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The tryptophan fluorescence of unmodified myosin subfragment

1 (S1) from rabbit and chicken skeletal muscle with various

nucleotides and phosphate analogues bound was measured after

rapid temperature jumps. The fluorescence decreased during

the temperature rise. Under some conditions, this decrease

was followed by an increase, reflecting structural transitions

within the protein. With adenosine 5«-[β,γ-imido]triphosphate

(p[NH]ppA) or with ADP and BeF
x

bound, this rise was very

rapid (reciprocal time constant approx. 2000 s−") and varied only

slightly with starting temperature, suggesting that, with these

ligands, two different protein conformations were present in

INTRODUCTION

A central goal of research into the mechanism of muscle

contraction is to understand the structural basis of the ‘power-

stroke’ of the myosin cross-bridge. Such an understanding

requires knowledge of the structural transitions that myosin

makes while bound to the actin filament. The structural changes

in the cross-bridge are thought to be linked to steps in the

mechanochemical cycle of hydrolysis of ATP by the actin–myosin

complex [1].

Crystallographic studies have led to detailed atomic structural

models both for actin and for the head region (subfragment 1,

S1) of myosin. The S1 species studied were from several different

sources (vertebrate skeletal and smooth muscles, scallop muscle,

Dictyostelium) and were crystallized with several different ligands

bound, including ADP, adenosine 5«-[β,γ-imido]triphosphate

(p[NH]ppA) and the complexes of ADP with fluoride and either

aluminium or beryllium. This work has led to the recognition of

at least three distinct conformations of S1 in the absence of actin

[1,2]. The structure of the complex formed by myosin with

actin is not yet known at atomic resolution. However, Holmes [3]

has suggested that the transition between two of the described

conformations of myosin S1 might constitute part of the con-

formation change that actin-bound myosin undergoes during the

power stroke.

The biochemical kinetics of the interaction between actin,

myosin S1 and ATP have been studied in great detail. The

hydrolysis of ATP by myosin is often described in terms of

Scheme 1, as proposed by Bagshaw and Trentham [4], in which

M represents myosin. Subsequent work has provided evidence

for additional steps in this pathway. In this scheme, step 2 is the

rapid and almost irreversible formation of a tightly bound

complex, step 3 is the rapid and easily reversible cleavage reaction,

and steps 4 and 6 are slow under physiological conditions;

Abbreviations used: S1, myosin subfragment 1 ; T-jump, temperature jump; p[NH]ppA, adenosine 5«-[β,γ-imido]triphosphate.
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rapid equilibrium over a large temperature range. In the presence

of ATP, the transient included several relaxation processes.

Overall, the results suggest that complexes of S1 with ATP or

with a number of other ligands exist as a mixture of two forms

in temperature-dependent equilibrium. The results throw light

on the finding of different forms of S1 in recent crystallographic

studies and indicate a surprising lack of strong coupling between

myosin’s structural state and the nature of the nucleotide bound.

Key words: ATP analogues, muscle contraction, relaxation

methods, tryptophan.

asterisks indicate increased intensity of tryptophan fluorescence.

The kinetics of some steps in the pathway are profoundly

modified when myosin is bound to actin. Some myosin–

nucleotide complexes (M.ATP, M.ADP.P
i
) bind weakly to actin,

whereas others (M.ADP) and myosin itself bind strongly: a

transition between weak and strong binding is likely to be

involved in the power stroke of the myosin cross-bridge [1].

Studies of native tryptophan fluorescence have played a key

role in establishing kinetic and other properties of myosin. The

binding of ADP or ATP causes an increase in fluorescence.

The increase when ATP binds is found to occur in two phases in

stopped-flow experiments. The slower phase has a rate close to

that of the rapid ‘burst ’ of P
i
production that occurs after the

binding of ATP [5 s−" (cold) to 200 s−" (warm)] [5,6] ; it has

therefore been ascribed to a change at least in local structure

accompanying the cleavage of ATP (step 3) [6]. However, Holmes

[3] argued, on the basis of the atomic structures, that the

fluorescence change occurs in an isomerization step that precedes

and is required for cleavage; earlier work of Taylor and colleagues

[7,8] had similarly suggested that, at least with certain nucleotides,

the increase in fluorescence occurs during an isomerization that

precedes cleavage: that is, on the formation of an M**.ATP state

[9].
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M.ATP M*.ATP M**.ADP.Pi

M.ADP

M+ATP

M*.ADP+Pi M*.ADP.Pi
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Several steps in the myosin ATPase pathway are strongly

dependent on temperature, especially the apparent forward rate

of the cleavage step (k
$
in Scheme 1) and the rate of ADP release

(determined by k
'
) [5]. Perturbing myosin–nucleotide complexes

by rapid temperature jump (T-jump) is therefore an alternative

approach to the study of the ATPase reaction and of the

structural states occurring when various nucleotide and phos-

phate analogues are bound. Here we describe T-jump observ-

ations on the fluorescence of myosin S1 with several different

ligands. The results show the existence of poised temperature-

sensitive equilibria and provide new evidence regarding the

isomerization of product and substrate states ; they throw light

on the occurrence under physiological conditions of the conform-

ations seen by crystallography. Some results have already been

reported in preliminary form [10,11].

