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Measuring Rotations of a Few
Cross-Bridges in Skeletal Muscle
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The ability to measure properties of a single cross-bridge in
working muscle is important because it avoids averaging the
signal from a large number of molecules and because it probes
cross-bridges in their native crowded environment. Because the
concentration of myosin in muscle is large, observing the
kinetics of a single myosin molecule requires that the signal be
collected from small volumes. The introduction of small
observational volumes defined by diffraction-limited laser
beams and confocal detection has made it possible to limit the
observational volume to a femtoliter (10 15 liter). By restraining
labeling to 1 f1uorophore per 100 myosin molecules, we were
able to follow the kinetics of approximately 400 cross-bridges.
To reduce this number further, we used two-photon (2P)
microscopy. The focal plane in which the laser power density
was high enough to produce 2P absorption was thinner than in
confocal microscopy. Using 2P microscopy, we were able to
observe approximately 200 cross-bridges during contraction.
The novel method of confocal total internal reflection (eTIR)
provides a method to reduce the observational volume even
further, to approximately 1 attoliter (10 18 liter), and to measure
fluorescence with a high signal·to-noise (SIN) ratio. In this
method, the observational volume is made shallow by illuminat-
ing the sample with an evanescent field produced by total
internal reflection (TIR) of the incident laser beam. To guarantee
the small lateral dimensions of the observational volume, a
confocal aperture is inserted in the conjugate-image plane of the
objective. With a a.s-um confocal aperture, we achieved a
volume of 1.5 attoliter. Association-dissociation of the myosin
head was probed with rhodamine attached at cys707 of the
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heavy chain of myosin. Signal was contributed by one to five
fluorescent myosin molecules. Fluorescence decayed in a
series of discrete steps, corresponding to bleaching of individ-
ual molecules of rhodamine. The SIN ratio was sufficiently large
to make statistically significant comparisons from rigor and
contracting myofibrils. Exp Bioi Med 231:28-38, 2006

Key words: muscle contraction; confocal microscope;
2P microscope; TIR microscope

M
uscle contraction results from interactions of the
myosin subfragment-l (SI) with actin. SI consists
of the N-terminal catalytic domain and the C-

terminal regulatory domain. The atomic structure of S1
suggests that the regulatory domain acts as a "lever-arm"
that translates small conformational changes occurring in
the catalytic domain after ATP hydrolysis to a large linear
motion of the thick filaments (I). This idea is consistent with
early experiments showing rotary motion of the regulatory
domain (2, 3) and with recent experiments showing
correlation between the length of the regulatory domain
and the velocity of in vitromotion (4, 5). SI crystal structure
showed directly that the regulatory domain assumed a
different orientation in the absence (1) and in the presence
(6) of nucleotides. It is thought that the swing of the
regulatory domain is caused by a specific event during the
ATPase cycle of a cross-bridge. Thus, measuring the
orientations of cross-bridges in muscle is a key to under-
standing the molecular mechanism of muscle contraction.

Spectroscopic methods offer a convenient way to
address this problem (7). In particular, fluorescence polar-
ization or anisotropy (8-21) have been exploited to take
advantage of their ability to measure orientation of cross-
bridges in different physiologic states.

However, all measurements to date have been
performed using a large population of cross-bridges. In
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such experiments, the anisotropy is averaged over an entire
assembly of observed cross-bridges. However, each cross-
bridge has different kinetics, depending on its position
relative to the actin-binding site (22). Serious consequences
of this fact are illustrated in Figure 1. If a single cross-bridge
were observed, the anisotropy of the lever-arm would be
expected to change in four steps that correspond to the
cross-bridge release from actin, the free rotation, the weak
binding, and the transition to a strongly bound state (power
stroke) (Fig. IA). However, if the number of observed
croSS-bridges is greater than one, these steps become
obscured or their kinetics becomes altered. Although the
number of observed cross-bridges does not matter for
measurements of dissociation (because all of the cross-
bridges dissociate from actin at the same time because of a
rapid release of ATP from caged precursor and because of
the rapidity of the cross-bridge dissociation), the number
matters for measurements of cross-bridge rebinding and of
the power stroke. This is because cross-bridges rebind to
actin at different times. The amount of time that a cross-
bridge remains free depends on its position relative to the
actin target site (22, 23). If the observed population consists
of 50 cross-bridges, the four steps and their timings are
approximately conserved (Fig. IB), but if it consists of as
few as 300 (Fig. IC) or 1000 (Fig. 10) cross-bridges, the
critical steps are lost, and the kinetics are altered. Another
complication of detecting motion of a large assembly of
myosin heads is that anisotropy is measured from detached
and weakly bound cross-bridges that do not contribute to
force generation. They are disordered (24, 25) and their
number is substantial (70%-80% of the total number of
crOSS-bridges; refs. 26, 27).

