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Myosin monomer density and exchange in synthetic

thick filaments investigated using fluorescence
microscopy with single molecule sensitivity
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The number of myosin molecules in synthetic thick filaments, prepared by dialysis at 0.12 M NaCl and
pH 7.0, was estimated to be between 400 and 800 molecules per micrometre under conditions appro-
priate for in vitro motility assays. This estimate was based on a number count of Cy3-labelled myosin
molecules incorporated into filaments at a nominal ratio of 1:1000. At this dilution, single fluorescent
spots were resolved corresponding to individual labelled myosins. The spots usually bleached with a one-
or two-step profile but, in around 30% of the cases, fluctuations were observed indicating that additional
photophysical or photochemical events had occurred. Myosin molecules were shown to exchange between
filaments in suspension on a time-scale of several hours at 4 °C, but the reaction was only 75% complete
after 48h, suggesting a non-exchangeable core. However, myosin exchange does not appear to be the
predominant source of the fluctuations in fluorescence intensity in the single molecule assays.
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1. INTRODUCTION

Synthetic myosin filaments prepared by dialysis or
dilution of soluble myosin to physiological ionic strengths
have long been used as a model for thick filaments of
muscle (Huxley 1963). Although the myosin molecule
contains some intrinsic properties which direct the
assembly to give bipolar structures with the correct
14.3 nm axial stagger between myosin heads, the length-
determining mechanism is not completely understood.
Under some i vitro conditions, the length distribution of
synthetic filaments can be remarkably narrow, but it is
likely that, in vive, accessory proteins (e.g. myosin binding
protein C and titin) play a role in the precise structure of
native thick filaments (Davis 1988). Despite these limita-
tions, synthetic thick filaments continue to provide a
useful experimental preparation for both establishing the
nature of the intermolecular interactions within the fila-
ment and providing arrays of orientated myosin heads for
in vitro motility assays (Yamada & Wakabayashi 1993;
Ishijima et al. 1996). With respect to the latter, it is impor-
tant to characterize the properties of such filaments under
the conditions of the assay (i.e. when the filaments are
adhered to a glass—silica substrate at low protein concen-
trations).

Previous work has established that synthetic filaments
produced by dialysis or dilution of vertebrate skeletal
muscle myosin at pH 8.0 tend to be shorter than native
filaments (ca. 1 pm cf. 1.6 pm) but have a narrow length
distribution (Davis 1988). Investigation of the kinetics of
filament assembly and disassembly led Davis (1993) to
surmise that their length was under kinetic control such
that the association rate constant was independent of
length, but the dissociation rate constant increased expo-
nentially with length. Thus, pH 8.0 filaments are dynamic
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and in equilibrium with a free myosin pool. Computer
simulations indicated that, if this monomer pool 1is
removed, the entire filament would disassemble within ca.
5s. However, if the pool is maintained, monomer
exchange would occur rapidly (milliseconds-to-seconds
time-scale) at the filament ends, whilst the probability of
exchange in the central third is practically zero.

In contrast, synthetic filaments produced at pH 7.0
tend to be longer with a broader length distribution (up
to 10 um) and generally are wider than native filaments.
Bare zones can sometimes be resolved in an electron
microscope (Kaminer & Bell 1966) and i vitro motility
assays support the idea that there is a switch in polarity
(or at least in the predominant polarity) across the centre
of the filament (Yamada & Wakabayashi 1993; Ishjima et
al. 1996). Saad et al. (1991) reported that all myosin mono-
mers are free to exchange within several hours, with rela-
tively little heterogeneity along the length of the filament.
This study was offered in support of the dynamics of
thick filaments in vivo during growth and differentiation
of muscle cells. However, this conclusion was challenged
by Davis (1993) who considered that the exchange may
be limited to an adventitious coating of myosin which
may predominate under these pH 7.0 conditions.

