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ABSTRACT. Myosin subfragment 1 (S1) is the ATP catalyzing motor protein in muscle. It consists of three
domains that catalyze ATP and bind actin (catalytic), conduct energy transduction (converter), and transport
the load (lever arm). These domains interface in two places identified as interface I, containing the reactive
thiol (SH1) and ATP-sensitive tryptophan (Trp510), and interface Il, containing the reactive lysine residue
(RLR). Two crystal structures of S1 were extrapolated to working “in solution” or oriented “in tissue”
forms, using structure-sensitive optical spectroscopic signals from extrinsic probes located in the interfaces.
Observed signals included circular dichroism (CD) and absorption originating from S1 in solution in the
presence and absence of actin and fluorescence polarization from cross-bridges in muscle fibers. Theoretical
signals were calculated from S1 crystal structure models perturbed with lever arm movement from swiveling
at three conserved glycines, 699, 703, and 710 (chicken skeletal myosin numbering). Structures giving
the best agreement between the computed and observed signals were selected as the representative forms.
Both interfaces undergo dramatic conformational change during ATPase and force development. Changes
at interface | suggest the molecular basis for the collisional quenching sensitivity of Trp510 to nucleotide
binding. The probe conformation at SH1 suggests how it alters S1 ATPases. At interface I, the spatial
relationship of the lever arm and the extrinsic probe at RLR suggests how the probe alters S1 ATPases
and that it should inhibit lever arm movement during the power stroke. The latter possibility, if true,
establishes a part of the corridor through which the lever arm swings during the power stroke. Global
structural changes in actomyosin are discussed in the accompanying paper [Burghardt et al. (2001)
Biochemistry 404821-4833].

Skeletal myosin is a motor protein functioning in muscle Trp510
as the chemomechanical energy transdu@erys such, this
protein, in association with actin, transduces the chemical
energy in ATP to mechanical work. The globular head of
the myosin cross-bridge, when cleaved from its tail portion
to produce myosin subfragment 1 (Sompetently carries
out all of its functions 8). For this reason, S1 is thought to
contain all of the necessary elements of the motor except
possibly for those residing in the actil)( Crystal structures
of S1 suggest that it is made up of three regions that catalyze
ATP and bind actin (catalytic), conduct energy transduction
(converter), and transport the load (lever arn®-7).
Catalytic, converter, and lever arm domains interface in two
places identified as interfaces | and Il in Figure 1. Interface
I is the probe binding cleft containing the reactive thiol (SH1
or Cys707) and the ATP-sensitive tryptophan (Trp583) (

14). Interface Il contains the reactive lysine residue (RLR

Gly699
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1 Abbreviations: AlR~, aluminum fluoride complex; BeFberyllium
fluoride complex; CD, circular dichroism; DcS1, dictyostelium myosin
subfragment 1; F-S1, Bodoacetamidofluorescein-labeled most reactive
thiol in myosin subfragment 1; IAF, Bodoacetamidofluorescein; RLR,

Ficure 1: a-Carbons and selected side chains (bolded) of modified
skeletal S1. Interface | contains the ATP-sensitive tryptophan
; ; ; . : . (Trp510), IAF modifying the reactive thiol (FLU707), and glycine
:gggmg I¥ﬁ;2|e :’r? sﬁ;gs(lhyssiz'gfrgémrgﬁ Slm (sg)?;%g?r?eq_tNlég H%’ F g_ st swiyels at 69.9., 703,.and 710. Interface Il contains the reactive lysine
trinitrobenzenesulfonic acid; TNP-S1, TNBS-labeled reactive lysine 'esidue modified with TNP (TNP84) and Arg723.

residue in myosin subfragment 1; Trp510, ATP-sensitive tryptophan .
in chicken pectoralis muscle. Myosin sequence numbering throughout OF Lys84) (L5-22). We wish to correlate the structure of
the paper is that of chicken pectoralis musdg ( these interfaces with steps in the contraction cycle, including
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force generation, to obtain a dynamical picture of the used. PD10 Sephadex G-25 columns are from Amersham
molecular mechanism of chemomechanical energy transduc-Pharmacia Biotech (Uppsala, Sweden).

tion over a cross-bridge cycle. To carry out this objective,  Preparation of ProteinsRabbit myosin was prepared from
we structurally characterize signals from extrinsic spectro- back and leg muscles by the methods of Tonomura et al.
scopic probes located in each interface. (26). S1 was obtained by digestion of myosin filaments with

Structural characterization of interfaces | and Il is one part o-chymotrypsin as described by Weeds and Tayi).(
of a larger task we have undertaken to investigate the energyG-actin was prepared by a standard protocol from rabbit
transduction mechanism. We have found it convenient to skeletal muscle acetone powd@8). The S1 used in our
separate aspects of myosin energy transduction into two€xperiments contains a mixture of isoenzymes. Protein
categories: one related to local conformation changes, theconcentrations were obtained with absorbance using an
subject of this paper, and a second related to global A(1%) at 280 nm of 5.5 and 7.45 for myosin and S1,
conformational change in myosin, the subject of the ac- respectively, ané(1%) at 290 nm of 6.4 for actin. Molecular
companying paper referred to subsequently as paPBL (  masses were assumed to be 450, 115, and 42 kDa for myosin,
The work described here and in part 1 demonstrates howS1, and actin.
extrinsic spectroscopic probes of myosin offer a look into ~ ATPase AssayATPase activity of S1 was measured from
structural changes accompanying energy transduction thatrganic phosphate production using the Fiske and Subbarow
elucidate both local and global features of the process. Themethod and expressed as percent of control 2. (K*-
choice of system from which myosin is observed and the EDTA ATPase measurements were made on samples at 25
spectroscopic signal detected determine the relevance of thé C from 1 mL aliquots containing 0.260.354M S1, 2 mM
data to local or global S1 conformation. ATP, 0.6 M KCI, 6 mM EDTA, and 25 mM Tris-HCl at pH
Circular dichroism (CD) is a structurally interpretable 8- C&-ATPase was measured as for&DTA ATPase
signal originating in our system from the Cotton effect €XCept 6 mM CaGlreplaced EDTA. When estimating the
induced in the absorption band of the proBid)( S1 alone  inhibition of the ATPase due to active site trapping?Ga
or in association with F-actin in solution is a convenient ATPase was measured with 20 mM Cat avoid competi-
system for use with CD because its macroscopic disordertion from Mg. Mg?"-ATPase measurements were made on
minimizes artifactual optical activity due to birefringence. Samples at 23C from 1 mL aliquots containing-413 M
We have used CD from two probes (one of which is also S1,4 MM ATP, 0.1 M KCI, 4 mM MgGj, and 25 mM Tris-
the global cross-bridge positioning probe used in part 1) HCI atpl_-| 8 and without a deproteinization step as suggested
reporting from interfaces | and 11 in the past and have already Py Tashima§0. _ o
observed that these interfacial regions change conformation Chemical Modification of ProteinsS1 was trinitrophen-
dramatically during ATP hydrolysis16, 25). Now we ylated according to published protocoR0( 21). A 2-fold