Ideally, therefore, the anisotropy should be measured
from a single molecule. This was recognized previously,
and a number of elegant experiments has been performed on
iSOlated myosin molecules in vitro (28-31). A single
molecule was made fluorescent (by tagging the myosin
light chain with rhodamine) and imaged by total internal
reflection (TIR). Polarization of the fluorescence of the tag
Was measured in real time with millisecond time resolution.
Oata from smooth muscle provided direct evidence that the
myosin light chain (regulatory) domain adopted at least two
orientation states during the cyclic interaction of myosin
with actin (30). In myosin V, it was possible to perform
three-dimensional measurements of the structural dynamics
of the light chain domain (28-31). Single fluorescent
calmodulin light chains, which served as indicators of
motion of the myosin light-chain domain, tilted back and
forth between two well-defined angles as the myosin
molecule processively translocated along the actin. These
experiments represented a technical breakthrough, and were
an impressive demonstration that myosin lever-arm rota-
tions occurred during the translocation of the myosin
molecules along the actin filaments.

However, these measurements were performed on
isolated myosin molecules. It is likely that cross-bridges in

functioning muscle behave differently than purified myosin
in solution. The mechanism that is most likely responsible
for the different properties of myosin in solution compared
with myosin in muscle fibers is molecular crowding. The
intact muscle fiber is a remarkably crowded environment,
with approximately 23% of the muscle weight contributed
by protein. Crowding influences protein solubility and
conformation in solution (32,33). In the environment of the
muscle fiber, crowding may impose constraints affecting
both the structure and function of myosin. The effect of
crowding on myosin can be demonstrated in solution by
addition of large co-solvent molecules, for instance, poly-
ethylene glycol (PEG). PEG is excluded from a volume
adjacent to the surface of the molecule, that is, smaller water
molecules preferentially contact the protein surface and
induce hydration of the protein (34). Preferential hydration
leads to aggregation, because proteins change conformation
to reduce their exposure to water, as shown by Minton (35,
36) and Timasheff (33, 37). Highsmith et al. (38) found that
the reversible PEG-induced S1 aggregation is accompanied
by the loss of its Mg-mediated ATPase activity. This loss
was shown by Muhlrad et al. to be caused by the inhibition
of the myosin lever-arm motion (39). Molecular crowding
may provide a rationale for the two different myosin cross-
bridge orientations that are observed in rigor complexes
formed at different degrees of saturation of actin filaments
with SI (40,41).

The lack of a crowded environment may be responsible
for the fact that movement in solution may be generated
differently than in muscle. Sutoh et al. (42) showed that, in
vitro, Dictyostelium S1 devoid of the regulatory domain
was able to drive the sliding movement of actin filaments.
Yanagida et al. (43) showed that SI, attached to a glass
surface through a flexible random chain, moved actin as fast
as intact myosin. Recently, Yanagida et al. showed that
myosin devoid of most of the light chain-binding domain
gave the same displacement as intact myosin (44). More-
over, some data suggest that, in vitro, there is only a loose
connection between mechanical and enzymatic events.
Thus, the sliding distance in an in vitro assay (near zero
load) was reported to be greater than 100 nm during one
ATP hydrolysis cycle (45). Force generation did not
coincide with the release of AOP and, instead, in vitro,
the myosin head was shown to produce force several
hundreds of milliseconds after bound nucleotide was
released (29). In relaxed scallop muscle, the rotation of
the regulatory domain was not coupled to a specific step in
the ATPase cycle (46).

