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ABSTRACT We have characterized the functional protein, myosin subfragment 1 (S1), attached to a gold substrate by the
sulfhydryl groups of cysteine in proteins. The amino groups of the regulatory light chain (RLC) isolated from myosin were
labeled with a radioisotope ('2°1), and the labeled RLC was incorporated into S1 from which the RLC had been removed. The
radiation from '2°| showed that S1 molecules had attached to the gold and, through the interference effect of the
monochromatic radiation from 251, provided information about the position of labeled RLC sites in the S1 monolayer. The
interference fringes showed that the RLC was located close to the gold surface and that all of the adsorbed S1 molecules had
the same orientation. We confirmed that the motor function of S1 on the gold surface is maintained by observing sliding
movement at low ionic strength and by observing the detachment at high ionic strength of fluorescent actin filaments in the
presence of ATP. We also found that the adsorbed S1 molecules were not removed from the Au surface by a reducing agent.

Thus the Au-S bond is more stable than the S-S bond.

INTRODUCTION

A two-dimensional arrangement of molecules on a gold
surface has recently been investigated through the adsorp-
tion of long-chain organic thiols; these thiols formed well-
ordered monolayers of molecules by self-assembly driven
by the formation of stable gold-sulfide (Au-S) bonds and
van der Waals interactions between the side chains of the
molecules (Whitesides and Laibinis, 1990). This technique
of forming self-assembled monolayers can be used to create
new kinds of functionalized surfaces that are suitable, for
example, for molecular recognition, which is an essential
biological phenomenon.

Two-dimensional arrangements have also been formed
when protein molecules were electrostatically adsorbed to a
positively charged Langmuir-Blodgett (LB) film (Sasaki et
al., 1993, 1994a; Caffrey and Wang, 1995) and hydropho-
bically adsorbed to a nitrocellulose-coated surface (Kron et
al., 1991; Suzuki et al., 1996), a silicone-treated surface
(Harada et al., 1990), or a hexamethyldisilazane (HMDS)-
treated surface (Nishizaka et al., 1995). Two-dimensional
arrangements of protein molecules have also been formed
by allowing the molecules to adsorb onto biotin-containing
bioreactive surfaces (Muller et al., 1993). These techniques
cannot, however, provide protein molecules that have the
same orientation, and they are highly dependent on the
quality of the modified surfaces. Although organofunctional
silane coupling agents on the glass surface also have been
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successfully used to improve the chemisorption on the sur-
face, the functional sites at the ends of silane coupling agent
are also found to interact with the silica surface (Moses et
al., 1978; Chiang et al., 1980). Thus the efficiency of the
reaction between the proteins and the functional sites is very
low.

In the work described in this report, we have character-
ized the arrangement and enzymatic activity of a functional
protein adsorbed onto a gold substrate by direct attachment
of the sulfhydryl (SH) groups of cysteine in the protein. This
adsorption technique was used because of the stable Au-S
reaction between the Au surface, which is an atomically flat
and clean single Au surface (Hallmark et al., 1987), and the
SH group of cysteine, which is highly reactive, in the
protein.

We have chosen myosin molecules as an enzyme that
appears to be suitable for applying this technique, because
large conformational changes are expected. Myosin is an
asymmetrical molecule of about 480 kDa, and it consists of
two heavy chains and four light chains. Myosin molecules
can be digested into two parts by limited proteolysis with
papain: two subfragments, about 130 kDa each (called S1),
and one rod-shaped fragment (called myosin rod), with a
molecular mass of about 220 kDa. A pair of light chains
with molecular masses between 15 and 22 kDa (an essential
light chain (ELC) and a regulatory light chain (RLC)), are
associated with each S1 molecule. In an in vitro motility
assay recently invented to observe the mechano-chemical
coupling of molecular motors such as myosin and kinesin,
motor molecules are usually bound to a hydrophobic surface
on a glass slide. With these methods it is difficult, however,
to control the orientation of the motor molecules in this
assay, because they have many hydrophobic sites.
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There have recently been several reports of attempts to
arrange motor molecules at a fixed orientation on a glass
surface, for example, with the use of specific binding of an
avidin-biotin system (Itakura et al., 1993). The direct at-
tachment to a gold surface through the SH group in a certain
cysteine residue of a protein is an alternative and powerful
technique for arranging the proteins in a vertical direction.
The technique of interference pattern from radioisotopes
(IPR) can be used to determine the position of a specific site
of arranged proteins to which radioisotopes are incorporated
(Sasaki et al., 1994a). In the present approach, the vertical
movement of the two-dimensionally arranged myosin
monolayer may be observed if the conformational changes
of myosin molecules occur because of changes in environ-
mental conditions.

