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Influence of ADP on Cross-Bridge-Dependent Activation of Myofibrillar
Thin Filaments

Dahua Zhang, Kyle W. Yancey, and Darl R. Swartz
Department of Anatomy and Cell Biology, Indiana University Medical School, Indianapolis, Indiana 46202 USA

ABSTRACT Contraction of skeletal muscle is regulated by calcium at the level of the thin filament via troponin and
tropomyosin. Studies have indicated that strong cross-bridge binding is also involved in activation of the thin filament. To
further test this, myofibrils were incubated with a wide range of fluorescent myosin subfragment 1(fS1) at pCa 9 or pCa 4 with
or without ADP. Sarcomere fluorescence intensity and the fluorescence intensity ratio (non-overlap region/overlap region)
were measured to determine the amount and location of bound fS1 in the myofibril. There was lower sarcomere fluorescence
intensity with ADP compared to without ADP for both calcium levels. Similar data were obtained from biochemical measures
of bound fS1, validating the fluorescence microscopy measurements. The intensity ratio, which is related to activation of the
thin filament, increased with increasing [fS1] with or without ADP. At pCa 9, the fluorescence intensity ratio was constant until
80-160 nM fS1 without ADP conditions, then it went up dramatically and finally attained saturation. The dramatic shift of the
ratio demonstrated the cooperative character of strong cross-bridge binding, and this was not observed at high calcium. A
similar pattern was observed with ADP in that the ratio was right-shifted with respect to total [fS1]. Saturation was obtained
with both the fluorescence intensity and ratio data. Plots of intensity ratio as a function of normalized sarcomere intensity
(bound fS1) showed little difference between with and without ADP. This suggests that the amount of strongly bound fS1, not
fS1 state (with or without ADP) is related to activation of the thin filament.

INTRODUCTION

Regulation of contraction in striated muscle involves cal-lates the kinetics of a step in the actomyosin ATPase path-
cium binding to troponin followed by changes in the actin-way. The phosphate release step was proposed as the
tropomyosin interaction, allowing for actomyosin interac- calcium-sensitive step (Chalovich and Eisenberg, 1982), yet
tions and contraction. The steric-hindrance model wastudies with caged phosphate show little change in rate with
proposed to explain the molecular mechanisms of activaaltered calcium (Millar and Homsher, 1990; Walker et al.,
tion. It proposes that calcium binding to troponin moves1992). The calcium sensitivity of tension redevelopment is
tropomyosin to a position that does not block the interactiordramatically reduced by treatment of skinned fibers with
of actin and myosin (reviewed in Squire and Morris, 1998).N-ethylmaleimide-modified S1, suggesting that the change
While the early x-ray diffraction studies that gave rise toin kinetics is the result of strong cross-bridge activation of
this hypothesis were highly model-dependent, more recernhe thin filament (Swartz and Moss, 1992). However, recent
studies using electron micrographic methods generally supskinned fiber studies using a conformationally sensitive
port a model based upon tropomyosin movement (Lehmafluorescent probe on troponin | (Brenner et al., 1999) show
et al., 1994; Vibert et al., 1997; Xu et al., 1999). Biochem-that the kinetics of troponin | fluorescence change are much
ical studies show calcium-dependent changes between trggster than tension redevelopment, and thus not limiting the
ponin | and actin (Tao et al., 1990; Miki and lio, 1993) but rate of tension redevelopment (Brenner and Chalovich,
not tropomyosin and actin (Tao et al., 1983; Miki et al., 1999). Thus, whether calcium regulation is via rate of
1998). Conformation changes in tropomyosin at the tropocross-bridge cycling (kinetic) or number of cycling cross-
nin binding site are not sensitive to calcium binding (Ishii pridges (steric) is yet to be resolved. In vitro motility studies
and Lehrer, 1990), while changes outside the troponin bindgsjng regulated actin filaments show both changes in the
ing region are calcium-sensitive (Farah and Reinach, 19994mper of filaments moving and their speed as a function of
An alternative model (reviewed in Chalovich, 1992) hascgicium (Homsher et al., 1996; Gordon et al., 1997), which

been proposed for the regulation of contraction based UpOgoes not fully resolve the kinetic/steric debate on thin fila-
biochemical (Chalovich and Eisenberg, 1982) and mechangent regulation.

ical (Brenner, 1988) studies. In this model, calcium regu- Independent of the detailed mechanism of calcium regu-

lation, strong binding of cross-bridges plays a role in the
process. The structural and biochemical data, which do not
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also supports the idea that rigor cross-bridges activate th8olutions

thin filament (Swartz et al., 1990), while calcium alone does
( ) Calcium buffers were made by mixing stock solutions of pCa 9.0 and 3.0.

