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ABSTRACT. We have synthesized the mixed disulfi@(2-nitro-5-thiobenzoic acid) cysteaminyl-EDTA,

using a rapid procedure and water-soluble chemistry. Its disuifitiel exchange reaction with rabbit
myosin subfragment-1 (S-1), analyzed by spectrophotometry, ATPase assays, and peptide mapping, led
to the incorporation of the cysteaminyl-EDTA group into only Cys 540 on the heavy chain and into the
unigue cysteine on the alkali light chains. The former thiol, residing in the strong actin binding site,
reacted at a much faster rate with a concomitant 3-fold decrease Mthdor acto-S-1 ATPase but
without change in the essential enzymatic functions of S-1. Upon chelatiorbidtes to the Cys 540-

bound EDTA and incubation of the S-1 derivativieée complex with ascorbic acid at pH 7.5, the 95 kDa
heavy chain underwent a conformation-dependent, single-cut oxidative fragmentation wittBni5of

Cys 540. Three pairs of fragments were formed which, after specific fluorescent labeling are SDS
PAGE, could be positioned along the heavy chain sequence as 682a, 62 kDa-32 kDa, and 54
kDa—40 kDa. Densitometric measurements revealed that the yield of the 544DkDa pair of bands,

but not that for the two other pairs, was very sensitive to S-1 binding to nucleotides or phosphate analogues
as well as to F-actin. In binary complexes, all the former ligands specifically lowered the yield to 40%
of S-1 alone, roughly in the following order: ADRP AMP-PNP > ATP = ADP-AIF, > ADP-Bek >

PR. By contrast, rigor binding to F-actin increased the yield to 130%. In the ternary actoABR
complex, the yield was again reduced to 80%, and it fell to 25% in acte-SBP-AlF,, the putative
transition state analogue complex of the acto-S-1 ATPase. These different quantitative changes reflect
distinct ligand-induced conformations of the secondary structure element whose scission generates the 54
kDa—40 kDa species. According to the S-1 crystal structure, this element could be unambiguously assigned
to the switch Il helix (residues 47%507) whose N-terminus lies 14.2 A from Cys 540 and would include

the ligand-responsive cleavage site. This motif is thought to be crucial for the transmission of sub-nanometer
structural changes at the ATPase site to both the actin site and the lever arm domain during energy
transduction. Our study illustrates this novel, actin site-specific chemical proteolysis of S-1 as a direct
probe of the switch Il helix conformational transitions in solution most likely associated with the skeletal
cross-bridge cycle.

Force production in muscle and many other motile systems coupled with ATP hydrolysis. The crystal structure of skeletal
is accomplished by the cyclical interactions between the S-1 shows that this motor protein consists of a catalytic
globular heads of myosin (S#)and F-actin which are  domain, containing the actin- and nucleotide-binding sites,

attached to an 8 nm long-helical C-terminal domain
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EDTA, ethylenediaminetétraacetfc a’cid; NTB-cysteaminyl-ED$A2- ’ which would act as a Iever_ arr_Q(—?). Its wagging mo_tlon .
nitro-5-thiobenzoic acid)cysteaminyl-EDTA; [(cysteaminyl-EDTA)- would cause the translocalization of S-1 along F-actin. This
Cys]S-1, mlygsﬁl)r% :ublfrgglgégtp‘h Smﬁd(l'ﬁedd at C){f&el?g Wﬁh i\ITB- proposal and other three-dimensional reconstruction studies
cysteaminyl- ; 1,5- ,N-(iodoacetyl)N'-(5-sulfo-1- ; ; it
naphthyl)ethylenediamine; 5-1AF, 5-iodoacetamidofluorescein; NEM, Wlth the actomyosin complex8] have placed critical
N-ethylmaleimide; DTE, dithioerythritol; MOPS, 3N¢morpholino)- importance on movements of secondary structure elements

propanesulfonic acid. residing in the catalytic domain but converging at the base
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of the lever arm region. These include, in particular, the helix conformational states of secondary structure elements which
containing the two reactive SHISH2 thiols and the highly  are in a three-dimensional structural proximity to the site of
conserved helix of residues 47507, denoted the switch Il binding of the EDTA-Fe chelate 18). Our study describes
helix. Both matifs, which were observed to move in crystal the specific cleavage of the S-1 heavy chain at three
structures of truncate®ictyosteliumS-1 bound to ADP secondary structure segments adjacent to Cys 540 substituted
AlF, or ADP-Vi (2, 7), are thought to represent potential with the cysteaminyl-EDTAFe moiety and the specific
communication routes conducting the modest nucleotide- modulation by nucleotides, phosphate analogues, and/or
induced conformational changes to the putative amplifier F-actin of the cleavage magnitude for only one of them. The
lever arm. Earlier, extensive biochemical solution studies molecular masses and positions along the heavy chain
have been used first to detect the structural changes of thesequence for the pair of fragments generated by the ligand-
SH1-SH2 helix of skeletal S-1 and to analyze their responsive cleavage, combined with the knowledge of the
relationships with the various S-hucleotide intermediate  S-1 crystal structure, strongly suggest that this proteolytic
states of the ATPase reaction, using, principally, chemical event took place at the N-terminal part of the switch Il helix.
cross-linking approache8<14). Recent such investigations Our data serve to reveal not only several distinct conforma-
have revealed different conformational states of this helix tional states in solution of this functionally important motif
which could not be observed in the three-dimensional atomic but also the specific covalent labeling of the strong actin-
structures of S-11(5). By contrast, to date, no investigations binding site of skeletal S-1 with metaEDTA chelates

in solution were reported for the visualization of the potentially useful for luminescence or fluorescence spec-
conformation shifts specifically associated with the switch troscopy.

Il helix of skeletal S-1 upon binding of nucleotides and or

F-actin. This helix is of particular interest, as it exhibits the MATERIALS AND METHODS

additional important property of running along the nucle-
otide- and F-actin-sensitive narrow cleft separating the lower

and upper 50 kDa subdomains and to be positioned in spatial(2-nitrobenzoic acid) (DTNB) were obtained from Fluka.
proximity of the U-shaped helixloop—helix motif of EDTA dianhydride and iron(lll) chloride hexahydrate were