We, therefore, think that rotation of the myosin lever
arm of a single cross-bridge should be measured in working
muscle. This is not a simple task, because myosin in muscle
is highly concentrated (47). To observe a single molecule in
muscle, it is necessary to collect data from extremely small
volumes. The observational volume of conventional wide-
field microscopes is excessively large (~10- 9 liter). There
are approximately 100 billion myosin molecules in this
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'It could not be further decreased, because closing it decreasedthe SIN ratio to the'
extent that measurements became impossible.

Figure 1. Effect of increasing the number of observed cross-bridges
on anisotropy. When a single cross-bridge is observed, the anisotropy
changes in a step-wise manner (A). When the number observed is
sufficiently small, the steps are preserved (8). However, when a large
number is observed, the anisotropy changes smoothly (C and 0). It is
assumed that all cross-bridges dissociate from actin at the same time
(at time 0), but remain unbound depending on their position relative to
the actin target site. It is assumed here for simplicity that this time
differs by 1 msec for each cross-bridge. (Reprinted with permission
from Ref. 52).

volume. The introduction of small observational volumes
defined by diffraction-limited laser beams and confocal
detection has made it possible to limit the observational
volume to a femtoliter (l0-15liter) and to eliminate much of
the background noise (48). Although the observational
volume of a confocal microscope is still relatively large, we
have used it to measure anisotropy of small numbers of
cross-bridges in muscle (49-51). By restraining the labeling
to 1 fluorophore for 100 myosin molecules, the number of
observed cross-bridges was approximately 400 (50). Table
I summarizes this method.

To reduce the number further, we used two-photon (2P)
microscopy (52). In conventional confocal (IP) microscopy,
the thickness of the observational volume is defined by the
diameter of the confocal aperture. In previous experiments,
the aperture was 35 urn.' Thus, the depth-of-focus was
approximately -3 urn, the volume was approximately 0.3

urrr', and the number of observed cross-bridges was
approximately 400. In 2P microscopy, which is now
possible because of the wide availability of ultra-short,
pulsed, near-infrared (IR) lasers, the signal originates only
from the focal plane in which the laser power density is high
enough to produce 2P absorption (53). In our experiments,
this plane was one-half as thin as in confocal microscope,
allowing us to observe approximately 200 cross-bridges.
Although the number of observed cross-bridges was
reduced by one-half, the signal-to-noise (SIN) ratio was
unchanged. This was because the 2P photobleaching was
reduced and because the absolute values of the 2P
anisotropy were larger. Out-of-focus photobleaching is
reduced in 2P because out-of-focus planes are illuminated
by less-damaging IR light. Surprisingly, in the case of
muscle exchanged with myosin light chains labeled with
rhodamine, photobleaching in the plane of focus was also
reduced. The anisotropy was larger because absorption to
emission ratio of two photons depends on the fourth power
(not the second power like IP absorption) of the cosine of
the angle between the dye dipole and the direction of
polarization of the excitation light. Thus, four important
advantages of 2P microscopy over confocal microscopy
were exploited. First, the observed volume, and, hence, the
number of observed cross-bridges was smaller; second,
photobleaching was less destructive; third, the change in
signal was larger; and fourth, the signal was observed
through a side port, therefore, fluorescent light did not enter
the microscope and, thus, was not attenuated by the
microscope optics. Using 2P microscopy, we were able to
observe approximately 200 cross-bridges during contraction
and to resolve more details of the cross-bridge cycle;
specifically, the outset of the power stroke (52). Table 1
summarizes these methods.