MATERIALS AND METHODS

Preparation of the specifically labeled
$1 molecules

Myosin prepared from rabbit skeletal white muscle was digested with
papain in the presence of Mg>* at 25°C for 8 min to obtain S1, which was
purified by high-performance gel filtration (Superose 6; Pharmacia, Pisca-
taway, NJ) (Kron et al,, 1991). The regulatory light chain (RLC) was
isolated by treating the myosin with 5,5’-dithiobis(2-nitrobenzoic acid) for
10 min at 4°C (Wagner, 1982). The isolated RLC (1.13 mg/ml) was labeled
with di['?*1]-Bolton-Hunter (BH) reagent (Dupont, DE), which was reacted
with amino groups in the protein molecules, in a 5 mM phosphate buffer
(pH 8.0) for 1 h at 25°C (Bolton and Hunter, 1973). The isolated RLC
(5.1 X 107'° mole) was labeled with di['**I]-BH reagent (8.0 X 10~ "
mole). The ratio between the number of the RLC molecules and radioiso-
tope reagent was approximately 6:1. After ultrafiltration, we confirmed that
the ratio between the number of the RLC molecules and labeled radioiso-
topic reagent was approximately 12:1. On average, about one '2°I was
incorporated into 12 RLC molecules. The radiolabeled RLC was incubated
for 5 min at 25°C in a rigor solution (RS) (0.1 M KCI, 5 mM MgCl,, and
10 mM 3-(N-morpholino)propanesulfonic acid; pH 7.0) containing 1 mM
thimerosal (mercury-[(o-carboxyphenyl)thiolethyl sodium salt; Sigma
Chemical Co., St. Louis, MO), an SH reagent, to block the SH groups
(Emoto et al., 1985). After the free thimerosal was removed, the thimer-
osal-labeled RLC was mixed with S1 from which the RLC had been
removed in an EDTA solution (ES) (50 mM KCl, 20 mM EDTA, and 20
mM 3-(N-morpholino)propanesulfonic acid, pH 7.0), and was incubated
for 2 h at 4°C. The S1 molecules containing the radioiodinated and
thimerosal-labeled RLC were incubated on a Au substrate overnight at 4°C
in RS and then washed with RS to remove the excess S1.

Preparation of S1 molecules

To check the direct reaction of the Au-S bonds between the gold surface
and the S1 molecules, we examined four different preparations of S1: 1)
untreated S1(S1); 2) St in which the SH groups of the RLC had been
modified with thimerosal (S1*); 3) S1, all all the SH groups of which had
been modified with thimerosal (S1**); and 4) S1, the most reactive SH
group (Cys707 in the heavy chain called SH1) of which had been labeled
with 5-eosinylmaleimide (EMI) (S1*). The S1* was prepared as described
above. The S1** was prepared by incubating untreated S1 (0.43 mg/ml) in
RS containing 1 mM thimerosal for 5 min at 25°C. Four to five SH groups
of S1 are thought to be labeled with thimerosal (Emoto et al., 1985). The
S1% was prepared according to the method of Kinosita et al. (1984). The
S1, S1*, S1**, and S1* thus obtained were labeled with di['**I]-Bolton-
Hunter reagent in 5 mM phosphate buffer (pH 8.0) for 1 h at 25°C to obtain
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the radiated S1, S1*, S1** and S1™*, respectively. The radiolabeled SI,
St*, S1**, and S1* preparations were separately incubated on gold sub-
strates overnight at 4°C in RS and then washed with RS to remove the
excess S1s. We found that the S1 molecules did not adsorb to the gold
substrate in the buffer containing the reduced form of glutathione, B-mer-
captoethanol, or dithiothreitol (DTT) (data not shown). These SH reduc-
tants might have prevented the reaction between the S1 and Au surface and
therefore were not included in the buffer used when the S1 was bound to
the Au surface.

