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Abstract

We have developed a new technique for imaging single fluorescent dye molecules by refining epifluorescence and total
internal reflection fluorescence microscopies. In contrast to previously reported single fluorescent molecule imaging
methods, in which specimens were immobilized on an air-dried surface, our method enables video-rate imaging of single
molecules in aqueous solution. This approach enabled us to directly image the processive movement of individual
fluorescently labeled kinesin molecules along a microtubule. This method was also used to visualize individual ATP
turnover reactions of single myosin molecules. The method can be combined with molecular manipulation using an optical
trap. A single kinesin molecule attached to a polystyrene bead was brought into contact with a microtubule adsorbed onto the
glass surface. The lifetime of bound Cy3-nucleotide in the absence or presence of the microtubule was 10s or 0.08s,
respectively, showing that ATPase activity of the kinesin is strongly activated by microtubules. As the present system is
equipped with a nanometer sensor, elemental steps of a single kinesin molecule can also be measured. By simultaneously
measuring the individual ATP turnovers and elementary mechanical events of a single kinesin molecule, we will be able to
obtain a clear answer to the fundamental problem of how the mechanical events are coupled to the ATPase reaction. © 1997
Elsevier Science B.V.
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1. Introduction

The function of biomolecules has traditionally
been studied by using a solution containing more

Abbreviations: TIRFM, total internal reflection fluores- than 1010 molecules. All we can obtain there is the

cence microscopy; HMM, heavy meromyosin; S1, myosin sub-
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average values of the huge number of molecules and
this situation sometimes makes it difficult to inter-
pret the data. The best way to obtain unambiguous
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information about the function of biomolecules is to
study their function at the level of single molecules.
Imaging and manipulation of individual molecules
under an optical microscope are promising for under-
standing the working principle of biomolecular ma-
chines such as molecular motors. Due to the diffrac-
tion limit of the light, however, the resolution of the
conventional microscope (~ 0.2 wm) is too low to
observe single protein molecules.

Fluorescence microscopy is useful when observ-
ing objects smaller than the diffraction limit. By
observing the fluorescence from a single molecule,
we can detect its presence. About ten years ago, it
was demonstrated that single actin filaments (double
helical polymer of actin), labeled with fluorescent
phalloidin, can be clearly seen by fluorescence mi-
croscopy [1]. This finding led to the development of
new in vitro motility assays that address the elemen-
tary process of force generation by acto—myosin
interaction directly at the molecular level [2—5]. More
recently, combining actin filament manipulation
techniques with nanometry, unitary forces and steps
driven by ATP hydrolysis have been directly recorded
at very high resolution from multiple [6] and single
myosin molecules [7,8]. In this case, actin filaments
were visualized with hundreds of fluorophores and
individual myosin could not be visualized. Thus, the
next step would be imaging of single fluorescent
molecules, which allow visualization of the function
of biomolecules such as motor protein.

Single fluorescent dye molecules, excited by a
relatively strong light source such as a laser under a
conventional microscope, emit enough photons to be
visualized with a commercial high sensitivity video
camera [9]. However, imaging single fluorescent dye
molecules in solution requires extracting the signal
from a huge background of scattering and lumines-
cence. Betzig and his colleagues succeeded in imag-
ing single fluorescent dye molecules at an air—surface
interface by reducing the optical excitation volume
to subwavelength proportions using illumination
mode near-field scanning optical microscopy [10,11].
This method, however, is difficult to apply to real
time imaging of single protein molecules undergoing
motions and ATPase reaction in aqueous solution,
because the field image is acquired by scanning with
a sharp optical probe for several minutes.

We have recently developed fluorescence micro-

scopes which have 50 to > 2000-fold smaller back-
ground noise than a conventional fluorescence mi-
croscope and thus permit the visualization of single
fluorescent dye molecules in aqueous solution [12].
Here, we demonstrate that the movements and indi-
vidual ATP turnovers of single motor proteins can be
directly visualized at video-rate.

