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Simple Dark-Field Microscopy with Nanometer Spatial Precision
and Microsecond Temporal Resolution
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ABSTRACT Molecular motors such as kinesin, myosin, and F1-ATPase are responsible for many important cellular processes.
These motor proteins exhibit nanometer-scale, stepwise movements on micro- to millisecond timescales. So far, methods devel-
oped to measure these small and fast movements with high spatial and temporal resolution require relatively complicated exper-
imental systems. Here, we describe a simple dark-field imaging system that employs objective-type evanescent illumination to
selectively illuminate a thin layer on the coverslip and thus yield images with high signal/noise ratios. Only by substituting the
dichroic mirror in conventional objective-type total internal reflection fluorescence microscope with a perforated mirror, were
nanometer spatial precision and microsecond temporal resolution simultaneously achieved. This system was applied to the
study of the rotary mechanism of F1-ATPase. The fluctuation of a gold nanoparticle attached to the g-subunit during catalytic
dwell and the stepping motion during torque generation were successfully visualized with 9.1-ms temporal resolution. Because
of the simple optics, this system will be applicable to various biophysical studies requiring high spatial and temporal resolution
in vitro and also in vivo.
INTRODUCTION
Recent years have brought remarkable progress in techniques

for single-molecule detection using micro- or nanoparticles

and fluorescent markers as optical probes. These techniques

include differential interference contrast microscopy (1,2),

laser dark-field illumination (3–5), quadrant photodiode

detection (6–8), total internal reflection fluorescence micros-

copy (TIRFM) (9–13), fluorescence polarization imaging

(14–18), and fluorescence imaging with one-nanometer accu-

racy (19–22). All of these methods have contributed greatly

to our understanding of the mechanisms of many biological

processes (23–26), especially of the chemomechanical

coupling mechanism of linear molecular motors (kinesin,

myosin, dynein, and nucleic acid polymerase) and rotary

motors (F1-ATPase and bacterial flagellar motor).

Linear motor proteins work by moving along cytoskeletal

polymer networks or along nucleic acid chains. Myosins

move along actin filaments to cause muscle contraction.

Kinesins and dyneins move along microtubules to transport

cellular cargo in directions opposite to each other. Nucleic

acid polymerases move along nucleic acid chains, syn-

thesizing complementary strands. Rotary motors work by

making a unidirectional rotation. F1-ATPase is the water-

soluble portion of FoF1-ATP synthase which catalyzes

ATP synthesis/hydrolysis coupled with a transmembrane

proton-translocation via intersubunit-rotation (27–29). Iso-

lated F1-ATPase acts as a rotary motor driven by ATP hydro-

lysis (30). The bacterial flagellar motor is a membrane-bound

macromolecular complex that swivels the flagellar filaments,
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propelling a cell body through liquid media. It is driven by

the transmembrane flow of ions down the electrochemical

potential difference across the membrane (31–33). It con-

verts chemical (or electrochemical) energy into mechanical

work. Such molecular motors have nanometer-scaled struc-

tures that catalyze reactions in the micro- to millisecond

timescales (4,5,34), so one must be able to measure their

movements with nanometer spatial resolution and micro-

to millisecond temporal resolution for understanding fully

their mechanical work and motion.

In previous studies, several researchers have succeeded in

measuring the small and fast movements of molecular

motors using gold nanoparticles (40–200 nm) as probes for

dark-field imaging (4,5,35,36). Because the viscous friction

of a gold nanoparticle is extremely low, gold labeling

imposes nearly no load and can follow fast movement of

molecular motors. Thus, gold nanoparticles can be used in

a manner similar to a single fluorophore as a tracking probe.

Furthermore, unlike fluorescent probes, gold nanoparticles

do not suffer from photobleaching or blinking and can

produce stronger and more stable signal intensity—and

therefore, greater spatial and temporal resolution—than fluo-

rescent probes. However, relatively large and complicated

pieces of equipment are still required to realize such high

spatial and temporal resolutions (4,5,35,36).

In this study, we have developed a simple dark-field

imaging system that employs the perforated mirror and

objective-type evanescent illumination to selectively illumi-

nate a thin region adjacent to the glass-water interface.

