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ABSTRACT Fluorescence polarization was used to examine orientation changes of two rhodamine probes bound to myosin
heads in skeletal muscle fibers. Chicken gizzard myosin regulatory light chain (RLC) was labeled at Cys'®® with either the 5-
or the 6-isomer of iodoacetamidotetramethylrhodamine (IATR). Labeled RLC (termed Cys'°8-® or Cys'°8-6) was exchanged for
the endogenous RLC in single, skinned fibers from rabbit psoas muscle. Three independent fluorescence polarization ratios
were used to determine the static angular distribution of the probe dipoles with respect to the fiber axis and the extent of
probe motions on the nanosecond time scale of the fluorescence lifetime. We used step changes in fiber length to partially
synchronize the transitions between biochemical, structural, and mechanical states of the myosin cross-bridges. Releases
during active contraction tilted the Cys'°®® dipoles away from the fiber axis. This response saturated for releases beyond 3
nm/half-sarcomere (h.s.). Stretches in active contraction caused the dipoles to tilt toward the fiber axis, with no evidence of
saturation for stretches up to 7 nm/h.s. These nonlinearities of the response to length changes are consistent with a partition
of ~90% of the probes that did not tilt when length changes were applied and 10% of the probes that tilted. The responding
fraction tilted ~30° for a 7.5 nm/h.s. release and traversed the plane perpendicular to the fiber axis for larger releases.
Stretches in rigor tilted Cys'°®® dipoles away from the fiber axis, which was the opposite of the response in active
contraction. The transition from the rigor-type to the active-type response to stretch preceded the main force development
when fibers were activated from rigor by photolysis of caged ATP in the presence of Ca®*. Polarization ratios for Cys'%%® in
low ionic strength (20 mM) relaxing solution were compatible with a combination of the relaxed (200 mM ionic strength) and
rigor intensities, but the response to length changes was of the active type. The nanosecond motions of the Cys'°®® dipole
were restricted to a cone of ~20° half-angle, and those of Cys'°®-® dipole to a cone of ~25° half-angle. These values changed
little between relaxation, active contraction, and rigor. Cys'°®® showed very small-amplitude tilting toward the fiber axis for
both stretches and releases in active contraction, but much larger amplitude tilting in rigor. The marked differences in these
responses to length steps between the two probe isomers and between active contraction and rigor suggest that the RLC
undergoes a large angle change (~60°) between these two states. This motion is likely to be a combination of tilting of the
RLC relative to the fiber axis and twisting of the RLC about its own axis.

INTRODUCTION

Several recent studies have provided support for the hypottsmall motions within the catalytic domain into a 5-10-nm
esis that the light chain region of the myosin head tiltstranslation at the junction between S1 and the myosin rod
during the power stroke of the cross-bridge cycle in musclg¢Huxley and Simmons, 1971; Finer et al., 1994; Molloy et
contraction (Whittaker et al., 1995; Irving et al., 1995; al., 1995). Although many studies have identified internal
Gollub et al., 1996). Myosin subfragment 1 (S1) has beerlexion within myosin and rotational motions of the head, it
shown by x-ray crystallography to be composed of a catahas been difficult to correlate these motions with the force-
lytic domain containing the nucleotide and actin bindinggenerating transition (Morales et al., 1982; Cooke et al.,
sites, and a light chain binding domain (Rayment et al.1984; Tanner et al., 1992). The heterogeneity of biochem-
1993b). Models of S1 bound to filamentous actin in thejcal states, the orientational disorder of the myosin heads,
absence of ATP (Rayment et al., 1993a) suggest that thgnd the unknown angle and disorder of extrinsic probes
catalytic domain binds rigidly and stereospecifically to ac-relative to the heads have contributed to this difficulty
tin, but that the N-terminak-helix with its associated es- (Ostap et al., 1995; Berger et al., 1996).

sential and regulatory light chains might form a mechanical Recently, several studies have correlated motions of my-
lever arm (Rayment et al., 1993a; Lowey et al., 1993;gsin with force generation. Irving et al. (1992) and Lom-
VanBuren et al., 1994; Uyeda et al., 1996) that amplifiespardj et al. (1995) monitored x-ray diffraction patterns with
high time resolution in single, live muscle fibers during
mechanical transients initiated by quick length steps. They
Received for publication 10 September 1997 and in final form 22 Januanfound intensity changes of the myosin-based 14.5-nm me-
iji?' eorint ¢ 10 Dr. Yale E. Goldman. Department of Phvsi IridionaI reflection concomitant with quick length changes
ogy, ejiiv?:sity c?quIJDeesnis;Ivar-ﬂaaSech(.)ol oof Mae&icisz,elD—;OO ORichgde and the SUbS_Equem force rec_:overy,. ,and the_y interpreted
Building, 3700 Hamilton Walk, Philadelphia, PA 19104-6083. Tel.: 215- theése deflections on the basis of tilting motions of the
898-4017; Fax: 215-898-2653; E-mail: goldmany@mail.med.upenn.edu. myosin heads. Irving et al. (1995) monitored orientation
© 1998 by the Biophysical Society changes of rhodamine probes bound to the regulatory light
0006-3495/98/06/3093/18  $2.00 chain (RLC) region of the myosin head during mechanical
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transients, thereby localizing the motions to that part of Slused a commercial sample of iodoacetamidotetramethylrho-
The polarization signals changed during the length stepdamine (IATR), of unknown isomer composition and pu-
applied in active contraction and in rigor, signaling therity, to label RLC from rabbit skeletal and chicken gizzard
elastic properties of the myosin heads. In contracting fibersnuscle. In the experiments of Irving et al. (1995), chicken
the polarization signals changed further during the quickgizzard RLC was labeled with pure 6-isomer of IATR
tension recovery after the length step. The rates of thigCorrie and Craik, 1994). The labeled RLC was further
further change in polarization signals and of the quickpurified by fast protein liquid chromatography (FPLC) and
tension recovery were comparable, suggesting that tilting acexchanged into glycerol-extracted psoas fibers from rabbit
companies the power stroke. In contrast, probes bound to SHhuscle. When similar experiments were performed with
(Cys™®7 of the heavy chain) in the catalytic domain of S1 did gizzard RLC, labeled with the pure 5-IATR, the static
not tilt in response to length changes (Berger et al., 1996)luorescence polarization values from muscle fibers were
Burghardt et al. (1997) observed very small deflections ofvery different from those obtained with the pure 6-isomer
fluorescence polarization ratios from probes predominantlfSabido-David et al., 1998a, accompanying paper). In rigor
bound to Cy&’ when length changes were applied to fibers.the two dipoles had orientations more than 20° apart. The
These deflections were an order of magnitude smaller thaf-isomer was more perpendicular to the muscle fiber axis
those seen with RLC probes (Irving et al., 1995). Togethethan the 5-isomer. The 6-isomer showed marked changes
these results suggest an internal flexing of the myosin head.between rigor and active contraction, whereas the 5-isomer

Although the data of Irving et al. (1995) suggested a largeshowed smaller changes between these states.
angular change between active contraction and rigor, a We therefore set out to characterize the polarization tran-
change of only 3°-5° averaged over the whole population ofients from these two isomers after application of quick
probes was observed after a 3-nm release during contratength changes to the muscle fibers. We also developed a
tion. Several factors could reduce the amplitude of themethod of estimating the extent of probe wobble on the nano-
angular change associated with active length steps. First, treecond time scale of the fluorescence lifetime. These motions
fluorescence polarization technigue is not sensitive to aziean be separated from slower motions of the proteins and static
muthal motions. Moreover, if the working stroke motion is disorder in the angular distribution (Irving, 1996). We studied
in a plane and probe dipoles are oriented away from thigluorescence polarization transients produced by length
plane, then the tilting of the probe transition moment wouldchanges in active contraction and in rigor and characterized
be reduced. In the limiting case, with the probe dipolestheir dependence on the amplitude of the length changes. To
perpendicular to the plane of the motion, no tilting would berelate these length step transients to the biochemical steps of
detected. If some myosin heads are in mechanical or bicthe cross-bridge cycle, we studied fibers relaxed at low tem-
chemical states that do not respond to the length changegerature and low ionic strength and measured fluorescence
(e.g., because they are detached from actin), the tiltingolarization changes after photolysis of caged ATP in fibers
motion of the remaining (“active”) heads would be corre- containing RLC labeled with the pure 6-isomer of IATR. Some
spondingly greater than the average. Heterogeneity or rapigtsults of these experiments have been presented in abstract
motions of the probes relative to the myosin heads mighform (Hopkins et al., 1995, 1996a).
also reduce the observed tilt angle. These factors must be
determined experimentally.

The problem of the angle between the probe dipole angqATERIALS AND METHODS
the plane of the working stroke can be addressed by using . .
different isomers of the probe that might interact with the©hemicals and solutions
heads at differing orientations in the neighborhood of theifexperimental solution compositions are shown in Table 1. All experiments
linking residue. Ling et al. (1996) and Allen et al. (1996) were done at 13% 2°C, except where noted (Fig. 7 and associated text).

TABLE 1 Solutions used

Solution EGTA CaEGTA HDTA NgATP Na,CP MgClL
Relax, 5 mM MgATP 25 5.4 19.1 7.7
Relax, 0.1 mM MgATP 36.5 0.1 20 2.8
Rigor 56.3 2.5
Ca™" rigor 20 34.3 1.2
Preactivating 0.1 24.9 5.6 19.5 6.9
Activating 25 5.6 22.3 6.9

All concentrations are in mM. All solutions, unless otherwise noted, contained 100 mM TES, 10 mM reduced glutathione, 1 mM calculated free Mg
200 mM ionic strength, and pH 7.1 at 10°C. Relaxing, preactivating, and activating solutions contained 1 mg/ml creatine phosphdkifag0Q
units/mg activity). For photolysis solutions, concentrated rigor stock solutions, caged ATP @naldrie combined to yield the above concentrations and