2. Materials and methods

2.1. Visualization of single fluorescent dyve molecules
in aqueous solution

2.1.1. Low background epifluorescence microscopy
An inverted microscope equipped with epifluo-
rescence optics (TMD300, Nikon Inc., Japan) was
modified as follows (Fig. 1). A beam of an Ar laser
(514.5 nm; LEXEL MODEL 95; Cooper Laser Sonic,
USA) or a He—-Ne laser (633 nm; GLG5740; NEC,
Japan) was depolarized by passing through a
quarter-wave plate and focused on a rotating ground
glass. The beam was passed through a pinhole and
was collimated with a lens ( f=40mm). The beam
was focused on an aperture diaphragm and was
introduced into the objective lens (NCF Plan Apo X
100; NA 1.4; Nikon, Japan) through a quartz dichroic
mirror (Sigma Koki, Japan). The specimens were
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Fig. 1. Schematic drawing of the optical system for single fluo-
rophore imaging (see materials and methods for details). An
inverted microscope equipped with epifluorescence was modified
to reduce background luminescence. To reduce the background
further, total internal reflection optics were installed.
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excited by paraxial rays with Koehler illumination.
All glass optical parts, except for the objective lens,
were replaced with ones made of fused silica, which
emits little fluorescence. Fluorescence-free silicon oil
(n=1.51; 70% (v/v) of KF-56 and 30% (v/v) of
F-4; Shinetsu Silicon, Japan) was used as immersion
oil. Background luminescence was rejected with a
barrier filter (570DF30 for the Ar laser and 670DF40
for the He—Ne laser; Omega Optical, USA). To
reduce dust contamination, quartz slides were washed
with 0.1 M KOH and ethanol. Dust in solution was
removed by filtration (pore size 0.2 p.m). Experi-
ments were performed in a class 1000 clean room.

2.1.2. Total internal reflection fluorescence mi-
croscopy (TIRFM)

The total internal reflection optics were installed
on the inverted microscope (Fig. 1) [13]. The laser
beam was incident on a quartz microscope slide
through a quartz prism. The gap between the micro-
scope slide and the prism was filled with fluores-
cence-free pure glycerol. The incident angle at the
quartz slide-to-solution was 68° to the normal (the
critical angle was 65.5°). The beam was focused by a
lens to a cross-section of 100 um X 200 pm at the
specimen plane.

2.1.3. Imaging and analysis

For observation of movement or changes in fluo-
rescence intensity, images were taken by a CCD
(C2400-77, Hamamatsu Photonics, Japan) or a SIT
camera (C2400-08, Hamamatsu Photonics, Japan)
coupled to an image intensifier (C2400-80H, Hama-
matsu Photonics, Japan). The images were quantified
from the video tape recorder using a computer image
processor (Avio Excel, Nippon Avionics, Japan). A
cooled CCD camera (series 4200; Astromed, UK)
was used for quantitative analysis with low temporal
resolution.

2.1.4. Preparation of Cy3-labeled heavy meromyosin
(HMM)

Actin and heavy meromyosin (HMM) were pre-
pared from skeletal muscle as described previously
[1]. SH-1 of myosin heads were labeled to a stoi-
chiometry of 0.7 dyes per polypeptide with Cy3-
maleimide obtained by linking Cy3.18-OSu
(Amersham Life Science, USA) [14] to N-(2-(1-

piperazinylethyl) maleimide (Dojindo Laboratories,
Japan).

2.2. Direct observation of single kinesin molecules
moving along microtubules

2.2.1. Preparation of Cy3-labeled kinesin and Cy5-
labeled axonemes

The ubiquitous human kinesin gene [15] was trun-
cated just before the hinge at amino-acid residue 560
and a short peptide containing a reactive cysteine
(PSIVHRKCF) [16] was introduced at the C termi-
nus (uhK560cys). uhK560cys was expressed in Es-
cherichia coli, purified, and reacted at its C-terminus
cysteine with a Cy3-maleimide at a stoichiometry of
0.1-0.5 dyes per polypeptide chain. Axonemes were
prepared from Chlamydomonas [17] and labeled with
Cy5.18-Osu (Amersham Life Science, USA) [14].

2.2.2. Single fluorescence assay of the movement of
kinesin

Cy5-labeled axonemes were mixed with 0.5-
1.5nM uhk560-Cy3 in a solution containing 12 mM
PIPES (pH6.8), 2mM MgCl,, | mM EGTA, | mM
ATP, 7.5mgml ™' BSA, 0.5% 2-mercaptoethanol and
an oxygen scavenger system [18] at 25°C. Movement
of uhK560-Cy3 on axoneme was observed by
TIRFM.

2.3. Direct observation of individual ATP turnovers
by single myosin molecules

2.3.1. Preparation of Cy5-labeled S1 and Cy3-ATP

Cy5-maleimide was obtained by linking Cy5.18-
OSu (Amersham Life Science, USA) to N-(2-(1-
piperazinylethyl) maleimide (Dojindo Laboratories,
Japan). Cysteine residues of myosin regulatory light
chains were labeled with Cy5-maleimide and ex-
changed into S-1 [19]. Cy3-ATP was prepared by
coupling of Cy3.29-Osu (Amersham Life Science,
USA) with N®((6-aminohexyl)carbamoylmethyl)-
ATP [20].