residues 516558 representing the primary stereospecific and SUPPlied by Aldrich. Chymotrypsin and TPCK-treateq trypsin
hydrophobic strong actin binding surface of St116). This ~ Were purchased from WorthingtoN-(lodoacety)N'-(5-
strategic location is thought to provide the switch Il helix Sulfo-1-naphthyl)ethylenediamine (1,5-IAEDANS) and
with the potential ability to also serve as a communication €thylmaleimide (NEM) were purchased from Sigma. 5-lodo-
pathway between the actin- and nucleotide-binding sites. acetamidofluorescein (5-IAF) was from Molecular Probes
Thus, assessing its structural transitions in solution may help (Eugene, OR).
provide insight into the concerted nucleotide- and F-actin-  Proteins.Rabbit skeletal myosin was prepared as described
dependent movements of the long lever arm helix. previously 3). Chymotryptic S-1 (A1 and A2) was obtained
Herein, we report, for the first '[ime7 an exprimenta| aCCOfding to reR4. F-Actin from rabbit skeletal muscle was
approach for directly probing in solution nucleotide- and/or Prepared by the procedure described in 26f S-1 was
F-actin-induced specific states of the switch Il helix in rabbit modified at Cys 707 with 1,5-IAEDANS or 5-IAF as
skeletal S-1, using the conformation-dependent change indescribed previously26). Intramolecular cross-linking be-
the amplitude of its oxidative cleavage catalyzed by a tween Cys 522 and Cys 707 of S-1 was performed as
cysteaminyl-EDTA-Fe chelate which we have linked by a  reported earlierd7). Protein concentrations were determined

disulfide bond to Cys 540. This amino acid lies at the end SPectrophotometrically at 280 nm with an extinction coef-
of the first helix of the strong actin-binding motif and is ficientAw, of 7.5 cn* for S-1 and 11.0 cmt for actin. The

located only about 14 A from the N-terminus of the switch concentration of modified S-1 derivatives was calculated after
Il helix (Leu 475). The cysteaminyl-EDTA group was subtracting the absorbance of the modifying group at this
de”vered to Cys 540 Of S-1 through the unprecedented WaVelength. The Concentl’ation Of fl’ee nitrOthiObenzoate ion
selective thiot-disulfide interchange reaction, which we have Was estimated at 412 nm using a molar extinction coefficient
characterized in this study, between this residue and a novelof 14 150 Mt cm™ (28).

thiol-specific mixed disulfide$S-(2-nitro-5-thiobenzoic acid) Synthesis of S-(2-Nitro-5-thiobenzoic acid)cysteaminyl-
cysteaminyl-EDTA, which we have synthesized in aqueous EDTA (NTB-Cysteaminyl-EDTAQysteamine hydrochloride
medium by a very fast and straightforward procedure. Earlier, at a final concentration of 10.75 mM in 500 mM MOPS
the cysteaminyl-EDTAFe complex, convalently bound at (pH 8.5) was reacted with a 1.1-fold molar excess of DTNB
a selected protein site, was demonstrated to promote, in thedissolved in dimethylformamide (620 mM). The mixture was
presence of ascorbic acid, the generation of reactive oxygenstirred for 30 min at 20C. A spectrophotometric analysis
species around the iron atom that cause a site-specific limitedat 412 nm indicated an almost 100% vyield of NTB-
proteolysis at solvent-exposed peptide bonds residing in thecysteamine. EDTA dianhydride (150 mM) dissolved in
tertiary fold of the protein within a radius of-515 A from dimethylformamide by heating at 98C was then added,
the attachment sitel{—22). This distance corresponds to under vigorous stirring, to a final concentration of 22.5 mM,
the dynamic span of the cysteaminyl-EDF¥&e group using five equal aliquots each introduced after an interval
between the @ of the latter site and the metal ioh§ 19). of 15 min. The NTB-cysteaminyl-EDTA adduct that formed
Because the extent and/or location of this chemical cleavagewas isolated by reverse-phase HPLC. AboutuT5of this

is highly sensitive to protein conformation, it has been solution was mixed with 1 mL of 0.25% aqueous trifluoro-
proposed as a powerful tool for monitoring, by the com- acetic acid and loaded on an Aquapore C-8 Brownlee RP-
parison of the protein fragmentation patterns, different 300 column (4 mmx 220 mm) eluted for 60 min with a 0

ChemicalsCysteamine hydrochloride and 5ithiobis-
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to 75% acetonitrile gradient (solvent B) containing 0.1% with 20 mM MOPS, 0.01% NaDodS©0.1 mM DTE, and
trifluoroacetic acid (solvent A), at a flow rate of 1 mL/min 0.1 mM EDTA (pH 8.0). To the collected S-1 solution was
and collecting 1 mL fractions. The absorbance of the effluent added 5-IAF, dissolved in dimethylformamide (100 mM),
was monitored at 330 nm. The final mixed disulfide was to a final concentration of 4 mM. After 75 mn at 2G, the
eluted as a single peak at 25% acetonitrile just following alkylation reaction was quenched by adding DTE to a final
the elution at 23% acetonitrile of the liberated nitrothioben- concentration of 7.5 mM. After 10 min at 2C, the mixture
zoate ion. Its precursor, NTB-cysteamine, was completly was passed over a NAP-10 column eluted with 20 mM
absent in this chromatographic profile, but when the addition MOPS and 0.01% NaDodS@pH 8.0).
of EDTA dianhydride was omitted, it was eluted as a single  One milliliter of the IAF-S-1 preparation (1&M) was
peak at 18% acetonitrile. The chemical structure of NTB- first subjected to reverse-phase HPLC on an Aquapore C-8
cysteamine-EDTA was confirmed by ionization mass spec- Brownlee column (4 mmx 220 mm) for the isolation of
trometry which showed a unique product with a molecular pure fluorescent S-1 heavy chain and alkali light chains.
mass of 548.9 Da (calculated mass of 548.54 Da). Its Linear gradient elution was performed for 60 min with 0 to
concentration was measured spectrophotometrically at 412100% solvent B consisting of 75% acetonitrile in 0.1%
nm after incubation in 50 mM NaOH fd. h at 20°C. This aqueous trifluoroacetic acid (solvent A). The flow rate was
assay revealed that at least 75% of the starting cysteamineadjusted to 1 mL/min, and 1 mL fractions were collected.
was recovered as NTB-cysteaminyl-EDTA. After several The pH of an aliquot (10@L) of each fraction was brought
similar chromatographic runs, the accumulated material wasto 8.5 by the addition of uL of 5 M NaOH, and the
fractionated into 1 mL aliquots which were dried with a fluorescence was monitored at 520 nm with excitation at 495
Speed Vac centrifuge and stored-a20 °C. nm. The separated heavy chain and light chain fractions were
Derivatization of S-1 and Cleage ReactionsS-1 (3— then pooled, dried with a Speed Vac centrifuge, resuspended
50 uM) in 20 mM MOPS (pH 8.0) was mixed with a 1 in 500uL of 250 mM Tris-HCl ard 2 M urea (pH 8.0), and
4.35-fold molar excess of NTB-cysteaminyl-EDTA dissolved digested at 37C for 2 h with chymotrypsin and trypsin,
immediately before use in 50 mM Tris-HCI (pH 7.2) at a respectively, at an enzyme:substrate weight ratio of 1:20.
concentration of 50@M. The reaction was monitored at 412 Each digest was finally fractionated on an Aquapore C-8
nm for 3 h at 20°C. In parallel, protein aliquots were Brownee column (4 mmx 220 mm) using the same
withdrawn at various time intervals and subjected to ATPase experimental conditions described above. The fluorescent
measurements or to the oxidative cleavage reaction. Topeptides were further purified on a Brownlee C-18 column
initiate the latter process, the sample was first incubated for (2 mm x 100 mm) eluted for 60 min with O to 100% solvent
30 min at 20°C with aqueous Fe@l6H,O (20 mM) added B consisting of 60% acetonitrile in 0.1% trifluoroacetic acid
at a 2-fold molar excess over NTB-cysteaminyl-EDTA. The (solvent A) at a flow rate of 20@L/min and collecting 0.2
fragmentation of the resulting [(cysteaminyl-EDF4e)- mL fractions.
Cys]S-1 was then carried out by adding an aqueous solution Amino acid sequencing of the pure fluorescent peptides
of ascorbic acid (200 mM), adjusted to pH 7.2 with Tris, to was conducted using a Perkin-Elmer Procise 492 Sequencer
give a final concentration of 15 mM. It was conducted in operating according to the manufacturer's pulsed liquid
the absence and in the presence of ATP, ADP, AMP, AMP- program. Their molecular mass values were determined by

