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Photolytic Release of MgADP Reduces Rigor Force in Smooth Muscle

Alexander S. Khromov, Andrew P. Somlyo, and Avril V. Somlyo
Department of Molecular Physiology and Biological Physics, University of Virginia, Charlottesville, Virginia 22906 USA

ABSTRACT Photolytic release of MgADP (25-300 uM) from caged ADP in permeabilized tonic (rabbit femoral artery-Rfa)
and phasic (rabbit bladder-Rbl) smooth muscle in high-tension rigor state, in the absence of Ca®*, caused an exponential
decline (~1.5% in Rfa and ~6% in Rbl) of rigor force, with the rate proportional to the liberated [MgADP]. The apparent
second-order rate constant of MgADP binding was estimated as ~1.0 X 10° M~ " s for both smooth muscles. In control
experiments, designed to test the specificity of MgADP, photolysis of caged ADP in the absence of Mg®" did not decrease
rigor force in either smooth muscle, but rigor force decreased after photolytic release of Mg®* in the presence of ADP. The
effects of photolysis of caged ADP were similar in smooth muscles containing thiophosphorylated or non-phosphorylated
regulatory myosin light chains. Stretching or releasing (within range of 0.1-1.2% of initial Ca®* -activated force) did not affect
the rate or relative amplitude of the force decrease. The effect of additions of MgADP to rigor cross-bridges could result from
rotation of the lever arm of smooth muscle myosin, but this need not imply that ADP-release is a significant force-producing
step of the physiological cross-bridge cycle.

INTRODUCTION

Establishing the relationship between biochemical stateMgADP reduces rigor force of skeletal muscle 5y10%

and the structural conformations of molecular motors con{Dantzig et al., 1991; Lu et al., 1993), but curiously,
tinues to be a major challenge of modern biology, tantalizMgADP-induced backward movement of the lever arm,
ingly close to being met through the development andalthough inferred from fiber x-ray diffraction of skeletal
application of methods having high temporal (Gutfreund,muscle (Takezawa et al., 1999), was not detectable in cryo-
1995) and structural resolution (Rayment et al., 1993glectron micrographs of acto-S1 (Whittaker et al., 1995).
Holmes, 1998; Houdusse et al., 2000). At the same time, the Fynctional significance has been assigned to the
hypotheses developed through molecular approaches ca{\ ADP cross-bridge formed by smooth muscle, particu-
and are also tested in vivo by probing the behavior Ofiayy in tonic smooth muscles that are biochemically char-
permeabilized cells and, in particular, muscle. A teStableacterized by lacking a 7-amino-acid insert in the catalytic

structure-derived hypothesis was recent!y deveIOpe‘?Jomain of myosin (present in the phasic isoform) and a high
through the comparison of cryoelectron micrographs of

; . -~ content of the more basic essential ¢-g light chains
actin-smooth muscle myosin S1 complexes, reSpeCtlvely(reviewed in Somlyo, 1993). Myosin-Il of smooth muscle
with and without bound ADP (Whittaker et al., 1995) and ' g ) : ’
through electron paramagnetic resonance (EPR) studies 8r We" as nop-muscle myosin-ll, is activated by'ph.osphor—
S1 introduced into muscle in rigor (Gollub et al., 1996).ya“,°n of §er|ne-1.9 of the regulatory (L§) myosin light
These studies showed that exogenous MgADP induced a‘f‘ham (reviewed in Hartshorne, 1987; .Kam.m and Stull,
~23° rotation in the smooth muscle lever arm regions of1989 Somlyo and Somlyo, 1994) and inactivated by de-
myosin (Rayment et al., 1993; Dominguez et al., 1998)’phosphorylat|on of this res;_ldue b}_/aspecmc smooth muscle
resulting in a reversal of the power stroke from the rigorMyosin phosphatase (reviewed in Hartshorne et al., 1998;
position. The observation that the lever arm of the ADP-freeS0mlyo and Somlyo, 2000). However, smooth muscles and,
rigor structure of skeletal myosin was in a position similarParticularly, tonic smooth muscles, can also maintain force
to that of the ADP-bound smooth muscle myosin was in-at relatively low levels of LG, phosphorylation and at low
terpreted to suggest that ADP release in smooth, but not iATP cost (ATPase activity) and slow shortening velocity
skeletal, muscle provides an extra kick to the power strokéSomlyo and Somlyo, 1967; Dillon et al., 1981). The very
of the cross-bridge cycle (Whittaker et al., 1995). Implied inhigh affinity of smooth muscle myosin for MgGADP (Nish-
this interpretation is that loading nucleotide-free rigoriye et al., 1993; Fuglsang et al., 1993; Gollub et al., 1996)
bridges with MgADP should decrease rigor force. Indeedand experiments showing that removal of ADP speeded
(Fuglsang et al., 1993) whereas its addition slowed relax-
ation from both isometric contraction and rigor (Khromov et
Received for publication 24 August 2000 and in final form 15 Januaryal., 1995) suggested that a strongly bound AMDP state
2001. of dephosphorylated myosin contributed to force mainte-
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0006-3495/01/04/1905/10  $2.00 causes an increase, rather than a decrease, in force.
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The inference derived from cryoelectron microscopy
(Whittaker et al., 1995) that smooth muscle myosin-Il and,
to an even greater extent, nonmuscle myosin-Il (Yontes et
al., 1995) is in a lower force state when loaded with exog-
enous ADP (AM.ADP state) rather than following ADP
release, was readily testable by adding ADP to permeabil-
ized smooth muscles in rigor. Surprisingly, however, when
this test was performed by diffusing MgADP into the solu-
tion bathing smooth muscle, it caused not a decrease, but a
small (~1%) increase in rigor force (Dantzig et al., 1999).