The experiments illustrating the use of confocal and 2P
are briefly described next. Myosin was labeled by
incorporating recombinant regulatory light chain (RLC)
labeled with rhodamine, as described in (54). After a O.5-hr
incubation at 30°C, it was observed that 25% of the myosin
molecules had undergone exchange, that there was no
unspecifically bound RLC, and that exchanged muscle
developed normal isometric tension. In a typical experi-
ment, 2% of the myosin molecules in the fibers were
labeled (incubation for 15 mins, at room temperature, with
0.28 mg/ml RLC). We first describe measurements obtained
using a confocal microscope. Actin labeled with fluorescein
isothiocyanate (FITC)-phalloidin (55) was used as a
control. Fibers were observed through either fluorescein
(Fig. 2A) or rhodamine (Fig. 2B) filters. In the images, the
objective focuses visible laser light onto the A-band (white
spot). The width and depth of the spot are approximately
equal to the diffraction limit (-0.3 urn). The height is
defined by the diameter of the confocal aperture. Unless
otherwise stated, the height is approximately 3 um (Fig.
2D, right panel). The approximately 0.3 ~m3 volume
observed contained approximately 400 labeled cross-
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Table 1. The Number of Observed Molecules in Wide-Field, Confocal, and 2P Microscopy

31

Method
Experimental volume Approx. no. of cross-bridges Degree of Approx. no. of observed

(liter) in the volume labeling (%) (fluorescent) cross-bridges Reference

Wide field 10-9 1011 63 6 x 1010 (54)
Confocal 0.3 x 10-15 2 X 104 2 400 (51)
2P 0.2 x 10-15 104 2 200 (24)

bridges and approximately 1000 labeled actin monomers.
The microscope was operated in "spot" mode (i.e., a single
Spot, located exactly in the center of the field of view, was
illuminated). The beam was not scanned. The laser power
incident on image plane was typically a few milliwatts. This
Power was concentrated at one spot on a sample for the
duration of the entire experiment (6.5 sees), leading to
considerable photobleaching. For example, if the power is 2
mW and the spot size is 0.5 X 0.5 11m, the power density is
very large, at 0.8 X 105 J/(cm2.sec). To minimize this effect,
the laser light was attenuated 1000 times (the power
incident on the fiber = 2.3 llW; dark gray in Fig. 20). The
same volume was illuminated with the UV light to produce
ATP (dashed line). The details of the experimental
arrangement are given elsewhere (50). A typical result
(Fig. 3A) is discussed next.

In the confocal experiments described in the preceding
paragraph, the thickness of the observational volume was
defined by the diameter of the confocal aperture. At an
aperture of 35 11m, the number of observed cross-bridges
Was approximately 400. Use of the 2P technique allowed
Observation of approximately 200 cross-bridges with an SIN
ratio as good as in the ordinary confocal experiment. The
experimental setup used in 2P experiments was similar to
that used in ordinary confocal microscopy, except that the
mUscle was illuminated by femtosecond pulses from an IR
laser (Mira, Coherent Inc., Santa Clara, CA) pumped by 6.5
W of 532-nm light from a Verdi Solid State laser (Coherent)
(52). The IR laser beam was expanded by the beam
expander, attenuated by neutral density filters, and passed to
the x-y scanner, which projected the scanned beam onto the
objective. The IR power impinging on the muscle was
apProximately 65 mW. Fluorescent light was collected by
the objective and projected to a side port of a microscope.
The rotational motions of cross-bridges were synchronized
by rapid (10 msecs) photogeneration of ATP. During the 10
rnsecs, all caged ATP is converted to ATP (56). Because the
root-mean-square velocity of diffusion of ATP, determined
by its diffusion coefficient (3.7 X 10-6 cm2/sec; ref. 57), is
approximately 1 um/msec, ATP diffuses away from the
experimental volume in approximately 300 usecs. There-
fore, after 300 usecs, there is practically no free nucleotide
left in the experimental volume. Change of anisotropy after
t~e pulse reflects the rotation caused by the turnover of a
Smgle molecule of ATP. In single-turnover experiments,
crOSs-bridges rotate despite the fact that contraction is