not fully activate the thm fllament for rigor S1 blndmg The base solution was 20 mM PIPES (pH 7.0), 4 mM Mg(@e), 4 mM
(Swartz et al., 1996). Biochemical data show that there is &:TA, 1 mM NaN, KCl to yield 200 mM ionic strength, and CaQlo
conformational (Ishii and Lehrer, 1990) and positionalyield the desired free calcium concentration. The stability constants listed
change (Graceffa, 1999) in tropomyosin associated wittpy Godt and Lindley (1982) and Fabiato’s program (1988) were used to
strong cross-bridge binding. A two-state model was prO_determl_ne the cqncentratlons of total Mg@hd CaC} needed to achieve

. . . the desired free ion concentrations.
posed by Hill et al. (1980) with calcium and/or strong
cross-bridge binding, shifting the thin filament from the
weak to strong binding state. Detailed analysis at both thdinding studies
b'OChem'Cal _and structural level of calcium .and StrongMyofibriIs (0.25 mg/ml final) were mixed with different levels of fS1
cross-bridge-induced movement of tropomyosin has led t@o.1-7680 nM) in either pCa 9.0 or pCa 4.0 buffer containing 1 mM DTT
the proposal of three different states of the thin filamentand 1 mg/ml BSA under eitherH) or (=) ADP (4 mM final) conditions.

(MCKillOp and Geeves. 1993 Vibert et al 1997) The Contaminating ATP was removed from the ADP by pretreatment of stock
. . > ’ | e ADP (20 mM) with 20 mM glucose and hexokinase (10 units/ml) for 30
biochemical states (I\/ICKI||Op and Geeves, 1993; Head eFnin. The incubation solution also contained 2001 di(adenosine) penta-

al., 1995; Maytum et al., 1999) are defined as blOCkedphosphate to inhibit the intrinsic myokinase activity, which could convert
closed, and open. Structurally, the three states are related #®P to ATP and AMP. Without the di(adenosine) pentaphosphate, the
different positions of tropomyosin at no-calcium, high-cal- myofibrils with ADP shortened independent of calcium. The myofibril/fS1

. - . . mixture was incubated fat h atroom temperature in the dark, then 100
cium, and with strongly bound myosin heads (Vibert et aI"solution was spread on a coverslip and fixed with 3% formaldehyde in the

1997)- A_ queStion_ that .r-emains is the contribution Of.same buffer as the incubation buffer without fS1. The coverslips were
changes in troponin position to the proposed changes ifinsed with pCa 9.0 or 4.0 buffer, then mounted on 75% glycerol, 20 mM

tropomyosin based upon structural studies (Lehrer, 1994fris (pH 8.5), 2 mM MgC}, 2 mM EGTA, 1 mM NaN, 1 mg/ml
Squire and Morris 1998) p-phenylenediamine and sealed with nail polish. The slides were stored at

To test the hypothesis that strong binding cross-bridges 20°C until observation.

are involved in shifting the thin filament into the “on” or
open state, we investigated the amount and distribution ofmaging

flu_ores_cently Ial_aeled myosin sgbfragment 1(fS_1) n myOfI'Myofibrils were imaged using a Zeiss Axiovert TV (Thornwood, NJ)
brils with and without ADP at high and low calcium. There epjfiuorescence microscope equipped with a 206il-immersion phase

are several advantages to this approach in that we use thentrast lens (NA 1.3), and a narrow-bandpass Texas Red filter. Digital
native thin filament, can monitor the distribution at very low images were obtained with 12-bit resolution using a CCD (KAF 1300 chip,
levels of fS1. and can compare the)(and (+) ADP state Photometrics Inc., Tucson, AZ) controlled by a Matrox board using IPLab

. . Spectrum software (v3.0, Signal Analytics, Vienna, VA) run by a Macin-
of the myosin head. Comparlng—][ and (+) ADP allows tosh 840AV. The images were obtained by first acquiring the phase

for testing whether the state of the strongly bound crosscontrast image and then the fluorescence image. The wide dynamic range
bridge influences the closed-to-open transition. A feature obf fS1 levels required the use of different exposure times and a neutral

the MCKiIIOp and Geeves and Hill models is that the nu_density filter in the excitation pathway to prevent saturation of the camera

cleotide state of S1 does not influence the closed/o eﬁthigh fS1 levels. Sarcomeric fluorescence intensity data were corrected to
P compensate for these variations in imaging. IPLab Spectrum software was

