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MgADP Promotes a Catch-Like State Developed through Force-Calcium
Hysteresis in Tonic Smooth Muscle
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ABSTRACT Tonic rabbit femoral artery and phasic rabbit ileum smooth muscles permeabilized with Triton X-100 were
activated either by increasing [Ca®*] from pCa > 8.0 to pCa 6.0 (calcium-ascending protocol) or contracted at pCa 6.0 before
lowering [Ca®™] (calcium-descending protocol). The effects of, respectively, high [MgATP])/low [MgADP] [10 mM MgATP +
creatine phosphate (CP) + creatine kinase (CK)] or low [MgATP]/[MgADP] (2 mM MgATP, 0 CP, 0 CK) on the “force-[Ca]”
relationships were determined. In femoral artery at low, but not at high, [MgATP]/[MgADP] the force and the ratio of
stiffness/force at pCa 7.2 were significantly higher under the calcium-descending than calcium-ascending protocols (54% vs.
3% of P, the force at pCa 6.0) (force hysteresis); the levels of regulatory myosin light chain (MLC,.) phosphorylation (9 = 2%
vs. 10 = 2%) and the velocities of unloaded shortening V, (0.02 = 0.004 I/s with both protocols) were not significantly
different. No significant force hysteresis was detected in rabbit ileum under either of these experimental conditions. [MgADP],
measured in extracts of permeabilized femoral artery strips by two methods, was 130-140 uM during maintained force under
the calcium-descending protocol. Exogenous CP (10 mM) applied during the descending protocol reduced endogenous
[MgADP] to 46 + 10 uM and abolished force hysteresis: residual force at low [Ca®*] was 17 = 5% of maximal force. We
conclude that the proportion of force-generating nonphosphorylated (AMy,,) relative to phosphorylated cross-bridges is
higher on the Ca®"-descending than on the Ca®"-ascending force curve in tonic smooth muscle, that this population of
positively strained dephosphorylated cross-bridges has a high affinity for MgADP, and that the dephosphorylated AM, -
MgADP state makes a significant contribution to force maintenance at low levels of MLC,, phosphorylation.

INTRODUCTION

Contraction and relaxation of smooth muscle, although regnificantly higher than that attained by a step-up from calci-
ulated primarily by calcium-dependent phosphorylation andum-free conditions to an equivalent [€3 (Moreland and
dephosphorylation of the 20-kDa regulatory myosin light Murphy, 1986); this phenomenon is known as “force-hys-
chains (MLG,) can also be modulated by factors thatteresis.” The purpose of the present study was to determine
modify, independently of [Ca], the level of MLG phos-  whether high-affinity MgADP binding to cross-bridges
phorylation (Somlyo and Somlyo, 1994). In addition, the could account for hysteresis and, by implication, contribute
high affinity of cross-bridges for MgADP (Nishiye et al., to the catch-like state (latch) in smooth muscle. A prelimi-
1993; Fuglsang et al., 1993) and the effective competition ohary report of some of these findings has been presented to
low concentrations of MgADP with physiological concen- the Biophysical Society (Khromov et al., 1997).

trations of MgATP in slowing relaxation of tonic, although

not phasic, smooth muscle (Khromov et al., 1995) SUGMATERIALS AND METHODS

gested that physiological levels (20-108/1) of MgADP

could affect contractile properties and, specifically, contrib-All experiments were carried out on 1602k wide, 2.5-3.0-mm long

ute to force maintenance at low levels of [Ca] and I strips of tonic rabbit femoral artery and phasic ileum smooth muscles. The
Mb apparatus, composition of the solutions, and method of mounting the

phosphorylation. These high fOI‘CG/lOVY phosphorylationpreparations were published (Fuglsang et al., 1993; Khromov et al., 1995).
states (catch-like state, “latch”) occur in smooth muscleTriton X-100 permeabilization was used in the present study to reduce the

following the decline in [Cé“‘] that initiates dephosphory- contribution of ecto-ATPase to ATP hydrolysis (Trinkle-Mulcahy et al.,

lation of MLC (DiIIon et al.. 1981 Murphy 1994) A 1994). Since [ADP] and [ATP] cannot be buffered simultaneously inside
20 N ’ : ) the muscle strip, the mechanical studies were performed under two extreme

similar state can be produced In perm_eablllzed Smoo'ﬂc‘londitions of [MgATP]/[MgADP] ratio: 1)high substratecontaining so-
muscle by a step-down of free [€4 from higher to lower  ytion: 10 mM [MgATP], 0.5 mM free Mg*, exogenous 10 mM creatine
levels: force maintained at this lower level of [Ca] is sig- phosphate (CP), and 100 IU/ml creatine kinase (CK) where the ratio of
MgATP to MgADP was expected to be maximized; orl@yv substrate
containing solution: 2 mM MgATP, 2 mM free Mg, no exogenous CP or
Received for publication 4 May 1998 and in final form 2 July 1998. CK) where the effects of [MgADP] are expected to be prominent.
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TABLE 1 Composition of solutions (total mM) at pH 7.1

Na,ATP MgMs, CP Ca-EGTA Pipes MY KMS EGTA
Calcium activating (low substrate) 2.3 4.0 0 1.0 30.0 2.0 118.4 1.0
Calcium activating (high substrate) 15.45 10.7 10.0 1.0 30.0 0.5 43.5 1.0
Relax (G1) 4.6 6.07 0 0 30.0 2.0 106.2 1.0
Rigor 0 2.07 0 0 30.0 2.0 130.7 1.0

