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We have studied transglutaminase-catalyzed incorporation of monodansylcadaverine and
monobiotincadaverine into rabbit skeletal muscle heavy meromyosin (HMM). The incorpo-
ration of dansylcadaverine reached saturation at 4 mol per 1 mol of HMM. An electrophore-
togram of the chymotryptic digest of the dansyl-labeled HMM revealed that the labeling
took place primarily in the S-2 region of HMM. Atomic force microscopic images and
electron micrographs of the complexes of the biotinylated HMM and UltraAvidin-coated
fluorescent polyacrylamide nanoparticles revealed that the biotinylated site on S-2 was
very close to the C-terminus (near the S-2/light meromyosin junction). In keeping with this
result, together with HMM's key sites being localized on the S-l region, the enzymatic
conjugation of biotincadaverine had no influence upon the actin-activated ATPase activity
of HMM or upon the ability of HMM to actuate sliding of actin filaments in in vitro motility
assay. Attachment of an UltraAvidin-coated fluorescent nanobead to the biotinylated HMM
also did not alter the motile activity of HMM. Thus, we can optically pinpoint individual
HMM molecules in a sample, which will facilitate handling and manipulation of single
HMM molecules and observation of their functional behavior.
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Sheetz and Spudich in 1983 (1) and Shimmen and Yano in
1984 (2) independently developed a technique to observe
movement of myosin-coated latex beads on actin cables in
vitro. In 1984 Yanagida et al. demonstrated that single
actin filaments labeled with fluorescent phalloidin could be
visualized under a fluorescence microscope (3). These
studies were soon followed by others that made it possible
to observe sliding movement (4) and force generation (5) of
single actin filaments interacting with myosin fixed onto a
flat substratum. Since then, with the help of new technology
such as laser optical trapping (6), several types of in vitro
sliding and force assay systems, not only for actomyosin but
also for other motor proteins, have been developed {e.g.,
Refs. 7-10). The size of the system that can be observed
has been greatly reduced from whole muscle to muscle
fibers, myofibrils, single actin, and myosin filaments, and
finally to latex beads coated with a small number of myosin
molecules. The next stage seems to be "uni-molecular
physiology," in which, with the aid of new technology such
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as scanning probe microscopy (see reviews, Refs. 11 and
12), we would be able to observe the morphological,
mechanical, and enzymatic behavior of individual motor
protein molecules. To achieve this, we first need to pinpoint
individual motor proteins in a sample. This can be done
with fluorescence microscopy, if each motor protein can be
linked, without losing its motile activity, to a bright
fluorophore or to a small fluorescent bead. Chemical label-
ing of myosin has been extensively carried out, with the
main targets for labeling being heavy chains [Cys-697 (13),
Cys-707 (14), Lys-83 (15), etc.] and regulatory light chains
(LC2) (Cys-157, Cys-128) (16-18), all of which reside on
myosin heads. The labeling of myosin head heavy chains
alters the ATPase properties (19) and often abolishes the
motile activity (20). Although LC2-labeled myosin can
retain its motile function (18, 21), the labeling procedure
requires several steps (22) and the attachment to LC2 of a
fluorescent bead whose size is comparable to that of a
myosin head is likely to interfere with actin-myosin inter-
action. Since the S-2 region of myosin does not seem to be
involved in myosin's motile function (23), the S-2 region
should be a preferred target to be labeled with a fluorophore
or a fluorescent bead. No one, however, has yet succeeded
in selective labeling of the S-2 region by chemical modifica-
tion. Transglutaminases catalyze modification of proteins
through the exchange of primary amines for ammonia at
the y-carboxamide group of glutamine residues (see
review, Ref. 24). This reaction, therefore, gives a potential
method for the selective incorporation of functional groups
into proteins under mild conditions. In 1985 Takashi
carried out enzymatic labeling of actin, using guinea-pig
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liver transglutaminase and primary amine-containing
fluorophores, to find a novel site for fluorophore conjugation
(25, 26). Then Takashi, Giordano, and one of the authors
(TA) carried out the enzymatic labeling of HMM and S-1 as
well, and observed that HMM was labeled but S-l was
scarcely labeled with rhodaminecadaverine (27). This
observation suggested that the S-2 region of HMM was
predominantly labeled. In the present study, using differ-
ent cadaverine derivatives, we have confirmed that this
inference is correct, we have further identified the labeled
site on S-2 as being near the C-terminus, and have ex-
amined the effects of the labeling on the HMM ATPase
activity and the ability of HMM to glide actin filaments in
an in vitro motility assay. By attaching an UltraAvidin-
coated fluorescent nanobead to the enzymatically biotin-
ylated HMM we have optically visualized individual HMM
molecules that are bound to actin filaments at a low molar
ratio of HMM to actin. Since the bead-attached HMM
retains the motile activity to the same extent as non-modi-
fied HMM, its use should facilitate unimolecular physio-
logical studies of the actomyosin motor system.