\l/ Flash

. . pd
Control experiments by these authors ruled out the possi- £
bilities that LC,, phosphorylation, mechanical strain, the ‘}'O ’r ’r
effect of compliance, or ADP contamination could account =
. . . 3 stretch  release
for the unexpected change (increase) in force. Notwith- &
standing this carefully controlled study, previously we 10 min Length

(Somlyo et al., 1988), in collaboration with one of the
authors (Y. E. Goldman) of the above cited work (Dantzig pCab.0 0 Ca rigor c ADP|IG10
et al., 1999), have observed that cooperative force devel-
oped by rigor bridges in smooth muscles was clearly de-

. . FIGURE 1 The experimental protocol is shown for a rabbit bladder
tectable under Cdi-free conditions, when micromolar ATP (Rbl) smooth muscle strip permeabilized withtoxin (130 U/ml for 45

was releaS?d by p.h0t0|y5i3 of caged ATP, but not wWhenkin) and then activated with pCa 6.0 solution in the presence of exogenous
ATP was diffused into fibers. Therefore, we thought thatcreatine phosphate CP (10 mM) and creatine phosphokinase CK (100

diffusional de|a_ys could have also obscured the small/mi). After the force had reached a plateau, the strip was placed into 0 Ca
changes in rigor force induced by ADP and tested théﬂgh-tension rigor state by washing it in ATP- and Ca-free solution for

. . 0—40 min with constant stirring and then transferring it into the photolysis
hypOtheSIS that flash phOtOlySIS of Caged ADP may reve rough containing 1 mM caged ADP for a 5-min incubation period. The

such small changes in force that were undetectable by @uscle was stretched before photolysis (flash). At the end of the experi-
kinetically less well resolved, diffusion-limited method, ment the strip was returned to its original length and relaxed in G10
without prejudice, however, that a reduction of rigor forcesolution, and the photolysis solution was collected for determination of
by photolytic release of exogenous MgADP would neces#PP content.
sarily support the hypothesis that ADP release is a force-
producing step in the physiological cross-bridge cycle. Pre-
Iiminary results have been published (Khromov et a|lywashed in EDTA rigorsplution during the MgATP removal 2mMm EDTA,
2000) 10 mM EGTA for 3 min), followed by washing in regular 0 Ca rigor
’ solution for 30—40 min to facilitate removal of the remaining MgADP
(Dantzig et al., 1999). Finally, the strips were incubated for 3—-5 min with
caged ADP in a 3Q:l trough with a quartz window. The extent of ADP
MATERIALS AND METHODS release was varied by changing either laser energy, by varying the number
of glass slides inserted in the optical path between the laser and the muscle
Dissection of smooth muscles and preparation of strips of rabbit femoratrough, or the concentration of caged ADP. Calibration of photolysis
artery (Rfa) and rabbit bladder (Rbl) were described earlier (Fuglsang egfficiency was performed at [caged ADP] 1mM and various energies
al., 1993). In the present study the smooth muscle strips (1604290 illuminating the strips. Following photolysis, the trough solution was
wide, 2.5-3.2 mm long) were tied and, in addition, glued (Super Bonderanalyzed by HPLC and the amount of ADP released quantitated (Fuglsang
416, Locktite Corp., Newington, CT) to the hooks of the measuring et al., 1993). The force signal was digitized (sampling rate 10—20 kHz) and
apparatus. The protocol of the experiment is illustrated in Fig. 1. Afterstored in the computer with the aid of Acquire Data 3.0 program (National
permeabilization witha-toxin (List Biological Laboratories, Campbell, Instrument Corp., Austin, TX). The in-phase stiffness of the strip (deter-
CA; 130 U/ml for 1 h) or Triton X-100 (0.5% for 15 min) in 0 E&rigor mined as the force response in phase with the sinusoidal length oscillations
solution (to avoid accumulation of excessive ADP during permeabilizationat 1 kHz and amplitude of less than 0.9%) was monitored simulta-
in ATP containing solutions; Table 1), the strips of Rfa or Rbl were relaxedneously with force. The in-phase and 90°-phase components of the stiff-
in a C&*-free solution containing 10 mM EGTA (G10, Table 1) solution ness were separated by a lock-in amplifier (Stanford Research System
for 10—15 min. Ca-activated contraction was initiated by transferring theSR830DSP) in the auto-mode (the amplifier automatically minimized the
strips into pCa 6.0 Ca-activating solution containing 10 mM creatine phase shift between the input and the reference sinusoidal signals before
phosphate (CP), followed by induction of a high-tension rigor state byphotolysis of caged ADP, thus maximizing the in-phase component of the
removal of MgATP (30 min in O Ca rigor solution with constant stirring) signal). The stiffness of the strip in relaxing solution was subtracted
from the maximally activated smooth muscles (Arner et al., 1987; Somlyoautomatically from the stiffness in rigor by engaging the offset mode of the
et al., 1988). Alternatively, the strips were first thiophosphorylated (pCalock-in amplifier. The time resolution of the stiffness measurements was
6.0, in the presence of 2 mM ARHS and 1uM calmodulin for 10 min), adjusted to~10 ms as a compromise between the amplitude of the input
contracted in Ca-free solution by 4 mM MgATP, and finally, a high- signal (which is limited by the amplitude of the length oscillations,
tension rigor state was induced by removal of MgATP as described aboved.5%, of the strip length) and the level of noise at the output of the low-pass
Under these conditions, 80—-90% of the regulatory light chains are thiofilter of the lock-in amplifier (which is higher at high time resolution). The
phosphorylated (Khromov et al., 1998). In some cases, the strips were aldorce transients induced by the photolysis of caged ADP (within the time
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TABLE 1 Composition of solutions (total mM) at pH 7.1