EXPERIMENTAL

Proteins and nucleotides

Rabbit and chicken S1 [12] was stored in concentrated solution

with sucrose at ®80 °C. Dictyostelium motor fragment M765

[13] was a gift from D. Manstein. Nucleotides were purchased

from Sigma.

Solutions

Proteins were dissolved in a standard buffer containing

70 mM potassium propionate, 2–8 mM magnesium acetate,

12 mM Mops, 1 mM NaN
$

and 5 mM dithiothreitol, pH 7.0.

The protein concentration was 0.5–5 µM. The change in buffer

pH during the consumption of 1 mM ATP was approx. 0.1 unit.

To form the complexes with fluoride and aluminium or beryllium,

the solutions contained 10 mM KF, 50 µM ADP and 300 µM

AlCl
$

or BeCl
#

and were incubated at room temperature for

at least 30 min before use. Nucleotides were in general used at

saturating concentrations.

Steady-state fluorescence

Fluorescence was excited at 295 or 305 nm; emission was

monitored at 342 nm as the temperature of the cooling bath

was changed continuously. With excitation at 305 nm, the overall

decline in fluorescence with increasing temperature was less

steep, and the enhancement with ATP relative to ADP was

larger, than with excitation at 295 nm.

Fluorescence T-jump

T-jump kinetics were measured in a Garching Instruments

(Garching, Germany) T-jump apparatus as described in [14]. The

solution (3 ml in a quartz cell with platinum electrodes) was

heated by discharging 20 kV from a 50 nF capacitor with a

heating decay time of approx. 10 µs. The amplitude of the T-

jump was calibrated with a solution of Cresol Red in Tris}HCl

buffer and found to be 4 °C. Fluorescence was excited with a

250 W Hg}Xe high-pressure arc lamp through a single mono-

chromator (Schoeffel Instruments, Trappenkamp, Germany) at

295 nm. Emission was monitored at right angles relative to the

excitation beam through WG325}UG11 or WG305}UG12

(Schott, Mainz, Germany) filters. These filters cut off all light

below 325 or 305 nm and above 400 nm. After each T-jump the

solution was left for 6–7 min to cool down to the starting

temperature. The fluorescence signal suggested that the tem-

perature remained effectively constant for 0.5–1 s after the T-

jump; after that time, re-cooling and convectional flow inside the

cell caused unpredictable changes in the signal that could not

always be corrected for. Because under some conditions no

relaxation slower than the heating process was seen at all, the

transients did not seem to be subject to rotational orientation

effects owing to the large electric fields during the capacitor

discharge.

Data were acquired with a DL905 (Canberra Instruments,

Munich, Germany) digital recorder for approx. 2 ms after the

onset of capacitor discharge and at longer durations with a

personal computer equipped with a DiSys analog–digital con-

verter (DiSys, Du$ sseldorf, Germany). The data were smoothed

by using a low-pass filter with a time constant at least 10-fold

faster than the relaxation time of the fastest relaxation process

to be observed. Data were combined into a single data file with

a logarithmic time scale and approximately 50 fluorescence

readings for each order of magnitude on this scale.

In T-jump experiments with myosin, the heating of the sample

was found to be accompanied by a fluorescence quench. This

effect can be attributed to non-specific temperature dependence

of the fluorescence quantum yield and was therefore not analysed

in detail. Relaxation processes slower than the heating time of

the instrument were in general interpreted as reflecting conform-

ational transitions within the S1 molecule. No apparent de-

terioration occurred even in long series of jumps, and the

transients shown in this paper are the result of summing approx.

five to ten jumps. Transients were found to be independent of

protein concentration in the range 1–5 µM (thus suggesting that

they were not due to temperature-induced aggregation). The

temperatures indicated for T-jumps refer to those before

the jump.

Data were evaluated with the programme package Akkuprog

[15] and the transients were characterized by fitting a sum of up

to three exponentials. Allowance could also be made for cooling

by allowing the baseline to rise linearly from the time of the

jump; doing so had little effect on the derived parameters.

For some complexes studied, such as M.p[NH]ppA and

M.ADP.BeF
x
, we found evidence for a simple two-state equi-

librium. For this case, and assuming that the equilibrium constant

K varies with temperature in accordance with the van’t Hoff

equation, the amplitude of the relaxation after a T-jump is

approximately proportional to K}(1K )# ; it is therefore at a

maximum when both states are equally populated (i.e. K¯ 1).

The equilibrium constant can be determined from the tempera-

ture dependence of this amplitude. If the amplitude changes only

slightly over a large temperature range, this is an indication of a

low reaction enthalpy.

