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ABSTRACT. When myosin interacts with ATP there is a characteristic enhancement in tryptophan
fluorescence which has been widely exploited in kinetic studies. Wictgosteliummotor domain mutants,

we show that W501, located at the end of the relay helix close to the converter region, responds to two
independent conformational events on nucleotide binding. First, a rapid isomerization gives a small
fluorescence quench and then a slower reversible step which controls the hydrolysis rate (and corresponds
to the open-closed transition identified by crystallography) gives a large enhancement. A mutant lacking
W501 shows no ATP-induced enhancement in the fluorescence, yet quenched-flow measurements
demonstrate that ATP is rapidly hydrolyzed to give a products complex as in the wild-type. The nucleotide-
free, open and closed states of a single tryptophan-containing construct;A\&@iw distinct fluorescence
spectra and susceptibilities to acrylamide quenching which indicate that W501 becomes internalized in
the closed state. The open-closed transition does not require hydrolysis per se and can be induced by a
nonhydrolyzable analogue. At 2C, the equilibrium may favor the open state, but with ATP as substrate,

the subsequent hydrolysis step pulls the equilibrium toward the closed state such that a tryptophan mutant
containing only W501 yields an overall 80% enhancement. These studies allow solution-based assays to
be rationalized with the crystal structures of the myosin motor domain and show that three different
states can be distinguished at the interface of the relay and converter regions.

Tryptophan fluorescence has long been used to charactercoincided with the hydrolysis step itself (or an additional
ize myosin-nucleotide complexes in steady-state or transient conformation change required for rapid hydrolysis to occur).
kinetic studies 1, 2). ATP binding and hydrolysis by rabbit  These studies led to a commonly accepted mechanism for
skeletal muscle myosin subfragments is associated with athe ATPase as
10—20% enhancement in tryptophan emission intensity
while, at the end of the reaction, the product ADP remains m + ATP —— - MATP -~ M*ATP ——— M- ADP.Pi
bound to give about a 5% enhancement. These studies, in ) a)
conjunction with quenched-flow methods, showed that the ; s s 4
predominant nucleotide state during the steady-state hydroly-m + ADP—<=— M.ADP ——— M*.ADP + Pi ——~— M*.ADP.Pi
sis of ATP was a M*ADP-Pi complex in a conformation ) o )
distinct from the binary M*ADP state formed after complete where the aste_nsk (*) distinguishes conformational states and
turnover of the ATP or by direct addition of ADP to myosin. relates approximately to the level Qf tryptophan fluorescence
Nonhydrolyzable (e.g., AMPPNPY or slowly hydrolyzable enhancement3( 4). An exact assignment of fluorescence
(e.g., ATP/S) nucleotides induced a fluorescence enhance- l€vel of M*-ATP remained ambiguous because the enhance-
ment of amplitude between that observed for the MDP- ment by nonhydrolyzable ATP analogues is slightly greater
Pi and M*~ADP states 1, 2). _than that of the corr_espond|_ng MEDP _state 0. With ATP

Stopped-flow studies established that the nucleotide bind- itSelf, M*ATP remains a minor species, at least af 1)

ing process was at least two-step with a fluorescence changénd the observed fluorescence is dominated by #WBP-
occurring during a first order isomerization step, most likely Pi- These studies were performed before the high-resolution

of a myosin-nucleotide binary complex3}. The higher structure of the motor domain was solved by X-ray crystal-

amplitude observed on ATP binding and hydrolysis to give !0graphy. Interest in this field has been rekindled by the need
M** -ADP-Pi indicated part of the fluorescence change !0 relate nucleotide states observed in solution with those in

crystals 6—8). In the latter case, nucleotide complexes
T This work was supported by BBSRC and the Wellcome Trust. (ADP'A|F4' ADP-Vi) Wh'_Ch are t.hOUth to mimic the M* )
* To whom correspondence should be addressed. Phodd: (0)- ADP-Pi state are associated with a movement of the switch
116 252 3454. Fax:+44 (0)116 252 3369. E-mail: crb5@le.ac.uk. || region toward the Panalogue group. This triggers a

! Abbreviations: AMPPNP, adenosine'§3y-imidotriphosphate); ; ; ; ;
ATPyS, adenosine’E(D-(s-thiotriphosphate); DdDiqtyosteIium dis- mo(;/emlem in resldut_as ?f: the Cltem;l?#s of th? TOtogdomam
coideum mant-, 2(3)-O-(N-methylanthraniloyl)-; Vi, vanadate; wt, ~@nd a large swing in the angie or the regulatory domain.

wild-type. This so-called open-closed transition at the active site is
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W36 states. As a consequence, we have resolved additional states
that were masked in the wild-type Dd motor domain. (3)
The single tryptophan mutant, W5&1allows unambiguous
assignment of the origin of spectroscopic signals. In the
course of this study, we also made a tryptophan-less mutant,
W—, which proved valuable for establishing conditions
which minimized the contribution of tyrosine fluorescence
to the emission signal.

Yengo and colleagued %, 16) have used single tryptophan
mutants to investigate the actin-binding interface of smooth
muscle myosin and have recently extended their studies to
residue W512 equivalent to W501 Dictyostelium(17). The
helix W501 comparisons that can be made at present suggest some

differences in the response of this residue to nucleotide

Ficure 1: Backbone structure of the Dd myosin motor domain in ;- 4;
the presence of ADP and Vi, as determined by Smith and Raymentbmdmg' Our data suggest that the enhancement of W501

(6), showing the location of the tryptophan residues. tryptophan fluorescence does not corres_p_ond to the hydrolysi_s
step per se, but the open-closed transition that precedes it.

considered a key step, since its reversal when the motorln addition, we show that nucleotide binding induces a
domain is bound to actin could represent a power stroke of quench in W501 fluorescence, prior to the enhancement

the crossbridge cycledy. arising from the open-closed transition. This reversal in signal
Although, in general, tryptophan fluorescence provides a intensity helps to remove an ambiguity in the definition of
signal for monitoring nucleotide interaction with myosin Il, conformational states prior to hydrolysis.

the amplitude of the enhancement varies between different
species. In the case of thictyostelium discoideurtDd) MATERIALS AND METHODS

myosin Il motor domain, ADP binding causes little change  Protein Engineering.The Dd myosin Il motor domain
(<3%) in fluorescence and that induced by ATP has a coding sequence was mutagenized to yield the following
smaller amplitude (510%) compared with rabbit skeletal tryptophan variants. The M761 motor domain cDNA frag-
myosin (L0, 11). Interestingly, Dd myosin Il lacks tryptophan ment (L8) was subcloned into the pGEM-112{] vector
residues at the entrance to the nucleotide binding pocket(Promega), and the GeneEditor System (Promega) was used
corresponding to W113 and W131 in vertebrate skeletal for the mutagenesis procedures. Three Trp mutants were
myosin. However, it retains W501 (corresponding to W510 constructed: W50%, W501+ (containing a single tryp-

in rabbit), which has been proposed to sense the hydrolysistophan), and W (trp-less). W50+ was created by mu-
step (2, 13). Although W501 is some 3.5 nm from the tagenising W501 to phenylalanine using the following
ATPase site, it is part of the relay region that faces the primer: GAAGAATATCTTAAAGAGAAAATCAATTTC-
converter domain (Figure 1) and responds to the open-closedACTTTCATCGATTTTGGTC. In the W50% construct, all
transition ©). The corresponding scheme for the Dd myosin tryptophans (W36F, W432F, and W584F) except W501 were

motor domain can therefore be represented as changed to phenylalanine using the three primers: GAGATA-
CATTTTCTATAATCCAGATCC, CGTCTTTTCCTCTTC-
M+ ATP ——— MATP - Mt.ATP 2 MFADPPi TTGGTCAAAAAGATCAACAATGTCC and GAGATTC-