The pH of all solutions was 7.1 at 20°C; ionic strength was adjusted to 0.2 M with potassium methanesulfonate (KMS). The calcium-activating solutions
(pCa 7.2—6.0) were constructed by mixing the G1 (p€8) and Ca-EGTA (pCa 4.5) solutions in proper proportions, having the same pH and ionic
strength. Exogenous calmodulin (#V) was added to all calcium-activating solutions. CP, creatine phosphate; Mgignesium methanesulfonate;
PIPES, piperazin®N"-bis(2-ethanesulfonic acid); EGTA, ethyleneglycol-Bigiminoethyl)N,N,N’,N'-tetraacetic acid).

strips were relaxed for 10—-15 min in 4 mM MgATP, pCa8 relaxing the nucleotides were separated by HPLC on an 8PSAX. ldBlumn
solution. The dependence of force developed in response to differenfWaters, Milford, MA) using a mobile phase of 0.25 M PO, + 13%
[Ca?*] was determined by activating the strips either by increasing{a MEOH pH 5.4 at a flow rate of 3 ml/min (Khromov et al., 1995).
from pCa> 8 to a higher [C&"] (“calcium-ascending” protocol) or by first  Nucleotide-containing and sucrose (which eluted before ADP and ATP)
contracting them at pCa 6.0 and then reducing?[Go a lower level (to  fractions were collected, mixed with scintillant (Ecoscint ICN, Costa Mesa,
pCa 7.0; see Fig. B). The strips remained in activating solution until force  CA) and counted on LS6000SC (Beckman Instruments, Inc., Fullerton,
reached a plateau during the ascending protocol and for an equivalent tim@A) scintillation counter. To determine the absolute concentration of
(10 min) during the descending protocol in order to fix the time during nucleotides the ratio of disintegrations per minute (dpm) of nucleotides to
which ATP was hydrolyzed under both conditions. Although force con- dpm of sucrose was compared to the ratio of dpm (ATP) to dpm (sucrose)
tinued to decline slowly with the descending protocol, even after 40 min itdetermined by the same protocol performed on the initial incubation
reached only 35% of the maximum force at pCa 6.0, compared to 50% asolution, which was not exposed to tissue and in which [ATP] was known.
10 min, and not the low value reached with the ascending protocol. Th€Trinkle-Mulcahy et al., 1994).
strips were then transferred to the solution with different’[GaThe Alternatively, tissue nucleotide content was determined by the subtrac-
velocity (Vo) of unloaded shortening at each [Ca] was measured at thaion method. Briefly, after 10 min incubation, when tension had plateaued
plateau of force by the “slack test” (Edman, 1979): three different releaseén each calcium-activating solution or after 10 min in relaxing solution,
(7-15% of initial length, at a release rate>®200 I/s) were applied with a  duplicate strips (two strips tied together) were frozen in liquigl ahd
“servo motor” operating in length control mode (6800, Cambridge Tech-thawed while homogenizing for 5 min in 100 volumes of ice-cold 0.4 M
nology, Inc. Watertown, MA) and velocity was estimated as the slope ofperchloric acid (Passonneu et al., 1979). After neutralization and precipi-
release length to time to onset of force (“slack length versus time”). Thetation of proteins, the nucleotides were separated by HPLC as described
shortening velocity/, of smooth muscle is not constant following a length above. Reextraction of the homogenate by the same protocol yiel&éd
release (Arner and Hellstrand, 1985). Therefore, to standardize conditionsf the total extracted metabolites. This method extracts some of the ADP
V, was measured during the 0.2-1.0 s interval after release and the sladlound to actin (Seraydarian et al., 1962), and so overestimates [ADP].
versus time dependence was approximated by linear regression. Therefore, the amount of ADP bound to sites other than myosin was
Force hysteresis was also measured by rapidly reducing”[Cay assumed to equal the ADP extracted by the same method from identical-
photolysis of diazo-2 (Khromov et al., 1995) to avoid changes in nucleotidesize strips in rigor that were intensively washed (30 min) with nucleotide-
concentration due to solution exchange. The calcium-descending protocaind C&*-free solution containing 0.1 IU/ml Apyrase (Grade VII, Sigma).
was performed by activating the femoral artery in the dark witf'Ca The [ADP] remaining bound to myosin in cardiac muscle after such
buffered to pCa 6.15 with diazo-2 (1 mM diazo+2190 uM calcium); free treatment was shown to be very low<{0 uM) (Martin and Barsotti,
[Ca2*] was calculated from the known dissociation constants of diazo-21994).
with C&* and Mg* (Adams et al., 1989). Upon photolysis with a 50-ns The amount of ADP extracted from rigor preparations was numerically
pulse of near UV (347 nm) light at the plateau of the pCa 6.15 contractiorsubtracted for the values obtained by the subtraction method presented in
(~80% of force at pCa 6.0), the €aconcentration decreased rapidly to Fig. 5 to account for extraction of actin-bound ADP that is not measured
pCa 6.9-7.0 and force fell. with the isotopic method due to the very slow exchange of actin-bound
In-phase stiffness was measured simultaneously with isometric force bADP. Inasmuch as MgADP, rather than ADP, is the ligand affecting
detecting the force response to sinusoidal length changes (500 &tm) 4  cross-bridges, its concentration was calculated assuming an association
using a piezoelectric element (P2L-060—10, Burley Instruments, Fishers;onstant of magnesium to ADP as 6.2410° M2,
NY) driven by an amplifier (pz-150M, Burley Instruments). The in-phase  Strips were frozen in liquid Nat the plateau of force at appropriate
component of sinusoidal force changes was demodulated by a lock-ifiCa?*] and MLC,, phosphorylation was measured by 2-D electrophoresis
module phase-sensitive detector (Model 4110, Evans Electronics) as déKitazawa et al., 1991). All experiments were performed at 20°C.
termined previously (Somlyo et al., 1988).

