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ABSTRACT: The fluorescence intensity difference between rabbit skeletal myosin subfragment 1 (S1) and
nucleotide-bound or trapped S1 isolates ATP-sensitive tryptophans (ASTs) emission from the total
tryptophan signal. Neutral (acrylamide) quenching of the ASTs is sensitive to the binding or trapping of
nucleotide to the active site of S1. Aniorr)lquenching of the ASTs, sensitive to charge separation in
the tryptophan micro environment, is negligible. These findings suggest the ASTs sense conformational
change during ATPase from negatively charged surroundings. Specific chemical modifications of S1
identified the location of the ASTs. Trpl131 was quenched by chemical modification, and its emission
was isolated by taking the intensity difference between unmodified and modified S1. Trp131 fluorescence
intensity and quenching constant do not distinguish among the bound or trapped nucleotides, suggesting
that the vicinity of Trp131 does not change conformation during the ATPase cycle and eliminating Trp131
as an AST. Trp510 fluorescence was quenched'bgdpacetamidofluorescein'(BF) modification of

the reactive thiol (SH1) of S1. The tryptophan emission enhancement increment due to active site trapping
decreases linearly with SH1 modification and extrapolates to 0 for 100% modification. These data identify
Trp510 as the primary AST in skeletal S1 in agreement with observations from Dictyostelium (Batra and
Manstein (1999Biol. Chem 380, 10171023) and smooth muscle S1 (Yengo et al. (20B@phys J.

78, 242A). With Trp510 identified as the sole AST, fluorescence difference spectroscopy provides a novel
means to monitor the concentration of myosin transient intermediates in ATP hydrolysis.

Tryptophan fluorescence enhancement upon ATP bindingin skeletal myosin. We isolated the Trp510 fluorescence
to myosin subfragment 1 (S1) is a well-known indicator of signal with specific chemical modification and fluorescence
conformational change. Chymotryptic skeletal myosin S1 difference spectroscopy. Trp510 changes intensity and
contains five tryptophan (Trp) residues positioned at 113, solvent accessibility, indicating conformational changes in
131, 440, 510, and 595. Trp113 and 131 are in the 27-kDaiits vicinity during ATP hydrolysis 12, 13). However, we
subunit, and the other three tryptophans are in the 50-kDadid not rule out the possibility that other tryptophan residues
subunit. Fluorescence lifetimeg)( acrylamide quenching  also contributed to the total fluorescence increase upon ATP
of tryptic fragments §, 4), spatial proximity mapping5), binding.
and chemical modification6(-9) of S1 have been used to
identify the ATP-sensitive tryptophans (ASTs) with incon-
sistent results. By isolating signals from single tryptophan
residues with site-directed mutagenesis, Trp510 was show!

In the present study, we are again concerned with the
identity of the ASTs and their sensitivity to local myosin
conformation. We isolated the Trp131 fluorescence signal

. N . Mwith specific chemical modification and fluorescence dif-
to be the primary AST in Dictyostelium S1 (DeSIXjand  forence spectroscopy, and measured its enhancement and

smooth musclel(1). o _ _acrylamide quenching in the absence and presence of
Like others, we sought to identify the residues responsible hycleotide or trapped nucleotide analogues. By a similar
for tryptophan fluorescence enhancement upon ATP binding gifference technique that does not require any chemical
modification of the system, we isolated the ASTs’ fluores-
t This work was supported by the National Institutes of Health Grant cence in S1 and measured their enhancement and accessibil-
RO1 AR39288 and the Mayo Foundation. ity to acrylamide and Kl quenchers. Our data show that

m;yzeéedpuhone: 507-284-8120. Fax: 507-284-9349. E-mail: burghardi@ 1510 s the residue in S1 responsible for ATP sensitivity

T Abbreviations: AlR~, aluminum fluoride complex; AST, ATP- a!"d .that it det?CtS conformational ghanges in the. probe
sensitive tryptophan; BeFberyllium fluoride complex; Cys707 or SH1,  binding cleft during the ATPase cycle in agreement with our

most reactive thiol in myosin subfragment 1; DcS1, dictyostelium agrlier work (2, 13). Preliminary data to this study have
myosin subfragment 1; DHNBS, dimethyl(2-hydroxy-5-nitrobenzyl)- '

sulfonium bromide; SAF(IAA)-S1, 5'-iodoacetamidofluorescein (io- been reported previousliyl4).
doacetamide)-labeled S1; DHNBS1, DHNBS-modified myosin

subfragment 1; S1, myosin subfragment 1; Trp 131 (510), tryptophan THEORY

131(510) in chicken pectoralis muscle myosin sequence (Note: myosin

sequence numbering throughout the manuscript is that of chicken ; ; ;
pectoralis musclel). When denoting S1 in the presence of nucleotide . Differential SpectroscopVe isolate selected tryptophans

or when trapped with nucleotide analogue the presence of Mg is implicit N S1 using Qiffere.n_tial spectroscopy. The difference of
and not usually stated.) fluorescence intensitieg\l, between S1 and perturbed S1,
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Al =1(S1,—-) — I(S1, P) 1) ¢oi = keii is the quantum efficiency in the absence of
qguencher,
isolates tryptophan fluorescence from the perturbed residues.
A perturbation is structural (the binding of substrate to the Boi(—, T
active site) or chemical (modification of a tryptophan or A|(S1,—,f, P, ") O z : —
cysteine residue). Considering the sources of the emitted ™ |1+ Kgyi(—, NIQ]
fluorescence from eq 1, bo;(P, )
AISL~.1,P.1) TS {4~ —4P.0} () e
| ,

where the sum is over the tryptophans perturbed by P, andWe relate quantum efficiencies between two conformations
#iis the quantum efficiency for thiéh residue. The argument  Of S1 in the absence of quencher with eq 5 such that

for the macroscopic quantitl includes a global parameter

(the system S1) and several other parameters pertaining to z{%,i(—, =) — ¢o;(P, )}

isolated tryptophans that fully specify the experimental Al(S1,—, —, P, f) _ !
system. Pairs of the isolated tryptophan parameters are AISL— — P f o