10 mM caged ATP. Relaxing solution at 0.02 M ionic strength, 3°C, contained 2 mM EGTA, 1.06 mM CP, 2.1 mM Mg acetate, 0.68 mM K acetate, and
7 mM imidazole. Ca-EGTA contains the same concentrations of total Ca and EGTANFES(hydroxymethyl)methyl-2-aminoethanesulfonic acid; CP,
creatine phosphate; caged ATP:-1-(2-nitrophenyl)ethyladenosing-&iphosphate; HDTA, 1,6-diaminohexahgN,N,N’-tetraacetic acid.
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All reagents, unless otherwise noted, were analytical grade. Nucleotidestides was similar to that described by Goldman et al. (1984a) and Allen
were obtained from Sigma Chemical Company (St. Louis, MO). Cagedet al. (1996). Single muscle fibers were dissected from bundles stored in
ATP was synthesized as described by Walker et al. (1989). The 5- andlycerol. Short segments (2-3 mm) were cut, and aluminum T-clips were
6-isomers of IATR were synthesized as described previously (Corrie ancttached to their ends. The regions of the fiber inside and witfa um
Craik, 1994). of the T-clips were fixed by glutaraldehyde to limit end compliance
(modified from Chase and Kushmerick, 1988). A muscle fiber segment
was mounted via the T-clips to hooks on a strain gauge force transducer
Fiber preparation and incorporation of (Sensonor, Norway; natural frequency 5 kHz) at one end, and a moving
labeled RLC coil motor (Cecchi et al., 1976; Lombardi and Piazzesi, 1990) designed to
) ) ) ) ) produce rapid length steps at the other end. The two hooks were carefully
Bundles of rabbit psoas muscle fibers were dissected, skinned with glyCajigneq under a binocular microscope and then moved apart on two parallel
erol, and stored as previously described (Goldman et al., 1984a). Chickeg, o] siides to ensure that the fiber axis was perpendicular to the optical
gl_zzard myosin RLC (a kind gift from Dr. J. Ke_ndrlck—Jones)_Wgs labeled axes. The fiber was bathed in experimental solutions contained in inter-
W'th the 5- or 6-isomer of IATR and then pu_nfled bY Ms. Birgit Brand- changeable stainless steel troughs (Fig. 1). Resting sarcomere lengths and
meier and Dr. D.R. Trentham by FPLC (Sabido-David et al., 1998a). Thefiber dimensions were determined as described by Goldman and Simmons

0, -
:?bﬁl_ed RLC :J.Seqd h;}re W?S hor;log(]sr;el_(gsTtﬁﬁA) by r:eversde‘ppas‘e |e§1984)' Timing of applied length changes and triggering of the recordings
Igh-pressure Iquid chromatograpny 1L Was exchanged into siNg'§, o e controlled by a programmable timing generator based on a Z8

glycerol-extracted psoas fibers by using a low-Mg rigor solution followed microprocessor (Ciarcia, 1981a, b).

by incubation of the fibers in troponin and troponin-C solutions, to replace B . .
; : . ., Fluorescence polarization data were acquired as described by Allen et
components lost in the RLC exchange step as described by Sab|d0-DaV|c1 . -
et al. (1998a) al. (1996), except that a second illumination pathway was added to the
’ ' setup to obtain additional information about the probe orientational distri-
bution. Fig. 1 shows the optical geometry. A continuous 100-mW,
Experimental apparatus 514.5-nm argon laser (model 5500A; ILT, Salt Lake City, UT) was used to
excite rhodamine fluorescence. The polarization of the exciting light was
The apparatus for mechanical measurements on single, skinned musaleodulated at 84.2 kHz by a photoelastic modulator (PEM-80 model FSA,
fibers, application of rapid length changes, and photolysis of caged nucleHinds International, Portland, OR). A cylindrical lens compressed the
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FIGURE 1 Schematic diagram of the optical set-up for measuring fluorescence polarization. The muscle fiber was mounted in the measuring trough with

its long axis normal to the plane of the diagram. The periscope was removgdllfonination (in line with the detector). Light polarized normal to the
plane of the diagram is parallel to the fiber axis. The perspective viese} shows the propagation afillumination andy illumination, the direction of
fluorescence observation, and the orientations of the excitation and emission polarizations relative to the fiber axis. With the periscoptheeszoned

arrangement could be used to photolyze caged ATP in the measuring trough with a pulse of ultraviolet light (not shown) passing through a fused silica

window from the direction ofy illumination (Tanner et al., 1992). Emission filters were a 1-cm path length 100 m®4,K., solution in a fused silica

cuvette to block phosphorescence emission from the glass in the optical path, and a 590-nm glass cut-off filter (Schott Glass Technologie8) Duryea, P
to remove green laser light. In experiments that included photolysis of caged ATP, an interference filter (600 nm, 40 nm FWHM; Melles Griot, Jrvine, CA
was placed in the emission path to block scattered UV light. The effective numerical aperture of the collecting lens was 0.3.
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beam to~100 um across the fiber diameter. A2-mm length of the = Epoxy Technology, Billerica, MA). The resulting cube, 8 mm on each
muscle fiber was illuminated at 20-30 mW total power either from below edge, could be placed at the position of the fiber and illuminated from both
(termedx illumination) or from the sidey(illumination) through the fused  x andy directions. Polarization ratios ¢f; = 0.300 and®Q, = 0.205
silica windows of the measuring trough. A periscope mirror (Fig. 1) was inwere obtained for the cube in the static polarization microscope, and these
place fory illumination and removed fox illumination. An electrome-  values were used to calibrat® and”Q, in the transient setup.
chanical shutter in the excitation path, operated by the timing generator, For improved time resolutiond;, D, L, and L, were extracted
opened only during data recording, reducing photobleaching to less thaoff-line from the modulated parallel and perpendicular fluorescence inten-
~20% in most experiments. The fluorescence, collected by a lens andity signals recorded at a sampling rate of& The two photomultiplier
spectral filters, was separated into parallel and perpendicular component@be output signals were analyzed separately. A 84.2-kHz sine wave was
by a Wollaston prism, and detected by two photomultiplier tubes (modeffitted to the oscillations of polarized fluorescence intensity. The mean
R928; Hamamatsu, Bridgewater, NJ). The parallel and perpendicular fluyalues (, andL ), amplitudes P andD , ), frequency, and phase of the
orescence signals were digitized together with tension and motor positiofitted sine wave were adjusted within successive segments of 25 samples
at 12-bit resolution and a @s sampling interval by a digital oscilloscope according to a Levenberg-Marquardt algorithm (Press et al., 1992). For a
(Pro 40; Nicolet, Madison, WI). In a typical experimental trial, the signals 25-sample segment beginning at ttresample of a trace, the next segment
were recorded for 480 ms, giving2 Mbytes of data, which were trans- was fitted beginning at thei (+ 14)th sample, so the fitted segments
ferred to a 80486-based computer through a IEEE-488 bus and stored @Verlapped by 11 samples. This procedure produced a series of mean
90-Mbyte Bernoulli cartridges (lomega, South Roy, UT), using softwareyalues,L; andL ,, and amplitudesD; andD , , for the segments. The time
written in-house. Tension, motor position, and four optical sigria|sid , , course of each signal,, L ,, D;, andD,, was generated from the fitted
Ly, andL ., described below) were simultaneously sampled every &0 yalues by combining data from the overlapping segments according to a set
digitized at 12-bit resolution, and stored on disk using a 80386-baseq |inearly shifting ratios given byj(12:(12 — j)/12), whergj = 1, 2, .. .
computer. During separate activations, sarcomere length deflections during is the index within the overlap of the two segments. This procedure
the imposed length steps were measured by white light diffraction (Gold-amounts to a linearly varying interpolation between the results of fitting the
man, 1987) and recorded at both sampling rates. 82.4-kHz sine wave to the two overlapping segments. Each of the series of
values obtained fok, L, D;, andD, was then averaged over successive
segments of 25 points, yielding an effective time resolution ofu50

Processing of fluorescence intensity data YD, andYQ, were smaller than the oth& and Q signals because of
probe disorder’D , was usually too small to be determined reliably by the
Four fluorescence polarization ratios were defined as above procedure, so a different computer algorithm was used for that
signal. This procedure emulated a lock-in amplifier and did not require
XQH = XDH/XLH = (XH'H - XJH)/(XHH\ + XJH) fitting sine functions to the perpendicular fluorescence intensity. A fixed-
« . . . . . « amplitude reference sine wave was generated from the simultaneously
Q.= DL/ L, = ( = HIL)/( o+ HIL) recorded parallel fluorescence intensity wighillumination by fitting
25-sample segments overlapped by 11 samples as above. This algorithm
yQH = yDH/yLH = (y”'” - yﬂu)/(ynh\ + yﬂu) automatically corrected for any phase jitter in the photoelastic modulator or
sampling clocks. The phase of the fixed-amplitude reference was further
YQ  ="D.PL, = (1, — yHIL)/(yLIL + yHlL) 1) shifted (typically by 45°) to cancel a phase difference introduced by the

photomultiplier preamplifiers. The perpendicular fluorescence intensity
where, |, is fluorescence intensity, the left and right subscripts denote thesignal was multiplied by the reference sine wave to frequency-shift the 84.2
orientation relative to the fiber axis of the excitation and emission polar-kHz oscillations to DC and even-order harmonics of 84.2 kHz (Schwartz,
izers, respectively, and the presuperscripts x and y indicate directions ofgs9, p. 160). Frequency components above 20 kHz were then removed by
illumination (Fig. 1).*Q and*Q, are identical to the polarization ratios gyccessively filtering the product trace through 84.2 kHz and 168.4 kHz
that were previously termeQ, andQ,, respectively (Irving et al., 1995, notch filters (second-order recursive, quality 0.5), a 200-kHz low-pass
Allen et al., 1996).”Q; and*Q, are introduced here for illumination fiter (second-order recursive, quality 0.5), and, finally, a second-order
propagating perpendicular to the observation ayidimination; see Fig.  55.point low-pass Savitzky-Golay (1964) transversal filter. This routine
1). Dy and D, are the amplitudes of the 84.2-kHz modulation of the gaye the same amplitude and response time as the simpler 25/11-point sine
polarized components of fluorescence intendifyandL , are correspond-  \yave fitting method used for the other thr& signals. Software to

ing mean intensities of fluorescence (Allen et al., 1996). automate this sequence of operations was written in-house; further details
D;andD, were calculated in real time by two lock-in amplifiers (model 54 Gt + source code are available on request.