MATERIALS AND METHODS

Chemicals—Lyophilized guinea-pig liver transglutamin-
ase and phenylmethylsulfonyl fluoride (PMSF) were pur-
chased from Sigma. Egg white avidin was from Calzyme
Laboratories. UltraAvidin was from Leinco Technologies.
ATP, di-iso-octyl sodium sulfosuccinate (AOT), potassium
persulfate, toluene, 2,4,6-trinitrobenzenesulfonic acid
(TNBS), and chymotrypsin were from Wako Pure Chemi-
cal. Dansylcadaverine, biotincadaverine, biotin, succinim-
idyl tetramethylrhodamine, and succinimidyl rhodamine
green were obtained from Molecular Probes. Tetramethyl-
rhodamine-phalloidin was synthesized from amino phal-
loidin and succinimidyl tetramethylrhodamine as described
previously (28). 2-(4'-Hydroxybenzeneazo)benzoic acid
(HABA) was from Nacalai Tesque. Sulfosuccinimidyl iV-
[iV'-(D-biotinyl)-6-amino hexanoyl] -6'-aminohexanoate
[Biotin-(AC6)2-sulfo-OSu] was purchased from Dojindo
Chemical. SDS and acrylamide (Wako Pure Chemical)
were of electrophoretic grade. When acrylamide was used
for the preparation of polyacrylamide nanobeads, it was
re-crystallized twice in chloroform. All other chemicals
were of analytical grade.

Protein Preparation—Myosin was prepared from rabbit
back and leg skeletal muscles (29) and stored in 0.3 M KC1,
50% (v/v) glycerol at -20 'C. HMM was obtained by
chymotryptic digestion of myosin (30), purified by DEAE
HPLC, and stored at -20"C in lyophilized form. The
lyophilization was carried out in 0.12 M sucrose, 20 mM
ammonium acetate, and 1 mM 2-mercaptoethanol. HMM
used in the in vitro motility assay was obtained by chymo-
tryptic digestion of freshly prepared (not glycerinated)
myosin. After centrifugal removal of the non-digested
myosin and light meromyosin in a solution of low ionic
strength, HMM was quickly frozen in liquid nitrogen and
stored in liquid nitrogen. Acetone powder of rabbit skeletal
muscle was prepared as described (31). Actin was purified
by the method of Spudich and Watt (32). The molar
concentration of HMM was estimated on the basis of i?£J>=
7.5 and a molecular weight of 3.5 X 10s, with correction for
the turbidity (1.93 X the 330 nm absorbance was subtract-

ed from the 280 nm absorbance). The molar concentration
of F-actin was estimated on the basis of £J5> = 6.7 and a
molecular weight of 4.2x10* (1.68 X the 330 nm absor-
bance was subtracted from the 290 nm absorbance to
correct for turbidity artifacts). For dansylcadaverine-in-
corporated HMM the protein concentration was deter-
mined by the method of Lowry et al. (33).

Enzymatic Labeling of HMM—Lyophilized guinea-pig
transglutaminase (2 units) was dissolved in 1 ml of a
solution containing 2 mM dithiothreitol plus buffer A (50
mM KC1, 20 //M PMSF, 1 mM 2-mercaptoethanol, 50 mM
TES-KOH, pH 7.0). The solution was evenly divided into
ten vials, which were then stored in liquid nitrogen. Before
use, one vial of transglutaminase was thawed at 35"C,
mixed with 320 pt\ of 50 mM dithiothreitol plus buffer A,
and then incubated overnight at 4'C. HMM was dialyzed
overnight against buffer A. Biotincadaverine (or dansyl-
cadaverine) and HMM were mixed in buffer A plus 2 mM
CaCl2 to make final concentrations of 1 mM and 10/*M,
respectively, and the mixture was incubated at 25'C. The
reaction was started by the addition of transglutaminase
(final, 0.025 unit/ml) to the mixture. To follow the time
course of incorporation of biotincadaverine into HMM,
aliquots of the reaction mixture were withdrawn at various
times, made up to 3 mM EGTA to terminate the trans-
glutaminase reaction, immediately cooled by introducing
them into centrifuge tubes pre-cooled in ice water and
centrifuged for 15 min at 230,000 X g. The centrifugation
was done as a pre-treatment for HPLC. For separation of
HMM from transglutaminase and unreacted biotincadaver-
ine the supernatants were then applied to an HPLC gel
filtration column (Tosoh G3000SWXL) equilibrated with
buffer B (50 mM KC1, 1 mM EDTA, 20 ^M PMSF, 1 mM
2-mercaptoethanol, 20 mM TES-KOH, pH7.0). En-
zymatically labeled HMM used for in vitro motility assay
was obtained as follows. The transglutaminase reaction was
allowed to continue for 3 h and terminated by the addition
of 3 mM EGTA. Since HPLC gel filtration often reduces the
motile activity of HMM, free biotincadaverine was re-
moved by exhaustive dialysis against buffer B at O'C.
Transglutaminase was, however, not removed. The biotin-
ylated HMM was frozen in liquid nitrogen and stored in
liquid nitrogen.

Dansyl Assay—The concentration of dansylcadaverine
conjugated to HMM was determined by measuring the
fluorescence intensity at 550 nm with excitation at 330 nm.
The fluorescence intensity of dansylcadaverine increased
upon incorporation into HMM. Therefore, the dansyl-label-
ed HMM was digested exhaustively with a 50- to 100-fold
molar excess of chymotrypsin for 12 h at room tempera-
ture, and then its fluorescence was measured. The fluores-
cence intensity was compared with that of a known concen-
tration of free dansylcadaverine. The fluorescence spectro-
photometer used was F-3010 (Hitachi).