ordered inAl such thatAl(S1,—, f, P, ) = —AI(S1, P, f, (SL= =P 1) z{¢0,i(_1 =) — ¢o;(P, 1)}
—, f). Single-tryptophan-defined quantities such as the :

quantum efficiency, lifetime, or SterfVolmer quenching
constant, have two arguments stating the perturbant followe leotid
by the S1 conformer. Different but unspecified conformers areé nucleotides. . . e

are represented by f, ff" The perturbants we use are The ratio of the difference of intensities in the absence
as follows: —(no perturbant), BAF, DHNBS, ATP, ADp,  &nd presence of quencher from eg/By/Al, gives

and, ADPPA (the ADP phosphate analogues). The S1 Al

(6)

dwhere P and Pwould specify different perturbants if they

conformers are as follows:—(S1 alone), *(M*ATP), —O(Sl — £ P, )=
**(M** -ADP-Pi), A(M"-ADP), and®(denoting the hetero- B
geneous conformation of S1 in the presence of ATP). . .
Perturbers and conformers are independent for a chemical .Z{%'i( D) = ¢0i(P, T}
perturbant because the chemically perturbed S1 can bind any 7
nucleotide or analogue to induce a conformer but a nucleotide ¢oi(— ) ¢o,;(P, 1)
or nucleotide analogue perturbant can have only one —
conformer. When the quantum efficiency (or any single- |1+ Kgyi(— DIQl 1+ Kgy,(P, F)[Q]

tryptophan-defined quantity) has a nucleotide or nucleotide

analogue perturbant then the following rule applies: (i) the Expanding the right-hand side of eq 7 in a Taylor series about
guantity is equal to the same unperturbed quantity in the [Q] = O,

appropriate conformation. For instance, the ADP perturbed

quantum efficiencyg(ADP, ), equalsy(—, ), the unper-

turbed value in the conformation. The ATP perturberisa ——(S1,— f, P, f)~ 1+
special case because S1 has several conformers in steady-
state ATPase but formally Rule (i) still holds because we Z%i(P’ f)Kgyi(P, ) — ¢:(—, HKsyi(—, )
defined® to denote a heterogeneous conformation. T ' ' '

Quantum efficiency in terms of excited-state relaxation [Q] (8)
rates is z%,i(Pa f) = ¢oi(—. )

I
¢ = ke ©) to first order in [Q]. We define the coefficient of [Q] in eq
"I+ kqi[Q] 8 to be the effective quenching constaity. Ker is a

weighted difference of SterrVolmer constants for unper-
whereke is the intrinsic fluorescence relaxation rakg,is turbed and perturbed tryptophan species, i.e., a macroscopic
the relaxation rate due to interaction with Q, aiids the observable quantity defined by tryptophans in two different
sum of all rates leading to excited-state decay excludling  conformations. Its argument list is defined identically to that
We expect each of these rates to change with perturbationof Al. Although it is tempting to usKe to judge tryptophan
of S1. The fluorescence lifetime in the absence of quencheraccessibility to solvent, this is not generally permissible, and

is 7; = (I)~* giving with eqs 2 and 3, only the Stera-Volmer constant should be used in that
context. We use eqs 6 and 8 exclusively for nucleotide or
Kei(— Dzi(=. ) nucleotide analogue perturbants and designate this by replac-
AI(S1,—,f,P,f) 0% - ing P with N. For a single AST and using Rule (i), eq 6 and
T |1+ kgi(—, D7i(=, HIQ] K. become
kF,i(P! (P, )
4 ¢’o,1(N’ f) _ Al(S1,—, — N, f) I ¢o,1(_v f)

1+ k(P (P DIQ] o) T AGSL- N | dar— )

Noting thatKs,; = kgjti is the Stera-Volmer constant and (9)
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_ ¢0,1(_v f') ,
KSV,l(Nv f) - [1 - ¢O’l(_’ f) ] Keﬁ(S].,—, f y N, f) +
$o1(—, ")
—;{;11(_, §Ksval= 1) (10)
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Note that the global system parameter is the probe-modified
protein (BIAF—S1) rather than the usual S1, and that the
perturbation is a nucleotide or nucleotide analogue, N. Recall
that modification of S1 with BAF totally eliminates Trp510
fluorescence. The real intensity differenedg(ai[5|AF—
S1]1+ {1 — a}[S1], N, f, —, =) = ay{I(5'IAF—S1, N, f) —

Equations 9 and 10 are recursive, relating one single I(581AF—=S1, —, =)} + {1 — a;}{I(S1, N, f) — (S, —,

tryptophan quantity with another without defining absolute
value. Absolute quantitiego, 1(—, f')/¢o1(—, f) andKsy i(—,
f"), provided by the chemical perturbant experiments dis-

cussed next, prime the recursive formulas for the computation

of the quantum efficiency ratio and Sterkiolmer constants
from experiments with perturbant N. The perturbed single

tryptophan quantities appearing on the left-hand sides of eqs
9 and 10 are likewise observable from chemical perturbant

experiments using S1’s with bound nucleotides providing

the means to compare the two methods, understanding tha

they are not fully independent. Finally, the choice ‘offfom

which N follows) is arbitrary in eq 9 such that experimental

accuracy and convenience could determine its choice.
The Special Case of Chemical Perturbant¢hen P is a

chemical perturbation that eliminates fluorescence from a

specific tryptophan residue, as in the modification of Trp131
with DHNBS or the quenching of Trp510 by modification
of SH1 @, 15, 16), ¢oi(DHNBS or BIAF, f) = 0. We perform

experiments with the intensity difference taken between two
samples of the same conformer (one sample chemically

perturbed, the other chemically unperturbed). The ratio of
observations from two conformations gives, from eq 2,

AI(S1,—,f,C,f)  ¢oi— T
AI(S1,—,f',C, ) ¢gi(—, )

(11)

where we have substituted C for P to denote that the
perturbation is chemical. This is the ratio needed in eqs 9

and 10. Under similar conditions, quenching experiments
from conformation f, give exactly from eq 5,

Al,
N(Sl!_v f! C, f) =1+ [Q] KSV,l(_l f) (12)

i.e., the SterrVolmer equation for unperturbed S1 in con-
formation f, a quantity needed in eq 10. Evidentially, the
quantum efficiency and SteriVolmer constants in eqs 11

and 12 are significant in their own right as they tell about

the nucleotide-induced quantum efficiency and quencher

accessibility changes in a particular residue of S1.