AAGATTTCTTAGAAAAGAACAAAGATCC. InW —, the

14 2) remaining tryptophan in W50# was changed using the first
M + ADP_—'_ MADP _—° _ Mt.ADP + i~  M.ADP.Pi primer above to give a tryptophan-lacking construct. The

mutagenized inserts were subcloned into the Dd pDXA-3H

The daggar (1) symbol is used to distinguish between expression vector, developed by Manstein et E3),(using
isomeric states with similar fluorescence yields (these statesthe BanHlI sites. The expressed protein constructs contained
actually show a small fluorescence quench as discusseda His fusion at the C-terminus to allow a HisTag purification
below). Recently, Batra and Mansteit4 reported that procedure 20). All constructs were verified by sequencing.
mutation of W501 to tyrosine was accompanied by a loss of Note that these constructs are based on the M761 motor
the ATP-induced fluorescence enhancement. We confirm thisdomain (8) that differs from the M759 construct used in
conclusion here using a related mutant W501F and examineour previous studiesl(), although their mechanisms appear
a complementary construct in which all other tryptophans, comparable.
except W501, have been changed to phenylalanine (Wh01 Dictyostelium Culture and Protein Preparatiobd cells
The importance of the latter approach is 3-fold. (1) Loss of were grown HL5-5C media at 2EC. Plasmids were
tryptophan signal in a W5041 mutant enzyme could arise, transformed into AX2 cells14) by electroporation (Gene
in principle, from a change in rate-limiting step. The positive Pulser Il, Bio-Rad). Transformants were selected in the
control, W50H4-, therefore, provides complementary evi- presence of 3@g/mL of Geneticin G418 sulfate (Gibco-
dence to support the response of W501 to the open-closedBRL), and the expression level of clones were screened by
transition associated with hydrolysis. (2) Substitution of the SDS—gel electrophoresis following a small scale HisTag
three nonresponsive tryptophan residues (W36, W432, andaffinity isolation in the presencef @ M urea. Transformed
W584) should result in an enhanced change in relative Dd cells were grownn 2 L conical flasks containing 0.5 L
fluorescence of the remaining W501 on nucleotide addition of culture. The flasks were shaken at 115 rpm, and the cells
and therefore better resolution of different conformational were harvested at a density off@L by centrifugation for
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10 min at 3000 rpm. After washing the cells with PBS buffer, mM TES and 5 mM KCI instead of NaCl and +76 uM
the HisTagged motor domains were purified as described F-actin. The F-actin was predialyzed against the assay buffer
(20). Protein concentrations were determined using Bradford to avoid a change in ionic strength.

Reagent (Sigma). The progress of hydrolysis in the transient state was studied
Fluorescence MeasurementSteady-state fluorescence ysing a RQF-63 quenched-flow instrument (Hi-Tech Scien-
time courses and spectra were measured with an SLM 4800Gific, Salisbury, U.K.) or a custom-built, microquenched-flow
spectrofluorimeter usma 5 mmpath-length cell. In critical apparatus that required only 6@ of priming volume for
measurements, tryptophan was excited at 295 nm with 0.5each reagent2@). Two protocols were used. In one, the
nm slits to minimize photobleaching and reduce inner-filter reaction was quenched with an equal volume of 0.2 M HCI
effects arising from high nucleotide concentrations. Acryl- and neutralized wit 4 M NaOH solution, and then the
amide quenching was used to determine the solvent exposurgyrotein was precipitated with an equal volume of absolute
of W501. The fluorescence intensity change was measuredethanol at-20 °C. The solution was diluted four times with
at 335 nm fex = 295 nm) in the presence of varying 10 mM TES, pH 7.5, and loaded onto HR 5/2 column
concentration of acrylamide. The samples were mixed containing Source 15Q (Pharmacia) anion-exchange resin.
separately at different quencher concentrations and measured, o to 0.5 M, NaCl salt gradient containing 10 mM TES,
within 1 min to avoid contributions from a slow fluorescence pH 7.5, was app“ed by the FPLC appara’[us_ The ratio of
change. The data were fit to the Steiolmer relation- the (ADP):(ATP+ADP) peaks, monitored by\s, was
ship: Fo/F = (1 + Ksv[acrylamide]), where=o andF are  analyzed to determine the extent of hydrolysis. A perchloric
the fluorescence intensities in the absence and presence ofcid quench was avoided as it interfered with the column
acrylamide, respectively, aritky is the dynamic quenching  separation. The second protocol required the usg-8P-
constant. At high acrylamide concentrations, the slow |abeled ATP and was more precise at low fractional levels
fluorescence intenSity Change was more Signiﬁcant and theof hydr0|ysis_32P-|abe|ed inorganic phosphate was assayed
static component could not be determined. by phospho-molybdate formation and extraction into organic
Transient fluorescence measurements were carried ouisplvent. A total of 10QcL of reaction mixture was quenched
using Applied Photophysics SF17MV or SX18MV stopped- with an equal volume of 1 mM sodium pyrophosphate and
flow fluorimeters with WG320 or WG335 cutoff emission 6% (v/v) perchloric acid. The quenched solution was
filters in combination with a UGII filter to block visible stray immediately frozen in dry ice/ethanol mixture for temporary
light. The dead time of these instruments is between 1.5 andstorage. After melting the samples, 3@0of 1% ammonium
2 ms as determined by the reaction of 2,6 dichlorophenoin- molybdate, 10% trichloracetic acid, 0.8 M sulfuric acid, and
dolphenol with ascorbate. The reduced stray light level of 2.3 mM sodium phosphate was added. The phospho-
SX18MV holographic grating was crucial for characterizing molybdate complex was extracted with §a0of isobutanol/
small changes in fluorescence associated with some reactiongthy| acetate 1:1 (v/v) mixture. After centrifugation, an
and was generally used with a 320 nm filter alone. Al aliquot of organic phase was mixed with scintillation cocktail
reactions were studied in a buffer comprising 40 mM NaCl, and activity was measured in a Beckman LS6000TA liquid
20 mM TES, and 1 mM MgGlat pH 7.5 at 20 C and the  scintillation counter. The specific radioactivity was deter-
reagent concentrations stated refer to the reaction chambemined from32P standards made by hydrolyzing the original
unless otherwise stated. Data were normally collected on ay-32p-Jabeled ATP1i 1 M HCI at 100°C for 10 min.
split or logarithmic timebase to ensure there were a signifi-  ATpase rates were also estimated from the period of

