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Abstract

Actin filaments, the actin-myosin complex and the actin—-tropomyosin complex were
observed by a tip-scan atomic force microscope (AFM), which was recently developed by
Olympus as the AFM part of a correlative microscope. This newly developed AFM uses
cantilevers of similar size as stage-scan AFMs to improve substantially the spatial and
temporal resolution. Such an approach has previously never been possible by a tip-scan
system, in which a cantilever moves in the x, y and zdirections. We evaluated the perform-
ance of this developed tip-scan AFM by observing the molecular structure of actin fila-
ments and the actin-tropomyosin complex. In the image of the actin filament, the
molecular interval of the actin subunits (~5.5 nm) was clearly observed as stripes. From
the shape of the stripes, the polarity of the actin filament was directly determined and the
results were consistent with the polarity determined by myosin binding. In the image of
the actin-tropomyosin complex, each tropomyosin molecule (~2 nm in diameter) on the
actin filament was directly observed without averaging images of different molecules.
Each tropomyosin molecule on the actin filament has never been directly observed by
AFM or electron microscopy. Thus, our developed tip-scan AFM offers significant poten-
tial in observing purified proteins and cellular structures at nanometer resolution. Current
results represent an important step in the development of a new correlative microscope
to observe nm-order structures at an acceptable frame rate (~10 s/frame) by AFM at the
position indicated by the fluorescent dye observed under a light microscope.
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Introduction

Atomic force microscopy (AFM) has become an indispens-
able tool in the field of biology following its invention by
Binning et al. [1] and subsequent further development [2].
The most outstanding recent development was high-speed
AFM (HS-AFM) developed by Ando et al., which can visu-
alize movement and structural changes of proteins and
other molecules in real time (recently reviewed in [3-6]).
This type of HS-AFM is based on a sample-scan system. The
stage can move the sample in the z-direction for maintaining
a constant force and in the x—y directions for scanning the
sample. HS-AFM does not require changing the x—y pos-
ition of the cantilever and is relatively easy to control and
detect the cantilever oscillation to sense the surface of the
sample, which is one of the reasons they succeeded in
inventing HS-AFM.

Although AFMs based on a sample-scan system has been
used for observing proteins on plasma membranes [7], the
application of this type of AFM has been limited to pure
samples in vitro, whereas cellular structures are not suitable
targets. The stage-scan HS-AFM cannot mount a large
sample because the stage moves very fast for high-speed
imaging. For example, a standard glass slide or cover slip is
not available, which makes it difficult to mount the cell on
the AFM stage. In addition, it is necessary to find the pos-
ition of the cell on the stage with a light microscope because
the scanning area of HS-AFM is severely limited. Unfortu-
nately, this type of HS-AFM is also difficult to combine with
light microscopy because of the difficulty in integrating a
stage that moves fast.

In contrast, AFM based on a tip-scan system, in which
the cantilever moves in the x, y and z directions and the
stage does not move, has been applied to observe cellular
structures [8-11] because it can be easily combined with
any type of inverted light microscope without strict limita-
tions on the sample size. Because the deflection of the small
cantilever scanning in the x and y directions is difficult to
sense, it had been challenging to apply a small cantilever,
thereby limiting the time and spatial resolution of tip-scan
AFM. A small cantilever is essential when scanning a speci-
men rapidly at a high spatial resolution. Olympus has devel-
oped a regulation system to control the cantilever and has
thus been able to largely reduce the size of the cantilever. As
a result, time resolution has been improved [12] and cell
movement has been visualized by a newly developed
tip-scan AFM combined with a fluorescent light microscope.
Olympus has been developing a new AFM system named
BIXAM [13], which is based on this technology and uses a
similar size cantilever as the sample-scan HS-AFM system,
and improves the time and spatial resolution dramatically.
In this report, we observe directly the actin filament, the

actin-myosin complex and the actin-tropomyosin complex
by the AFM part of BIXAM to evaluate the performance in
observing molecular structures. Actin filament polarity
could be directly determined from AFM images, and each
tropomyosin molecule on the actin filament was directly
observed. Thus, our new tip-scan AFM offers significant
potential for observing purified proteins and cellular struc-
tures at the molecular level.