Samples used in experiments with chemically perturbed

S1 contain varying fractions of modified and unmodified
protein due to the imperfect efficiency of normal specific
chemical modification techniques. The intensity from such
a sampleail(S1, C, )+ (1 — a)I(S1,—, f) wherea; is the
fractional concentration of the chemically perturbed S1,
subtracted from the intensity of the unperturbed sample,
al(S1,—, f) + (1 — a)l(S1, —, ), gives the real intensity
differenceAlg(S1, —, f, C, f) = a,{I(S1, C, f)— I(S1, —,
N} = aAl(S1,—, f, C, f). Constant; cancels when forming
the intensity ratios in eqs 11 and 12, removing any
dependence on the fractional concentration.

In another application, we utilize a difference signals
dependence om. Consider the intensity differencd (5'1AF—
S1,N, f,—, =) =I(5IAF-S1, N, f)— I(51AF—S1,—, —-).

—)}. Forming a ratio from\lg and the intensity for a sample
with global parameter S1 and perturbation N,
Aig(N)
Alg(y[S'IAF=S1]+ {1 — a;}[S1], N, f,—, —)
- AI(SL, N, f,—, —)
a AI(5'IAF — S1, N, f,—, —)
L AI(S1, N, f,—, )

+1—a, (13)

The observable on the left-hand siddr(N), is the normal-
ized tryptophan enhancement increment due to nucleotide
binding to a sample containirey x [5'IAF—S1] plus{1 —
a;)} x [S1]. This is equal toa; x {the normalized
enhancement increment from ASTs other than Trp5dl0s
{1 — ai} x {the normalized enhancement increment from
all ASTs including Trp51p. The value ofAir(N) whena,
=1, i.e., the normalized enhancement increment from ASTs
other than Trp510, determines whether tryptophans other than
Trp510 contribute to AST emission.

Corventional Quenching of SBy considerations identical
to those used to derive eqgs 5 and 8, the dynamic quenching
of S1 containing several inequivalent tryptophans has

Iy zKSV,i¢O,i
T(Sl)% 1+[Q ——

Iz¢>o,i

to first order in [Q]. The sum in is over the inequivalent
tryptophan species. When there is one tryptophan, eq 14 is
exactly the SternVolmer equation.

Distribution of Transient States during ATPadéyosin-
catalyzed ATP hydrolysis consists of the elementary steps
shown in Scheme 1.

(14)

Scheme 1

M + ATP = M* -ATP = M** -ADP-Pi = M"-ADP +
Pi=M + ADP + Pi

In this scheme, M, M*, M**, and M represent distinct
transient conformational states of myositivY, Shorthand
for the heterogeneous conformer of myosin in the presence
of ATP is M. Nonhydrolyzable nucleotides or nucleotide
analogues bound to, or trapped in, S1 induce static confor-
mations associated with these transient intermediates. Crys-
tallographic and solution structural data suggest that the static
structures induced by trapped ABRIF,~ or ADP—Bek
mimic the M**-ADP-Pi or M*-ATP intermediates, and
bound ADP mimics M-ADP (17—21).

The distribution of the transient intermediates in Scheme
1 varies with temperature and other experimental conditions.
Bagshaw and Trenthami?) showed that at 22C and 0.1
M KCI, 5 mM MgCl,, and 50 mM Tris-HCI, pH 8, SH
ATP in the steady-state consists of 87% MADP-Pi, 9%
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M*-ATP, and 4% M-ADP. They also showed that in the iodoacetamide (IAA), ADP, ATPg-chymotrypsin, dithio-
same conditions, but at®, S1+ ATP in the steady-state threitol (DTT), phenylmethanesulfonyl fluoride (PMSF),
consists of 5564% M**-ADP-Pi, 5-6% M*-ATP, and 36~ ethylenediaminetetraacetic acid (EDTA), potassium chloride
40% M"-ADP. These data are useful to us for two reasons. (KCI), potassium iodide (KI), potassium thiosulfate;805),
First, S1+ ATP at the higher temperature condition is aluminum chloride (AIG), and magnesium chloride (Mg}l
essentially the M*ADP-Pi conformer. As such, we obtain  were from Sigma (St. Louis, MO). Potassium fluoride (KF)
intensity and quenching data directly from the transient was from Fluka (Switzerland). Acrylamide (ultrapure) was
intermediate. Second, the known distribution of transient from ICN (Aurora, OH). All other chemicals were reagent
intermediates for SH ATP can be compared with our grade.
observations by the method discussed next. Solutions KI stock solution (3 M) was prepared with a
During steady-state ATPase, the total fluorescence inten-small amount of KS,03 (~0.1 mM) to preventd™ formation.
sity from S1 is a sum of intensities from each transient The Kl solution was stored in the dark and used within a
species in Scheme 1 weighted by their fractional concentra-few days of preparation. Acrylamide stock solution (3 M)
tions, ¢. The fractional concentration of the M state is was also stored in the dark. A stock solution of Be(@®8
negligible in the presence of the0.2 mM nucleotide used mM Be, atomic absorption standard solution in 1% HCI)
in our experimentsl(7), consequently, for for a single AST, was adjusted to pH 5.0 by addition of NaOH. A stock
solution of KF (1 M) was prepared fresh each day in a plastic

$o.1(— <>) = Co1(— *) T CPoa(—, **) + Caoa(—, ") bottle.
(15) Preparation and Labeling of Myosin SRabbit myosin
was prepared by a standard methd@®)( and S1 was
and prepared by digesting myosin filaments witkchymotrypsin

(23). DHNBS modification of Trp131 in S1 (DHNBSS1)
was carried out as described previoudy Z4). Unreacted
DHNBS was removed by exhaustive dialysis (four times)
against 20 mM Tris-HCI, 1 mM EDTA, and 150 mM KClI
or NaCl, pH 7.8, and gel filtration on a Sephadex PD10
column (Pharmarcia, Uppsala, Sweden) with 25 mM TES,

c,te,te=1 (16)