By merely substituting the dichroic mirror used in conven-

tional optics with the perforated mirror, dark-field imaging

with nanometer spatial precision and microsecond temporal
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resolution was realized. We employed this simple imaging

system to visualize the stepping behaviors of the rotary

motor F1-ATPase. Here, we present details of our experi-

mental system and report the results of its application to

the measurement of the rotary motor protein.
B

FIGURE 1 Experimental setup. (ND) neutral density filter, (BE) laser

beam expander, (DP) diaphragm, (M) mirror, (L) lens, (PM) perforated

mirror, and (DM) dot mirror. (A) Schematic drawing of objective-type

TIRDFM. Incident laser beam is steered to the outer edge of objective’s

back aperture to produce evanescent illumination. Beam reflected at glass-

water interface is again reflected by the PM. The PM has an elliptical antire-

flecting surface (with minor axis ¼ 4 mm and major axis ¼ 5.66 mm) at its

central region to transmit scattered light. Light scattered by gold nanoparticle

is imaged by a high-speed camera. (B) Schematic drawing of objective-type

VIDFM. Incident laser beam is reflected by the DM. The DM has an elliptical

reflecting surface (with minor axis¼ 3 mm and major axis¼ 4.24 mm) at its

central region. Reflected laser beam is steered to center of the objective’s back

aperture to produce vertical illumination. The scattered light is transmitted

through the region that is uncovered with reflecting material of the DM.
MATERIALS AND METHODS

Microscope setup

Fig. 1 shows a schematic drawing of dark-field microscope systems used to

visualize gold nanoparticles. We performed dark-field imaging by objective-

type total internal reflection dark-field microscopy (TIRDFM) (see Fig. 1 A).

We also constructed an objective-type vertical illumination dark-field

microscopy (VIDFM) system for comparison purposes (see Fig. 1 B).

We used a commercial microscope (IX71; Olympus, Tokyo, Japan) with a

perforated mirror (PM) and a dot mirror (DM). Illumination was performed

by a 532-nm diode-pumped Nd:YVO4 laser (DPGL-2050; Suwtech,

Shanghai, China), which was attenuated by neutral density filters (ND)

and passed through a 10� beam expander (BE). The collimated incident

laser beam was reflected by a mirror (M) and focused by a lens (L, f ¼
300 mm) onto the back focal plane of the objective lens (PlanApo N,

60�, numerical aperture (NA) 1.45, Olympus). The laser beam was reflected

by the mirror (PM, DM) before entering the objective lens to achieve dark-

field imaging. The PM and DM were manufactured by Sigma Koki (Santa

Ana, CA) and in-house, respectively. Light absorbing material (Edmund

Optics, Tokyo, Japan) was attached to the back side of the reflecting surface

of each mirror (PM and DM) to avoid stray light from the transmitting laser

light through the mirror. To produce evanescent illumination, the incident

laser beam was steered to the outer edge of the objective’s back aperture

by tilting a mirror (M). The beam reflected at the glass-water interface

was again reflected by the PM. The PM has an elliptical antireflecting

surface (minor axis¼ 4 mm, major axis¼ 5.66 mm, circular window viewed

from the optical axis) in its central region to transmit scattered light through

this area. In contrast, the DM has an elliptical reflecting surface (minor

axis ¼ 3 mm, major axis ¼ 4.24 mm) in its central region, and it transmits

scattered light through other areas. The laser beam reflected by the DM was

steered to the center of the objective’s back aperture to produce vertical

illumination (see Fig. 1 B). The illumination area was ~23 � 23 mm in

both cases. The scattering image of the sample was recorded as an eight-

bit AVI file with a high-speed CMOS camera (FASTCAM-1024PCI; Pho-

tron, Tokyo, Japan) at various frame rates. Effective pixel size of the detector

was 88.5 nm. Image acquisition was performed by commercial software

(PFV, Photron). Custom software was used to determine the position of

each nanoparticle image by a previously published method (4,19,37–39).

Signal/noise ratio

The signal/noise ratio (SNR) for the gold nanoparticle spot was calculated as

the difference in integrated intensities between the image that contained the

single spot and that of background, divided by the noise level, as

SNR ¼ ðIs � IbÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s 2

s þ s 2
b

q
; (1)

where Is is signal intensity, Ib is background intensity, and ss
2 and sb

2 are

their variances, respectively (37,40). Signal intensity of the object was

measured from an area of 16 � 16 pixels (1.4 � 1.4 mm) that contained

a single gold nanoparticle spot, and the adjacent background area of 16 �
16 pixels (1.4 � 1.4 mm) was measured for background intensity.

Precision measurement

Precision of position determination for our experimental system was

obtained from the analysis of a gold nanoparticle fixed onto the coverslip.
A 40-nm-diameter gold nanoparticle was fixed onto the glass surface under

a high-ionic-strength solution. Diffraction-limited images were recorded at

various frame rates. Center positions of each gold nanoparticle were deter-

mined by custom software using two algorithms based on a previously pub-

lished method (4,19,37–39). The first method was a centroid calculation

given by the expression
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fxðor yÞ ¼
X

xiðor yiÞ � ðIi � ItÞ=
X
ðIi � ItÞ; (2)

where xi (or yi) is the coordinate of a pixel on the x (or y) axis, Ii is pixel

intensity, and It is threshold value. The threshold was set to the maximum

background intensity near the gold nanoparticle spot.