Na,ATP MgMs, cpP Pipes KMs EDTA EGTA CaEGTA
Relaxing (G10) 4.6 6.07 10 30 70 0 10 0
Ca-activating (pCa 6.0) 4.5 6.4 10 30 50 0 2.11 7.88
0 Ca rigor 0 2.7 0 30 112.9 0 10 0
EDTA rigor 0 0 0 30 110 2 10 0

CP, creatine phosphate; MgMsnagnesium methanesulfonate; KMs, potassium methanesulfonate.

range of 0-0.2 s) were subjected to a two-exponential (decaying angis was not reliable for quantitative analysis, due to the
rising) fit with the aid of Sigma Plot 4.0 software (Jandel Scientific, San |imited time resolution (see Materials and Methods). During

Rafael, CA) according to the equatidh = A exp(—k;t) + B[l — S .
exp(—kyt)], where A, k;, and B, k, represent the amplitudes and rate the first ~10 ms the signal often showed a sharp burst or

constants of the falling and rising phases, respectively. Within the shorfrOP. followed by recovery to a new level. After this tran-
time range 0—0.05 s, records were fitted to a single exponential. AfteSient artifact, the in-phase stiffness consistently decreased,
photolysis of caged ADP and collecting the datel(min), the strips were  following the decrease in rigor force. The force-to-stiffness
transferred into 0 Ca rigor solution, and all nucleotides (ADP, ATP, andyatio did not significantly change after photolysis of caged

caged ADP) were washed out (20—30 min in O Ca rigor solution underADP_ 1.02 + 0.3. The fast decrease in rigor force was
constant stirring). Usually two to three photolysis experiments were per- T - 0 9

; 1.
formed on a single strip. The ability to develop Ca-activated force wasfollowed by a relatively _SIOW (rate constant 2__6 $small _
checked after photolysis in each strip; the final force was only 20-30%recovery phase, reflecting, probably, a recoil of the elastic
lower than initial after a few photolysis trials (total time of the experiment, elements. The results of fitting to a single exponential (Fig,
~40-50 min). Although the amplitude of Ca-activated force was higherp Ay slightly overestimated the rate constants and underes-
(~4 times) ina-toxin-permeabilized strips in comparison with those per- timated the amplitudes (within 10—20%); therefore, fitting

meabilized with Triton X-100, the kinetic parameters of ADP-induced . .
effects were not significantly different between the two groups of strips,tO two eXponem'als has been used. No recovery in force or

and the data have been pooled. stiffness was observed in the strips that had been pre-
stretched before photolysis (for summary of experiments,
see below).

Composition of solutions Over a longer time of observation (5—10 min) the ampli-

The composition of the solutions is shown in Table 1. All solutions had antude of initial reduction in force slowly recovered, probably
ionic strength of 0.2 M and pH buffer capacity of 30 mM PIPES. The pH reflecting cooperative cycling through resynthesis of ATP
o (0o i st v o o o meanesalToM ADP by myokinase andior ADP hycrolysis by the
?onate) for neutralizing ppoéjsible effects of the F:)hotolysis by-product,e_Cto_'A‘D_PaSe (Trmkle_Mmcahy et al., 1994)'_ Within the
nitroso-ketones. first 2 min after photolysis of MgADP (20@M), rigor force
in Rbl smooth muscle recovered 512.5% and 62+ 3.6%
. (n = 5) of the initial reduction in force in the presence and
Chemicals absence of 25QM ApA (P,P-diadenosine-5pentaphos-
All chemicals were purchased from Sigma (St. Louis, MO), except for phate-inhibitor of myokinase activity), respectively (Fig. 2
caged nucleotides (Molecular Probes, Eugene, OR) andy&T@oeh-  B). In Rbl smooth muscle containing thiophosphorylated
ringer-Mannheim, Mannheim, Germany). Caged ADP was cleaned byeqylatory light chains, recovery of rigor force was more
Z{J);rl'as](-egt;z?tment (1Q@y/ml) before use, as described previously (Nishiye pronounced (9@__ 4%: n = 5); however, the inclusion of
’ ' 250 uM ApsA reduced it to 62+ 4% (n = 5) as in
dephosphorylated muscles (FigB2. However, ApA did
Statistics not affect the force transient during the first few seconds

Data are presented as mean$E;n is the number of measurements. The foIIowmg phOtOlySIS, mdlcatmg that reSyntheSIS of ATP

comparison of data was performed using non-paired Studetest, and  ffom ADP by myokinase did not affect the rapid force
p < 0.05 was taken as significant. relaxation induced by MgADP, which is the subject of our

study; therefore, in view of the much lower rates of ATP
RESULTS generation in comparison with the rate of MgADP-induced

decrease in rigor force, we did not add the;Ago subse-
Photolysis of caged ADP in muscles in rigor quent solutions.