(off/on) equilibrium. The current study validates our previ- yseq for image processing and analysis of fluorescence intensity data.
ous studies and supports the idea that strong cross-bridgarcomere fluorescence intensity and the fluorescence intensity ratio (non-

binding has a dominant role in thin filament activation, overlap/overlap) were measured as described in Swartz et al. (1996) with
while the nucleotide state of the strong binding Cross—bridgéninor modifications. The spacing from the Z-line to the non-overlap and

. . [ overlap window was 0.31 and 0.89n, respectively, for the shorter-length
has little influence on the closed/open (off/on) equilibrium. thin filaments of rabbit psoas myofibrils. Fluorescence intensity and fluo-

rescence intensity ratio data represent the mean of 18—20 myofibrils per
treatment using three contiguous, in-focus sarcomeres per myofibril. For
visual presentation, the 12-bit myofibril images were rotated to the hori-

MATERIALS AND METHODS zontal with bilinear interpolation and cropped such that a Z-line was in the
. center of the image. Fluorescence images are presented in 8-bit and
Proteins individually normalized to demonstrate the fluorescent pattern, not the

- . . . . fluorescence intensity.
Myofibrils (rabbit psoas) and myosin (bovine cutaneous trunci) were y

prepared as described in Swartz et al. (1990). Myosin subfragment 1 was

prepared using chymotryptic digestion, and the S1 was purified on SPAssays

Sephadex, as described in Swartz and Moss (1992). Fluorescent S1 (fS1)

was prepared as described in Swartz et al. (1996) with Texas Red CRiyofibrillar protein was determined using the biuret assay (Gornall et al.,

maleimide (Molecular Probes, Inc., Eugene, OR). The labeled protein wag949), S1 concentration using UV absorbance, and fS1 using the bicin-
stored as an ammonium sulfate pellet at 4°C. Before use, the protein washoninic acid assay (Hill and Straka, 1988) with S1 as the standard. The
desalted on a Sephadex G-25 column equilibrated with pCa 9 or 4 buffeamount of fS1 bound to myofibrils was measured both by a biochemical
(see below) with 1 mM DTT. method and by image analysis using fluorescence intensity. Biochemical
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analysis was done as described in Swartz et al. (1996) using th¢ NH
EDTA ATPase assay. The Bssay of Carter and Karl (1982), with minor 0.1+
modifications (Swartz et al., 1999), was used to determine ATPase activity.

Standard curves were made using fS1 to determine the free and total fS1. 0.09
Bound fS1 was determined by subtracting free activity from total activity.
Myofibrils samples without fS1 were processed in the same fashion to
correct for residual myofibrils in the supernatant. Reagents were from ¢ .g7]

0.08

Sigma Chemical Co. (St. Louis, MO) unless specified otherwise. g

£ 0.06

.5. 0.05
RESULTS g

_ . . g 0.041 pCa 8 -ADP

In initial studies, ADP was pretreated with glucose and @ 03
hexokinase to remove contaminating ATP. Without this %] = pCa9+ADP
pre-treatment, the myofibrils shortened rapidly upon addi- 0.62 o pCa 4 -ADP
tion of ADP. With this treatment, acute sarcomere shorten- . | e pCa 4 +ADP
ing was not observed, but a slow decrease in sarcomere
length occurred, which was inversely related to the fS1 level o5 1000 2000 2000 2000 5000
(higher fS1 gave less sarcomere shortening). To eliminate Total fS1 (nM)