Biotin Assay—The quantity of biotin incorporated into
HMM was determined by titration with avidin in the
presence of a given concentration of HABA. HABA binds to
avidin at the biotin sites with much weaker affinity than
biotin, concomitantly resulting in enhancement of its
absorbance at around 510 nm (34). Since avidin might not
be able to reach all the biotins conjugated to HMM, HMM
that had been digested exhaustively with chymotrypsin was
also assayed. Biotinylated HMM and its chymotryptic
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digests were diluted in 200 mM KC1, 20 mM TES-KOH
(pH7.0), and 150 /xM HABA. Then a small volume of
avidin solution was added several times. The absorbance at
510 nm was read 10 min after each addition of avidin. The
avidin binding to biotin was pre- determined in the same
way as above, the biotinylated proteins being replaced with
a known concentration of biotin. The spectrophotometer
used was UV-260 (Shimadzu).

Preparation of Biotinylated Fluorescent Polyacrylamide
Nanobeads—We had tried to use several types of commer-
cially available fluorescent polystyrene nanobeads as tags
for HMM. All of them, however, showed non-specific
binding to HMM and to actin. We therefore decided to
prepare nanobeads of polyacrylamide. Polyacrylamide
nanoparticles were prepared by polymerization of acryl-
amide in an inverse microemulsion system stabilized by
AOT emulsifier according to the method of Candau and
Leong {35) with slight modifications. AOT was purified by
filtering the methanolic solution through a polyethersulfone
membrane (pore size 0.2 /im, Advantec, Tokyo) and dried
under high vacuum at 60"C (36). For further drying it was
heated at 80°C for 5 h at atmospheric pressure. The dried
AOT (7.7 g) was dissolved in toluene (27.9 g). Acrylamide
solution (acrylamide, 2.9 g; bis-acrylamide, 29 mg; water,
3.3 g) was added to the emulsifier solution under stirring.
Nitrogen was bubbled at room temperature through the
microemulsion for 30 min to eliminate oxygen. The mi-
croemulsion was incubated for 10 min at 45*C and polymer-
ization was then initiated by the addition of potassium
persulfate (5.55 mg dissolved in 0.15 ml of water). The W/
O emulsion was gently stirred for 20 h at 45'C and then
evaporated at 50'C under reduced pressure to remove
toluene until the solution became slightly opaque. To
precipitate the polyacrylamide particles, 40 ml of methanol
was added. After exhaustive washing by several cycles of
dispersion in methanol and sedimentation, the precipitate
was dissolved in 20 ml of water. The solution was clarified
by centrifugation at 15,000 Xg for 30 min, and then lyo-
philized. An aliquot (20 mg) of the lyophilized powder was
dissolved in 40 ml of anhydrous ethylenediamine. The
powder did not dissolve well at room temperature, but
heating to 70'C gave a transparent solution. The solution
was incubated at 70"C for 3 h with vigorous stirring, and
then cooled in ice-cold water. To precipitate the aminated
polyacrylamide particles 20 ml of butanol was added
(methanol would not work as a precipitant in eth-
ylenediamine). The precipitate was exhaustively washed
with methanol, then dissolved in 4 ml of water and this
solution was dialyzed against water. The amount of free
amino groups introduced into polyacrylamide beads was
estimated by measuring the optical density at 425 nm after
reaction with 2 mM TNBS for 1 h in 50 mM borate buffer
(pH9.0) and by using et2Snm = 5 xlO3M"1. The molar
concentration of the aminated polyacrylamide beads was
estimated by measuring the dry weight and using the
molecular weight of 1X1OS (see below). One particle
contained about 200 amino groups. Biotinylation of the
polyacrylamide beads was carried out as follows. Biotin-
(AC5)2-sulfo-OSu dissolved in DMF was added to the
aminated polyacrylamide beads dispersed in 100 mM
borate buffer (pH 9.3) and the mixture was incubated for 1
h at 35 C. The molar amount of the added biotin derivative
was about 1/20 of the molar contents of the amino groups.

The biotinylated beads were precipitated with methanol
and the precipitate was dispersed in 100 mM borate buffer
(pH 9.3). The biotinylated beads were further reacted with
an amino-reactive fluorophore, succinimidyl rhodamine
green. The fluorophore dissolved in DMF was added to the
biotinylated polyacrylamide beads and the mixture was
incubated for 1 h at 50'C. The fluorescent biotinylated
beads were precipitated with methanol and washed several
times with methanol. The labeling procedure was repeated
several times. The total molar amount of rhodamine green
added was equal to the molar content of the free amino
groups. The precipitate finally obtained was dispersed in
water and dialyzed against water overnight. To block the
residual free amino groups the fluorescent beads (5 mg/ml,
1 ml) were further reacted with acetic anhydride (97%, 50
//I) in 0.5 M NaHjPO^ (pH 7.0) for 15 min at room temper-
ature, followed by precipitation with methanol, dispersion
in water and dialysis against water. The resulting fluores-
cent biotinylated nanobeads contained about 10 biotin
molecules and 20 to 30 rhodamine green molecules per one
bead.

Characterization of Polyacrylamide Nanobeads—The
particle size of the non- labeled polyacrylamide beads was
estimated from quasi-elastic light scattering at various
angles by the use of an instrument of our own manufacture.
The translational diffusion coefficient was obtained from
the correlation function and the diameter of the particles
was calculated from the Einstein-Stokes equation. The
particle size was about 35 nm in diameter. The fluorescent
nanobeads attached to freshly cleaved mica were observed
in buffer A with a scanning force microscope of our own
manufacture. The height of the beads was around 30 nm.
The molecular weight of the polyacrylamide nanobeads was
determined by two methods (viscometry and particle
counting). The intrinsic viscosity of non-labeled beads in
0.1 M NaCl aqueous solutions was measured with a Ubbe-
lohde-type viscometer. To determine the molecular weight
we used the following relationship, proposed by Francois et
al. (37).