introduce actin to the system to mimic contracting muscle Molar excess of TNBS was added to-@0 «M S1 in 30
fiber conditions. mM KCI, 0.2 mM PMSF, and 100 mM Tris-HCI buffer, pH

7.8. After incubation at 25C for 10 min the reaction was

Although we have presented our findings on the global : "
features of energy transduction in part 1, the actoS1 structurestermmated by' add_ltlon O.f 2 mM. DTT. Excess TNBS was
emoved by dialyzing twice against 100 volumes of 1 mM

shown and discussed there are partially the consequence o TT. 60 mM KCI. 0.1 mM PMSF, and 30 mM HEPES

data we present in this paper. Likewise, data from the . . . .
. : : buffer, pH 7.0 at £C (without DTT in the second dialysis).
accompanying paper influence the probe/protein structuresg_he number of TNP groups introduced was obtained from

shown and discussed here. This is so because they are th .
. e - _absorbance at 345 nm usingss = 14500 Mt cm?!
same S1 conformations satisfying the structural constralntsaccor ding to Okuyama and Satal@g), For calculation of

provided by the integrated spectroscopic signals from the . o
probes of S1 when the protein is free in solution and when the concentration of TNP-modified S1 (TNP-51) the absor-.
bance at 280 nm was corrected according to the formula:

it is part of a muscle fiber cross-bridge. The combined data - -
provide more structural constraints enabling us to surmise acorrectedhon) = observedhosg) — 0.362x observed&@.
Labeling specificity was also investigated with RgCa™,

more reliable model for the conformation changes in S1 and K-EDTA ATPase measurements. S1 modified by

zi(;jcnoarlnﬁgglrg?i Oer? iesfgc}/i St::elljr;sstilécitrllogégolw we formulated the TNBS under these circumstances had a (mole of TNP)/(mole
' of S1) ratio of 1 with 76-80% of the attached probe at RLR.
MATERIALS AND METHODS The reactive thiol in S1 was modified with IAF according
to published protocols3@). S1 (16-25 uM) was modified
Chemicals ATP, ADP, sodium azide, Begldissolved with a 1.2-fold molar excess of IAF for 12 h at°€ in 0.2
in 1% HCI), a-chymotrypsin, dimethyl sulfoxide (DMSO), mM PMSF and 25 mM TES, pH 7.0. Excess dye was
dithiothreitol (DTT), HEPES, phenylmethanesulfonyl fluo- removed by gel filtration on a PD10 column into S1 buffer
ride (PMSF), and Tris are from Sigma (St. Louis, MO). 2,4,6- (see below) and then exhaustive dialysis. This procedure
Trinitrobenzenesulfonic acid (TNBS) is from Fluka (Mil- produced fluorescein-labeled S1 (F-S1) with-6@% of the
waukee, WI). 5lodoacetamidofluorescein (IAF) is from SH1’s modified and no detectable nonspecific latss) (
Molecular Probes (Eugene, OR). A¥® is from Roch Solutions and Mixing Procedure for S1 and ActinS1
Molecular Biochemicals (Indianapolis, IN). The ADP con- Experiments Experiments on S1 without actin were con-
tamination of the ATRS is less than 5% according to poly- ducted in S1 buffer consisting of 0.1 mM PMSF, 60 mM
ethylenimine-cellulose thin-layer chromatography (PElI KCI, and 25 mM HEPES, pH 8.
TLC). All other chemicals are of reagent grade. Potassium  G-actin was stored in a buffer consisting of 0.2 mM GaCl
fluoride (KF) stock solution was prepared on the day it was 0.2 mM DTT, 0.1 mM PMSF, 0.2 mM ATP, 0.005% sodium
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Ficure 2: (A) Time course of 600 nm light scattering from a 2:1
mixture of actoS1M) and actoTNP-SI{). The G-actin concentra-
tion is 8uM. Experiments were conducted & 1 cmfluorescence
cuvette with a sample optical density 90.1. (B) CD spectra from
actoS1 M) and actoTNP-S100) 10 min after the mixing of G-actin
with S1 or TNP-S1n a 2 cmpath length cell. No detectable optical
artifact is observed in the control actoS1, implying that spectra from
actoTNP-S1 are quantitative.

azide, and 5 mM HEPES, pH 8. To remove free ATP from

Burghardt et al.

Table 1: Fractional Percentage of Uncomplexed S1 in ActoS1
Samples

MgADP (uM)
0 25 200 500 1000
S1+ actin 3 n.o. 2.0 7.53 7.83
TNP-S1+ actin 3.3 n.o. 3.6 11.9 14.2
F-S1+ actin 9 3 n.o. n.o. n.o.

an.o. is not observed.

from actoS1 M) or actoTNP-S1[{) in a 2 cmpath length
cell collected with identical CD measuring conditions.
Collection of the CD spectra was initiated 10 min after the
mixing of G-actin with S1 or with TNP-S1 and finished
within 2 min. Figure 2B shows we can quantitate the CD
signal originating from the TNP in S1 (or from IAF in S1
because the F-S1 signal has larger contrast from the
background actoS1 signal), which is structurally interpretable
in terms of the probe/protein conformation, without signifi-
cant contribution from any artifact optical activity due to
the presence of the actin polymer.