2.3.2. Measurement of ATPase activity of S1 sus-
pended in solution

Mg-ATPase activity of S-1 suspended in solution
was determined by measuring the Pi release rate [21].
The dissociation rate of bound Cy3-nucleotide (ATP
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or ADP) from S-1 was obtained from the ATPase
rate at saturated concentration of Cy3-ATP (15uM),
in which the ATPase rate is approximately equal to
the dissociation rate.

2.3.3. Measurement of Cy3-ATP turnover of S1 with
single fluorescence imaging

S-1 molecules, whose regulatory light chains were
labeled with Cy5, were adsorbed onto the quartz
slide surface and their positions were visualized. The
ATP turnover events were detected by directly ob-
serving association—(hydrolysis)—dissociation of
Cy3-ATP corresponding to the position of Cy5-S-1
molecules on the surface. Experiments were per-
formed in a buffer containing 10nM Cy3-ATP,
25mM KCl, 3 mM MgCl,, 20 mM HEPES (pH7.8),
0.5% 2-mercaptoethanol and an oxygen scavenger
system [18] at 25°C.

2.4. Individual ATP turnovers by single kinesin
molecules captured by optical tweezers

2.4.1. Apparatus for laser tweezers and nanometry

The optical trap was installed onto an inverted
fluorescence microscope for imaging of single
fluorophores. A diode pumped Nd:YAG laser
(1064 nm; 7910-Y4-106, Spectra Physics, USA) and
an objective lens (Plan NCF Fluor X 100, Nikon,
Japan) were used. The transmitted bright-field image
of the bead, illuminated by infrared light (750-
900 nm) from a halogen lamp, was projected onto a
quadrant photodiode (s944-13, Hamamatsu Photon-
ics, Japan). Nanometer displacement of the beads
were determined from the differential outputs of a
quadrant photodiode detector. The trapping stiffness
(0.05pNnm ') was determined from the thermal
fluctuation of the beads using the equipartition law
[22]. Data were filtered by a low pass filter having a
10Hz cutoff frequency. An avalanche photodiode
(SPCM-200-PQ, EG and G Optoelectronics, Canada)
was placed at an image plane and photon currents
from Cy3-ATP were counted. Data of displacement
and fluorescence intensity of Cy3-ATP were simulta-
neously recorded by microcomputer.

2.4.2. Preparation of kinesin-coated beads, Cy5-
labeled microtubule, and Cy3-ATP

Kinesin was purified from bovine brain by micro-
tubule affinity followed by DEAE chromatography

(Fractogel DEAE, Merck) and sedimentation [23].
Kinesin was attached to a bead of 1pum diameter
according to the method of Svoboda and colleagues
[22,24]. Tubulin was prepared from bovine brain and
labeled with Cy5.18-Osu [25,26]. Microtubules were
prepared by copolymerization of fluorescent and
nonfluorescent tubulin in a molar ratio of 1 to 4 and
stabilized by 10 uM taxol. Ribose-linked Cy3-ATP
was prepared by reaction of 2'(3')-O-
[(aminoethyDcarbamoylladenosine  5'-triphosphate
with Cy3.29-Osu [27,28].

3. Results and discussion

3.1. Visualization of single fluorescent dye molecules
in aqueous solution

The number of photons emitted from a single
fluorophore when excited by a strong light source of
a laser is sufficient to be visualized by a commercial
sensitive video camera. The problem is that back-
ground luminescence and Raman scattering by water
are huge in a conventional fluorescence microscope.
The background luminescence is > 10-fold larger
than the fluorescence from a single fluorophore (Fig.
2). Therefore, the key point for imaging single fluo-
rescent molecules is how to eliminate the back-
ground. By reducing the background luminescence
of an epifluorescence microscope, single fluorescent
dye molecules can be visualized [12,29].