PNP, PR ADP-AIF,, ADP-Bek, or F-actin; the latter protein
was employed alone or in combination with ADP or ADP
AlF,. Cleavage was also carried out in the presence of 0.5%
NaDodSQ. After 30—60 min at 20°C, the reaction was
terminated by adding-mercaptoethanol to a final concentra-
tion of 4% (v/v). The cleavage patterns were established by
NaDodSQ—acrylamide gel electrophoresis.

Identification of the S-1 Cysteines Modified with NTB-
Cysteaminyl-EDTAS-1 (50uM) in 20 mM MOPS (pH 8.0)
was treated fo3 h at 20°C with a 2.5-fold molar excess of
NTB-cysteaminyl-EDTA. The pH of the solution was
brought to 7.0 by adding MOPS (500 mM, pH 7.0) to a final
concentration of 50 mM. The mixture was then treated with
NEM according to the method of Gitler et a29 to achieve
the specific fluorescent labeling of S-1 thiol(s) converted to
a disulfide state upon substitution with the cysteaminyl-
EDTA group. NEM dissolved in dimethylformamide (250
mM) was added at a 5-fold molar excess over total S-1 thiols.
After 15 min at 20°C, the temperature of the solution was
lowered to 0°C in an ice bath and NaDodS@as added to
a final concentration of 0.5%. After 30 min atC, the
modified S-1 was gel filtered over a NAP-10 column
(Pharmacia) eluted at 20C with 40 mM MOPS, 0.05%
NaDodSQ, and 0.1 mM EDTA (pH 8.5). The protein
fraction was submitted to reduction for 60 min at°&7with
5 mM DTE and then refiltered over the same column eluted

electrospray ionization mass spectrometry on a VG Trio-
2000 mass spectrometer as previously descriBed (

ATPase Assay§he C&"—ATPase activities were mea-
sured at 25°C in the presence of 2.5 mM ATP, 250 mM
KCI, 5 mM CaC}, and 50 mM Tris-HCI (pH 7.7). The K-
EDTA ATPase activities were determined at 25 in 2.5
mM ATP, 1 M KCI, 5 mM EDTA, and 50 mM Tris-HCI
(pH 7.5). The Mg"—ATPase and actin-activated ATPase
activities were assayed by incubating the S-1in 5 mM ATP,
2.5 mM MgClL, 10 mM KCI, and 50 mM Tris-HCI (pH 8.0)
in the absence and presence of varying concentrations (0.5
1.0 mg/mL) of F-actin, respectively. Inorganic phosphate was
estimated colorimetrically according to the method described
in ref 31.

ElectrophoresisNaDodSQ—polyacrylamide gradient gel
electrophoresis (5 to 18%) was carried out as previously
described 31, 32). Fluorescent bands were located in the
gels by illumination with a long-wavelength ultraviolet light
before staining with Coomassie blue. Densitometric scanning
of the gels was performed with a Schimadzu model CS-930
high-resolution gel scanner equipped with a computerized
integrator. The following proteins, including various S-1
polypeptides to maximize the correlation between size and
mobility, were used as molecular mass markers: S-1 heavy
chain (95 000 Da), serum albumin (68 000 Da), the central
tryptic fragment of the S-1 heavy chain (48 000 Da), actin
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Ficure 1: Schematic representation of the two-step synthes&(@fnitro-5-thiobenzoic acid)cysteaminyl-EDTA (A) and the subsequent
production of [(cysteaminyl-EDTAFe)Cys]S-1 (B).

(42 000 Da), chymotrypsinogen A (25 000 Da), soybean
trypsin inhibitor (21 000 Da), the C-terminal tryptic fragment
of the S-1 heavy chain (20 000 Da), and alkali light chain 2
(16 500 Da).

RESULTS

Disulfide Exchange Reaction between Myosin S-1 and
S-(2-Nitrobenzoic acid)cysteaminyl-EDTUsing the simple
two-step procedure depicted schematically in Figure 1A, the
DTNB reagent could be easily and with high yield converted . . . . .
in aqueous solution, at pH 8.5, in®(2-nitrobenzoic acid)- 0 &0 120 180 240 300
cysteaminyl-EDTA. Milligram amounts of this mixed di- Time (min)
sulfide could be isolated within 1 working day for deriva- Ficure 2: Time course of the covalent incorporation of the
tization of S-1 into [(cysteaminyl-EDTA)Cys]protein by a %Srtﬁ&ml\iﬂngggegﬁ grg;J\?vgg?en;Ztoesénatsjzghv?/iFr:%t?nl(%lrc\j/l)(:i|;]
o B e o 215 S oo 5 s o T

e ; 4 . cysteaminyl-EDTA. The disulfidethiol exchange was monitored
subsequent oxidative proteolysis was achieved following the by spectrophotometric measurements at 412 nm, and the extent of
characterization of the disulfide exchange process with S-1 modification was estimated from the amount of nitrothioben-
respect to its kinetics, stoichiometry, and effects on the S-1 Zoate ion released.
enzymatic functions and the identification of the modified

Moles Cysteaminyl-EDTA incorporated

cysteine(s) in the S-1 primary structure. 2—4-fold molar excess of reagent over S-1. By contrast, the
Figure 2 shows the reaction time course at pH 8.0 and reaction of the second thiol was much slower at all the

room temperature of S-1 with varying concentrationS-(2- reagent concentrations that were used, and it required an at

nitrobenzoic acid)cysteaminyl-EDTA, using a £4.35-fold least 4-fold molar excess of reagent over S-1 to go to

molar excess of reagent over the protein. The disulfide completion.