By a slight generalization of eq 12, we obtain an expression
relating Stera-Volmer constants for S1 in steady-state
ATPase with those from the transient intermediates,

Kay 1(— <>) = [Cyp0 (=, F)Ksy 1(—, ¥) + pH 7. DHNBS concentration in DHNBSS1 was determined
SR TROL o SRSV in the presence of 0.14 N NaOH (pH 12) by absorption
Cotpo.1(—+ ™) Ky 2(—, **) + Cap (=, MKsy (= M/ at 410 nm using410= 18 400 M1 cm™L. Protein concentra-

tion in DHNBS—-S1 was measured by Bradford BioRad
(o - %)+ —*) +c =M @7 . X e
[C1oa(= ) F Coo,s(2 ™) + Cao(— ] (17) microassay or by absorption corrected for the contribution

Equations 1517 are a system of equations constraining the of DHNBS at 280 nm wherezg = 2500 Mt em™t We
c's when the SterrVolmer constants and quantum ef- incorporated 0.851.25 DHNBS groups per S1. The'k
ficiency ratios, parameters measurable from chemical per-EDTA and C&" ATPase of DHNBS S1 were 96+ 8%
turbation experiments, are known. With the additional @nd 138+ 20%, respectively, of the native S1. _
inequality constraints & ¢ < 1, we may solve for the least ~ S'|AF modification of SH1 in S1 (3AF —S1) was carried
squares values of the’s_ out with 05_15'f0|d molar eXCQSS Of'B\F. for 18—20 h
Substitution of eqs 9 and 10 into eqs 15 and 17 providesat 4 °C in the dark as described previousi25|. We
the equivalent relationships for the effective quenching incorporated 0.250.71 3IAF groups per S1 as determined
constants and intensity differences directly observable with by K" —EDTA and C&" ATPase activities46, 27). Unre-

the nucleotide perturbation experiments. We find acted 3AF was normally not removed from thelBF—S1
samples because we found that its presence did not influence
AI(ATP, <>) = ¢, AI(N,, *) + GAI(N,, **) + the tryptophan fluorescence observed in our experiments.

IAA modification of SH1 in S1 (IAA-S1) was carried
CcsAl(Ng, %) (18) out in conditions identical to those follBF except that 1.5
o 25-fold molar excess of IAA was used. The incorporated
Kei(ATP, 7) = [¢;AI(N, *)Kei(Ny, *) + IAA groups per S1 were 0.260.65 as determined by -
ok *x A A EDTA and C&" ATPase activities.
C2Al (N ™) Ke(Nz: ™)+ CaAl (N, “)en(Na Y Myosin S1 ATPasé\TPase activity of S1 was measured
[CLAI(N, *) + CAI(N,, **) + cAI(Ng, M) (19) from organic phosphate production using the Fiske and Sub-
) barow methodZ8) and expressed as percent of control S1.
where N, N2, and N are nucleotide or analogue perturbants k+_gEpTA ATPase measurements were made on samples
that induce the M*, M**, and M conformations, respec- 4t 25°C from 1 mL aliquots containing 0.260.354M S1,
tively, and all arguments are preceded with (§1,—, ...). 2 mM ATP, 0.6 M KCI, 25 mM Tris-HCI, pH 8, and 6 mM
When applying egs 15 and £49, we use the nucleotide gpTaA. Cc2+ ATPase was measured as for KEDTA
analogues ADPBeF,, ADP—AIF,~, and ADP toinduce the  ATPase except that 6 mM CaGkplaced the 6 mM EDTA.
M, M**, and M * conformations, respectively. Preparation of Nucleotid@®ound or Trapped Nucleotide
Analogue S1DHNBS-S1, and 5IAF—S1 Myosin S1 or
MATERIALS AND METHODS 5'1AF—S1 was trapped as described previoug§)( DH-
Chemicals Dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium  NBS—S1 (16-20 uM) in 25 mM TES, pH 7.0, was mixed
bromide (DHNBS), 5iodoacetamidofluorescein '(BF), with 1 mM MgCl,, 0.2 mM ADP, 10 mM KF, and 0.2 mM
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AlCl; (or BeCh) and then m(?u_b_ated for 20 min at 2€. Table 1: Trpl31 Fluorescence Enhancements and -Stéstmer
When trapped, K—EDTA activities for S1 and DHNBS Acrylamide Quenching Constants at 20?

S1, and C& ATPase activities for ®AF—S1 were inhibited

by >90%. For experiments in the presence of nucleotide,
S1, DHNBS-S1, or BIAF—S1 was incubated with 1 mM

nucleotide S1 $o.1ip1ad— T)
oranalogue conform. (f)  BoTrp1ad— —) Ksv,Trp13{—, )

MgCl; and 0.25 mM ATP or ADP. ADP-BeF, M 11.19 +0.01(2) 1%.221; 8:33 5‘3
Spectroscopic Measurement§e measured fluorescence  ADP-AIF,- M** 1.16 £ 0.05(3)  8.93: 0.34 (3)

on a SLM 8000 spectrofluorometer (SLM instruments, ADP M~ 1.19+0.03(3)  9.38:0.03 (3)

Urbana, IL) with monochromator slits of-2 nm. Tryp- ATP M® 1.25£002(3) 854027 (4)

tophans in +1.54M S1, DHNBS-S1, or 5IAF—S1 were a Constants measured using eqs 11 and 12 with chemical perturbant

excited with 295-300 nm light, and we estimated tryptophan € = DHNBS. S1 conformations are from Scheme 1. Quenching
emission intensity using the area from the emission band constants are in units of M. Errors are standard error of the mean
. y 9 with (n) observations.
integrated from 315 to 360 nm.