this problem, di(adenosine) pentaphosphate (a myokinase
inhibitor) was added to myofibrils before addition of ADP, FIGURE 1 Fluorescent S1 binding to myofibrils measured by ATPase
ncubated fo 4 h wih ADP. then sarcorere lengih vias S M0l o oo S ke or £ o nd i )
analyzed. This showed that, at 2004 dl(adenosme) was remo?/ed by centrifugation and free fS1 was determined by ATPase
pentaphosphate, the sarcomere length was essentially thgivity in the supernatant. Data points represent the me®D (1 = 4).
same as {)ADP controls (2.78um, data not shown). Note that there was little difference between pCa 9 and 4, whi)eADP
Lower concentrations resulted shorter sarcomere lengthggave less bound than without ADP at low levels of fS1.
with no inhibitor, giving a sarcomere length of 2.p&. For
all subsequent experiments, 2001 di(adenosine) penta-
phosphate was included to inhibit ATP production from concentration (40 nM), fS1 was bound predominantly in the
myokinase. Similar observations on the influence of ATPoverlap region and changed to the non-overlap region at
contamination (both direct and indirect via myokinase) havehigher levels. At pCa 4.0, there was little apparent change in
been noted in skinned fiber preparations (Horiuti et al. distribution with increased [fS1], with the fS1 being pref-
1997). erentially in the non-overlap region. Lower levels of fS1 at
The amount of bound fS1 was determined biochemicallypCa 4.0 resulted in most of the fS1 in the overlap region
by measuring the free fS1 level in the supernatant using thémages not shown, see Fig. 5 below and Swartz et al., 1996,
NH/EDTA ATPase assay with fS1 as the standard. Therig. 4). Fig. 3 shows the influence of ADP on fS1 distribu-
conditions were the same as those used for samples préen at pCa 9.0. The change in distribution of fS1 with
pared for fluorescence microscopy. Fig. 1 shows the relaincreased levels of fS1 with ADP lagged behind that with-
tionship between total and bound fS1 at pCa 4 and 9 eitheout ADP, but both patterns were similar at 22M. At pCa
with or without ADP. Globally, the amount of bound fS1 4.0, the influence of ADP was not visually apparent (images
saturated at fS1 levels2.5 uM. Without ADP, there was not shown).
no difference between the amount bound at high and low To determine the amount and distribution of fS1, we
calcium, while with ADP there was a difference at the measured the sarcomeric fluorescence intensity (amount)
lowest fS1 level. Addition of ADP resulted in less fS1 and ratio of the intensity in the non-overlap to the overlap
bound at levels below 2M, as would be expected for the region (distribution) using analytical fluorescence micros-
10-50-fold weaker binding of S1-ADP to actin compared tocopy (Swartz et al., 1996, 1997). These methods reduce the
without ADP (McKillop and Geeves, 1991). The biochem- visual images into numerical data, allowing for plots of the
ical methods show that ADP influenced the amount boundamount and distribution of fS1 as a function of fS1. Myo-
while calcium had little influence on the amount bound with fibrils were incubated with a wide range of fS1 levels
or without ADP. This method does not give information on (0.1-7680 nM) and imaged quantitatively using fluores-
the location of fS1 binding within the myofibril. cence microscopy. For this wide range, different exposure
The distribution of the bound fS1 at high/low calcium times and a neutral density filter were used to ensure that the
with and without ADP was observed using fluorescencedynamic range of the camera was not exceeded. Linearity of
microscopy. Fig. 2 shows the distribution of fS1 at selectthe camera with exposure time using fS1-treated myofibrils
levels of fS1 at pCa 9 and pCa 4 without ADP to demon-was confirmed (data not shown). The sarcomeric intensity
strate the differences in distribution. The distribution of fS1data were corrected for exposure conditions and plotted on
at pCa 9.0 changed dramatically with increased fS1; at lova log/log scale in Fig. 4. Globally, the sarcomeric fluores-
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FIGURE 2 The pattern of fS1 binding is calcium dependent. Myofibrils at pdaf®t(vo paneljor 4 (right two panel$ were incubated with different

levels of fS1 (40, 160, 640, and 2560 nM) without ADP, fixed, then imaged. Outer panels are phase contrast and inner panels are fluorescence micrograph
The fluorescence images were processed to show the fluorescence pattern instead of intensity. Vertical lines note Z-lines and horizontattiaedsiote

The pattern of fS1 binding was influenced by calcium and fS1 level. Scale bapis.5

cence was less with ADP than without ADP, and saturatedvas used as a measure of the distribution. A vaileis
at fS1 levels>2 uM. Differences between high and low obtained when more fS1 is bound in the overlap region,
calcium were not observed without ADP, but differenceswhile a value of 2 is obtained when all available actin sites
were apparent with ADP below 2 nM fS1, with more being are saturated with fS1 (Swartz et al., 1996). Globally, the
bound at pCa 4.0. Comparison of the fluorescence intensityatio saturates with a value of 1.9 at fS1 levels-2 uM, as
and biochemical data show similar results in that calciumobserved for sarcomeric intensity and the biochemical as-
had little influence, ¢) ADP gave less bound than-{ say. Fitting of the data with a sigmoid logistic equation of
ADP, and saturation at fS1 levels wa2 uM. the form intensity ratio= ((a — d)/(1 + (nM fS1/c)?)) + d
Analysis of the distribution of fS1 is shown in Fig. 5. For gave the smooth lines in the figure. The fitted values are
this, the fluorescence intensity was measured in a window ishown in Table 1 and relate t@ = y-intercept,b =
the non-overlap and overlap region, and the ratio of theseooperativity parameterc = total fS1 at the transition