Chemicals

[ADP] determination Creatine phosphate (CP), magnesium methanesulfonate (MgpiBera-

" were used for measuringzineN,N”—bis(2—ethanesuIfonic acid) (PIPES), and ethyleneglycolgsis(
d-aminoethy)N,N,N,N'-tetraacetic acid) (EGTA) were obtained from
Sigma (St. Louis, MO). Triton X-100 was purchased from Boehringer-
Mannheim (Germany), diazo-2 from Molecular Probes (Eugene, OR), and
SH-ATP and*“C-sucrose from DuPont NEN (Boston, MA).

Two methods, radioisotopic and “subtraction,
intracellular [MgADP]. The radioisotopic method was performed accor
ing to Trinkle-Mulcahy et al. (1994). Briefly, permeabilized muscle sam-
ples (five strips tied together) were activated at appropriaté[[Cand, . .
after the time required to reach steady tension with the ascending protocdiadioactive
incubated for 10 min in the same €aactivating solution containing

SH-ATP (20 uCi/ml) and **C-sucrose (1QuCi/ml) as a volume marker. Statistics

After the 10-min incubation, tissue samples were blotted on a damp filter

paper and homogenized in 100 volumes of ice-cold 0.4 M perchloric acidThe data are presented as meansSEM andn equals the number of
containing 1 mM of nonlabeled ATP and ADP. After neutralization with 5 observations. Statistical comparison was made by Studete& andp <
N KOH and precipitation of proteins by perchlorate (2 nxiri4,000 rpm), 0.05 was taken as a significant difference.
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RESULTS force developed at pCa 6.5 at 2 mM [MgATP] was slightly
higher than that at 10 mM MgATP. Because of the absence
of force hysteresis in ileum, further studies were performed
Force traces of femoral artery strips obtained with the twoonly on femoral artery smooth muscle.
different protocols (calcium-ascending and calcium-de- The relationship between force and stiffness in femoral
scending) at low ATP conditions are shown in Fig. 1. Theartery strips undergoing the calcium-ascending and the cal-
force (relative to force at pCa 6.0) developed at lowjga cium-descending protocols is shown in Fig. 3, where both
(pCa 7.0) under the Ga-ascending protocol was signifi- are normalized to their maximal values reached at the peak
cantly less than that developed at the samé&{Cander the  of pCa 6.0 activated contraction. While stiffness followed
calcium-descending protocol. Force measurements in théhe changes in force during the calcium-ascending and
range pCa 7.2—6.0 in femoral artery (Fig.A) showed calcium-descending protocols, the stiffness/force ratio at-
significant “hysteresis” in the force-[Ca] relationships attained was higher with the calcium-descending protocol.
low [MgATP]: the relative forces developed at pCa 7.2 wereThis difference was abolished in the presence of exogenous
0.03 + 0.01 and 0.54 0.06 with, respectively, ascending creatine phosphate and creatine phosphokinase during the
and descending protocols. This difference was highly sigcalcium-descending protocol, as shown in Fig. 3, where the
nificant (o0 < 0.001). The averaged force hysteresis did notdata are plotted with the 5% confidence limits.
depend on whether the calcium-ascending or the calcium-
descending protocol was used for the first contraction. Forc
hysteresis was not observed under high ATP conditions, 1
mM MgATP, low free [M¢f*], and exogenous CP and CK
(the average force developed at pCa 6.0 was lower byrorce hysteresis was somewhat greater at pCa 7.2 (R. 2
~10-20% than that at 2 mM MgATP in the absence ofthan at pCa 7.0, but the velocity of shortening at pCa 7.2
exogenous creatine phosphate and creatine phosphokinasaas below the lower limit of detection with the slack test.
the relative forces at pCa 7.2 under the ascending andherefore, we measured, at pCa 7.0. The velocity of
descending protocols (0.10 0.06 and 0.2 0.1) were not  unloaded shorteningy, in femoral artery under the low-
significantly different, nor did increasing free [Mg] to 2 ~ ATP conditions conducive to force hysteresis (low
mM cause significant hysteresis under the high [ATP] pro{MgATP]/[MgADP]; Fig. 3) at pCa 7.0 was not signifi-
tocol (data not shown). cantly different, whether the ascending or the descending
lleum smooth muscle, in contrast to femoral artery,protocol was usedV, = 0.02 = 0.004 and 0.02t 0.006
showed no significant hysteresis in the force-[Ca] relation{engths/second (I/s) respectively. In order to compéyat
ship within the range of pCa 7.0—6.0 under either of thesimilar levels of force reached with the ascending, as at pCa
above ATP conditions (Fig. B); however, the average 7.0 with the descending protocol, [€4 was increased

Force-[Ca®*] and force-stiffness relationships

elocity-[Ca®*] and phosphorylation-[Ca®*]
relationships

A.Ca-ascending protocol B.Ca-descending protocol
=z
S
s
X
10 min
Force after 40 min at pCa7.0
(descending protocol)
l Relax H pCa7.0 H pCab H Relax,pCa8 H pCab H pCa7.0 H Relax ‘

FIGURE 1 Force records showing the experimental protocol. In the first trace the permeabilized femoral artery strip was activated by transfer from
relaxing to pCa 7.0 solution containing 2 mM MgATP, 0 CP followed by activation in pCa 6.0 solution (calcium-ascending pfto&bthe plateau

of force the strip was relaxed by transfer to pCa 8.0 solution. In the second trace the strip was first activated in pCa 6.0 solution followed bytdaransfer
pCa 7.0 solution (calcium-descending proto®&)l,Note the different levels of force at pCa 7.0 in the two traces. The interrupted horizontal IB)esimofvs

force level (35%) reached after 40 min in pCa 7.0 solution.
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FIGURE 3 The relationship between stiffness and force throughout the
lleum calcium-ascending®) and calcium-descending)j protocols in perme-

1.0 abilized femoral artery strips in the absence and presengef(an ATP
regenerating system (10 mM CP and 100 IU/ml CK) during calcium-
descending protocol. The stiffness and force data were normalized to
maximal values achieved at pCa 6.0. The stiffness-force dependencies

0.8 were extrapolated as linear and are shown together with confidence limits
(p < 0.05).

