �left panel�. Backward steps
was observed �indicated by arrows�. An energy landscape for the forward and backward steps was determined by statistically analyzing the
step movement. �B� Step movement of myosin V. A cartoon of a step movement �left� and step movement in the presence of a load obtained
from a laser trap measurement. �C� Step movement of myosin V measured in the absence of a load using single molecule imaging �left� and
a histogram of a step size �insert�. Changes in the orientation of a head coupled with the step movement determined by simultaneous
measurement of the position �top two records� and polarization �bottom two records� of a fluorescent probe rigidly attached to a myosin head.
Individual records for two sets of data were measured using two orthogonally polarized excitation lasers �green and red points�. �D� Non-
processive movement �left� and cargo-anchored processive movement of myosin VI �right�. In the absence of a bead, single-headed myosin
VI undergoes Brownian movement and readily dissociates from the actin filaments �left�. When myosin VI is attached to a bead without a trap
laser, step movement of 36 nm was monitored.
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same and this occurs at a stall force of 7 pN (Nishiyama et
al., 2002). In superloaded conditions (forces greater than
7 pN), kinesin exhibits successive steps in the backward di-
rection (Carter and Cross, 2004).

Kinesin has two motor domains (heads) connected at its
tail domain. For processive movement, one head steps while
the other head remains bound to the microtubules. It has
been suggested that the ATPase reaction of the two heads is
performed in a coordinated manner via interhead strain. Evi-
dence that the affinity of ADP for kinesin changes, under a
strain, has been obtained from experiments where kinesin is
pulled by an external force through a trapped bead (Uemura
and Ishiwata, 2003). The effect of the force was dependent
on the direction: the binding affinity of ADP is enhanced
when the force is applied in the same direction as the move-
ment, and it is reduced when the force opposes the move-
ment. During step movements, ADP may dissociate more
readily at the leading head than at the tailing head due to a
strain between the two heads. Direct evidence for the pres-
ence of this interhead strain is important for future research.
Hand-over-hand processive movement requires two heads.
However, some single-headed kinesin molecules have been
found to move processively but in a diffusive manner when
additional interaction with microtubules prevents them from
dissociating. Unconventional KIF1A, a naturally single-
headed motor in the kinesin family exhibits Brownian move-
ment on microtubules in the presence of ATP (Okada et al.,
2003). The step size is distributed around a multiple of 8 nm
steps stochastically and the direction of the movement varies
randomly while the overall movement is clearly directional
toward the plus end of microtubules. The Brownian move-
ment observed in this single-headed motor may be similar to
a mechanism used in part in two-headed motors. Cytoplas-
mic dynein is a gigantic molecular motor that moves toward
the minus end of the microtubules. Like kinesin, dynein
moves with 8 nm steps processively (Reck-Peterson et al.,
2006; Toba et al., 2006). Diffusive movements are involved
in the step movement as the step size is variable and the
movement is directional.

Unconventional myosin V and VI are actin-based proces-
sive motors. The step movement of myosin V has been inten-
sively studied using a laser trap (Rief et al., 2000). The step
size of the movement is large, 36 nm [Fig. 3(B)]. The step
movement of myosin V can also be visualized using single
molecule imaging [Fig. 3(C)]. In a fluorescence spot, the
photons from single molecules are distributed around a real
position and the movement can be tracked with the accuracy
for several nm by fitting a photon distribution for each spot.
The hand-over-hand mechanism was formulated after the
two heads were differentially labeled and their movement
monitored (Yildiz et al., 2003). The two heads of myosin V
moved alternatively using 72 nm steps. In the meantime,
fluorescence polarization measurement from probes, which
had been rigidly fixed to calmodulin on the neck region con-

necting the heads and the tail, showed the change in the ori-
entation of the neck between the two directions during the
step movement [Fig. 3(C)] (Forkey et al., 2003). Further-
more, it was confirmed by simultaneously measuring the step
movement and polarization that the change in the orientation
is associated with the step movement (Syed et al., 2006).
These data appear consistent with the widely accepted lever-
arm model in which the step movement is driven by the rota-
tion of the neck region. However, it is also possible that the
movement causes the rotation of the neck domain, which
then triggers the chemical reaction. In these measurements,
only the states before and after the step movement can be
monitored. It will be important to monitor the processes un-
derlying the movement to understand the mechanism of the
step movement. This process is very fast, but the details of
the step can be monitored when it is slowed down.