- ADP + ADP
fS1(nM) Phase Fluorescence Fluorescence Phase

160
640

2560

FIGURE 3 The pattern of fS1 binding is influenced by ADP at pCa 9.0. Myofibrils at pCa 9.0 were incubated with different levels of fS1 Veithout (

two panel$ or with (right two panel$ 4 mM ADP, fixed, then imaged. Outer panels are phase contrast and inner panels are fluorescence images. The
fluorescence images were processed to show fluorescence pattern instead of intensity. Vertical lines note Z-lines and horizontal lines sioéofe-band

the difference in pattern between with and without ADP at 160 and 640 nM fS1. Scale bamis 5
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TABLE 1 Fitted values for sarcomeric intensity data

10E+113

,:g ] Condition a* b* c* o r2t

%1.0&10— E E i pCa 9— ADP 0.26 3.6 227 1.93 0.99

% 3 E E pCa 9+ ADP 0.28 3.2 680 1.90 0.99

s g i pCa 4— ADP 0.63 1.1 24.3 1.95 0.99

Z 1:0E+93 5 g pCa 4+ ADP 0.44 0.84 18.6 1.88 0.99

[Z]

g i ] ' *sarcomeric intensity= (@ — d)/(1 + ("M fS1/k)P)) + d. a = intensity

‘@ 1.0E+8+ a ratio at 0 fS1;b = cooperativity parametec = nM fS1 at midpoint of

s E ] o pCas-ADP transition;d = peak plateau intensity ratio.

2 E O pCa4-ADP 2 = coefficient of determination.

g 1.0E+7 E E m pCa9+ADP

g § E & ® pCa4 +ADP

Q

§ ¥ . . .

§ 1O0EER ranged from 0.63 to 1.9 and was slightly higher than with

§ ADP (0.44 to 1.9) over most of the fS1 range. There was
1.0E45+—— little difference in the transition midpoint for high calcium

T Tt T T T T
oET VRO M st TR TOR with and without ADP (18 and 24 nM fS1, respectively).
The cooperativity parameter was lower for pCa 4 (0.84 and
FIGURE 4 Fluorescent S1 binding to myofibrils as measured by fluo-1.1, with and without ADP, respectively) than for pCa 9.
rescence intensity. Sarcomeric fluorescence intensity was measured ghese data show that calcium had an influence on the
described in Material and Methods and plotted on a log/log scale agai”%istribution of fS1 as a function of fS1 and that ADP had

total fS1. Data symbols are shown in the inset. There was little difference. le infl high Ici d d infl
between pCa 9 and 4 while with ADP resulted in less fS1 bound thal ittle influence at high calcium and a modest influence at

without ADP. Data points represent the mearSD (n = 18-20 myofi-  low calcium.
brils). The observation that the bound fS1 saturates at total fS1

levels >2 uM (biochemical and fluorescence microscopy

analysis) allows for plotting of the ratio data as a function of
midpoint, andd = peak plateau intensity ratio. At pCa 9.0, sarcomeric fluorescence intensity normalized to 7.68
the ratio was constant<0.27) from 0.1 to 100 nM and there tota| fS1. This presentation is shown in Fig. 6 and approx-
was no difference between with and without ADP. Abovejmates a plot of the distribution as a function of the amount
100 nM, the ratio changed substantially with small changegf fS1 bound and corrects for the weaker binding of S1-
in fS1 level p = 3.6 without ADP and 3.3 with ADP) and  ADP to the thin filament. The data with and without ADP fit
this ratio change occurred at lower fS1 without ADP<  310ng the same line within the same calcium range. At high

227 nM fS1) than with ADP ¢ = 680 nM fS1). At high  calcium the data approximate a hyperbolic function, and at
calcium, the ratio was constant between 0.1 and 1 nM fSligy calcium the data follow a sigmoidal response. This

~ 24
184 | pCa9 +ADP g o o a Ol
o 1sd| O pcag-ADP %51-8- L
©
S 14| e pCad+ADP 2'1.6—
B £14
5 124 | o pCa4-ADP e
:]—:) 13 212 O pCa9-ADP
§ 0.8 é 1] O pCa4-ADP
(5]
g 0.6 %0.8 W pCa9 +ADP
3 0.4 8 ® pCad +ADP
[T £06
027 R £ 04
G T T T i T T 1 g
0.05 0.1 1 10 100 1000 8000 502
Total {S1 (nM) 3
L c T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2
FIGURE 5 Fluorescence intensity ratio at high and low calcium with and Normalized Sarcomeric Fluorescence Intensity (fS1 bound)

without ADP. The fluorescence intensity ratio of non-overlap/overlap was

measured as described in Materials and Methods over a wide range of fSAIGURE 6 Fluorescence intensity ratio as a function of amount bound.
levels. Data symbols are shown in the inset. The addition of ADP resulted’he fluorescence intensity ratio is plotted as a function of the amount of
in the same or lower ratio as a function of fS1, and the ratio saturated at fSiS1 bound (normalized sarcomeric intensity at 7.68 fS1). Data symbols