RESULTS

Steady-state fluorescence

The dependence of the steady-state tryptophan fluorescence on

temperature was studied in the range 4–30 °C for several myosin–

nucleotide complexes (Figure 1), extending an earlier study [16].

In general, an increase in temperature caused a decrease in

steady-state fluorescence: only for ATP and CTP at low

temperatures did the fluorescence increase.

The variation of fluorescence with temperature reflects two

effects. One of these is the non-specific decline (see also the

Experimental section) in fluorescence intensity with increasing

temperature that is seen for many proteins and for tryptophan in

solution: it reflects changes in the interaction of the tryptophan

with neighbouring groups. A second effect is that the proportions

of protein species with different fluorescences change with

# 2001 Biochemical Society



167Fluorescence temperature-jump study of myosin subfragment 1

Figure 1 Temperature dependence of steady-state fluorescence of S1–
nucleotide complexes

Concentrations : 2 µM rabbit S1 (y), or 2 µM rabbit S1 plus 100 µM ADP (D), initially

1 mM ATP (+) or CTP (V), 200 µM p[NH]ppA (_), 500 µM ADP plus 1 mM AlCl3 plus

10 mM KF (E) or 100 µM ADP plus 500 µM BeCl2 plus 10 mM KF (*). Excitation was

at 305 nm; emission was measured at 342 nm.

temperature. These two effects cannot be distinguished by

inspection of the steady-state data. However, after a rapid T-

jump the first (non-specific) effect is expected to cause a decrease

in fluorescence with a time course not distinguishable from that

of the T-jump itself ; any change beyond this reveals the extent

and rate of changes in the populations of different protein

species.

T-jump with no added nucleotide or with ADP

A T-jump for our S1 preparations without added nucleotide

showed only the expected non-specific decrease in intensity,

occurring synchronously with the temperature rise ; no sub-

Figure 2 T-jump responses in ADP and in ADP plus BeFx

(A) Response to a 4 °C T-jump for chicken S150 µM ADP at a pre-jump temperature of 4 °C. Here and in subsequent Figures, fluorescence is plotted relative to the intensity immediately before

the T-jump. (B–D) T-jump transients for rabbit S1 after the addition of 10 mM KF and 330 µM BeCl2 to 4 µM S1 plus 50 µM ADP, for pre-jump temperatures of 3 °C (B), 15 °C (C) and 24.5 °C
(D). 1E®6¯ 1¬10−6 etc.

sequent process was resolvable under the conditions and at the

temperatures used so far. The records resembled that illustrated

for ADP. By contrast, T-jump observations [17] on S1 covalently

modified with a fluorescent label suggested that two conformers

interconverted on a time scale of 30 ms. The behaviour of the

complex M.ADP was studied at low (50 µM) ADP, or more

often after the complete hydrolysis of up to 1 mM ATP to ADP

and P
i

(Figure 2A). Under neither set of conditions was a

transient clearly measurable at the temperatures (4–20 °C) stud-

ied.

T-jump with ADP plus BeFx

Figures 2(B)–2(D) show the result of adding Be and F ions to a

sample with ADP: a T-jump now caused a marked increase in

fluorescence after the initial fall. Neither BeCl
#

nor KF alone

produced this transient, so the effect was a specific property of

the M.ADP.BeF
x

complex. Fitting this transient with a single

exponential yielded a reciprocal time constant that varied some-

what with temperature (see Figure 4A). The amplitude varied

approx. 1.5-fold over the range studied; it seemed to be maximal

at approx. 14 °C (this value was pH-sensitive, being higher at

pH 6.5 and lower at pH 7.7). There was sometimes evidence of a

slower phase; however, this was too small in amplitude to be

analysed further here.

T-jump with p[NH]ppA

In the presence of p[NH]ppA, which is hydrolysed only extremely

slowly by myosin, a clear transient was again seen (Figure 3). The

principal transient did not change as p[NH]ppA concentration

was varied from 6 to 250 µM; it therefore did not seem to reflect

a temperature dependence in the degree of saturation of the

protein with the nucleotide. The reciprocal time constant was in

the range 700–1200 s−" (Figure 4A), and the amplitude varied up

to 2-fold over the temperature range studied; it was maximal at

approx. 13 °C. As with ADP.BeF
x
, there was sometimes evidence

of a much slower phase of much lower amplitude.

T-jump in the presence of ATP

Addition of ATP to the S1 sample produced a different response

to a T-jump. In a typical experiment, 1 mM ATP was added and
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Figure 3 T-jump responses in p[NH]ppA

Transients are shown for rabbit S1 (4 µM) plus 160 µM p[NH]ppA at the four pre-jump temperatures indicated. 1E®6¯ 1¬10−6 etc.