The step size of two-headed myosin VI �36 nm� is the
same as that of myosin V although the neck domain of myo-
sin VI is short (Rock et al., 2001). Diffusion plays an impor-
tant role in producing long steps and processive movement
which is consistent with the broad distribution of the step
size of myosin VI. In cells, however, myosin VI is single
headed rather than double headed (Lister et al., 2004).
Single-headed native myosin VI is nonprocessive but when
the beads bind to the head the native myosin VI moves pro-
cessively [Fig. 3(D)] (Iwaki et al., 2006). A myosin head will
detach from the binding site and attach to the next binding
site on the actin filaments before a bead attached to myosin
VI diffuses away, because diffusion of large beads is slow. In
cells, it is likely that cargoes make the movement of single-
headed myosin VI processive. However, there has been a re-
port that cargoes initiate the dimerization of myosin VI (Park
et al., 2006).

The observations of individual steps has clearly shown
that Brownian movement is involved in the step movement.
In these molecular motors Brownian movement is biased to
one direction, since overall movement occurs primarily in
one direction. How does Brownian movement become bi-
ased is the next question that needs to be addressed. Confor-
mational changes, strain sensor, and steric effects are pos-
sible mechanisms.

FROM SINGLE MOLECULES TO SYSTEMS
The basic nature of molecular motors has been studied using
isolated single motors. In cells, however, numerous motors
exist and the behavior of single motors may be influenced by
other motors. Therefore, it is important to monitor the behav-
ior of individual biomolecules in the systems and cells where
multiple molecules are present. These results can then be
compared to results obtained from isolated single molecules.
Take, for example, the in vitro gliding assay of multiple num-
bers of molecular motors. When the number of kinesin mo-
tors attached to the fluorescent bead increased in the in vitro
gliding assay in the presence of ATP, the long range cooper-
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ativity of the binding of kinesin was indicated (Muto et al.,
2005). In these measurements, once a kinesin motor was
bound to the microtubules, the binding of the other motors
was attracted to neighboring motors. These results should be
confirmed and the role of the cooperativity should be dis-
cussed.

The final goal of the studies of the mechanism of molecu-
lar motors is to understand the movement of molecular mo-
tors in living cells. The movement of microtubules-based
motors in living cells was monitored by tracking cargo fluo-
rescently labeled with GFP (Kural et al., 2005) or introduc-
ing QDs via endocytosis (Nan et al., 2005). High resolution
measurements and analysis showed step movements of 8 nm
and multiple 8 nm steps along microtubules. Many questions
were raised as a result of these measurements. Do the two
microtubules-based motors, kinesin and dynein, who trans-
port cargo in opposite directions, compete or share their
work load? How many motors are involved in the transport of
the cargo? Is the speed of the molecular motors different in
living cells? It will be possible to answer such questions in
the near future.

Nonprocessive motors, muscle myosin II, appear to be
designed such that many motors work together. These motors
may have special strategies which will be revealed as the
single molecule measurements are being extended to sys-
tems that contain multiple numbers of motors.

DIFFUSION OF BIOMOLECULES IN BIOSYSTEMS
Thermal Brownian movement has been implicated in the
step movement of molecular motors. One-dimension diffu-
sion along long molecules or the linear assemblies of bio-
molecules has been observed as the biomolecules search for
their target positions. RNA polymerase uses diffusion to
search for promoter sites along DNA (Harada et al., 1999).
Unconventional kinesin that depolymerizes the end of mi-
crotubules, diffuses to search for its binding site along the
microtubules (Helenius et al., 2006). The diffusion motion is
not fueled by ATP. Two-dimension diffusion has been ob-
served in biomembranes. Phospholipids bilayer membranes
that separate cells and organelles from the extracellular envi-
ronment are fluid. The Brownian movement of fluorescently
labeled lipid and protein molecules in the biomembranes has
been monitored on bilayer membranes artificially formed on
the glass surface or on the tip of a pipette (Ide and Yanagida,
1999; Schütz et al., 2000; Schwille et al., 1999). The mean
square displacement is proportional to the time and the dif-
fusion constant is determined as a proportional constant. The
diffusion of lipid and protein molecules is restricted in
plasma membranes as the transmembrane proteins are an-
chored by the actin cytoskeleton inside the cells (Kusumi et
al., 2005). In agreement with the compartmentalized struc-
ture of the membrane, the protein and lipid molecules diffuse
freely within a compartment and then hop between other
compartments. In the biomembranes of living cells, it is

thought that raft domains exist in which specific lipids such
as cholesterol and sphingolipids cluster and play an impor-
tant role in cell signaling. Single molecule imaging has also
been used to characterize the structure of this raft domain
(Kahya, 2006).