Fluorescence Quenchindcrylamide and Kl quenching
experiments were conducted at 6 and®@0in 25 mM TES,
pH 7. For KI quenching, constant ionic strength conditions

Table 2: Trp510 Fluorescence Enhancements and -Stéstmer
Acrylamide Quenching Constants at 20°

were maintained by addition of KCI such that [KCH [KI] nucleotide S1 Sorpsd = 1)

= 0.4 M. or analogue conform. (f) @otpsid— =) Ksvrpsid—, ) [c]®
We investigated the nature of the acrylamide and KI ADP—BoF " 1158i002(2) 979517i 8-?28; 802

: H H H —bek * . . . . .

quench!ng mechanisms of tryptophans in S1 by observing ADP—AIF - M 202 +0.02(2) 567 0.02(2) 0.88

quenching curves for each system at two temperatures (6 5pp M~ 1.384 0.05(3) 9.72+ 0.13(3) 0.10

and 20°C). Acrylamide quenching efficiency increased with  ATP M 1.954 0.06(3) 6.20+ 0.16(3)

increasing temperature, indicating the predominance of ATP (computed) M® 2.0 6.2

dynamic or collisional quenching over the static quenching 2 Constants measured using egs 11 and 12 with chemical perturbant
mechanism. In contrast, KI quenching efficiency decreased C = 5'lAF. S1 conformations are from Scheme 1. Quenching constants
withincressing temperature, indicating the predaminance of 2.1 k> 2L ST s St en 2 b et ot O
the static ngr the dynamic quenching mechanlsm. puted by simultaneously solving eqs-1567. ¢ From eqs 15 and 17 using

All quenching data were plotted as a function of quencher the data in the table.
concentration using eqs 8, 12, or 14. These data were fitted
with the liney = 1 + Kx by linear least squares for free
parameteK. The correlation betweexnandy measures the
model’s appropriateness such that a value<dfindicates
nonlinear contributions to the data from noise and/or
systematic sources.

ATPase cycle suggests that Trpl31 is not a significant
contributor to the AST emission.

Isolation of ASTs Other than Trp510rp510 is a known
AST (9—12, 29). The possibility that the ASTs include
residues other than Trp510 was considered usiigF5to
specifically modify SH1 in S1. There, the probe completely
RESULTS quenches Trp510 fluorescence giviggrpsidS'IAF, f) =

0, but it is too distant from other tryptophans in S1 to affect

Fluorescence Enhancement and Acrylamide Quenching oftheir fluorescencel(s, 16). Modification of SH1, in and of
Trp1l31 DHNBS specifically modifies the indole ring of itself, does not alter tryptophan emission in S1 without nu-
Trp131, and the modified indole does not fluoresce, giving cleotide or when S1 assumes other conformational states in-
#o,1p13{DHNBS, f) = 0 (6). The chemically modified S1  duced by nonhydrolyzable nucleotide or nucleotide analogues
(DHNBS—S1) shows minimal perturbation of essential (30). Under these circumstances, the difference of intensities
determinants of protein function such as the actin-activated, in eq 1 with 3IAF as the perturbant can reasonably be as-
Cé&', and K'—EDTA ATPase suggesting that the native sumed to isolate Trp510 emission such that egsiBlapply.
structure of the S1 remains intact except for the modified Figure 1 shows the normalized tryptophan emission
side chain. Under these circumstances, the difference ofenhancement increment due to active site trapping by ADP
intensities in eq 1 with DHNBS as the perturbant can AIF,, Air(ADP—AIF,7), as a function of the extent oflBF
reasonably be assumed to isolate Trp131 emission such thamodification of SH1. This increment, proportional to the
egs 11 and 12 apply. normalized enhancement increment from ASTs other than

The fluorescence enhancement and acrylamide quenchinglrp510 as shown in eq 13, decreases linearly with SH1
Stern—Volmer constants of Trpl31 were measured using eqs modification. The linear extrapolation to 100% modification
11 and 12, and the results are summarized in Table 1. Weindicates there is no significant AST emission when Trp510
found that substrate binding caused fluorescence enhanceis quenched. We conclude that Trp510 is the sole AST.
ments of 16-25% with ATP causing the largest increase.  For comparison, we replacedAF at SH1 with IAA and
The fluorescence enhancements, while significantly different performed identical measurements. The IAA at SH1 cannot
from 1, were not dependent on the type of bound substrate.quench Trp510 but indicates the effect of the modification
Like the fluorescence enhancements, the Trpl31 Stern of SH1 on the observed intensity ratio. Data in Figure 1
Volmer constant changes upon substrate binding, but theshows that modification of SH1 with IAA has no significant
constants are not dependent on the type of bound substrateeffect on the intensity ratio, as expected from eq 13 if S1
This behavior is very different from that observed for Trp510 and IAA—S1 are spectroscopically identical. These results
(see Table 2). The insensitivity of these parameters to thewith 5'IAF and IAA substantiate that the predominant
various substrates involved in, or mimicking those in, the contribution to AST emission comes from Trp510.
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FIGURE 1: l}lormalized tryptophan enhancement incrementidue t0 Figure 2: Acrylamide @) or K1 (@) quenching of AST emission
ADP—AIF,~ trapping of the active site of SNir(ADP—AIF,") at high ionic strength with ATP as the structural perturbant. The
(M), as a function of the fractional SH1 modification byAF. effective acrylamide quenching constant, defined in eq 8, was

Eque'ltion 13 defineair. For comparison, IAA@®) was substituted computed from the slope of the curve to be 2468.16 M- (error
for S'IAF and identical measurements performed. The data were ggtimate frorn = 3 observations). The correlation value for the

fitted with lines constrained to start at 1 using a least-squares fjtted line is 0.995. Error bars indicate standard error of the mean.
protqc;ol._The porrelatlon values for the .fltte.d I|n_es are 0.982 for opservations were made in 25 mM TES, pH 7, atG lonic
modification with BIAF or 0.842 for modification with IAA. Error strength conditions were identical in the samples due to addition
bars indicate standard error of the mean. All observations were madegf 0 4 M KCl to the acrylamide-quenched sample or by maintaining
in 25 mM TES, pH 7, at 20C. [KCI] + [KI] = 0.4 M for the KI quenched sample.