cant number of data points for all phases of mullistep gnpanceq steady-state fluorescence when a limiteds (3
reactions, but reactions are usually displayed on a linear ime ¢,y molar excess of nucleoside triphosphate was added to
base. Pretrigger information was also collected in some CaseS$he construct. Mant-ATP was followed by direct excitation

to assess the efficiencyi of solution exchange in the mixing of mant fluorescence (356 nm) or via energy transfer from
chamber. The ram PrOf,"e of t,h_e SFl,SMV m;trum.en't was tryptophan (295 nm excitation). In cases where there was
checked by monitoring its position using the in-built linear 5" gjgnificant tryptophan fluorescence signal (e.g., with
potentiometer. Rate constants were determined by IeaSt'ATPyS), turnover was followed by competition with mant-

squares fitt.ing to an exponentigl function using the Applied App The added nucleoside triphosphate displaces the mant-
Photophysics software or Kaleidagraph (Synergy Software, App tq give a reduction in fluorescence during the steady-

Pennsylvania) to yield & value. For theith step in the state, but mant-ADP rebinds at the end of the turnover
mechanism (eq 1, etc.), the forward rate constan_t_is_definedbeca'use the mant-ADP affinity for Dd myosin is 10 times
ask; the reverse rate constant ks and the equilibrium 5 that of ADP 11). These assays provide a convenient
constant as in the direction of the ATPase reaction. way to check for turnover, but the derived rate constant may

/ATPase Measurementsucleotides were purchased from 675 gjight underestimate owing to nucleoside diphosphate
Sigma Chemical Co. (Poole. U.K.) except mant-ATP, which ;iniion

was from Molecular Probes Inc. (Eugene, OR). The basal

steady-state rate of the ATP hydrolysis was measured frompesyLTS

Asqo USINg a pyruvate kinase-lactate dehydrogenase linked

assay 21). The assay was performed in 20 mM TES, 40  The contribution of W501 to the overall fluorescence
mM NaCl, and 2 mM MgC at pH 7.5 at 20 C in the response of the Dd motor domain to nucleotide interaction
presence of 1 mM ATP, 200M NADH, 400 uM PEP, 10 was assessed by means of site-directed mutagenesis. Three
units/mL pyruvate kinase and 20 units/mL lactate dehydro- constructs were made: W581(i.e., W501F), W50#% (i.e.,
genase (P-0294, Sigma). The actin-activated-MdPase a W36F, W432F, and W584F triple mutant), and-Wi.e.,
activity was measured in the same conditions except at 5a W36F, W432F, W501, and W584F quadruple mutant). All



16138 Biochemistry, Vol. 39, No. 51, 2000 Malnasi-Csizmadia et al.

Table 1: Steady-State ATPase Activities of Motor Domain (a)
Construct3 9
)
basal MgATPase actin-activated Mg TPase e
Keat (57 1) Keat Kapp Kead Kapp 8 0.8
(£SD forn=3) (s (M) ) a2
wt 0.07+0.01 22 59 03%10° s 06
W501+ 0.06+ 0.01 25 64 0.3% 10° i
W501— 0.21+0.02 0.82 22 0.3% 10° ° 0.4
W— 0.21+ 0.05 0.75 25 0.3 10° >
aThe actin activated Mg-ATPase activity was measured in the & 02
presence of 1776 uM actinin 5 mM TES, 5 mM KCl at 20C. Values g
for kearandKappWere calculated by fitting the data to Michaetiglenten 0
equation. 300 320 340 360 380 400

Wavelength (nm)

these constructs showed good expression and yielded 1
mg of protein/g cells and were stable stored on ice for at (b)
least 2 weeks. Furthermore, they all showed-MfPase 1
activity, although it was noteworthy that the basal steady-
state rates of the W561 and W~ constructs were three
times those of the wt and W51 constructs, while their

0.8 | + ADP.AIF

[0
Q
c
(]
O
n
S o6
actin-activated ATPases were about 3-fold less (Table 1). g -
Further work is required to evaluate the significance of the i
; . 0.4
decrease in the apparet, for actin of mutant constructs 3
lacking W501. £ o>
Figure 2a shows the emission spectra for these constructs -
when excited at 295 nm and the effect of ATP addition. In T N
the absence of nucleotide, W501 is the most red-shifted 300 320 340 360 380 400
emitter. To a first approximation, the tryptophan signals of Wavelength (nm)

W501— and W50H% summed to give the wild-type fluo- . q i - ¢
L d W501 made about a 25% contributio FIGURE 2: (@) Uncorrected fluorescence emission spectra o

rescence emission, an £ ictyosteliumconstructs in the absence-) and presence {) of

to the wild-type fluorescence. At 295 nm excitation, the trp- ATP. Spectra of wild type, W50#, W501—, and W~ myosin

less W~ construct showed little emission, but displayed the motor domain constructs (@) in the absence or presence of 200

characteristic tyrosine signal when excited at 280 nm (Figure #M ATP were recorded at 26C in 20 mM TES, 40 mM NaCl,
2a, inset) and 2 mM MgC} at pH 7.5. Tryptophan fluorescence was excited

. . at 295 nm (excitation slit widtk= 0.5 nm, emission slit width= 4
On addition of ATP, the wild-type showed a 13% pm) The inset shows the tyrosine emission spectrum of the W
enhancement, W561 a 7% quench, W50t an 80% myosin construct on excitation at 280 nm. (b) Uncorrected

enhancement in tryptophan fluorescence (Figure 2a) while fluorescence emission spectra of W30gonstruct in the absence
W— showed no change in tyrosine fluorescence (not shown). ((:Ezng?gxp(r_e)s\‘fvg‘;erﬁ; g%g'\gyAgg’ di(t-io-n-)o?rsgl\elpA(l-c] ')ér-]'— dh% ﬂ?/l
These _resu't_s confirm W501 is uniquely enhance(_j ON NaF to the W50%. ADP complex and the spectrumsmeasured after
interaction with ATP. There was a clear 7 nm blue shiftin 2 p.

W501+ mutant fluorescence emission on ATP addition that

was not apparent in the wild-type. This is because the stopped-flow apparatus which has a higher stray light level
unresponsive tryptophan residues in the wild-type (W36F, (11).