Q
Q
e}
- 06
9] . . .
N The level of MLC,, phosphorylation was determined in
© . . . . .
£ femoral artery (Fig. 4) during maximal force hysteresis (in
2 04 the presence of low [MgATP)/[MgADP], pCa 7.2). At pCa
7.2 MLC,, phosphorylation was 1t 2% and reached 78
15% when [C&"] was increased to pCa 6.0, but returned to
0.2 its low level (9+ 2%) when [C&"] was decreased(= 4).
B
ADP content
0.0

Extraction of ADP from muscles in rigor that were exten-
sively washed to remove ADP, other than bound to actin,

yielded 320= 20 uM ADP (n = 16), most of it presumably
FIGURE 2 Normalized force-[Ca] plots for the permeabilized femoral representing ADP bound to actin. This amount was sub-
artery @) and ileum B_) strips. The_fo_rce data(norm:_;llized at pCa_6.0)_ were tracted from the [ADP] determined at different [{'fat
collected under calmum-ast_:endlm_:)r()les) and _calcmm-de_scendm_grf Measured by the radioisotopic method, [ADP] during rigor
angleg protocols at two different [MgATP] in the calcium-activating .
solution low [MgATP] (open symbo)sand high [MgATP] ¢losed sym- was~20 uM after apyrase treatmen.t aneb0 uM without .
bolg) conditions. apyrase treatment. The concentration of ADP and ATP in
the tissue extracts was measured after 10 min, by which
time tension reached steady levels at pCa 7.0 and pCa 6.0
during the calcium-ascending protocol tepCa 6.6, to  (see Methods).
match the force at pCa 7.0 under the calcium-descending The calculated total [MgADP] (myosin-bound and free,
protocol. The velocity reached atpCa 6.6 with the cal- but excluding actin-bound) estimated by the two methods
cium-ascending protocol wag = 0.05*+ 0.0051l/s (= 4), appeared to be very similar in all studied conditions and is
significantly higher tharnV, at similar amplitude of force presented in Fig. 5. The [MgADP] determined by the sub-
(~50% of P,) developed at pCa 7.0 under the calcium-traction and radioisotopic methods, respectively, in the per-
descending protocolMy = 0.02 = 0.006, see above). At meabilized femoral artery was 14620 uM and 180+ 40
high [C&*] (pCa 6.0),V, was 0.07+ 0.01 I/s, significantly M in the absence of calcium; following the rise in 4
(p < 0.05) higher than at pCa 7.0. to pCa 7.0 it was 165 20 uM and 180+ 50 uM. At high
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FIGURE 4 Summary of force, unloaded velocity
of shortening, and ML&, phosphorylation. Mea-
surements were made on permeabilized femoral ar-
tery strips at low (pCa 7.2 for force and phosphor-
ylation, pCa 7.0 for velocity measurements) and
high (pCa 6.0) [Ca] under calcium-ascending and
calcium-descending protocols, as well as at pCa 6.6,
where the calcium-activated force is equal to the
force at pCa 7.0 during the descending protocol. The
force values under either protocol were normalized
to maximal force developed at pCa 6.0 under the
same protocol. MLG, and velocity measurements 0.02
made at pCa 6.0 are the reference values obtained by
transferring the strips directly from relaxing to cal-
cium-activating solutions.
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[Ca?*] (pCa 6.0) the [MgADP] was significantly higher activating solution (pCa 7.0) during the descending protocol
(220 £ 20 uM and 250= 50 uM, respectively). reduced [MgADP] significantly, to 46= 10 uM (n = 7);
There was no significant difference in the MgADP con- this was accompanied by a significant decrease in the am-
tent of strips at pCa 7.0 undergoing the calcium-ascendinglitude of maintained force (1% 5% of force at pCa 6.0).
or calcium-descending protocols: 16520 uM/180 *= 50 Because an exogenous ATP regenerating system was not
M, n = 5 and 140= 20 uM/130 £ 50 uM, n = 4 for  included in the femoral artery strips throughout the exper-
subtraction and radioisotopic methods, respectively. Exogimental protocol, a gradient of [MgATP] between the intra-
enous CP (10 mM) and CK (100 1U/ml) in the low €a  cellular space and surrounding solution can be expected to

300 -
250 . .
Ca-ascending Ca-descending
200 -
FIGURE 5 The concentration of MGADP in perme- E;L
abilized femoral artery strips in the presence of 2 mM g~
MgATP at various [C&"] under the calcium-ascending 9( 150
and calcium-descending protocols. The data shown rep- Ecn
resent the results obtained by the two methods: radio- =
isotopic Epen bar$ and “subtraction” ¢losed baryfor
permeabilized muscles. 100 -
50 4
04
pCa7.0

relax pCa7.0 pCab.0 pCa7.0 CP+GK
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develop at high [C&'] activating conditions. As determined filament lattice and surrounding solution during the plateau
by the radioisotopic method at pCa 6.0, the [MgATP] wasof the pCa 6.0-activated contraction would not be main-
1.5+ 0.2 mM and 1.8t 0.3 mM, in the cellular space and tained following transfer of the strip into the low [Ca],
surrounding media, respectively. At low [€g there was nominally ADP-free 20 uM, probably due to ATP con-
no significant gradient of [MgATP]: the intracellular tamination) solution. Therefore, we could not exclude the
[MgATP]was 1.8+ 0.2 mM and 2.0+ 0.3 in the surround-  possibility that this initial difference in [MgADP] affected
ing media (i = 3, radioisotopic method). the force reached at low [Ca] with the descending protocol.