>1 uM at ~2.0. Data points represent the meanSD (n = 18-20 are shown in the inset. Note that ADP has little influence on the ratio when
myofibrils). plotted in this manner.
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mined by the amount of strongly bound fS1 rather than thentensity ratios for with ADP than without ADP. This was
nucleotide state of the strongly bound fS1. not observed (Fig. 5).

The state of the non-overlap region is calcium- and fS1
level-dependent and can be monitored relative to the open
state in the overlap region using the fluorescence intensity
DISCUSSION ratio. At low calcium and low fS1, the non-overlap region is
Methods were developed to measure the amount and distipredominantly in the blocked state. At high calcium and low
bution of strong-binding myosin heads to the regulated actiiS1, the non-overlap region is predominantly in the closed
filaments of myofibrils using quantitative digital fluores- state. At saturating fS1, this region of the thin filament is in
cence microscopy (Swartz et al., 1996). This allows forthe open state independent of calcium. By monitoring the
monitoring the state of the thin filament by analysis of thedistribution of fS1 using the fluorescence intensity ratio as
distribution of fS1 within the sarcomere. The current studya function of fS1 level at high and low calcium and with and
expanded the previous work by using a larger data base arwithout ADP, we can further test the model within the intact
a more robust analysis. These methods were further corilament lattice to determine if the nucleotide state of the
firmed by comparing sarcomeric fluorescence intensity withstrongly bound cross-bridge influences activation of the thin
biochemical measures of bound fS1. A direct correlatiorfilament.
between the biochemical and fluorescence intensity is not The intensity ratio, in theory, should range from near 0 to
readily doable, as the biochemical assay directly measurez0 using the three-state model and the density of available
the free fS1 (bound by difference) while the fluorescenceactin binding sites in the overlap and non-overlap region
intensity directly measures bound fS1. Also, the biochemi{Swartz et al., 1996). Relating the intensity ratio to the
cal assay had much larger errors than the intensity measur&action of open actin sites can be done by halving the
ments. Despite these difficulties, comparisons can be madatensity ratio. Hence, if all actins are in the open state, the
between the trends in the data. Both assays showed the satngensity ratio is 2.0 (1.0 fraction of open actin sites). Under
trends in terms of the influence of calcium and ADP on theconditions that should result in all actins being in the open
amount of fS1 bound as well as saturation as a function o$tate (primarily high fS1 levels), the curve-fitting gave a
total fS1 level. This suggests that the fluorescence intensitplateau of 1.9 (0.9 fraction of open actin sites), very close to
measurements are related to the amount and distribution of f3he predicted value. The presence of the open state in the
rather than quenching of the fluorophore linked to the S1. overlap region independent of calcium or ADP is inter-