exchange was monitored spectrophotometrically at 412 nm Selectie Inhibition of the Acto-S-1 ATPase by S-(2-
by evaluating the amount of 2-nitro-5-thiobenzoate anion that Nitrobenzoic acid)cysteaminyl-EDT¥/e then investigated
was released. As reported earlier, the mixed disulfides the influence of the S-1 derivatization with the cysteaminyl-
resulting from the reaction between DTNB and low- EDTA upon all its enzymatic activities during the entire
molecular mass thiol compounds, such as cysteamine, oftercourse of the disulfide exchange reaction, using a constant
generate, upon reaction with protein sulfhydriles, the same reagent to S-1 molar ratio of 1.25. The results, presented in
amount of nitrothiobenzoate anion as the parent DTB®. ( Figure 3, show that the k-, C&t—, or Mg?"—ATPase
Thus, the absorbance we measured at 412 nm is likely to beactivities remained unchanged after reaction for 120 min with
closely related to the number of cysteaminyl-EDTA groups the rapid incorporation of about 1.0 mol of cysteaminyl-
incorporated into S-1. Under the experimental conditions that EDTA/mol of S-1. By contrast, during the same period, the
were employed, maximally 2 thiols/mol of S-1 could be acto-S-1 ATPase did undergo a progressive decrease to 25%
titrated after incubation for 300 min. However, all titration of the control at the same rate as the chemical reaction. This
curves were clearly biphasic, suggesting that the two thiols 75% extent of inhibition plateaued for the remaining incuba-
have distinct chemical reactivities toward the mixed disulfide. tion time up to 300 min with a final modification of about
One thiol exhibited an enhanced reaction rate, and its 1.15 thiols/mol of S-1. Figure 4 illustrates the relationship
substitution was almost completed in less than 60 min at afound between the observed level of acto-S-1 ATPase
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125 influence of nucleotides on the oxidative fragmentation of
___________________ B the S-1 heavy chain. (2) In strong contrast to the parent
DTNB (12), the mixed disulfide did not react at all with the
reactive SH1 or SH2 thiols of S-1, but rather, it did
specifically modify a different major cysteine residue, the
structural integrity of which is linked with an elevated rate
of S-1 ATPase activation by F-actin. The noninvolvement
of Cys 707 (SH1) was confirmed via further expriments.
A A A 0.25 Thus, S-1 stoichiometrically labeled at this thiol with 1,5-
IAEDANS, as quantitatively assessed by the incorporation
o8 o v pos ™ po e of fluorescence into the tryptic 20 kDa heavy chain_ fragment,
e (i) reacted at the same rate and to the same extent with the mixed
Ficure 3: Influence of S-1 substitution with cysteaminyl-EDTA disulfide reagent as native S-1 (d‘."“a nqt shown). Cor)versely,
on its enzymatic activitiesS-1 (454M) was incubated with a 1.25-  the fluorescent dye was extensively incorporated into the
fold molar excess of NTB-cysteaminyl-EDTA in 20 mM MOPS  same fragment of the preformed [(cysteaminyl-EDTA)Cys]S-
(pH 8.0) at 20°C. At the indicated time intervals, protein samples  1; also, the latter derivative underwent the dibromobimane-
were withdrawn and assayed for KATPase @), C&"—ATPase  mediated intramolecular cross-linking between Cys 707 and

(O), Mg?>*—ATPase M), and actin-activated ATPase\), The . . )
enzymatic activities were measured as described in Materials andCys 522 @7) as efficiently as native S-1 (data not shown).

Methods. In parallel, the number of derivatized S-1 thialy Was (3) The presence of the EDTA function in the chemical
spectrophotometrically determined as described in the legend of structure of the mixed disulfide was essential for directing
Figure 2. this reagent to the cysteine associated with F-actin activation
of S-1. We have also, indeed, isolated the mixed disulfide
precursor, NTB-cysteamine, and compared the kinetics of
its reaction with S-1 as well as the resulting effects on the
S-1 ATPases. Under identical experimental conditions, it
reacted at a faster rate, and most importantly, it readily
induced the inhibition of the K—ATPase with a parallel
activation of the C&#—ATPase (data not shown). Such
alterations of both enzymatic activities represent the well-
known manifestation of the chemical modification of the SH1

group in S-1 84), an event that could not be observed with
0. = L the EDTA-containing disulfide.

Identification of Cysteine 540 as the Major Site for

Cysteaminyl-EDTA Attachment in S-lo localize the pair
FIGURE 4: Relationship between the stoichiometry of thiol group 4 5.1 cysteines reacting with NTB-cysteaminyl-EDTA, the

modification in S-1 and the degree of acto-S-1 ATPase inhihition . s
Treatment of S-1 with NTB-cysteaminyl-EDTA with concomitant protein derivative produced upon exposure of S-1 (Al and

measurements of the acto-S-1 ATPase activities and titration of A2) for 3 h to a2.5-fold molar excess of reagent, and
the number of modified SH groups per mole of S-1 were conducted containing about 1.50 mol of bound cysteaminyl-EDTA/mol

as described in the legend of Figure 3. of S-1, was first treated with NEM, DTE, and 5-IAF as
described in Materials and Methods. This treatment ensures
reduction and the estimated number of S-1 thiols which have the blocking of the free and masked thiols of S-1 followed
incorporated the cysteaminyl-EDTA group during the overall by the specific fluorescent labeling of the cysteine(s)
course of the reaction. Up to 0.70 thiol substituted/mol of reversibly engaged in a disulfide bond9. Gel electro-
S-1, there was a very close correlation between the degreephoresis of the resulting acetamidofluoreseeinl revealed
of acto-S-1 ATPase inhibition and the fraction of reacting that the fluorescence was strongly associated with the 95
thiol with 100% inactivation extrapolated at nearly 1.0 thiol kDa heavy chain band and only slightly with both alkali light
modified/mol of S-1. The findings clearly indicate that S-1 chains; no significant fluorescence pattern was noticed when
treatment with a molar excess of the reagent slightly larger the disulfide reduction with DTE was omitted or when the
than 1 results in the extensive inhibitory modification of a entire treatment was conducted with native S-1 (data not
primary fast reacting thiol together with the marginal shown). The fluorescent S-1 preparation was then subjected
noninhibitory substitution of a second slowly reacting to reverse-phase HPLC which, as described previo@dly (
sulfhydrile. This conclusion is consistent with the initially led to two well-resolved protein peaks corresponding to the
observed kinetics of the disulfide exchange reaction. Double- light chains and the heavy chain, respectively (Figure 6A).
reciprocal plots of the actin-activated ATPases of native S-1 Their measured fluorescence profiles distinctly show that the
and S-1 with 1.15 mol of attached cysteaminyl-EDTA, fluorescence content of the heavy chain fraction was much
presented in Figure 5, indicated no change inkhéor actin higher than that exhibited by the light chain fraction, in
(130uM), whereas th&/max value for the modified S-1 was  agreement with the fluorescence distribution pattern initially
decreased 2.5-fold (5.0 vs 12.2'% The overall data have  observed on the electrophoretic gels. The fluorescent heavy
several important implications. (1) The reaction of S-1 with chain material was pooled and extensively digested with
NTB-cysteaminyl-EDTA did not alter ATP binding or chymotrypsin. The generated peptides were then fractionated
hydrolysis at the ATPase site. This feature has a significant by reverse-phase HPLC. The complete chromatogram of the
impact, with regard to the study reported below, on the digest monitored at 220 nm together with the measured