The development of fluorescence microscopy techni-
ques with single-molecule sensitivity offers an opportu-
nity of re-examining this question. Furthermore, it is now
possible to resolve single turnovers of myosin ATPase at
the level of single molecules by examining the lifetime of
fluorescent ATP analogues bound to the myosin active site
(Funatsu et al. 1995; Conibear et al. 1998; Ishijima et al.
1998; Oiwa et al. 1999). However, fluctuations in fluores-
cence can arise via photochemical or photophysical
mechansims (Moerner & Orrit 1999). In addition, in the
case of filament-based assays, the myosin monomers may
undergo reversible dissociation on a seconds-to-minutes
time-scale and the contribution of such a process to the
observed fluctuations must be determined.

© 2000 The Royal Society



416 P. B. Conibearand C. R. Bagshaw  Synthetic myosin thick filaments

2. METHODS

(a) Proteins and nucleotides

Myosin was prepared from rabbit skeletal muscle as described
by Margossian & Lowey (1982) without column purification.
Synthetic filaments were prepared by dialysing solubilized
myosin as described in the figure legends. Cy3-EDA-ATP and
Cy5-EDA-ATP were synthesized from 2'(3)-O-[aminoethyl
carbamoyl]-adenosine triphosphate (EDA-ATP) using commer-
cial carbocyanine fluorolink dyes (Amersham Life Sciences,
Amersham, UK) as outlined (Bagshaw 1998). Myosin was
labelled with these fluorophores by trapping the nucleoside
diphosphate at the active site with excess NagVO, (Wells &
Bagshaw 1984) or AIF, (Conibear et al. 1996) prior to dialysis.

(b) Total internal reflection fluorescence microscopy

Fluorescently labelled myosin filaments were examined by
total internal reflection fluorescence (TIRF) microscopy to
achieve the low background required for single-molecule
imaging (Funatsu et al. 1995). Our optical set-up has been
described in detail (Conibear et al. 1998; Bagshaw & Conibear
1999). Cy3 fluorophores were excited with a frequency-doubled
Nd-YAG laser (uGreen 4301-050, Uniphase) and Cy5 was
excited with an HeNe laser (05LHR927 Melles Griot). TIRF
was induced in filaments adhered to a Spectrosil slide coupled to
a 15mm cubic Spectrosil prism (TSL, Wallsend, UK). Fluores-
cence was selected using Omega interference filters (580DF30
for Cy3 and 670DF40 for Cy5). The laser power was ca. > mW at
the prism. Fluorescence images were captured on a Gen III-
intensified CCD camera (IC-300, Photon Technology Interna-
tional, Surbiton, UK) and analysed using NIH Image software
(available at (http://rsb.info.nih.gov/nih-image/)).

3. RESULTS

(a) Monomer density in synthetic filaments

Myosin filaments, prepared by dialysis at pH 7.0 from
Cy3-ADPVi-trapped myosin pre-mixed in ratios of up to
1:10 with unlabelled ADPVi-trapped myosin, were
observed to have intensity profiles that were even along
their lengths. With mixing ratios of between 1:10 and
1:100 the intensity—length profile became more uneven
and above 1:100 the images were distinctly punctate.
Above a ratio of 1:300, individual fluorescent spots
became spaced increasingly farther apart without
significant change in their average intensity. This provides
strong evidence that the latter correspond to single
labelled myosin molecules. Further support comes from
the observation of quantized photobleaching (see
figure 2b,¢). In this regime, the number of such spots per
unit length for a known ratio of Cy3-labelled to non-
labelled myosins provides a measure of the myosin
density. A typical experiment is shown in figure 1 with a
nominal mixing ratio of 1:1000. A second label (Cy))
was present at a higher ratio to image each filament in
order to determine its location and length. The Cy3 ratio
was low enough that spots would rarely overlap by chance
yet sufficiently high to ensure that randomly located
spots, arising from other sources, make an insignificant
contribution. The latter was ascertained by the observa-
tion that the majority of spots co-aligned with the Cy5-
labelled filaments. The average filament length was
57pum (2.7 pm s.d. and n=23). The average number of
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Figure 1. Dual images of a synthetic myosin filament
co-labelled with Cy3 and Cy) fluorophores. Separate soluble
myosin preparations (5 uM heads) were labelled by
incubating with either Cy3-EDA-ADP or Cy5-EDA-ADP