Figure 4 Reciprocal time constants for T-jump transients

The abscissa indicates temperatures measured before each 4 °C jump. (A) Reciprocal time

constants for the main transient seen for rabbit S1 in ADP plus BeFx (+) and p[NH]ppA (*)

(experiments in Figures 2 and 3). (B) Reciprocal time constant determined for the main phase

of the responses to T-jump during ATP hydrolysis for rabbit S1 (+) and for chicken isoforms

A1 (E) and A2 (D) (summary of results from a series of measurements with several different

S1 preparations).

measurements were made at intervals as it was consumed by

hydrolysis (over 2–3 h). The transients seen in the presence of

ATP could not be fitted by single exponentials (Figure 5), but

instead required at least three, extending to much slower regions

than for p[NH]ppA and ADPBeF
x
. Over most of the long

period during which ATP was consumed, no change was seen:

only in the few minutes before ATP was exhausted (as confirmed

by HPLC) did the relaxations disappear as expected for S1 with

ADP. The T-jump response therefore did not seem to be affected

by the concentration of unbound ATP.

The largest and best-characterized phase (the main phase) of

the transient showed a reciprocal time constant that varied

greatly with starting temperature, from 10 to 100 s−" (Figure 4B).

Very similar rates were found for chicken and rabbit S1; the

isoforms A1 and A2 did not seem to differ. Within the region

around pH 7, the solution pH had a small effect on time-

constant, whereas varying the free Mg#+ concentration (2–7 mM)

had no effect. The amplitude of this phase declined steadily with

rising temperature, so that above 20 °C the phase was hard to

characterize.

A fast phase was seen at all temperatures. Its apparent

amplitude was approx. 20% of that of the main phase (see

legend to Figure 5) ; this phase was more difficult to characterize

quantitatively because of the relative noisiness of the data at

short durations. Its amplitude might be underestimated, par-

ticularly at higher temperatures. Its existence was nevertheless

clear from comparison with results in ADP or without nucleotide.

In respect of its time constant, this transient was similar to, or

somewhat faster than, the much larger principal transients seen

with p[NH]ppA and ADP.BeF
x
.

A prominent slow phase was observed, with a reciprocal time

constant of approx. 1 s−" in the warm. The change in the signal

in this time-region could not be explained merely by re-cooling

and it required a third exponential ; however, the start of the

cooling process meant that this relaxation could not be reliably

followed to completion. The time constant increased markedly at

lower temperatures and therefore became undeterminable under

our conditions. The amplitude of the slow phase was comparable

with that of the main phase and increased at lower temperatures.

Other ligands

Several other nucleotides and analogues were investigated.

The complex formed with aluminium and fluoride ions

(M.ADP.AlF
%

−) had a higher steady-state fluorescence than the

complex with ADP and BeF
x

but showed no transient at

temperatures studied so far (results not shown).

Figure 6 shows transients in the presence of XDP and AlF−

%
.

These were fitted well by single exponentials ; they were an order

of magnitude slower than for ADP.BeF
x

and were seen only at

lower temperatures. This behaviour illustrates the point that the

existence of two forms of a complex can be overlooked if

the equilibrium is displaced too far towards one form under the

conditions of observation.

Figure 7(A) shows a transient recorded in CTP at 0 °C. This

showed the three phases seen for ATP. With CTP at temperatures

above 10 °C, the transient was no longer seen.

Dictyostelium myosin motor domain

We made a smaller number of measurements with expressed

Dictyostelium myosin motor domain (residues 1–765) lacking the

light-chain-binding region. The behaviour of this myosin was of

interest in interpreting the fluorescence signals because of the

# 2001 Biochemical Society
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Figure 5 T-jump transients in ATP

Transients are shown for chicken S1 (4 µM) during the steady-state hydrolysis of initially 1 mM ATP, for the four different pre-jump temperatures indicated. The three exponentials (fast, main

and slow) fitted to these transients had respective reciprocal time constants as follows (in s−1) : 2500, 13 and 0.67 at 4 °C, 2500, 18.2 and 0.66 at 7.4 °C, 3300, 27 and 1.12 at 13 °C, and

6700, 62.5 and 2.3 at 16.3 °C. Amplitudes of the fast phase relative to the main phase were 0.18, 0.17, 0.18 and 0.25 at the four temperatures respectively. 1E®6¯ 1¬10−6 etc.

Figure 6 T-jump responses in XDP and AlF−
4

Transients for rabbit S1 (2 µM) in 100 µM XDP plus 330 µM AlCl3 plus 10 mM KF at the four different pre-jump temperatures shown. 1E®6¯ 1¬10−6 etc.