Fluorescence Enhancement and Acrylamide Quenching of - e isolated AST emission using eq 1 with bound ATP as
Trp51Q The fluorescence enhancements and Stelsimer  the structural perturbant and observed the KI and acrylamide
constants of Trp510 due to nucleotide binding were measuredquenching of this system at . Figure 2 shows thaly/

using egs 11 and 12 withIAF as the chemical perturbant. A} versus [Q] plots, with slope indicating the effective
The results are summarized in Table 2. We find that changesquenching constants according to eq 8, for the Kl and
in the fluorescence enhancements and, the Stéatmer  acrylamide quenching. Kl is an anionic quencher that senses
constants indicating Trp510 exposure to solvent, foIIovy the the microenvironment of tryptophan because of charge
progression of the S1 conformation through the steps in theinteractions §1). The effective KI quenching constant is very
ATPase cycle, as reported previously2). We showed  nearly zero, indicating that Icould not readily access the
previously that the structural changes in S1 accompanying ASTs. The Kl quenching experiments require unusually high
ATP hydrolysis correlate with the size of the substrate, jgnic strength conditions where [KCH} [KI] = 400 mM.
!Ilustrating an aspect of the mechanism of energy transductiongqy comparison, we observed the acrylamide quenching of
in myosin @3). the ASTs at low, moderate, and high ionic strength where
We now can also estimate the occupancy of the steady-[KCI] = 0, 60, and 400 mM, respectively. The effective
state ATPase transients from S1ATP because Trp510is  acrylamide quenching constant of the ASTs decreases with
the sole AST. Equations 8.7 relate fluorescence enhance- increasing ionic strength but remains significant even when
ments and SteraVolmer constants of Trp510 with the [KCI] = 400 mM (shown in Figure 2), indicating that the
fractional concentrationsg;, of the steady-state ATPase inaccessibility of Kl to the ASTs is not likely due to high
intermediates in Scheme 1. These three equations, plus théonic strength. Notwithstanding the just summarized results,
constraints (< ¢ < 1, produce a linear least-squares solution the data in Figure 2 show that for |l = 0.02 M, I enters
for thec’s. Table 2 shows the fractional concentrations for into a weak but detectable concentration independent interac-
20°C. We find that the M**ADP-Pi state is the predominant  tion with Trp510 causing (by inspection of eq 7) a slight
intermediate as expected for this temperaturg.( enhancement of fluorescence from this residue in the M
Fluorescence Enhancement and Quenching of the ASTsconformation, a slight decrease in this emission efficiency
Data described above (ifsolation of ASTs Other than in the M® conformation, or both.
Trp510 identify Trp510 as the principal AST, implying We isolated AST emission using eq 1 with bound
interchangeability of AST and Trp510. Some results dis- nucleotide or trapped nucleotide analogue as the structural
cussed below are interpreted under the assumption that theperturbant and observed the fluorescence enhancement and
AST residues are just Trp510 while others are more generalacrylamide quenching at 20C. The AST fluorescence
in nature and are independent of the number and identity of quantum efficiency enhancements were computed using eq
ASTs. Subsequently, we refer to ASTs when we wish to 9, primed with data from Table 2 for Trp510 and the ADP
imply the more general conclusion. conformation of S1. The results are summarized in Table 3.
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Table 3: AST (Trp510) Effective Fluorescence Enhancement and Acrylamide Quenching Constant€at 20

nucleotide or s1 Al(S1,—, =, N, f) Po1p51dN, )

analogue (N) conformation (f) Al(S1,—, —, ADP, ") Ke(S1,—, —, N, f) [c]® $o.1mpsad > ™) Ksv,Trps1dN,f)
ADP—BeF, M* 1.61 4 0.03(2) 4.45+ 0.07 (2) 0.22 1.6 7.8
ADP—AIF,~ M** 2.62 £0.08(2) 3.140.21 (2) 0.74 2.0 6.5
ADP M? 1 5.01+ 0.03 (3) 0.04 1.4 8.6
ATP MO 2.38+ 0.07(4) 3.51+ 0.10 (4) - 1.9 6.8
ATP (computed) M® 2.4 35 - -

Al(S1,—, —, N, f)
,)—,—, ADP,") N. f
8, respectively, with perturbant 2 N and P = ADP. Fluorescence enhancements and St¥wimer quenching constantgﬂw and
0,Trp510~ +
Ksvmps1dN, f) are from egs 9 and 10, respectively, primed with data taken from Table 2. The S1 conformations are from Scheme 1. Quenching
constants are in units of M. Errors are standard error of the mean withgbservations? Fractional concentration in steady-state ATPase computed
by simultaneously solving egs 16, 18, and 1Brom egs 18 and 19 using the data in the table.

a Effective fluorescence enhancements and acrylamide quenching con andKex(S1,—, —, N, f), are from egs 6 and

2.20 1.8
1.80 —
. L
3 r g
140 e
oW
0.000 0.050 0.100 0.150 0.200 0.000 0.040 0.080 0.120 0.160

Acrylamide (M) Acrylamide or KI (M)

Ficure 3: Acrylamide quenching of AST emission with ADRY, Ficure 4. Acrylamide or Kl quenching of total tryptophan

ADPBeF; (a), ATP (@), and ADPAIR~ (®) as the structural  flyorescence from S1. Acrylamide (unfilled) or K (filled) quenched

perturbants. The effective acrylamide quenching constants, definedsy in the absencdl or O) and presence®( or O) of ATP. The

in eq 8, were computed from the slopes of the curves and listed in ayerage SternVolmer quenching constants, defined in eq 14, in

Table 3. The correlation values for the fitted lines are 0.999 (0.998 the absence and presence of ATP are 37@.31 @) and 3.68+

for ADP). Error bars indicate standard error of the mean. All .23 M1 (4), respectively. The average Kl quenching constants in

observations were made in 25 mM TES, pH 7, at’@0 the absence and presence of ATP are 26115 (3) and 1.68
0.13 M1 (3), respectively. Error estimates are frombservations

The fluorescence enhancements so computed compare favoin conditions identical to that indicated in the caption to Figure 2.

i i ities i The fitted line correlation values for acrylamide (KI) quenching
ably with the equivalent quantities in Table 2. . are 0.998 (0.994) and 0.099 (0.997) for S1 and SIATP,
Figure 3 shows thely/Al versus [Q] plots, with slope  respectively.

indicating the effective quenching constants according to eq

8, for the AST acrylamide quenching. The Stellmer the M**-ADP—Pi state is again the predominant intermediate
constants were computed using eq 10, primed with data fromas expected for this temperaturg7( and in rather good
Table 2 for Trp510 and the ADP conformation of S1. The agreement with the results from Table 2.

results are summarized in Table 3. The Steviolmer Recalling that the distribution of transient S1 conforma-
constants so computed compare favorably with the equivalentiions in ATPase at 26C heavily favors the M** intermediate
quantities in Table 2. We find that Trp510 is least accessible (see Scheme 1), we identify the effective and Stafolmer

to acrylamide when ADPAIF,~ traps the active site of S1  quenching constants for St ATP with those of M**. The
and most accessible when ADP is bound to the active site.gbservation that at 20C the quenching constants of the
The quenching constant of the ASTs in the presence of ATP ASTs in the presence of ATP is closest to that for trapped
is closest to that for trapped ADPAJF ADPAIF,~ further justifies the identification.

