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SUMMARY

1. The rate constant of tension redevelopment (ktr) following a rapid release and
subsequent re-extension of muscle length has been demonstrated to be Ca2+ sensitive
and is thought to reflect the rate-limiting step in the cross-bridge cycle leading to the
formation of the stronglv bound, force-bearing state. The kinetics of this cross-bridge
state transition were investigated at 15 °C over a wide range of Ca2+concentrations
while varying pH from 7-00 to 6-20 in rat slow-twitch soleus, rat fast-twitch
superficial vastus lateralis (SVL) and rabbit fast-twitch psoas skinned single fibres.

2. At maximal levels of Ca2+ activation, ktr was unaffected by changes in pH from
7 00 to 6-20 while isometric tension was depressed to 0-60 + 0-02 P0 (mean + S.E.M.) at
the low pH in fast-twitch fibres and to 0-78+001 P0 in slow-twitch fibres (P0 is the
maximum isometric tension obtained at pH 7 00).

3. At reduced levels of Ca2' activation, corresponding to pCa (-log [Ca2+]) greater
than 5 0, ktr was markedly depressed in all fibre types when pH was lowered. The
Ca2+ sensitivity of steady-state isometric tension was also reduced in all fibres at
pH 6-20 compared to pH 7-00.

4. The results suggest that pH has a modulatory effect upon an apparent rate
constant which is rate limiting in terms of the formation of the strongly bound, force-
bearing cross-bridge state. This effect of altered pH may in part account for the
reduction in the Ca2+ sensitivity of isometric force at low pH as well as the depression
of the rate of rise of tension in living fibres during fatiguing stimulation.

INTRODUCTION

A characteristic manifestation of muscle fatigue is a decrease in the rate of rise of
tension during repetitive contractions (Marey, 1868). The basis for this effect is
unknown but may in part relate to the stimulation-dependent decline in intracellular
pH. Here, we tested whether the recently identified Ca2+-sensitive cross-bridge state
transition in mammalian skeletal muscle (Brenner, 1988; Metzger, Greaser & Moss,
1989) is modulated by pH. The step in the actin-myosin ATP hydrolysis reaction
thought to be sensitive to the concentration of Ca2+ is the cross-bridge transition
from the weakly bound state to the strongly bound, force-bearing state. In the
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present study the kinetics of this state transition were examined in skinned single
fibres over a wide range of Ca21 concentrations and at pH 7 00 or pH 6-20. We show
here an effect of low pH to reduce the Ca21 sensitivity of this cross-bridge state
transition, which may in part provide a mechanism for the reduced rate of rise in
tension during fatigue.

Portions of this work have been published previously in abstract form (Metzger &
Moss, 1989a).

METHODS

Skinned fibre preparation and experimental apparatus
Fast-twitch skeletal muscle fibres were obtained from the superficial portion of the vastus

lateralis (SVL) muscles of adult female Sprague-Dawley rats and from psoas muscles of adult male
New Zealand rabbits. Slow-twitch fibres were obtained from soleus muscle of adult female
Sprague-Dawley rats. Complete details are available in the preceding paper (Metzger & Moss,
1990 a).

Solutions
Relaxing and activating solutions contained (in mmol 1-l): EGTA, 7; free Mg2+. 1; total ATP,

4 4; creatine phosphate, 14 5; imidazole, 20; and sufficient KCl (total Cl- 68-83) to yield a total
ionic strength of 180 mmol 1-l. Solution pH was adjusted to 7 00 or to 6 20 with KOH, except for
the solution of pH 6 20 and pCa 9-0 in which pH was adjusted with HCl. Complete details are
available in the preceding paper. All experiments were conducted at 15 'C.

Rate constant of tension redevelopment
The experimental protocol for measuring the rate constant of tension redevelopment (ktr) was a