The second method was a two-dimensional (2D) Gaussian fit of the

general form

f ðx; yÞ ¼ A� exp
h
� ðx � x0Þ2=2s2

x � ðy� y0Þ2=2s2
y

i
þ B;

(3)

where x0 and y0 are center coordinates of the Gaussian, sx
2 and sy

2 are

variances of the Gaussian, A is amplitude, and B is baseline. We fitted the

2D-Gaussian to the intensity profile using the Levenberg-Marquardt algo-

rithm (41). Localization precision was defined as the standard deviation of

center positions in a 1-s window. Finally, we plotted localization precision

versus power of incident laser beam or integration time.

F1-ATPase and gold nanoparticle preparation

The a3b3g subcomplex of F1-ATPase, the minimum motor complex, was

used for rotation assay and will hereafter be referred to as F1-ATPase

(30). F1-ATPase from thermophilic Bacillus PS3 was purified and biotiny-

lated at cysteines of the g-subunit, as reported previously (4,42,43). Strepta-

vidin-coated gold nanoparticle was prepared as follows: Colloidal gold

(40-nm diameter, British BioCell International, Cardiff, UK) was suspended

in 10 mM potassium phosphate buffer, pH 8.0, containing 3 mg/mL Tween

20, and allowed to stand for 30 min. To generate a biotin-functionalized self-

assembled monolayer on a gold surface, the gold solution (9 � 1010 parti-

cles/mL) was modified with the alkanethiol solution containing 0.4% (v/v)

PEG6-COOH alkanethiol, 0.1% (v/v) PEG6-OH alkanethiol, and 0.01%

(w/v) biotinylated PEG alkanethiol (SensoPath Technologies, Bozeman,

MT) and allowed to stand for 48 h at 70�C. After removing unreacted alka-

nethiol solution, 1 mg/mL streptavidin in 10 mM potassium phosphate

buffer, pH 8.0 was added. After excess streptavidin was removed by centri-

fugation, the pellet was resuspended in 10 mM borate buffer, pH 8.0, and

stored at 4�C until use.

Rotation assay

A flow cell was constructed from a Ni2þ-NTA-coated cover glass and an

uncoated cover glass separated by two spacers with ~50 mm thickness

(29). At first, we infused buffer R (20 mM MOPS/KOH, pH 7.0, 50 mM

KCl, 2 mM MgCl2, 5 mg/mL BSA) into the flow cell and waited for 5 min

to block nonspecific binding of the enzyme. Biotinylated F1 (40–80 pM)—

which has His-tags at the N-terminus of a- and b-subunits—in buffer R was

infused. After 10 min, unbound F1 was washed with buffer R. Then, we

infused streptavidin-coated gold nanoparticle in buffer R and waited for

10 min. Unbound nanoparticle was removed with buffer R that contained

the indicated concentration of ATP and an ATP-regeneration system

(4,44), and observation of rotation was started at 25 5 1�C.
RESULTS AND DISCUSSION

Objective-type TIRDFM

Fig. 1 A shows the schematic image of the objective-type

total internal reflection dark-field microscopy (TIRDFM).

Illumination was performed by a 532-nm laser whose wave-

length is close to a plasmon-resonance wavelength max-

imum of a 40-nm gold nanoparticle (45), because the

collimated laser beam can be focused to a fine spot of high

power density essential for imaging with high spatio-
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temporal resolution and easily realize TIR-illumination

compared to the collimated arc lamp. As an arc light source

can also realize TIR-illumination (46), our system would

also work under arc lamp illumination. The perforated mirror

(PM) was placed at the position of a dichroic mirror in

a conventional objective-type TIRFM system to reflect

the laser beam. Then, the incident laser is reflected at the

water-glass interface, forming the evanescent field on the

coverslip surface. The evanescent field induces the dipoles

in the specimen (small gold nanoparticle) and the oscillating

dipoles within the particle leads to conversion of the nonpro-

pagating near-field light into the conventional propagating

scattered light, a part of which passes through the central

window of the PM to the camera. This scattering process

is known as frustrated total internal reflection, and has

been used in scattering scanning near-field microscopy

(47,48). For background elimination, the returning laser is

again reflected by the PM not to reach the camera.

The essential modification in this system from the conven-

tional TIRFM is merely the substitution of a dichroic mirror

with the PM. Although there are several variations of

TIRDFM (49,50), this system, unlike other systems, does

not require an additional iris and or a dichroic mirror (or

beam splitter) to avoid a loss of signal. We also constructed

another type of a dark-field microscopy by placing the dot

mirror (DM) instead of the PM to build an objective-type

vertical illumination dark-field microscopy (VIDFM), which

is similar to the laser oblique illumination (3,35) for compar-

ison purpose. In the VIDFM, the incident laser is vertically

introduced from the center of the back focal plane of the

objective lens after being reflected at the DM (see Fig. 1 B).