The force and stiffness traces demonstrating the main events
following photolysis of 2 mM caged ADP in Rbl smooth
muscle are shown in Fig. 2. Release-e200 uM MgADP
produced a rapid (complete 120 ms)~5% decrease in To identify and distinguish the real effect of MgADP bind-
rigor force. The stiffness signal immediately after photoly-ing from possible artifacts (mechanical jerk due to laser

Control experiments
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flash and effects of the photolysis by-product, etc.), we
performed control experiments using two caged com-
pounds, DM-nitrophen and caged ADP, that yield different
photolysis byproducts: iminodiacetic acid with a nitrosoace-
tophenone-substituted iminoacetic acid and nitrosoketone,
respectively (Kaplan and Ellis-Davies, 1988). We also made

A . Force
1.08 ¢

1.06 -~ Stiffness

1.04 : Flash RS the reasonable assumption that, if binding of MgADP (but
e —— not ADP) to rigor cross-bridges is required for decreasing
1.02 7 -0.01 000 0.01 0.02 0.03 0.04 rigor force and stiffness, then photolysis of caged ADP in

% Time(s) the absence of Mg will not reproduce the mechanical

. effects of MgADP. Alternatively, a rapid increase of
[Mg?*] by photolysis of Mg " -loaded DM-nitrophen in the
presence of sufficient free [ADP] should produce effects
similar to photolysis of caged ADP in the presence of excess
free [Mg?*]. In the first type of experiment, the strips were

1.00

0.98 -~

Relative force and stiffness

0.96

b LI | washed in EDTA rigor solution (0 Ca, 0 Mg) only and
0.94 ~ ? “ loaded with caged ADP. As shown in FigA3photolysis of
T — T T T caged ADP had no effect on rigor force in the absence of
0.00 005 0.10 0.15 0.20 Mg?*, except for a very short reversible force transient
Time (s) (jerk) immediately after the laser flash, whereas in the presence
of Mg?* it induced relaxation of rigor force (Fig. &).
1.02 For the control experiments designed to produce rapid
B changes in [M§'] in the presence of constant [ADP], the
2 '.“‘“"MA A 1.020
Hi, . 250 UM Ap . 1
_%; Y Ve 5 9 A \]/ Flash 1 mM cADP, 0 Mg %*
:E 0 ApgA 8
° 3
2 N 1.000+
® [13]
o 250 M ApzA £
£ - o 1
= 0.96 pd
=
:_-‘ﬂ_s N 0980 T T T T T T
& -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.94 T Flash Time (s)
N — 1.020
0 50 100 150 200 1 mM DM nitrophen+0.5 mM ADP
Time (s) o
S
FIGURE 2 () Original records showing the decrease in rigor force and “.5 1.0001

stiffness following photolysis of caged ADP in rabbit bladder smooth &
muscle in the 0 Ca high rigor state following the standard protocol (see Figig
1). The muscle was stretched up to ®7,, before photolysis of 2 mM
caged ADP, producing-0.2 mM MgADP. The relative decreases in rigor
force and stiffness were-5% and ~6%, respectively. The data were
normalized to values before photolysis. The trace of the stiffness signalwas 0.980 T T T T T T
artificially lifted by ~0.4 units for reasons of clarity. The inset shows the -0.05 0.00 0.05 0.10 0.15 020 0.25 0.30
initial ~30 ms of force decrease. The results of fitting to two exponentials

over 0.2 s shown as lines wekg = 200 s* for rate and 5.2% for the  FIGURE 3 (A) Control experiments showing the effect of photolysis of
amplitude. Fitting to the first 50 msinset solid line) with a single 1 mM caged ADP in the absence of free g The Rbl strip was taken
exponential gave a rat¢, = 238 s *and amplitude 5%.8) The long time  through the rigor protocol (Fig. 1) and incubated in 0 Mg, 0 Ca rigor
scale records, showing the effect of 250 ApsA on the recovery of force,  spjution (2 mM EDTA) for 5 min and subsequently loaded with 1 mMm
following photolysis of caged ADP in Rbl smooth muscle having unphos-caged ADP. The strip was stretchedl% of L, before photolysis. )
phorylated golid line9 or thiophosphorylated L§, (dotted liney. The  ppotolysis of 1 mM DM-nitrophen loaded with MY (caged Mg) in the

traces from smooth muscle having thiophosphorylated,Liiave been  presence of 0.5 mM ADP. Calculated [MgADP] was 18 before and
artificially lifted by 0.01 unit for reasons of clarity. 40-50uM after photolysis.