The data can be interpreted with the two-state modepreted from the intensity data that show value$ at low
developed by Hill et al. (1980) or the three-state modelfS1 (more fS1 in the overlap region, Fig. 5). There is a
developed by Geeves and colleagues (McKillop andpreference for the fS1 to bind in this region because it has
Geeves, 1993; Head et al., 1995; Maytum et al., 1999). Botlthe highest affinity (open state) for the fS1.
models postulate that calcium and strong S1 binding shift At the extreme of very low fS1, thg-intercept values
the thin filament into the open/on state and that this transi{Fig. 5) support the model in that they can be related to the
tion is independent of the nucleotide bound to S1. Oumdistribution of open actin sites as influenced by calcium
studies cannot readily support one model over the other, aalone. At low calcium, the non-overlap region is primarily
the blocked state was defined from kinetic studies (McKil-in the blocked and closed state; at high calcium, the non-
lop and Geeves, 1993). We prefer to interpret our data fronoverlap region is primarily in the closed state, with some
the three-state model, as there are kinetic (Head et al., 1995jtes in the open state. This influence of calcium is shown by
and structural (Vibert et al., 1997) data that support thighe difference in thg-intercepts pCa 9 and 4 (Fig. 5). The
model. The three states are blocked, closed, and open, afighiction of closed and open states is estimated at 0.22 and
the overlap and non-overlap regions of the thin filament car0.02, respectively without calcium, while it is 0.80 and 0.20
be in any of these states, depending on conditions. The fS&ith calcium (McKillop and Geeves, 1993). A minimum of
does not bind the blocked state and is not detected with ou.26 (0.13 fractional saturation) was obtained from curve-
methods. We assume that with or without ADP, and high offitting of the data at pCa 9.0. If fS1 was bound only to the
low calcium, the overlap region is in the open state becausepen sites, the intensity ratio would be 0.04 without cal-
there are intrinsic myofibrillar cross-bridges strongly boundcium. This is about sixfold lower than the observed intensity
to the thin filament. We also assume that the fS1 detected isatio. This difference can be expected because of the nature
bound to actin sites in the open state rather than the closeaf light emission from a fluorophore and the spatial reso-
state. This assumption is based upon the observation that Kution of the methods. It is assumed that the higher value is
(isomerization into the strong-binding open state) is 200caused by light emitted from fS1 in the overlap region. If the
without ADP and 20 with ADP (Maytum et al., 1999). A region of interest for the non-overlap region were moved
10-fold difference should result in more of the attached fSicloser to the Z-line, then thg-intercept value would be
(both weakly and strongly bound) being in the non-overlaplower. An alternative explanation is that attached fS1 (via
region with ADP than without ADP, resulting in higher formaldehyde fixation) is bound at both open and closed

Biophysical Journal 78(6) 3103-3111



Cross-Bridge-Dependent Activation of Thin Filaments 3109

sites. If this were the case, then tratercept intensity ratio  junction and likely propagates toward the Z-line (Swartz et
should be 0.48 [(0.22- 0.02)%2]; ~2-fold higher than that al., 1990, 1996). Thus, the actin sites shift from the blocked
observed. While this could explain the observation, theto closed to open state. Whether the actin can shift from the
arguments for the fS1 detected being that bound to the opdnlocked state directly to the open state cannot be addressed
state (described above) do not favor this, nor do the data fawvith our methods.
pCa 4.0. If our method of measurement is not the reason for A feature of the two- and three-state models is that the
the difference between the biochemical data and our dataucleotide state of the strong binding cross-bridge does not
then our data at low calcium do not support the three-statenfluence the closed (off)/open (on) transition (Hill et al.,
model. 1980; Maytum et al., 1999). This feature has been supported
The y-intercept was higher for pCa 4 than 9, supportingby biochemical studies (Greene, 1982; Maytum et al.,
the hypothesis that calcium alters the equilibrium among thd 999). Our studies on fS1 binding to the myofibrillar thin
three states (McKillop and Geeves, 1993). Biochemical datéilament show that, at very low levels of fS1, ADP has no
suggest that calcium alters the equilibrium among the threafluence on the distribution at low calcium and has a small
states such that the closed state predominates at high caffect at high calcium, with-¢) ADP having a greater value
cium with 80—85% of the actin being in the closed state,for the y-intercept, suggesting a minor influence of cross-
and the remaining 15-20% being in the open state (Mayturbridge state upon the closed-to-open transition (Fig. 5).
et al., 1999). Converting these proportions into intensityHowever, when the data are plotted in relative terms to
ratio values give 0.3-0.4 for the open state. Vhetercept  show the change in distribution as a function of amount of
for pCa 4 with ADP was 0.44, in strong agreement with thefS1 bound, there is little difference in the change in distri-
biochemical data. Without ADP and at pCa 4, the intercepbution as a function of relative sarcomeric intensity (Fig. 6).
was 0.63 (0.31 actin sites), which is not in strong agreementhis plot emphasizes intermediate-to-high levels of fS1
with the biochemical data in absolute terms. In relativerather than the low level fS1, as shown in Fig. 5. From the
terms, it is in agreement in that calcium alone does not shiftlata plotted in Fig. 6 we infer that the transition from the
all actin sites into the open or active state because thelosed to open state is dependent upon the number of
intensity ratio was<1. If the attached fS1 was bound to strongly bound cross-bridges rather than the state of the
both open and closed states, thenythistercept would be 2 cross-bridge in agreement with the solution binding studies.
[(0.8 + 0.2)x2]. This was not the case, which further sup- If the nucleotide state had a significant influence on the
ports the assumption that the attached fS1 was bound tmansition from closed to open state, then the coincidence of
open sites. The difference between thimtercepts for with  the with and without ADP intensity data as a function of
and without ADP at high calcium suggests that the nuclerelative sarcomeric intensity would not be apparent. Studies
otide state of fS1 may have a minor influence upon theon the geometry of the S1/actin interaction with and without
closed to open equilibrium. However, in this low fS1 range,ADP suggest no difference in the position of the S1 in
the images are difficult to analyze and the data are morskeletal muscle, while smooth muscle S1 did show a dif-
noisy. ference (Gollub et al., 1996). These observations also fit
The increases in the intensity ratio with increased fSiwith our observations on the influence of ADP on fS1
were gradual at high calcium and very steep at low calciumbinding.
Both of these changes are congruent with the three-state Other studies using mechanical measurements suggest
model in that the binding of the fS1 shifts the actin to thethat ADP cross-bridges are more effective at activating actin
open or active state. The cooperativity parameter (steepnefizan nucleotide-free cross-bridges (Thirlwell et al., 1994;
of the fSl1/intensity ratio relationship) determined from Horiuti et al., 1997; Yamaguchi, 1998), which does not
curve-fitting was greater without calcium than with, which agree with our interpretations on how ADP influences fS1
is a feature observed in biochemical studies (Maytum et albinding. These studies used either low MgATP to induce
1999). However, we did not observe apparent cooperativitgalcium-free contraction (Yamaguchi, 1998) or measured-
at high calcium that is observed in solution (Maytum et al.,tension transients after release of caged ATP (Thirlwell et
1999). At high calcium, some of the sitesZ0% in the al., 1994; Horiuti et al., 1997). In all cases, addition of ADP
non-overlap region) are in the open state, and thus becormenhanced the steady-state force or amplitude of the tension
occupied with fS1 even at very low fS1 (Fig. 5). The lack of transient. This led to the conclusion that either ADP cross-
apparent cooperativity with calcium could be because of dridges are more effective activators of the thin filament
difference in the native myofibrillar thin filament compared (Yamaguchi, 1998) or that ADP cross-bridges promote co-
to the reconstituted thin filament and/or our method ofoperative activation of the thin filament, whereas nucleo-
measurement and analysis compared to the solution studigide-free cross-bridges do not (Thirlwell et al., 1994). Our
At low calcium, the transition was very steep. This is studies and the biochemical studies suggest that ADP does
expected because the non-overlap actin is primarily in th@ot influence thin filament activation as measured by bind-
blocked state. The fS1 fills the overlap actin sites first, thering, while the mechanical studies suggest that ADP cross-
binds in the non-overlap region nearest the A-band/I-bandbridges are more effective activators than nucleotide-free
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cross-bridges as measured by force generation. This diffeGraceffa, P. 1999. Movement of smooth muscle tropomyosin by myosin
ence may be real in that ADP cross-bridges may be more N€adsBiochemistry38:11984-11992.
effective at activating force generation than binding MoreGreene, L. E. 1982. Effect of nucleotide on the binding of S1 to regulated