To compare our results with the previously publishedTo avoid the simultaneous change in both parameters,
values of [ADP] in smooth muscle, we also determined thgCa?*] and [MgADP], we used flash photolysis of diazo-2
nucleotide content of relaxed and"Kstimulated (140 mM  to reduce [C&'] in the descending protocol from pCa 6.15
for 30 min at 20°C) intact femoral artery strips by the to pCa 6.9—-7.0 (Khromov et al., 1995). Force fell to a level
subtraction method. The concentration of ATP was 2.0 50 = 5% (n = 4) of the force at pCa 6.15; this value was not
0.1 mM (h = 3) or~2 mM, when corrected for extracellular significantly different from that (55—-60% of maximal force
space, somewhat higher than [ATP] determined in intacat pCa 6.0) reached by the standard protocol utilizing solu-
porcine carotid artery and portal vein (Krisanda and Paultion exchange (Fig. 2. For the calcium-ascending proto-
1983; Hellstrand and Paul, 1983), but within the rangecol the strips were activated in the same?Gdiazo-2
reported for other rabbit smooth muscles (Butler and Dabuffer (pCa 6.15) prephotolyzed with the same light energy
vies, 1980). The total concentration of ADP in intact fem- as during the calcium-descending protocol described above.
oral artery at 20°C was 16 20 uM ([MgADP] ~35-60  The force developed under this condition (pCa 6.9-7.0) was
uM, the lower and upper limits calculated by assuming 0.520 = 5% of P, at pCa 6.0, in agreement with the results
or 1.0 mM free magnesium; Tashiro and Konishi, 1997) andshown in Fig. 2A. Therefore, the results of these control
40% or 60% extracellular space. After correction for extra-experiments show that the initial difference in [MgADP]
cellular space [ranging from 40% wet wt in Cohen andhad no significant effect on the residual tension after reduc-
Murphy (1978) to 60% in Gong et al. (1992)], the total ing [C& ], presumably because the system was saturated
intracellular [ADP] was estimated within the range of regardless of how [Cd] was reduced.
270+ 30 uM to 400 = 50 uM, respectively. However, we
found only a trend, but no statistically significant increase in
[ADP] during prolonged K contraction in this very small
number of experiments: 168 20 uM in relaxed femoral DISCUSSION
artery and 200t 20 uM (n = 3) after 30 min of contraction, Our major finding is that the development of a high-force,
respectively. [ADP] was reported previously as 22M!, low-MLC,, phosphorylation state, generated in permeabil-
rising to 270 uM after prolonged contraction in intact ized tonic smooth muscle during cross-bridge cycling at
porcine carotid artery at 20°C (Krisanda and Paul, 1983). relatively low substrate low ([MgATP]/[MgADP] ratio),

The MgADP values determined by us include both freecan be prevented by high ATP conditions (relative to
myosin and bound nucleotide in solution, but excludeMgADP). We show (Fig. 1) that force generated by a small
slowly exchanging (actin-bound) MgADP. It has been sug-increment in [C&"]; from a nominally C&"-free condition
gested, based on the similar concentrations of myosin heads significantly lower than the force reached by descending
and MgADP, that myosin contains bound MgADP in from a relatively high [C&']; to the identical, low level
smooth muscle (Vyas et al., 1992). However, the precisiofCa?*];, as reported previously in permeabilized carotid
of currently available methods is insufficient for directly artery by Moreland and Murphy (1986, but cf. Chatterjee et
measuring changes in the partitioning between free andl., 1987). The high-force, low-velocity and relatively low
myosin-bound MgADP under different experimental condi-MLC ,, phosphorylation state generated by the descending
tions. Implied in the hypothesis presented by us and basegrotocol of changing [C&]; is phenomenologically indis-
on the effects of MgATP/MgADP ratio on hysteresis, is thattinguishable from the catch-like state (Somlyo and Somlyo,
the proportion of MgADP-bound cross-bridges is increasedl967) or latch (Dillon et al., 1981) observed in nonperme-
during hysteresis. Furthermore, in comparing the MgADPabilized smooth muscle and develops at [MgATP]/
concentrations measured by us (Fig. 5) with published ifMgADP] ratios expected to be present in vive:2 mM
vivo values, note should be taken of the large contributiofMgATP] (present study; 1 mM total ATP measured and
to ADP by the ecto-ATPase activity in permeabilized corrected for 40—60% extracellular space) and 58180
smooth muscle, as indicated by the “relaxed” value (Fig. 5YMgADP] (are, respectively, the lower and upper limits
obtained under Cd free conditions. based on 3:uM MgADP and 0.5 M free M§" and 60%
extracellular space compared with 6 MgADP and 1
mM free Mg corrected for 40% extracellular space).

The presence of MgADP-dependent force hysteresis in
tonic, but not in phasic, smooth muscle is consistent with
In the standard hysteresis protocol used in the above expethe myosin isoform-specific (Somlyo, 1993) higher affinity
iments, the relatively high [MgADP] reached in the myo- of cross-bridges for MgADP in tonic smooth muscle. In

Force hysteresis induced by flash photolysis
of diazo-2
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theory, two mechanisms could account for MgADP-depen+einforced by solution studies (Cremo and Geeves, 1998;
dent development of a high-force, relatively low-phospho-Gollub et al., 1996) that show comparably high affinity
rylation and low-shortening-velocity state: a build-up of (K4 = 5 uM) for MgQADP of the dephosphorylated complex
[MgADP] and/or an increase in a cross-bridge populationof (chicken gizzard) myosin subfragment 1 with actin (acto
having high affinity for [MgADP]. S,), as well as an association constant of ATP for actomy-