3961B; Ithaco, Ithaca, NY), and, andL, were obtained by passing the Q and Q. were calculated from th® and L signals at 5Qss time
outputs of the two photomultiplier tubes through 1-kHz low-pass filters reqqjution, using Eq. 1 and calibration scale factors derived from the
(model 3100F; Pacific Instruments, Concord, CA) as described in Allen €§mopilized samples of IATR as described above for the signals sampled
al. (1996).Q and Q, were calculated (using Eq. 1) off-line from the o 500,5. Although only the 5Qss-resolution signals, available after the
d',ngEd D gpd L_S|gnals after small background.5|gnal levels obtained signal processing, were used in the figures and analysis presented below, it
with the exciting light blocked were subtracted. This procedure prov@led 55 | sefyl to have the 5Q0s-resolution signals available immediately to

S|g_nals with 500’_’“5 time reso_lutlon.. Ampl_ltude ;cqle fact.qrs used to evaluate the quality of the recordings and progress of the experiments.
calibrate thé&'Q ratios were obtained with an isotropic, immobilized sample

of IATR (lot 70241; Research Organics, Cleveland, OH) imbedded inAnalysis of fluorescence polarization data
epoxy, for which*Q; = *Q, = 0.46, determined on an independent,
internally calibrated, static polarization microscope, as described by AllenTo quantitatively assess changes in the probe orientation, we fit simple
et al. (1996). models of the orientational distributions to the polarization ratio data. As in
YD, and¥Q, are zero for isotropic samples (equation 8 of Borejdo and earlier work (Ling et al., 1996; Allen et al., 1996; Berger et al., 1996), these
Putnam, 1977), so another fluorescent object with known anisotropionodels assume that the fluorophores wobble on a time scale that is fast
polarization was required to calibrate these two signals. To prepare anompared with the fluorescence lifetime within a cone of semiadgle
anisotropic calibration sample, IATR (Research Organics) was mixed with(Irving, 1996). In the previous work we did not evaluatdirectly, but fit
polyvinyl acetate, dried, and uniformly stretched about fivefold along onemodels to the orientation distribution, using a range eflues. Here we
axis to introduce an orientation preference of the rhodamine dipoles (vamtroduce a procedure that ugelumination to estimate experimentally.
Gurp et al., 1989). A film of this materiak-200 um thick, was glued With samples like a muscle fiber that have cylindrical symmetry about
between two small glass 45°, 45°, 90° prisms with clear epoxy (type 302thez axis, the instantaneous intensiti€s (nodulation amplitudedY), and
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mean intensitiesl() that have at least one parallel pre- or postsubscript are  Each model is described by three parametégs,o, and g, for the
identical forx andy illumination. Therefore the only fluorescence intensity Gaussian model ané,, f, and 6 for the helix plus isotropic model, and
that differs betweex andy illumination is , I, . The expressions fdiQ, could be fit to the three independent polarization rat@s fQ, , and”Q )
and¥Q do not contain, I, so*Q; and¥Q are expected to be equal. by adjusting its three parameters. With the current data set, exact fits that
Indeed, measured values of these two quantities were always equal withiconstrained all three adjustable parameters were obtained for both models.
experimental error (see Results). An average of the two, te@pedth no The extent of rapid wobble3{ was found to be the same for both models
presuperscript, was used for interpretation of the polarization ratios in(see Results). Thus the addition pfillumination to the technique used
terms of orientational distributions. Thus there are three independent pgareviously allowss to be estimated along with two parameters that de-
larization ratios:Q;, *Q,, and*Q, . scribe a particular form of the axial orientational distribution.

Irving (1996) presented equations for polarized fluorescence intensities
from cylindrically symmetrical samples in which probes undergo motions
that are rapid compared to the fluorescence lifetime but are restricted to a
cone of half-widths. Assuming that the absorption and emission dipole Sinusoidal changes of fiber length

moments are parallel, the fluorescence intensities are given by ) ) ) )
In some experiments (Figs. 8 and 9), 500-Hz sinusoidal length changes

x”|” = y”|H =1k [w + (2 - 3w) . C0326]2 were applied to Fhe fibersQ, an.dXQl traces, at 5(,_us effectivc_e sampling
rate, were obtained as described above. The imposed sinusoidal length
Xﬂ” _ yLIH _ x”h _ y\ll L =Y%-k[2w changes caused small sinusoidal deflections of}teaces. The amplitude

and phase of these sinusoidal components were determined using the
. .o . o . lock-in amplifier emulation software. Ead@ trace was multiplied by a
+ (2 3w) sze] [a) + (2 3w) CO§0] fixed-amplitude 500-Hz reference sine wave generated from the recorded
motor trace. Oscillatory components of this product trace were removed by
successive filtering through 500-Hz and 1-kHz notch filters (second-order
recursive, quality 0.5), a 200-Hz low-pass filter (second-order recursive,
quality 0.5), and, finally, the 55-point low-pass Savitzky-Golay (1964)
. transversal filter. The resulting trace is the amplitude of the 500-Hz
Vil = Y520k [80’2 + 8w+ (2 — 3w) - s’ oscillatory component of th@ signal in phase with the motor deflection.
5 We define the signalRk, and R, as the amplitudes of these in-phase
+ (2 - 30’) : S|n49:|, oscillatory components iQ, and Q, respectively. The procedure was
repeated using a fixed-amplitude reference sine wave that had been phase
and shifted 90° from the motor position signal to calculate the amplitude of the

out-of-phase components of the 500-Hz oscillations in@hgignals.
o=[1-¥-(1+ cosd + cosd)], 2

X1, =¥%2-K:[8w” + 8w* (2 — 3w) - SirfH
(2 - 3w)?- 3 sirfo]

whereé is the half-width of the cone delimiting the fast probe woblsle,
is the angle between the axis of this cone and the fiber axiskasdn Experimental protocol
intensity coefficient that depends on the concentration of probes and the
optical set-up. The first three equations above were given in slightlyFibers were activated by transfer from relaxing solution via two washes of
different form in Irving (1996), and the fourth equation can be derived by preactivating solution into activating solution (Table 1). The fiber was
similar calculation. The factor of 3 in the last term of the expression forincubated in each solution (except activating solution) for at least 2 min.
* I, compared to that fo¥ |, causes these two intensities to be inde- When maximum tension was reached, a shutter in the laser excitation path
pendent, giving the extra information required to estintate opened and recording of the fluorescence intensities began, then a sequence

The absorption and emission dipoles are assumed to be colinear becausk preprogrammed length changes, termed an experimental trial, was
the limiting polarization ratio of rhodamine in viscous media is close to 0.5,applied to the fiber. The sequence was a series of releases and restretches
implying a small angle between the two dipoles (Chen and Bowmanto the original length, all of the same size. Various intervals (1, 2, 4, 8, 16,
1965). We obtain polarization ratios for a dilute random, immobilized 32, 64, and 128 ms) between the release and the restretch were pro-
sample of Rhodamine B (Acros Organics, Springfield, NJ) of nearly 0.490grammed into the pulse sequence, and the whole sequence was usually
which would correspond to an angle of less than 8° between the absorptiorepeated three times during each trial. Corresponding sequences of
and emission dipoles. Furthermore, in muscle fibérsatios (which are  stretches and rereleases were also applied. At least 200 ms of recovery was
related to the orientation of the emission dipoles the same wa@ tia¢ios allowed each time the fiber was returned to its original length. After each
are related to that of the absorption dipoles) are approximately equal to thexperimental trial in activating solution, the fiber was returned directly to
correspondingQ ratios (Sabido-David et al., 1998a), implying that the relaxing solution. Each amplitude of length step was applied in one trial
absorption and emission dipoles have the same orientational distributionwith x illumination, one withy illumination, and one for recording striation

The two orientation distributions used in Ling et al. (1996) and Allen et spacing changes by white light diffraction.
al. (1996) were used to fit the measur@dratios. The Gaussian model For rigor experiments the fiber was transferred from relaxing solution to
assumes a single population of probes that has a Gaussian angular distdi-L mM MgATP relaxing solution, then to rigor solution (Table 1). Ex-
bution,G[a] = e (@072 \ith peak anglédy and dispersiowr (Allen et perimental trials with length changes of various amplitudes and signs and
al.,, 1996). The helix plus isotropic model assumes two populations ofwith x illumination,y illumination, and white light diffraction were applied
probes with one fractiorf, that is completely disordered (isotropic) and during each episode of rigor without relaxing the muscle fiber between
another fraction, 1- f, at an angl&,, with respect to the fiber axis. This trials.
model is similar to one introduced by Tregear and Mendelson (1975). To The order of the measurements varied between experiments. A typical
predictQ ratios for a population of probes with a given distribution of axial experiment included four amplitudes of length step during active contrac-
angles 9, the intensities given by Eq. 2 were summed over the distributiontion, each measured with the setup in &i#umination, y illumination, and
and then inserted into the expressions defining@h&tios (Eq. 1) using  white light diffraction modes, to give a total of 12 active contractions plus
routines developed with Mathcad 3-0Osoftware (Math Soft, Cambridge, one or two periods of rigor. The initial measurements were often repeated
MA). When the intensities were summed, the Gaussian distribution wast the end of the experiment to check for fiber degradation. Typically, the
multiplied by a sing) weighting factor as in Allen et al. (1996). Note that polarization ratios in rigor deteriorated (became less ordered) during the
the factork in Eqg. 2 drops out whe@ ratios are calculated, so it does not course of an experiment more than the ratios in active contraction. This
need to be evaluated. point is detailed further in the Results.



3098 Biophysical Journal Volume 74 June 1998

For experiments using laser photolysis of caged ATP, fibers werefraction, 6,, were both smaller in active contraction than in
transferred from rigor solution through two washes of a rigor solution rigor. In relaxing solution at 200 mM ionic strength, t@e

containing C&", then into the Ca-rigor solution plus caged ATP (Table 1). . : . . .
Caged ATP was photolyzed by a pulse from a frequency-doubled rubyra’uos: and fitted orientation parameters were similar to those

laser (347 nm) focused onto the fiber through a fused silica window on thdN active F:ontraction. . .
side of the measuring trough (same direction asytiftuimination in Fig. In low ionic strength (20 mM) relaxing solution at 3°C
1; see also Tanner et al., 1992). A single pulse from the laser photoreleasqTable 1), all of theQ ratios for Cys$°®6 with the exception
0.3-1.0 mM ATP, as determined by anion exchange HPLC (Goldman e ; ; ;

4 9 ( bfYQ,, were intermediate between those observed in relax-

al., 1984a). Fluorescence signals were recorded during the subsequent. .. . .
) 9 9 dueRtion at 200 mM ionic strength and in rigoiQ, in low

development of tension. After steady tension was reached, the fiber wad
transferred to relaxing solution. ionic strength relaxation was consistent with a linear com-
bination of 79% of the polarized fluorescence intensities in
RESULTS rigor and 2_1% .of those in relaxatioq at 200 mM iqnic
strength. Likewise, the'’Q, value obtained in low ionic
Steady-state polarization ratios strength relaxation was consistent with 72% of the intensi-
ies in rigor and 28% of those in relaxation. The fitted values
f 65 and,, in low ionic strength relaxation were similar to
those in rigor, but both models showed an increased disper-
sion (o) or disorder ) compared to rigor.
The fluorescence polarization ratios from fibers incorpo-
rating the Cy&°®> probe were markedly different from