Methods

Proteins

Actin, tropomyosin and myosin sub-fragment 1 (myosin S1)
were purified from rabbit skeletal muscle, as described pre-
viously [14-16].

Specimen preparation for AFM observation

Actin filament and actin-myosin

Actin (0.1 mg ml™") was incubated for 30 min at room tem-
perature in buffer A [SO mM NaCl, 10 mM sodium phos-
phate buffer (pH 7.4), 1mM MgCl,, 0.1 mM ATP and
1 mM dithiothreitol (DTT)]. Glass slides with 15 mm ¢
hydrophilic circular windows surrounded by the framework
printed with hydrophobic black ink (TF0215; Matsunami
Glass Ind., Ltd., Osaka, Japan) were used. To increase affin-
ity toward the actin filament, the glass slide was coated with
poly-lysine as follows: the glass slide was washed with
ethanol twice, then washed with pure water twice and a
poly-lysine solution (MW =30,000-50,000; Sigma-Aldrich,
St. Louis, MO, USA, 0.4 mg ml™" dissolved in water) was
applied and the slide washed three times with buffer
A. Polymerized actin was diluted 10-fold with buffer A con-
taining 1 pM phalloidin and applied to the poly-lysine-coated
glass slide. The sample on the glass slide was then washed
twice using buffer A containing 1 pM phalloidin.

For actin-myosin, actin (0.1 mg ml™") was incubated in
buffer B [SO mM NaCl, 10 mM imidazole-HCI buffer (pH
7.4), 1 mM MgCl, and 1 mM DTT] for 30 min at room
temperature, diluted 10-fold with buffer B containing 1 ptM
phalloidin and mounted onto the poly-lysine-coated glass
slide. Myosin S1 was added (final 0.01 mg ml™') to the
actin solution on the glass slide and incubated for >1 h to
form the rigor complex at room temperature. The sample on
the glass slide was washed twice with buffer B containing
1 pM phalloidin and then fixed in buffer B containing 0.5%
glutaraldehyde and 1 pM phalloidin.

Actin—tropomyosin
Actin (0.24 mg ml™") and tropomyosin (0.24 mg ml™") were
mixed and incubated for 30 min at room temperature in
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buffer A. The solution was diluted 5-fold with buffer A con-
taining 1 pM phalloidin and 0.5% glutaraldehyde. A small
piece of newly cleaved mica was placed in the center of the
window on the glass slide (TF0215). The sample solution
was mounted onto the window on the glass slide with mica,
washed twice with buffer A containing 1 pM phalloidin,
and then glutaraldehyde was added to the solution (final
concentration = 0.5%).

AFM measurement

The glass slide with the sample was mounted in BIXAM, a
tip-scan type HS-AFM combined with an inverted fluores-
cent microscope (IX73; Olympus Corporation, Tokyo). For
measurements at molecular resolution, AFM was set to the
phase modulation mode [12] and small soft cantilevers with
a spring constant of 0.1 N m™" were used (BL-AC10DS,
BL-AC10EGS; Olympus Corporation). The diameter of the
scanning tip was ~8-10 nm. Images were collected with the
speed set to one frame per 10 s.

Image analysis

To improve the signal-to-noise ratio of the AFM images,
more than two sequential frames were taken and averaged
for one region of interest. Drifting and rotation were consid-
ered in the averaging. Some images were multiplied by a filter
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in Fourier space (Fig. 1c) to achieve detailed information
from the images by enhancing the high-resolution signal.

Simulation

The actin filament model [17] was placed along the y-axis in
the computer. A sphere (a model for the AFM needle tip)
with various diameters was generated at (x, y, z) coordi-
nates. The initial z was larger than the maximum z position
in the actin filament model + diameter. Then, the z was
decreased until the sphere touched the actin filament model
and the final z was plotted as a pixel value at (x, y) in the
simulated image. When 1nm?® of the sphere overlapped
with the actin filament model, we considered the sphere to
be touching the actin filament.