(10 uM) and Naz;VO, (100pM) for 12h at 4 °Ci in a buffer
comprising 0.5 M NaCl, ] mM MgCl, and 20 mM imidazole
(corrected to pH 7.0 at 20°C). Unlabelled myosin was
prepared similarly with ADP. Synthetic filaments were
prepared by pre-mixing the Cy3-, Cy5- and ADP-trapped
myosin preparationsin a ratio of 1:10:1000 and dialysing for
12h at 4°C against a large excess of 0.12M NaCl, | mM
MgCl, 100pM NazVO, and 20 mM imidazole (corrected to
pH 7.0 at 20 °C). The co-filament suspension was diluted to
200nM (myosin heads) in the dialysis buffer and a 15 ul
droplet applied to a 75 mm x 25 mm silica slide and dispersed
between the slide and a 22 mm x 40 mm no. 0 glass cover-slip.
Paper spacers (<30 um thick) were present at each corner to
make a flow cell. The sample was perfused with 200 pl of
dialysis buffer plus glucose (2.5mgml™"), catalase

(180 pg ml™") and glucose oxidase (43 pg ml~"). After removal
of the spacers, the flow cell was collapsed to ca. 10 pm
thickness and observed by TIRF microscopy. (a, b) The
images observed using the Cy3 and Cy) filter sets and
excitation at 532 and 633 nm, respectively. All spots in the
Cy3 image mapping onto filaments as observed by Cy5
imaging were counted. The total lengths of the filaments were
determined using the NIH Image software, including the few
short ones in which no Cy3 spots were observed. The degree
of labelling of the filament preparation with Cy3 was
determined as follows. In order to remove any free
fluorophore, the dialysed myosin filaments were diluted
fourfold, centrifuged at 10000 ¢ in an MSE Micro Centaur
and the pellet resuspended in a buffer containing 0.5 M NaCl,
1 mM MgCl, and 20 mM imidazole at pH 7.0 and 20 °C. The
myosin concentration was determined by absorbance using
Aygp=259000M~" cm™'. The Cy3-EDA-ADP concentration
was determined from the fluorescence emission spectrum
measured with an SLM 48000 fluorimeter, calibrated against
standard solutions (using As5 = 150000 M~'em™"). The
standard solutions also contained myosin at the same
concentration as the sample and 4 M urea was used to prevent
protein—nucleotide interaction. This gave a ratio of 1:400 Cy3
labels:myosin molecules (i.e. 1:800 labelled myosin molecules:
total myosin molecules if both heads are labelled).

spots per unit length was 0.56 um™", corresponding to a

myosin density of 560270 molecules per micrometre,
subject to any correction for incomplete trapping of the
labelled myosin stock, nucleotide dissociation during
dialysis, photobleaching prior to image capture and the
accuracy of mixing the fluorescent and non-fluorescent
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Figure 2. Kinetics of the fluorescence intensity changes of Cy3-labelled myosin in synthetic filaments during prolonged
illumination. The sample was prepared as described in figure 1. (a) Composite assay: the time-course of the normalized summed
intensity of 23 spots distributed over three filaments and fit to a single exponential yielding a rate constant of 0.005s~".

(b—d) Selected single-molecule bleaching profiles: spots (area=0.15 pm?) within a filament were selected and the fluorescence
intensity computed for each successive frame using the NIH Image software (where white =0 and black =255). (4) One-step

photobleaching, (¢) two-step photobleaching and (d) blinking.

myosin stocks (such corrections are discussed below). The
value obtained is to be compared with that of native fila-
ments which have a crown of three myosins at 14.3 nm
intervals, thus giving a number count outside the bare
zone of 210 molecules per micrometre.