Evidence that single fluorescent dye molecules
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Fig. 2. Histogram of fluorescence intensity from Cy3-labeled
HMMs. The laser power was 10mW at the objective plane and the
illumination area was 150 um in diameter. Images were taken
with a cooled CCD camera at 5s exposure. The single and double
arrow heads indicate the background in TIRFM and low back-
ground epifluorescence microscopy, respectively. The arrow indi-
cates the background before refinement.
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bound to HMM could be seen was obtained in three
different ways. The fluorescent dye Cy3 was bound
specifically to a reactive thiol group (SH-1) on each
head of HMM (HMM has two heads) at an average
dye to head molar ratio of 0.7:1. Therefore, the
average molar ratio of HMM with two, one and no
bound Cy3 molecules would be approximately 5:4:1.
Fluorescence images of Cy3-HMM spread on the
surface of a coverslip at very low density (<0.13
HMMs pm~?2) appeared as bright spots (e.g., Fig.
4A). Fig. 2 shows the histogram of intensities of
individual fluorescent spots. Fluorescent spot intensi-
ties were quantized at intervals of approximately 500
photons s~'. Fluorescence intensities of more than
1500 photons s~ very likely result from two HMM
molecules that were located in close proximity. When
the incident light power was increased 10-fold, the

fluorescent spots became substantially brighter but
the number of spots observed was unchanged, indi-
cating that the intensity of 500 photons s~' is the
minimum quantity, i.e., due to single fluorescent dye
molecules (lst evidence). Furthermore, we con-
firmed that the least intense spots corresponding to
the minimum quantity were bleached in a single step,
while the next most intense spots were bleached in
two steps (2nd evidence). Such stepwise photo-
bleaching was most clearly observed with the second
imaging method described below (Fig. 4B). Finally,
we show that the spots observed by fluorescence
microscopy correspond to individual HMM
molecules by electron microscopy. Fig. 3A shows
fluorescence images of Cy3-HMM molecules. Fig.
3B shows the electron micrograph of the same field
as that shown in Fig. 3A. Single HMM molecules,

Fig. 3. Low background epifluorescence microscopy imaging. (A) Fluorescence micrograph taken by low background epifluorescence
microscopy. Cy3-labeled HMMs were spread on a mica film to enable subsequent electron microscopy. The fluorescence images were
obtained by averaging 64 frames of the video. As a marker to identify position, phalloidin tetramethyl rhodamine-labeled actin filaments
were included (shown by arrow). The typical fluorescence spots due to one and two fluorophores are indicated by single and double arrow
heads, respectively. (B) Rotary-shadowed electron micrograph of the same field and magnification as in (A). The outlines of the

fluorescence images are shown by solid lines. Scale bar = 1 wm.
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Fig. 4. Low background total internal reflection fluorescence microscopy imaging. (A) A micrograph of Cy3-labeled HMM molecules taken
at one frame of the video (exposure time 1,/30s). Single and double arrowheads indicate typical fluorescence spots due to one and two dye
molecules bound to HMM. (B) Quantized photobleaching of fluorescent molecules observed at the video rate (1/30s); a.u. = arbitrary

units.

identified by their characteristic two-headed shape,
were found in positions (single arrow heads) corre-
sponding to the least intense fluorescent spots (the
first Gaussian peak in Fig. 2), or in positions (double
arrow heads) of more intense fluorescent spots (the
second Gaussian peak in Fig. 2). Thus the least
intense fluorescent spots are due to single fluorescent
molecules attached to one of the two heads of HMM
(3rd evidence). Taken together, the evidence de-
scribed above provides strong support that single
fluorescent molecules can be visualized.

In order to further decrease the background lumi-
nescence, we reduced the optical excitation volume,
using evanescent-field illumination of TIRFM [12].
When a laser is incident on a quartz slide-to-medium
interface at above the critical angle, the light is
totally and internally reflected and an evanescent
field is produced just beyond the interface (Fig. 6A).
This evanescent field is localized near the interface
with the 1/e penetration depth of 100-200nm, de-
pending on the incident angle of the laser. Combin-
ing the low background optics with the local excita-
tion, the background was reduced to 1-3 photons
s~ ! per diffraction limit area, i.e. > 2000-fold lower
than that for a conventional epifluorescence micro-
scope. Thus, single fluorophores bound to HMM
molecules could be clearly visualized at a full-video
rate (1,/30s) without frame averaging (Fig. 4). The
time course of stepwise photobleaching from two
dye molecules was clearly observed.