isometric. This is because after generation of ATP, rigor
tension is released and the rotation of the cross-bridges is
unopposed by series elasticity. Figure 3A compares IP (top
trace) and 2P (bottom trace) anisotropy changes of myosin
after a pulse of UV light is applied (at arrow). After ATP is
photogenerated, the anisotropy changes rapidly, indicating
release of cross-bridges from thin filaments. The rate of this
change was too rapid to be measured. After the rapid
change, the anisotropy signal recovered slowly. The rate of
this recovery was 1.57 sec" and 0.72 sec-I for the IP and
2P experiments, respectively. The IP rate is in good
agreement with previous results (50). We think that the
rapid decrease represents dissociation of S1 from actin (18,
50) and that the slow recovery represents rebinding of the
cross-bridges to thin filaments. The fact that the rate of slow
recovery of anisotropy depended on the ATP concentration
in a second-order fashion (18, 50) supports this conclusion.
The rapid change and slow recovery are prolonged in our
experiments because cross-bridges execute only a single-
turnover event. After photocreation, ATP diffuses away
from the experimental volume. In a single-turnover experi-
ment, the cross-bridge detaches and reattaches only once,
that is, after reattaching, the probability of detachment
becomes O. A cross-bridge that has finished the turnover
cycle acts as a load for cross-bridges that have not
completed the cycle. This load slows the contraction and
slows the rate of anisotropy change. We estimated the
change in kinetics of displacement by the Monte-Carlo
method (as in Refs. 58 and 59). We constructed a stochastic
model of muscle in which each cross-bridge had an
associated probability of attachment and detachment that
depended on its x-value (the position, x, being that of a
cross-bridge-carrying ATP relative to the actin-binding
site). These probabilities depend on the rates of cross-bridge
attachment and detachment, f(x) and g(x) (23), as modified
by Hill (60). Model calculations show that ATP diffusion
slows the dissociation by a factor of approximately 15 and
recovery by a factor of 2.7 (50, 51), suggesting that the
steady-state rate of rebinding is 4.2 sec" (for IP experi-
ments). Similar results were obtained when essential light
chain was used instead of RLC (52), and when human
cardiac RLC containing a single cysteine at position 36
labeled with 5'-iodoacetamido-tetramethyl-rhodamine
(IATR) was used (not shown; gift from Dr. D. Szczesna,
University of Miami, Miami, FL).

Confocal and 2P microscopy offer no hope of further
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Figure 2. Labelingactinwith FITC-phalloidin (left)and myosinwith rhodamine-labeled RLC (middle) in the same musclefiber results in staining
of 1- and A-bands.(A) Musclewas labeledwith 0.3 J.lMFITC-phalioidin for 0.5 hr andviewedthrougha band-pass(515< A. < 565 nm) filter.Only
the I-bands, containingfluorescentactin,are visible.The white spot indicatesthe sizeof the laserbeam.(B)The samefiber was exchangedwith
rhodamine-labeled RLC and viewed througha long-pass (A. > 590 nm) filter. Only the A-bands,containingfluorescentmyosin,are visible.The
white spot indicatesthe size of the laser beam. (C) Compositeof A and B. Sarcomerelength= 2.65 urn, (0) Methodof measuringanisotropyof
fluorescence. (Left panel) 633-, 568-, or 488-nm light is projectedonto muscle (MUS) through the objective (OBJ).The objectivealso collects
fluorescent light and projects it onto photomultipliers that record perpendicular (I.d and parallel (III) components of polarized fluorescence.
Mirrorsof the beam scanner (BSS) are kept fixed at the X=0, Y= 0 position. (Rightpanel) Schematicview of the z-sectionof the focused laser
spot shown in (A) and (B). (Reprintedwith permission from Ref. 51).

decreasing the number of observable cross-bridges. In the
case of confocal detection, the diameter of the confocal
aperture, which determines the observational volume,
cannot be decreased further without decreasing the SIN
ratio below an acceptable level (50). In 2P experiments, the
observational volume cannot be controlled at all. The only
way to decrease the number of observable cross-bridges is
to decrease the extent of labeling, but reducing the labeling
to less than 2% is not reproducible and decreases the SIN
ratio below a tolerable level. Therefore, a new method is
required! The method described here, a combination of TIR
and confocal microscopy (referred to as confocal TIR
[CTIR]) offers hope of decreasing the number of observable
cross-bridges.