The scattered light from the specimen is transmitted through

the region uncovered with reflecting material of the DM.

We tested another type of mirror which has two elliptical

reflecting surfaces located at the same distance from the

optical axis for TIR-illumination. Although this is simpler

than the elliptical anti-reflecting surface for PM, we did

not employ this mirror because the focused image was highly

distorted probably due to the asymmetric masking of parallel

scattered light (data not shown).
Visualization of gold nanoparticles
by objective-type TIRDFM

Gold nanoparticles of 40-nm diameter fixed onto a glass

surface were visualized by TIRDFM and VIDFM. Fig. 2 A
shows images of immobile single gold nanoparticle spots.

It is obvious that TIRDFM provided a clear image with

low and uniform background noise. In contrast, objective-

type VIDFM showed sharp spots but relatively high and

nonuniform background noise. As the dot mirror in objec-

tive-type VIDFM has a reflecting surface in the center, inter-

ference of laser light by multiple reflections in the optics and

stray light caused high and nonuniform background noise,

especially at the center of the image (see Fig. 2 A, right).



FIGURE 2 Typical images of single 40-nm gold nano-

particles fixed onto glass surface by objective-type

TIRDFM (left) and VIDFM (right). Images were recorded

with 0.1-ms integration time. Power of incident laser was

7.6 mW/mm2, and illumination area was ~23 � 23 mm.

(A) Raw images of 40-nm gold nanoparticles by TIRDFM

(left) and VIDFM (right) on glass surface in the same

visual field. Scale bar ¼ 2 mm. (B) Intensity profiles of

40-nm gold nanoparticles shown in panel A. Apparently,

TIRDFM provided better image with low and uniform

background noise. VIDFM image showed high and

nonuniform background noise. (C) Extended profile indi-

cated by arrow in panel B. Pixel size ¼ 88.5 nm. Profile

was fitted by 2D-Gaussian. FWHM of PSF were 672 5

36 and 623 5 41 nm (n ¼ 15), and 259 5 48 and

212 5 34 nm (n ¼ 15) in the x- and y directions, for

TIRDFM and VIDFM, respectively. Values are

means 5 SD.
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Intensity profiles of the images in Fig. 2 A are shown in

Fig. 2, B and C. A 40-nm diameter gold nanoparticle is suffi-

ciently small compared to the wavelength of the incident

laser beam to be treated as a point source. Because of diffrac-

tion, the gold nanoparticle is imaged as the Airy disk which

has a 2D intensity profile referred to as the point spread func-

tion (PSF) (51). It has been shown that the PSF can be

approximated well by a 2D-Gaussian (37,39). Therefore,

each full width at half-maximum (FWHM) of the spots visu-

alized by TIRDFM and VIDFM was determined by fitting

with the 2D-Gaussian. Values obtained were 672 5 36 and

623 5 41 nm (n ¼ 15), and 259 5 48 and 212 5 34 nm

(n ¼ 15) in the x and y directions, for TIRDFM and VIDFM,

respectively.

Overall, the FWHM of the x direction was larger than that

of the y direction. Because the FWHM of the y direction

became larger than that of the x direction after rotating the

camera 90� clockwise, it appeared that the difference in the
FWHM between the x and y directions comes from the

distortion of the shape of the transmitting surface of the

PM and DM, but not from the property of the detector.

The diffraction-limited FWHM, ~0.5l/NA (51), is 183 nm

at l ¼ 532 nm and NA ¼ 1.45 theoretically. The FWHM

of the spots by VIDFM is relatively close to the theoretical

value, thus indicating that VIDFM exhibited a smaller loss

in numerical aperture by the DM. In contrast, we can see

that there is a large difference between the FWHM of the

spots by TIRDFM and the theoretical value. This large

difference was caused by the perforated mirror (PM). The

PM can transmit the parallel light beam from the objective

lens through the centrally located antireflecting window,

but the diameter of the parallel light beam, 2 � NA � f ¼
8.7 mm (NA¼ 1.45, f¼ 3 mm), is larger than that of the anti-

reflecting surface (4 mm). Thus, our design caused the rejec-

tion of parallel light collected by the high NA region of the

objective lens, which resulted in the decrease of effective
Biophysical Journal 98(9) 2014–2023
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FIGURE 3 SNR of images by objective-type TIRDFM

and VIDFM with integration time of 0.1 ms. (A) Typical

scattering intensities of 40-nm gold nanoparticle spot

detected by TIRDFM (red trace) and VIDFM (blue trace)

and background intensities adjacent to each object

(TIRDFM, light gray trace; VIDFM, dark gray trace)

were plotted as function of time at laser power of

7.6 mW/mm2. (B) SNR plotted as function of incident laser

power. (Red circles and squares) SNR for individual gold

nanoparticles, and SNR averaged over different particles

by TIRDFM, respectively. (Blue circles and squares)
SNR for individual gold nanoparticles, and SNR averaged

over different particles by VIDFM, respectively.
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NA of this system. Actually, the effective NA was deter-

mined to be ~0.4 from the experimental value of the FWHM.