Figure 7 Further T-jump transients

(A) T-jump response for chicken S1 during the hydrolysis of 150 µM CTP ; pre-jump temperature 0 °C. Analysis of this transient yielded phases with reciprocal time constants of 1031, 6.97 and

0.481 s−1. (B, C) T-jumps for Dictyostelium motor domain (5 µM), at pre-jump temperatures of 6.5 °C (B) and 5.4 °C (C) during the hydrolysis of initially 500 µM ATP (B) and subsequently

in 500 µM ADP plus 500 µM Pi plus 330 µM BeCl2 plus 10 mM KF (C). The principal transients had reciprocal time constants of 12.6 s−1 in (B) and 515 s−1 in (C). 1E®6¯ 1¬10−6 etc.
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different locations of its tryptophan residues. T-jumps were

recorded without added nucleotide, during the steady-state

turnover of ATP, and in the presence of ADP or ADP.BeF
x
; the

results with ATP and with ADP.BeF
x

(Figures 7B and 7C)

closely resembled those for skeletal S1.

Relation of T-jump transients to steady-state data

The amplitudes of changes in fluorescence after a T-jump

corresponded to those expected for 4 °C jumps on the basis of the

steady-state fluorescence levels in Figure 1. Comparison of

the steady-state and T-jump data shows that transients after a T-

jump were largest for those complexes, and at those temperatures,

for which the slope of the steady-state curve departed most

strongly from the downward slope seen with ADP and without

nucleotide. This behaviour suggests that the latter downward

slope reflected the temperature dependence of the fluorescence of

individual states and that departures from this slope resulted

when a temperature change also caused a shift in the proportions

of states with different fluorescences. In all cases described here,

this departure was in the direction of less downward or even an

upward (ATP, CTP) slope. Correspondingly, in the T-jump data,

when transients were seen after the initial decrease, they were

always transient increases in fluorescence.

DISCUSSION

In this study we examined the response of several myosin–

nucleotide complexes to rapid T-jumps. The transient changes in

the tryptophan fluorescence of myosin S1 after a T-jump reveal

that under certain conditions the protein is present as an

equilibrium mixture of more than one species, as judged from

the perturbability of the signal. These findings, together with the

variation in steady-state fluorescence with temperature, provide

new information on the existence and interconversion kinetics of

different structural states of myosin in these complexes.

The simplest transients were seen with p[NH]ppA and

ADP.BeF
x

bound; they are explained well in both cases by a

poised equilibrium between two states with different fluor-

escences. The equilibrium constant was 1 in the neighbourhood

of 15 °C for both ligands; on the simplest model (see the

Experimental section), the results with ADP.BeF
x

suggest a

change in K from 0.2 to 0.5, and for p[NH]ppA from 0.2 to 2,

over the temperature range studied, which is also consistent with

the steady-state fluorescence for these ligands (Figure 1). Inter-

conversion occurred rapidly (reciprocal time constant approx.

10% s−" at room temperature, with only a slight dependence on

temperature). This suggests, for both ligands, a very small

enthalpy and free energy difference and a low activation enthalpy,

so that both species were substantially represented throughout

the temperature range studied. It is likely, but not proved,

that the two states are the same two conformations in both of

these analogues. We note in passing that, in any kinetic system,

evidence for a two-state equilibrium is in general also inter-

pretable in terms of a continuum of states. We have no

independent evidence for or against this formal possibility for

myosin–nucleotide complexes.

Transients during steady-state hydrolysis of ATP

In the presence of ATP the transients are more complex. Three

phases were reproducibly observed; only the middle one was

easily characterizable, because the faster one was not sufficiently

resolved from the T-jump and the slower one extended into the

time range (beyond 1 s) where re-cooling was significant. The

M**.ATP M**.ADP.Pi

M*.ATP M*.ADP.Pi

k3

k–3

kDP k–DPkT k–T

Scheme 2

existence of these phases indicates an equilibration between more

than two states, as is indeed to be expected, because in the

Bagshaw–Trentham scheme at least three different chemical

species are present in substantial amounts during the steady-state

hydrolysis of ATP.

According to Scheme 1, under conditions of excess ATP, two

very slow processes are the release of P
i
and of ADP. The rate

constant that limits ADP release (k
'
) declines with decreasing

temperature much more than that for P
i

release (k
%
), so the

steady-state concentration of M.ADP increases at low

temperatures [4,5]. A T-jump is therefore followed by a decrease

in [M.ADP], at a rate that depends on (k
%
k

'
). Because M.ADP

has a lower fluorescence than the mixture of triphosphate states,

this process can well explain the slow phase of fluorescence

increase that we observe in the presence of ATP.

The Bagshaw–Trentham scheme, in the form of Scheme 1,

implies a direct coupling between the cleavage step and the

change to a state of higher fluorescence. The cleavage equilibrium

(K
$
) seemed to be temperature-sensitive, the products complex

being favoured at higher temperature [9]. Scheme 1 predicts that

a T-jump should cause a transient increase in fluorescence, as

[M*.ATP] decreases and [M**.ADP.P
i
] increases, with a rate

constant reflecting (k
$
k

−$
). This would indeed explain the

observed properties of the main phase.