=9.33 X10"3
cm3/g

Ten microliters of a diluted solution of fluorescent beads in
20 mM TES (pH 7.0) was put between two cover slips
(22 X 22 mm) and left until aU the beads became attached to
the inner surfaces of the cover slips. Fluorescence images
were taken at various sections of the cover slips. Then the
number of particles within 50 X 50 //m areas was counted.
From the average number and the dry weight, the molecu-
lar weight was estimated. The two methods gave a similar
value, 10" Da.

Preparation of UltraAuidin-Coated Fluorescent Nano-
beads—Since avidin and UltraAvidin tended to form
clusters when their biotin sites were free, UltraAvidin (5
mg/ml, 0.3 ml) was mixed with HABA (1 mg/ml, 30 //I) in
buffer C (10 mM imidazole-HCl, 10 mM KC1, 0.1 mM
NaNj, pH 7.6). The biotinylated fluorescent beads (6 mg/
ml, 200//I) were mixed with the HABA-UltraAvidin
solution and the mixture was incubated overnight at 4°C.
Since the beads contained 13.8 nmol of biotin and 5 mg of
UltraAvidin contained 246 nmol of biotin sites, cross-link-
ing of beads by UltraAvidin scarcely took place. Ultra-
Avidin-coated beads were purified by the use of a gel
filtration column (1.2 cm I.D.Xlm, Bio-Gel A-0.5m,
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Bio-Rad) equilibrated with buffer C.
Purification of HMM-Bead Complexes by Actin Affinity

Chromatography—To purify HMM-bead complexes we
developed actin affinity chromatography using myosin-ex-
tracted fibers. All procedures described here were carried
out at 4"C. Two pieces of glycerinated rabbit psoas fibers,
about 2 mm in diameter and 4 cm long, were chopped into
short segments and homogenized in 30 ml of buffer R (30
mM KC1, 10 mM imidazole-HCl, 2 mM MgCl2, 0.5 mM
dithiothreitol, 1 mM EGTA, 20 //M PMSF, pH 7.6) by the
use of a homogenizer (Ultra-Turrax T-25, IKA- Lab), for 30
to 60 s at 8,000 rpm. The fibers were collected by sedimen-
tation at 3,300 X g for 10 min; then the pellet was dissolved
in 5 ml of buffer R. The fiber suspensions were added to 3
ml of Bio-Gel (A-0.5m, Bio-Rad) swollen in buffer R. The
mixture was gently mixed and allowed to settle into a
column (1 cm in diameter). Polyacrylamide segments
(about 1 mm in diameter) obtained by breaking a gel were
used as bed supports. All washing steps mentioned below
were done until protein was no longer detected in the
eluates. Protein was monitored by measuring its fluores-
cence at 333 nm with excitation at 295 nm. All elutions
were carried out at a constant flow rate of 0.4 ml/min. The
column was washed first with buffer R plus 0.1% Triton
X-100 and then with buffer R. To remove myosin from the
fibers, 6 ml of an ATP-containing high-ionic solution (0.3 M
KC1, 10 mM imidazole-HCl, 2 mM MgCl2, 1 mM EGTA, 2
mM ATP, 0.5 mM dithiothreitol, 20//M PMSF, pH 7.6)
was applied to the column. Then the column was washed
with the high-ionic solution without ATP, equilibrated with
buffer R, washed again with buffer R plus 2 mM ATP, and
finally equilibrated again with buffer R. Biotinylated HMM
(1.6 /*M, 13.8 //I) had been added to a 10-fold molar excess
of UltraAvidin-coated fluorescent beads (108 nM, 2 ml) in
buffer R and incubated overnight. The mixture was loaded
on the affinity column. The eluate was collected and loaded
on the column again. This loading-elution step was repeated
eight times to ensure that all HMM-bead complexes were
bound to actin in the fibers. The column was washed with
buffer R until no fluorescent beads were detected in the
eluate, monitoring the fluorescence at 545 nm with excita-
tion at 505 nm. Finally HMM-beads were eluted with
buffer R plus 2 mM ATP. About 28% of the HMM initially
loaded on the column was recovered as HMM-bead com-
plexes in the eluate. The purified HMM-beads were,
however, greatly diluted during the purification processes
(6.3 nM, lml) .

In Vitro MotilUy Assay—Motile activities of biotinylated
HMM and bead-attached HMM were tested by observing
actin filaments sliding on a glass cover slip coated with these
HMM derivatives. As a control, the motile activity of intact
HMM was also measured. For biotinylated HMM and intact
HMM the assay was according to Toyoshima et al. (23),
with a slight modification (cover slips for flow cells were
treated with 0.2%, instead of 0.1%, nitrocellulose isopentyl
acetate solution for 1 min). Actin filaments were labeled
with tetramethylrhodamine-phalloidin. With bead-attach-
ed HMM the sample was not the one purified by actin
affinity chromatography, since the concentration of the
purified HMM-beads was too low for in vitro motility assay.
Instead, bead-attached HMM was newly prepared in a flow
cell as follows. First, cover slips for flow cells were cleaned
as mentioned below and used without coating with nitrocel-

lulose. UltraAvidin-coated beads, which had been labeled
with rhodamine green to ensure good attachment to cover
slips, were put into a flow cell and incubatedfor 10 min. The
flow cell was washed with buffer F (25 mM KC1, 25 mM
imidazole-HCl, 0.2 mM CaCl2, 2 mM MgCl2, 0.1 mM
NaN,, pH 7.6). Biotinylated HMM (1 MM in buffer F) was
introduced into the flow cell. After 5 min, unattached
biotinylated HMM was washed out with buffer F. Then,
BSA (1 mg/ml in buffer F) was put into the cell, which was
incubated for 2 min and was washed with buffer F. Sliding
of actin filaments was observed under an epifluorescence
microscope (Olympus 1X70; equipped with an oil-immer-
sion objective, 100X, NA 1.35), the images being taken
with an SIT camera (C2741-08, Hamamatsu Photonics).