The effect of MgQADP binding to S1 in the presence of
actin was studied by adding MgADP to polymerized actoS1
in the steady state. We added MgADP to actoS1 or actoTNP-
S1 5 or 7 min after mixing G-actin with the S1. The addition
of MgADP to the polymer decreased light scatteringll®%,
establishing a new steady-state intensity level withgimin
such that the combined system was in steady statemin
after mixing G-actin and S1. For experiments with actin
S1 or F-S1 in the presence of MgADP, MgGnd ADP
were added to obtain final concentrations of 1 mM MgCl
and 254M ADP. This ADP concentration was sufficient to
saturate the actin-bound S1 or F-S4)( For experiments
with actin + TNP-S1 in the presence of MgADP, MgCl
and ADP were added to obtain final concentrations 0f-0.2
1.0 mM MgCL and ADP. In this nucleotide concentration
range, 36-80% of the actin-bound TNP-S1 active sites are

the actin before the actoS1 experiment, a gel filtration step occupied (A. Muhlrad, private communication).

was performed on a PD10 column in 0.2 mM CaQ@.2

Stoichiometry of the ActoS1 Compldative and modified

mM DTT, 0.1 mM PMSF, and 5 mM HEPES, pH 8. Once S1's were mixed with G-actin under the conditions for
exchanged, the G-actin was stored on ice and tested forformation of the actoS1 complex. After 10 min incubation
functionality before each experiment by measuring its ability the mixture was centrifuged at 200@D€r 50 min; then
to polymerize. the supernatant and pellet were separated. Material from each
We polymerized actin by adding S1 to the G-actin solution species was run on a 15% SBBAGE gel. The pellets
in the absence of MgATP using a procedure similar to that contained a stoichiometric (1:1) complex of actin and S1,
of Miller at al. (33). The properties of this polymerized actin and nonpolymerized actin remained in the supernatant.
are nearly identical to that polymerized by salt in the presence Densitometric scans of the Coomassie-stained gels from the
of MgATP. We used a 2:1 actin:S1 ratio at an actin supernatant quantified the amount of uncomplexed S1 in the
concentration of 8«M. The low protein concentrations actoS1 mixture. These results, summarized in Table 1, show
slowed actin polymerization and limited polymer length, that85-97% of the S1 and the labeled S1 were in complex
eliminating birefringence and scattering artifacts from our with the F-actin during our spectroscopic measurements.
spectroscopic measurements. Complex formation was fol- Formation of Trapped ComplexeS1, F-S1, or TNP-S1
lowed by measuring the time dependence of the light (17—30 M) was incubated in 60 mM KCI, 1 mM Mgl
scattering at 600 nm. 5 mM KF, 0.2 mM ADP, and 30 mM HEPES, pH 7.0 at 25
Figure 2A shows 600 nm light scattering as a function of °C, for 5 min. Then 0.2 mM BeGlor 0.2 mM AICk (0.6
time from an actint- S1 or actird- TNP-S1 mixture. ActoS1 ~ mM for F—S1) was added and the incubation continued at
polymerized with a characteristic half-timg, ~100 s and 25 °C for 20 min. Stable trapped complex formation was
reached steady state+rb min. The actirt- TNP-S1 mixture followed by measuring the loss of €aATPase activity 85).
polymerized more slowlyzrf,» ~200 s) reaching steady state In these conditions 90% of the active sites of the S1's are
in ~7 min. Similar time constants were obtained for mixtures trapped.
of actin+ F-S1. Subsequently, we refer to this polymerized  Light ScatteringActoS1 scattering of 600 nm wavelength
actin as filamentous or F-actin. Figure 2B shows CD spectra light was observed at 9Grom the excitation beam propaga-
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Scheme 1

M+ ATP <« M*ATP ©

! ! !
AsM + ATP < AeM*eATP ~

tion direction. Measurements were made gsinl cmpath
length cuvette on samples with optical density=00.1 at
20 °C. Experiments were conducted on a SLM 8000
spectrofluorometer (SLM instruments, Urbana, IL).
Absorption and Circular DichroismAbsorption spectra

M**s ADP+Pi

Biochemistry, Vol. 40, No. 15, 2004837

~M"ADP+Pi <~ M+ADP

! !

AsM**«ADP+Pi «+ AsM"ADP +Pi ~ A*M + ADP

tions for all experiments except those with actin and (ii) the
actin conditions. Conditions (i) are closer to the physiological
and allow easy comparison of data between purified S1 and
cross-bridges assembled in the muscle fiber. They are also
the conditions from our previous work. Actin conditions (ii)

were measured on a Beckman DU650 (Beckman Instrumentswere necessary to introduce actin to our purified S1 samples.

Fullerton, CA) or a Cary 4E (Varian, Mulgrave Victoria,

We neutralized the effect of experimental conditions on the

Australia) spectrophotometer. CD spectra were recorded oncalculated optical signal by using the appropriate model
a JASCO J715 spectropolarimeter (Tokyo, Japan). Proteinspectra.
CD spectra measurements were carried out in a thermostated Relating Muscle Fiber and Solution Conformations of S1

cell at 20°C containing~20uM F~ or TNP-S1 in S1 buffer
or 4 uM F~ or TNP-S1 with 8uM actin in actin buffer. In

Scheme 1 summarizes the elementary steps in ATP hydroly-
sis and force production by S1, where M is myosin and A is

addition, the sample may have contained nucleotides andgctin @7—39). In Scheme 1, M*, M**, and M represent

phosphate analogues as described in the various experimentgjistinct conformational states of M assumed during the
To obtain a spectrum, CD was recorded from a sample ATpase cycle. The M*#ADP-P, <= M*-ADP + Pi step is

similarly recorded spectrum from an identical sample with
native S1.