Although FWHM increased due to the low NA, it is

possible to determine the position of a single point source

with nanometer precision (1,19,39). We will describe the

precision of position determination for our experimental

system in the following paragraph.

SNR

We determined SNR at various power densities of the inci-

dent laser beam with a temporal resolution of 0.1 ms. To

determine SNR, we measured time traces of scattering inten-

sities of gold nanoparticle spots and also background inten-

sities adjacent to the object. Fig. 3 A shows typical time

traces of signal intensities from a single gold nanoparticle

spot and background intensities detected by TIRDFM

(signal: red trace, background: light gray trace) or VIDFM

(signal: blue trace, background: dark gray trace). At laser

power of 7.6 mW/mm2, the signal intensity from TIRDFM

and VIDFM were 9194 5 53 arbitrary units (a.u.) and

9423 5 58 a.u., respectively. In spite of lower effective

NA, the TIRDFM gave comparative signal intensity to that

of VIDFM. This is due to the surface enhancement of the

evanescent wave’s intensity, which can be severalfold

more intense than the incident laser beam under TIR illumi-

nation (10,13). A large difference was the background inten-

sity. Whereas the background level of the TIRDFM was

only 908 5 46 a.u., VIDFM gave much higher background,

6347 5 52 a.u. at 7.6 mW/mm2. This is because the TIRDFM

limits the illumination volume to the glass surface and

reduces the stray light, compared to VIDFM. Resultantly,

SNR calculated with Eq. 1 was 1.5–2.1 times higher for

TIRDFM than for VIDFM under all power conditions (see

Fig. 3 B). SNR increased with higher illumination power.
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This was explained by the increase in the net signal intensity

in Eq. 1 (Is – Ib), because the noise term in Eq. 1 increased

only slightly with increasing illumination power. For

example, the noise term at maximum laser power of

7.6 mW/mm2 only increased 1.2–1.4-fold compared to that

at minimum laser power of 0.5 mW/mm2, although the net

signal intensity increased five-to-sixfold in both systems.

At an illumination power >5.7 mW/mm2, SNR became satu-

rated because the signal intensity tended to saturate at these

conditions although all pixel values of image were below the

8-bit maximum value of 255.

Thus, TIRDFM has a significant SNR advantage for imag-

ing compared to VIDFM. Therefore, TIRDFM can reduce

radiation pressure and sample damage by the incident laser

beam compared to non-TIR microscopy.

Experimental determination of localization
precision

We determined localization precision of our system by mea-

suring the position of immobile gold nanoparticles with

0.1-ms temporal resolution at several levels of incident laser

power (see Fig. 4 A). When localization precision was deter-

mined by a centroid calculation, it reached, at laser power of

7.6 mW/mm2, 1.5 5 0.5 and 1.7 5 0.4 nm for TIRDFM, and

1.5 5 0.5 and 1.3 5 0.4 nm for VIDFM in the x and y direc-

tions, respectively (see Fig. 4 A). The two dark-field imaging

systems showed essentially the same precision value

although the precision of TIRDFM was lower than that of

VIDFM only at low laser power. When the localization

precision was determined by 2D-Gaussian fit, the precision

was improved as reported (37), but the extent of the improve-

ment was very small (see Fig. S1 in the Supporting Material):

1.2 5 0.3 and 1.6 5 0.4 nm for TIRDFM, and 1.4 5 0.6

and 2.2 5 0.7 nm for VIDFM in the x and y directions,
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FIGURE 4 Localization precision of experimental system in x- (left) and y

directions (right). (A) Images were acquired by TIRDFM (red) and VIDFM

(blue) with integration time of 0.1 ms at several levels of incident laser

power, and center positions of gold nanoparticles were determined by

centroid calculation. Precisions were calculated from standard deviations

of the centroid position of a gold nanoparticle in a 1-s window and plotted

as function of laser power. (B) Localization precision as function of integra-

tion time. Images were acquired at laser power of 7.6 mW/mm2 with several

integration times of the camera, and center positions of gold nanoparticles

were determined by centroid calculation. Precisions were plotted as function

of integration time of detector. (Red circles and squares) Precisions for indi-

vidual measurements, and precisions averaged over different measurements

by TIRDFM, respectively. (Blue circles and squares) Precisions for indi-

vidual measurements, and precisions averaged over different measurements

by VIDFM, respectively. Even at 9.1-ms temporal resolution, centroid local-

ization with nanometer precision was achieved.
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respectively, at a maximum. When illumination laser power