(b) Photobleaching kinetics

Upon prolonged illumination of the samples, such as
those in figure 1, the number of spots falls to near zero
due to photobleaching (figures 2 and 3). Under the condi-
tions of figure 1, the intensity averaged over 23 filament-
based spots decayed to the background level in an
approximately exponential manner with a rate constant
of 0.005s™" (figure 2a). Individual spots showed quan-
tized behaviour with either of the three types of profile:
one-step decay (figure 2b), as expected for bleaching of a
labelled myosin with just one head containing a fluores-
cent label, two-step decay (figure 2¢), as expected for a
myosin with both heads fluorescently labelled and more
complex behaviour with quantized reversals in intensity,
which is termed ‘blinking”’ (figure 24).

Blinking may represent reversible photobleaching
chemistry (Moerner & Orrit 1999), temporary quenching
due to interaction of the fluorophore with a quenching
centre (e.g. the silica surface or another bleached fluoro-
phore) (Vanden Bout e al. 1997) or myosin dissociation—
reassociation. The latter possibility is raised by the

Proc. R. Soc. Lond. B (2000)

frequent observation of new spots appearing briefly at
random positions across the field, as previously reported
in non-filamentous samples (Conibear et al. 1998).
However, these were rarely observed to occur on the fila-
ments themselves, consistent with the relatively small
proportion of the surface that the filaments occupied. The
blinking observed within filaments was usually localized
where spots were observed initially (e.g. figure 3). This
behaviour is more indicative of photochemical or photo-
physical mechanisms (cf. Pierce & Vale 1999).

The data in figure 2 also have implications with regard
to the errors in the estimate of the myosin density
outlined above. The spectroscopic assay (figure 1 legend)
yields a Cy3 content high enough to suggest that all
myosin heads derived from the labelled stock must
contain a Cy3 label and gives a final ratio of labelled
myosin to total myosin in the filament preparation of
1:800. The difference from the nominal 1:1000 mixing
ratio is within the accuracy of transferring small volumes
of the labelled myosin stock (£20%). The images
obtained for measuring the myosin density were captured
within 20 s of illumination. Based on the measured photo-
bleaching rate (figure 2a), <10% of the Cy3 label would
be bleached and thus >99% of the labelled myosin mole-
cules would retain at least one fluorophore and remain
visible, i.e. the photobleaching correction is negligible.
On the basis of a 1:800 labelling ratio, the myosin density
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Figure 3. Video montage showing the fluorescence intensity of individual Cy3-labelled myosin molecules within synthetic
filaments. The sample was prepared as in figure 1. The images were recorded with 32 frame averaging and captured at 2
intervals. The time of capture (s) is shown below each panel. The ‘a’ indicates a spot which bleaches in two steps (one between
62 and 64 s and another between 222 and 226 s). The ‘b’ indicates a spot which bleaches in a single step (between 210 and 214s).
The ‘¢’ indicates a spot which blinks (i.e. it is absent at 62's but reappears between 190 and 194 s and disappears again between

206 and 210s).

is 450£50 molecules per micrometre. However, uncer-
tainties remain in the value used for the absorption coeffi-
cients. In this case, the corrected value may be an
underestimate of the myosin density.

The single-molecule kinetic data provide an indepen-
dent means of correction which takes account of both the
Cy3 content of the myosin derived from the labelled stock
and the extent of photobleaching. Assuming no coopera-
tivity between the two heads in nucleotide binding,
dissociation or photobleaching, the fraction of total
molecules from the labelled stock which retain at least
one fluorophore can be determined on statistical grounds
from the ratio of the number of observed molecules which
contain one label to that of molecules containing two. It
is difficult to determine the latter ratio from the spot
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intensities because the distribution of the intensities is
relatively broad. This may be expected because an
evanescent field strength varies across the x-, y- and z-
planes and the 2- and 3'-0-Cy3-EDA-ATP isomers show
different enhancements when bound to myosin (Oiwa et
al. 1999). However, the ratio of interest can be obtained
from the relative proportions of spots bleaching in one or
two steps. Out of 14 records which showed clean profiles
eight (57%) were double and six (43%) were single steps.
Thus, 93% of the total myosin molecules from the
labelled stock would have retained at least one fluoro-
phore. After allowance for the likely error associated with
mixing myosin stocks, this leads to a corrected myosin
density of between 400 and 800 molecules per micro-
metre. This statistical approach may tend to overestimate
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Figure 4. Kinetics of the exchange of myosin between filaments. Synthetic filaments labelled with either Cy3 or Cy5 were
prepared as follows. Solubilized myosin (4.6 uM heads) was incubated at 20 °C for 4 h with either Cy3-EDA-ADP or Cy5-EDA-
ADP (10puM) and ALF; (0.1mM AICIl; and 5mM NalF') in a buffer comprising 0.5 M NaCl, ]l mM MgCl, and 20 mM imidazole
(corrected to pH 6.8 at 20 °C)). Unlabelled myosin was also prepared containing trapped ADP (10 uM). Cy3-, Cy5- and
unlabelled-trapped myosin preparations were separately dialysed for 12h at 4 °C against a large excess of a buffer comprising
0.12M NaCl, ] mM MgCl,, 100pM ADP and 20 mM imidazole (corrected to pH 6.8 at 20°C). The excess ADP was present in
the exchange reaction mixtures to prevent any fluorescent nucleotide from rebinding should it dissociate from the active site.
The Cy3- and Cy)-trapped myosin filaments were mixed in a 1:1 ratio and incubated at 4 °C: (a) incubation for 1 min and