The absorption dipolel0|z|j[) or extinction coefficient,
€j(A), gives the calculated or observed electric transition
dipole strength for théth electronic transition, [ by (36)

ne; (A
D, = |DJzJF = 9.18x 10 f%m (Debyd) (1)
where/ is wavelength[0| and| jCiare the ground and excited
state molecular orbital wave functions, gfid= (n> + 2)/3
for the protein imbedded in a medium of refractive inaex
The transition magnetic dipolé,j|m|00) or CD extinction
coefficient, A¢j, gives the calculated or observed rotary
strength for thgth electronic transitionRR, by (36)

Aei(2)
Bl

where D-B is Debye-Bohr magnetons.
Calculation of the Optical SignalCD and absorption
signals from the probes, IAF and TNP, modifying SH1 and

R = Im[0[z|jE{|m0o] = 0.248/ di (D-B) (2)

the power stroke in the presence of actin. Nucleotide,
nucleotide analogues, and/or actin binding to S1 in solution
produce some of the S1 intermediates of the cycle statically
allowing their structural characterization with time-averaged
signals. Nucleotide analogues MgADPRelF MgADPAIF,~
trapping the active site of native or probe-modified S1 in
solution statically mimic the M*ATP or M**-ADP-P,
intermediates, respectivel3%, 40—42). MgATPyS, when
bound to the active site of myosin, mimics the MTP
intermediate 43). Actin binding to probe-modified S1 in
solution in the absence and presence of MgADP statically
produces intermediates-M and A-M*+-ADP.

In muscle fibers, static cross-bridge states includA
and AM~-ADP, i.e., rigor and MgADP states. Relaxed cross-
bridges (from fibers in the presence of MgATP but ndCa
to activate contraction) are in dynamic equilibrium between
weakly actin attached and dissociated states (i-®4*AATP
= M*-ATP) (44). At low ionic strength the equilibrium shifts
toward the weakly actin attached state, providing a means
to characterize AVM* -ATP. Isometrically contracting fibers
contain predominantly cross-bridges in the steady-state

RLR, respectively, were computed as described previously intermediate AM** -ADP-P..

(15, 25). Fluorescence polarization ratios for IAF-modifying

Our objective, to observe structurally sensitive signals from

SH1 in muscle fibers were computed as described in part 1.as many of the intermediates in Scheme 1 as possible and

All trial S1 structures were generated by swiveling at the

then to assign a structure for each of them, requires (i) the

three conserved glycines, 699, 703, and 710, with the initial introduction of actin to the studies of S1 conformation in
guess taken from either the “open” no-nucleotide crystal solution and (ii) the integration of solution-derived data to

structure of skeletal S15) or the “closed” ADP-AIF, -
trapped crystal structure of smooth muscle 81 (

data obtained from the cross-bridges in intact muscle fibers.
The most favorable experimental conditions for investigating

Pivoting the backbone at selected residues modifies thethe structure of a given state of the cross-bridge are when

crystallographic structure to simulate the conformation
changes occurring during hydrolysis that affect the local

both solution and fiber studies are possible because we can
do different experiments on each system. On muscle fibers

probe/S1 interactions. Changing probe/protein interactionswe observe fluorescence polarization signals frofn 5
alter the local probe environment and its spectroscopic iodoactamidofluorescein (IAF) modifying SH1 as described
signature. Probe spectroscopic signals also sense experimenn part 1. On proteins in solution we observe CD and
tal conditions, for instance, pH and temperature (experimental absorption signals from IAF-modifying SH1 in S1 or TNBS-

conditions affect S1 conformation as well). As described

modifying RLR. Only the data from IAF is integrable

above, we used two experimental conditions: (i) the condi- between fiber and solution studies of S1 conformation.
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Table 2: Experimentally Characterized Cross-Bridge States from Scheme 1

state (Scheme 1) model system comment
M TNP-S1 and F-S1 in solution
M* -ATP MgADPBeFR-trapped or MGATRS-bound TNP-S1 and F-S1 in solution pseudo-integrable with fisBk*AATP
M** - ADP-P; MgADPAIF, -trapped TNP-S1 and F-S1 in solution pseudo-integrable with fibkr*A-ADP-P;
M~-ADP MgADP-bound TNP-S1 and F-S1 in solution
A-M TNP-S1 and F-S1 with F-actin in solution integrable

IAF-labeled muscle fiber in rigor
A-M*-ATP IAF-labeled muscle fiber in low relax pseudo-integrable with solution MKTP
A-M** -ADP-P, IAF-labeled muscle fiber in isometric contraction pseudo-integrable with solution AMDP-P;
A-M"-ADP MgADP-bound TNP-S1 and F-S1 with F-actin in solution integrable

IAF-labeled muscle fiber with bound MgADP
a CD and absorption are observed from labeled proteins in solution. Fluorescence polarization is observed from labeled muscle fibers.

20

Table 2 lists cross-bridge states for which structure A
constraining measurement were made. States with integrable
observations from fibers and proteins in solution are noted.
There are no static solution S1 states equivalent 4d*A
ATP and AM** -ADP-P.. They are the weak binding and
the prepower stroke states inducible in a fiber with low ionic
strength relaxed and isometric contraction conditions. The
low ionic strength relaxed cross-bridge was already closely
identified with the M*ATP intermediate44). Furthermore,
it has been surmised from the crystallographic structures of
S1 that a large lever arm rotation occurs with the M¥DP-

Pi — M~-ADP transition 6). Associating this conformation -10
change with the work producing lever arm rotation, we B
identify M** -ADP-P; with the isometrically active cross-
bridge. For these reasons, observations froM*ATP and
A-M** -ADP-P; are noted in Table 2 as pseudo-integrable
with M*-ATP and M**-ADP-P..