Norm
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Rbl strips undergoing the rigor protocol (see above) were
equilibrated with low M@ rigor solution (two changes of
0.5 mM M¢" rigor solution for 15 min) and, after that,

140 ~ Rfa A — 1.4

loaded with 1 mM DM-nitrophen (3—-5 min), followed by 120 Release Streteh 12
incubation in 0.5 mM NgADP. Under these conditions free D 1001 T L 1.0
[Mg?*] is estimated to be less than 30M (based on  —

published dissociation constants of #gbinding to DM- 2 80 — — 0.8

nitrophen and ADP (Kaplan et al., 1988; McCray et al.,
1992; Zucker, 1994)). The affinity of DM-nitrophen for
Mg?" decreases upon photolysis from 0.8—2H to 3
mM, so that at an estimated20% efficiency of photolysis,
~40-50 uM MgADP is produced. The result of this ex-
periment is shown in Fig. B. The rate constant and the
amplitude of the decrease in rigor foree50 s * and~2%,
respectively, are similar to those observed with photolytic
release of~50 uM MgADP in the presence of 2 mM Mg .
Photolysis of DM-nitrophen loaded with M§ in the ab-
sence of ADP did not noticeably change rigor force, but did

60 — 0.6

40 — 0.4

Rate constant (s

20 — 0.2

Relative amplitude decrease (%) R

0 0.0
Pstr =(0.30+-0.04) P max Pstr =(0.86+-0.06) P
(n=11) (n=14)

max

T 120 6
cause a small decrease in stiffness (data not shown).
Rbl B I
100 1 Release Stretch -5
Independence of strain T
80 - - -4

y

In view of the possibility that the strain imposed on cross-
bridges may affect the kinetics of MgADP association/ ™ = & | | 3
dissociation (Huxley, 1957; Huxley and Simmons, 1971;
Dantzig et al., 1991) and the substantial variability in the
amplitudes of rigor force (25-50% of maximally Ca-acti-
vated force) found in the present study, we further examined
the kinetics of mechanical transients using two approachesfc“ 20 -1
In the first series, [MgADP] was held constant-av0 uM
and the degree of external strain was optimized such that the 0 ' , . 0
rates and amplitudes of the MgADP-induced force decrease Pgty =(0.3+-0.00)P . Py =(0.97+-0.06)P
would be relatively insensitive to the variability of strain. (n=11) (n=11)
External strain was imposed on the strips by stretching
(increase strain) or releasing (decrease strain) its length OVEIGURE 4 The independence of the rate constaoseli bary and
a range of~1-2% of the initial lengthL,. Photolysis of amplitudes¢losed baryof the MgADP-induced decrease in rigor force on
caged ADP was performed 3060 s after the imposed L7 1o e Ok U SR AU e
length change. |!’1 a second series, t_he concentration retch,Pg,, rigor force rZIative to maximall?/ Ca activatsd ford®,.,) in P
MgADP was varied and the MgADP-induced force de- e strip was increased by stretching (strain greater than @,45 X =
crease was recorded in the predetermined range of impos@e®7+ 0.06P,,,,) or decreased (strain less than ORI5,,, X = 0.3+ 0.04
strain. The second-order rate constant of MgADP binding tdma) by releasing the length of the strip. The mean valt&EM of Py,
the smooth muscle cross-bridges was determined in musdé@r the stretches qr releases are shown on the abscissa. The experiments
containing either dephosphorylated or thiophosphorylated®™® Performed with=70 uM MgADP released by photolysis.
regulatory light chain (LG, results given below).

The absolute amplitudes of MgADP-induced decrease in
rigor force increased with strain, but the relative amplitudes We also tested in greater detail the effects of MgADP on
of the decrease were independent of strain in both musclaggor force in the presence of an increased population of
(Fig. 4) (p > 0.05), except at very low strain (less than 20% negatively strained cross-bridges. The relative proportion of
of maximally Ca activated), where there was a tendency fonegatively strained rigor cross-bridges is expected to in-
the amplitudes to decrease (data not shown). Similarly (Figcrease transiently after a rapid release of muscle length
4), the rates of the decrease in rigor force (after release dfSomlyo et al., 1988; Dantzig et al., 1991). We determined
~70 1M MgADP) were also not significantlyp(> 0.05) the effects of negative strain in Rbl, in view of the larger
dependent on externally imposed strain (normalized to maxamplitudes of force decrease in this muscle. First, we per-
imally Ca-activated force). formed an experimental test for the presence of negatively

40 - -2

constant (s
Relative amplitude decrease (%)

max
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strained cross-bridges: the strips were rapidly released until
rigor force fell to near zero, and afterl00 ms, caged ATP
(1 mM) was photolyzed te-100-150uM MgATP. Pho-
tolysis of caged ATP caused an increase in rigor force (Fig#
5 A), that was accompanied by a decrease in a stiffnes
(probably reflecting detachment of negatively strained.
cross-bridges) as described earlier (Somlyo et al., 1988E
Dantzig et al., 1991). In contrast, photolytic release of theS
same amount of ATP in pre-stretched strips (proportion o
positively strained cross-bridges is increased) resulted in the
expected decrease in rigor force and stiffness (relaxation)
due to detachment of positively strained cross-bridges (data
not shown). Caged ADP was photolyzed under the identicalg
experimental conditions (magnitude of length release and®
time delay) as in the experiment with caged ATP on nega—E
tively strained cross-bridges. The force and stiffness signal&g
(Fig. 5B) were, in general, qualitatively not different from &
the force transients obtained from the strips at initial (not§
released) length (Fig. 2). Rigor force decrease was fol-
lowed by a small force recovery. The amplitudes of the
decrease in force and rate constants were not significantly
different from the pooled data presented in FigB4at
average force (0.1 0.02 ofP,,,,), the amplitude decrease
and rate constants were 3t70.4% and 97+ 9 s (n = 4).