The first of the above mechanisms is unlikely to beosin that is somewhat lower than the association constant
dominant, because hysteretic force was maintained regarder MgADP and very comparable to the values obtained in
less of whether [MgADP] was reduced during solution skinned fibers (Nishiye et al., 1993; Khromov et al., 1996).
exchange of [C&] (from ~230 to 140uM after 10 min Unloaded shortening velocity/g) was the same at low
and, presumably, te<140 uM immediately following force generated by the ascending as at the high force levels
solution exchange containing only 20M contaminant generated by the descending protocol (0.02 I/s) for the same
ADP) or maintained at constant, elevated levels (wherfCa?*] (Fig. 4). Although consistent with the comparable
[Ca?*] was reduced during flash photolysis). Therefore,levels of MLC,, phosphorylation{10%), this observation
although there may be a modest increase in [MgADP}was somewhat surprising under the assumption that cycling
during contraction, we favor the explanation that the fall inrates decreased during the descending protocol.
[C&a?*]; generates, in tonic smooth muscles, a population of We can offer two not mutually exclusive mechanisms
dephosphorylated cross-bridges having very high affinitieghat would account for this observation. The first explana-
for physiological [MgADP], and MgADP inhibits escape tion depends on the assumption that, at least within the
from this (AMy,ADP) state. Considering simple competi- lower ranges oV, the latter is a function of not only the
tive inhibition between the two nucleotides and [MgATP] rate, but also the number of cross-bridges cycling, presum-
2.0 mM (K, ~100 uM; lino, 1981; Arner and Hellstrand, ably reflecting internal load. If so, then a small number of
1985), the presence of 1M [MgADP] (K; = 1 uM) will relatively rapidly cycling (phosphorylated) cross-bridges
significantly inhibit (Khromov et al., 1995) the rate of the working against little or no internal load could result in the
ATP-mediated reaction (? slow component of relaxation) bysameV, as a larger number of more slowly cycling bridges
~10-fold. This interpretation is supported by the faster ratgduring hysteresis) working against a larger internal load of
of MLC,, dephosphorylation than relaxation in femoral attached, nonphosphorylated cross-bridges. This explana-
artery smooth, and the slowing of the slow, dephosphorytion is supported by a higher stiffness/force ratio during
lation independent phase of relaxation by MgADP (Khro-hysteresis than during the ascending phase of force devel-
mov et al., 1995). The ability of high (10 mM) [MgATP] to opment. The second explanation is based on a structural
abolish force hysteresis (present study) probably explainsedistribution of the cross-bridges from force generators in
the frequent absence of latch (Chatterjee et al.,, 1987series to a larger proportion distributed in parallel' €89,
Haeberle, 1987) in permeabilized smooth muscles examt971). Although such distribution, perhaps based on the
ined in the presence of high [MgATP]. In phasic smoothentrance of cooperatively cycling nonphosphorylated
muscles little or no force hysteresis, resulting in catch-likebridges into activity, is conceivable, it unfortunately lacks a
state or latch, would be expected (present study) and, inceady experimental basis for proving or disproving it.
deed, it is found to be minimal (Himpens et al., 1988). This The slowV, during force hysteresis could be accounted
interpretation accounts for the previously unexplained abfor by two populations of cross-bridges: one rapidly and the
sence of force hysteresis in taenia coli (Paul et al., 1987).other slowly (or non-) cycling (Murphy, 1994), or by a

In considering the very high affinityky = 1-5 M) first single population of slowly cycling cross-bridges (Butler et
detected in smooth muscle in rigor (Fuglsang et al., 1993al., 1987). If we consider the slowly cycling cross-bridges to
Nishiye et al., 1993; see below), and comparing it with thebe unphosphorylated, as commonly and reasonably as-
relatively high [MgADP] in intact and permeabilized sumed (Murphy, 1994; Somlyo, 1993), then we have to
smooth muscles, it is occasionally overlooked (Clark et al.consider the operation of another mechanism, such as co-
1995; Clark and Dillon, 1995) that the lot, values rep- operative reattachment (Somlyo et al., 1988; Vyas et al.,
resent MgADP binding to (largely positively) strained 1994) to account for cycling of this population.
cross-bridges in the absence of ATP (in rigor). Clearly, if A major technical problem associated with this, as with
MgATP and MgADP compete for the same nucleotidesimilar studies of both muscle and nonmuscle cells (e.g.,
binding site in smooth (Khromov et al., 1996), as in striatedKrisanda and Paul, 1983), is the measurement of [MgADP]
muscles (Cooke and Pate, 1985), the [MgADP] required tdhat is not actin-bound. The ADP chemically extracted from
affect cross-bridges will be higher in the presence of physsmooth muscles in rigor is greatly in excess of what could
iological [MgATP] than in its absence. In the presence of 1be bound 50 uM) to myosin and must originate from
mM MgATP the apparerky of MgADP will be 11-55uM another source, most likely actin-¢ mM in smooth mus-
for dephosphorylated, and at least 4- to 5-fold higher (Nishcle). We therefore subtracted the average amount of ADP
iye et al., 1993) for phosphorylated cross-bridges. The vaextracted from muscle in rigor from the values obtained
lidity of the Ky and kinetic constants derived from flash under the different experimental conditions, and also mea-
photolysis studies of skinned smooth muscle (Fuglsang etured ADP by a radioisotopic method (Trinkle-Mulcahy et
al., 1993; Nishiye et al., 1993; Khromov et al., 1996) isal., 1994). The good agreement between the results obtained
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with the two types of measurement inspires us with someutler, T. M., and R. E. Davies. 1980. High-energy phosphates in smooth

; ; muscle.In Handbook of Physiology: The Cardiovascular System. D. F.
Confldencg about the values obtained. . . Bohr, A. P. Somlyo, and H. V. Sparks, Jr., editors. American Physio-
Evaluation of the sources of [MgADP] in permeabilized |qgical Society, Bethesda. 237-252.

smooth muscle is further complicated by the presence of 8utler, T. M., M. J. Siegman, and S. U. Mooers. 1987. Slowing of
highly active ecto-ATPase that is thought to account for the crossbridge cycling rate in mammalian smooth muscle occurs without

; ; ; 1. evidence of an increase in internal lo&d .Regulation and Contraction
relatively high [MgADP] measured in relaxed permeabil of Smooth Muscle. M. J. Siegam, A. P. Somlyo, and N. L. Stephens,

ized smooth muscle (pCa 8; Fig. 5). Although the ecto- editors. Alan R. Liss, Inc., New York. 289-301.