; 08-6 ; ;
*Q and’Q, was positiveYQ, and*Q, are expected to be those with Cy$°%© TheQ ratios changed very little among

equal because of the cylindrical symmetry of the muscldig0r; active contraction, and relaxatiofQ and>Q, were
fiber, but“Q, and’Q, are independent of each other. TheseSI'_ghtly smaller th_arf‘QL in ac_tlve_ contraction and relax-
results indicate that the probe dipoles were preferentiallfion. “Q, was slightly negative in all three states. Both
oriented perpendicular to the fiber axis. When the Gaussiafifientation models suggested that the €§S probes were
model was fit to the rigor polarization ratios, the dispersion!€ss ordered and more parallel to the fiber axis than the
of the probe angle distributionrf was 18.3°, indicating a CYS . probes.
well-ordered orientational distribution, and in the helix plus  The mean values dfQ; and*Q, for Cys'**®in Table 2
isotropic model the fractionf, of disordered probes was are different from those reported by Sabido-David et al.
0.42. (1998a), particularly in rigor. Those authors found a signif-
During active contraction, the difference betwé@pand  icant axial preference”Q > *Q,) in rigor, whereas the
*Q, for Cyslog‘ewas less than in rigor, an@ , was closer results in Table 2 show virtually no difference betWéQn
to zero, indicating that the probe orientations were les@nd*Q, in rigor. This discrepancy is related to the order in
perpendicular than in rigor (Table 2). According to the which the measurements were made. Four of the"€ys
Gaussian model, the dispersion of the orientational distrifibers in Table 2 were put into rigor after a series of eight
bution increased to 24.7°, and in the helix plus isotropicactive contractions. These four fibers showed a slight per-
model, 68% of the probes were disordered. The peak angleendicular preference in rigor, with average valuesQf
of the Gaussian distributiory, and the angle of the helical and*Q, = 0.322 and 0.358, respectively. The other two

The steady-state fluorescence polarization ratios (Table
obtained withx illumination from fibers containing RLC
labeled on Cy¥®with 6-IATR (subsequently referred to as
Cyst%9 are similar to those reported previously (Irving et
al., 1995; Sabido-David et al., 1998a). In rigdQ, was
smaller than‘Q, . With y illumination, YQ; was similar to

TABLE 2 Steady-state polarization ratios and fitted parameters of two different orientation distributions

Cys’lOS-G CyS’L08-5

Rigor Active Relaxed Low ionic strength Rigor Active Relaxed
XQ” + SEM 0.144+ 0.014 0.286+ 0.028 0.304+ 0.032 0.197+ 0.026 0.340+ 0.036 0.322+ 0.011 0.318+ 0.037
Q) = SEM 0.151+ 0.036  0.291+ 0.018  0.305- 0.019 0.202+ 0.039 0.338+ 0.042 0.327+ 0.020 0.306+ 0.072
*Q, = SEM 0.486+ 0.012  0.425- 0.019  0.430*+ 0.018 0.476+ 0.006 0.341*+ 0.026 0.375+ 0.005 0.364+ 0.005
YQ, = SEM 0.060+ 0.017 0.003*+ 0.006 0.007+= 0.005 0.064+ 0.005 —0.047+= 0.007 —0.012*+ 0.014 —0.035* 0.010
N, 4 16 16 2 6 6 6
n, 5 5 5 2 6 6 6
T 18.3+- 0.4 247 1.1 256+ 1.1 223t 1.4 32.6+11.3 31.9+ 6.7 27.2+ 4.2
Oy 60.6+ 0.7 54.3+ 0.7 54.1+ 0.8 59.7+ 0.8 41.4+ 135 47.8+ 3.8 49.3+ 2.9
S 18.2+ 0.4 22.0+ 1.6 211+ 15 20.6+ 0.3 25.6+ 2.7 254+ 15 242+ 1.2
f 0.42+ 0.02 0.68+ 0.03 0.70%= 0.03 0.52+ 0.04 0.90+ 0.18 0.83+ 0.05 0.80+ 0.09
0 65.0+ 0.5 62.6+ 0.4 63.1+ 0.3 65.9+ 0.0 62.2+ 8.8 60.7+ 2.1 57.1+ 1.2

6, ando are the peak angle and dispersion in the Gaussian maglisithe angle of the ordered fraction of probes &iglthe fraction of isotropic probes

in the helix plus isotropic model. In both modéiss the half-width of a cone delimiting probe wobble faster than the decay time of the fluorescence excited
state.f, 6, o, ands are given in degrees, andn, are the numbers of fibers used foillumination andy illumination measurements, respectively. Model
parameters were fitted from an average‘Qf and”Q,. Model parameters were fitted to data from individual fibers and then averaged.
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fibers in Table 2 were measured in rigor at the start of the Cys 108-6 Active

experiments and showed an axial preference, with average

values of"Q; and*Q, of 0.379 and 0.308, similar to the

values reported by Sabido-David et al. (1998a). After a om T
. . . . . 3.7 — 5

series of 12 active contractions for fluorescence polarization hs. S S.L.

and sarcomere length measurements, the rigor fluorescence

polarization measurements were repeated in these two fi-

bers. The axial preference in rigor observed at the start of

the experiment had decreased, so that Gheatios were yQ”

similar to those in the four fibers that had been put into rigor / \

only at the end of the experiments. The changes in the rigor e s -

Q ratios associated with fiber rundown led to large changes 0.230 - \x ;

in the fitted model parameters, as can be seen by the large 0-035[ QII o O N

standard errors in Table 2 f@, o, 6, andf for Cys'°®® 0

Because th& transients induced by length changes, which

are presented below, were not appreciably affected by fiber 120N [

rundown, we did not pursue the mechanism of this effect m?

further.

The half-width of the cone in which the probes move
freely on a time scale faster than the fluorescence lifetime
(8) was 18°—22° for Cy¥®®and 24°-26° for Cy¥®™. In all nm.
of the conditions studied, the value &fobtained with the “hs. ; S.L.
Gaussian model was identical to that obtained with the helix
plus isotropic model. Therefore the estimatedodoes not : "Ql
depend on the specific form of the probe orientational -‘/Q”\
distribution (see also Dale et al., 1997). For both probes, P/

did not depend on the physiological state of the muscle, 0.250 L
suggesting that the extent of wobble is determined by the \XQ"
local interaction of the probes with the RLC, rather than the o 038 C b - - 1)
angular distribution of the RLCs themselves. ) 1

0.450 - -~ XQ
, 1

Tension

8 ms

-
o
=
El
L

_ Tension
Q transients produced by length steps in 120,';“2 [
active contraction

Rapid length steps applied in active contraction partly syn- 8 ms

chronize the, m9t'°”5 of attached Cross-b,ndges' I:Il'lor(_:‘%fIGURE 2 Transients of sarcomere length (S.L.), polarization ra@ds (
cence polarization has been used previously to deteglq tension produced by a releas 4nd stretchB) in active contraction
changes in the orientation of RLC probes during thes@or a fiber exchanged with C}&-¢labeled RLC. The four fluorescence
motions (Irving et al., 1995). Here we measured transientgolarization ratios'Q;, *Q., ¥Q;, and¥Q, are defined in Materials and

of the four polarization ratiosXQH, yQ”, XQJ.! and yQL) Methods. In each panel, the horizontal line below the tension trace is the

produced by step releases and stretches for bOtHO&?/S _ten_S|on baseline rec_ord_ed in r_elaxmg solution. The horizontal lin&Gor
indicates zero polarization ratio. All traces are the average response from

and Cyéos-s_ For Cy§08>6in active contraction, th@ ratios 15 length steps in a single activation. Thélumination, y illumination Q
showed deflections both during and after the imposed shortatios and sarcomere length (S.L.) signals were recorded in separate acti-
ening step (Fig. 2), as reported previously (Irving et al.,vations. Relaxed sarcomere length, 2.ith; fiber length, 1.97 mm;
1995). A shortening step produced an increaséQn and ~ cross-sectional area, 3896n™

a decrease in botQ signals (Fig. 24), indicating tilting of

the Cy$%8°dipole away from the fiber axis. For releases,

the deflections of th&), traces were consistently smaller delayed change in sarcomere length; it was still present in
than those of th&), traces. Step stretches caused deflecfibers in which the delayed sarcomere length change was
tions of all four Q ratios in the direction opposite that of negligible (e.g., see Fig. 4 below, and Irving et al., 1995).
releases (Fig. B), as reported previously forillumination Q transients fory illumination have not been reported
(Irving et al., 1995). In the fiber in Fig. 2, the sarcomere previously. For Cy¥® the changes iﬁQH were similar to
length continued to change after the step was completedhose in*Q; in both amplitude and time course. The slight
presumably because of length changes in compliant regiordifferences observed betwe€eiQ and *Q; (Fig. 2) are

at the ends of the fiber. However, the component ofGhe probably due to their being recorded in separate activations.
transient that occurs after the length step is not due to thi¥he steady-state value 8Q, for Cys'®®® during active
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c'on'traction was close to zero (the initial value ip Fig. 2 is Cys 108-5 Active
similar to the steady-state value in Table 2). A quick release
caused an abrupt positive deflection’@d, followed by a A : SL
further change in the same direction during quick tension S—— —
recovery (Fig. 2A), consistent with the probes tilting away 0.38 I:“"’“w”‘\'.wu..wvw le

om.
3.2 hs.

from the muscle fiber axis. The amplitude and time course
of theYQ, transients were similar to those &), even
though their static values were so different (Fig. 2). This
similarity between the‘Q, and¥Q, transients was ob- 0 [ vt
served in all experiments, with both Cy&°and Cys®~, -0.01
for stretches and releases, and in rigor and in activation.