11.00
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410.50

ATPase Activity (%)
Thiols modified / mol S-1

100!
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Ficure 5: Double-reciprocal plots of the amount of activated
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peptide was submitted to microsequencing, and after 17
cycles of Edman degradation reactions, the following single
sequence was obtained from either peptide, S-I-L-E-E-E-X-
M-F-P-K-A-T-D-T-S-F. This sequence is consistent with that
for S-1 heavy chain residues 53850 35). There was only
one gap, denoted X, in the sequence, corresponding to Cys
540 of the heavy chain sequence, strongly suggesting that
this residue was derivatized with acetamidofluorescein. To
confirm the covalent binding of the fluorophore to this amino
acid, a sample of the major fluorescent peptide was also
analyzed by ionization mass spectrometry which gave a
molecular mass value of 2330.0 Da, consistent with the
calculated mass of 2335.53 Da for a 17-residue peptide
substituted at Cys 540 with one acetamidofluorescein group.

actin concentration. Acto-S-1 ATPase assays were performed asThus, this peptide is derived from chymotryptic cleavages

specified in Materials and Methods for native S-1 cont@®) é&nd
for S-1 containing 1.15 mol of bound cysteaminyl-EDTA per mole
of protein @). Linear regression analysis was used to fit the data.
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FiGure 6: (A) Isolation by reverse-phase HPLC of the acet-
amidofluorescein-labeled S-1 heavy chain and alkali light chains
S-1 conjugated with 1.50 mol of cysteaminyl-EDTA/mol of protein
was prepared (50M) and then alkylated with NEM, reduced with
DTE, and labeled with 5-1AF following the procedure described
in Materials and Methods. The isolated fluorescent protein (1 mL)
was loaded on an aquapore C-8 Brownlee column (4 m220
mm) eluted for 60 min with a gradient (0 to 100%) of solvent B
consisting of 75% acetonitrile in 0.1% trifluoroacetic acid (solvent
A). The fluorescence intensity (bars) of the effluent adjusted to
pH 8.0 was recorded at 525 nm with excitation at 495 nm, and the
fluorescent fractions of the S-1 heavy chain (H.C) and light chains
(L.C) eluting between 45 and 53 min were collected for further

at Phe 533 Ser 534 and Phe 55Qrimethyl Lys 551. The
corresponding sequence of the S-1 heavy chain includes Cys
540, the thiol group of which must act as the unique fast
reacting thiol serving for the extensive attachment of the
cysteaminyl-EDTA moiety to S-1. Because this cysteine is
located in the strong actin-binding motif8), its modification
likely causes the observed concomitant decrease of the rate
of the acto-S-1 ATPase.

The fluorescent light chain fraction was also subjected to
a total hydrolysis with trypsin. The reverse-phase HPLC
separation of the tryptic peptides resulted in the isolation of
a single fluorescent peptide which was sequenced by Edman
degradation for the first 15 amino acids (data not shown). It
yielded the sequence M-K-E-E-E-V-E-A-L-M-A-G-Q-E-D
which identifies the penultimate C-terminal 27-residue tryptic
fragment of the light chains ending with the sequence AFVK
and including the single cysteine residue 177 (Al) or 136
(A2) (36). In native S-1, its thiol group should represent the
slowly reacting sulfhydrile involved in the observed partial
and noninhibitory disulfide exchange with NTB-cysteaminyl-
EDTA.

Actin Site-Specific Oxidate Cleavage of the S-1 Hay
Chain. When [(cysteaminyl-EDTA)Cys]S-1 was supple-
mented with F&" ions, added in an equivalent amount to
the attached EDTA, and then incubated with ascorbic acid
at pH 7.5 and room temperature, for up to 60 min, it
exhibited, upon gel electrophoresis, the typical pattern
depicted in Figure 7A. Six novel peptide bands with apparent
molecular masses of 68, 62, 54, 40, 32, and 26 kDa,
respectively, were accumulated within 30 min of incubation.

analyses. (B) Separation of the fluorescent chymotryptic peptides An identical profile was obtained when the metal was

from the acetamidofluorescein-labeled S-1 heavy chEie total
chymotryptic digest of the isolated fluorescent heavy chain fraction

was prepared as described in Materials and Methods, and then
subjected to reverse-phase HPLC using the same experimental

chelated to NTB-cysteaminyl-EDTA before the disulfide
exhange reaction between the latter reagent and S-1. The
povel protein band pattern was abolished when the ascorbate

conditions used for panel A. The two fluorescent peaks (fractions OF the iron was omitted or when Fewas replaced with

37 and 39) were subjected to further purification as described in

Mg?" or Ni?*; also, the addition of free Fe and EDTA to

detail in Materials and Methods. The single fluorescent pure peptide 3 mixture of native S-1 and ascorbate did not change the

isolated from either fraction was submitted to amino acid sequenc-

ing.
fluorescence profile is depicted in Figure 6B. A single major

fluorescent peptide was eluted at fraction 39 just following
the elution at fraction 37 of another minor fluorescent