ATPase activity can be reduced 5- to 10-fold by extensivechase, P. B., and M. J. Kushmerick. 1995. Effect of physiological ADP
permeabilization with Triton X-100 (Trinkle-Mulcahy etal.,  concentrations on contraction of single skinned fibers from rabbit fast
1994), the protocol employed in the present study achieved 3" SIoW musclesim. J. Physiol 286:C480-C489.

. T . Chatterjee, M., H. Chi-Ming, and R. A. Murphy. 1987. Dependence of
0, - - -
a reduction by only 30% of the activity ia-toxin-perme stress and velocity on calcium and myosin phosphorylation in the

abilized preparations (Khromov et al., 1995). More exten- skinned swine carotid meditn Regulation and Contraction of Smooth
sive permeabilization, in our experience, results in signifi- Muscle. M. J. Siegam, A. P. Somlyo, and N. L. Stephens, editors. Alan

. . . . R. Liss, Inc., New York. 349—410.
cant impairment of the mechanical properties of smooth " LSS Inc. New York. 349-410 . o
le: even with the present protocol the relative Contri_CIark, J. F., and P. F. Dillon. 1995. Phosphocreatine and creatine kinase in
muscile: p p energetic metabolism of the porcine carotid artetyVasc. Res32:

bution of the nonlinear (presumably non-cross-bridge) com- 24-30.
pliance to the total compliance of smooth muscle increasedlark, J. F., G. J. Kemp, and G. K. Radda. 1995. The creatine kinase
significantly (Khromov, Somlyo and Somlyo, submitted). equilibrium, free [ADP] and myosin ATPase in vascular smooth muscle

. . . cross-bridges]. Theor. Biol 173:207-211.
The rate of ADP generation by ecto-ATPase in Triton- 9 . . ,
. . Cdphen, D. M., and R. A. Murphy. 1978. Differences in cellular contractile
treated muscles and measured by the radioisotopic methoQcontents among porcine smooth musdleGen. Physiol72:369—-380.

was 0.72 mM/min (baS_Ed_ on th_e total raqi()'abe'ed ADPcooke, R., and E. Pate. 1985. The effects of ADP and phosphate on the
accumulated over 10 min in the tissue and in the surround- contraction of muscle fiber&iophys. J48:789-798.

ing solution). Calculations based on the diffusion equatiorCremo, C. R., and M. A. Geeves. 1998. Interaction of actin and ADP with
and similar to those described earlier (Khromov et al., the head domain of smooth muscle myosin: implications for strain-

1995 . | ide diffusi fficient 10° dependent ADP release in smooth musBiechemistry37:1969-1978.
)’ assuming a nucleotide ditfusion coetficient= Dillon, P., M. Aksey, S. Driska, and R. A. Murphy. 1981. Myosin phos-

cnvls (Chase and Kushmerick, 1995) show that for radius phorylation and the crossbridge cycle in arterial smooth muScience
r = 100 um, ~180 uM MgADP will be accumulated inside ~ 211:495-497.
the strip as a result of ecto-ATPase activity under thes&dman, K. A. P. 1979. The velocity of unloaded shortening and its relation

S : . s : to sarcomere length and isometric force in vertebrate muscle fibres.
conditions. This value is within the errors of estimate ob- Physiol 291:143-159.

tallned in femoral artery measured with the two methods,:uglsang, A., A. Khromov, K. Torok, A. V. Somlyo, and A. P. Somlyo.
(Fig. 5). 1993. Flash photolysis studies of relaxation and cross bridge

In conclusion, we find that the force hysteresis observed detachment: higher sensitivity of tonic than phasic smooth muscle to
in smooth muscle, when [@4]; is reduced from high to _ 9APP-J. Mus. Res. Cell Motil14:666-673.

int diat tivati | | t th latively | Gollub, J., C. R. Cremo, and R. Cooke. 1996. ADP release produces a
Intermeaiate activating Ievels, occurs at the relatvely 10W, o of the neck region of smooth myosin but not the skeletal myosin.

but physiological, [MgATP]/MgADP] ratios. We further  Nature Struct. Bial 3:796-802.
consider that, rather than being caused by a large build-up @ong, M. C., P. Cohen, T. Kitazawa, M. lkebe, M. Masuo, A. P. Somlyo,

total [MgADP], this is primarily the result of the develop- ~ and A. V. Somlyo. 1992. Myosin light chain phosphatase activity and
the effects of phosphatase inhibitors in tonic and phasic smooth muscle.

ment of a population of strained, dephosphorylated cross- j gio| Chem 267:14662-14668.
bridges having the high affinity for MgADP previously Haeberle, J. R., B. A. Trockman, and A. A. Dapaoli-Roach. 1987. Regu-
detected in rigor (Fuglsang et al., 1993; Nishiye et al., lation of carotid artery smooth muscle relaxation by myosin dephos-

; _bhri ; ; phorylation. In Regulation and Contraction of Smooth Muscle. M. J.
1993). This "?‘tter cross bm.jge pODUIa.tI(.)n together with a Siegam, A. P. Somlyo, and N. L. Stephens, editors. Alan R. Liss, Inc.,
small population of cross-bridges remaining phosphorylated new York. 415—426.