modification of the multistep protocol developed by Brenner & Eisenberg (1986). The measurement
of ktr involves a mechanical manoeuvre leading to the complete dissociation of myosin cross-bridges
from actin in a steadily activated fibre, so that the subsequent rate of tension redevelopment
reflects the rate-limiting transition in the cross-bridge cycle leading to the formation of the stronglv
bound, force-generating state. The fibre was first transferred from relaxing solution to an
activating solution with controlled pCa in the range 7-0 to 4-5, and steady isometric tension was
allowed to develop. The fibre was then rapidly (05 ms) shortened by about 200-300 nm
(half-sarcomere)-' resulting in an abrupt reduction of force to zero, and the fibre shortened for
5-40 ms under unloaded conditions (i.e. at Vmax). While shortening at Vmax, the number of cross-
bridges attached at one time is about 20% of the total (Huxley, 1957; Julian & Sollins, 1975). In
order to detach these remaining cross-bridges from actin, the fibre was rapidly (0 5 ms) re-extended
to its initial length. Coincident with the restretch, force transiently increased due to positive
straining of attached cross-bridges; however, since the amount of restretch (200-300 nm (half-
sarcomere)-') was markedly greater than estimates of the working distance of the cross-bridge
(about 10 nm (half-sarcomere)-'), attached cross-bridges dissociated and force rapidly declined to
zero or very nearly zero. The redevelopment of force following this manoeuvre reflects the rate of
reattachment of cross-bridges and the transition to the strongly bound, force-producing state.
During the redevelopment of force, sarcomere length was held constant since in the absence of
sarcomere length control, ktr would be underestimated due to end compliance (Brenner &
Eisenberg, 1986). In our experiments sarcomere length was clamped to within 05 nm (half-
sarcomere)-l of the desired value by servo-control of the position of the first-order line of the laser
diffraction pattern (Fig. 2; also see Metzger et al. 1989). Records of tension redevelopment were best
fitted by a first-order exponential equation: F, = Fo (1 -e-ktr 1) where F is force at time t F1o is
maximum force, and ktr is the rate constant of tension redevelopment. Complete details of the
experimental protocol, curve-fitting procedure, mechanical set-up, and sarcomere length control
servo system are available elsewhere (Metzger et al. 1989).

Tension-pCa relationship
Tension-pCa data were collected as described in the preceding paper.
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Fig. 1. A, tension records obtained during the protocol to determine ktr during maximal
levels of Ca2' activation at pH 7-00 and at pH 6-20 in a single Soleus fibre. ktr was 3a5 s-a
at pH 7-00 and at pH 6-20. In both experimental trials, sarcomere length was clamped to
2-60,um during the entire phase of tension redevelopment (sarcomere length records
similar to those shown in Fig. 2.A). Po, obtained at pCa 4-5 and pH 7 00, was 109kk
Tension at pCa 4o5 and pH 6-20 was 0 77 Po. Fibre length was 3-48 mm. B, records of
tension obtained during the protocol to determine kt at maximal levels of Ca2+ activation
at pH 7 00 and at pH 6-20 in a single SVL fibre. ktr was 23-0 1-)at pH 7-00 and 22-2 s-I at
pH 6-20. Sarcomere length was clamped at 2554 7m during tension redevelopment
(sarcomere length records similar to those shown in Fig. 2A). Po was 96-8 kN m-2 while
maximum tension obtained at pH 6-20 was 0 66 Po. Fibre length was 2848 mm. C, records
of tension obtained during the protocol to determine k,, at maximal levels of Ca'+
activation at pH 7-00 and at pH 6-20 in a single psoas fibre. ktr was 190 s-I at pH 7 00 and
18-2 s-I at pH 6-20. Sarcomere length was clamped at 2-57 pcm during tension
redevelopment (sarcomere length recordls similar to those shown inx Mig. 2A}. P. was
138 kN m-, while maximum tension atMpHP 20 was 0 55 Po. Fibre length was 2-89 mm.
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Fig. 2. For legend see facing page.

Statistic8
A two-way analysis of variance (ANOVA) was used to test whether altered pH significantly