Ae (M cm)'1

S T A S e sy

RESULTS

Ae (M cm)'1

Absorption and CD Spectroscopy from F-S1 and TNP-
S1 Figure 3A shows CD spectra from fluorescein in F-S1
in the absence and presence of nucleotide or nucleotide
analogues at pH 7. These spectra represent thm)VIM* - '

ATP (D), M**'ADP'Pi (.), and M'ADP (O) myOSIn -10 [ I | | 1 | I I | L1 1 | ‘ Ll 11

intermediates without actin (see Scheme 1). Figure 3B shows 300 0 400 40 300 230
CD spectra from F-S1 and F-Sit MgADP in the absence wavelength (nm)

and presence of actin at pH 8. These spectra represent thg;gre 3: F-S1 CD spectra from ATPase states in the contraction
M (H), A-M (O), M*-ADP (O), and AM~-ADP (®) myosin cycle. (A) CD in the absence of actin at pH 7 from F-3),(
intermediates. There is large contrast among these signalsa/loglﬁBPFBglixg)-S(lB )C]():b '\i/lngmjepégéﬁi-esind’gbzgﬂcg%'?\gst;n o
and in particular, the addition of F-actin has large but - : !
opposite effect on the F-S1 spectrum depending on whetherﬁ; 8a:]r§r2_§étsi:+.'2,_sl\q%ll\3/lp-bound F-S1Q), F-actin+ F-S1

. , , gADP (@).
MgADP is present. These data clearly demonstrate that, like
MgADP and the nucleotide analogues, the binding of F-actin binding reverses the conformation change in interface Il
to F-S1 has a significant effect on the conformation of induced by the binding of MgADP to TNP-S1. Table 4
interface I. Table 3 contains a quantitative summary of all contains a quantitative summary of all of the absorption and
of the absorption and CD data from F-S1. CD data from TNP-S1.

Figure 4 shows CD spectra from TNP-S1 under conditions Data in Figures 3 and 4 (summarized in Tables 3 and 4)
identical to those in Figure 3. The contrast among these identify conformational features common to interfaces | and
signals without actin (Figure 4A) clearly demonstrates that Il in the absence of actin that are reflected in the probe CD
MgADP and the nucleotide analogues have a significant signals. First, rotary strengths from all observed probe
effect on the conformation of interface Il. This result parallels absorption bands are similar for MgADPBetrapped and
that for fluorescein in interface I. The effect of the addition MgADP-bound probe-modified S1. Second, rotary strength
of actin on the TNP signal (Figure 4B) has consequencesamplitude from all observed probe absorption bands under-
unlike those observed in interface I. We find that MgADP goes a dramatic reduction upon MgADPAtRrapping of
release from the AM*-ADP complex, a step in the cross- the active site of probe-modified S1. The first observation
bridge cycle of a muscle fiber, perturbs the TNP signal very points out a known similarity between M* and"\tructural
little, suggesting interface Il conformation is minimally intermediates. The second shows that the interfaces remark-
changed. The spectra in Figure 4B further suggest that actinably produce a common response in the probes upon
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Table 3: Quantitative Summary of Observed (Calculated) CD and Absorption Spectral Properties?of F-S1

pH 7
5IAF F-s1 F-S1+ MgADP F-S1+ MgADPBeF, F-S1+ MgADPAIF,
A1 (nm) 492.7 500.2 (494) 501.0 (501) 501.0 (501) 497.8
A2 317.0 318.1(317) 318.9 (317) 318.9 (317) 318.9
D1 (D?) 41.9 41.6 (42.3) 41.0 (40.5) 41.4 (42.3) 39.3
D, 1.7 3.7 (1.4) 3.6 (1.4) 3.8 (1.4) 3.6
R; (D-B) 0 +0.168 (-0.168) +0.283 (-0.284) +0.261 (-0.261) 0.081
R, 0 —0.098 (-0.023) —0.123 (-0.102) —0.113 (-0.102) —0.04
pH 8
5IAF F-s1 F-S1+ MgADP F-S1+ F-actin F-S1+ MgADP + F-actin
1 (nm) 492.5 500.5 501.0 500.0 (494) 503.2 (503)
Ja 317.0 320.4 320.9 320.7 (317) 321.5 (317)
D1 (D?) 44.1 48.1 49.1 33.6 (41.8) 36.8 (39.4)
D, 3.2 2.4 2.3 5.5 (1.3) 8.0 (1.5)
R, (D-B) 0 +0.249 +0.341 0 (0.011) +0.590 (-0.569)
Re 0 -0.102 —0.129 0 (-0.007) —0.161 (-0.177)

a;, Di, andR are the peak wavelength for extinction, dipole strength, and rotary strength ith tliensition in nanometers (nm), Debyes (D),
and Debye-Bohr magnetons (D-B), respectively. Excludingneasurement uncertainties ard0% principally due to error in the estimate of
probe concentration. The estimates of peak wavelengths for extinctionCaenm.

A were decided by minimizing the difference between the
computed signals and experimental data. Adjustable param-
eters were dihedral angles conforming the modified side
chain and probe to its binding site, each probe had an
independent set of these parameters, and the Ramachandran
angles for the conserved glycines 699, 703, and 710. The
Ramachandran angles were identical for probes under
equivalent physiological conditions. Experimental observa-
tions from the fluorescein probe in interface | consisted of
fluorescence polarization from muscle fibers (part 1) and,
CD and absorption data from F-S1 in solution in the presence
and absence of F-actin. Experimental observations from the
TNP probe in interface Il consisted of CD and absorption
data from TNP-SL1 in solution in the presence and absence
of F-actin. The one exception was isometrically active cross-
bridges modeled using smooth muscle myosin coordinates.
For this case we compared observed and computed fluores-
cence polarization signals from IAF at SH1 but did not
attempt to fit the other spectroscopic data all taken from
rabbit myosin S1. Figures-38 summarize selected best
choices for S1 conformations.