S-1 electrophoretic profile (data not shown). The same
fragment bands were formed when the S-1 derivative
contained either 1 or 2 cysteaminyl-EDTA groups/mol of
protein. Collectively, these findings strongly suggest that the
six observed peptide species were generated by an oxidative

peptide. These two peptide fractions contained almost all thefragmentation of the 95 kDa heavy chain mediated by the
original fluorescence bound to the heavy chain. Each fraction cysteaminyl-EDTA-Fe complex disulfide-linked to Cys 540

was further purified by a reverse-phase HPLC run carried
out under different elution conditions and which gave rise
to a single fluorescent peptide from either fraction. Each pure

in the strong actin binding site. Their production fulfils most
of the known criteria established for a site-specific chemical
proteolysis 17—22). First, peptide bond cleavage was limited
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Ficure 7: Electrophoretic analysis of the chemical cleavage fragments of [(cysteaminyl-EDTA-Fe)Cy@}p-Lime course of the
fragmentation reaction upon incubation of the S-1 derivativei{8, including 1.0 mol of cysteaminyl-EDTAFe/mol of protein in 20

mM MOPS and 15 mM ascorbate (pH 7.5) at ZD. Protein samples were subjected to NaDogl§€l electrophoresisrma 5 to 18%

gradient acrylamide gel followed by Coomassie blue staining. The protein band pattern before (lane 0) and after exposure to ascorbate for
the indicated periods is shown. (B) Coomassie blue-stained electrophoretic profiles of the cleavage products formed after incubation for 30
min with ascorbate in the absence (lane b) and presence (lane c) of 0.5% Napad%(control, the derivative was incubated without
ascorbate and denaturing agent (lane a). (C) The corresponding fluorescent gels-fidnéswed under UV light, using [(cysteaminyl-
EDTA—Fe)Cys]S-1 labeled with 5-IAF at Cys 707 as the starting material for fragmentation. The fluorophore was incorporated into the 40,
32, and 26 kDa cleavage bands derived from the intact S-1 derivative and into the 35 and 33 kDa bands derived from the unfolded protein.
The MW column depicts locations of protein molecular mass markers.

to a small amount of S-1 not exceeding-&%, and in comparison of lanes b in panels B and C of Figure 7 indicated
practice, long overloaded gels have to be used to conve-that the fluorescence was incorporated into the 40, 32, and
niently monitor the process. This quantitative restriction rules 26 kDa bands which must represent the C-terminal fragments
out extensive nonspecific protein degradation. Most impor- of the heavy chain, whereas the 68, 62, and 54 kDa species
tantly, it makes very likely the occurrence of a single cutting were not at all fluorescent and must be regarded as the
event at each protein segment involved in the fragmentation complementary N-terminal fragments of the heavy chain. The
reaction. Second, there was no noticeable precu@mduct sum of the molecular masses for each of these three pairs of
relationship between the six fragments, implying that they fragments (68 kDa26 kDa, 62 kDa-32 kDa, and 54 kDa
were simultaneoulsly produced and no peptide was derived40 kDa) accounted well for the entire mass of the intact S-1
by a cleavage caused by a preceding splitting reaction.heavy chain and was consistent with the fluorescence
Finally, the generation of all fragments was dependent on distribution as well as with the observed relative band
the S-1 conformation since, as shown in lane ¢ of Figure intensities. Also, the two associated 54 and 40 kDa entities
7B, the fragmentation conducted in the presence of 0.5% migrated as doublet bands, a microheterogeneity which, as
NaDodSQ led to their suppression together with the ap- previously observed during the oxidative cleavage of other
pearance of a distinct protein band pattern consisting of proteins 87), reflects the splitting of the heavy chain at two
peptides with apparent masses of 61, 56, 35, and 33 kDa,or three closely adjacent peptide bonds within the same
respectively. These components are derived only from secondary structure segment surrounding the Fe atom. Thus,
sequence-dependent cleavage around Cys 540. No peptidesach peptide pair actually originates from a single cleavage
that originated from the scission of the light chains were event taking place at one of three vulnerable secondary
observed in the absence or in the presence of the denaturingtructure elements spatially proximal to Cys 540.
agent. Oxidative Cleavage of the Switch Il Helix Modulated by
To locate the position of the six cleavage fragments on Nucleotides and/or F-ActirBecause the cysteaminyl-EDTA
the primary structure of the 95 kDa S-1 heavy chain, native substitution of Cys 540 did not perturb ATP binding and
S-1 fluorescently labeled at Cys 707 with 5-IAF was first hydrolysis by S-1, we quantitatively analyzed the fragmenta-
derivatized with NTB-cysteaminyl-EDTAFe and then  tion patterns obtained for the S-1 derivative complexed to
subjected to fragmentation. After gel electrophoresis, the the nucleotides, MgATP, MgADP, or the phosphate ana-
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Ficure 8: Influence of nucleotides or nucleotide analogues and/or F-actin on the fragmentation of [(cyteaminy-E&®)TAs]S-1A 30

min cleavage of the S-1 derivative (4M) in 20 mM MOPS and 2 mM MgGl(pH 8.0) was initiated at 20C by the addition of ascorbate

at pH 7.2 to final concentration of 15 mM. It was conducted without any addition (lanes a) and in the presence of 2 mM ATP (lane b), 2
mM ADP (lane c¢), 2 mM AMP-PNP (lane d), 1 mM ADRIF, (lane €), 1 mM ADPBek (lane f), 1 mM PPR(lane g), F-actin added at

a molar ratio to S-1 of 1.0 (lane h), F-actin and 1 mM ADP (lane i), or F-actin and 1 mM-AIBR (lane j). The ligands were introduced

in the reaction medium just before the inclusion of ascorbate. All the scission reactions were analyzed via 5 to 18% gradient acrylamide
gel electrophoresis.

logues MgPR MgAMP-PNP, MgADPBekF,, or MgADP- was neutralized when MgADP was combined with the rigor
AlF,. The cleavage patterns of the modified protein com- complex (Figure 8, lane i), and the peptide production was
plexed to F-actin in the absence and presence of MgADP oreven strongly inhibited upon addition of MgAD®RIF,, the
MgADP-AIF, were also evaluated. The overall data are putative transition state analogue, to the acto-S-1 complex
presented in Figures 8 and 9. The presence of'\igd not (Figure 8, lane j). Multiple densitometric measurements of
interfere with the fragmentation reaction because of the several series of gels led to the reproducible quantitative
known very slow exchange rate between the free metal anddiagrams depicted in panels A and B of Figure 9. They
the EDTA-bound Fe. Also, in control experiments, the clearly indicate that the extent of the change in the yield of
addition of Mg* alone or associated with AMP, a nucleotide the 54 and 40 kDa product was essentially ligand-specific
which does not bind to S-1, did not change the cleavage depending on the composition of the binary or ternary
profile (data not shown). However, the inclusion of any other complex being tested. Thus, for the former peptide,—S-1
nucleotide or nucleotide analogue complexed to*Mdid ADP and S-+AMP-PNP exhibited the lowest yield (35 and
induce a typical change in the protein band pattern. A visual 41%, respectively), followed by S-1ADP-AIF, (47%),
inspection of the gels shown in lanes@Figure 8 indicated  S-1-ATP (51%), S-TADP-BeF (64%), and S-+PR
that all nucleotides or analogues afforded mainly a decreasewhich gave the weakest effect (95%); the same quantitative
in the band intensities associated with the 54 and 40 kDatrend was observed for the complementary 40 kDa peptide
peptides, whereas the band intensities for the two other(Figure 9A). In the rigor acto-S-1, the 54 kDa fragment level
peptide pairs were not significantly altered. The concomitant was enhanced to 125%, but it moderately decreased upon
reduction of the yields for the 54 and 40 kDa species further addition of ADP (85%) and more significantly upon associa-
reinforces our structural assignment for their positioning on tion with ADP-AIF, (25%) to form the putative transition
the heavy chain sequence. On the other hand, rigor bindingstate analogue complex of the acto-S-1 ATPase reaction
of F-actin to the S-1 derivative also specifically affected the mimicking acto-S-+ADP-P; (Figure 9B). In contrast, the
magnitude of production of this particular peptide pair as measured variation of the intensity values for the ac-
reflected by an increase in the intensity of the 54 kDa band companying 62 kDa32 kDa bands taken as controls was
together with a virtual suppression of its doublet character within experimental error{15%). These data are significant
(Figure 8, lane h). The parallel change in the 40 kDa band as they were observed with different modified S-1 pepara-
could not be appreciated as this species comigrated withtions and following several independent densitometric de-
actin. Furthermore, the yield increase for the 54 kDa peptide terminations. They could be best interpreted by assuming
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A would be hydrolytic in the former case and oxidative in the
latter case38, 39). One of the proposed oxidative pathways
yields an N-terminal fragment with a C-terminal amide and
a C-terminal fragment with a blocked N-terminus, thus
explaining our own data. Nevertheless, the examination of