CTIR defines an observational volume on the order of
attoliters (10-18 liter). Such miniscule .volumes have
recently been obtained by other researchers by using zero-

mode waveguides, which consist of small apertures in a
metal film deposited on a coverslip (61). Such apertures act
as sources of evanescent waves, therefore, the volume
defined by each aperture is limited in the z-direction by the
depth of the evanescent wave (-100 nm) and in the x- and
y-directions by the size of the aperture. For example, if the
aperture is 100 nm, the observational volume is approx-
imately equal to an attoliter. However, manufacture of the
film with small apertures is complex and expensive. Another
way to decrease volume is to use near-field scanning optical
microscopy (NSOM), in which an evanescent wave is
produced by passing light through a narrow (50- to 100-nm)
aperture (62-64). We have invested considerable effort and
resources on this approach. In collaboration with Dr. A.
Lewis at the Hebrew University of Jerusalem, Jerusalem,
Israel, we were able to visualize 60 molecules by this
method. However, the method requires that the NSOM
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Figure 3. Anisotropy of myosin cross-bridges labeled with rhod-
amine-containing ALC. (A) comparison of 1P (top) and 2P (bottom)
parallel anisotropy of muscle myosin labeled with rhodamine-
Containing ALC. To correct for photobleaching, the anisotropy data
Were fitted by three-parameter exponential functions [114.0 +
11.3e-o.4501and 85.9 +16.6(1 - e-o·0071) for 2P and 1P, respectively].
The fitted data was subtracted from the original data, thus, the curves
are normalized to O. The standard deviations of the signals before the
flash were 1.63 and 1.36% for the 2P and 1P signals, respectively.
(8) 2P parallel anisotropy of muscle exchanged with essential light
chart plotted on an expanded time scale. The rising phase of the
signal was fitted to a three-parameter sigmoidal (black) rll = -8.97 +
5.58/(1 + exp-[{x - 3.32}/0.11]). (Aeprinted with permission from
Ref. 52).

probe is near (within 5 nm of) a muscle fiber, or that the
probe is inserted into the muscle fiber. This is difficult to
accomplish without breaking a fragile NSOM fiber tip. In
addition, manufacture of NSOM probes is complex and
expensive, and the method requires construction of
sophisticated equipment. A simpler technique, which also
uses the properties of evanescent waves but incorporates
only standard microscope components, has been recently
described (65). In this technique, as in the zero-mode
Waveguide method, the depth of focus is reduced to

approximately 100 nm by the evanescent wave, but the
wave is produced by the TIR from the coverslip. The x- and
y-dimensions of the observational volume are limited by the
confocal aperture inserted in the conjugate-image plane. The
CTIR has the ability to resolve volumes on the order of a
few attoliters (65). An application to fluorescence correla-
tion spectroscopy has recently been described (66). We
propose applying a modification of this method to muscle
fibers. The method has never been applied to whole tissue;
we provide evidence here that this can be accomplished in
muscle. Table 2 summarizes the CTIR method.

The principle of the CTIR method is illustrated in
Figure 4. Evanescent wave illumination is provided by the
conventional TIR optics (67). The TIR effect is achieved by
constraining the excitation light beam to pass only through
the periphery of the objective lens. The refracted exciting
beam is incident on the interface at angles greater than a
critical angle, ec, for TIR. The evanescent field excites only
those f1uorophores that are very near to the interface (within
-100 nm). After excitation, emitted fluorescence is
collected by the microscope objective. A confocal aperture
inserted at the conjugate-image plane defines small lateral
spot at the TIR surface. The aperture diameter and
evanescent field depth together define the exceedingly small
volume observed by the avalanche photodiode. We show in
the section named "Determining the size of experimental
volume," part b, that the volume is 1.5 attoliters using 3.5-
11m confocal pinhole.