W432F, and W584F) are already blue-shifted relative to  Phosphate analogues have been exploited in X-ray crystal-
W501, and thus mask the underlying shift of W501 fluo- lography to generate long-lived intermediates that mimic the
rescence in the presence of ATP. Interestingly, ADP binding steady-state products complex—9). Addition of AlF4- to

to the W503- construct gave a 17% quench in fluorescence the M-ADP state caused a slow rise in fluorescericgs &
(Figure 2b), which was titrated to yield an equilibrium 7 x 10*s™tat 55uM AIF 4-) to give a spectrum that closely
constant of about M. The quench was associated with a matched that of ATP in the steady-state (Figure 2b).;BeF

4 nm blue shift, indicating there are at least two distinct induced a similar enhancement to that by Algt 20 °C,
nucleotide-bound conformational states rather than the nucle-but at 4 °C the signal was significantly smaller. The
otide-free state lying between tHeATP and+ADP states. corresponding Vi complex was not studied because this
Reexamination of the wild-type construct also revealed a phosphate analogue absorbs strongly in the ultraviolet and
small fluorescence quench (7.5%) on ADP addition, indicat- results in a significant inner filter effect at the excitation
ing that the quench in W50 was not a consequence of wavelength of tryptophan.

mutagenesis. To observe maximal fluorescence changes, it The ATP-induced change in tryptophan fluorescence of
was important to use narrow (0.5 nm) excitation slit widths these constructs was studied under single turnover conditions
so as to minimize background signal from light scattering in a stopped-flow apparatus (Figure 3). As expected, W501
and tyrosine fluorescence. In previous studies, the reportedshowed an enhancement phase due to ATP binding and
change of<3% in the wt motor domain on addition of ADP  hydrolysis, followed by a slow recovery associated with
was determined with wider slit widths and was not sufficient product release. The observed amplitude of enhancement
to characterize binding, particularly with the SF17MV (about 23%) was less than the spectral measurements in
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E 0.6 2 *4 i
é g 0.2 +ATPYS
0 50 100 150 200 s o
Time (seconds) 0 40 80 120 160
FicUrRe 3: Single turnover of ATP by W50# and W50t Time (seconds)
constructs. Protein (2ZM) was mixed with 1.8uM ATP in the
stopped-flow apparatus and tryptophan fluorescence was followed () 1
on excitation at 295 nm and the emission selected using a WG335 3
filter. The data were corrected using a buffer blank to define zero § . mant ATP + ATPYS
fluorescence and the W561signal was normalized to 1. 3 0.8
(=]
3
Figure 2 for at least three reasons. At the concentrations used, T
the binding phase was less than an order of magnitude faster S 0.6
than the turnover phase, so the peak fluorescence is reduced <
in Figure 3. Furthermore, the wider excitation slits4(nm) T o4

and the use of cutoff filters in the stopped-flow measurements
gives a higher background contribution from scattering and
tyrosine fluorescence. Figure 3 was recorded using the

(=]

100 200 300
Time (seconds)

FiIGUuRe 4: (a) Turnover of ATP and ATFS by W50H construct
monitored by tryptophan fluorescence enhancement. W5(@L

400

SF17MV instrument that had a higher stray light level than xM) W501+ motor domain was mixed with 8M ATP (bold line)

the SF18MV used in later experiments. Nevertheless, the
observed change for W581in Figure 3 is significantly
larger than that of the wild-type M761 or M759 construct
(10%) in the same instrument). On the other hand, no
significant change in tryptophan fluorescene€f quench)
was seen on interaction of ATP with the W58Tonstruct
(Figure 3). While this result is in accord with the conclusion
that W501 is the only residue to contribute to the enhance-
ment in fluorescenceld), it is possible that the open-closed
transition or the hydrolysis step has been slowed to a
sufficient degree that it becomes rate-limiting in the W501
construct. Hence an MTP-like state could become pre-
dominant in the steady-state. This possibility was ruled out
by a quenched-flow experiment in which & ATP was
mixed with 12uM W501— construct and the nucleotide

or ATPyS. Fluorescence was excited at 295 nm (1 nm slit) and
emission was observed at 335 nm (4 nm slit). The period of
enhanced fluorescence indicates a turnover rate of ATP of 0.045
s L (b) Turnover of mant-ATP and AT by the W50% construct
monitored by mant fluorescence. W5BX2 «M) motor domain
was mixed with &M mant-ATP. After hydrolysis to mant-ADP,

8 uM of ATPyS was added. The reaction was followed by
excitation at 356 nm (2 nm slit) and emission at 450 nm (4 nm
slit). The periods of steady-state fluorescence indicate that mant-
ATP and ATH'S are turned over with rate constants of about 0.047
and 0.053 s! respectively. Buffer conditions were as in Figure 2.

rather than an M*ADP-Pi complex (eq 1), dominates the
steady-state intermediatek 8). The above experiments are
self-consistent and provide direct evidence that the emission
from W501 is uniquely enhanced during the hydrolysis step
(or the preceding open-closed transition that limits hydroly-

products were analyzed by anion-exchange chromatographysis). The studies described below revealed additional features

After 2 s, when the binding phase is likely to be nearly

of the mechanism which helped to pinpoint the step associ-

complete but product release has barely started, 65% of theated with the fluorescence enhancement of W501.

ATP had been hydrolyzed. A second slower phase of ATP
hydrolysis was observed which could be attributed to the
reversible hydrolysis equilibrium on the enzyng {1), or
possibly, the presence of inactive enzyme leading to a slight
excess of [ATP] over [W501 construct]. From the relative

The observed quench in W5&liryptophan fluorescence
on addition of ADP (Figure 2b) indicates that W501 also
responds to the binding of nucleotide in a step that is distinct
from the open-closed transition or hydrolysis step. To explore
this further, the kinetics of binding of different nucleotides

amplitudes of the fast and slow phases, we estimate thewere examined in a stopped-flow apparatus. Figure 5a shows

hydrolysis equilibrium constant (eq X&3) to be =2 for

W501—, and hence an MADP-Pi-like state (Egn. 2) should

predominate in the steady-state, but it remains optically silent.
Further studies focused on the W50tonstruct that gave

a large fluorescence enhancement with ATP. When a limited

excess of ATP was added to the W50donstruct, the period

the fluorescence change on the millisecond time scale when
ATP, ADP, and ATR'S interact with the W50% construct.

ATP shows a 30% enhancement, ADP shows a 10% quench,
while ATPyS shows a small quench followed by a small
enhancement, then a further quench on the seconds time
scale.

of enhanced fluorescence indicated a turnover rate of 0.045 The ADP profile is the simplest to interpret as it is

s ! (Figure 4a), in line with the steady-std{g; value (Table
1). On the other hand, addition of APB induced=4%

essentially a single phase. The observed rate constant is
linearly dependent on [ADP] and revealed an apparent

enhancement in the steady-state fluorescence. Neverthelessecond-order association rate constant ofkd W° M1 s,

ATPyS is a substrate for the W5@&1construct as demon-
strated by a competitive turnover assay with mant-ADP
(Figure 4b). Previous studies have shown that A$Hs
slowly hydrolyzed by vertebrate myosin, but the products
are released relatively quickly, so that an ¥4TP complex,