3.2. Direct observation of single kinesin molecules
moving along microtubules

We applied low-background TIRFM to observe
processive movement of individual fluorescently la-
beled kinesin molecules along a microtubule [30]. To

Fig. 5. Movement of single fluorescently labeled kinesin molecules
along an axoneme. (A) A micrograph of Cy5-labeled axoneme.
(B) Micrographs of Cy3-labeled kinesin. Arrowheads track a
moving fluorescence spot of kinesin. Times at which micrographs
were taken are indicated in each panel. Scale bar = 5pum.
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fluorescently label kinesin without losing the motor
function, the ubiquitous kinesin gene was truncated
at amino-acid residue 560 and a short peptide con-
taining a highly reactive cysteine was introduced at
the C-terminus (uhK560cys). It was expressed in
Escherichia coli, purified, and labeled with Cy3-
maleimide.

uhK560-Cy3 (0.6 nM) was applied to Cy5-labeled
flagellar axonemes adsorbed on the surface of a
quartz slide and observed by TIRFM. uhK560-Cy3
that associated with the axoneme could be seen as
clear, in-focus spots, whereas those undergoing
Brownian motion moved too rapidly to be seen as
discrete spots. uhK560-Cy3 could been seen moving
unidirectionally along axonemal microtubules (Fig.
5). The velocity of movement was 0.3 p.ms~ ' which
was similar to the gliding velocity of an axoneme
moving over a glass surface coated with uhK560-
Cy3. The distance travelled by uhK560-Cy3 was
distributed exponentially [30,31] with a mean dis-
tance of 0.63 pm. Based upon the mean travel dis-
tance of 630nm and an 8 nm step per mechanical
cycle of kinesin, the probability of remaining bound
to the microtubule per mechanical cycle is ~ 99%.

3.3. Direct observation of individual ATP turnovers
by single myosin molecules

Local illumination of TIRFM enabled us to detect
individual Mg-ATP turnovers by single S-1 {(myosin
subfragment 1) molecules. S-1 molecules labeled
with Cy5 were adsorbed onto the quartz slide surface
and their positions were marked. The ATP turnover
events were detected by directly observing associa-
tion—(hydrolysis)—dissociation of fluorescent ATP
analog labeled with Cy3. When 10nM Cy3-ATP was
applied to S-1 on the surface, the background fluo-
rescence due to free Cy3-ATP was low, because the
illumination region was localized near the quartz
slide surface (Fig. 6A). When Cy3-ATP or -ADP
was associated with surface-bound Cy5-S-1, which
had been recorded previously (Fig. 6B), it could be
seen as a clear, in-focus fluorescent spot (Fig. 6C);
free Cy3-ATP undergoing rapid Brownian motion,
on the other hand, was not seen as a discrete spot.
Hence, by observing the presence and lifetime of
stationary, in-focus Cy3 molecules corresponding to
the positions of Cy5-S-1 molecules on the surface,
we could detect individual association—

Lifetime (s)

Fig. 6. Visualization of individual ATP turnovers by single S-1 molecules. (A) Schematic of the principle of measurement. (B) Fluorescence
micrograph of single Cy5-labeled S-1 molecules bound to the surface. (C) ATP turnovers by a single S-1 molecule. Typical images of
fluorescence from Cy3-nucleotide coming in and out of focus by associating with and dissociating from an S-1 indicated by the arrowhead
in B. (D) Histogram of the lifetime of Cy3-nucleotides bound to S-1 molecules. The dissociation rate (1 /lifetime) was determined to be
0.059s~! from the exponential fitting, which was consistent with the value of Mg-Cy3-ATPase rate of S-1 suspended in solution

0.045s™ ).
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(hydrolysis)—dissociation of Cy3-ATP with single
S-1. Fig. 6C shows the association and dissociation
of single Cy3-ATP/ADP molecules with a single
S-1 molecule (indicated by an arrow head in Fig.
6B).

Fig. 6D shows the histogram of the lifetime of
bound Cy3-ATP or -ADP which reveals an exponen-
tial dissociation rate k_=0.059s”'. The photo-
bleaching of Cy3-ATP hardly affects the results as
its lifetime (1 /photobleaching rate), when bound to
a quartz surface, was ~ 85s at the same laser power
(3.8mW). The Mg-Cy3-ATPase rate of S-1 sus-
pended in solution was 0.045 + 0.002s ' (n=2),
which was similar to that of the Mg-ATPase rate
(0.063 +0.001s~ ", n=3). The dissociation rate is
in good agreement with the ATP turnover rate of
Cy3-ATP by S-1 suspended in solution (0.045 +
0.002s~"), suggesting that the binding and dissocia-
tion of Cy3-ATP/ADP visualized by microscopy is
a single ATP turnover. Since individual S-1
molecules could turn over Cy3-ATP during several
minutes of observation, illumination of Cy3-nucleo-
tide bound to S-1 does not appear to diminish enzy-
matic activity.