We conclude from these experiments that although at low
strain the relative proportion of negatively strained cross-
bridges was transiently increased (FigAh negative strain

of cross-bridges did not detectably affect either the kinetics_é
or the direction of ADP-induced force transients.

()]
(]
[}
C
=

[
193
0]

MgADP-concentration dependence of the rate
and amplitude of the decrease in rigor force and
the effect of thiophosphorylation

Normalized sti

The dependence of the rate and amplitude of force decrease
from high-tension rigor state on [MgADP] was determined
on strips from both Rfa and Rbl stretched so that rigor forcem
was 0.6-1.2 of maximal Ca-activated force. In both muscleso
the rate constant of force decay increased monotonlcallyo
with [MgADP] (Fig. 6). The amplitude of force reduction N
was almost independent of [MgADP] for Rfa, within the &
range of 0.075-0.3 mM, but increased in Rbl with the 5 S
increase in [MgADP]. At a constant [MgADP¥ 0.28 =

0.02 mM, the amplitude of force reduction was 1*40.1%

(n = 4) and 5.9*= 0.5% ( = 4) for Rfa and Rbl, respec-
tively. The MgADP concentration dependence is consistent
with a two-step reaction pathway:

k1
caged ADP— ADP

1.04
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FIGURE 5 The effect of photolysis of caged ATR)(or ADP (B) on
negatively strained cross-bridges. The time course of rigor force and

stiffness after photolysis of caged ATR)(and caged ADPR) in the

pre-released~+100 ms before photolysis) Rbl smooth muscle. Calibration
and bars B) represent 1% of rigor stiffness and 2% of rigor force for the upper

and lower panels, respectively.
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400 30" The second-order rate constants of MgADP binding to
Rfa A " rigor (AM) cross-bridges, determined from the slope of the
350 L2572 plot over the range of 0—0.2 mM [MgADP] (Fig. 8 and
300 o’ B), were not significantly different in the two muscles
o 4= —11
| ,05  (105*0.12x10°M s !, R*=0.96,n = 18and 0.94
<7 250 S 025X 10°M 's ! R =0.81,n = 17 for Rfa and Rbl,
= g respectively) and were not significantly influenced by thio-
g 200 — 15 2 phosphorylation of LG, as shown in Fig. 6A and B
g 150 % (shown as open circles): 1.09 0.1 X 1° M *s ! (n =
° + —10 g 16) and 1.07+= 0.12 X 1° M1 s (n = 14) for Rfa and
S 100 = Rbl, respectively.
@ o . . o
L 058 The amplitudes of MgADP-induced decrease in rigor
50 | force at constant [MgADP}E 0.28 = 0.02 mM were not
significantly affected by thiophosphorylation of MLEin
0 \ \ i \ i 0.0 either muscle, being 5.8 0.5% ( = 4) and 1.2+ 0.3%
0 50 100 150 200 250 300 (n = 4) in Rbl and Rfa, respectively. However, the ampli-
[MgADP] M tude of MgADP-induced decrease in force saturated at
lower [MgADP] in Rfa than in Rbl smooth muscle (FigA29.
400 10
= DISCUSSION
350 Rbl B L9 °
; ’?3 The effect of MgQADP binding to cross-bridges of striated
3001 -8 o muscles was thoroughly explored earlier and is still a focus
o 7 2 of contemporary studies (Rodger and Tregear, 1974;
% 250+ S Dantzig et al., 1991; Lu et al., 1993), but investigations of
§ o 6 § the effects on smooth muscle have been, until recently,
o 200 5 = limited (Arner et al., 1987; Fuglsang et al., 1993; Nishiye et
S 150. £ al., 1993; Khromov et al., 1998a; Rhee and Brozovich,
% 4 e 2000). Interest in these effects of MgGADP has been revived
T 100 3 s by observations (see Introduction) showing the effect of
i & MgADP on the structure of the head domain of smooth
501 -2 muscle myosin attached to actin (Whittaker et al., 1995) and
0 1 the high affinity of smooth muscle actomyosin for MgADP

(Fuglsang et al., 1993; Nishiye et al., 1993; Gollub et al.,
1996; Cremo and Geeves, 1998).
[MgADP] uM The present study showed a significant reductie®®%o
in phasic smooth muscle) in rigor force induced by MgADP
FIGURE 6 The [MgADP] dependence of the rate consta®y dnd  j, smooth muscles and can be interpreted as resulting from

amplitudes M, expressed as percent of post-stretch rigor foRg) (of . . . . . .
MgADP-induced decrease in rigor force in Ri&)(and Rbl @) smooth & conformational change in cross-bridges involving rotation

muscle. The strips were stretched up to 0.6—1.8,gf, before photolysis ~ Of the light chain binding domain (Whittaker et al., 1995).
of caged ADPO and[], rate constants and amplitudes of force responsesOur finding contrasts with a previous study in which