(b) incubation for 48 h. Aliquots were removed at the time-intervals shown, diluted with dialysis buffer to 200nM (myosin
heads) and observed as described in figure 1. Difference images were computed using the NIH Image software (bottom panels).
White filaments represent those having a high Cy3 intensity whereas black filaments represent those having a high Cy)5 intensity.
In the case of (4), the difference image was contrast enhanced to emphasize the two classes of filaments, although the separate
Cy3 and Cy)5 images show that each filament contains both labels. (¢) Synthetic filaments were labelled with Cy3 as above and
were incubated with unlabelled filaments to allow exchange for 2 h before loading into the flow cell.

Proc. R. Soc. Lond. B (2000)
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the myosin density given the possibility of blinking beha-
viour preferentially obscuring two-step profiles and of
photobleached fluorophores quenching unbleached fluoro-
phores in their vicinity (Vanden Bout et al. 1997).
Nevertheless, both correction procedures suggest that
synthetic filaments contain more myosin than native fila-
ments with an excess of two- to fourfold.

(c) Exchange of monomers between filaments

The exchange of myosin molecules between filaments
was followed by incubating preformed myosin filaments
containing trapped Cy3-ADP with filaments containing
trapped Cy5-ADP. Within 1 min of mixing, the individual
Cy3- and Cyb)-labelled filaments were easily distin-
guished and there was no evidence of significant exchange
between them (figure 4a). However, the dynamic range of
the camera was insufficient to detect the limited exchange
(i.e. at the level of a single molecule) when fully labelled
filaments were in the same field of view. After a 1 h incu-
bation at 4°C, the Cy3 and Cy) filaments remained
distinct. In contrast, after 24h incubation, all filaments
were labelled with both fluorophores indicating signifi-
cant exchange between them. However, the exchange was
not complete. Filaments which were bright in the Cy3
channel were usually relatively dull in the Cy5 channel
and vice versa. This situation was still apparent after a
further 24 h (figure 44). Thus, the bright filaments were
assumed to reflect the label initially present in the fila-
ment before mixing, while dull filaments corresponded to
those that acquired the other fluorophore by exchange.
The separate origins of the filaments could be clearly
demonstrated by computing a difference image from the
individual Cy3 and Cy)5 images (figure 45). The observa-
tion of distinct and continuous dark or light filaments in
the difference image, randomly distributed across the
field, rules out an artefact due to uneven or offset excita-
tion by the two lasers.

In an attempt to visualize an early phase of the
exchange, Cy3-ADP-trapped filaments were mixed with
unlabelled ADP-trapped filaments (to avoid the potential
problems of fluorescence cross-talk between the Cy3 and
Cy5 labels) and incubated for 2 h. The images contained
continuous bright filaments as well as dull punctate ones
(figure 4¢). The integrated intensity of the punctate fila-
ments showed the number of labelled myosins to be 20—
30% of the bright filaments and, thus, the highlights
correspond to clusters of tens of molecules rather than
single molecules.