In cells biomolecules diffuse or are transported by mo-
lecular motors. Being able to track signals from molecules in
living cells is crucial to understand the signal transduction
processes. The signal molecules from the external environ-
ment bind to receptors on the biomembranes. The movement
of individual receptors has been monitored using fluores-
cently labeled receptors or ligands that bind to the receptors
(Lidke et al., 2004; Jacquier et al., 2006). The ability of re-
ceptors to move laterally for the binding of the neurotrans-
mitter plays a central role in the development and plasticity
of synapses. The movement of individual glycine receptors
to which the neurotransmitter binds has been tracked using
QD-tagged receptors in the time scale ranging from millisec-
onds to minutes (Dahan et al., 2003). Multiple diffusion do-
mains have been characterized in relation to synaptic, peri-
synaptic, and extrasynaptic receptor localization. Diffusion
has been used to distinguish between different states of bio-
molecules and their locations within the systems.

Inside cells, the performance of DNA and RNA is crucial
in the complex events of gene expression. DNA and RNA
can be visualized in cells by fusing fluorescent proteins to
their binding proteins. The movement of individual mRNA
molecules that have been transcribed has been tracked after it
had been released from the transcription site (Shav-Tal et al.,
2004). The movement of this complex is not directed but is
governed by Brownian movement in the nucleus in living
cells. Many movements are constrained to chromatin-poor
domains and excluded by newly formed chromatin barriers.

ROTARY MOTORS F0F1 AND THE SYNTHESIS OF
ATP
It has been proposed that the proton-flow driven ATP syn-
thase F0F1 is a rotary motor (Boyer, 1993) and its crystalline
structure supported this proposed model (Abrahams et al.,
1994). Direct evidence of the rotation of F1 came from single
molecule measurements (Noji et al., 1997). The rotational
motion of a central rotor � subunit around a peripheral stator
����3 of F1 was first visualized by attaching a fluorescently
labeled actin filament several µm in length to the � subunit,
while the stator was immobilized to the glass surface. The
rotation was unidirectional. A unit step of 120° rotation was
clearly identified when the rotation was slowed at low ATP
concentrations (Yasuda et al., 1998). The kinetic analysis of
the stepping movement at various ATP concentrations
showed that the 120° step is coupled to the hydrolysis of
single ATP molecules. The rotational movement of F1 at zero
load was observed by attaching small and bright gold beads
instead of actin filaments (Yasuda et al., 2001). The bead im-
age was taken in dark field on a time scale of submilliseconds
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and the full speed rotation of about 130 revolutions per sec-
ond was consistent with the ATPase rate. The measurement
at high resolution also made it possible to resolve the sub-
steps of the rotation.

Together with F0, the F1 rotary motors synthesize ATP
from ADP and Pi, using the rotational movement resulting
from the proton flow through the F0 section of the cells
(Boyer, 1997). Single molecule measurements have shown
that ATP is synthesized when the rotation of F1 is mechani-
cally induced (Ito et al., 2004). The rotation of F1 is induced
in the presence of ADP and Pi. This was determined by
monitoring magnetic beads attached to the � subunits on the
F1 complex. The amount of ATP synthesized by F1 immobi-
lized on the glass surface in a small droplet has been mea-
sured using a luciferase-luciferin reaction. ATP is synthe-
sized only when the � subunits are rotated in the opposite
direction to which F1 rotates in the presence of ATP. Thus,
these studies show that unlike linear motors the F0F1 rotary
motors are reversible.

DNA-BASED MOTORS
The duplication and transcription of DNA is controlled by a
variety of DNA binding proteins. The proteins that proces-
sively move along a DNA strand by hydrolysis of NTP are
also classified as molecular motors and their movement has
been monitored using single molecule measurements (Bus-
tamante et al., 2004). The force generated by DNA-based
motors �25–35 pN� is greater than that generated by myosin
or kinesin and the velocity �5 nm/s� is slower (Wang et al.,
1998; Wuite et al., 2000). However, the underlying mechani-
cal processes are not as well known as motors such as myosin
and kinesin.