However, it would not in itself explain the faster phase as well,

so we consider the alternative represented by Scheme 2. Here,

both M.ATP and M.ADP.P
i
exist as two conformations with

different fluorescences, both of which are significantly populated

in the steady state (that is, with equilibrium constants K
T
and K

DP

close to 1). We use asterisks to distinguish these states because we

are still concerned with interpreting the fluorescence changes

that are indicated in this way in Scheme 1. It is also important

to consider the possibility [3,18] that only one state is capable of

hydrolysing ATP (i.e. the interconversion of M*.ATP and

M*.ADP.P
i
can be neglected).

Such a scheme can in principle be thermodynamically un-

coupled, meaning that K
T
¯K

DP
. However, the general case is

that of partial coupling, the two conformations existing both for

product and for substrate complexes but in different proportions

(K
T
1K

DP
).

This type of scheme allows for the appearance of further

phases in T-jump, depending on which step or steps are sensitive

to temperature. Many combinations are possible here. One

simple example of the production of a fast phase is that K
T

and

K
DP

are rapid equilibria but K
DP

is larger than K
T
(i.e. M.ADP.P

i

is more strongly in state M** than M.ATP is) and M** is the

only state in which cleavage is possible. A T-jump will then

produce a fast initial increase in M**.ATP at the expense

of M*.ATP; a further re-equilibration between M**.ATP

and M*.ATP then follows to replace the M**.ATP as it decays

to M**.ADP.P
i
, this second phase being limited by the much

lower rate of the cleavage step.

This explanation is directly suggested by our findings with the

two analogues studied (p[NH]ppA and ADP.BeF
x
), because
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M**.ATP M**.ADP.Pi

k3

k–3

kD k–D

M**.ADP M**+ADP
k4 k6

M*.ATP M*.ADP.Pi M*.ADP M*+ADP
k4 k6

kDP k–DPkT k–T

Scheme 3

these complexes yielded transients similar in time constant to the

fast phase in ATP. However, it is not the only explanation; thus

some sensitivity to temperature could occur in K
$

as well.

Other combinations, such as a sensitivity of K
DP

to temperature,

would produce a main phase of reverse sign.

Modelling of ATP transients

To make these considerations explicit, we computed T-jump

transients expected on the basis of Scheme 2 together with

product release steps as shown in Scheme 3. The purpose of the

simulations was to understand the implications of Scheme 2

rather than to produce a unique fit of the calculated to the

measured transients. T-jumps simulated with Scheme 3 were

analysed and found, like the measured ones, to be fittable as the

sum of three exponentials. Each of the reciprocal time constants

derived for a simulated transient in principle depends on all of

the rate constants in the scheme and does not correspond to any

one of them directly. Rate constants for the scheme were sought

such that the simulated and observed transients exhibited similar

time constants. Figure 8 shows simulations of T-jumps for

skeletal S1 in ATP from 3 to 7 °C and from 16 to 20 °C, on the

basis of the argument in the previous section and for the case in

which K
T

and the forward and backward rates of the cleavage

step are sensitive to temperature but K
$

is not. The kinetic

parameters are indicated in the legend to Figure 8 and were also

such as to be consistent with parameters of the myosin ATPase

(including product release steps) for skeletal S1 derived from

other methods [4,5], under solution conditions as close as possible

to our own. Our T-jump data in ATP are clearly adequately

explained on the basis of the Scheme 3. Note that some constants

are not strongly constrained by the modelling. The equilibrium

between single-starred and double-starred complexes for

M.ADP.P
i
is included by analogy with the other complexes; it is

assumed to be fast and our data indicate only that K
DP

is larger

than K
T
; K

d
was assumed to be much less than 1.

It is important to test whether the kinetic scheme implied by

our T-jump data can also account for the P
i

burst and the

fluorescence changes that occur on binding of ATP [4,6]. In

simulations of these processes (Figures 8C and 8D) the

fluorescence change is seen to occur in two phases. The first

phase would not be visible, lying within the 1 ms stopped-flow

dead time together with the presumed change associated with the

irreversible step 2. The slower phase is similarly due to a

fluorescence change on isomerization; the strong temperature

dependence of the rate of this phase is partly due to that of K
T
but

its rate in simulations varied with the assumed values of (k
$
k

−$
).

In the simulations the slow fluorescence and P
i
burst curves have

very similar rates (see legend to Figures 8C and 8D) and both

agree with published data, particularly when the effect of ionic

conditions is considered [5,6]. The slow phase in our modelling

arises because of the fast and reversible isomerization preceding

cleavage, for which our perturbation approach provides evidence.