On the basis of the relative fluorescence intensities of
the filaments, we concluded that the exchange proceeds
on a time-scale of several hours to an extent of around
75% of the total myosin after 48h (at 4°C) and further
exchange, if it occurs at all, is even slower. This result
contrasts with Saad e al. (1991) who concluded that
nearly 100% exchange of myosin monomers between fila-
ments occurred within 3h (at 20°C) on the basis of
indirect fluorescence resonance energy transfer (FRET)
measurements.

4. DISCUSSION

As found in previous studies, synthetic myosin filaments
prepared at pH 7.0 have a higher molecular density than

Proc. R. Soc. Lond. B (2000)

native filaments (Kaminer & Bell 1966; Emes & Rowe
1978). We showed that this holds for myosin filaments
which have been immobilized on a silica substrate and
perfused with myosin-free buffer for several minutes (i.e.
the excess myosin does not rapidly dissociate when the
monomer pool is reduced). Davis (1993) argued that the
additional myosin represents an adventitious layer around
a more stable core structure. On this basis, Davis (1993)
considered that the exchange of myosin between filaments
reported by Saad et al. (1991) might be restricted to this
adventitious layer because his own studies indicated
filaments prepared at pH 8.0 showed exchange at the fila-
ment ends only. This explanation is not compatible with
Saad et al’s (1991) conclusion that monomer exchange
between filaments was nearly 100% complete within 3 h.
However, the latter was based on a FRET assay involving
multiple labelling sites and, thus, susceptible to nonlinear
errors. Indeed, in an alternative assay using electron
microscopy and biotin probes, Saad et al. (1991) showed
that, when long and short filament preparations were
mixed, the exchange of monomers occurred over 1h but
the filaments retained their original length distribution.
We have observed a similar phenomenon by mixing short
Cy5-labelled filaments with long Cy3 filaments.
Exchange occurred between the fluorescent myosins but
the filaments maintained their original length distribu-
tion. This result would seem unlikely unless the filaments
retained a stable core. Our data (figure 4) is more compa-
tible with Davis’ (1993) conclusion that only the adventi-
tious layer is exchangeable and the core is stable for
>48h. Although we observed partial exchange
throughout the length of the filament (figure 4¢), we did
not note preferential exchange at the ends where
monomer addition and release from the core might be
expected (Davis 1993). It is possible that, during the dilu-
tion procedure and initial perfusion of the flow cell, this
potentially exchangeable region of a myosin filament
undergoes net dissociation. Once adhered to the silica,
the dynamic behaviour of the filament, as envisaged in
the Davis (1993) model, might be inhibited and only
surface adventitious myosin would be available for
exchange.

Funatsu et al. (1995) used intensity fluctuations to deter-
mine nucleotide binding and release kinetics at the level
of single myosin molecules. Oiwa et al. (1999) employed a
similar approach using myosin filaments, with the advan-
tage that spots within a linear array can be more reliably
identified as being derived from myosin itself rather than
artefacts. The multipoint attachments of myosin filaments
to the surface also ensures they are well immobilized and
less likely to detach and reattach during the assay than
monomeric myosin (cf. Conibear et al. 1998). Although
myosin monomers may dissociate and re-bind to
immobilized filaments, given that exchange clearly occurs
between filaments in suspension, we calculated that the
expected rate is in the order of one molecule per minute
per micrometre of filament and, therefore, at low label-
ling ratios (e.g. 1:1000), the observed number of fluctua-
tions arising from monomer release and reincorporation
would be very low. Nevertheless, even with myosin fila-
ments we have observed fluctuations in trapped fluoro-
phore intensity on a seconds time-scale (figures 24 and 3).

Any such fluctuations occurring in single-molecule
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ATPase assays would tend to reduce the average residence
time and may account for the generally higher values
obtained for the catalytic cycle rate compared with bulk
assays (Oiwa et al. 1999).