Theory of interference fringes from 12

This interference effect is generated as a result of the interaction between
the direct monochromatic emission from the radioisotopes and the emis-
sion totally reflected by the substrate surface (Fig. 1). In other words, it is
a Lloyd’s-mirror-type interference phenomenon in the x-ray wavelength
region (Sasaki et al., 1994b, 1995). Interference fringes can be clearly
observed when the take-off angle (6,) for electron-capture x-rays emitted
from radioisotopes is smaller than the critical angle (6,) for x-ray total
external reflection. In the theoretical interference pattern from radioiso-
topes (IPR), we modeled three homogeneous media as stratified media: air,
a layer of the myosin S1 molecules labeled with radioactive atoms (*2°T),
and a gold substrate (Fig. 2). Although there is also actually a solution layer
and polyimide layer on the sample system, the interference effect of x-rays
from '*°I is independent of the presence of these solution layers, because
their thicknesses (5-7 um) are greater than the coherence length of the
measured electron-capture x-rays. These films only influence the x-ray
refraction at each interface. The theoretical IPR from a stratified medium
can be obtained on the basis of both the solution of Maxwell’s equations
for optical electromagnetic waves on each interface and the reciprocity. In
other words, the calculation of the x-ray intensity from coordinate z for
take-off angle 6, is identical to that of the incident x-ray field at coordinate
z for glancing angle 6,, When radioactive atoms act as x-ray sources with
distribution N, the yield Y is given by

K8,,2) = |[E, + EJ 1

and

Y(6) = | N(2)I(6,, ) dz, )

where I(6,, z) is the intensity of x-rays due to interference effects between
the direct and totally reflected emissions from coordinate z at the take-off
angle (6)); E, and E, are, respectively, the E-field plane waves of the direct
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FIGURE 1 Schematic of the interference phenomenon of the electron-

capture x-ray from a radioactive atom embedded within a sample. z
represents the distance between the radioactive atom and the substrate
surface. 6, is the take-off angle of the electron-capture x-rays. Although
emissions from radioisotopes have the form of a spherical wave, a plane
wave, which is one of the components of a spherical wave, is observed
under the conditions of this experiment. This is because the distance
between the observation point and the atomic source points is very long.
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FIGURE 2 Schematic of the cross-sectional view of an '**l-labeled
myosin S1 monolayer and the interference phenomenon of a monochro-
matic radiation from '**I. ; and 8: represent the distance between the >
atoms and the substrate surface and the distribution width of the '
respectively. There is a refraction effect at the interface between the
aqueous solution layer and the S1 molecule layer. The interference fringes
between the direct beam and the reflected beam from '*°I atoms are
influenced by this refraction effect. Thus we can obtain the information
about the position of the interface between the aqueous solution layer and
the S1 molecule layer. The illustration of ST was taken from Rayment et al.
(1993), but the location of the SH groups is not necessarily accurate.

atoms.

and reflected emissions: and N(2) is the distribution of labeled atoms, '>°1.

at a distance Z from the substrate surface. In this work we calculated the
theoretical angular distribution by considering the interference eftect and
the refraction effect at each interface of the solution layer and the poly-
imide film. Thus we could obtain not only the position of ' (z), but also
the total thickness (in other words, the vertical total width of adsorbed S1
molecules) by considering the refraction etfect at the interface between the
solution layer and the layer of the SI molecules. The intensity decay of the
electron-capture x-rays was ignored by considering the long radioactive
decay rate (the half-life time is 60.] days), whereas the time taken to obtain
one datum was about 24 h. In evaluating the theoretical fringes for the
normalized yield. we used the following data for the values of 1 (the
complex refractive indices) for Te Ka: (3.2 + 0.0012 /) X 10 7 for the
monolayers of protein S1.and (5.6 + 0.018 /) X 10 7 for the gold substrate
in which { is the imaginary unit. Those values for the complex indices of
refraction were determined in the x* minimization fitting of the measured
interference fringes.