This behavior is expected for deflectionsfyfin the Gauss-

0.32 L ¥¥° Rt ) VQ”"Q”

W s p NS yQl

ian model during a length step, given the range of initial .
angles observed in the present experiments. 901‘7“2[ ;,. Tension

For fibers containing the Cy$®°probe, theQ transients '
produced by length steps (Fig. 3; note the expar@edtio :
scale) were much smaller than for G9%° (Fig. 2). For gms
Cys'©®> step releases caus&@, and”Q, to decrease and
*Q, and’Q to increase slightly during the length steps (Fig. B
3 A). The directions of these small changes were reproduc- 32 :” S.L.
ible. Stretches deflected tl@@ratios in the same direction as EE——
releases, but the main change produced by stretches took 0.38 [ ensmarimeira™on___, s 50
place after the length steps were complete. In some fibers a S YA le
stretch produced a slight increase™®@; andQy; in other ‘ . i
fibers*Q, and”Q, were constant, as in Fig. B. 0.32 = WSRO

o le

Dependence of the Q transients on the size of T—
applied length steps . Tension
Stretches of up to 7 nm/h.s. and releases of up to 12 nm/h.s. o0 ¥
were applied to actively contracting fibers containing '“2[

Cys'®® The resulting transients i#Q, and *Q, for a L !
typical fiber are shown in Fig. 4. Stretches of three different 8 ms
amplitudes caused negative deflection$@f and positive
. X :
deflections of Q“' The deflections Ofo” prOduced by (Q), and tension, produced by a releag® and stretch B) in active

stretcheg were Somewhat larger than tho@t Releases contraction for a fiber exchanged with C§&>labeled RLC. Recording
of four different amplitudes caused deflections in the OPPO-protocol and baselines are as in Fig. 2, except that the scale fQr s

site direction. In this case ti€ , changes were larger than has been expanded. Relaxed sarcomere length2m8iber length, 3.03
those OfXQ”. mm; cross-sectional area, 10,1882
For length steps of 2—4 nm/h.s., tension quickly recov-
ered toward its isometric value, bdQ, continued to
change during tension recovery in the same direction as The amplitudes of each tension al transient were
during the length step itself (releases labeled 1 and 2 in themneasured at the end of the length step (at the time of the
insetof Fig. 4 A). However, a release of 12 nm/h.sate 4  peak tension responsiled symbolsn Fig. 5) and are here
in Fig. 4 A) caused a smaller deflection 80, than a termed the “elastic” components of the transients. We also
release of 7 nm/h.stréce 3. This behavior was not due to measured the value of each tension @dransient after
fiber rundown in successive contractions. Very little sarco-four time constants of an exponential decay that was fitted,
mere shortening took place during the quick recovery in thiswith the addition of a linear decay term, to 8 ms of the
fiber (Fig. 4C). tension trace after the step. The time constants ranged from
*Qy transients for releases were smaller than those for-1.6 ms for releases te2.7 ms for stretches. The period of
stretches. The quick recovery after a release was in th#our time constants after the step is termed the “quick
direction opposite that of the elastic response. As W@h,  recovery” of the transients, and the values measured at the
the largest release (12 nm/h.s.) caused a smaller deflectind of the quick recovery are shown by open symbols in
of *Qy than a release of 7 nm/h.s. By5 ms after the step, Fig. 5. Quick tension recovery was less complete here than
*Q for the 12-nm/h.s. release had recovered substantiallgbserved previously in psoas fibers (e.g., Martyn and Chase,
toward its isometric value (Fig. A). 1995). This difference may be due to the presence of the

FIGURE 3 Transients of sarcomere length (S.L.), four polarization ratios
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0.2 weirveadrrwy, i e R N e s I T T T 1
.260 & [ | releases 15 10 5 0 5 10
4ms length change (nm per half sarcomere)

Tension ™
—i

T :

—
o2 KN 2
m? 3.7
4
—_
4 ms
S.L. ~——
7 nm = sm=——-, I T T T 1
h. 3_[ : -15 -10 5 0 5 10
e e s length change (nm per half sarcomere)
—
4 ms FIGURE 5 Amplitudes ofQ and*Q, transients£) and tension), in
active contraction plotted against the size of the length step. Filled symbols
FIGURE 4 Transients ix illumination polarization ratios@) (A), ten- represent the deflections at the end of the length step (the elastic response).

sion B), and sarcomere length (S.Lg)for a range of step sizes in active  Open symbols represent the deflections after the quick recovery in tension
contraction for a fiber exchanged with C§&®%labeled RLC. Each trace is  (see Results). Squares and diamonds represent the deflectitQg aid

the average of the response to 15 length steps in a single activatio@ The *Q |, respectively. The smooth curve is calculated from a model presented
and tension transients for each length step amplitude were scaled ftm the Discussion. Tensio(T,) was normalized to the isometric tension
superimpose the values before the length step; the sarcomere length tradssfore the length ste@§). The sarcomere length change was measured at
were shifted vertically to superimpose them before the length step. Threéhe same time point as tii@ and the tension measurements. Data are from
sizes of stretch;-2, 4, and 7 nm/h.s., and four sizes of releasg, 4, 7, the same fiber as in Fig. 4.

and 12 nm/h.s., were applied. The inset shows the initial part ofGhe

response for the four releases, numbered to identify them with the corre-

sponding tension traces. In the inset traces, the experimental points have

been interpolated using a cubic spline routine. Relaxed sarcomere lengtfvere —0.034 = 0.004 and+0.040 = 0.009, respectively

2.48 um; fiber length, 3.5 mm; cross-sectional area, 6ROA. (means* SD, n = 5 fibers). For releases of the same
amplitude, the deflections dQ, and*Q were +0.032+
0.008 and—0.009+ 0.005, respectively (seven fibers). The
labeled RLC, an effect of the exchange protocol or the largamplitude of theQ deflections increased with the size of the
number of contractions and length steps used to record thtretch, but in contrast, the sizes of botQ, and *Q
full set of polarization transients. deflections showed a clear saturation for releases beyond
For length steps of 2 or 4 nm/h.s., the deflectiondQn ~5 nm/h.s. The markedly nonlinear saturating responses of
produced by stretches and releases were the same size, I fluorescence polarization ratios to length changes can be
in the opposite direction. Two types of nonlinear depen-explained in terms of the probe dipoles approaching and
dence of theQ transients on step amplitude were apparentcrossing the plane perpendicular to the fiber axis (the 90°
As mentioned;Q, transients for releases were smaller thanplane) during moderate size releases. The smooth line
those for stretches of the same size (Figs. 2, 4, and 5). Falrawn through the elastic response data in Fig $hows
stretches of 67 nm/h.s., the deflections*@f, and*Q;  the Q deflections expected for a simple geometrical model,
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presented in the Discussion, that assumes a fraction of .
0 A Cys 108-6 Rigor
probes cross the 90° plane for the larger releases. S L
2.4 00 T —
" hs.
Fitting model orientation distributions to the 05 , \_XQl
Q deflections e QIL/Q”

From theQ,, *Q,, and*Q, transients, the Gaussian model
was used to estimate changesdj o, ands for the entire
population of probes considered as one Gaussian distribu-

0 \'YQ

tion (see Materials and Methods). Under this (probably mm[ — Tenston
unrealistic) assumption, the estimated half-width of the m? . .
cone delimiting the rapid probe wobblg) changed slightly 8 ms
(+1° for a 3 nm/h.s. stretch and-1° for a 3 nm/h.s. B Cvs 1085 Ri
release). As expected from the positive deflection3@f ys 10e-o Rigor s L
and”Q,, the peak angle of the Gaussian distributi@g) ( 5400 pe -
became more perpendicular to the fiber axis after a release. " hs
The opposite behavior was observed after a stretch. The 05 Pl ,/Qn
maximum changeA6,, was about—6° for the 7 nm/h.s. ; Co =
stretch. A plot of A6, versus length step amplitude (not L 0
shown) had a nonlinear shape similar to that of M@ , 0 f -
plot in Fig. 5A. The length steps increased the Gaussian -
dispersion §) for all step sizes, except the smallest stretches : Tension
(2 and 4 nm/h.s.). gorkrTNZ[

8 ms

Q transients produced by length steps in rigor

.. . . FIGURE 6 Transients of sarcomere length (S.L.), fluorescence polariza-
and low ionic strength relaxing solution

tion ratios Q), and tension, produced by step stretches in rigor, for fibers
exchanged with Cy&%%labeled RLC ), or Cys°®*=Jabeled RLC B).

the duration of the applied length changes. consistent WitgreroQ and the relaxed tension baseline are indicated by horizontal lines.
PP g ges, he calibration bracket for tension is the active isometric tension for each

tilting of the probgs iln apure e|5_‘5tic response.’@?igand fiber. Each trace is the average of responses to 15 length stepsx The
Cys'®*showed similaiQ deflections during step stretches illumination, y illumination, and sarcomere length (S.L.) signals were

(Fig. 6), even though the prestep values were different. Fotecorded during a single rigor contraction in separate experimental trials
both probes,XQL andle increased, Whered‘QH andyQH (see Materials and Methods). Fiber dir_nensiom:s(arcomere length, 2.72
decreased’.QL for Cysws'swas positive before the step and ‘um; fiber Iength, .1.97 mm; cross-sectpnal area, 3@9@; (B) sarcomere
. . ! . ength, 2.48um; fiber length, 2.13 mm; cross-sectional area, 796%.
increased during a stretchQ , for Cys'®° was negative
before the step and became less negative during a stretch.
Thus rigor stretches tilted both probes away from the fiber
axis. actin without generating force. Although the static orienta-
The stretch response of CY&®in rigor was opposite that  tion distribution of Cy$°®® dipoles in this condition was
in active contraction, as reported previously (Irving et al.,close to that in rigor (see Table 2JQ, and’Q, increased in
1995). When the size of the length step was varied betweefgsponse to a stretch of 7 nm/h.s. (Fig. 7), which was the
releases of~0.5 nm/h.s. and stretches of 2 nm/h.s., theopposite of their transient behavior in rigor (FigA% The
amplitudes of theQ transients were approximately propor- “Q, and”Q, signals showed only very small deflections in
tional to the size of the length step (not shown), in contrastow ionic strength relaxing solution. These results suggest
to the markedly nonlinear amplitude of the active stepthat the effect of stretch on attached cross-bridges in these
response (Figs. 4 and 5). The valuesidf, and A6, for  conditions is to tilt the Cy¥®® dipoles toward the fiber
Cys'°®®in rigor were 1.1°+ 0.1° and 1.1° 0.2°, respec- axis, the same direction as in active contraction. The am-
tively (means= SEM, n = 3 fibers) for stretches of-2  plitude of the tilt, estimated ad6, and A6, was ~0.2°.
nm/h.s. The value ofr increased, whereas the valuefof Stretches caused a small increase in betand f corre-
decreasedAfy and Ag,, for Cys'®®in rigor were 2.0°+  sponding to increased disorder of the orientational distribution.
1.0° and 2.0°+ 1.0°, respectively (means SEM, n = 5)

for stretches of-2 nm/h.s.; the change im was not repro- Stretch response of Q signals during activation

ducible, butf consistently decreased. )
Q transients in response to length steps were also mea'la-y photolysis of caged ATP

sured in low ionic strength relaxing solution (20 mM) at 3°C Step stretches in rigor tilt the C¥$°dipoles away from the
(Table 1), a condition in which many cross-bridges attach tdiber axis, whereas step stretches in active contraction tilt

In rigor, the deflections of th€ signals were confined to
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Cys 108-6 (arrows), tension initially declined and then increased to its

Low ionic strength, relaxed steady active valueXQ, decreased andQ increased

0.49 2, promptly during the tension dip, but th@ signals hardly
0.45 changed during the later development of active tension, as

0, reported by Allen et al. (1996).