Fluorescence Visualization of Individual HMM Mole-
cules—Actin filaments labeled with tetramethylrhodamine
phalloidin were observed with the G-filter set, while
fluorescent polyacrylamide beads labeled with rhodamine
green were observed with the B-filter set. The HMM-bead
complexes used here were those purified by actin affinity
chromatography as mentioned above. The rigor complexes
were prepared by mixing the HMM-beads (0.1 nM, 0.5 ml)
with tetramethylrhodamine phalloidin-labeled actin fila-
ments (2.5 piM, 5.0 //I) and apyrase (1 mg/ml, 25/^1). They
were allowed to stand at 25°C for 1 h. After the addition of
1% 2-mercaptoethanol the sample was applied to a flow cell
made from freshly cleaned cover slips (without any coating)
and incubated for 5 min. The fluorescence images of the
rigor complexes were observed, then the cells were washed
with buffer R plus 2 mM ATP and the fluorescence images
were observed again. The fluorescence microscope and the
video camera used here were the same as above.

Imaging by an Atomic Force Microscope—The atomic
force microscope (AFM) combined with an epifluorescence
microscope (IMT2, Olympus) was of our own manufacture.
A solution of HMM-beads that had been purified by
actin-affinity column chromatography was put on a freshly
cleaved mica surface, left for 30 min, and then washed with
buffer F. The AFM images were taken in buffer F in
constant-force mode (10 pN), using a micro cantilever with
a spring constant of 20 pN/nm (OMCL-TR400PS-2, Olym-
pus).

Other Assays—SDS-PAGE was performed in a 7.0-
15.0% polyacrylamide gradient containing 0.1% SDS (39).

The ATPase activities of acto-HMM (0.1 mg/ml HMM
or biotinylated HMM and various concentrations of actin)
were assayed in 10 mM Tris-HCl (pH 7.9), 2.5 mM MgCl2,
and 2.5 mM ATP at 25'C.

Cleaning of Glass Cover Slips—Glass cover slips were
bath-sonicated in 3% cleaning detergent for 30 min, rinsed
with water exhaustively and boiled in water for 5 min.
Then they were incubated in an 8 : 1 (v/v) mixture of
sulfuric acid and hydrogen peroxide at 80"C for 15 min,
rinsed with water, boiled twice in water for 5 min each, and
dried at 40*C.

RESULTS

Enzymatic Labeling of HMM—HMM was incubated
with guinea-pig transglutaminase in the presence of dansyl-
cadaverine and then purified by gel chromatography. The
HMM sample showed green fluorescence characteristic of
the dansyl group. In order to know whether the labeling had
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taken place covalently the HMM was run on SDS gels. A
fluorescent band appeared on the heavy chains, but not on
the light chains (lanes a and c in Fig. 1). In order to
determine labeled regions within the heavy chains, the
HMM was cleaved with chymotrypsin and run on SDS gels
With the digests of an HMM sample that had been incubat-
ed with transglutaminase for 3 h the 60K segment corre-
sponding to S-2 was predominantly fluorescent (lane e).
With the HMM sample of 5 h incubation a weakly fluores-
cent band additionally appeared on the 98K segment that
corresponded to S-l heavy chains (lane g). These observa-
tions revealed that transglutaminase-mediated labeling
took place primarily in the S-2 region of HMM.

Time Course of Incorporation of Cadaverme Derivatives
into HMM—We first determined fluorometrically how
many moles of dansylcadaverine were attached to HMM.
Since the fluorescence of the dansyl group is quite sensitive
to its environment, the samples of dansyl-labeled HMM
were pretreated by exhaustive digestion with chymotryp-
sin. Their fluorescence intensities were compared with that
of a known concentration of dansylcadaverine. The emis-
sion spectrum of free dansylcadaverine peaked around 542
ran, whereas that of dansylcadaverine conjugated to HMM
peaked around 500 nm. Upon chymotryptic digestion of the
labeled HMM the blue-shifted peak returned to 542 nm. As
shown by closed triangles in Fig. 2, the number of dansyl-
cadavenne moieties incorporated initially increased with
increasing incubation time and was nearly saturated after 3
to 4h. The saturation level appeared to be 4mol of
dansylcadaverine per 1 mol of HMM. In consequence, each
heavy chain has two sites for the labeling in the S-2 region.
For the purpose of attaching a fluorescent nanosphere to
HMM, the strong affinity between biotin and avidin is quite
useful. Therefore we also examined the time-course of
transglutaminase-catalyzen incorporation of biotin using
biotincadaverine. It is natural to expect that, like dansyl-
cadaverine, biotincadavfirine will also be incorporated
primarily into the S-2 region of HMM. As shown in Fig. 2