(Figure 6a), although at concentrations>0£00 uM ADP,
there is an indication of saturation with a first-order rate
constant of>400 s*. This behavior is similar to that of rabbit
skeletal S13, 4), although in the latter case the process is
associated with a fluorescence enhancement of other tryp-
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Ficure 5: Stopped flow records of 1.AM W501+ on mixing T
with 50 uM ATP, ADP, or ATP/S. Buffer conditions were as in o 20
Figure 2. Panel b shows the same records as in panel a, but on a >
longer time base. The arrow indicates the time of stopping the flow. T 1.1
Note that the pretrigger signals in panel a correspond to the end [
point of the preceding push of the reactions in panel b. o 1 t , , . .
0 0.1 0.2 03 04 0.5
tophan residues which presumably swamp any quench of Time (seconds)

the equivalent W510. Itis likely that ADP binding is at least Figure 6: ADP association with and dissociation from W01
two step in Dd myosin, with a fluorescence quench in W501 construct followed by tryptophan fluorescence. (a) A plot of the

associated with an isomerization indicated by the daggar (1).observed pseudo-first-order rate constant for the fluorescence
quench (see Figure 5a) against ADP concentration to yield an
apparent second-order ADP association rate constant of 1@
M~! st and a saturation with a first-order rate constant-df0
s (b) The rate constant for ADP dissociation determined

: - . displacement by excess ATP. The faster record was obtained on
The rate constant for dissociation of ADP from thé-M 6 e\ ATP with 1.1,4M W501+, while the slower record
ADP state was determined to be 7.9 en displacement by contained 50tM ADP premixed with the 1.LM W501+ (reaction

excess ATP (Figure 6b). This value is consistent with the chamber concentrations), to yield an ADP dissociation rate constant
intercept value ofkyps versus [ADP] for the association of 7.9 s’ Buffer conditions were as in Figure 2.
reaction (5.6 s!, Figure 6a) and yields a dissociation
equilibrium constant for the MADP complex of 5.6uM. the MI-ATPyS state remains a predominant species. The final
Itis also comparable to that estimated by titration (see above)fluorescence decrease on the seconds time scale (Figure 5b)
and close to that for the wild-type M759 motor domain could arise as NtADP builds up to a low steady-state level.
estimated from competition with mant-ADP bindingyj. The final steady-state fluorescence is close to that for the
It is of interest to know whether there is a corresponding nucleotide-free state of Dd W56 in agreement with the
quenched NFATP state, prior to the large enhancement low time resolution record in Figure 4b.
associated with the open-closed transition or hydrolysis. At  Although ATPyS proved a useful analogue to reveal the
20° C, there is a noticeable lag phase in the enhancementinitial quench in W501 fluorescence on binding, the inter-
induced by ATP on long time-base records (Figure 5a), but pretation of the subsequent rise in emission is ambiguous
it is more difficult to assess whether there is a genuine quenchbecause slow hydrolysis could result in a small but finite
in signal immediately after stopping the drive syringes. A level of an M*ADP-Pi-like state (eq 2). The interaction with
lag would be expected simply on the basis of a spectroscopi-the nonhydrolyzable analogue, AMPNP with the W50%
cally silent isomerization (eq 2, step 2) prior to hydrolysis construct was therefore examined. At 20, this gave a
(step 3) which is associated with the fluorescence enhance-similar profile to that for ATR'S over the first second, but
ment (see below). The detailed interpretation of the ATP with an initial lag rather than a quench in fluorescence
interaction is best considered after discussion of other (Figure 7). The temperature dependence of the reaction was
analogues. particularly revealing. At 26C, the lag was very small, but
In support of the conclusion that W501 generally responds the rise in fluorescence was marked (10% enhancement). On
to nucleotide binding with an initial decrease in emission the other hand, at 9C, a 10% quench in fluorescence was
intensity, a clear quench was seen on interaction withyS'P  observed with no recovery phase. Preincubation of the AMP
at 20 C (Figure 5a). The subsequent enhancement indicatesPNP preparation with catalytic amounts of W50to remove
that the W50% construct undergoes an open-closed transi- any potential ATP contamination did not alter the observed
tion and/or hydrolysis, but the limited amplitude argues that changes. These results demonstrate that the enhancement in

M + ADP —— M.ADP —~— Mt1.ADP 3)
7 6
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large enhancement in W501 fluorescence indicates that the
hydrolysis of ATP pulls the open-closed transition to the
right. The lag associated MADP-Pi formation makes minor
contribution to the signal and the first phase of enhancement
can be reasonably fit to a single exponential ov&0% of
its profile. The error in fitting comes mainly from the
deviation caused by a slower phase in enhancement (see
08 o o 1 below). At low [ATP], the r(_—:'sultant rate constant was linearly

' : ' ’ dependent on concentration, but the process saturated at a

Time (seconds)
- 1 .
Ficure 7: Stopped-flow records of the reaction of 18 W501+ maximum of 30 s*, comparable to that for the wild-type

construct with 6Q:M AMP-PNP at different temperatures. For ease Dd motor domain11, 18). However, it should be noted that
of comparison, the fluorescence values corresponding to thethis value has proven rather variable between different

nucleotide-free W50t, presentimmediately after stopping the flow  preparations and different constructs [but the value is
(indicated by the arrow), were set to a value of 1 by shifting the invariably smaller than the maximum rate of acto-motor

original records by-0.53,—0.18, and— 0.06 for the 9, 20, and 26 S L S
°C records, respectively. These differences largely reflect the domain dissociation which is 150 to 400°¢11, 18)]. The

temperature dependence of intrinsic tryptophan emission processlimiting rate constant may be assigned to that of the open-
Buffer conditions were as in Figure 2. Note that the pretrigger signal closed transition coupled to the hydrolysis reactis

of each trace can be identified from its value compared with the k_; in eq 2). The profile ofk.s against [ATP] was not
endpoint reached after 1 s. hyperbolic (Figure 8b). This is to be expected because the

W501 does not require the hydrolysis reaction per se and fluorescence enhancement occurs after the binding step that

therefore implies that the rise in fluorescence is associated!(S€lf involves an essentially irreversible isomerizatiany(
with the preceding open-closed transition. However, the < ks by analogy with skeletal myosin). Thus, the [ATP]
equilibrium constant for the latter transition lies toward the concentration that gives an apparekips of 50% the
open state, particularly at low temperatures, and hydrolysis Maximum (45uM) corresponds to the condition when
is required to pull the reaction toward the closed state (cf. Kiko[ATP] = ks + k-3 and results in a profile with a lag