affected the tension-pCa and/or the ktr-pCa relationships. When a significant interaction between
pH and Ca2+ was indicated by ANOVA, Student's two-tailed t test was used to determine
significant differences between two mean values. A probability level of P < 005 was selected as
indicating significance. Values are reported as means+standard error of the mean.
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Fig. 2. A, records of tension and sarcomere length obtained during the protocol to
determine ktr at a submaximal level of Ca2' activation (pCa 5-7) at pH 7-00 and at pH 6-20
in a single soleus fibre. ktr was 2-2 s-1 at pH 7100, 1-0 s-' at pH 6-20 and 2-2 s-1 with pH
back to 7-00. ktr was 3-3 s-' at pCa 4-5 and pH 7100. Sarcomere length was clamped at
2-53,um during tension redevelopment. P0 was 95 kN m-2. At pCa 5.7, tension was 0-80 P0
at pH 7-00 and 0-33 P0 at pH 6-20. Fibre length was 3-08 mm. B, records of tension
obtained during the protocol to determine k,, at a submaximal level of Ca2+ activation
(pCa 5-7) at pH 7100 and at pH 6-20 in a single SVL fibre. ktr was 20-0 s-1 at pH 7100 and
10-0 s-' at pH 6-20. ktr was 24 s-f at pCa 4-5 and pH 7100. Sarcomere length was clamped
at 2-57,um during tension redevelopment (sarcomere length records similar to those
shown in Fig. 2A). P0 was 68 kN m-2. At pCa 5 7, tension was 0-73 P0 at pH 7100 and 0-29 P0
at pH 6-20. Fibre length was 2-00 mm. C, records of tension obtained during the protocol
to determine ktr at a submaximal level of Ca2+ activation (pCa 5-5) at pH 7-00 and at
pH 6-20 in a single psoas fibre. ktr was 10-6 s-I at pH 7100 and 3.7 s-l at pH 6-20. ktr was
19-0 s-1 at pCa 4-5 and pH 7100. Sarcomere length was clamped at 2-57,um during tension
redevelopment (sarcomere length records similar to those shown in Fig. 2A). P0 was
140-7 kN m-2. At pCa 5 5, tension was 0-93 Po at pH 7-00 and 0-36 Po at pH 6-20. Fibre
length was 2-89 mm.

RESULTS

pH modulates isometric tension but not ktr at maximal levels of Ca21 activation
The effect of altered pH on ktr during maximal Ca2' activation of a slow-twitch

soleus fibre is shown in Fig. 1. In this fibre, which was activated at pCa 4 5, ktr was
3.5 s-I at both pH 7-00 and pH 6-20. However, as found previously (Metzger & Moss,
1987, 1988) there was a 23% depression of isometric tension at pH 6-20 compared to
pH 7 00. There was also no effect of altered pH on ktr during maximal Ca2+ activation
of fast-twitch SVL fibres and psoas fibres (Fig. 1). In the SVL and psoas fibres shown,
the kinetics of tension redevelopment at pH 7V00 virtually superimposed the records
obtained at pH 6-20. In agreement with our earlier findings the effect of reduced pH
to depress tension was more pronounced in SVL and psoas fibres than that observed
in soleus fibres. Table 1 is a summary of the effects of altered pH on ktr and isometric
tension at maximal levels of Ca2+ activation in each of the fibre types. As noted
previously (Metzger & Moss, 1989 b), ktr measured at maximal levels of Ca2+
activation differs markedly between fast-twitch and slow-twitch fibres. At pCa 4-5
and pH 7-00, ktr was 23-4+0-7 s-' (n = 13) in rat fast-twitch SVL fibres and
3-1+0-2 s-1 (n = 10) in rat slow-twitch soleus fibres. The functional significance of
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this difference in maximal ktr between fibre types is the subject of another paper
(Metzger & Moss, 1990b).

Effects of altered pH on ktr and isometric tension at submaximal levels of Ca2+
activation

In all fibres examined at submaximal levels of Ca2+ activation, ktr was markedly
reduced at pH 6-20 compared to pH 7 00. Figure 2 shows tension records obtained
from a soleus fibre activated at pCa 5'7. The fibre was first activated at pH 7100 and

TABLE 1. Summary of the effects of pH on ktr and tension at maximal levels of Ca2+ activation
ktr (s-')

Relative tension
pH 7 00 pH 6-20 (pH 6-20/pH 7 00)

Soleus 31 +0-2 3-4+0 2 0-78+0 01
(n = 10) (n = 8) (n = 10)

SVL 23-4+0 7 24-0+009 0-60+0-02
(n= 13) (n= 12) (n= 13)

Psoas 17-6+08 17-9+ 002 0-60+ 003
(n = 7) (n = 6) (n = 7)

Values are means+standard error of the mean. Relative tension values were obtained by
dividing the tension at pCa 4-5 and pH 6-20 by the tension obtained at pCa 4-5 and pH 7.00 in the
same fibre.