-CT +CT

200K

tig l . Locations within HMM of dansylcadaverine incorpo-
rated by the transglutaminase reaction. The reaction was allowed
to continue for 3 h (lanes a, b, e, £) or 5 h (lanes c, d, g, h). The samples
were digested with chymotrypsin after dansylcadavenne incorpora-
tion (lanes e, f, g, h) The gels were exposed to UV to see the
fluorescence due to dansylcadaverine (lanes a, c, e, g), and then
stained with Coomassie Blue (lanes b, d, f, h). Lane I, partially
purified S-2; lane j , size markers

biotincadaverine was attached to HMM, the amount ini-
tially increasing with time and then becoming saturated. As
indicated by the example in Fig. 3, the quantity of biotin
incorporated was estimated using the competitive binding
of HABA to avidin and the concomitant increase in the
absorbance at 510 nm. HABA does not bind to avidin until
the concentration of biotin sites of avidin exceeds the
concentration of biotin, since the affinity of biotin is much
higher than that of HABA. Thereafter, the absorbance at
510 nm increases with increasing avidin concentration. As
shown by closed squares in Fig. 2 the number of moles of
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/ •
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Fig 2 Time-course of incorporation of dansylcadaverine and
biotincadaverine into HMM. The amounts of dansylcadaverme (A.)
were estimated from the fluorescence intensity at 550 nm with
excitation at 330 nm. Because the fluorescence intensity of the dansyl
moiety was environment-sensitive, the labeled-HMM was digested
exhaustively with chymotrypsin The quantities of biotincadaverine
(•, •) were estimated as described in "MATERIALS AND METH-
ODS" (also see Fig. 3). In the first assay the biotin-labeled HMM was
not digested (•), but in the second assay it was digested exhaustively
with chymotrypsin (•). The digestion was terminated by adding
PMSF.

008-

8
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006-

0 02-

000»
00 01 -^02 03 04 05 06 07

Avidin (nmol)

Fig. 3. Colorimetric determination of biotin. HABA (4 mM, 20
^1) was added to biotinylated HMM (0 64 //M, 0 5 ml) that had been
prepared by incubation for 4.5 h in the presence of biotincadavenne
and transglutaminase Then 5 p 1 of an avidin solution (1 mg/ml) was
added several times to the mixture in a stepwise manner Ten
minutes after each addition the optical density at 510 nm was read.
The base value (without avidin) was subtracted. When the amount of
avidin was small, JOT) stayed at a low level. When the amount of
avidin was further increased, JOT) linearly increased with increasing
avidin concentration. The biotin content was estimated from the
intercept given by extrapolation of the linear plot of zJOD vs amount
of avidin to the abscissa. The biotin content was given by 4 times the
amount of avidin at the intercept. In the present case it was 4x0 17 =
0.68 nmol The amount of HMM was 0 64x0.5 = 0.32 nmol. These
values gave a molar ratio of 2.1 biotins/HMM.
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biotin detected per 1 mol of HMM seemed to reach satura-
tion at two. Since avidin is relatively large and its biotin
sites-are not-on the surface, but are located-in deep-clefts
(38), not all the biotins bound to HMM may be accessible to
avidin. Therefore, the biotin-labeled HMM was exhaus-
tively digested with chymotrypsin and assayed again. With
the HMM samples that had been incubated for less than 90
min with transglutaminase the chymotryptic digestion
revealed no additional biotin. However, with the HMM
samples that had been incubated longer than 90 min the
digestion revealed additional biotin. Therefore the two
biotins that reacted relatively quickly were exposed, but
additional biotins were not exposed in the non-digested
HMM.

Actin-Activated ATPase—We examined the effect of
biotin incorporation into HMM upon the actin-activated
ATPase activity of HMM. The actin concentration was
varied to estimate the maximum ATPase activity (Vm). As
shown by black bars in Fig. 4, Vm was moderately decreased
with increasing incubation time. Since HMM was incubated
at 25°C for a long time, the transglutaminase reaction might
not be solely responsible for the moderate deactivation of
HMM. As a control, therefore, we examined how incubation
of HMM at 25'C without transglutaminase would affect the
ATPase activity. As shown by white bars in Fig. 4 the
transglutaminase-absent incubation also moderately de-
activated the actin-activated ATPase to almost the same
extent as did the transglutaminase-present incubation.
Therefore, we concluded that biotin incorporation into
HMM did not affect the actin-activated ATPase activity.

Motile Activity of Biotinylated HMM—Biotin was very
likely incorporated primarily into the S-2 region of HMM;
moreover, the biotin incorporation did not affect the actin-
activated ATPase activity. We consequently expected that
the biotin incorporation would not affect the ability of
HMM to glide actin filaments. We confirmed this expecta-
tion as follows. As shown in Table I, actin filaments slid on
biotin-labeled HMM at a velocity of 4.7 //m/s on average.
This velocity is similar to that observed with non-labeled
HMM. Here, the biotin-labeled as well as non-labeled
HMM had been allowed to stand for 3h at 25'C in the
presence and absence of transglutaminase, respectively.
We further examined the effect of UltraAvidin-bead

1.5h

5h

Fig. 4. Effect of biotincadaverine incorporation upon the
actin-activated ATPase activity of HMM. The ATPase activities at
25'C were measured immediately after the transglutaminase reaction
was terminated by the addition of EGTA. Values of Vm of the actin-
activated ATPase were estimated from Lineweaver-Burk plots of the
ATPase activity us. actin concentration. Black bars, biotin-labeled
HMM; white bars, control HMM incubated without transglutaminase.

binding to biotinylated HMM upon the motile activity of
HMM. For this examination cover slips of a flow cell were

-first-coated with UltraAvidin-bound polyacrylamideljeads,
followed by coating with HMM and then with BSA. When
biotinylated HMM was used in the HMM-coating actin
filaments slid on the surface at a velocity of 4.5 /xm/s. To
confirm that biotinylated HMM had been attached to the
surface through the specific binding between biotin and
UltraAvidin, not through non-specific binding of HMM to
the UltraAvidin-bound polyacrylamide or to the cover slip
itself, non-labeled HMM was used as the coating. In this
control, actin filaments never became attached to the
surface, implying that non-labeled HMM was not able to
bind to the surface coated with UltraAvidin-bound poly-
acrylamide beads. Thus, attachment through specific bind-
ing was confirmed. Consequently we concluded that binding
of either UltraAvidin or UltraAvidin-bead to biotinylated
HMM did not affect the motile activity of HMM. This also
strongly suggested that biotin had been incorporated
primarily into the S-2 region, otherwise binding of a
relatively sizable UltraAvidin-bead to HMM would have
affected the motile activity of HMM.