We estimate the occupancy of the steady-state ATPase Total Tryptophan Fluorescence Quenchilfge observed
transients from S ATP using the fluorescence enhance- the acrylamide or Kl quenching of S1 total tryptophan
ments and effective quenching constants from Table 3 with fluorescence in the absence and presence of ATP°& 6
egs 16, 18, and 19, and the constraints @ < 1. Table 3 Figure 4 shows the plots of/I versus [Q] that, from eq 14,
shows the fractional concentrations for 20. We find that give the average SterfVolmer constants. The average
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Stern—Volmer constants for acrylamide quenching in the the modified protein signal. The difference of tryptophan
absence and presence of ATP, 3.79 and 3.68 Mspec- fluorescence between native and modified S1 isolates native
tively, indicate no significant change in average tryptophan Trp131 emission. Fluorescence intensity and quenching
accessibility to a neutral quencher, in agreement with earlier constants of Trp131 (Table 1) do not distinguish among the
results 0). The average SterfiVolmer constants for Kl nucleotides or trapped analogues, suggesting that the vicinity
guenching in the absence and presence of ATP are2.61 of Trp131 does not change conformation during the ATPase
0.15 @) and 1.68+ 0.13 @) M1, respectively. Quenching  cycle and eliminating Trpl31 as an AST. Previously, we did
with KI shows a significant difference between S1 and S1 a similar experiment on Trp510. Isolated native Trp510
+ ATP such that iodide has less average accessibility to fluorescence is ATP-sensitivelZ, 13), and experiments
tryptophan residues in St ATP. The finding with Kl is described here show that the Trp510 signal accounts for
consistent with results observed from heavy meromy@&an ( practically all of the fluorescence enhancement observed for

33. skeletal S1 (Figure 1). We conclude that Trp510 is essentially
S1 total tryptophan fluorescence is the summed emissionthe sole AST in skeletal S1.
from five residues. The observed Steiviolmer constant for Identification of Trp510 as the sole AST suggests a simple

this system, given by eq 14, is a weighted average of Stern  method, again based on difference spectroscopy, to charac-
Volmer constants for each residue with weights equal to the terize S1 structure local to this residue in the energy-

fractlongl emitted intensities. We ob;erved _'ghe average transduction pathway. The difference of tryptophan fluores-
acrylamide SterrVolmer constant to be insensitive to ATP  cence intensities between S1 and-SN, where N is bound
binding to S1. Evidently acrylamide quenching acquires ncleotide or trapped nucleotide analogue, produces the
significant ATP sensitivity only when the ASTs are selec- fjyorescence emitted exclusively from Trp510. We observed
tively observed as in Figures 2 and 3. Trp510 fluorescence enhancement and its quenching with
The result in Figure 4 with KI suggests that ATP directly poth neutral (acrylamide) and anionic)lquenchers. Acryl-
inhibits KI quenching of one or more tryptophans that are amide dynamically quenches Trp510 fluorescence, but the
not ATP-sensitive. Possibly, local charge separation on theresidue is inaccessible to (Figure 2). We also confirmed
ATP molecule when bound to the active site repels Kl from our earlier observation that fluorescence intensity and acryl-
the vicinity of a tryptophan residue without sterically amide accessibility to Trp510 changes incrementally as S1
hindering access to this residue by neutral acrylamide. steps through the transient ATPase intermediates MI*
Trp131is notinvolved in this scenario since its KI quenching — pM#** — M~ defined in Scheme 11@, 13). In contrast,
does not sense ATP binding (data not shown). Other an early tryptophan classification scheme for skeletal S1
candidates are Trp113 and Trp440. identified three categories of tryptophans with long, inter-
mediate, and short lifetimeg); There, the AST lifetime was
determined to be intermediate in duration and unaffected by
acrylamide. Other work using photochemical modification

many kinds of S1 increase tryptophan fluorescence intensityShowed the AST'to be accessible to neutrgl charge chemicals
upon ATP binding 82, 34—37). It is reasonably assumed ~Such as 2,2,2-trichloroethandB)( supporting the present
that this effect places the ASTs in the energy-transduction findings. We cannot explain this discrepancy of findings but
pathway of S1, a possibility that has stimulated and sustainedSU99est that the AST lifetime would be isolated better from
interest in locating the residues responsible for the phenom-the difference lifetime decay curve obtained by subtracting
ena. Early efforts focused on tryptophans near to the activethe lifetime decay of S1 from S N. Remember that such
site (7) and on other tryptophans with side chains susceptible & difference decay curve would contain fluorescence from
to chemical attackg, 38). We demonstrated Trp510’'s ATP ~ TrP510 in two inequivalent environments.
sensitivity but did not rule out the possibility that other A New Technique for Quantifying Concentrations of
residues also contributed to the total fluorescence increaseMyosin ATPase IntermediateScheme 1 approximates the
of S1 upon ATP binding 42, 13). Recently, site-directed S1 ATPase cycle with three transient S1 structures induced
mutagenesis clarified the issue for two myosins. A mutant by the ATP substrate undergoing hydrolysis. Trp510 under-
of Dictyostelium S1 replacing Trp510 with a tyrosine showed goes fluorescence enhancement and change in its accessibility
no tryptophan fluorescence change upon ATP bindir. ( to acrylamide quenching due to the presence of ATP and
Mutants of smooth muscle myosin containing one tryptophan other substrates that mimic the transient substrate in the
residue (Trp440, Trp510, or Trp595) were constructed and ATPase cycle. We observe these quantities by isolating
tested for a tryptophan fluorescence sensitivity to ATP Trp510 emission with chemical or structural perturbants. The
binding to the active sitel(). Only the mutant containing  specific enhancements and quenching constants relate linearly
Trp510 sensed ATP binding. These data convincingly to the fractional concentrations of the transient S1 conforma-
demonstrate that for practical purposes Trp510 is the only tions during ATPase, permitting their determination by least
ATP-sensitive tryptophan in smooth and Dictyostelium S1. squares. We exploited this method to determine the fractional
We provide here spectroscopic data supporting a similar concentrations of the transient S1 conformations during
conclusion for rabbit skeletal S1. ATPase. Our results agree with past findings in comparable
We spectroscopically isolate emission from selected tryp- conditions. This new technique for estimating the fractional
tophan residues in S1. Werber et al. chemically reacted theconcentrations of intermediates does not require time-
indole side chain of Trp131 and showed that the maodification resolved observations. The method could be useful for
minimally perturbs S1 structur@), The reacted indole does assaying the impact on S1 functionality of a disease-causing
not fluoresce, thereby eliminating Trp131 fluorescence from mutation or the specific chemical modification of a residue.