RNA polymerase is the enzyme that copies RNA from
DNA and DNA polymerase is the enzyme that copies DNA
to make more DNA. A single RNA polymerase molecule
moves along a DNA molecule that is attached at both ends to
trapped beads in a dumbbell-type arrangement. The experi-
mental system has been recently improved and the move-
ment generated by RNA polymerase has been measured with
ångström accuracy. The stepwise movement was 3.7 Å,
which is a distance equivalent to a base pair of DNA (Abbon-
danzieri et al., 2005). Thus, RNA polymerase takes a single
base pair per nucleotide in addition to the nascent RNA.
RNA polymerase also exhibits backward movements, which
may be related to the proofreading of the transcription (Shae-
vitz et al., 2003). RNA polymerase moves along a strand of
DNA, which wraps around the main axis, while it advances.
When RNA polymerase molecules are immobilized on a
glass surface, the rotation of DNA molecules can be detected
using magnetic trapping (Harada et al., 2001). The magnetic
beads attached to one end of the DNA molecule are pulled
upward and allowed to rotate freely. The rotation of small
fluorescent beads attached to the magnetic bead is detected
during the movement of RNA polymerase.

Unlike actin and microtubules-based motors, the confor-
mation and topology of the changes in the track upon the in-
teraction with the motors. The changes have been used as a
tool for detecting the translocation of the DNA-based mo-
tors. The movement of DNA polymerase is accompanied by
the opening of double stranded DNA. Using the difference in
the force-extension curve between double stranded and
single stranded DNA, the movement of DNA polymerase has
been monitored (Wuite et al., 2000). Topoisomerase II is an
enzyme that relaxes the supercoil of DNA. The activity of
this enzyme has been measured by monitoring the change in
the topology of DNA (Strick et al., 2000). One end of a DNA
molecule was attached to the glass surface and the other end
to a magnetic bead, through which the DNA molecule was
twisted by applying a magnetic field. The translocation of he-
licases that unwind DNA or RNA or destabilize the second-
ary structure of RNA were measured by monitoring the ex-
tension of DNA or RNA using manipulation techniques and
the FRET imaging technique (Dumont et al., 2006; Ha et al.,
2002). These DNA-based motors comprise multiple pro-
teins. Dynamic assembly and disassembly of these molecular
motors are important in relation to their functions. The for-
mation of RecA filaments was directly observed on single
DNA molecules using fluorescently labeled RecA (Galletto
et al., 2006). Images were taken in succession with a short
time interval allowing the nucleation and filament growth to
be measured.

STOCHASTIC ENZYME REACTION
Single events of the reactions caused by single biomolecules
can be measured. However, the reactions cannot be measured
by monitoring just one single event because the reaction is
stochastic. The reactions of numbers of events must be mea-
sured repeatedly and the data then analyzed statistically.
Single molecule measurements allow reactions occurring on
the same molecules to be detected in succession. Synchroni-
zation is not necessary in these measurements unlike in the
reactions with ensemble measurements. An example of the
analysis of an enzymatic reaction is the reaction underlying
the step movement of kinesin [Fig. 3(A)]. The dwell time be-
tween the steps and the direction of individual steps, either in
the forward or backward directions have been measured as a
function of load, ATP concentration, and temperature (Tan-
iguchi et al., 2005). These data have been interpreted by con-
structing a kinetic model which includes the rate constants.
The energy landscape for the forward and backward step
movement was determined using the rate constants obtained.
The difference in the activation free energy between the for-
ward and backward movement, which determines the direc-
tionality, was �6kBT. Furthermore, the difference in free en-
ergy between the backward and forward steps could be
broken down into the contributions of enthalpy and entropy
from the dependence of temperature. From these results it
was concluded that the directional step movement was driven
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entropically. Thus, the behavior of biomolecules can be de-
scribed thermodynamically by statistically analyzing the
data.

Thermal effects are considerably large on biomolecules
of nanometer size when water molecules collide randomly.
In fact, thermal fluctuations are comparable in size to the
biomolecules themselves. Thermal fluctuations are very fast
since water molecules collide in the order of femtoseconds
�10−15 s� to picoseconds �10−12�. The enzymatic reaction and
step movement of molecular motors commence when bio-
molecules acquire energy beyond the activation energy level
for the reactions. The rate for this step is the order of submil-
lisecond, millisecond to seconds.