Visualization of HMM-Beads—As mentioned in "MATE-
RIALS AND METHODS," HMM-beads were purified by actin
affinity chromatography. The HMM-beads thus purified
therefore had been bound to actin in the fibers and had been
dissociated from actin by the addition of ATP. We con-
firmed that the HMM-beads thus purified had the native
properties of intact HMM. The solution of purified HMM-
beads contained ATP. To form rigor complexes the HMM-
bead and actin filaments were therefore mixed in the
presence of apyrase. To ensure visualization of individual
HMM-beads on actin a large molar excess of actin was used
(25 nM actin, 0.1 nM HMM-beads). The solution was put
into a flow cell made from cleaned cover slips, and left for
10 min. The flow cell was then washed by flowing a buffer
solution through it. The sample was observed under a
fluorescence microscope with two different optical filter
sets, one being for tetramethylrhodamine (actin) and the
other for rhodamine green (HMM-beads). As shown in Fig.
5b, HMM-beads were clearly seen, being found in the
places where actin filaments were located (Fig. 5a). The
brightness of the HMM-beads on actin was similar to that
of beads alone (shown in the larger photograph). Therefore,
the images of HMM-beads on actin were considered to be
those of individual HMM-bead complexes. After the flow
cell was washed with a buffer solution containing 2 mM
ATP, actin filaments disappeared (Fig. 5c), while the
HMM-beads remained attached to the same places as
before washing (Fig. 5d). From these observations,
together with the intact motility of HMM bound to Ultra-

TABLE I. Sliding velocity of actin filaments on HMM and
HMM-bead complexes. Data in the table are mean velocities ±SD
for the number of observation indicated in parentheses.

Nitrocellulose-coated UltraAvidin-bead-
cover slip (jim/s) coated cover slip (jim/s)

Control*
Biotinylated HMM11

4.8±1.0(n = 34)
4.7±0.9 (n=34) 4.5±0.8(n = 35)

•HMM incubated for 3 h without transglutaminase. bHMM incubated
for 3 h in the presence of transglutaminase and biotincadaverine. 'No
actin filaments were found on the surface, due very likely to the
absence of attached HMM.
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a

mm

Fig. 5 Fluorescence images
of beads alone, actin-HMM-
bead complexes, and HMM-
beads attached to a glass
cover slip. The images were
obtained using a G-filter set (a,
c) for the observation of tetra-
methylrhodamine phalloidin-
labeled actin filaments and a
B-filter set (the large picture, b,
d) for the observation of rhod-
amine-green-labeled beads,
before (a, b) and after (c, d)
washing with a buffer solution
containing 2 mM ATP Actin
filaments were swept out by the
washing, whereas HMM-beads
remained. The sample of acto-
HMM-bead complexes had been
obtained by mixing 0 1 n HMM-
beads and 25 nM actin Scale
bars, 6/zm.M

Fig 6 An AFM image and a
gallery of electron micro-
scopic images of bead-HMM
conjugates. An AFM image of
an HMM-bead conjugate on a
mica surface was taken in buffer
F (left-hand side) Scale bar, 50
nm EM images of bead-HMM
conjugates are shown on the
right-hand side The sample in
50% glycerol was sprayed onto a
mica surface and then the parti-
cles on the mica were rotary -
shadowed with Pt-C vapor gran-
ules at an angle of 10' Scale bar,
100 nm. The bead-HMM prepa-
ration was the same as that used
in Fig 5

Avidin-beads, it was clear that the HMM-bead complex
retained the characteristics of intact HMM.

AFM and Electron Microscopic Observations of Bead-
Attached HMM—The biochemical analyses mentioned
above allowed us to identify the biotinylation sites within
HMM as almost certainly on the S-2 region of HMM. To
confirm this and further to establish the location within S-2,
an HMM sample that had been labeled with UltraAvidin-
coated polyacrylamide nanobeads was observed by AFM
and by electron microscopy. In the AFM images we saw a
spherical particle positioned near a two-headed structure.
In between them a misty, string-like structure was some-
times observed (Fig. 6, left-hand image). Because the
image of the string-like structure was unclear, we could not
reach a definite conclusion as to the location of nanobeads
within the labeled HMM. Dr. Katayama of the University
of Tokyo kindly took electron micrographs of an HMM
sample that had been rotary-shadowed on a mica surface.
As can be seen in Fig. 6, the beads are positioned in the
distal end of S-2 (near the S-2/LMM junction). The
dimensions of nanobeads in the electron micrographs were
somewhat smaller than those we expected from the dimen-
sions of UltraAvidin and of polyacrylamide nanobeads in an
aqueous solution.