8%[ ——— A 500-Hz sinusoidal length change -2 nm/h.s. peak-to-
’ 9, peak) was applied continuously during the photolysis tran-
0.06[ 0 sient. The resulting sinusoidal oscillations of tension were
0 L removed by a notch filter. The length changes also induced

75;—“;[ AN Tenson small oscillations in the& signals, and traces df) ,, with

L ] random noise reduced by a narrow 500-Hz band-pass filter,
8 ms are shown in the insets in Fig. 8. The oscillations‘@,
FIGURE 7 Transients of polarization ratic®)and tension produced by Were approximately in phase with tension in rigor, and
a step stretch of 7 nm/h.s. in 20 mM ionic strength relaxing solution for a~180° out of phase during active contraction. This phase

fiber exchanged with Cy8%-%labeled RLC. Zer@ and the relaxed tension Change is expected from the opposite stretch response in
baseline at 200 mM ionic strength are indicated by horizontal Iines.ﬂ.lese two states

Sarcomere length, 2.72m; fiber length, 1.97 mm; cross-sectional area, . . . .
3896 um? T = 3.2C. We determined the sign and amplitude of ti@, oscil-

lations continuously, using software that emulates a lock-in
amplifier, as described in Materials and Methods. The re-

them toward it (Figs. 2 and 6; and Irving et al., 1995). Thissulting signalR, , is defined as the amplitude (one-half of
difference in stretch response suggests that the dipoles uffl€ peak-to-peak deflection) of the oscillatory component of
dergo a large angle change between rigor and active conQ. that is in phase with the length oscillations applied to
traction. We studied the kinetics of this angle change bythe fiber. WherR | is positive,Q, increases with imposed
photolyzing caged ATP in fibers containing GJ&®RLC  stretches (rigor stretch response); wifenis negative;Q

while applying sinusoidal length changes to monitor thedecreases with imposed stretches (active stretch response).
characteristics of the stretch response. Fig. 8 shows aR. is zero in relaxed fibers because only attached cross-
experiment in which a fiber in rigor was switched to active bridges that tilt in response to length changes contribute to
contraction by photorelease 6f1 mM ATP from caged theR, signal.

ATP at ~30 uM free C&*. When ATP was released R, was 0.0072+ 0.0022 (meant SEM,n = 7) in rigor
and—0.0097= 0.0032 in active contraction (meanSEM,

n = 7). When ATP was photoreleased in the muscle fiber,
R, changed from its positive value in rigor to a negative

L

0.540—£=- = value characteristic of active contraction. The time course of
[ 0, the change iR, (Fig. 9) was intermediate between the
0.180% ey faster change in th® signals and the slower rise in active
A;F’ Filtered tension tension _(QL_ is shown in_Fig. 9, and botlQ signals are
shown in Fig. 8). The time course of all three signals
70% (tension,*Q,, andR,) depended on the amount of ATP

released (Fig. 9).
. N . .
Rigor S The rapid change ofQ; and *Q, toward.thelr active
100 ms Q values reflects early processes of cross-bridge detachment

022 2, Z‘jfﬂ[ and reattachment triggered by ATP binding to the active site
sl AV A of myosin (Allen et al., 1996), whereaR, reflects the
60 kN Tension 100&“2 . . .

m[ m [ stretch response of attached cross-bridges. The intermediate

Zms =] time course ofR, and its constant level during force de-
velopment suggest that cross-bridges attach to thin fila-
FIGURE 8 Transients ok illumination fluorescence polarization ratios ments with the active StretCh response Slg.mfllcantly In ?‘d'
and tension, during activation by photorelease of 1.0 mM ATP from cagedvance of force generation. To make this interpretation
ATP (arrow) in the presence of-30 uM free C&" Cys'°®€ Sinusoidal  quantitative, we used the following model of the sequence

Iength oscillations (500 Hz; peak—to—peak amplltudﬁrﬁ) were Imposed of Cross_bndge StateS, |nc|ud|ng a pre_force attached state:
continuously during the photolysis transient. The resulting oscillations in

tension were removed by a software notch filter (second order, quality 0.5)Caged ATP ——ATP

The expanded insets show oscillations‘@f, and (unfiltered) tension for ¢ Rigor\ Detached Pre-force Force Generating
the short periods of rigor and active contraction indicated by the rectangles kq ke f

in the top trace. The inset polarization traces have been passed through a Scheme 1

software 500-Hz band-pass filter (second order, quality 0.5) to reduce Ly .

out-of-band noise. Sarcomere length, 2&8; fiber length, 2.09 mm; Values for tensionyQ,, andR, were assigned to each

cross-sectional area, 43§6n°. state. In rigor, tensiofQ, andR, were set to their values
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the elastic component (see timset of Fig. 4 A for small
length changes). This phase lag is characteristic of active
contraction, but not of rigor.

The amplitude of the'Q oscillations in rigor was too
small (0.0010+ 0.0005, mean: SEM, n = 7) for reliable
determination of phase. In active contraction, however, the
amplitude of the oscillations inQ, was larger (0.0080+
0.0033, with phase offset 0.¢¢ 1.1°). The*Q, oscillations
~_ lagged 14.2°+ 2.3° behind the tension oscillations. The
N 0.3 mM ATP negligible phase shift betweé@, and length oscillations in
60 N active contraction is consistent with the very small ampli-
tude of the quick recovery component’®, in the length
step transients (Figs. 4 and 5).

Lﬁoﬁ' In rigor the oscillations of the peak axial angl, and
the dispersiong, in the Gaussian model were virtually in
FIGURE 9 In-phase amplitudeR() of 500-Hz oscillations of théQ,  phase with the length change, and both had a peak ampli-
signal,”Q,, and tension during activation by photorelease of 0.3 mM andtyde of 0.6°. In active contraction the in-phase oscillations

) M ;
1.0 mM ATP from cagec_i ATP. The slower tran.5|entquf, Q,, and of Gg ando had peak amplitudes 1.0° and—0.4°, respec-
tension are associated with the lower concentration of photoreleased ATP.

. o L

The solid lines through the, and*Q, transients and the dashed lines near UVEIy' The aCtI\_/e 90 OUt'Of'phase OSC"latlonS%fand o

the tension transients are the predictions from a kinetic model (Scheme ad peak amplitudes of 0.04° and 0.2°, respectively. These

of text) fitted to the data. Horizontal lines indicate zé?o and baseline  90° out-of-phase components @fando that are present in

tension measured in relaxing solution. Data are from the same fiber as igctive contraction but not in rigor indicate active motions of

Fig. 8. the cross-bridge that change the orientational distribution of
the light chain region of the myosin head.

before photolysis and in active contraction to their values a

the plateau of steady tension. Detached cross-bridges WeIrDeISCUSSION

assigned zero force, zeR, , and the active value féiQ, . Fluorescence polarization measurements show that rhoda-
Preforce cross-bridges were assigned the same values wiine probes bound to the regulatory light chains of myosin
*Q, and R, as force-generating cross-bridges, but zeran muscle fibers tilt in response to quick length changes
force. With these simple assumptions, values for the rateluring active contraction and in rigor. The ratiometric na-
constants in Scheme 1 kf = 50 s * at 10°C (Barabsiand  ture of theQ polarization ratios described here makes them
Keszthelyi, 1984)k, = 2.6 X 10° M~ *s ! (consistent with  very insensitive to movement artifacts or changes in fluo-
Allen et al., 1996)k, = 64 s *, andk, = 17 s * provided  rescence intensity. The measui@datios are independent
good fits to the data at both ATP concentrations tested (Figof translation of the probes along the fiber axis, or slewing
9). Thus the slowing of all of the traces as the ATP con-around that axis. Thus tl@ratios depend only on the angle
centration was reduced is adequately explained by slowesf the probe absorption and emission transition dipoles with
ATP binding. respect to the fiber axis.

Phase shifts between the sinusoidal oscillations of the The transient changes in probe orientation and the differ-
various signals are another indicator of the difference beences in orientational distribution between states of relax-
tween active and rigor cross-bridges. The tension oscillaation, rigor, and active isometric contraction presented here
tions in rigor led the imposed length oscillations by 2:2°  and in the accompanying paper (Sabido-David et al., 1998a)
0.8° (meant SEM,n = 7), whereas the tension oscillations provide strong evidence for tilting motions of the myosin
in active contraction led the length oscillations by 1422° light chain region during force generation. Similar measure-
2.0°. The phase difference between the rigor and activenents on muscle fibers labeled at the reactive cysteine of
tension oscillations was 12.0% 1.5°. These values are the myosin heavy chain (SH-1, C¥$ do not show tilting
similar to those reported before (Goldman et al., 1984b)in response to length changes (Berger et al., 1996), suggest-
The *Q, oscillations led the imposed length changes bying that the myosin head contains an internal hinge, prob-
5.9°+ 3.9° (meant SEM,n = 7) in rigor and by 172.8% ably between the nucleotide-binding domain and the light
2.5° in active contraction. These values are not 180° apaxthain region. Motions around this hinge may underlie force
(the phase difference was 167°6°). In active contraction, generation. Burghardt et al. (1997) did observe very small
the peaks of th€éQ, oscillations lagged behind the troughs deflections of*Q, and *Q; when length changes were
of the length oscillations by 7.2% 2.5° and lagged the applied to fibers labeled predominantly at C3/awith IATR
troughs of the tension oscillations by 21.5°3.8°. A phase of undocumented purity and isomer composition. These
lag in*Q, is expected for active contraction because of thedeflections were-10-fold smaller than those obtained here
quick recovery component of the length step responsen RLC-labeled fibers and may have been caused by motion
during which*Q, changes in the same direction as duringartifacts.
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The accompanying paper (Sabido-David et al., 1998aan intermediate time scale would contribute to bétand
reports the biochemical methodology and labeling protocol®ither o or f.
used here for labeling C¥¥ of the RLC with the 5- and In the present work the extents of fast wobble were
6-isomers of IATR, exchange of the labeled RLC into different for the two isomers of ATR bound to Cy8 (&
muscle fibers, and steady-state fluorescence polarizatiowas ~20° for 6-ATR and~25° for 5-ATR; Table 2), but
measurements made in London on fibers in the relaxedjid not depend on the contractile state of the fiber. These
rigor, and contracting states. These observations were comesults are consistent with the interpretatiord afi terms of
firmed by data obtained on an independent fluorometer inndependent motions of the probe with respect to the light
Philadelphia and reported above. An earlier version of thishain region of the myosin head, and suggest further that the
instrument was used for measuring the time course of flulocal environment of the probes does not change between
orescence polarization changes in muscle fibers during mesontractile states. Similar behavior dfhas been observed
chanical transients (Irving et al., 1995; Allen et al., 1996). Infor the same two probe isomers bound to a series of five
the present work, the apparatus was improved by the addsingle-cysteine mutant skeletal RLCs exchanged into mus-
tion of y illumination, enabling measurement of the extentcle fibers (Sabido-David et al., 1998b).
of nanosecond probe wobble.