Instrumentation

Fig. 3 is a schematic drawing of the experimental apparatus we used for
measurements. The angular distribution of electron-capture x-rays
IPR ts. Tt gular distribution of the electron-capture x-rays

/\\Qetector

radiation from
radioisotope

sample substrate

FIGURE 3 Schematic drawing of the experimental apparatus for IPR
measurement. The electron-capture x-rays are monitored by a pure Ge
detector through a narrow slit.
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was measured by scanning the slit along the transversal direction. A slit (30
wm high and 10 mm wide) was placed betore a detector at a distance of 200
mm from the sample to determine the take-off angle (6,). The angular
distribution of electron-capture x-rays was monitored with an energy-
dispersive detector (pure Ge detector; EG&G ORTEC. TN). The angular
resolution in the measured region was less than 0.3 mradians. All IPR
measurements were carried out at 4°C.

Fluorescent images of rhodamine-phalloidin-
labeled actin filaments

S1(S1.S1* or S1#*) (2 mg/ml) in RS solution was introduced on both a
hexamethyldisilazane (HMDS)-coated glass coverslip and a 100.0-nm-Au-
coated glass coverslip. Both of them were used just after the introduction
of S1 solution or after the overnight incubation of S1 at 4°C. Just before
observation, solution A (25 mM KCI. 25 mM imidazole HCI (pH 7.4). 4
mM MgCl,. I mM EGTA. and 10 mM DTT) containing 0.5 mg/ml bovine
serum albumin (BSA) was infused into the cell to coat the bare glass
surface (Kron et al.. 1991). For measuring the attachment of actin filaments
to S1 either on the HMDS-coated or Au-coated glass surface, (0.5 ug/ml
actin filaments labeled with rhodamine phalloidin in solution A were
infused and then washed with solution B (i.e., solution A containing 4.5
mg/ml glucose. 0.2 mg/ml glucose oxydase, and (.04 mg/mi catalase). The
fluorescent images of rhodamine-phalloidin-labeled actin filaments were
observed under a fluorescent microscope (Diaphoto-TMD. NCF Fluor
X100 objective lens, NA = 1.3: Nikon, Tokyo) equipped with a SIT
camera (C1000-12: Hamamatsu Photonics K. K., Hamamatsu. Japan) and
were recorded on videotape. The video data were analyzed by a computer
containing a video capture board (Centris 660AV. Apple Inc.. CA). To
check the enzymatic activity of S1. both the motility of actin filaments on
the glass surface and the detachment of actin filaments from S1 were
examined at 27 * 1°C. For the motility. solution B was exchanged for
solution B containing 1 mM ATP), and the sliding
movement of actin filaments was observed. For the detachment, solution C

solution C (i.e.,

was exchanged for a high-salt solution D (i.e.. solution C containing .6 M
KCl instead of 25 mM KCl). and the disappearance of fluorescent actin
filaments was observed.
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FIGURE 4 Population of '**l-labeled S1 on the gold substrate after
adsorption. S1/Au. SI*/Au, SI**/Au. and S1"/Au. respectively, show the
population of ST, S1# S1** and S1 . the SHI group of which was labeled
with 5-eosinylmaleimide (EMI). The intensity of radiation of the '*’I-

labeled S1s on the Au substrate was measured by pure Ge detector.
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FIGURE 5 The calculated x-ray interference fringes from models a, b, and c. The values of total thickness (), z, and 6z for each model were (a) ¢t =
10.0 nm, z, = 0.5 nm, 8z = 1.0 nm; (b) r = 7.0 nm, z, = 1.0 nm, 8z = 1.0 nm; (¢) t = 14.0 nm, z, = 12.0 nm, 6z = 3.0 nm. The illustration of S1 was
taken from Rayment et al. (1993), but the location of the SH groups is not necessarily accurate.
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FIGURE 6 The measured angular distribution (closed circles) and the-
oretical one (line) of x-ray intensity from '25I. The measured monochro-
matic radiation is the electron-capture x-rays (Te Ka) from '*I. The
statistical error rate for the experimental data was defined by the square
root of the number of detected photons.