Conformation of Interface | during Contractiofrigure 5
B | | ‘ shows the pollymer. backbone,'Trp510, and IAF-modifying
400 450 500 SH1 of myosin at interface | in states representing those
present in a contracting muscle fiber. The actin polymer axis,
wavelength (nm) vertical and parallel to the long coordinate axis in the middle
FIGURE 4: Same as in Figure 3 except with TNP-S1 substituted Of the figure, is common for the left and right panels. The
for F-S1. All MgADP-bound TNP-S1 spectra contained 0.5 mM backbone atoms shown are withiril5 A of Trp510. The
MgADP. bolded backbone atoms correspond to His78&769 from
the converter domain contribution to the interface (except
formation of the M** structural intermediate. Possibly M**  for the MgADP state where bolded atoms correspond to
formation causes the loosening of local probe/protein con- Phe766-Val765 to avoid overlap with those from rigor). The
tacts, permitting substantial independent probe movement andview is from the interior of S1 looking down the helix formed
static averaging of a highly variable probe CD signal. This by residues 475509 (the switch-2 helix) toward Trp510.
scenario is compelling for the TNP probe as we will see The left panel shows interface | from an isometrically active
subsequently that TNP/protein contacts are minimized in cross-bridge as modeled by smooth muscle myosin (see Table
M**. The situation for fluorescein and interface | in M**  2). The right panel shows the superposition of skeletal
that we will see is less transparent although probe looseningmyosin atoms in the presence of MgADP and in rigor. The
remains a reasonable possibility. isometrically active cross-bridge is displaced from the other
Conformation of the Myosin Cross-Bridg&he best structures for clarity. Lever arm movement during contrac-
choices for the local and global probe/protein conformations tion, when the cross-bridge assumes the isometrically active,

Ae (M cm)™!

Ae (M cm)'1
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Table 4: Quantitative Summary of Observed (Calculated) CD and Absorption Spectral Properties of TNP-S1

pH7
TNP-Lys TNP-S1 TNP-S# MgADP TNP-S1+ MgADPBek TNP-S1+ MgADPAIF,~

A1 (nm) 417.1 422.0 (418) 418.5 (418) 419.0 (418) 422.2
Az 353.3 361.5 (354) 356.0 (354) 351.5 (353) 353.9
A3 330.8 329.2 (331) 329.0 (331) 329.0 (331) 3335
D: (D? 9.7 8.5(8.4) 7.9 (8.3) 7.8 (8.4) 9.5

D, 12.9 4.4 (12.6) 5.1(12.9) 7.0 (12.6) 10.5

D3 5.1 18.2 (5.6) 18.3(5.2) 14.9 (5.4) 26.3

R; (D-B) —0.004 —0.099 (-0.099) —0.050 (-0.061) —0.052 (-0.054) IRy = 0.001
R, —0.0002 +0.084 (-0.068) +0.172 (-0.064) +0.192 (-0.031) IRy = 0.01
Rs —0.002 —0.089 (-0.027) —0.323 (-0.022) —0.336 (-0.020) |Rs| = 0.01

pH 8
TNP-Lys TNP-S1 TNP-S#+ MgADP TNP-S1+ F-actin TNP-SH MgADP + F-actin

A1 (nm) 415.1 421.3 420.8 422.7 (420) 422.1 (417)

A2 350.1 358.7 355.3 369.6 (354) 358.5 (354)

A3 320.6 338.8 337.0 329.8 (330) 329.1 (331)

D; (D?) 10.2 9.8 9.1 8.9 (8.7) 8.8 (9.5)

D> 11.6 4.6 4.2 9.0 (13.5) 8.5(12.7)

D3 5.1 12.3 10.1 13.8 (4.2) 13.9 (4.6)

R; (D-B) —0.009 —-0.170 —0.095 —0.167 (-0.155) —0.179 (-0.159)

R> +0.008 +0.124 +0.159 +0.116 (+0.092) +0.112 (+0.081)

Rs —0.001 —0.132 —0.184 —0.083 (-0.023) —0.120 (-0.036)

2 The meaning of symbols and errors are as stated in the Table 3 footnote.

Conformation of Interface Il during Force DRelopment
MgADP in Contraction Figure 7 shows the polymer backbone,
Arg723, Glu776-777, Tyr85, and TNP-modifying myosin
RLR at interface Il in states representing those present during
force development in a contracting muscle fiber. The view
is from the interior of S1 looking down the-helix of the
lever arm. The backbone atoms shown are withir0 A of
RLR in the MgADP and rigor states. In the isometrically
active state (bolded lines) RLR is more than 17 A from the
nearest backbone atom of the lever arm. Note that in this
figure we have aligned the lever arms from the three states
and allowed the catalytic domains to move. In this repre-
Ficure 5: Interface | of myosin S1 during force generation. The _sentatlo_n TNP-Ly584 and Tyr85 move from left to right for
left panel shows a smooth muscle myosin isometrically active cross- iISometrically active, MgADP, and rigor states.
bridge. The right panel shows the superposition of skeletal myosin  Independent movement of TNP at RLR is likely restricted
cross-bridges in the presence of MgADP and in rigor. by its interaction with Tyr85 and, in the case of the rigor
cross-bridge, by interaction with Arg723, as reported previ-
ously in the absence of actifhg). Lever arm movement upon
the binding of MgADP removes Arg723 from the vicinity
of TNP. The lever arm movement when MgADP binds to
actoS1 has larger amplitude than that in S1 alone where we