When the turnover of the enzymes occurs repeatedly on
the same molecule, each turnover occurs independently or
dependent on the previous events. Memory effects have been
reported. Cholesterol oxidase, a flavoenzyme catalyzes the
oxidation of cholesterol by oxygen. The enzymatic turnover
of cholesterol can be monitored at the single molecule level
using an active fluorescent site flavin adenine dimucleotide
(FAD), which is naturally fluorescent in an oxidized form
(FAD) but not in a reduced form �FADH2� (Lu et al., 1998).
The fluorescence of single FAD molecules turns on and off
within a time interval in the order of several hundreds of mil-
liseconds which corresponds to the turnover of single en-
zyme molecules. The reaction obeys Michaelis-Menten ki-
netics. The rate of the turnover fluctuates slowly. The
turnover events are influenced by previous turnovers. The
memory effect lasts for several turnovers. This memory ef-
fect was explained by slow conformational fluctuations,
which were detected by single molecule spectroscopy.

FOLDING OF BIOMOLECULES
Structures of biomolecules have been determined in accor-
dance with a thermodynamic principle. In their native struc-
ture, biomolecule chains connect hundreds to thousands of
unit structures which are folded into unique structures corre-
sponding to a free energy minimum. Biomolecules fold
through an ensemble of pathways on a rugged energy land-
scape (Onuchic and Wolynes, 2004). In single molecule
measurements, individual pathways can be distinguished,
while only average routes can be detected using ensemble
measurements. The folding processes of biomolecules have
been studied at the single molecule level using imaging and
mechanical methods (Weiss, 2000; Fisher et al., 2000).
Single molecule FRET measurements showed the distribu-
tion of the structure when the protein unfolding was chemi-
cally induced (Schuler, 2005; Haas, 2005; Lipman et al.,
2003). Technically it is important to measure the time trajec-
tory of structure from biomolecules when they are not immo-
bilized for long periods of time. The folding and unfolding
processes have been reported using single protein molecules
contained in tiny lipid vesicles tethered to the surface of the
glass slide (Rhoades et al., 2003).

The measurements of the mechanically induced unfold-
ing of a protein at the single molecule level was first carried
out with a gigantic protein titin, which is composed of a re-
peating unit of immunoglobulin (Ig) domain (Tskhovrebova
et al., 1997; Rief et al., 1997; Kellermayer et al., 1997). The
force-extension relation of titin showed a characteristic saw-
tooth pattern when the molecule fixed at one end was
stretched through a trapped bead or a cantilever. This protein
is extensible when it is stretched and an abrupt drop of the
force occurs due to the unfolding of the Ig domain in an all-
or-none fashion. The force required for the unfolding of the
Ig domain depends on the speed at which the filament is
stretched.

The folding and unfolding trajectories of individual pro-
tein molecules can be detected using force microscopy in the
force clamp mode [Fig. 4(A)] (Fernandez and Li, 2004). A
single polyubiquitin molecule, in which a small protein ubiq-
uitin is polymerized, is attached to a cantilever. Upon a step
increase in the stretching force, ubiquitin is stretched to un-
fold to the unfolded structure in a discrete step. Furthermore,
when the stretching force is rapidly quenched after stretch-
ing, ubiquitin folds with a continuous trajectory with distinct
stages. The folding of ubiquitin does not occur by transitions
between well defined structural states. The kinetics of the
folding from different unfolded states may be different. Me-
chanically induced folding and unfolding is essentially dif-
ferent from the chemical and thermal unfolding traditionally
used in biochemical measurements. Mechanically induced
unfolded conformation is the conformation of which end-to-
end distance is fixed and long. In chemically or thermally
induced unfolding conformation the end-to-end distance is
not fixed and is thought to be relatively short. In cells bio-
molecules fold in a diverse range of environments, many of
which are not known. The folding of GFP was monitored at
the single molecule level in the presence of chaperonins, mo-
lecular machines that assist the folding of proteins (Taguchi
et al., 2001).