This explanation differs qualitatively from two previous ones,

Figure 8 Simulations based on Scheme 3

(A, B) Model calculations showing the response of the tryptophan fluorescence to a T-jump on

the basis of Scheme 3, plotted on a logarithmic time scale for comparison with the experimental

transients. Simulations are for jumps from 3 to 7 °C (A) and from 16 to 20 °C (B). The ordinate

shows percentage of the protein in the state (nn) with higher fluorescence. Rate constants (s−1)

were as follows at 3 °C (in parentheses ; values for 20 °C) : k3/k−3 : 32.1/2.14 (224.6/15) ;

kT/k−T : 200/2000 (1000/2500) ; kDP/k−DP : 2000/200 (2000/200) ; k4 : 0.053 (0.06) ; kD/k−D :

0.1/10 (0.1/10) ; k6 : 0.125 (1.5). Parameters at the intermediate temperatures required

in simulating the jumps were obtained by interpolation between the values for 3 and 20 °C in

accordance with van ’t Hoff and Arrhenius equations. The fast phase has an amplitude relative

to the main phase of 0.21 in (A) and 0.49 in (B). (C, D) Simulations (linear time scale) of the

fluorescence enhancement after binding ATP (full line) and the progress curve of the Pi burst

(broken line), based on the states in Scheme 3. Curves are shown for 3 °C (C) and 20 °C (D)

(note different time scales). The fluorescence curve is derived as the change in the fraction of

the protein in the double-starred state (nn), starting from exclusively M*.ATP as the initially

formed state ; its magnitude is arbitrary because the difference between M* and M** and the

increase on the formation of M*.ATP are not specified. At both temperatures, a very rapid initial

fluorescence rise is followed by a slower one whose rate depends on the cleavage step. Fitting

of exponentials to these simulated time courses yielded : Pi rate 4.86 s−1 (cold) and 73.8 s−1

(warm) and slow fluorescence rate of 4.9 s−1 (cold) and 74.5 s−1 (warm). Simulations (A–D)

were made with the program KSIM written by N. Millar (http ://wuarchive.wustl.edu/

packages/kinsim/uploads/). 1E®6¯ 1¬10−6 etc.

namely that the slow fluorescence reflects cleavage directly and

therefore has the same rate [6], or that isomerization occurs at

the rate observed for slow fluorescence change, whereas the

cleavage equilibrium is much faster and thus does not appreciably

delay the P
i
burst curve [1].

In the presence of CTP, transients were seen only at

temperatures up to 10 °C and showed the same three phases as

for ATP. The apparent cleavage equilibrium for CTP is shifted

towards the products complex compared with ATP [19]. Both

observations are explained in terms of our present model if K
T

is larger for CTP than for ATP at the same temperature.

Relationship to known S1 conformations

The above arguments show that our findings, taken together, can

be explained well in terms of two myosin–ligand conformations
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M* and M**, such that the bound ligand affects the proportions

of the two conformations but not the fluorescence of each. The

equilibrium between the two conformations is affected by tem-

perature, thus making our present perturbation approach poss-

ible. Our observations relate exclusively to the tryptophan

fluorescence of myosin. Changes in this signal do not neces-

sarily indicate larger conformational differences, because one

tryptophan residue (Trp"$") is in the immediate vicinity of

the nucleotide-binding site in skeletal S1. In Dictyostelium S1, the

corresponding tryptophan residue is missing; changes in tryp-

tophan fluorescence in Dictyostelium might therefore indicate a

structural change that is not confined to the active site [1,20]. Our

Dictyostelium T-jump data closely resemble those from skeletal

S1, thereby suggesting that the T-jump transients in both systems

characterize large-scale conformational transitions in myosin.

The different fluorescence states could therefore correspond to

the two forms in which M.ADP.BeF
x

has been found by

crystallography ([21], and J. Kull, personal communication),

whichwere termed ‘down’ and ‘up’ byHolmes [3], corresponding

to ‘open’ and ‘closed’ [1] ; the transition between them might be

sensed particularly by Trp&!". A recent mutational study of

Dictyostelium myosin motor domain [22], separating the contri-

butions of individual tryptophans, provides further evidence that

the fluorescence of Trp&!" signals the open–closed transition. Our

present results provide the first direct evidence on the kinetics of

interconversion of these states under solution conditions.

M.p[NH]ppA has so far been found only in the ‘down’ form

crystallographically [23] ; our results therefore imply that the

‘up’ form might be found with this ligand at higher temperature.

In agreement with this, the fluorescence of Trp&!" from Dictyo-

stelium was strongly dependent on temperature when p[NH]ppA

was bound [22]. The identification of M** with ‘up’ and M* with

‘down’ remains a plausible working hypothesis, which we employ

for the remainder of this discussion. However, the possibility of

a contribution from further states, such as the ‘detached’ state

hitherto seen only in scallop S1 [2], cannot be excluded. The

physical basis of the temperature dependence is still not clear

from the atomic structures.

Our results provide evidence for the existence of a cor-

responding thermodynamic equilibrium between two forms of S1

with ATP bound, independently of the hydrolysis step. Crystallo-

graphic evidence has been presented [18] for the existence of

M.ATP in the ‘down’ conformation, perhaps constrained by the

crystal packing. No direct crystallographic evidence has yet been

found for a conformation of either M.ATP or M.ADP.P
i

corresponding to ‘up’, as implied by our results (but see also

[24,25]). Our results show that the tendency to form the high-

fluorescence state is greater in M.ADP.P
i
than in ATP (see also

[22]). The species M*.ADP.P
i
was included in Scheme 1 [4] to

accommodate other evidence, namely for a state that binds and

releases P
i

more rapidly than the predominant intermediate

M**.ADP.P
i
; product release from M.ADP.P

i
in the absence of

actin might indeed occur exclusively from the small fraction that

is in the ‘open’ conformation.