The tilting of Cys°8 probes in response to a range of
length step amplitudes was shown to be markedly nonlinead he orientation of the RLC region in relaxation,
strongly suggesting that a fraction of the myosin head@ctive contraction, and rigor

execute much larger angular changes than the estimateg,q steady-state values of fluorescence polarization ratios

3°-5° average tilt of the whole population (Irving et al., gien here (Table 2) generally confirm those measured by
1995, and discussed further below). The opposite sign of thgabido-David et al. (1998a, their tables 2 and 3) on an

_6 . . .
length step response of Cy& ®probes in active contraction independent fluorometer. A few quantitative discrepancies,

and rigor suggests a large change in probe angle, crossingeptioned in the Results, can be ascribed to the somewhat
the equatorial plane perpendlt‘tglar to the fiber axis. Theyiterent experimental protocols. The main conclusions
length step response of the ¢Y5°probes, virtually absent from the measurements of Sabido-David et al. (1998a) that

in active contraction but appreciable in rigor, suggests thal, o confirmed by the present results can be summarized as
the RLC twists about its long axis between the active anqollows:

rigor states. The experiments using caged ATP to switch

fibers between rigor and active contraction reveal the timel. The 5- and 6-isomers of ATR have distinct orientations

course of this transition. relative to the RLC region of the myosin head.

2. The orientation of the RLC region in rigor is clearly
distinct from that in relaxation or active contraction.

3. The orientation of the RLC region in active contraction
is similar but not identical to that in relaxation, and the

Assuming that motions of the fluorescent probes with re- difference cannot be explained by the presence of a

spect to the attached protein take place on a time scale faster population of probes in the rigor orientation.

than the ~5-ns fluorescence lifetime of rhodamine, we 4. Active contraction is characterized by an orientation

developed a method for estimating the extent of these mo- different from that present in either relaxation or rigor.

tions. Irving (1996) presented equations describing the flu- . ) _ )

orescence polarization ratios expected for probes wobbling 1h€S€ conclusions are discussed further by Sabido-David

rapidly in a cone of half-anglé. These equations were used €t @l- (1998a).

in previous work (Ling et al., 1996; Allen et al., 1996;

Sabido-David et al., 1998a) for analysis of the pOIarlzatlonComparison of results from ATR probes on the

ratios, but the extent of the fgst probe motion was nOtRLC and at SH-1 on the myosin heavy chain
measured. Here we added an independent set of measure-

ments, using excitation light propagating perpendicular toThe orientations of 5- and 6-ATR bound to the most reac-
the detector axisy(illumination, Fig. 1) that, in conjunction tive cysteine residue in the catalytic domain of the myosin
with in-line x illumination, allows estimation 0 (Eq. 2).  head (Cy&”’, or SH-1) in active contraction were not inter-
This analysis assumes that restricted motions of the probmediate between the corresponding orientations in relax-
relative to the protein domain to which it is attached areation and rigor (Berger et al., 1996), similar to the behavior
sufficiently rapid that the probe is equally likely to visit any of the ATR isomers on the RLC region. However, the
angular position within a cone delimited by the half-anglle orientation of spin labels bound to SH-1 in active contrac-
during the ~5-ns fluorescence lifetime of ATR. Interdo- tion was consistent with a linear combination of the rigor
main motions of the protein are likely to be considerablyand relaxed orientations (Cooke et al., 1982; Roopnarine
slower than this, and in the present measurements wouldnd Thomas, 1995). This discrepancy between results from
contribute to the estimates of static disordem the Gauss- different probes bound to SH-1 suggests that some probes at
ian model, off in the helix plus isotropic model. Motions on that site change their orientation relative to the catalytic

Nanosecond probe wobble
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domain as the contractile state is varied (Tanner et al., 1992ion (Table 2). The mean angle change could be different
Berger et al., 1996). from this if not all of the heads in the fiber respond to the
The orientations of 5- and 6-ATR on SH-1 were very length step, a possibility that is discussed more fully in a
similar (Berger et al., 1996), in contrast to the distinctlater section.
orientations of the two isomers on the RLC. The difference The changes in polarization ratios of ¢$%° probes in
is presumably due to local interactions between the ATResponse to length steps in active contraction are very small
isomers and the protein surfaces. E§of chicken gizzard  (Fig. 3), suggesting that the 5-ATR dipole is nearly normal
RLC is likely to be a surface residue (Rayment et al., 1993bto the plane in which the long axis of the light chain region
Xie et al., 1994), whereas CY¥ of the heavy chain is in a tilts (the tilt plane) in response to the length step. In contrast,
cleft (Rayment et al., 1993b), which may contribute tothe length step response of G¥%%in rigor is very similar
determining the probe orientation. to that of Cy3°-® (Fig. 6). The different response of the
5-ATR probe in active contraction and rigor might be
caused by a change in the orientation of the probe relative to
the RLC, but the observation that the extent of rapid probe
wobble, 8, does not change appreciably makes this possi-
bility unlikely. A more likely explanation is a torsional
In a rigor fiber the angle between the 5-ATR dipole and themotion of the RLC between active contraction and rigor, as
fiber axis is~20° less than the corresponding angle for thesuggested earlier to explain the different steady-state orien-
6-ATR dipole @4 in Table 2; 6, and 6, in table 2 of tations of the two isomers. Further experiments using bi-
Sabido-David et al., 1998a). In the transition from rigor tofunctional rhodamine probes with predefined orientation
relaxation or to active contraction, the 6-ATR dipole be-with respect to the RLC (Sabido-David et al., 1997; Hop-
comes more parallel to the fiber axis, but the 5-ATR dipolekins et al., 1997) also suggest this torsional motion.
becomes more perpendicular to it, so that the separation of
the axial angles of the two isomers is only 5-8° (Sabido-
David et al., 1998a). The difference between the angles lastic and active responses to length steps
the two probes relative to the fiber axis would not change i
the RLC underwent a purely axial rotation. The oppositeThe changes in polarization ratios in response to length
behavior of the two ATR isomers suggests that the motiorsteps had distinct time courses in active contraction and
of the RLC region in this transition is not simply an axial rigor. In rigor, Q ratios for both ATR isomers showed
rotation, but may involve a torsional motion of the RLC deflections during the length steps, but negligible changes
around its long axis (Sabido-David et al., 1998a). On otheafter them (Fig. 6). The changes @ ratios induced by
grounds, Cooke (1986) postulated a torsional motion of thejuick stretches were reversible and had a roughly linear
region of the myosin head farthest from actin during thedependence on the size of the length step. Similar experi-
power stroke. ments with 5-ATR bound to SH-1 of the myosin heavy
The responses of the two ATR isomers to length stepghain showed no change in tReratios during length steps,
applied in rigor and active contraction support the idea of asuggesting that the catalytic domain of the myosin head is
torsional motion of the RLC between these two states, andgidly attached to actin, although it is possible that the
suggest that the axial motion between the states might b&8-ATR dipole is at an unfavorable angle for detecting axial
considerably larger than that implied by steady-state fluomotion (Berger et al., 1996). The motions reported by the
rescence polarization measurements. Such measuremelREC probes therefore indicate that elastic bending within
generally cannot distinguish between angleand 180°— the myosin head allows the RLC region to tilt. The flexible
0 with respect to the symmetry axis of the sample. Thisregion may be at the interface between the catalytic and
ambiguity arises both from the dipolar nature of the absorplight chain regions.
tion and emission optical transitions and from the twofold In active contraction, deflections of th@ ratios were
symmetry of the sarcomere about the equatorial plane peebserved both during the length steps (corresponding to
pendicular to the fiber axis. However, when changes in theohase 1 of the tension transients) and during the quick
polarization ratios are measured after length steps, the aiphases of tension recovery (phase 2 of the tension transient).
gles6 and 180°— 6 can be distinguished. Thus the motions of the RLC region are related to both
The change in orientation of the CY8° probes in re- elastic properties and the conformational changes that are
sponse to a quick stretch in active contraction is in theresponsible for active force recovery after filament sliding.
direction opposite that in rigor (Irving et al., 1995; Figs. 2 For small steps the deflections @f, in phase 2 were in the
and 6 here), suggesting that the probe dipoles that resporsAme direction as those in phase 1 for both ATR isomers,
to the length step lie on opposite sides of the equatoriahlthough the phase 1 deflections were larger than those in
plane in the two states. If all of the probes in the fiberphase 2 (Figs. 2-5). These results suggest that the RLC tilts
respond to the step, the change in orientation of the 6-ATRurther during active force recovery, and in the same direc-
dipole between rigor and active contraction would-b85°,  tion as in the elastic response. For an active release the
taking 6, = 61° in rigor and (180- 54)° in active contrac- direction of tilting in both phases was toward the rigor