Relative Fluorescence

9). phase. Force fitting a single exponential to this profile gives
a rate constant with a value close i@ { k-3)/2. From the
! 2 Ja linear dependence &f,son ATP, at low concentrations, the
M + AMP.PNP —~— M.AMP.PNP —— Mt AMP PNP ——— M*.AMP.PNP (4)

value ofKjk; is estimated to be 0.66 10° Mt s™2,

In principle, the raw data could be fitted globally using a

AMP-PNP and ATRS, therefore, only give limited two-step model for ATP binding and hydrolysis. However,
fluorescence enhancements compared to that of ATP. Theit is likely that the M-ATP state is not optically silent, but
open-closed transition is very temperature dependent. As-contributes a small quench in fluorescence (approximately
suming that ADP gives predominately the open state and 10% by analogy with ADP) that would introduce another
ATP predominately the closed state in the steady-state, andparameter into the equation. Furthermore, the results with
that the open and closed states have a specific fluorescencAMP-PNP suggest that the open-closed transition will occur
intensity independent of nucleotide, we estimate from the to a limited extent in the absence of a subsequent hydrolysis
end-point fluorescence value that the open-closed transitionreaction. If such a process occurs with ATP as substrate,
(step 3a) has an equilibrium constanted.04 at 9 C, ~0.2 then there should also be a small burst phase in fluorescence
at 20°C, and~0.5 at 26°C for AMP-PNP interaction. These  enhancement prior to the main enhancement phase that is
values indicate that the open-closed transition is a very coincident with the hydrolysis reaction. This would tend to
endothermic reaction (see Discussion). At° 2B, a net counteract any initial quench (cf. the record for ANPRP
enhancement in fluorescence is observed (Figure 7) evenbinding at 20°C, Figure 7). Modeling such a scheme shows
though [M-AMP-PNPLgen~ [M* -AMP-PNP}osesbecause  that if a 10% fluorescence quench is assigned to the M
the latter has a higher intrinsic enhancement (*) compared ATP state, the observed quench 6% as a result of
with the intrinsic quench (t) of the former. The qualitative “truncation” by the subsequent enhancement phase. Further-
conclusions that the transition(s) associated with the fluo- more, at high [ATP], when the first two steps would be best
rescence enhancement is readily reversible and very tem+esolved from the hydrolysis reactior25% of the signal
perature dependent hold even if the assumptions about thechange would be lost in the dead time of the instrument (cf.
exact level of fluorescence of the open and closed states arghe ADP records at 100uM). Nevertheless, such modeling
inaccurate. Displacement of AMPNP from its bound indicates that at least part of the phase of decreasing
complex(es) by excess ATP has an observed rate constantluorescence should be observable in the SF18MV stopped-
of 0.017 st at 20 C. This implies thak_, (eq 4) has arate  flow instrument if the M-ATP state has a 10% quench. The
constant of approximately 0.02% because the equiliborium  measurement has to be executed with care, because during
of step 3 has a minor effect on the back rate at this the flow period, the solution from the previous shot will
temperatureK_, = kops (1 + K3) = 1.2 x 0.017 s]. The generally be in the high fluorescent MXDP-Pi state which
first step, by analogy with the binding other nucleotides, must be expelled and the signal detector response must be
represents a weak and rapidly reversible stepKie> k-»). sufficiently fast to avoid it contributing to an artifactual

In light of these results, the interaction of ATP with decrease in signal at the time of stopping. Figure 8c shows
W501+ can be considered further. Figure 8a shows repre- two such experiments on mixing 50M ATP with 1.1 uM
sentative traces of enhancement in W501 fluorescenceW501+ in which the time between pushes was varied. The
induced by different concentrations of ATP at 20. The delivery volume was set at R 70 uL i.e., over three times

Open Closed
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Ficure 8: (a) Stopped-flow records of the reaction of L W501+ construct with 10, 20, and 25M ATP. The arrow indicates the

flow stop. (b) A plot of the pseudo first-order rate constant for the ATP reaction as a function of [ATP]. Records, such as those in panel

a, fitted to a single exponential over 80% of their profile (see text) and yielded a maximum rate constant’oat3€asurating [ATP]. (c)

Reaction of 5«M ATP with 1.1 M W501+ at 20°C in which the waiting time between pushes was varied. The top trace starts from the
previous M*ADP-Pi state while the bottom one starts from thé-ADP state. The signal of 1.& 0.05 was set using the same W301
concentration after mixing with buffer. (d) The same reaction as panel ¢ bui@tBnhe bottom trace is a linear potentiometer record that
monitors the drive syringe position. Note that the fluorescence signal decrease after the drive has become stationary. The subsequent rise
in the potentiometer trace corresponds to the pressure release from the drive ram, but is not associated with any significant movement of
the solution in the reaction chamber as judged by the fluorescence record.

the observation cell volume (4£1). In one record, sufficient
time was allowed for the ATP to be turned over by the
W501+ construct in the reaction chamber so that the
fluorescence fell to that of the MADP state and hence the
washout profile reverses in direction. Both traces however
show about a 2% fluorescence decrease immediately after
stopping the flow which would appear to reflect a genuine
quench rather than flow artifact, although slight recoil of 1
the syringes is difficult to rule out completely. The presence

of a quench phase was Co_m_‘l_rmed by carrying a similar FiIGurRe 9: Stopped flow records of the reaction of LW W501+
experiment at 3C, where the initial decrease in fluorescence ¢onstryct with 5Q:M mant-ATP. The mant fluorophore was excited
(2% amplitude) occurred over 30 ms, well resolved from directly at 356 nm or via energy transfer from W501 at 295 nm.
any flow or mixing artifacts (Figure 8d). These data support Buffer conditions were as in Figure 2. The reactions are displayed
the proposal that an early intermediate in the ATP turnover Ogi :t 'g%g:immi%rﬁwgsb;sg (f)%"g;’vﬁgeth:nf“ﬁlt%%gi%?at‘:]gi:Z;ﬂﬂ”:;s
pathway is a blnar_y complex, MTP_) that has a quenched \L/)vere normal%ged to the beginning and eFr)ld of the fast phase to
fluorescence relative to the nucleotide-free state. However, gemonstrate that there is a further slow increase in mant fluores-
the records are not sufficiently resolved from the dead-time, cence emission only when monitored via excitation of W501.
and the subsequent steps associated with an enhancement
of fluorescence to establish whethei-MTP and M-ADP phase varied from 10 to 30% of the overall change with
have identical fluorescence yields. This ambiguity also different preparations. The significance of this phase is
prevents determination of a unique value forfor ATP, unclear, but it appears to represent a subsequent isomerization
although values around 400%s by analogy with ADP, are  of the M*-ADP-Pi complex. Other interpretations of this
consistent with these results. The data obtained’ @t 8vhere phase were considered. Such a first-order reaction could arise
signals would be expected to be better resolved, suggest M if a fraction of the active sites were occupied with a tight-
ATP may be less quenched than™MDP, but a full binding inhibitor acquired during protein preparation. Ex-
characterization of all intermediates is required at each tensive dialysis did not remove the slow phase. More
temperature because temperature affects both the distributiomevealing were the profiles observed on mant-ATP binding
of states and intrinsic fluorescence properties of tryptophan (Figure 9). When the mant fluorophore was excited directly
emission. (356 nm), only a single enhancement phase was observed,
At high ATP concentrations, a second slow phase of with a slight (<5%) decrease in signal on the seconds time
enhancementkg,s = 0.17 s?) was revealed which was scale (possibly attributed to small contribution fromrivant-
concentration independent (Figure 5b). The amplitude of this ADP in the steady state). On the other hand, the same