DISCUSSION

The purpose of the present study was to develop a method
by which HMM could be attached to a fluorescent nano-
sphere without losing its motile activity. Recently Funatsu
et al. (40) have succeeded in visualizing single fluorescent
molecules in aqueous solution using an improved fluores-
cence microscope and a highly sensitive video camera. They
have imaged individual molecules of myosin and a myosin-
bound ATP analogue that are labeled with single fluoro-
phores. Their study was an important step towards devel-
oping a unimolecular physiology of motor proteins, through
localizing individual molecules of interest by imaging them
with a fluorescence video-microscope. A possible applica-
tion might be as follows. Using an atomic force microscope
we may be able to measure the force generated by a single
HMM molecule that is fixed to the apex of a cantilever tip
and is interacting with an actin filament fixed onto a flat
substratum. With blind scanning of a cantilever (or the
sample stage) it is difficult to capture a single HMM
molecule at the apex, whereas pinpointing individual
HMMs would facilitate moving the apex of the cantilever
tip to a single HMM molecule. It is not necessarily impor-
tant to limit the number of fluorophores to be attached to
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unity, as long as the labeling does not cause any deactiva-
tion of the protein. As long as no deactivation takes place,

geous. The reason is that intense illumination of the
fluorophore leads to photobleaching; in consequence, the
survival time of single fluorophores under intense illumina-
tion is rather short. In the case of Funatsu et al. the survival
time was 85 s under their experimental conditions. The
larger the number of fluorophores incorporated, the longer
the survival time; in other words, a longer observation time
is attained. In our case there was practically no limitation to
the observation time.

It has been shown here that dansylcadaverine was
conjugated enzymatically to HMM predominantly at the
S-2 region, with a very minor labeling at the heavy chains
of the S-l region. The light chains were never labeled. The
glutamine residue to be attacked by transglutaminase
should be in a flexible region of the protein (41), since the
y-carboxamide group of glutamine has to be captured
transiently in the active site of transglutaminase for the
formation of a transient y-glutamyl thioester with concom-
itant release of ammonia (the thiol group is that of the
active site cysteine). Actin, for instance, is enzymatically
labeled at Gln-41 (26), which resides on a flexible loop
spanning between Pro-38 and Ser-52 (42). In the case of
His-388—'Gln-388 mutant of yeast phosphoglycerate ki-
nase, the site modified by transglutaminase is Gin-388 in
the hinge region of the mutant kinase (43). It is known that
regions at the S-l/S-2 junction and at the S-2/LMM
junction have flexible structures. The N-terminal region of
S-2 does not contain glutamine residues, while the C-termi-
nal region of S-2 does contain glutamine [Gln-417, Gln-
426; the sequence is numbered starting at the N-terminal
of S-2 (44, 45); the C-terminal end of S-2 is Phe-437 (46) ] .
Therefore, these glutamine residues are the most likely
candidates for labeling targets.

Using activated human plasma fibrinoligase, which is also
called blood coagulation factor XIII and can have trans-
glutaminase activity, Cohen et al. labeled rabbit skeletal
myosin with dansylcadaverine (47). They observed that
dansylcadaverine was incorporated into both heavy and
light chains of myosin, and that the incorporation into the
light chains was less than that into the heavy chains. As far
as the susceptibility of the light chains to the transferase
action is concerned, the difference between our result and
theirs seems to be due to the difference in specificity
between the two types of transglutaminases. We have
examined another type of transglutaminase that originated
from fish meat, but has been mass-produced by gene
engineering. The enzyme does not require calcium for its
activity. The enzyme was a gift from Ajinomoto Foods and
was purified by DEAE ionic exchange chromatography. The
fish transglutaminase conjugated dansylcadaverine to
HMM at both the S-l and S-2 regions of the heavy chains
equally, greatly reducing the motile activity of HMM
(unpublished result). So, different types of transglutamin-
ases have different specificity as to the target sites within
the same protein substrate.

We did not establish biochemically where within HMM
biotincadaverine was attached. However, it is reasonable to
infer that both dansylcadaverine and biotincadaverine were
conjugated to the same glutamine residues, since the sites
targeted by guinea-pig transglutaminase are common irre-

spective of the amino substrate. The electron micrographs
of biotinylated HMM attached to UltraAvidin-coated
polyacfylamide nan^b~ea^s l̂early"slio"wecrthe~l3Oiind~beads^
positioned at the distal end of S-2 (near the S-2/LMM
junction). Therefore, the bead was presumably bound to
biotin that had been conjugated at either Gln-417 or Gln-
426. The number of biotins incorporated into an HMM
molecule was not established. Even the exhaustive diges-
tion of the biotinylated HMM revealed only a small addi-
tional quantity of biotin. Although there is ambiguity as to
this point, it is clear that an HMM molecule can have at
most two biotins on S-2 that are accessible to avidin. Before
the present study, several sites within HMM were known to
be available for chemical labeling. Among them only sites
on LC2 are available for innocuous labeling with small
molecules. However, we do not know yet whether LC2
labeling with large molecules such as nanospheres (or the
apex of a cantilever tip, although it is not a molecule) are
still innocuous. Sizable molecules linked to HMM at LC2
may touch HMM at side chains that play a key role in the
HMM's motile function and may eventually deactivate
HMM. The method for innocuous labeling presented here
should be valuable for studies on the unimolecular physiol-
ogy of the actomyosin motor.

We would like to thank Dr. Eisaku Katayama of the University of
Tokyo for taking electron micrographs of the HMM-bead sample, and
Prof. Kijiro Kon-no of Tokyo Science University for valuable advice
on the preparation of polyacrylamide nanospheres.
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