a ktr value of 2-2 s-1 was obtained. In a subsequent activation at pH 6-20, ktr was
reduced to a value of 1.0 s-1. The effect of low pH to decrease ktr was completely
reversed by returning the fibre to an activating solution of pH 7'00, indicating that
there were no irreversible effects of altered pH on ktr. The effect of low pH to reduce
ktr at a submaximal level of Ca2+ activation was also observed in SVL and psoas
fibres (Fig. 2).
A summary of the effects of altered pH on the ktr-pCa relationships in soleus, SVL

and psoas fibres is presented in Fig. 3. In all fibres at maximal Ca2+ activation altered
pH had no effect upon ktr; however, at lower levels of Ca2+ activation corresponding
to pCa greater than 5-0, ktr was significantly reduced when pH was lowered. Despite
marked differences between fibre types in terms of absolute values of ktr (Table 1),
the pCa50 (concentration of Ca2+ necessary for half-maximal ktr) of ktr was
reduced by approximately 0 30 pCa units in all fibres at pH 6-20 compared to pH 7-00
(Table 2).
As reported previously (Metzger & Moss, 1987) the Ca2+ sensitivity of isometric

tension was significantly depressed at low pH in soleus, SVL and psoas fibres (Fig. 4;
Table 2). The concentration of Ca2+ necessary for half-maximal isometric tension
(i.e. pCa50) was reduced by about 0 4 pCa units in all fibre types.
The results presented in Table 2 also show the differing Ca2+ sensitivities of tension

and ktr. At pH 7.00, pCa50 values obtained from the ktr-pCa relationships were
0-2-0 4 pCa units lower than the pCa50 values obtained from the tension-pCa
relationships. These differences in pCa50 were greater in fast-twitch than in slow-
twitch fibres. At pH 6-20, differences between the Ca2+ sensitivities of tension and ktr
were less and fibre type differences were less apparent. At pH 7.00, values of n2
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obtained from Hill plots of the tension-pCa data were greater in fast- than in slow-
twitch fibres, with differences between fibre types being less at low pH, as noted
previously (Metzger & Moss, 1987). The steepness of the tension-pCa relationship is
thought in part to be a manifestation of molecular co-operativity in the activation
of thin filament. Thus, a decrease in n2 suggests a reduction in co-operative
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Fig. 3. Summary of the effects ofpH upon the ktr-pCa relationships in soleus (A), SVL (B)
and psoas (C) fibres. Maximum values of ktr were obtained at pCa 4 5 and average values
at pH 7 00 and pH 6-20 were, respectively, 3-1 +0-2 s-' (n = 10) and 3 4+ 0 2 s-' (n = 8)
for soleus fibres, 234+07 s-5 (n = 13) and 24-0+ 09 s-' (n = 12) for SVL fibres, and
17-6+0-8 s-' (n = 7) and 17 9+0-02 s-'(n = 6) for psoas fibres. Values are means+
standard error of the mean. In some instances error bars were smaller than the symbol.
The curves were fitted to the data by eye. The asterisks denote significant differences
between the pH 7Q00 and pH 6 20 values at the same pCa.

activation of the thin filament at low pH. In general, the Hill coefficients obtained
from ktr-pCa data were lower than those obtained from tension-pCa data, i.e. the
ktr-pCa relationship was less steep. At pH 7 00, the transformed ktr-pCa data were
clearly biphasic, with n, and n2 values averaging about 1-4 and 2 2, and the difference
between values being greater in fast- than in slow-twitch fibres (Table 2). The
significance of biphasic Hill plots and n values greater than 1 for ktr data is not known
but presumably indicates co-operativity in the system which regulates ktr.

In order to facilitate comparisons of the relative effects on ktr and tension due to
reduced pH, results obtained at pH 6-20 have been scaled to the results obtained
from the same fibre at the same pCa and pH 700 (Fig. 5). Thus, a value less than 1-0
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TABLE 2. Summary of the effects of pH on pCa50 and Hill coefficients. n, obtained from
tension-pCa and ktr-pCa data

Tension ktr

pH 700 pH 620

6-13
1-47
1-80

6-00
1-92
4-60

6-04
2-39
6-20

5-64
1-54
4-12

,5-62
1-60
2-10

5-64
2-28
5-63

Difference pH 700 pH 620

-0-49
+007
+ 3-32

-0-38
-0-32
-2-50

-040
-0*11
-057

5-95
0-96
1-27

5-75
2-15
2-55

5-61
1-06
2-60

5-61
2-35
3-47

5-53
2-10
200

5-31
1-86
1-86

The pCa50 values were obtained from the tension-pCa and ktr-pCa data shown in Figs 3 and 4.
The Hill coefficient n1 is the slope of the best-fit line for data greater than approximately 50% of
the maximum, while the Hill coefficient n2 is the slope for data less than approximately 50% of the
maximum value. The difference value was obtained by subtracting the pH 7 00 value from the
pH 6-20 value.
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Fig. 4. Summary of the effects of pH upon the tension-pCa relationships in soleus (A),
SVL (B) and psoas (C) fibres. Values are means+ standard error of the mean; n is given
in Table 1. In some instances error bars were smaller than the symbol. The curves were