to photolysis of caged ADP in Rfa and Rbl strips, having thiophosphory-MgADP produced an opposite, albeit very miner1%6)
lated LGy The number of experiments at each [MgADP] was- 4-7. — jncrease in rigor force (Dantzig et al., 1999). The reason for
The lines are_d_rawn for the rate constants and are constrained to pa%ﬁis difference is probably related to the different experi-
through the origin. p y . P
mental protocols used. Dantzig et al. (1999) added ADP to
the solution bathing gizzard smooth muscle, whereas we
where the first step represents the photolytic release of ADPhotolytically liberated ADP from caged ADP. The true
with a rate constank, and the second one describesvalue of [MgADP] inside the core of the smooth muscle
MgADP binding to cross-bridges with rate constaligi&_ . strip may be affected by various ATP/ADP degrading/
The observed reaction rate is expected to be a linear funeesynthesis processes (i.e., ecto-ATP/ADPases; Trinkle-
tion (pseudo-first order) of [MgADP] at low [MgADP], but Mulcahy et al., 1994), even in the presence of substantial
limited by k; at high [MgADP]. The amplitude of force concentrations of inhibitors (in general, nonspecific), and
decrease, being proportional to [AM.MgADP], should dem-small mechanical transients may also be obscured by time
onstrate hyperbolic dependence on [MgADP] (Woledge etiveraging during diffusion of MgADP. Photolysis, on the
al., 1985). other hand, results in a high rate of synchronous and ho-

0 50 100 150 200 250 300
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mogeneous liberation of ADP throughout the volume of theRfa. However, although the instantaneous stiffnesses of Rfa
smooth muscle strip, exceeding the rates of ATP/ADP deand Rbl smooth muscle in rigor are significantly different
grading/resynthesis processes. This was demonstrated (80—-25% higher in Rbl (Khromov et al., 1998b; unpub-
control experiments, in which inclusion of a myokinase lished results)), this difference is insufficient to account for
inhibitor (250 uM ApsA) in the photolysis solution did not the almost fourfold difference in the amplitudes of MgADP-
change significantly the kinetic parameters of MgADP-induced force decrease in the two muscles. A more likely
induced force decrease over a short time scale (0.2 s), bexplanation of the smaller than calculated reduction in rigor
noticeably modified the response of the strip during the 2—5orce is that only some of the nucleotide-free cross-bridges
min following caged ADP photolysis; in the absence ofare in the appropriate conformation to be tilted by MgADP
inhibitor, rigor force recovered slowly to the initial level (Gollub et al., 1999), and this fraction is lower in the more
(Fig. 2B). compliant femoral artery (Fuglsang et al., 1993). The larger
We cannot exclude the possibility that the different re-than predicted difference may also be related to differences
sults of the two studies were due to the different smoothn ultrastructural organization of the contractile apparatus
muscles investigated but consider this unlikely, becauséAshton et al., 1975) and/or different myosin isoform con-
both gizzard (Dantzig et al., 1999) and rabbit bladdertents, such as the absence of the insert in the heavy chains
(present study) smooth muscles contain myosins having aand a higher ratio of basic to acidic L£in Rfa compared
N-terminal, 7-amino-acid insert in the heavy chain and awith Rbl. The amplitude of the decrease in rigor force
high proportion of the acidic fast LG, isoforms saturated at lower concentrations of MGADP in Rfa than in
(Malmquist and Arner, 1991; Kelley et al., 1993; White et Rbl (Fig. 6). It is tempting to ascribe this higher sensitivity
al., 1993; Matthew et al., 1998; and unpublished datapf Rfa to the higher ADP affinity of cross-bridges in tonic,
reviewed in Somlyo, 1993). than in phasic, smooth muscle (see above), but this conclu-
The rates of MgADP binding to myosin in both (tonic and sion must be mitigated by recognizing that, given the small
phasic) smooth muscles were within the range estimatedbsolute amplitude of response of Rfa, we were measuring
previously from an ATP/ADP competition study (0.4— small changes over a very limited dynamic range.
2.2 X 10° M~ s * (Nishiye et al., 1993)) and of the same  Rigor stiffness, considered to be proportional to the num-
order of magnitude as the values in solution for gizzardber of attached cross-bridges, is not expected to be affected
acto-S1 (4.4x 10° M1 s (Cremo and Geeves, 1998)) by MgADP, if it affects the conformation of cross-bridges
and the constant for skeletal muscle (x30°M *s *(Lu  without causing their detachment. We consider it unlikely
et al., 1993)). The similarity between the second-order rat¢hat photolysis of caged ADP caused detachment of the
constants of MgADP binding in, respectively, phasic andcross-bridges, because the decrease in stiffness (Fg. 2
tonic smooth muscles implies that the large difference in théhat accompanied the MgADP-induced decrease in force
MgADP dissociation constant&{) between these smooth (Fig. 2A) was no greater than the changes expected due to
muscles (Fuglsang et al., 1993) reflects, not surprisingly, théhe nonlinear (exponential, not cross-bridge-related) part of
difference in MgADP off-rates. In contrast to the ADP the total compliance. Due to the nonlinearity, any change in
binding rates, the amplitudes of MgADP-induced decreaséorce will be accompanied by a proportional change in total
in rigor force were almost fourfold different in the two stiffness in the same direction, even if the linear component
muscles. Based on reasonable assumptions about the coremains constant. This interpretation is consistent with
pliance of smooth muscle and the distance between denddgADP not dissociating acto-S1 in solution (Cremo and
bodies, the expected amplitude of MgADP-induced de-Geeves, 1998).
crease in rigor force resulting from-a23° rotation of the

lever arm has been estimated (Dantzig et al., 1999) to b .
10-12% of initial rigor force. The amplitude of the decrease‘i-he effects o_f strain and (lack o_f) effect of LCyq0
phosphorylation on the mechanical parameters