Torsional and axial changes of the RLC region
between rigor and active contraction
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orientation. The 5- and 6-ATR probes at five other positionspeak may greatly underestimate the tilting of the fraction
on chicken skeletal RLC also tilted toward their rigor ori- that does move. The dependence of changéQpand*Q
entations in active releases (Hopkins et al., 1996b; Sabidmn the amplitude of the length step (Figs. 4 and 5) is
David et al., 1998b). markedly nonlinear, which helps to quantitate the propor-
In many of the present experiments, mechanical complitions of tilting and nontilting cross-bridges. A possible
ance at the ends of the fiber allowed sarcomere lengtinterpretation of this nonlinear behavior is that a release
changes to persist during phase 2 of the transients (Figs. @uses the 6-ATR dipoles to tilt away from the fiber axis
and 3). Tension recovered toward the isometric value duringnd approach or cross the equatorial plane perpendicular to
this period. Since th@, ratios changed in the same direc- the fiber axis. Thus'Q, increases for small releases, but
tion during phase 2 as during the phase 1 in these examplesaches its maximum value for larger releases when the
they might be detecting changes in the orientation of thalipole reaches the 90° plane, and still larger releases pro-
RLC accompanying filament sliding rather than force gen-duce a smaller change #fQ, . This interpretation is sup-
eration per se. However, in experiments with negligibleported by the observation that for large releas€s, re-
filament sliding during phase 2, th@, ratios still showed covers during phase 2 toward its isometric valirsétin
deflections during phase 2 in the same direction as duringrig. 4, trace 4, in contrast to the continued change in the
phase 1, indicating that the phase 2 component is not causedme direction as during phase 1 seen for smaller releases
by end compliance (see also Irving et al., 1995). (trace 1. The angle changes of the probes that tilt in
response to length changes are much greater than the aver-
age angle change. On this basis, amplitudes of the polariza-
tion ratio changes are relatively small, because a fraction of
probes do not tilt in response to the length steps.
In rigor, deflections of th&) ratios produced by length steps ~ We estimated the fraction of tilting cross-bridges and
were generally proportional to the change in sarcomer@ontilting cross-bridges by extending the Gaussian model of
length for both isomers, but in active contraction the rela-probe angular distribution to two components. A tilting
tionship was markedly nonlinear. For C§%° the deflec- fractionF is assumed to have a Gaussian distribution with
tions of both*Q, and *Q, saturated for releases ef7  peak anglé),, which changes when length steps are applied,
nm/h.s., and larger releases caused smaller deflectiorand a constant width,. In the isometric condition, the value
(Figs. 4 and 5). Applying the Gaussian orientation modelof 6, is 6,,. If X is the translation of the myosin head-rod
with the assumption that all of the probes are distributedunction away from the position wheig = 90°, then6, =
according to a single Gaussian peak, these results indicat®s *(x/L,), wherelL, is the length of the tilting segment of
an approximately linear decrease in peak angjeof up to  the myosin head. The nontilting fraction {1F) is assumed
6° for stretches of 7.5 nm/h.s. and a maximum increase dfo have a peak anglé, and widtho,,. The six parameters
~2° for releases of 7.5 nm/h.s. If tilting of the 10-nm required to describe this two-component modelf,,, o,
myosin light chain region accounts for all of these appliedd,, o,,, andL,, lead to curves of expected change'@ and
length changes, the expected tilt angle is given approxi*Q, versus size and direction of length step, which are fitted
mately by tan* (7.5 nm/10 nm)= 37°, much greater than to corresponding experimental dasa(ooth curves through
the values given by the Gaussian model. Several factorthe solid pointsin Fig. 5 A). The fraction,F, and the
might reduce the observed tilt, such as an unfavorablésometric angle of the moving fraction of probek,, are
angular disposition of the probe relative to the RLC, par-constrained by the slope and curvature of the plots in Fig. 5,
ticipation of less than 100% of the cross-bridges in thewhereas apparent length of the tilting regidgp, is deter-
length step response, filament compliance, and incompletsined by the polarization ratios at the largest stretches and
recovery of tension after the length change. releases. Values obtained for the parameters fit to the data
The probes could be oriented at an angle that is unfavoren the elastic response in Fig. 5 &e= 12%, 0,, = 60°, o,
able for detecting the motion; for instance, their dipoles may= 22°, 6, = 53°, andg, = 27°. Estimating the sixth
be oriented out of the tilt plane. However, in experimentsparameter|,, requires relating the motion at the head-rod
similar to those presented here, using a series of five singlgunction, x, to changes in striation spacing. If we assume
cysteine mutants of chicken skeletal RLC, labeled withthat half of the sarcomere compliance resides in the attached
either the 5- or 6-isomer of IATR, the angle changes pro-myosin heads and the other half in the myosin rod and the
duced by length changes were not larger than those obtainddaments, thenL, = 9.4 nm. If 25% of the sarcomere
in the present work (Sabido-David et al., 1998b). It seemsompliance were in the heads and 75% elsewhere, lthen
highly unlikely that all of these probes could be oriented atwould be 4.7 nm.
unfavorable angles. The similar dependence of the model curves and data
Among all of the biochemical and mechanical statespoints on the amplitude of the length step indicates that the
populated during a contraction, some would not be expectedremise of a small fraction of probes tilting through a
to tilt in response to the length steps (e.g., detached headsklatively large angle adequately explains the data. The
Therefore the angular changes calculated assuming that tliaction, F, of tilting probes estimated in this model is
probe distribution is described by a single Gaussian modeielatively insensitive to alignment of the probes with the

Nonlinearity of the length step response
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tilting plane, butf,, andL, depend on the orientation of the Properties of attached cross-bridges before
probe dipoles relative to the tilting plane. The values giverforce generation

above depend on the particular assumptions of the model h ) h £ EBSin o .
and thus should be taken only as guidelines that serve t_-l(; € opposne stretp response o w n rigor and active .
illustrate that the data can be explained by a small fractiorsometric C(_)_ntractlon allows us to mvestlg_ate the dynam_lcs
of probes tilting by a relatively large angle. Assuming thatOf the transition between these two states in the cross-bridge

half of the sarcomere compliance is in the heads, a stefYCle: When the fiber is switched from rigor to active
release of 9.4 nm that translates the head-rod junction by 4 g°ntraction by photolysis of caged ATP in the presence of
nm tilts the moving 12% of the probes from 60° to 90°. Ca", theQ ratios change first (see aIsp Allen gt al., .1996),
Larger releases tilt the probes beyond 90°. The same Wid@en.the stretc_h response becomes like that in actlvg con-
range of length steps as shown in Fig. 5 was examined ifaction, and finally, force development ensues. This se-
one other experiment. Very similar values of the fitted 9U€NCe provides evidence for an |r_1|t|al state of cross-bridge
model parameters were obtained. attachment, before force generation, that nevertheless re-
The nontilting fraction of probes~(88% for Fig. 5) may qunds to Iengt_h changes in the same way as the stgady-state
be on detached cross-bridges, but some attached Crog;tlve_ cross-bridges. When the ampunt of photoliberated
bridges may also be included. If they quickly detach as they™T P i reduced, all three of these signals are slowed, and
reach the end of their working stroke during the transient!N€® changes in kinetics are accounted for simply by the
attached cross-bridges would not contribute fully to theSlower rate of ATP binding (Fig. 9). In a sequence of linked
response. Weakly attached cross-bridges that have not efgactions with similar rate constants, asin the cross-bridge
tered the working stroke may also detach quickly when th&ycle, several processes may determine the overall reaction
length change is applied. rate, detected here as the rate of force development. In our
The polarization ratios after the quick recovery can be€Xperimental conditions, with [ATPE 1 mM, the final
qualitatively explained on the same basis. After the step, thé€velopment of force is apparently controlled by several
probes continue tilting in the same direction as during theProcesses: the rate of ATP binding, attachment of cross-
step. This tilting during quick tension recovery results inbridges (probably weakly bound) that do not contribute
further deflections of the) signals, except for the largest force, and the transition into the force-generating state.
releases, where further tilting beyond 90° reduces the desilament sliding due to series compliance within the sarco-
flections, as observed. However, the simple geometriéneres or at the fiber ends may also affect the rate of force
model described for the elastic response did not fit the quicklevelopment.
recovery data as well, indicating that further processes (e.g., In muscle relaxed at low ionic strength, the high-fre-
nonlinear extent of active tilting, cross-bridge detachmentduency stiffness of the fiber is high (Brenner et al., 1982),
etc.) take place. and the equatorial x-ray diffraction pattern indicates con-
Nonlinearity of the Cy¥®-length step response in active siderable cross-bridge mass near the actin filaments (Bren-
contraction is apparent as tilting in the same direction foer et al., 1984). These observations have been interpreted
stretches as for releases (Fig. 3). This could be explained b§s indicating the attachment of cross-bridges in a state
probes tilting away from the equatorial plane, although it issimilar to the preforce attachments discussed above (Bren-
unlikely that a large proportion of the probes could be at 90ner, 1987). Although the changes@ratios are small, the
during active contraction, because the peak angle fostretch response of the attached cross-bridges under these
Cys'®8Sis <50° (Table 2). The possibility that a moving low ionic strength conditions (Fig. 7) is in the same direc-
fraction of 5-ATR dipoles is oriented along the fiber axis is tion as the active stretch response (Fig. 2). This result is
made unlikely by the negative deflections*@i, and¥Q,,  consistent with the results of the caged ATP experiment
indicating probe motions toward the fiber axis. indicating preforce attachments with the active-type stretch
The length step response of GY%° probes in rigor was response (Fig. 9). Together, these results support the hy-
linear in the range of length steps tested (approximatelypothesis that cross-bridges attached to actin filaments in
—0.5 to +3 nm/h.s.; data not shown). A two-component fibers relaxed at low ionic strength are structurally similar to
model similar to that described above for active contractiorthe initial, preforce cross-bridges present during normal
data could be fitted to the rigor length step data, but thecontraction.
model parameters were not constrained to unique values. However, the steady-state values of fluorescence polar-
For instance, 90% of the cross-bridges tilting 0.4°/nm/h.s. ofzation ratios in the low ionic strength relaxing solution are
length change or 20% tilting 1.8°/nm/h.s. are consistentonsistent with a mixture of populations of probe dipole
with the polarization ratio changes. In this model, values oforientations characteristic of normal ionic strength relaxing
the tilting fraction lower than 20% were not consistent with and rigor solutions (Sabido-David et al., 1998a, and Table 2
the data, because the calculated dependencg afanges of this paper), with no evidence of a component with the
on length step amplitude became markedly nonlinear. Thusrientation distribution characteristic of active contraction.
more rigor cross-bridges seem to respond to imposed lengfhhe steady-state and length step results may be rationalized
steps than active cross-bridges, as expected from the high#ithere are at least two populations of cross-bridges in low
stiffness in rigor. ionic strength relaxing solution, one at the rigor orientation
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with the rigor stretch response and another, larger group dorejdo, J., and S. Putnam. 1977. Polarization of fluorescence from single
the active orientation with the active stretch response. The skinned glycerinated rabbit psoas fibers in rigor and relaxaBachim.

mbination of these two populations with opposite signs of, 0~ AGA459:578=995.
co ation otthese two popufations OPPOSIte SIgNS OfBrenner, B. 1987. Mechanical and structural approaches to correlation of

stretch response would lead to small changes irtinatios cross-bridge action in muscle with actomyosin ATPase in solution.
after a stretch, as observed (Fig. 7). Annu. Rev. Physiol9:655-672.
Brenner, B., M. Schoenberg, J. M. Chalovich, L. E. Greene, and E.

Eisenberg. 1982. Evidence for cross-bridge attachment in relaxed mus-
cle at low ionic strengthProc. Natl. Acad. Sci. USA/9:7288-7291.

Brenner, B., L. C. Yu, and R. J. Podolsky. 1984. X-ray diffraction evidence

SUMMARY
i for cross-bridge formation in relaxed muscle fibers at various ionic
Fluorescence polarization measurements cannot generalIystrengthsBiophys_ 146:299-306.

T o
dIStIhg_UISh_pl’Obe angl@and 180°- 6, because the probes Burghardt, T. P., S. P. Garamszegi, and K. Ajtai. 1997. Probes bound to
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