fitted to the data by eye. In all fibres at each pCa, the value at pH 7-00 was significantly
greater than the value at pH 6-20.
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Fig. 5. Summary of the effects of pH upon tension and ktr at various pCa values in soleus
(A), SVL (B) and psoas (C) fibres. Values at each pCa were obtained by dividing the value
at pH 6-20 by the value at pH 7 00 and are expressed as the means + standard error of the
mean. Asterisks indicate values that are significantly lower than one.
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indicates a decrease in tension or ktr when pH was reduced from 7-00 to 6-20. In
general, results expressed this way were qualitatively similar in soleus, SVL and
psoas fibres. First, at high levels of Ca2" activation (pCa 5 0 or less) there was a
dissociation of tension and ktr in that tension was significantly depressed due to low
pH while ktr was unaffected. Second, as the concentration of Ca21 was lowered, the
effect of low pH to depress tension became more pronounced. Also evident at
submaximal [Ca2"] was an effect of low pH to depress ktr.

DISCUSSION

Basis of Ca21 sensitivity of ktr
The mechanism by which pH modulates the Ca21 sensitivity of the rate constant

of tension redevelopment (ktr) can be discussed in terms of a kinetic model of
actomyosin interaction (Fig. 6). The reaction scheme is derived from current models
of the ATP hydrolysis pathway in skeletal muscle (Taylor, 1979; Sleep & Smith,
1981; Eisenberg & Hill, 1985; Goldman & Brenner, 1987; Hibberd & Trentham,
1986). The rate constant of tension redevelopment, ktr, is a manifestation of the step
in the reaction pathway which is rate limiting in terms of the cross-bridge transition
to the force-bearing state. Following the release and restretch of fibre length during
contraction, which results in a drop of tension to zero or very nearly zero, cross-
bridges are detached from actin binding sites, and predominantly populate the
M-ATP and M-ADP-Pi states. A smaller fraction of cross-bridges populate the
M-ADP state (not shown) based on the low rate of Pi ejection when cross-bridges are
dissociated from actin (Taylor, 1979; Hibberd & Trentham, 1986). Thus, the rate of
rise of tension following the mechanical perturbation reflects the rate-limiting step
governing the cross-bridge transition from the detached (M-ATP, M-ADP-Pi) and
the weakly bound, low-force states (AM-ATP, AM-ADP-Pi) to the strongly bound,
high-force states (AM'-ADP, AM-ADP, AM).

Previous studies have demonstrated that increases in the concentration of Pi
depress isometric tension (Riiegg, 1971), increase the rate constant of tension
development (Burton & Sleep, 1988), and increase the rate of decay of rigor tension
following photolysis of caged ATP (Hibberd, Dantzig, Trentham & Goldman, 1985).
These results suggest that: (1) the Pi-release step (Fig. 6, step 5) is coupled to the
force-producing step and (2) the AM'-ADP state may be the dominant force-bearing
cross-bridge state in an isometrically contracting fibre. Brenner (1987) has shown
that stiffness and tension increase with similar time courses following the length
release and restretch protocol. These findings strengthen the hypothesis that reaction
step 5 in the hydrolysis scheme, i.e. the weak to strong binding transition, is limiting
in terms of ktr. Alternatively, the rate-limiting step may occur prior to the Pi-release
step. For example, a proposed AM-ADP-Pi isomerization step (Homsher & Millar,
1989) which is not included in the scheme in Fig. 6, may be rate limiting in the
transition to the strongly bound, force-bearing state.

In the scheme in Fig. 6, in which all the constituent reactions are reversible, the
value of ktr is the arithmetic sum of the forward and reverse rate constants for the
rate-limiting steps governing the formation and subsequent dissociation of the
dominant force-bearing cross-bridge state. Thus, ktr may be defined by the sum of the
apparent rate constants k+5. k5 and possible contributions of k+6, k_6, k+7 and k_7 (+
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and - refer to the forward and reverse reactions, respectively). This definition of ktr
is only an approximation since the reaction steps which limit the formation and
dissociation of the force-bearing state are currently being debated.