3.4. Individual ATP turnovers by single kinesin
molecules captured by optical tweezers

TIRFM for single molecule imaging was com-
bined with the technique of optical tweezers (Fig. 7).

Laser tweezers + Nanometry

Mechanical reaction

Cy3-ATP

Microtubule

Laser

Single molecule imaging

Fig. 7. Schematic drawing of the measurements of the mechanical
elementary events and individual ATP turnovers by single kinesin
molecules. Three optics for single molecule imaging, optical
tweezers and nanometer sensing are combined.
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Fig. 8. Displacement of a bead caused by a single kinesin in the
presence of 4 uM of Cy3-ATP were detected by the system shown
in Fig. 7. Mechanical elementary events, i.e. 8nm steps by a
single kinesin molecule, are shown by arrows.

A single kinesin molecule was attached to a
polystyrene bead trapped by an infrared laser [22].
By controlling the position of a bead with the optical
tweezers, the kinesin molecule was brought into
contact with a microtubule adsorbed onto the glass
surface. A nanometer sensor [6,8,22] was installed in
the present system to measure the elemental mechan-
ical events, i.e. 8nm steps of a single kinesin
molecule [22]. In the previous experiment, Cy3-ATP
was derivatized through the N®-position of the ade-
nine ring. In this experiment, we used Cy3-ATP
derivatized through the ribose, because it is superior
in promoting motile activity of motor protein. Ri-
bose-linked Cy3-ATP was found to be a good ATP
analog and 8 nm steps taken by kinesin in the
presence of Cy3-ATP were clearly detected, as shown
in Fig. 8. The individual ATP turnovers by kinesin
were measured by counting the number of photons
from Cy3-ATP attached to kinesin. To improve tem-
poral resolution to the order of milliseconds, a pho-
ton counting device was used instead of a video
camera at the image plane. Fig. 9 shows the time
course of the fluorescence intensities from Cy3-ATP
or -ADP bound to the kinesin. The frequency of
turnover events was rather small, because the con-
centration of Cy3-ATP added was as low as 50nM
to reduce background fluorescence from free Cy3-
ATP. The lifetime of bound Cy3-ATP or -ADP in
the absence of microtubule was 10s. It was greatly
shortened to 0.08s when kinesin was brought into
contact with a microtubule. Since the lifetime of



T. Funatsu et al. / Biophysical Chemistry 68 (1997) 63-72 71

4000

(a)

3000

2000

1000

8000

7000

6000

Fluorescence Intensity (photons/s)

5000

4000
o} 50

) B
100 150

Time (s)

Fig. 9. Cy3-ATP turnovers by a kinesin molecule in the absence of a microtubule (a) or by a kinesin molecule interacting with a microtubule
(b). Photon currents from the Cy3-nucleotides attached to a kinesin were measured by an avalanche photodiode every 4ms. The

concentration of Cy3-ATP was 20nM (a) and 50nM (b), respectively.

bound nucleotides is nearly equal to the ATP turnover
time at saturating ATP concentration, the results
show that the ATPase activity of the kinesin is
greatly activated by the microtubule as it is in solu-
tion [32-35].

It is now possible to measure simultaneously the
individual ATP turnovers and elementary mechanical
events of a single kinesin molecule [36]. This should
provide a clear answer to the fundamental problem
of how the mechanical reaction is coupled to the
ATPase reaction.

4. Perspective

The technique for visualizing single molecules
and its combination with nano-manipulation pre-
sented here could be widely used to measure motions
and chemical reactions of biological systems such as
DNA motors, ion pumps and ATP synthase at a
single molecular level. It is possible to suspend a
single DNA in solution with dual optical tweezers
and also to see single fluorescently labeled RNA
polymerases. Direct observation of the transcription
of DNA by a single RNA polymerase molecule is
now achievable. Furthermore, the technique of single
molecule imaging enables imaging of fluorescence

resonance energy transfer between a single donor
and a single acceptor molecule bound to
biomolecule(s). The fluorescence spectroscopy of
single molecules in solution is now also available.
These techniques will enable us to determine confor-
mational states of individual protein molecules, and
to follow the protein folding process, protein—protein
or protein—ligand interaction at a single molecular
level. Thus, the techniques for single molecule imag-
ing and manipulation will most likely be very power-
ful for studies not only on motility of motor proteins
but also on molecular genetics, signal transduction
and processing in cell.
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