TIR excitation of fluorescence at a glass/buffer interface
is a widely used technique in cell biology and biophysics for
selectively detecting f1uorophores at the interface. Many
variations of the technique have been described for
applications in cell biology (68-70), single molecule
detection (71), and surface biophysics (72-75). TIR
illumination of a glass/aqueous interface also containing
an intervening thin metal layer gives rise to dramatic
enhancement of transmission because of the resonant
excitation of electron excitations, called surface plasmons
(76). The surface plasmons propagate along the water/metal
interface when the constituent materials (water and metal)
have real dielectric constants with opposite signs. The
evanescent electric field in TIR excitation is polarized (77).
The effect of the interface on the emitted field polarization
(69, 78, 79) is well understood, permitting application of
this excitation-detection method to estimate f1uorophore
dipole orientation. Prismless TIR illumination is known to
have significant background fluorescence resulting from
excitation by subcritical angle light scattering (80). Alter-
native TIR illumination schemes using a prism to introduce
excitation light to the glass/water interface at angles greater
than the critical angle lowers background light levels but
add the complication of a prism (69).

1. Determining the size ofthe experimental volume. The
strategy used to estimate the volume of the voxel defined by
a 3.5-11m aperture was to determine the z-dimension using a
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Table 2. The Number of Observed Molecules Using CTIR

Method

CTIR

Experimental
volume (liter)

10-18

Approx. no. of cross-bridges
in the volume

100

Degree of
labeling (%)

1

Approx. no. of observed
(fluorescent) cross-bridges

1

50-l!m confocal aperture.f and to determine the x- and y-
dimensions for a 3.5-l!m aperture.

a. To determine the z-dimension, we experimentally
determined the mean residence time, r, of the fluorescent
spheres of known size in the experimental volume. The x-
and y-dimensions of the volume are known (equal to the
diameter of the confocal aperture/magnification of the
objective; 0.83 urn for a 50-l!m aperture and a X60
objective)," The spheres produce spikes in fluorescence
intensity when they enter and leave the observational
volume. The z-dimension (depth of the evanescent wave) is
unknown. The relationship between the distance of trans-
lation in the z-direction and the residence time, t; is a
complex one." The relationship depends on the known
diffusion coefficient of spheres (D) and the fixed diameter of
confocal aperture (d). A numerical model was constructed to
estimate z in our experiment; from the comparison of
experimental and theoretical residence times, and knowing d
and D, the z value was determined. For the experimental
determination of transit time, we used Od-um diameter
microspheres (Molecular Probes, Eugene, OR; carboxylate
modified, A.eF 540, Aem= 560 om, 2% solids) diluted 100
times to 3.6 X 1010 spheres/ml. Figure 5 shows the intensity
fluctuations caused by diffusion of the spheres through the
experimental volume. Because the spikes were relatively
rare (we recorded only 72 spikes during 10 sees in Fig. 5)
and were separated by long periods during which the
observation volume remained dark, we assumed that they
were caused by a single sphere (not multiple spheres)
entering and leaving the observation volume. The spheres
were observed entering and leaving the volume between one
and seven times. The residence (transit) time was estimated
by measuring the time during which the intensity remained
87% (= 1 - 1/e2

) of the time above the background level.
The average ± SD transit time of all 72 events was 15.6 ±
7.4 msecs (n = 72; minimum = 4 msecs, maximum = 42

~e z-dimension is the same for 50- and 3.5-llm apertures, The advantage of using
50-11m aperture for determination of the z-dimension is that the x- and y-dimensions of
a voxel are larger than the diffraction limit.

3We attempted to determine x and y experimentally by translating a sharp edge
through a projection of 50-1lffi aperture onto the sample plane. However, the profile of
an edge was dominated by the Fresnel diffraction from the edges, making the
experimental determination of the aperture diameter not feasible.

4For a simple case of a sphere with diffusion coefficient, D, translating through a
solvent, the root-mean-square translation in the z-direction is related to, by Einstein's
formula z = (6D.,)I/2.

msecs). Theoretical simulation of the translation of spheres
with a diffusion constant, D, through the detection volume,
Yd, was performed by Dr. T. P. Burghardt of the Mayo
Clinic (Rochester, MN). The results showed that, for a
residence time of 15 ± 9 msecs, the depth of evanescent
field, z, has to be 110 om.

b. To estimate the x- and y-dimensions defined by a 3.5-
urn aperture, we compared the amount of light collected by
a 50-l!m optical fiber (in which the dimensions of conjugate
area are bigger than the diffraction limit) with light collected
by a 3.5-l!m optical fiber. The results showed that the 50-l!m
optical fiber collected 47 times more light than the 3.5-l!m
fiber. We conclude that the effective diameter of a 3.5-l!m
aperture in the sample plane is 0.83 / y47 = 0.12 urn, and
that the experimental volume is approximately 1.5 attoliter.