Isometric
Active

MgADP, and rigor conformation in a fiber, is visualized as
the left to right tilting and translation of the bolded atoms
from the lever arm. The switch-2 helix also translates and

rota_tes in this representathn. i observed the survival of the TNP-Arg723 interaction even
Figure 6 shows a stereoview of the Stthelix and IAF- i the presence of MgADP16). Figure 7 shows that the
modifying SH1 in rigor fibers. The peptide backbone wraps negatively charged lever arm residue Glu776 replaces Arg723
around the probe, and the xanthene is in close proximity to a5 the side chain closest to the TNP in the MgADP state of
the conserved glycine swivel 710. The xantheglycine the fiber. Glu776 was suggested to form a salt bridge with
proximity may interfere with the swivel and possibly disrupts = the unmodified Lys84 in the M* state of S1 on the basis of
hydrogen bonding in the helix around Gly710. The carbonyl the crystal structure dbictyosteliumS1 @47). Since the M*
oxygen from Gly703 is 3.5 A from the SH proton of Cys707 and M- states are structurally similar, as evidenced from the
and the closest nonbonded atom in the crystal structure ofCD spectra from TNP-S1 in these states (Figure 4A), the
skeletal S1 §). Weak hydrogen bonding between these proximity of TNP and Glu776 in the presence of MgADP is
groups could lower the Ko of this SH, explaining the  not surprising. Although both TNP and the side chain of
anomalously high reactivity of Cys704%). Gly703 serves  Glu776 have negatively charged oxygen atoms, there is the
as a swivel during energy transduction, possibly further possibility of a dipole-dipole attraction between them.
affecting the K of Cys707 such that reactivity of SH1 The conformation of the TNP probe at RLR in the
depends on the conformation of the helix. This scenario is isometrically active state, shown in Figure 7, was surmised
consistent with the observation that SH1 reactivity depends by a local energy minimization calculation because we have
on the nucleotide bound to the active site of 86)( no data for TNP-modifying RLR in smooth muscle; however,



Local Implications of Myosin Conformation Biochemistry, Vol. 40, No. 15, 20014841

Gly%
% Gly703

FIGURE 6: Stereoview of thex-helix containing SH1 and IAF modifying SH1 in rigor fibers.

NP4 TNP84
Glu?
u?77 :".1, Glul77
NG c1u776

X7

<ii
Tyr85 Tyr8S

Arg723 b
MA

Glu776 Arg723

Isometric Active

MgADP Rigor

Ficure 7: Interface Il of myosin S1 showing the polymer backbone,

Arg723, Glu776-777, Tyr85, and TNP modifying RLR in the  Ficure8: Interface Il of myosin S1 showing the same atoms as in
isometrically active, MgGADP, and rigor states of a muscle fiber. Figure 7 for the M**ADP-P, — M~+ADP transition during ATP
The backbone atoms shown are withirflO0 A of RLR in the hydrolysis without actin. Bolded atoms represent the M{®P-P,
MgADP and rigor states. In the isometrically active state (bolded) state.

RLR is more than 17 A from the nearest backbone atom of the

lever arm. The view is from the interior of S1 looking down the

a-helix of the lever arm. Note that the lever arm is static but the p|SCUSSION

catalytic domain moves in this representation of force development

during contraction. The structural characterization of S1 during contraction

is the surest means to illuminating the energy transduction
mechanism in myosin. Our spectroscopic approach is broadly
applicable to the complicated intact muscle fiber system but
less definitive than ideal when assigning the atomic structural
basis for a spectroscopic signature. The structural assignment
of the spectroscopic signature of S1 is a challenging problem
because the information available from the observables does
not uniquely specify the structure of the signal source. We
reduce the complexity of the problem by restricting inves-
tigation to two interesting regions of the S1 by targeting them
with two extrinsic probes. We reduce the intrinsic ambiguity
in the observables by integrating contributions from multiple
probe signals generated with different spectroscopic tech-
niques. Specifically, we have identified interfaces | and Il
where the catalytic, converter, and lever arm domains
interface (Figure 1) as our foci of interest and have integrated

structure 6), and the conformation of the TNP at RLR is CD, absorption, and fluorescence polarization signals from

identical to that in Figure 7. As shown, the M* conformation "€ Probes of these regions.

minimizes probe/protein contacts, possibly permitting sub-  Energy Transduction in MyosirEnergy transduction is
stantial independent probe movement. Independent probethe sum of structural changes in S1 that accompany ATP
movement and the accompanying static averaging of a highlyhydrolysis and force production. We model the process,
variable probe CD signal might explain why formation of summarized in Scheme 1, by progressive structural changes
the M**-ADP-P, intermediate causes a substantial amplitude in the S1 that first hydrolyze ATP and then bind actin and
reduction in the probe CD signal (Figure 4A). The confor- produce force while releasing products. In part 1 we looked
mation change in the M¥ADP-P, — M~-ADP transition is principally at lever arm movement as this is the most striking
similar to the power stroke shown in Figure 7 and also shows (global) structural feature of energy transduction in the cross-
the potential for a collision between TNP and the lever arm. bridge. Here we focus on the structural changes in S1 local
This collision, if it occurs, could be responsible for the to the probe binding sites. These investigations are initiated
alteration of S1 ATPases when TNP modifies RLR, as to provide insight to the underlying mechanism of the energy
suggested previousyip). transduction process.

the accurate position of TNP is irrelevant to the following
results. The distance between RLR and Glu776 is over 25
A in the isometrically active state. RLR apparently loses
contact with the lever arm in this conformation, unlike our
previous suggestion based on a swiveling glycine model for
M** in the absence of actin1). The trajectory of RLR,
intermediate to the three states depicted in Figure 7, is
unknown. The path carrying the isometrically active to the
MgADP states, the power stroke, probably brings RLR near
to the lever arm, stopping within a salt bridge length of
Glu776. If RLR carries the bulky TNP group, it collides with
the lever arm.