RESULTS AND DISCUSSION
Adsorption of S1 to a gold surface

First we checked whether the SH groups of the protein
could be directly attached to the gold surface by the Au-S
bonds. The selectivity in the adsorption of the gold surface
was measured by the intensity of radiation from '*’I-labeled
S1 molecules. Fig. 4 shows that the intensity of radiation
from S1** was less than 1/10 of that from untreated S1,
whereas that from S1* was nearly equal to that from un-
treated S1. In addition, we confirmed that SH1 is not the
binding site for the Au substrate. These experimental results
show that the adsorption of S1 on the gold surface occurs
through SH groups other than those of RLC and SH1 of HC.
In additional experiments, we confirmed that the total
amount of untreated S1 adsorbed on the Au substrate was
approximately equal to that adsorbed on an HMDS-coated
glass surface (data not shown). And we checked to see
whether the reaction between the S1 and gold surface is the
same as the S-S binding reaction. We found that the ad-
sorbed S1 molecules were not removed from the gold sur-
face by the reduced form of the glutathione, B-mercapto-
ethanol, or DTT. Thus S-Au binding seems to be more
stable than S-S binding. These properties were important for
the present experiments, because the buffer containing the
reductants could be used to avoid the oxidation of the
functional proteins adsorbed on the gold substrate.

Arrangement of S1 on a gold surface examined
by the IPR method

We used the IPR method to obtain a vertical coordinate of
the position of '2°I in the S1* monolayer on the Au substrate
in an aqueous solution. The IPR method also revealed the
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vertical distribution of the RLC molecules in the S1* mono-
layer. The calculated angular distributions of x-ray intensity
for assumed orientations of the adsorbed S1* molecules are
shown in Fig. 5. In model a, the external SH site of ELC in
S1* molecules (for example, Cys136 or Cys177) is directed
toward the gold surface. In model b, the SH site of ELC
(Cys136 or Cys177) located at the reverse side reacts with
the gold surface. In model c the tip of the heavy chain (for
example, Cys 402) is attached to the gold surface. In these
model calculations we applied the structure of the S1 mol-
ecules according to Rayment’s 3D structural data (Rayment
at el., 1993). The IPRs for models a, b, and ¢ have one and
two fringes, respectively. In models a and b, the position of
the first fringe peak is shifted to a lower take-off angle when
the distance between the radioisotopes and the substrate
surface becomes larger. In other words, the period of the
calculated fringes is highly dependent on the distance be-
tween the radioisotopes and the gold surface. The orienta-
tion of the adsorbed S1 molecules can thus be determined
by analyzing the interference fringes from the radioisotopes.

As shown in the interference pattern of Te Ka from '*°I
(Fig. 6), there was one peak at 2-2.5 mradians. Below 0.7
mradians, the intensity of the x-rays could not be measured
because of the x-ray refraction at the air-polyimide film
interface. We calculated the theoretical interference fringes
by x* minimization fitting with Eq. 2. We assumed that N(z)
reached a maximum peak at z = z, and had a Gaussian
distribution with a standard deviation o, because the theo-
retical fringes are not so influenced by the fine structure of
radiolabel distribution. We cannot assign each position of
the radiolabeled sites from the experimental IPR when the
radiolabeled sites are closer than about 1 nm. We obtained
the theoretical curve in Fig. 6, in which a mean '*°I position
Zo = 0.5 £ 1.9 nm, a Gaussian distribution width of 2¢
(corresponding to 8z shown in Fig. 2) = 1.0 = 1.0 nm, and
a total thickness of S1 monolayer = 10.0 = 1.9 nm. The
standard errors of z, 20, and the total thickness were
obtained by x* minimization fitting. Our experimental re-
sults indicated that the measured distribution of '*°I was
Gaussian, with a width 20 of 1.0 = 1.0 nm. This value for
the distribution of '>I is much smaller than the total thick-
ness (10.0 *= 1.9 nm) of the S1 monolayer. This value is also
smaller than the size of RLC (2.4 X 5.2 nm). This indicates
that the RLC sites are located close to the gold surface. We
also obtained the position (= 0.5 = 1.9 nm) of the RLC
subunit from the gold surface. The RLC subunit is located
in the tail of the heavy chain. Thus we conclude that the
orientation of the adsorbed S1 is as shown in model a of
Fig. 5.