2. Signal detection from muscle. The number of
detected myosin cross-bridges is equal to C·Y·A·d, where
C is the concentration of myosin in muscle (120 J.lM; Ref.
47), Y is the experimental volume (~1.5 attoliter), A is
Avogadro's number (6 X 1023 M), and d is the degree of
labeling of actin with phalloidin. In muscle myofibrils, the
degree of labeling can be controlled (52). Muscle was
labeled with s\"-IATR, as previously described (81). Figure
6 shows a myofibrillar A-band in a position conjugate to the
confocal aperture. Extensive washing with rigor solution (50
mM KCI, 2 mM MgCI2 , 0.1 mM CaCI2 , 10 mM
dithiothreitol, and 10 mM Tris-HCI, pH 7.6) removes free-
floating and weakly attached myofibrils, leaving only the
myofibrils strongly adhering to the top or bottom surfaces.
The myofibrils that are attached to the top surface are too far
from the evanescent wave to be fluorescent. They can be

Figure 4. Prismless CTIR applied to a whole muscle fiber.
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F~gur~ 5. The fluctuations of fluorescent intensities caused by
dlff~slon of O.1-J-lm microspheres through the experimental volume
de!lned by the 50-J-lm confocal aperture. Vertical scale: intensity in
un!ts of counts per bin; horizontal scale: bin width = 1 msec. The
~elght of a peak is determined by the point of entrance of the sphere
Into the experimental volume, which is nonuniformly illuminated by
the exponentially decaying evanescent wave.

seen out of focus with bright-field optics (Fig. 6B) but not
under fluorescent light (Fig. 6A). The size of the projection
of the 3.5-Jlm confocal aperture is shown as a white dot in
the magnified image (Fig. 6C). The observational volume
(Fig. 6D) is llO-nm thick and has a diameter of 120 nm,
giving a volume of approximately 1.5 attoliter.

Figure 7 shows a typical signal obtained from
myofibrils. Orthogonal intensities (Fig. 7A) fluctuate in
time because cross-bridges change orientation. The inten-
sities decrease in time because of photobleaching. Note that
this photobleaching has a step-wise character, each step
corresponding to the bleaching of one rhodamine molecule
(82). The corresponding parallel polarization of fluorescence
is shown in (Fig. 7B). In preliminary experiments, the
power of these fluctuations in contracting muscle was
always bigger than in rigor; The degree of labeling was
estimated by comparing the signals of a 10 JlM solution of
5' -IATR with labeled myofibrils. The degree of labeling
was 3%-5% and, therefore, each experimental volume
contained three to five fluorescent molecules. The signal
obtained from this experimental volume had a sufficient SIN
ratio to allow measurements of the kinetics. The SIN ratio is

Figure 6. Image of a rigor myofibril labeled with rhodamine at cys707 of myosin. (A) Fluorescence. Bar, 10 urn, (B) Bright-field image of the area
ShOwn in (A). (C) Fluorescent image magnified x10. Bar, 1 urn. (0) Schematic diagram of the experimental volume.
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Figure 7. (A) Polarized fluorescent intensities originating from
skeletal muscle myofibril in which myosin was labeled with rhod-
amine at cys707. (8) Corresponding parallel polarization of fluo-
rescence, PII = (III - 1.1) / (III + 1.1)'

determined by the rate of detection of fluorescent photons
per molecule of the dye during one bin width, o't (83). Bin
width is defined as the time interval by which the data
collection time is subdivided. The necessary data collection
time is _detennined by the characteristic time for relatively
slow hydrolysis, that is, approximately 0.5 sec (84). During
this time, we wish to measure at least five data points, that
is, giving a o't of approximately 100 msecs. The preliminary
data showed that we detected approximately 150 photons/
molecule/bin and, assuming Poisson-distributed shot noise
as the sole source of noise, the SIN ratio was approximately
12.
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