Results

A typical AFM image of the actin filaments on the poly-lysine
coated glass slide is presented in Fig. 1. Actin forms a double-
stranded helical filament with a helix pitch of 36-38 nm
along the strand, and the actin molecules are arranged with
intervals of 5.5 nm in the strand [17-19]. The signal-to-noise
ratio was improved (Fig. 1a and b) by averaging sequential
frames, and the signal of the structure inside the filaments
was enhanced (Fig. 1d) by multiplying the data with the filter
(Fig. 1c¢). Clear stripes with intervals of 5.5 nm were observed

Fig. 1. Typical AFM image of the actin filament. (a) One typical AFM image of the actin filament before averaging. (b) Six frames
were averaged. The signal-to-noise ratio was much improved. (c) Filter to enhance the high-resolution signal. (d) b multiplied by ¢
in the reciprocal space. Details in the actin filament were enhanced. (e) Enlarged view of the actin filament (b). The long pitch helix
along the strand is indicated by the white dotted lines, and the molecular interval along the strand is indicated by the white arrows.
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Fig. 2. (a-d) Simulated AFM images of the actin filament with 4, 6, 8 and
10 nm diameter spheres are presented in (a), (b), (c) and (d),
respectively. The letters ‘B" and ‘P’ in (c) represent the barbed end side
and the pointed end side, respectively. (e) One AFM real image of the
actin filament. A similar shape of stripes was observed in (c). One unit
between stripes is enclosed by a black line in (c) and (e).

in all filaments, as well as the long pitch helix pattern of the
actin filaments (Fig. le). The interval of the stripes corre-
sponded to the actin molecular interval in the strand. To
assess details of the images, we simulated the AFM image of
the actin filament (Fig. 2). The simulation with an 8 nm
diameter sphere, a model for the AFM needle tip, was very
similar to the real image. Both the real images and the simu-
lated image showed similar curvature in the stripes. The actin
filament has polarity, and the two ends—barbed end and
pointed end—have different properties in terms of polymer-
ization and depolymerization rates [20,21]. In addition, most
myosins move toward the barbed end. Thus, polarity deter-
mination is often essential for studying the properties of the
actin filament in vivo [22] and in vitro [23,24]. The shape of
the stripes reflects the polarity of the actin filament, and the
concaved shape face corresponds to the barbed end of the
actin filament (Figs 2 and 3). The polarity determined by the

(a) (b) (c)

(e) (f)

Fig. 3. (a—f) Gallery of actin filament images. Upper images: Original images. Lower images: One unit between stripes in each
image is enclosed by a black line. The polarity of the filament was determined according to the shape of the stripes and indicated
by the letters ‘B" and ‘P’, the barbed end side and the pointed end side, respectively. Two, two, three, three, six and six frames

were averaged for (a), (b), (c), (d), (e) and (f), respectively.
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concaved shape was consistent with the polarity determined
by myosin rigor binding [25,26]. Fifteen myosin heads
bound to the actin filament with a similar tilt angle were
observed, and all of them tilted toward the barbed end
(Fig. 4). These results confirmed the determination of the
polarity by the concaved shape of the stripes.
Actin—tropomyosin was also observed. Tropomyosin
(~34 kDa) forms a dimeric coiled-coil spanning the entire
length of a rod ~40 nm long, and the rod binds to the actin
filament along the long pitch helix [27]. In the image of the
actin—tropomyosin complex (Fig. 5), an extra elongated
mass was clearly observed, which was absent in the images
of the actin filament (Figs 1 and 3). It follows the long pitch
helix of the actin filament, and the stripes of the actin fila-
ment could not be observed on the elongated mass. This is
obviously tropomyosin, which was already visualized by
single particle analysis or helical reconstruction [28,29], but

this is the first time each tropomyosin on the actin filament
has been clearly observed without averaging images of dif-
ferent molecules.