Considering both the structural data of S1 molecules
(Rayment et al., 1993) and the above results, we infer that
the binding site for the Au substrate is the cysteine in the
a-helix of the heavy chain (Cys815) or in the essential light
chain (Cys136 and/or Cys177). The cysteine in the a-helix
of the heavy chain might be covered by the essential light
chain. It is difficult to identify the binding site for the Au
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FIGURE 7 Fluorescent images of
rhodamine phalloidin-labeled actin
filaments. Rhodamine phalioidin-la-
beled actin filaments (0.5 ug/ml) (25
mM KCl, 25 mM imidazole HCI (pH
7.4), 4 mM MgCl,, 1 mM EGTA,
and 1 mM DTT) infused after 0.1
mg/m! S1 were introduced into the
flow cell constructed from a HMDS-
coated coverslip (a-¢) or a 300.0-
nm-thick Au-coated coverslip (d-f).
(a and d) Images of actin filaments
infused just after S1 was introduced
under rigor conditions. (b and ¢) Im-
ages of actin filaments infused under
the rigor condition after overnight in-
cubation of S1 in the flow cell. (¢ and
D b and e, respectively, after the in-
fusion of the high-salt solution con-
taining ATP (0.6 M KCl, 25 mM
imidazole HCl (pH 74), 4 mM
MgCl,, 1 mM EGTA, 10 mM DTT,
and 1 mM ATP). In each preparation,
0.5 mg/ml BSA was infused before
the introduction of actin filaments.
Temperature, 27 = 1°C. Scale bar,
10 pm. The BSA was infused into
the cell to coat the bare surface to
prevent the direct attachment of actin
filaments to the surface.

substrate, because all of the atomic coordinates of S1 have
not yet been published.

Interaction of actin filaments with S1 adsorbed
on a gold surface

We examined the effects of Au-S bond formation on the
physiological function of S1 by observing the interaction
between the adsorbed S1 molecules and actin filaments.
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Although almost all actin filaments attached to the surface
of the HMDS-coated glass surface (Fig. 7 a), none of them
attached to the Au-coated glass surface (Fig. 7 d) under
rigor conditions when the incubation time of S1 molecules
was short. After overnight incubation of S1 solution, the
extent of actin filaments attached to the Au-coated surface
became similar to that of actin filaments attached to the
HMDS-coated surface (Fig. 7, b and ¢). This indicates that
the rate of attachment of the SH groups of S1 molecules on
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the gold surface is very slow. This slow attachment was
confirmed by the gradual increase in the population of
attached S1 molecules (labeled with '2°I) (data not shown).

We examined the enzymatic activity of S1 molecules that
attached to the gold surface by observing the motility of
actin filaments and observing their detachment induced by
the addition of high-salt solutions containing ATP. The
actin filaments that attached to the gold surface on which S1
molecules had been incubated overnight in advance (Fig. 7
e) moved with the same velocity (about 2 pm/s) as that on
the HMDS-coated surface. When a high-salt ATP solution
was infused, as shown in Fig. 7, ¢ and f, almost all of the
actin filaments detached from both surfaces. Therefore, we
conclude that the S1 molecules on the gold surface retain
their enzymatic functions to an extent similar to that of S1
molecules on the HMDS-coated surface.

CONCLUSION

We could obtain structural and functional data concerning
the monolayer array of the radioactively labeled S1 mole-
cules on the Au substrate in an aqueous solution by analyz-
ing the interference pattern from the radioisotopes and by
using an in vitro motility assay. First, the orientation of the
adsorbed S1 molecules could be determined from structural
data. The IPR method thus makes it possible to obtain
structural information about proteins adsorbed on a metal
substrate, from a simple analysis of the interference fringes.

The advantage of the IPR method is not only that the
instrumentation itself is simple, but also that the experimen-
tal analysis can be made under wet conditions without
preparing single-crystal samples and without using outer
primary beams. We also confirmed that the motor function
of the S1 molecules is maintained when they are attached to
a gold substrate. If the structural changes of the protein
monolayer are synchronized with the enzymatic activity,
they must be observed as the vertical movement of the
position of radioactive atoms incorporated into a specific
site of the protein molecules and as the changes in the total
thickness of protein monolayer. In the present work we
characterized the S1 monolayer on a gold surface under
rigor conditions. The S1 monolayer should also be charac-
terized in the presence of ATP and during its interaction
with actin filaments.

Furthermore, we should mention that the binding reaction
between Au surface and cysteine residue in the protein is
stable. If cysteine residue is mutationally introduced into the
outside of the protein as we like, we can control the orien-
tation and characterization of the mutant proteins. In other
fields, for example, this new covalent technique between
colloidal gold probes and cysteine residue in the protein
may also be useful for producing high-resolution labels that
are visible in an electron microscope.
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