One of the reasons for characterizing the myosin
density of synthetic myosin filaments on silica surfaces
concerns their use in i vitro motility assays. While we
have noted F-actin sliding on such preparations, when
sliding 1s initiated from the rigor state by photolysis of
caged ATP, the most common result is that the actin
dissociates rather than slides (Bagshaw & Conibear
1999). On the other hand, if the same myosin filament
preparation is applied at high density so that there are
many filament cross-overs or the filaments are clumped
by reducing the ionic strength to 40 mM prior to loading
the flow cell, then actin tends to slide along the whole
length of the filament aggregate. The axial distance
between myosin heads in single synthetic filaments
(<14.3 nm depending on the arrangement of the adventi-
tious myosin) appears at least as small as the minimum
nearest-neighbour distance which supports motility in
conventional assays using random arrays of myosin
(Uyeda et al. 1990). Thus, the dimensionality of the
surface also appears to be important. In the case of single
myosin filaments, it is possible that the flexibility of
F-actin causes the latter to lose contact and bend at its
leading end and, having done so, the lack of any off-axis
myosin heads would result in complete dissociation. In
random assays or on aggregated myosin filaments
however, the actin may continue to slide in a new direc-
tion or on a new filament.

We are grateful to the Wellcome Trust for support. C.R.B. was a
Royal Society Leverhulme Trust Senior Research Fellow during
part of this project.

REFERENCES

Bagshaw, C. R. 1998 Use of fluorescent nucleotides. In Current
methods in muscle physiology: advantages, problems and limitations
(ed. H. Sugi), pp. 91-132. Oxford University Press.

Bagshaw, C. R. & Conibear, P. B. 1999 Single molecule enzyme
kinetics: application to myosin ATPases. Biochem. Soc. Trans.
(Lond.) 27, 33-37.

Conibear, P. B., Jeffreys, D. S., Sechra, C. K., Eaton, R. J. &
Bagshaw, C. R. 1996 Kinetic and spectroscopic characteriza-
tion of fluorescent ribose-modified ATP analogs upon
interaction with skeletal muscle myosin subfragment 1.
Biochemistry 35, 2299-2308.

Conibear, P. B., Kuhlman, P. A. & Bagshaw, C. R. 1998
Measurement of ATPase activities of myosin at the level of
tracks and single molecules. Adv. Exp. Med. Biol. 453, 15-27.

Davis, J. S. 1988 Assembly processes in vertebrate skeletal
thick filament formation. 4. Rev. Biophys. Biophys. Chem. 17,
217-239.

Proc. R. Soc. Lond. B (2000)

Davis, J. S. 1993 Myosin thick filaments and subunit exchange:
a stochastic simulation based on the kinetics of assembly.
Biochemistry 32, 4035—4042.

Emes, C. H. & Rowe, A. J. 1978 Frictional properties and mole-
cular weight of native and synthetic filaments from vertebrate
skeletal muscle. Biochem. Biophys. Acta 537, 125—144.

Funatsu, T., Harada, Y., Tokunaga, M., Saito, K. & Yanagida, T.
1995 Imaging of single fluorescent molecules and individual
ATP turnovers by single myosin molecules in aqueous solu-
tion. Nature 374, 555—559.

Huxley, H. E. 1963 Electron microscope studies on the structure
of natural and synthetic protein filaments from striated
muscle. J. Mol. Biol. 7, 281-308.

Ishijima, A., Kojima, H., Higuchi, H., Harada, Y., Funatsu, T.
& Yanagida, T. 1996 Multiple- and single-molecule analysis of
the actomyosin motor by nanometer—piconewton manipula-
tion with a microneedle: unitary steps and forces. Biophys. F.
70, 333-400.

Ishijima, A., Kojima, H., Funatsu, T., Tokunaga, M., Higuchi,
H., Tanaka, H. & Yanagida, T. 1998 Simultaneous observa-
tions of individual ATPase and mechanical events by a single
myosin molecule during interaction with actin. Cell 92,
161-171.