Relative Fluorescence

0.1 1 10
Time (seconds)
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(a) 40 ; ' ' Table 2: Collisional Quenching Constants for the W501
Construct
30 | nucleotide SteraVolmer constanKsy (M™1)
= none 4.18+ 0.03
= ATP 2.72+0.02
— 20 ADP 3.10+ 0.03
a aW501+ (2.5uM) was titrated with up to 0.6 M acrylamide in the
10 ¢t absence and presence of 0.4 mM ATP or ADP af@0
0 : : ‘ release steps are probably within the error of the measure-
0 1 OT' 20 q 30 40 ment, particularly as this reaction has an extreme dependence
ime (seconds) on temperature. Also when the quenched-flow apparatus is
(b) 10 used with small (5QuL) volumes, there may be a small
timing error introduced during the acceleration and braking
g | LB phases. The burst amplitude, based on a protein concentration
- determined using Bradford reagent, was @Xl Pi/uM
s 6| i - ] W501+, indicating reversibility of the hydrolysis step and/
=2 b or some inactive protein.
T 4 [ 7 ] When the protein was in nominal excess (Figure 10b), the
production of Pi appeared biphasic with rate constants of
2 | ] 3.6 s (amplitude= 5.5 uM) and 0.32 s* (amplitude=
0.32 uM). However, if the protein was not fully active,
0 0 ; 5 3 , 5 binding might occur under second-order conditions which

has a longer “tail” than a pseudo-first-order reaction. The
reaction could be fitted to the second-order equation almost

Ficure 10: Hydrolysis of ATP by the W50t construct followed as well as a biphasic exponential and vielded an apparent
by quenched-flow. (a) The reaction of 108 y-[32P]-ATP with second-order t?indin rar::e constant W)és 01 SPlp
15uM W501+ construct quenched with perchloric acid. The fitted g N !

line corresponds to a burst of Pi production at 75 ®ollowed by~ Without the need for a second phase. Consequently, it is
a steady-state phase at 0.068.sThe W50H- preparation was  difficult to establish the significance of the apparent slow

different to that used in Figure 8 and revealed a fluorescence phase from these data. Nevertherless, after allowing for the
enhancement of 12 $when mixed with 100M ATP. (b) A single limited release of Pby turnover, the hydrolysis reaction is

turnover of nominal 10uM y-[32P]-ATP by 15 uM W501+
construct. The fitted line is for the second-order binding equation at least 72% complete afté s and suggests; > 2. The

[Pi]o — [[Pi]o/([Pi]okt + 1)], and yields an apparent association rate  quench flow studies confirm that there is a burst of Pi
constantk = 0.27 uM~! s71 and final amplitude of UM Pi. A production in the W50% construct, with a rate that is

biphasic exponential fit to the same data yielded rate constants 0fcomparable to that of the fluorescence enhancement, and that
3.3 s (5.5uM) and 0.32 s* (0.32uM). the hydrolysis equilibrium favors the MADP-Pi state (eq

2), particularly as it probably occurs in conjunction with an
unfavorable open-closed transition (see Discussion).

A single tryptophan-containing protein is valuable for
detailed spectroscopic characterization because its properties
can be assigned to a specific location in the protein.
Acrylamide-quenching experiments were carried out to assess
the exposure of W501 to solvert3). The data suggest that
W501 becomes more inaccessible in the-M®P-Pi state,

Time (seconds)

reaction mixture monitored via energy transfer from W501
by excitation at 295 nm, yielded a fast phase which
superimposed (when normalized) that for direct excitation,
followed by a further increase (10%) on the seconds time
scale. This argues that W501 is responding to a slow
isomerization of a bound nucleotide state, rather than the
W501+ construct having different conformational states prior
to nucleotide binding (in which case they would be detected ) . -
by mant-ATP binding regardless of the mode of excitation). but the differences in the SteHVoImer coefﬂqents were
This experiment also rules out that the slow phase on small (Table 2_) and the titrations ha_d to be carr_led out quickly
nucleoside triphosphate binding arises from displacement of SC that the signals were not dominated by time-dependent
a prebound ligand, such as ADP. changes.

To explore the relation be_tween _W591tryptophan DISCUSSION
fluorescence and the hydrolysis reaction further, quenched
flow studies were carried out under multiple and single  The tryptophan residue W501 is located in the relay loop
turnover conditions. When ATP was in excess of the active of the motor 50K domaing—=8) that faces the SH-helix of
site concentration, a burst of production was observed at the converter region of myosin (Figure 1) and changes
7.5 s, followed by a steady-state phase with; = 0.066 conformation during the ATPase cycle. Batra and Manstein
s ! (Figure 10a). A control stopped-flow experiment using (14) demonstrated that a mutant Dd myosin motor domain
the same protein preparation yielded a rate constant for thelacking W501 showed no tryptophan enhancement on
fluorescence enhancement of 12 at 100uM ATP. Taken addition of ATP. We confirmed this result using a W501F
at face value, these data indicate that the fluorescenceconstruct, but found that this preparation has a slightly higher
enhancement has a component that precedes the hydrolysibasal ATPase rate. In principle, a loss of fluorescence
reaction. However, the small difference between the rate enhancement could arise if hydrolysis were to become a rate-
constants for fluorescence enhancement and phosphatéimiting step in the cycle (e.g., as with AHS as substrate
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with wild-type). Nevertheless, Batra and Mansteit¥)( evidence that the open-closed transition and hydrolysis are
showed that the W501Y mutant retained reasonable actin-distinct steps in that AMAPNP at temperatures 6f20 °C
activation and suggested that the ATPase mechanism wagan induce an enhancement in W501 fluorescence without
almost unchanged. Here we demonstrate directly by quenchedydrolysis. Previous studies with rabbit skeletal myosin were
flow measurements that the W501mutant displays a  ambiguous in this respect because the greater enhancement
products burst, and thus the predominant species on ATPinduced by AMPPNP compared with ADP could be a
addition is equivalent to the MADP-Pi complex (eq 2) but  consequence of the slightly different conformations of the
it is optically silent owing to the lacking tryptophan. open state (equivalent to MADP in eq 1). However with

The slightly higher basal ATPase rate of mutations of the the Dd W50} construct, this open binary complex is
type W501F is a frequent characteristic feature of mutations characterized by a quench in fluorescence for both the ADP
in the converter domain itself (e.g., G691A; &) and of and AMPPNP induced states and therefore is more readily
reactive SH-modified myosing5). Instability in this region distinguished from any subsequent enhancement. The kinetic
leads to a less stable MADP-Pi complex and more ready  scheme for Dd myosin may therefore be modified from eq
loss of R. Batra and Mansteirld) did not detect any change 2 to indicate the sensitivity of W501 to the different
in the basal rate with the W501Y mutation, although this conformational states
construct also differed in having a tweactinin repeats at
the C-terminus that may help to stabilize the neck region. M4 ATP — MATP —— M ATP oo MFATP o MeADP.PI - Poduct (5)
On the other hand, R. B. Patterson (personal communication) Open Closed Closed el
has found a number of temperature-sensitive W501 mutations
in the Dd myosin gene which show aberrant phenotypes atwhere the daggar (t) represents the quench and the asterisk
the nonpermissive temperatures (e.g., W501L is cold sensi-(*) represents the enhancement sensed by the conserved
tive). Nevertheless, even the trp-less mutant retains anW501 tryptophan. In this scheme, the first step represents a
essentially wild-type mechanism allowing tryptophan resi- collision complex, the second step is an effectively irrevers-
dues to be added almost at will as site-selective probesible isomerization, while the open-closed transitions (step
throughout the motor domain (cf. ret$ and 16). 3a) and hydrolysis (step 3b) are freely reversible and