ATP Pi ADP
AM OAM-ATP AM-ADP-P AM'-ADP =AM-ADP -AM

1 12 3 5 6 7

t24
M-ATP | > M-ADP-Pi

Weak binding Strong binding

Fig. 6. Schematic model of the kinetics of the actomyosin ATP hydrolysis reaction during
contraction in skeletal muscle, where A is actin and M is heavy meromyosin or myosin SI.
The scheme is adapted from current models of ATP hydrolysis (Taylor, 1979; Sleep &
Smith, 1981; Eisenberg & Hill, 1985; Hibberd & Trentham, 1986; Goldman & Brenner,
1987).

Earlier studies examining the Ca2" sensitivity of ktr provide evidence that the
formation of the strongly bound, high-force state, rather than the subsequent
dissociation of bound cross-bridges, is the Ca2+-sensitive step (Brenner, 1988). If this
view is correct, the Ca21 sensitivity of ktr is likely to be due to an effect of Ca21 on
the apparent rate constants k,5 and/or k-5. In an attempt to sort out these
possibilities the following should be considered. (1) The sum (k+5+ k-5) increases with
increases in the concentration of Ca2+ and (2) the ratio k+5/(k+5+k±5), a primary
determinant of the proportion of cross-bridges in the AM'-ADP state, also increases
with Ca2+ concentration. Thus, the simplest model that explains the Ca2+ sensitivity
of ktr is that Ca2+ has a direct effect upon the forward apparent rate constant k±5,
such that k+5 increases with the concentration of Ca2+. However, another
interpretation consistent with our results would be that a transition or isomerization
step prior to phosphate release is Ca2+ sensitive.

Probing the Ca2+ sensitivity of ktr by altering pH
In the present study, during maximal Ca2+ activation, ktr was unaffected by

decreasing pH from 700 to 6'20, while isometric tension was depressed at low pH.
During submaximal Ca2+ activations, both ktr and tension were markedly depressed
by reducing pH to 6-20. A possible interpretation of these findings, in keeping with
the earlier discussion, is that pH has a modulatory effect upon the sensitivity of k+5
to Ca2+. Based on our results reduced pH decreases the Ca2+ sensitivity of k+5 without
influencing the maximum value of k+5. Thus, the apparent rate constant k+5 is
sensitive to pH at concentrations of Ca2+ less than about 10-5 M. The depression of
force at maximal levels of Ca2+ activation appears in part to involve a direct effect
of low pH to reduce the force produced by a strongly bound, force-bearing cross-
bridge (preceding paper).

If pH modulates the Ca2+ sensitivity of an apparent rate constant involved in
step 5, it would be expected that following a decrease in pH the new steady-state
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distribution of cross-bridges would show an increase in the proportion in the
AM-ADP-Pi state and a concomitant decrease in the proportion in the AM'-ADP
state. The expectation which follows from such a redistribution of cross-bridge states
(i.e. a decrease in the proportion of strongly bound cross-bridges) would be that the
stiffness-pCa relationship would be depressed at low pH, a result that is consistent
with experimental observations (preceding paper).

Modulation of the Pi release step by pH
Considering that Pi has profound effects on tension and the rate of tension

development, one possibility is that the effects of pH presented here are mediated via
changes in the protonation of Pi. It has been suggested that the effect of Pi on
contractile function may be dependent upon the species of Pi; the diprotonated form
of Pi, rather than the monoprotonated form, has been proposed as the biologically
active species (Nosek, Fender & Godt, 1987) and the proportions of these two species
of Pi depend upon pH. However, subsequent studies provide evidence that force
production is critically dependent upon the total concentration of Pi without regard
to the species of Pi (Chase & Kushmerick, 1988; Cooke, Franks, Luciani & Pate,
1988). Due to impurities of chemicals in our relaxing and activating solutions it is
likely that the concentration of Pi is 02-0)5 mm (Pate & Cooke, 1989), a concentration
likely to be too low to markedly affect contractile function. Thus, the effects of pH
on ktr and isometric tension reported here are independent of any effects ofpH on the
species of Pi.