In contrast with these ligands, the complex M.ADP.AlF−

%
gave

T-jump transients suggesting that only a single conformation

was substantially present under the conditions studied so far.

Because of the high fluorescence, and because the ‘up’ form was

found by crystallography even at low temperature [21], this

complex is presumably ‘up’. Our result with XDP.AlF
%

− suggests

that complexes with AlF−

%
do not invariably induce this con-

formation.

With ADP, where with skeletal S1 we found no clear transient,

the low fluorescence suggests that the ‘down’ state predominates.

However, in other myosins we have found evidence for transitions

with ADP bound; further studies might well reveal conditions

in which such transitions also occur for skeletal S1.

Implications for coupling in myosin

Structural interconversion of myosin–ligand complexes is rel-

evant to events surrounding the chemical step of ATP cleavage.

This step is easily reversible, so that the free energy difference

between ATP and ADP plus P
i
in solution must be balanced by

their greatly different binding energies to the protein; cleavage

therefore involves the transduction of free energy into a

(chemically or mechanically) different form. The substrate and

product complexes will have different structures, which are

crucial partners in this transduction process. Components of the

structural difference might, for example, be the distance between

β- and γ-phosphates or changed protein–ligand interactions.

Lymn and Taylor [26] proposed that cleavage was coupled not

only to such local changes but also to a larger conformational

transition, as implied by the fluorescence signal. The different

structures observed in the present study need to be considered in

this context.

Much work in this area, like our own, has employed analogues,

with the aim of dissecting different aspects of the behaviour of

the physiological substrate ATP, although no analogue can be

identical with ATP in any respect. The two states exist, for

p[NH]ppA and ADP.BeF
x
, in a poised equilibrium over a large

temperature range. This suggests that p[NH]ppA and ADP.BeF
x

produce the ‘up’ conformation at sufficiently high temperature.

The protein structure is not known for p[NH]ppA in the ‘up’

state, but presumably the transition is not coupled to hydrolysis

of the PN–P bond. With ADP.BeF
x

both forms have been

observed; in the ‘up’ state determined for a truncated motor

domain with ADP.BeF
x
bound the geometry surrounding the γ-

phosphate position does not seem to differ from that seen in the

‘down’ form [21] (J. Kull, personal communication). We interpret

our results with ATP to mean that M.ATP similarly exists in at

least two states. Thus the isomerization between the two S1

structures is remarkably constant for a range of ligands of

strongly varying binding affinities. It will be important to

understand this feature in terms of the atomic structures of

myosin–ligand complexes.

Whether ‘up’or ‘down’ is favoured does not seem to be

related either to a change in the separation of the β- and γ-

phosphates or to the affinity of the bound ligands. Neither does

the ‘up’ conformation seem to be specifically associated with the

binding of products rather than substrate, i.e. with storage of

the energy of ATP hydrolysis. This concept would be plausible if

the coupling were rigid, but it becomes untenable as the degree of

coupling in Scheme 2 decreases. The two conformations are

also not correlated with weak and strong binding to actin [1] ;

both bind weakly to actin, and the mechanism by which the

ligand affects the strength of attachment to actin is apparently

independent of the up–down equilibrium.

The transition might nevertheless be related to the power

stroke in the sense that it reverses one component of it after

detachment. Indeed, Lymn and Taylor viewed the hydrolysis

step as re-establishing a cross-bridge conformation able to

perform a power stroke. Little evidence for changes associated

with cleavage, or indeed for alternative cross-bridge confor-

mations at all in the absence of actin, was available before

crystallography revealed the atomic structures. However, steady-

state and T-jump measurements with X-ray diffraction from

myosin filaments in intact muscle [27–29] had suggested a

temperature-dependent equilibrium between two cross-bridge

structures, seemingly related to cleavage as envisaged by Lymn
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and Taylor ; this equilibrium is probably related to the iso-

merization discussed here. Our present results clarify this aspect

of the Lymn–Taylor scheme for single S1 molecules. The coupling

is not rigid. Thus cleavage does promote the tendency of the head

to be in the ‘up’ conformation; however, even ATP, the most

tightly binding ligand, induces two different conformations

independently of hydrolysis and the differences of free energy

involved are small compared with the work performed in the

power stroke. Only a small degree of thermodynamic coupling is

required to ensure that, in the presence of ATP and at physio-

logical temperature, cross-bridges are almost entirely in the ‘up’

conformation. This is presumably of significance for the efficient

operation of the cross-bridge cycle.
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