DISCUSSION
Isolating and Specifying the ASIT is widely known that
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Table 4: Charged and Internal Quencher Amino Acid Residues
within 10 A from C, of Five Tryptopharts

residues Trpll3  Trpl31  Trp440 Trp510  Trp595
negative Glu108 Glu435 Glu499  Glud76
Glu501  Glu537
Glu502  Glu539
Glu509  Glu597
Glu511  Asp547
positive Arg1l09 Lys130 Arg444  Lys504 Lys598
Arg 18 Lys436  Lys709  Lys600
Lys107 Lys551
Lys130
internal Metl114 Met437 Cys540
guencher Met441

aResidues in italics are highly conserved from 82 different myosins.
Trp440 and Trp595 are highly conserved only in the myosin Il class
(40).

Using the Crystal Structure of S1 To Help Find a
Mechanism for AST Fluorescence Enhancem€onsider
the crystal structure of S1 around Trp510 and the other

Park and Burghardt

The Structure Perturbation Method for Isolating AST
Emission Finally, consider our new method for isolating
Trp510 emission in S1. It totally preserves the native
characteristics of the signal because it originates only from
native S1 but is unable to do so from a pure conformational
state of the S1 since the signal isolated combines emission
from S1 with and without nucleotide. Our related work
isolating emission from Trp131 (described in this paper) or
Trp510 (using 3AF at SH1 as described previouslg
13)) does so from pure states of the S1. The inability of the
heterogeneous Trp510 signal to isolate pure conformational
states is recognized formally in the recursive formulas of
egs 9 and 10 that relate two single tryptophan quantities
without defining their absolute value. Nevertheless, the two
methods are equivalent in their ability to estimate the
fractional concentrations of the myosin transient conforma-
tions associated with the ATPase cycle of Scheme 1. We
also find that the two methods provide equivalent Trp510
fluorescence enhancements and solvent accessibilities when
S1 assumes these transient conformations (compare data from

tryptophan residues to surmise a possible mechanism for theTaples 2 and 3).
ATP-sensitive tryptophan enhancement. The crystal structure

of methylated chicken S1 shows that Trp113, 131, 440, and

510 are exposed to solvent to varying degrees and that

Trp595 is largely protected from solver®9). Other crystal

structures in the presence of nucleotide analogues in smooth

muscle myosin and DcS1 show similar degrees of solvent
exposure for the equivalent tryptophan residues. We list the
charged amino acid residues and internal quencher residue
such as cysteine and methionine within 10 A of the
tryptophan residues of S1 in Table 4. The highly conserved
amino acid residues from 82 different myosins are italicized
(40). Negatively charged residues cluster around Trp510 and
Trp595 unlike the other tryptophans. The inability oftb

quench Trp510 matches to the cluster of negatively charged

residues surrounding Trp510.

The considerable fluorescence enhancement accompanying

ATP binding to S1 was explained initially by complex
formation between a tryptophan indole ring and the purine
ring of ATP (41). Alternatively, Bivin et al. 29) proposed
that a change in the proximity of an ionizable group relative

to a tryptophan indole accompanies substrate binding to the
active site of S1 and causes the fluorescence enhancemen

The existing crystal structures of S1 show that ionizable
groups surround Trp510 and that the neighborhood of Trp510
undergoes conformation change upon nucleotide bindigg (
43). We believe this is compelling circumstantial evidence
supporting the latter proposal.

A third possible mechanism for the fluorescence enhance-
ment has a quenching sulfur atom in methionine or cysteine
withdrawing from the vicinity of a tryptophan upon ATP
binding to S1 44, 45). Table 4 indicates that Trp113, Trp440,
and Trp595 all have sulfur atoms withir-70 A (the average
distance from the S atom of Met or Cys to the nine atoms
of an indole ring). However, if the myosin family has a
common mechanism for ATP enhancement of tryptophan
fluorescence, then the withdrawal of sulfur is unlikely to
participate in that mechanism since the sulfur-containing
residues in chicken skeletal S1 are substituted with non-
quenching residues in smooth S1 (Met114Leu, Met437Leu,
Met44111e, and Cys540Trp) and DcS1 (Metll4dlLeu,
Met437Leu, Metd441Leu, and Cys540Val0j.

CONCLUSION

Like smooth and Dictyostelium S1, the AST in rabbit
keletal S1 is Trp510. Characterizable physical properties
of the Trp510 in S1, including its fluorescence intensity and
accessibility to quencher, vary dramatically in response to
substrate binding to the active site of S1. These properties,

S

Bbserved from S1 in the presence of ATP, ADP, and the

various phosphate analogues mimicking the ATPase transient
intermediates, provide a means to measure the fractional
concentrations of the intermediates during steady-state
ATPase. The mechanism responsible for the fluorescence
enhancement upon nucleotide binding appears to be related
to changes in the proximity of the ionizable groups sur-
rounding Trp510 Z9).
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