. . - L actin.J. Biol. Chem257:2432-2437.
sophlsucated probes for measuring thin filament aCtlvatlor]—!ead J. G., M. D. Ritchie, and M. A. Geeves. 1995. Characterization of the

in myofibrils or skinned fibers are needed to address this equilibrium between blocked and closed states of muscle thin filaments.
issue. Eur. J. Biochem227:694—-699.

In conclusion, our data show that activation of the thinHill, T. L., E. Eisenberg, and L. E. Greene. 1980. Theoretical model for the

; FRRE ; ; ; _ cooperative equilibrium binding of myosin subfragment 1 to the actin-
filament (as measured by fS1 blndmg) IS prlmarlly depen troponin-tropomyosin complexProc. Natl. Acad. Sci. U.S.A77:

dent upon the number of strongly bound cross-bridges and 3186_3190.

not their nucleotide state, in agreement with the McKillop i, H. ., and J. G. Straka. 1988. Protein determination using bicincho-
and Geeves three-state and Hill two-state models. They alsoninic acid in the presence of sulfhydryl reagersial. Biochem170:
support the concept that a major component of the activa- 203-208-

tion process is the binding of strong cross-bridges to the thifylomsher, E., B. Kim, A. Bobkova, and L. S. Tobacman. 1996. Calcium
regulation of thin filament movement in an in vitro motility assay.

filament rather than calcium (Lehrer, 1994). Biophys. J 70:1881-1892.

Horiuti, K., N. Yagi, and S. Takemori. 1997. Mechanical study of rat
soleus muscle using caged ATP and x-ray diffraction: high ADP affinity

. . . " of slow cross-bridges]. Physiol 502.2:443-447
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