i the crystal structure of the S-1 catalytic domain, as shown
O ave-pre in Figure 10, unequivocally identifies the N-terminal portion
B ronpers of the switch Il helix around Leu 475 as the only heavy chain
@ e segment located within the dynamic spar-(% A) of the

EDTA—Fe arm tethered to Cys 540, which could be cleaved
to generate a pair of 54 and 40 kDa peptides. Tled®
Leu 475 lies 14.19 A from Cys 540, and the mass assigned
to the former fragment matches that calculated for the
sequence of amino acids—#75 (53560 Da) %5). The
B distances from Cys 540 to the backbones of residues Glu
476 and Ser 474, flanking Leu 475, are 16.72 and 16.94 A,
respectively. The dynamic properties in solution of the
polypeptide chain could put both distances within the
maximum physical reach of the EDTFA~e with potential
cleavages at the corresponding peptide bonds. These proper-
ties could also favor the cleavage of the helix at a range of
B siaa residues as suggested by the doublet nature of the 54 and
e ARt 40 kDa fragments. In contrast, the distances from Cys 540
to the backbones of residues 46873, making part of the
switch 1l loop, are much larger>22 A), ruling out any
o S4KDz P fragmentation at this loop. Because the switch Il helix binds
neither to nucleotides nor to actir3,(16), the observed
, , specific modulation by these ligands of its cleavage amplitude
E'GURE 9: Measurements of the changes in the yield of the 54 4; \he hroposed sites is not a direct steric effect but rather
Da—40 kDa pair of frag.ments during the cleavqge of [(cysteami- h if . fth ial all . lei d
nyl-EDTA—Fe)Cys]S-1 in the presence of various ligan¢) the manifestation of the crucial allosteric role imparted to
Densitometric measurements of the band intensities in several setdhis motif in the communication between the ATPase site
of gels, obtained under the experimental conditions described in and the actin binding site during energy transductié®).(
the legend of Figure 8, were performed to reproducibly quantify
the average percents of nucleotide- or nucleotide analogue-inducedDISCUSSION
decrease in the magnitude of production of the 54 kB@ kDa . . i i
pair of fragments relative to the S-1 derivative cleaved without ~An initial important step in this work was the rapid
ligands. The average intensities of the 62 kI32 kDa pair of bands ~ synthesis of NTB-cysteaminyl-EDTA and its successful
were also estimated as controls. The bars include the average valuegargeting to Cys 540 in the strong actin binding motif of
of at least three separate determinations, and the error bars represei q|etal myosin-S-1. The previously reported cysteaminyl-

the standard deviation. (B) The average percentages of yield chang - . L .
induced by F-actin alone or combined with MgADP or MgADP ‘EDTA-containing mixed disulfides were prepared exclusively

AIF 4 for the production of the 54 kDa fragment and the accompa- in organic solvents using relatively long and expensive
gnying 62 kDa-32 kDa bands are also presented. The experimental proceduresX(7, 20, 21). The simple and very rapid synthesis
conditions were as described in the legend of _Figure 8. The_valuesin aqueous solution we have described for NTB-cysteaminyl-
e e Secagesanald deviaton detemined EDTA makes this reagent readlly avaiable for processing
at will the specific derivatization of protein thiols with the
EDTA—Fe chelate. To serve as a site-directed chemical
that the binding of each ligand to the S-1 derivative causes catalyst of peptide bonds hydrolysis, the latter complex needs
a distinct conformational change in the secondary structureto be covalently attached at a well-defined amino acid on
element whose cleavage releases the 54-+akDa pair  the polypeptide chain. To satisfy this requirement, use is
of peptides. Such a structural transition definitely alters the often made of protein recombinants with a single engineered
orientation and/or solvent accessibility of the susceptible cysteine at the desired position. However, this study showed
polypeptide segment, thereby modulating its cleavage ef-that the disulfide-thiol interchange reaction between our
ficiency. reagent and native rabbit S-1 exhibited the remarkable
In an attempt to directly characterize the ligand-responsive property of causing the rapid substitution of Cys 540 without
cleavage region, the 54 and 40 kDa fragments were isolatedmodification of any other sulfhydryl on the heavy chain,
by gel electrophoresis combined with reverse-phase HPLCincluding the so-called reactive SHEH2 groups. Recent
and subjected to end group analyses. However, N-terminalinvestigations have emphazised the important role of elec-
sequencing of the latter C-terminal peptide and digestion with trostatic interactions between charged groups of the protein
carboxypeptidase of the former N-terminal material were  and disulfide reagents in determining the rate of the exchange
not successful. This finding was not unexpected becausereaction, thereby favoring or inhibiting the formation of a
cleavage fragments with both free terminal entl, 22) disulfide bond at a particular protein thiod1). We have
and blocked terminal ends3§ 39) have been reported found that only the EDTA-containing mixed disulfide did
previously, depending on the reaction mechanism which specifically react with Cys 540. The EDTA moiety comprises

Relative cleavage of S-1 heavy chain (%)

Relative cleavage of S-1 heavy chain (%)

Fragments (MW)
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FiGure 10: Cu trace of the heavy chain in the catalytic domain of chicken skeletal myosin S-1 with the cysteaminy-EaTodmplex