Mechanism of rate constant modulation by H+: mass action or a direct effect
It is known that protons are released during the hydrolysis of ATP by actomyosin

in solution, and Chock (1979) provided evidence that H+ is released at the Pi-release
step. At pH 8, one mole of protons is released locally (i.e. prior to buffering by the
creatine phosphate-creatine phosphokinase system) per mole of ATP hydrolysed
(Taylor, 1979); however, at pH 6-4 the stoichiometry of the reaction is calculated to
be 0-03 mol H+/mol ATP (Hultman & Sahlin, 1980). Thus, at low pH it appears
unlikely that the phosphate-release step should be affected by protons via mass
action. Additionally, if protons were reversing the phosphate-release step by mass
action, force would decline due to a reduction in the proportion of cross-bridges in the
AM'-ADP state. Correspondingly, the observed reverse rate constant could be
considered pseudo-first order (i.e. k-5 x [H+]) and would therefore increase at low pH.
However, our findings showed that ktr declined at low pH. Thus, the effects of H+ are
unlikely to involve a bimolecular effect on the reverse rate constant in reaction 5.
Our results obtained at submaximal concentrations of Ca21 showed a depression of
tension and ktr at low pH. The simplest explanation for these results is that protons
have a direct, depressant effect upon the forward apparent rate constant of reaction
5 in the scheme shown in Fig. 6. This is different from the mechanism that has been
hypothesized for effects due to Pi. To account for the effect of Pi to depress steady
isometric tension and to increase the rate of relaxation of rigor tension following
photolysis of caged ATP, it has been proposed that the observed reverse rate
constant is pseudo-first order, i.e. k5 x [Pi], and increases with increases in the
concentration of Pi (Hibberd et al. 1985).
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Physiological relevance of an effect of pH upon ktr
The effect of pH on the Ca2" sensitivity of the rate constant governing the

transition from the weak to strong binding states could account in part for the
reduction in the Ca2+ sensitivity of isometric tension at low pH.

Further, our findings may provide a basis for the long-standing observation that
the rate of rise of tension is depressed during fatiguing stimulation of skeletal muscle
(Marey, 1868). It is well known that during sufficiently intense muscular contraction,
intracellular pH declines from a resting value of about 7 00 to values as low as 6f20
(Dawson, Gadian & Wilkie, 1978; Metzger & Fitts, 1987). Our results indicate an
effect of low pH to reduce the Ca21 sensitivity of ktr. The pCa values at which ktr was
most affected by low pH are compatible with the range of Ca21 concentrations
observed during an isometric twitch and tetanus (Blinks, Riudel & Taylor, 1978).

The authors are grateful to Dr James Graham for performing gel electrophoresis on our fibre
samples. This work was supported by a grant from the National Institutes of Health to R. L. M.
(HL25861) and an NSRF post-doctoral fellowship to J. M. M. (AR0781 1).

REFERENCES

BRENNER, B. (1987). Mechanical and structural approaches to correlation of cross-bridge action in
muscle with actomyosin ATPase in solution. Annual Review of Physiology 49, 655-672.

BRENNER, B. (1988). Effect of Ca2+ on cross-bridge turnover kinetics in skinned single psoas fibers:
implications for regulation of muscle contraction. Proceedings of the National Academy of Sciences
of the USA 85, 3265-3269.

BRENNER, B. & EISENBERG, E. (1986). Rate of force generation in muscle: Correlation with
actomyosin ATPase in solution. Proceedings of the National Academy of Sciences of the USA 83,
3542-3546.

BLINKS, J. R.. RV,DEL, R. & TAYLOR, S. R. (1978). Calcium transients in isolated amphibian skeletal
muscle fibres: detection with aequorin. Journal of Physiology 277, 291-323.

BURTON. K. & SLEEP, J. (1988). The effect of phosphate on the rate of force recovery in rabbit psoas
muscle fibers. Biophysical Journal 53, 564a (abstract).

CHASE, P. B. & KUSHMERICK, M. J. (1988). Effects of pH on contraction of rabbit fast and slow
skeletal muscle fibers. Biophysical Journal 53, 935-946.

CHOCK, S. P. (1979). The mechanism of the skeletal muscle myosin ATPase. Journal of Biological
Chemistry 254, 3244-3248.

COOKE, R., FRANKS, K., LUCIANI, G. B. & PATE, E. (1988). The inhibition of rabbit skeletal muscle
contraction by hydrogen ions and phosphate. Journal of Physiology 395, 77-97.

DAWSON, M. J., GADIAN, D. G. & WILKIE, D. R. (1978). Muscular fatigue investigated by
phosphorus nuclear magnetic resonance. Nature 274, 861-866.