The unique involvement of W501 in response to ATP kinetically coupled. According to the Geeves and Holmes
interaction was confirmed using the W5BXonstruct that (9) model,Kz,represents a rapid but unfavorable equilibrium
displays a large relative tryptophan enhancement, comparedor the open-closed transition (dKs, estimated to be 0.2
with the wild-type, because the signal of the latter includes from our results with AMPPNP at 20°C), which is offset
a contribution from three additional unresponsive tryptophan by a favorable hydrolysis reactioi4, > 10 for ATP). The
residues. The single tryptophan construct also revealed aoverall equilibrium for the combined transition #s2 and
distinct 7 nm blue shift which was not resolved in the wild- gives rise to a Pourst amplitude o£0.67 mol fmol motor
type multitryptophan emission spectrum. This suggests W501domain. A consequence of this mechanism is that the M*
has a less polar environment in the presence of ATP andATP state remains at a low concentration under most solution
agrees with the observation that its side chain becomesconditions (sincek_z, and ks, are greater tharksy) and,
protected from collisional quenchers (Table 2; ré®sand therefore, the open-closed transition and hydrolysis step
13). We also show that W501 responds to an earlier step in appear almost coincident with an observed rate constant of
the nucleotide binding mechanism that results in a 17% about 30 st at saturating [ATP]. In the limit, where the M*
qguench in fluorescence and a blue shift. This step appearsATP state is of negligible concentration, it is impossible to
to correspond to one in rabbit skeletal myosin that is distinguish between a one and two-step mechanism by rapid-
associated with an enhancement in fluorescence. Given thamixing methods. In any event, M*ATP would form rapidly
the wild-type Dd myosin lacks this enhancement (and indeed (k-3a + ks, > 100 s') and hence any small initial
shows a small quench), itis likely that the residues involved enhancement phase would be practically coincident with, and
in the skeletal myosin enhancement on binding nucleotide hence nullify, the quench associated witf®MTP formation
are W113 and/or W131 that are located near the active site.so that neither amplitude could be extracted from the

During the hydrolysis of bound ATP by myosin, X-ray fluorescence profile. Perturbation methods may offer insight
crystal structures suggest that the switch 2 helix movesinto this problem. We have observed additional transients
toward they-phosphate allowing the carbonyl group of Dd that may be related to step3a in temperature jump transients
G457 to hydrogen bond with i6( 6). This movement from  (Méln&si-Csizmadia and Bagshaw, unpublished observa-
the open to closed state of the active site is accompanied bytions). Alternatively, the small discrepancy between the rate
rotation of the converter region by about&hd concomitant ~ constant for the fluorescence enhancement and the hydrolysis
swing of the putative lever arnt). Geeves and Holme&) reaction measured in the experiment described in Figure 10a
argue that it is only then that hydrolysis can proceed, but it could be a reflection of a more significant contribution of
does so rapidly and reversibly. Accordingly, the fluorescence M* -ATP to the fluorescence signal as would occuksif~
change of W501 effectively occurs with a rate constant that ks,. However, systematic errors in the quenched-flow data
limits the observed hydrolysis time course, although it is preclude a rigorous conclusion. At this stage, we regard the
actually monitoring the preceding open-closed transition. This potential for AMPPNP to give rise to an enhanced W501
idea is supported by Sutoh and colleagu@$, 7) findings fluorescent state as the key evidence for existence of such a
that some Dd mutants (e.g., E459A) become trapped in aclosed nucleoside triphosphate-state without the need for
tightly bound ATP state which exhibits an enhanced tryp- hydrolysis.
tophan fluorescence and a lever arm swing as monitored by The overall equilibrium of step 3 is readily reversible and
fluorescence resonance energy transfer. We provide directwould require that both substeps are also reversible. In
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particular, the equilibrium constamts, appears very tem-  is exposed to solvenBg). In contrast, W501 points into a
perature sensitive so that, at low temperatures, the open stat@dydrophobic region adjacent to the converter domain (Figure
is even more favored and this will reduce the overabyitst 1) in the Dd M*ADP-Vi (closed) complex ). The
amplitude 28). From the data obtained with AMPNP equivalent tryptophan residue W510 is resolved in the open
(Figure 7), the open-closed transition is a very endothermic skeletal myosin structure (nucleotide-free but sulfate bound)
reaction AH, ~ +94 kJ mol?) and accompanied by an and is more exposed than that of the closed s&tkg While
increase in entropyXS ~ 0.3 kJ mol! K~1) which together a fourth orientation is seen in the novel scallop myosP
give a small free-energy change at°20 (AG, = +4 kJ structure 8). Interestingly in the latter case, the tryptophan
mol™Y). Previous measurements of the enthalpy of ATP is sandwiched between two charged basic residues that have
hydrolysis in the active site have giveéxH, values of+64 the potential to quench tryptophan fluoresceng4).(The
kJ moi (29), but this would represent the combined open- M*-ADP state characterized here is the first clear case of a
closed transition and hydrolysis steps. It appears thereforeconformation with reduced fluorescence specifically associ-
that the hydrolysis step (3b), when resolved from the ated with W501 and indicates that the nucleotide-free state
preceding transition (3a), hasAdd, ~ —30 kJ mot?, more and nucleotide-bound open states have different conforma-
similar to that of the overall enthalpy change for ATP tions in the relay region. The W501 residue (or equivalent)
hydrolysis (20 kJ mot?; ref 29), although theAG, remains appears to be very dynamic in the crystal structures and,
relatively small. Temperature and pressure-jump experimentswhere resolved, no single orientation has been determined
are in progress to explore further the kinetics of the open- in the open structures. On the other hand, in the closed
closed transition. In this regard the-MDP-BeF; appears a  structures, the W501 or equivalent side chain, is interal (
useful complex to examine because the equilibrium is poised 7). Time-resolved fluorescence anisotropy measurements are
between the open and closed states at ambient temperatures progress to test this conclusion. Interpretation of these
ATPyS and AMPPNP induce the open state in a crystal, measurements is much simpler in a single tryptophan protein,
which is in accord withKs, < 1, particularly at the low  such as W50%, where the signal can be uniquely assigned
temperatures employed for crystal grow80), However, it and energy transfer between tryptophan residues (a mecha-
is not surprising that the same nucleotide can induce differentnism for depolarization) is preventedd). It is likely that
crystal states of the motor domain (e.g.;ADP-BeF; has tryptophan mutants will continue to yield detailed informa-
been observed in both open and closed forms; 5efsd7) tion about myosin structure and function and build on the
given the low energy barrier associated with step 3a. pioneering studies of MoriteBg) reported over 30 years ago.
Similarly, it is clear that the reverse transition, in itself, cannot
correspond to the power stroke of the cross-bridge cycle. ACKNOWLEDGMENT
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