DYNAMIC STRUCTURES OF BIOMOLECULES
Dynamic structures of biomolecules play an important role
in the dynamic action of biomolecules. Multiple conforma-
tional states and the spontaneous transition between them are
observed for RNA enzymes (ribozymes) as well as proteins.
Using single molecule FRET from two probes in a hairpin
ribozyme, the dynamic changes in the structure of individual
molecules can be monitored (Zhuang et al., 2002). The time
trace of the FRET efficiency shows transitions between ac-
tive docking states (high FRET) and inactive nondocking
states (low FRET) [Fig. 4(B)]. The existence of multiple
docking states has been shown by heterogeneous undocking
kinetics. These can be explained by the slow interconversion
due to cleavage and ligation reactions which are not able to
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be measured in the FRET change (Nahas et al., 2004). The
slow interconversion may result in the memory effect on the
docking and undocking reactions.

Multiple conformations of the protein, actin, and the
transitions between them have been observed [Fig. 4(C)]
(Kozuka et al., 2006). Actin serves as a track for the move-
ment of myosin when in filamentous form. The conforma-
tional dynamics of actin is important to understanding the
mechanism of the activation of myosin motility. Single mol-
ecule FRET of actin monomers in the filament has revealed
that actin spontaneously switches conformation between two
states. The conformational states relate to the activation and
inhibition of myosin motility. The active and inactive confor-
mation states preexist and the binding of myosin preferen-
tially selects the active conformation states. Thus actin fila-
ments play an active role in the activation of the myosin
motility through their conformational changes. Similar con-
formational dynamics has been observed in the signaling
protein, Ras (Arai et al., 2006). Ras changes conformation
between multiple states. The binding of the Ras binding pro-
tein preferentially selects one of the conformations. The idea
of self-regulation of proteins using the structural dynamics is
not new but is important to understand the function of these
proteins in the systems and cells, in which biomolecules self-

assemble, self-activate, and self-control. The single molecule
detection techniques that can measure these structural dy-
namics will be powerful tools for measurements in both the
systems and cells as well.

CHANGE IN THE STATE OF BIOMOLECULES IN LIVING
CELLS
In in vitro single molecule measurements, the diverse confor-
mational, kinetic, and behavioral states of biomolecules can
be observed over time and molecules. In cells, biomolecules
dynamically assemble and disassemble. Their location in the
cells and the environments within the cells are also factors
that affect the diversity of biomolecules. Biomolecules are
localized spontaneously or in response to an external stimu-
lus. The structures, biochemical states, physical and chemi-
cal properties, interaction states, or other parameters of the
biomolecules may change between several states associated
with the localization of the biomolecules and changes in the
environments.

Heterogeneity in the kinetic states of signaling molecules
occurs when a ligand binds to a receptor during chemotaxis
in Dictyostelium cells, which exhibit chemotaxis to a chemi-
cal gradient of cyclic adenosine 3�, 5�-monophosphate
(cAMP) (Ueda et al., 2001). Using a fluorescently labeled

Figure 4. Dynamic structures of biomolecules
revealed by single molecule measurements. �A�
Folding processes monitored using force clamp
measurement. Polyubiquitin was attached to a
probe and constant forces were applied to mea-
sure the protein length �top panel� in response to
rapid changes in force �bottom panel�. When the
force was applied, stepwise expansion of the
polyprotein was observed due to the unfolding of a
unit of ubiquitin. When the force was released sud-
denly, continuous folding of ubiquitin was ob-
served. �B� Spontaneous structural fluctuations of
single hairpin ribozyme molecules. The ribozyme
switched its structure between docked and un-
docked structures, which could be monitored using
FRET between two probes on a molecule. Two ki-
netic states were observed with a long time dura-
tion. �C� Dynamic structure of actin. Actin mol-
ecules were specifically labeled with two different
probes �left� and the donor and acceptor fluores-
cence showed the FRET varied between two con-
formational states �middle�. The data were inter-
preted as actin dynamically changes the structure
between active and inactive states and preferential
binding of myosin to an active state of actin acti-
vates myosin motility �right�.
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cAMP the binding of cAMP to the receptor on the cell sur-
face was observed at the single molecule level [Fig. 5(A)].
Although the binding spots were distributed homogeneously
on the cell surface, the dissociation rate of cAMP was faster
in those cells forming the pseudopods than in the tail half of
chemotaxing cells by a factor of approximately 3. The differ-
ences in the receptor states reflect a coupling with molecules
downstream, i.e., a heterotrimeric G protein. It is likely that
the receptors can transduce signals at the pseudopod regions
more efficiently than at the tail regions of chemotaxing cells.