Figure 8 shows lever arm motion for the M&ADP-P, —
M~+ADP transition during ATP hydrolysis without actin.
There the M*ADP-P; (bold) intermediate is taken directly
from the MgADPAIFR,~ trapped smooth muscle S1 crystal
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The results are summarized in Figures®Bwhere we show  duction, is true as well since the S1 ATPases are known to
the conformation of the two interfaces identified in Figure detect this modification50).
1. Figures 5 and 7 show interface | and Il conformations for How C&*, Mg?", and K"-EDTA ATPases change upon
a simple representation of cross-bridge force generation SH1 modification are specific to the modifier. For instance,
consisting of three actin-bound states observed from muscleiodoacetamide modification of SH1 activates’GATPase
fibers in isometric contraction, in the presence of MQADP, ~8-fold, IAF causes a 5-fold activation, and bimane causes
and in rigor, going from highest to lowest free energy. The a 2-fold inhibition 61). These observations suggest that
starting structure for the isometrically active cross-bridge is altered ATPases are not caused by an interference with proton
the “closed” conformation of S14@) given by the sharing between Gly703 and Cys707, since this would
MgADPAIF,~-trapped smooth muscle S1 crystal structure happen equally well for all modifiers, but are because of
(6). The starting structure for the MgADP and rigor cross- steric interference between the modifying group and swivel-
bridge is the “open” conformation of S1 given by the skeletal ing at the nearby glycine, whether Gly703 or Gly710. Figure
S1 crystal structures). Both starting crystal structures were 6 shows IAF interacting with Gly710 possibly interfering
perturbed by swiveling at the three conserved glycines, 699, with the swivel. lodoacetamide, a much smaller molecule
703, and 710, to accommodate the structural changes causethan IAF, cannot reach Gly710 but is appropriately sized to
by actin and/or nucleotide binding. This model of energy interfere with swiveling at Gly703. The characteristic ability
transduction addresses structural changes that well charactersf the modifiers of SH1 to alter ATPases perhaps depends
ize the observed spectroscopic signature of the cross-bridgeon which glycine swivel it perturbs.
state but not the underlying mechanism in the process. The Interface Il Figure 7 shows interface Il under conditions
proposed transient S1 structures will be refined in the future identical to those in Figure 5. The conformation of S1 during
from new crystal structures and with the use of better force development in contraction, viewed from the perspec-
(functional) models for energy transduction. tive of RLR, has this charged residue moving a large distance
Interface | Insight into how to improve the energy from an environment where it has no local interactions,
transduction model is found in Figure 5 where interface | except with neighboring residues of the catalytic domain in
from closed and open forms of S1 is compared. We see thatthe isometric active state, to an encounter with the converter
the switch-2 helix undergoes realignment in the transition and/or lever arm domains in the MgADP and rigor states.
from isometrically active to MgADP states. This movement The MgADP and rigor states are similar and offer RLR a
was already described by Holmes and Geeves from com-more structured environment due to the proximity of the other
parison of smooth and skeletal muscle S1 crystal structuresdomains. If RLR takes a trajectory between the isometrically
as the breaking of the helix at Val497 and rotation of the active and MgADP states that allows clearance sufficient
loop connecting the helix with Trp51@9). Our alignment only to avoid clashes with the lever arm in native S1, then
of the actin-bound structures gives similar implications and when TNP modifies RLR, the probe will directly collide with
identifies these residues as playing a role in future elaboratedthe lever arm.
models of energy transduction. We surmised a similar collision between the lever arm
Trp510 is the ATP-sensitive tryptophan in skeletal myosin and TNP-modified RLR during ATP hydrolysis without actin
(8—14). The closed conformation of Figure 5 has the indole (15). There the bulky TNP group was thought to interfere
of Trp510 tucked between the switch-2 helix and the peptide with the M*-ATP — M** -ADP-P, transition (Figure 8),
backbone for this residue. The indole and fluorescein causing both the inhibition of KEDTA ATPase and the
xanthene form nearly a 9Gangle between their planes. In  acceleration of the Mg-ATPase: the former by increasing
the open conformation the indole moves away from the the internal resistance to the MATP — M** -ADP-P,
switch-2 helix and forms a stacked complex with the transition, thereby halting or subverting the monovalent
xanthene. The closed conformation of Trp510 is more cation ATPase, and the latter by destabilizing the predomi-
protected from solution, explaining its reduced accessibility nant intermediate, M*ADP-P;, by preventing the normally
to collisional quenching when compared to the open form stabilizing interactions between the catalytic domain near to
(8). Collisional quenching of Trp510 also distinguishes RLR and the converter and/or lever arm domains. In the
among the open forms of S1 with and without nucleotide in presence of actin, a collision between TNP and the lever
the absence of actin, although the contrast between them isarm would inhibit force generation or work production at
less than between the open and closed conformations. Theséhe A-M** -ADP-P, < A-M~-ADP transition, i.e., the power
smaller differences in quencher accessibility might be due stroke. If so, then TNP-S1 will be unable or less able to do
more to the converter or lever arm domain movement, like work, and the path of lever arm movement during the A
that seen in Figure 5 for the MgADP and rigor states, than M** -ADP-P, < A-M~-ADP transition will be better defined
to movement of the indole. since it must move in a trajectory allowing the TNP/lever
The SH of cysteine in solution has & jof ~8.5, but SH1 arm collision.
or Cys707 in S1 is highly reactive at neutral pH. The likely =~ ConclusionsOpen and closed S1 crystal structures were
cause of the anomalou&is a presence of a proton acceptor. extrapolated to working “in solution” or oriented “in tissue”
The nearest candidate proton acceptor is the carbonyl oxygerforms using a simplified working model of energy trans-
of Gly703, a residue that acts as a swivel in the energy duction. The model generates structure-sensitive optical
transduction mechanism of S1. As such, the proximity of spectroscopic signals for comparison with observed signals
the carbonyl oxygen to the SH varies with the nucleotide from extrinsic probes located at two different interfaces
bound to the active site of S1, possibly indirectly changing within S1 containing the catalytic, converter, and lever arm
Cys707 reactivity as observed for skeletal myosin &).( domains. Interface | contains SH1 and the ATP-sensitive
The converse, that modifying Cys707 affects energy trans- tryptophan, Trp510. The conformation of interface | during
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ATPase and force development in contraction suggests the 20. Fabian, F., and Muhlrad, A. (1968)jochim. Biophys. Acta
molecular basis for Trp510 collisional quenching sensitivity
to nucleotide binding. The conformation of the SH1-bound

probe also suggests how it alters S1 ATPases. Interface Il 55

contains RLR. At interface I, the spatial relationship of the

lever arm and the TNP at RLR suggests how the probe alters 24.

S1 ATPases and that it should inhibit lever arm movement
during the power stroke. The latter possibility, if true, would
establish a part of the corridor through which the lever arm
swings during the power stroke.
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