Kaminer, B. & Bell, A. L. 1966 Myosin filamentogenesis: effects
of pH and ionic concentration. J. Mol. Biol. 20, 391-401

Margossian, S. S. & Lowey, S. 1982 Preparation of myosin and
its subfragments from rabbit skeletal muscle. Meth. Enzymol.
85, 55-71.

Moerner, W. E. & Orrit, M. 1999 Illuminating single molecules
in condensed matter. Science 238, 1670—-1676.

Oiwa, K., Anson, M., Eccleston, J. F. & Trentham, D. R. 1999
Kinetics of myosin ATPase studied by TIRF microscopy with
separated 2"- and 3'-0-Cy3-EDA-ATP at the level of single
molecules. Biophys. J. A 76, 166.

Pierce, D. W. & Vale, R. D. 1999 Single-molecule fluorescence
detection of green fluorescence protein and application to
single-protein dynamics. Meth. Cell Biol. 58, 49—73.

Saad, A. D., Dennis, J. E., Tan, I. P. & Fischman, D. A. 1991
Visualization of myosin exchange between synthetic thick fila-
ments. J. Muscle Res. Cell Motil. 12, 225-234.

Uyeda, T. Q. P, Kron, S. J. & Spudich, J. A. 1990 Myosin step
size: estimation from slow sliding movement of actin over low
densities of heavy meromyosin. 7. Mol. Biol. 214, 699—-710.

Vanden Bout, D. A.,; Yip, W. T., Hu, D., Fu, D. K., Swager,
T. M. & Barbara, P. F. 1997 Discrete intensity jumps and
intramolecular electronic energy transfer in the spectroscopy
of single Science 277,
1074-1077

Wells, C. & Bagshaw, C. R. 1984 The characterization of
vanadate-trapped nucleotide complexes with spin-labelled
myosins. J. Muscle Res. Cell Motil. 5, 97—112.

Yamada, A. & Wakabayashi, T. 1993 Movement of actin away
from the center of reconstituted rabbit myosin filament is
slower than in the opposite direction. Biophys. J. 64,
565-569.

conjugated polymer molecules.

As this paper exceeds the maximum length normally permitted,
the authors have agreed to contribute to production costs.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2935L.2299[aid=524108,csa=0006-2960^26vol=35^26iss=7^26firstpage=2299,doi=10.1021/bi951824^2B,nlm=8652570]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0065-2598^28^29453L.15[aid=524109,csa=0065-2598^26vol=453^26iss=^26firstpage=15,nlm=9889810]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2932L.4035[aid=524110,csa=0006-2960^26vol=32^26iss=15^26firstpage=4035,nlm=8471611]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^29537L.125[aid=524111,nlm=152654]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29374L.555[aid=524112,nlm=7700383]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3495^28^2970L.383[aid=524114,csa=0006-3495^26vol=70^26iss=1^26firstpage=383,nlm=8770215]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2992L.161[aid=524115,csa=0092-8674^26vol=92^26iss=2^26firstpage=161,nlm=9458041]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2836^28^2920L.391[aid=524116,nlm=5970667]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0076-6879^28^2985L.55[aid=524117,nlm=6214692]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29238L.1670[aid=524118]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0091-679X^28^2958L.49[aid=524119,csa=0091-679X^26vol=58^26iss=^26firstpage=49]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0142-4319^28^2912L.225[aid=524120,csa=0142-4319^26vol=12^26iss=3^26firstpage=225,nlm=1874964]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2836^28^29214L.699[aid=524121,nlm=2143785]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29277L.1074[aid=524122,doi=10.1126/science.277.5329.1074]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0142-4319^28^295L.97[aid=524123,nlm=6325500]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3495^28^2964L.565[aid=524124,nlm=8457681]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3495^28^2970L.383[aid=524114,csa=0006-3495^26vol=70^26iss=1^26firstpage=383,nlm=8770215]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2992L.161[aid=524115,csa=0092-8674^26vol=92^26iss=2^26firstpage=161,nlm=9458041]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0076-6879^28^2985L.55[aid=524117,nlm=6214692]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29277L.1074[aid=524122,doi=10.1126/science.277.5329.1074]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3495^28^2964L.565[aid=524124,nlm=8457681]