was >3.8 mW/mm2, the precision of VIDFM determined by

the 2D-Gaussian fit got rather worse. This is because the

image acquired by VIDFM could not be fitted well by a

2D-Gaussian due to high and nonuniform background noise

at high laser power. Considering the relatively small extent

of the improvement by 2D-Gaussian fit and that 2D-Gaussian

analysis demands relatively a long time for calculation, e.g., it

is necessary to analyze 109,500 frames to obtain the informa-

tion from the 1-s data recorded at 9.1-ms temporal resolution,

the particle position was determined by the centroid calcula-

tion in the following parts. We also measured the dependence

of precision on NA by changing the size of an antireflecting

surface (see Fig. S2 in the Supporting Material). The precision

was significantly improved at the ~0.4 NA (obtained from

the minor axis of 4 mm), and almost saturated at this NA.

At higher NA, the precision was slightly improved, and was
finest when the minor axis was 6 mm, though the optical align-

ment became more severe. In this work, we adopted the perfo-

rated mirror, which has the minor axis of 4 mm that can easily

realize 1–2-nm precision.

Next, we measured the localization precision at several

integration times of the camera (see Fig. 4 B). As integration

time decreased (in other words, as temporal resolution

became higher), localization precision tended to decrease.

However, our system has ultimately achieved 1–2 nm

precision even with 9.1-ms temporal resolution (see Fig. 4 B):

1.3 5 0.2 and 1.8 5 0.2 nm for TIRDFM, and 2.1 5 0.4

and 1.9 5 0.4 nm for VIDFM in the x and y directions,

respectively. There was no essential difference in the preci-

sion between these imaging systems.

To examine the effect of read-out noise on the precision,

the original image sequence recorded with 9.1-ms integration

time was subjected to a moving average (window size ¼
91 ms), and the precision was determined. As a result, the

precision was improved to be 0.9 5 0.1 and 0.9 5 0.2 nm

in the x and y directions, respectively, which are better than

those determined from the image recorded with 0.1-ms inte-

gration time. This indicates that the read-out noise for each

frame is a part of the causes of low dependence of the preci-

sion on the integration time.

Compared with previous dark-field imaging with the

5–6 nm precision at 0.32-ms temporal resolution (5), our

systems made drastic improvement. In our system, max-

imum temporal resolution is limited by the selectable

maximum recording rate of the high-speed camera used

here, not by signal intensity. Therefore, if a high-speed

camera with higher recording rate could be made available,

maximum temporal resolution could be improved. More-

over, if a higher signal could be obtained by using a larger

probe than the one we used in our study, it would also be

possible to achieve superior spatial and temporal resolution.

Thus, the two lines of experiments on the localization

precision showed the TIRDFM has the same precision at

~1–2 nm as VIDFM. The higher SNR would compensate

the broader FWHM to achieve the high precision in the

TIRDFM. Especially because the TIRDFM has advantages

of TIR-illumination and free space above the sample

chamber, this method is broadly applicable in various studies

(as discussed in detail later). It should be noted that on the

whole, precision in the x direction tends to be higher than

that in the y direction. We defined the x direction in an obser-

vation plane to correspond with the horizontal signal line of

the camera. This trend persisted even after rotating the

camera 90� clockwise (data not shown). Therefore, the

reason for this trend is most likely the intrinsic properties

of the camera used in our study.
Application to rotary motor F1-ATPase

To evaluate the usefulness of our system for the study of

molecular motors, we observed the rotation of F1-ATPase
Biophysical Journal 98(9) 2014–2023
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FIGURE 5 Stepwise rotation of F1-ATPase with 9.1-ms temporal resolu-

tion. Images of 40-nm gold nanoparticle were acquired by TIRDFM and

recorded at 9.1-ms temporal resolution. (A) Typical time courses of rotation

at 2 mM ATP. (Inset) An x,y plot of the centroid of a gold nanoparticle. The

rotation radius of a single bead up to ~26 nm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð20þ 5þ 3Þ2�102Þ

q
is

possible for the height of F1 of ~10 nm and the linker lengths of ~5 nm

for streptavidin (4) and ~3 nm for a self-assembled monolayer on a gold

surface (62). (B) Histogram of angular position of centroid. Angular posi-

tions of pauses were determined by fitting data with Gaussian curves (red

line) to be 121.7 5 9.3�, 238.8 5 9.9�, and 358.4 5 6.7�. In this work, the

angle was taken as positive for the counterclockwise direction. F1-ATPase

rotated with discrete 120� steps. (C) Histogram of dwell times of rotation

at 2 mM ATP. (Red line) Fit with two rate constants: constant � [exp(�k1t)

� exp(�k2t)], k1¼ 0.75 5 0.05 ms�1 (time constant, t1¼ 1.34 5 0.10 ms),

and k1 ¼ 3.40 5 0.42 ms�1 (time constant, t2 ¼ 0.29 5 0.04 ms). Values

are means 5 SD. Total counts of dwells are 662. Bin width is 0.1 ms.
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at 9.1-ms temporal resolution, using a 40-nm gold particle as

the above-mentioned measurements under the TIRDFM.