is thought to contribute to the ability of smooth muscle yejistrand, P., and R. J. Paul. 1983. Phosphagen content, breakdown
to maintain force at low levels of myosin light chain  during contraction and Sronsumption in rat portal veimm. J. Physial
phosphorylation. 244:C250-C258.
Himpens, B. H., G. Matthijs, A. V. Somlyo, T. M. Butler, and A. P.
Somlyo. 1988. Cytoplasmic free calcium, myosin light chain phosphor-
The authors thank Barbara Nordin for assistance in preparation of the Ylation, and force in phasic and tonic smooth musdleGen. Physiol
manuscript. 92:713-729.
lino, M. 1981. Tension responses of chemically skinned fibre bundles of
' the guinea-pig taenia caeci under varied ionic environménhysiol
320:449-467.
REFERENCES Khromov, A., A. V. Somlyo, and A. P. Somlyo. 1996. Nucleotide binding
as a determinant of relaxation kinetics of phasic and tonic smooth

Adams, S. R., J. P. Y Kao, and R. Y. Tsien. 1989. Biologically useful Muscle.J. Physiol 492:669-673.
chelators that take up && upon illumination.J. Am. Chem. Soc  Khromov, A., A. P. Somlyo, and A. V. Somlyo. 1997. Thiophosphorylated
111:7957-7968. regulatory myosin light chains (ML§) increase rigor stiffness in per-
Arner, A., and P. Hellstrand. 1985. Effects of calcium and substrate on Meabilized smooth muscleBiophys. J 74:25%. (Abstr.).
force-velocity relation and energy turnover in skinned smooth muscle ofkhromov, A., A. V. Somlyo, D. Trentham, B. Zimmerman, and A. P.
the guinea-pigJ. Physiol 360:347-365. Somlyo. 1995. The role of MgADP in force maintenance by dephos-

This research was funded by National Institutes of Health Grant HL19242



1934 Biophysical Journal Volume 75 October 1998

phorylated cross bridges in smooth muscle: a flash photolysis studySeraydarian, K., W. F. H. M. Mommaerts, and A. Wallner. 1962. The

Biophys. J69:2611-2622. amount and compartmentalization of adenosine diphosphate in muscle.
Kitazawa, T., B. D. Gaylinn, G. H. Denney, and A. P. Somlyo. 1991, Biochim. Biophys. Acte65:443—460.

G-protein mediated calcium-sensitization of smooth muscle contractionsomlyo, A. P. 1993. Myosin isoforms in smooth muscle: how may they

through myosin light chain phosphorylatiod. Biol. Chem 266: affect function and structure® Muscle Res. Cell Motil14:557-563.

_1708_1715' ) Somlyo, A. V., Y. E. Goldman, T. Fujimori, M. Bond, D. R. Trentham, and

Krisanda, J. M., and R. Paul. 1983. Phosphagen and metabolite content o p_somlyo. 1988. Cross-bridge kinetics, cooperativity, and negatively
during contraction in porcine carotid artenAm. J. Physial 244: strained cross-bridges in vertebrate smooth muscle: a laser-flash photol-
C385-C390. ysis study.J. Gen. Physiol91:165-192.

M?:;'Qé cl_lz'l’a:n(;jf RL'";]]é f arisomal}(?(?él.bRelgaggtlor;Oftr&mSi;lggfr coaf1 Zlijmz_er%Somlyo, A. V., and A. P. Somlyo. 1967. Active state and catch-like state
9 P9 y P y 9 *in rabbit main pulmonary arteryl. Gen. Physiol50:168-169.

Biophys. J66:1115-1128.
Moreland, R. S., and R. A. Murphy. 1986. Determinants of Ga Somlyo, A. P., and A. V. Somlyo. 1994. Signal transduction and regulation
ant otr P ) ) in smooth muscleNature 372:231-236.

dependent stress maintenance in skinned swine carotid media.

Am. J. Physial 251:C892-C903. Tashiro, M., and M. Konishi. 1997. Basal intracellular freegoncen-
Murphy, R. A. 1994. What is special about smooth muscle? The signifi- tration in smooth muscle cells of guinea pig tenia cecum: intracellular
cance of covalent crossbridge regulatiASEB J 8:311-318. calibration of the fluorescent indicator furaptr8iophys. J 73:
3358-3370.

Nishiye, E., A. V. Somlyo, K. Torok, and A. P. Somlyo. 1993. The effects
of MgADP on cross bridge kinetics: a laser flash photolysis study of Trinkle-Mulcahy, L., M. J. Siegman, and T. M. Butler. 1994. Metabolic
guinea-pig smooth muscld. Physiol 460:247-271. characteristics of alpha-toxin-permeabilized smooth muscle.

Passonneu, J. V., W. D. Lust, and D. McCandless. 1979. The preparation AM- J. Physiol266:C1673-C1683.
of biological samples for analysis of metabolitd®ch. Metabol. Res  Vyas, T. B., S. U. Mooers, S. R. Narayan, M. J. Siegman, and T. M. Butler.
B212:1-27. 1994. Cross-bridge cycling at rest and during activatibrBiol. Chem

Paul, R. J., J. D. Strauss, and J. M. Krisanda. 1987. The effects of calcium 269:7316-7322.
on smooth muscle mechanics and energetitsRegulation and Con-  vyas, T. B, S. U. Mooers, S. R. Narayan, J. C. Witherell, M. J. Siegman,
traction of Smooth Muscle. M. J. Siegam, A. P. Somlyo, and N. L. “and T. M. Butler. 1992. Cooperative activation of myosin by light chain
Stephens, editors. Alan R. Liss, Inc., New York. 319-332. phosphorylation in permeabilized smooth musée. J. Physiol263:

Riegg, J. C. Smooth muscle torféhysiol. Rev51:201-248. C210-C2109.