A receptor molecule to which a signal molecule binds
changes state between active and inactive states over time.
The state changes occurring in nerve growth factor (NGF)
receptors attached to fluorescently labeled NGF were de-
tected by monitoring the changes in the diffusion on the cell
surface [Fig. 5(B)]. The diffusion of the NGF receptor
stopped and formed clusters in the active state. A monomer
receptor separated from the cluster and resumed the diffu-
sion in the inactive state (Shibata et al., 2006). Dimer forma-
tion is an important step for inducing activation in the bind-
ing of epidermal growth factor (EGF). Preferential binding
of EGF to its receptor in the dimer form has been detected at
the single molecule level (Teramura et al., 2006). The dimer
preexisted even though the population of receptors was low.
Fluorescently labeled EGF bound to the dimer more strongly
than to a monomer. The binding of EGF to one of the two

sites of the dimer enhanced the binding to the second site
[Fig. 5(C)]. As small populations of the dimer, consistent
with the small number of signal molecules (300), is sufficient
for the activation of cells (Uyemura et al., 2005). Thus, a
small number of molecules is all that is required to control
the activation of cells. Single molecule detection is important
to measure such processes in cells (Cai et al., 2006).

Difficulties can arise when interpreting the data of single
molecule imaging in cells. Most of the molecules are hidden.
In many cases, simulations are needed to test an idea used to
interpret the data from single molecule measurements.
Simulation thus plays an important role in single molecule
techniques.

CONCLUSION
Great advances have been made with single molecule mea-
surements and these techniques have proven to be a powerful
tool in various fields of the life sciences. The impact of the
direct visualization of the behavior of individual biomol-
ecules made a huge impact. The single molecule measure-
ments provide quantitative measurements about the mecha-
nisms underlying biomolecules. What the single molecule
measurements have revealed is not only something we had
speculated for some time but did not observe directly, but
also information that was not previously known. We believe
that the single molecule measurements provide us with en-

Figure 5. Imaging of activation processes of
signaling in living cells at the single molecule
level. �A� Imaging of the binding of cAMP to dicty-
ostelium. Fluorescently labeled cAMP was used for
imaging the binding to living cells moving in the
presence of a gradient of cAMP. The duration time
of the binding measured was plotted for cells mov-
ing in two locations. The faster dissociation of
cAMP was related to the polarization of the cell for
chemotaxis. �B� The imaging of a signal receptor
molecule on the cell membrane. Lateral movement
of a receptor was measured by tracking a complex
of NGF receptors with fluorescently labeled NGF.
An activation occurs when the diffusive movement
is paused. �C� Imaging of the binding of signaling
molecules to a dimer of the receptor. Fluorescently
labeled EGF was used for imaging. From the fluo-
rescence intensity, the mechanism of the binding to
EGF receptor was determined by fitting to a model
�right�. The binding affinity was enhanced in the
order of the monomer, the first and second binding
sites of the dimer.
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tirely new views in the field of life sciences rather than just a
technique to answer individual questions. Single molecule
techniques have shown that biomolecules function under the
influence of thermal motion. At the beginning of 18th cen-
tury thermal Brownian motion was discovered in pollen
moving in an aqueous solution. At that time it was thought
that Brownian motion provided a vital power. The original
idea is not true because metal particles also undergo Brown-
ian movement. The kinetic theory of gas was then estab-
lished. Single molecule measurements have directly demon-
strated that thermal Brownian motion is involved in the
actions of biomolecules. Biomolecules move diffusively. The
thermal Brownian motion is also involved in the movement
of molecular motors. The structures and states of biomol-
ecules change spontaneously. Enzymatic and biomolecular
reactions proceed using thermal energy. Individual events
caused in single biomolecules occur in a stochastic manner
because of the thermal effects. Single molecule measure-
ments also reveal that in many systems the biomolecules
have mechanism to bias reactions toward one direction when
they interact with other biomolecules. The movement involv-
ing Brownian movement is biased to directional motion
when the molecular motors interact with the protein tracks.
The fluctuations of the states of biomolecules is preferen-
tially shifted to an active or inactive state upon interaction
with other biomolecules. These mechanisms are further
modulated in the system where large numbers of biomol-
ecules participate in a specific arrangement. Single molecule
measurements will be used in a variety of stages to provide
new breakthroughs to the basic processes of life.
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