It has been reported that the rotary motor F1-ATPase gener-

ally rotates by repeating four stages, as follows: ATP-waiting

pause (dwell); rapid 80� substep rotation upon ATP binding;

catalytic dwell in which ATP cleavage and phosphate release

occur; and rapid 40� substep rotation, triggered by release of

phosphate (4,44,52,53). Previous studies using high-speed

imaging with up to 0.125-ms temporal resolution revealed

that catalytic dwell is ~2 ms at 23�C, and that two catalytic

reactions (ATP cleavage and phosphate release) of ~1 ms

occur in the catalytic dwell (4,44). Our system should be

able to visualize these short events with higher resolution.

We analyzed the rotation of F1-ATPase at 2 mM ATP where

catalytic dwells (~2 ms) determine the turnover rate of ATP

hydrolysis coupled with rotation (4), and they should be

detected with our system. Fig. 5 A shows the time course

of rotation of F1-ATPase at 2 mM ATP, as detected by

TIRDFM. Indeed, F1-ATPase showed stepwise rotation

(see Fig. 5 A) with discrete 120� steps, as expected (see

Fig. 5 B). The histogram of the dwell time showed a peak,

and it was fitted with the sum of two exponential com-

ponents, providing two time constants, 1.3 5 0.1 ms and

0.3 5 0.04 ms (see Fig. 5 C). These values are roughly

similar to those of the previous study (1.64 ms and

0.71 ms), thus indicating that the observed pauses are the

catalytic dwells (4). In our previous study at low tempera-

tures, a highly temperature-sensitive (TS) reaction step of

F1-ATPase was found at the same angle for ATP binding

and ADP release (54,55). The rate of the TS reaction at

24�C was estimated to be 6.6 � 102 s–1 (time constant ¼
1.5 ms) from the Q10 factor (54). However, here, we could

not detect an obvious pause of the TS reaction. This is prob-

ably because the TS reaction is significantly fast under the

condition of this study. Our study shows that the TS reaction

is strongly dependent on the load of the probe attached to the

g-subunit, and the rate constant estimated using the small

probe (~40 nm) is higher than the previously estimated one

using the large probe (~200 nm) (R. Watanabe, unpublished

data). From the angular fluctuation during the catalytic dwell

(see Fig. 5 B), we determined angular resolution and stiffness

of the whole system, including linker to glass surface (His-

tag), F1-ATPase itself, linker to gold nanoparticle (streptavi-

din), and gold nanoparticle during catalytic dwell. Standard

deviation was calculated to be ~9�. Stiffness of the whole

system was determined from the equipartition theorem.

Because the fluctuation of a gold nanoparticle in the dwell

position is in thermal equilibrium, the Boltzmann equiparti-

tion theorem states that average potential energy is equal to

elastic energy, as

1=2kBT ¼ 1=2ks2; (4)

where kB is Boltzmann’s constant, T is absolute temperature,

k is torsional stiffness of the system, and s is angular stan-
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dard deviation of the gold nanoparticle from its equilib-

rium position. As a result, stiffness was calculated to be

~166 pN$nm. However, standard deviation determined

from the position of the gold nanoparticle contains an

intrinsic error from the noise component of the detection.

Standard deviation of the x, y coordinates from that intrinsic

error was previously determined as localization precision

from measurement of the immobile gold nanoparticle

(1–2 nm in Fig. 4 and Fig. S1). Therefore, given the rotation

radius to be ~20 nm (see Fig. 5. A, inset), angular standard

deviation was roughly calculated with the inverse tangent

function to be ~3–6�. Considering this intrinsic standard

deviation and the law of error propagation, actual standard

deviation and stiffness were determined to be ~7–8� and

~210–275 pN$nm, respectively. This latter value is much



A

B

FIGURE 6 Step motion between catalytic dwells of F1-ATPase.