in rigor force in phasic Rbl smooth muscle-§%; present
study) may be considered close to the above theoreticdlleither positive nor negative strain imposed on the smooth
estimate (taking into account the uncertainty in the distancemuscle strip significantly affected the kinetic parameters of
between dense bodies representing the mini-sarcomere umitgADP-induced rigor force decrease (Fig. 4). Studies of
(Ashton et al.,, 1975; Bond and Somlyo, 1982) and thestriated muscle indicate only small differences in orientation
unknown distribution of the total compliance between linearof the lever arm in different (relaxed, rigor, or contracted)
and nonlinear parts. The significantly smaller amplitude ofstates (Corrie et al.,, 1999) and no significant effect of
MgADP-induced decrease in rigor force in the tonic, Rfalengthening on ADP release from cross-bridges (Shirakawa
smooth muscle could be due to the different magnitudes anet al., 2000). Lengthening also fails to affect the spectro-
components of compliance in, respectively, Rfa and Rbkcopic signals reporting axial rotation of regulatory light
smooth muscles. A larger part of the structural changes ichain in smooth muscle (Gollub et al., 1999). In one study
cross-bridges produced by MgADP may be absorbed byf striated muscle the changes induced in the x-ray diagram
nonlinear series elastic component (SEC), which is larger iy, respectively, MgADP and stretch had the same effect
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(Takezawa et al., 1999). If such were also the case i1996). Furthermore, the binding of ADP added to nucleo-
smooth muscle, we would not expect to detect an effect ofide-free actomyosin (AM) does not result in a cross-bridge
lengthening on the response to MgADP. state equivalent to that produced through ATP hydrolysis by

Increasing the population of negatively strained crossa cycling cross-bridge (Sleep and Hutton, 1980), and the
bridges did not produce a response to MgADP oppositestate reached by adding ADP to a rigor bridge is not con-
(increase of force) to that of positively strained cross-sidered to be a reversible state of the cycle. If ADP release
bridges (decrease in force). In such a case, an increase in tigean irreversible step of the cycle (Sleep and Hutton, 1980),
rate and decrease in the amplitude (due to truncation) of thihen the state induced by the binding of added ADP cannot
MgADP-induced drop in rigor force could be expected.be assumed a priori to represent reversal to the state or
Neither of these expectations was confirmed experimenstructure preceding the irreversible step. Therefore, we do
tally, ruling out a substantial contribution of negatively not believe that the mechanical (present study) or structural
strained cross-bridges to the MgADP-induced force tran{Whittaker et al., 1995; Gollub et al., 1996, 1999) effects of
sient. In addition, unlike photorelease of ATP, the release oéxogenous MgADP on nucleotide-free cross-bridges neces-
ADP did not cause an increase in force attributable tosarily suggest that the ADP release step makes a significant
detachment of negatively strained cross-bridges; which isontribution to force maintenance in smooth muscle.
consistent with MgADP having affected the conformation
of cross-bridges, rather than detaching them.

The lack of effect of LG, thiophosphorylation on the SUMMARY

MgADP-induced force transients (present study) is unllkeMgADP induced a decrease in rigor force of smooth muscle

the four- to sevenfold increase iR, observed following ; : : .
) S i ; S that was consistent with a structural change in the myosin
thiophosphorylation in two previous studies (Nishiye et al., P
) . : motor opposite in direction to that of the power stroke. The
1993; Gollub et al., 1999). The simplest explanation of these | . : .
. . elative amplitude of force decrease was in reasonable
divergent results is that the present study probed the on-raéa reement with the theoretical one for phasic (Rbl), but not
of MgADP binding to nucleotide-free cross-bridges 9 P '

X . N : for tonic (Rfa), smooth muscle.
whereas the studies showing a significant effect of thiophos Thiophosphorylation of the regulatory light chains

phorylation employed methods that were not a direct mea;

sure of ADP binding (Gollub et al., 1999) or estimated an(MLCZO) : had no .effect on the rate. anq amplitude - of
apparent affinity (Nishiye et al., 1993) largely dependent OnMgADP-mduced rigor force decrease in elther'mL.JscIe.
N The second-order rate constant of MgADP binding to the

the off-rate of ADP from cross-bridges. cross-bridges;-1.0 X 10° M~ * s, was similar in the two

muscles.
The MgADP-induced effects on rigor force and The totality of evidence available is, however, insuffi-
its relation to smooth muscle mechanics cient to conclude that ADP release from physiologically
. . . cycling cross-bridges produces significant force in smooth
Interpretation of the mechanism(s) of MgADP-induced re'nilusclg ges p 9

duction in rigor force (present study) may not be directly

applicable to actively contracting smooth muscle. The

[MgADP]-Indl_Jced slowing of relax_at'on th_at follows _de_' We thank Drs. M. Ferenczi and D. R. Trentham, FRS, for discussion

phosphorylation of the regulatory light chain of myosin in and Ms. Barbara Nordin and Mrs. Ann Folsom for preparation of the

tonic smooth muscle (Khromov et al., 1995, 1998) can benanuscript.

most readily reconciled by the existence of a high-energysupported by National Institutes of Health grant PO1-HL19242.

strongly bound AM.ADP state that maintains force during

a catch-like (latch) state. Whereas the reduction in rigor
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