Discussion

We could clearly observe stripes of the interval of the actin
subunits along the strand (~5.5 nm) and tropomyosin
(~2 nm in diameter [30]) on the actin filament. These obser-
vations prove that BIXAM, a newly developed tip-scan
AFM combined with a fluorescence microscope, has suffi-
cient spatial resolution for nanometer order molecular
structural observations. The time resolution of the tip-scan
AFM, ~10 s/1 frame, is also acceptable although it is much
slower than HS-AFM (~80 ms/1 frame). There is a report
observing the actin filament structure by a tip-scan AFM
[31] at similar resolution. However, it took several minutes

Fig. 4. (a—d) Actin-myosin S1 complexes. Myosin S1 binding is indicated by the white arrows. Insets enclosed by black
lines represent the same position enclosed by white lines. In insets, one unit between stripes in each image is enclosed by
a black line. The polarity was determined by the shape of the stripes and is indicated by the white letters ‘B" and ‘P". All
myosin S1 molecules were tilted toward ‘B’; the determined barbed end side by the shape of the stripe. Four, four, nine and
five image frames were averaged for (a), (b), (c) and (d), respectively. The averaged images were multiplied by the filter
(Fig. 1c) in reciprocal space.
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Fig. 5. Actin—tropomyosin complexes. (a) An AFM image of the actin filament without tropomyosin as a control. Nine frames were
averaged. (b) One example of the actin-tropomyosin images. Seven frames were averaged. (c-e) Gallery of enlarged and
high-resolution emphasized images of actin—tropomyosin. The elongated mass due to tropomyosin molecules are indicated by
the white arrows. Seven, three and seven frames were averaged for (c), (d) and (e), respectively.

for one image because the resonant frequency of their canti-
lever was 7 kHz in solution and is therefore significantly
slower than the BIXAM instrument presented herein
(400 kHz in solution) [12].

Although X-ray crystallography, high-resolution single
particle analysis and NMR have solved a large number of
biomolecular structures, it is essential to understand how
such biomolecules are integrated in cellular structures for
linking high-resolution atomic structures to cellular func-
tions. Electron tomography [22,32-34] and freeze-etching
electron microscopy [35,36] have revealed molecular struc-
tures and arrangements in the cell to some extent. However,
only the shape of the molecule can be observed in tomo-
grams or EM images, and identification of molecules in
complex cellular structures from EM images is often diffi-
cult. On the other hand, fluorescent labeling has rapidly
developed, and this approach is suitable for relatively easy
identification of molecules in the cell. Many cellular func-
tions and phenomena have been observed by fluorescent
microscopy, and it would be highly desirable to observe
molecular structures at the position where a particular

phenomenon is measured by fluorescent microscopy. Cor-
relative microscopy [37-39] involves observing the position
of the specimen by a light microscope and an electron
microscope and is a good candidate to satisfy this purpose,
linking atomic structures to cellular functions. However,
sample preparation and observations are time-consuming
and difficult because sample preparation for electron
microscopy and light microscopy is completely different.

AFM based on a tip-scan system is another good candi-
date for correlative microscopy where molecular arrange-
ments and aggregates can be observed directly. Specimen
preparation is much easier than electron microscopy
because the specimen can be observed in solution, and all of
the fluorescent dyes for light microscopy can be used. Our
tip-scan AFM represents satisfactory spatial resolution and
frame rate and is also suitable for practical correlative
microscopy.

However, the current light microscope in BIXAM does
not have satisfactory sensitivity and resolution. Coupling
with a light microscope is not trivial although it is much
easier than using stage-scan AFM. Oil immersion, which is
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required for high-resolution light microscopy, needs thin
glass to mount specimens. This thin glass tends to vibrate
owing to the AFM needle oscillation and limits AFM reso-
lution. How to overcome the use of thin glass on the stage is
the next most important step in realizing a practical correla-

tive microscope.

Concluding remarks

A recently developed tip-scan AFM was able to visualize the
actin molecular interval (5.5 nm) and tropomyosin on the
actin filament (about 2 nm in diameter) at a much faster
frame rate than previous tip-scan AFMs (10 s/frame). Our
tip-scan AFM represents satisfactory spatial resolution and
frame rate and is suitable for practical correlative micros-
copy, in which we can observe molecular structures and
arrangements in the cell that are located near the fluorescent
dye and that have been visualized by a light microscope.
In principle, this AFM can be combined with any type
of inverted light microscope and the coupling of this
AFM system with a high-resolution light microscope is a
future goal.
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