EISENBERG, E. & HILL, T. L. (1985). Muscle contraction and free energy transduction in biological
systems. Science 227, 999-1006.

GOLDMAN, Y. E. & BRENNER, B. (1987). Special topic: molecular mechanisms of muscle
contraction. Annual Review of Physiology 49, 629-636.

HIBBERD, M. G., DANTZIG, J. A., TRENTHAM, D. R. & GOLDMAN, Y. E. (1985). Phosphate release
and force generation in skeletal muscle fibers. Science 228, 1317-1319.

HIBBERD, M. G. & TRENTHAM, D. R. (1986). Relationships between chemical and mechanical
events during muscular contraction. Annual Review of Biophysics and Biophysical Chemistry 15,
119-161.

HOMSHER, E. & MILLAR. N. C. (1989). Tension transients induced by photolysis of caged phosphate
in glycerinated rabbit soleus muscle fibres. Journal of Physiology 418, 62P.

HULTMAN, E. & SAHLIN, K. (1980). Acid-base balance during exercise. Exercise and Sport Science
Reviews 8, 41-128.

763



J. M. METZGER AND R. L. MOSS

HUXLEY, A. F. (1957). Muscle structure and theories of contraction. Progress in Biophysics and
Biophysical Chemistry 7, 255-318.

JULIAN, F. & SOLLINS, M. R. (1975). Variation of muscle stiffness with force at increasing speeds
of shortening. Journal of General Physiology 66, 287-302.

MAREY, E. J. (1968). Du mouvement dans les fonctions de la vie. Cited in Die Ermiidung, by A.
Mosso. Hirzel, Leipzig (1892).

METZGER, J. M. & FrrTs, R. H. (1987). Role of intracellular pH in muscle fatigue. Journal of
Applied Physiology 62, 1392-1397.

METZGER, J. M., GREASER, M. L. & Moss, R. L. (1989). Variations in cross-bridge attachment rate
and tension with phosphorylation of myosin in mammalian skinned skeletal muscle fibers.
Journal of General Physiology 93, 855-883.

METZGER, J. M. & Moss, R. L. (1987). Greater hydrogen ion-induced depression of tension and
velocity in skinned single fibres of rat fast than slow muscles. Journal ofPhysiology 393, 727-742.

METZGER, J. M. & Moss, R. L. (1988). Depression of Ca2+ insensitive tension due to reduced pH in
partially troponin extracted skinned skeletal muscle fibers. Biophysical Journal 54, 1169-1173.

METZGER, J. M. & Moss, R. L. (1989a). Variations in calcium sensitive cross-bridge attachment
rate due to altered pH in fast- and slow-twitch skinned single muscle fibers. Biophysical Journal
55, 406a (abstract).

METZGER, J. M. & Moss, R. L. (1989b). Maximum rate constant of cross-bridge attachment is
seven-fold greater in fast- than slow-twitch skinned skeletal muscle fibers. Biophysical Journal
55, 263a (abstract).

METZGER, J. M. & Moss, R. L. (1990a). Effects on tension and stiffness due to reduced pH in
mammalian fast- and slow-twitch skinned skeletal muscle fibres. Journal of Physioly 428,
737-750.

METZGER, J. M. & Moss, R. L. (1990b). Calcium-sensitive cross-bridge transitions in mammalian
fast and slow skeletal muscle fibers. Science 247, 1088-1090.

Moss, R. L. (1979). Sarcomere length-tension relations of frog skinned muscle fibres during
calcium activation at short lengths. Journal of Physiology 292, 177-192.

NOSEK, T. M., FENDER, K. Y. & GODT, R. E. (1987). It is diprotonated inorganic phosphate
that depreses force in skinned skeletal muscle fibers. Science 236, 191-193.

PATE, E. & COOKE, R. (1989). Addition of phosphate to active muscle fibers probes actomyosin
states within the power stroke. Pflugers Archiv 414, 73-81.

RUEGG, J. C., SCHXDLER, M., STEIGER, G. J. & MULLER, G. (1971). Effects of inorganic phosphate
on the contractile mechanism. Pflugers Archiv 325, 359-364.

SLEEP, J. A. & SMITH, S. J. (1981). Actomyosin ATPase and muscle contraction. Current Topics in
Bioenergetics 11, 239-286.

TAYLOR, E. W. (1979). Mechanism of actomyosin ATPase and the problem of muscle contraction.
CRC Critical Reviews in Biochemistry 6, 103-164.

764