(black arrow) disulfide-linked to Cys 540 (blue sphere). The yellow circle and the yellow cloud it contains represent the maximum length
(=15 A) of the latter flexible complex and the allowed iron positions in space, respectively. The strong actin-bindirgobelixhelix

motif of residues 516558 (green) and the switch Il helix of residues 4BB7 (red) are shown. Potential cleavage sites (blue lines), within

the reach of the EDTAFe chelate, include Leu 475 at the N-terminus of the switch Il helix, 14.2 A from Cys 540, that would be the
ligand-sensitive site for the generation of the 54 ki28 kDa peptides. The scission at the other sites within different secondary structure
segments may account for the production of the 68-«kPakDa and 62 kDa32 kDa pairs of fragments. TheoCcoordinates of S-1 were

kindly supplied by I. Rayment.

a cluster of three negatively charged carboxyls which could a single engineered cysteine at this critical locatié®).(In
drive the reagent to Cys 540 by interacting, in a first stage this regard, the investigation presented here extends our
of the reaction, with conveniently oriented positive charges previous work describing the selective fluorescent labeling
in the vicinity of this residue. A potential positively charged of Lys 553 residing at the end of the strong actin binding
heavy chain segment is the lysine-rich 50 kiZ® kDa motif (31).

junction loop of residues 627646 which is known to bind For the cysteaminyl-EDTA to specifically mediate the
to the negatively charged carboxyl side chains at the conformation-dependent cleavage of S-1 heavy chain seg-
N-terminus of actin 16). In a recent new model of the ments spatially close to Cys 540, its introduction at this
skeletal rigor acto-S-1 comple®?), the predicted structure  residue should not alter the major biological properties of
established for this loop was clearly placed very close to the protein. Our data indicated that it did not perturb the
the C-terminus of the helix from Gly 516 to Phe 542, making S-1 ATPase site but only moderatly reduced the maximum
part of the strong actin binding motif of S-1. Thus, by first rate of the acto-S-1 ATPase reaction without affecting the
associating to the loop and then to the nearby Cys 540, theaffinity of the S-1-ATP complex for F-actin. It is unlikely
NTB-cysteaminyl-EDTA would somewhat mimic actin, that the observed effect on the actin activation of S-1 was
which also sequentially binds to the same sites during the caused by the ability of Cys 540 to act as an essential
ATPase cycle, and in doing so, the reagent would behave asstructural determinant of the strong actin binding site because
a potent actin site-directed thiol modifier of the skeletal this residue is not strictly conserved in the myosin sequences
myosin motor. In the course of this study, we have also being replaced by different amino acid®l. However, Cys
similarly synthesized another mixed disulfide analogue which 540 is located just adjacent to the highly conserved cluster
included, besides the metal-binding tricarboxylic motif, the of acidic residues 537539 thought to be crucial for actin
fluorescent AEDANS group. Preliminary experiments indi- recognition 45). Interestingly, earlier, a point mutation at
cated that, under the standard conditions used with NTB- the position of Glu 538 in th®ictyosteliummyosin Il (Glu
cysteaminyl-EDTA, this compound modifies even more 531 — GIn) also caused mainly a decrease in the actin
specifically S-1 as its fluorescence was incorporated exclu- activation rate without affecting ATP binding and hydrolysis,
sively into the tryptic 50 kDa heavy chain fragment contain- as we observed with S-1 modified at Cys 54®)( This

ing Cys 540 and unsignificantly into the light chains. Mixed effect was shown to be linked with a 10-fold reduction in
disulfides of this class make possible direct fluorescence or the rigor binding affinity of the mutant for F-actin. Although
luminescence spectroscopy studies of the strong actin bindingwe did observe that at least 90% of our modified S-1 could
site of skeletal S-1 as well as of any other S-1 mutant bearingbe sedimented with F-actin in the absence of ATP, we did
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not measure the strength of this interaction. Thus, it is quite lever arm domain, the detection of the two latter important
possible that the small and flexible cysteaminyl-EDTA states of the helix is consistent with recent luminescence
tethered to Cys 540 has partially interfered with the full energy transfer data which indicate that the transition between
binding of actin to the adjacent acidic motif of residues537 these two complexes, thought to represent the pre-power
539 slowing the rate of the transition between the weakly stroke state and the post-power stroke state, respectively,
and strongly bound states of the acto-S-1 complex, therebygenerates the most substantial movement of the lever arm
causing the observed reduction of g, of the acto-S-1 domain @9). In this regard, it is noteworthy that the largest
ATPase. difference in the cleavage yield was also observed between
A further significant step in the work was the activation these two complexes (25 vs 80%). Furthermore, the distinct
of the EDTA—Fe chelate bound to Cys 540 by ascorbate helix conformation detected for acto-S-ADP as compared
with a concomitant site-specific cleavage of the S-1 heavy to acto-S-1 is in line with recent X-ray studies suggesting a
chain at three secondary structure elements located in thesmall axial movement of the lever arm domain upon binding
tertiary structure within a radius of about 15 A from this of ADP to the rigor actomyosin complex of rabbit skeletal
residue. The three pairs of fragments that are produced reflecmuscle 60). Thus, in several cases there is a correlation
the native state of S-1 as they are all suppressed when théetween the particular conformation of the switch Il helix
fragmentation was performed on the denatured protein. Theydetected by the proteolytic probe and a defined structural
did not result from oxidative damage of amino acid side state of the lever arm domain reported previously. This
chains along the heavy chain, as previous studies have showmbservation strengthens the proposal for the essential role
that the level of potential EDTAFe-promoted side chain  of this motif in the communication of the nucleotide-
oxidation was low and most cleavage events are thought topromoted conformational changes in the catalytic domain
occur in unoxidized protein populationkd). Thus, the level  to the latter amplifier domain of the S-1 molecuB.(
of generation of each peptide pair mainly monitors the degree  Because proteolysis is, in general, a highly sensitive probe
of solvent exposure of the cleavable peptide bonds and/orof the protein conformation, the actin site-specific chemical
the degree of their accessibility to the diffusible reactive cleavage, which we have employed, appears to be a valuable
oxygen species. Conformational changes in the secondarytool for assessing in solution the structural transitions of
structure segments harboring the cleavage sites are expecteghodest amplitude taking place in the switch Il helix during
to alter the hydrolytic susceptibility of these sites and to the functioning of the acto-S-1ATP complex. As some of
change the amounts of released peptides and/or the fragthese transient conformations could escape trapping in the
mentation pattern itselfl{). Our results revealed that the S-1 crystal, our approach usefully complements the crystal-
yield of the peptide pair comprising the 54 and 40 kDa heavy lographic analyses of the protein.
chain fragments was particularly sensitive to S-1 binding to
nucleotides, nucleotide analogues, and/or F-actin which eitherREFERENCES
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