Expanded time courses of rotation at 2 mM ATP (A) and angular velocity

(B) were plotted. Angular velocity was determined by 20-frame (0.18 ms)

averaging of time derivative of accumulated rotation angle. Temporal reso-

lution was 9.1 ms. Shaded-dashed line shows time when angular velocity

became fastest. Angular velocity was not constant during 120� step between

catalytic dwells.
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higher than the reported value during ATP binding dwell (30

pN$nm) and the locked state under the ADP saturating

condition (66 pN$nm) (56), although the group that made

the calculations used F1-ATPase from another species and

larger probes. This finding implies that intrinsic stiffness of

F1-ATPase would be much higher than reported before.

Next, we focused on the step motion of F1-ATPase

between catalytic dwells. Fig. 6 shows the expanded time

courses of the rotation and the angular velocity. The 120�

step between catalytic dwells completed on a submillisecond

timescale, which was comparable to that of previous study

(~0.25 ms) (4). In the previous study, because of insufficient

temporal resolution (0.125 ms), the step motion was not

examined in detail. In this study, the TIRDFM enabled us

to follow the step motion with much faster time resolution,

9.1 ms. Then, we found that angular velocity was not

constant during the mechanical 120� step between catalytic

dwells (see Fig. 6, A and B). In a typical step, F1 showed

a transient leap and the slow deceleration with the relaxation

time of 0.1–0.5 ms. There are several explanations for this

phenomenon:

1. Torsional stiffness of the whole system including linkers

and F1-ATPase itself causes a change in angular velocity.
From autocorrelation analysis of the fluctuation of a gold

nanoparticle in the dwell position, we estimated relaxa-

tion time to be approximately submilliseconds, which

may, at least partly, explain this phenomenon.

2. The 120� step is further split into multiple substeps that

have a short unresolved dwell time close to the response

time of the probe, which causes a change in angular

velocity (but this cannot be explained by a short unre-

solved ATP binding dwell, because ATP binding dwell

occurs at an angle of forward 40� from the catalytic

dwell).

3. Rotational potential is not a simple linear downhill func-

tion with constant slope, which causes angular depen-

dences of angular velocity and torque (see Fig. S2 in

the Supporting Material). Until now, it has been reported

that kinesin showed a similar step motion (3,35,57), and

Junge et al. (58) suggested angular dependence of the tor-

que at Fo during ATP hydrolysis by F1-ATPase. Further

studies are needed to conclude which of these explana-

tions is correct and to enable us to fully understand the

step motion of F1-ATPase.
SUMMARY AND CONCLUSIONS

In this study, we have developed a simple dark-field imaging

system using objective-type evanescent illumination. To

acquire dark-field images, the perforated mirror was applied

to a conventional inverted microscope. Only by replacing the

dichroic mirror in conventional objective-type TIRFM optics

with the perforated mirror, were we able to acquire high-

SNR images and to realize detection with nanometer locali-

zation precision and microsecond temporal resolution simul-

taneously.

Previously, several researchers have accomplished the

detection with nanometer spatial resolution and micro-to-

millisecond temporal resolution by employing a dark-field

imaging method (3–5,35,36,59). However, to date, relatively

complicated and large pieces of equipment have been

required to realize dark-field imaging with high spatial and

temporal resolution (e.g., quadrant photodiode, dark-field

condenser, etc.). For this reason, use of these imaging sys-

tems has been limited to some highly skilled researchers

and a specific field.

In contrast, our experimental system is simple and requires

no complicated or large apparatus, and simultaneous mea-

surement of multiple objects with high spatial and temporal

resolution can be achieved easily by using a high-speed

camera. Objective-type evanescent illumination used in our

system provides an optical sectioning effect which is useful

for visualizing events on the surface of living cells (60,61)

because that can reduce the background signal even in

the presence of scattering objects in solution. In addition,

simultaneous observation of fluorescence and dark-field

images is also easily achievable by employing filters to select

fluorescence before the detector. Furthermore, our system
Biophysical Journal 98(9) 2014–2023
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has free space above the sample chamber, and thus it will be

applicable in various studies with configurations that require

space above the sample in vitro and also in living cells (e.g.,

magnetic tweezers, micro-manipulators, cell culture systems,

etc.).

We employed our experimental system to visualize rota-

tion of F1-ATPase. We succeeded in observing the rotation

of F1-ATPase with 9.1-ms temporal resolution and detected

clear 120� steps and short catalytic dwells on micro-to-milli-

second timescales. Because of limited temporal resolution,

previous studies were unable to follow these steps in detail

(4). Here, on the other hand, we could follow fast 120� steps

with microsecond temporal and nanometer spatial precision,

and we found that angular velocity was not constant during

the 120� steps between catalytic dwells. Further detailed study

will provide greater insight into this phenomenon. The simple

dark-field imaging system described in this article has a great

advantage in performance compared to that of previous

studies, as well as the potential for application to various

biophysical studies, including single molecule experiments.
SUPPORTING MATERIAL

Three figures are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(10)00138-4.
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