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ABSTRACT. The complex of Ni(ll) and the tripeptide Gly-Gly-His catalyzes, in the presence of mono-
peroxyphthalic acid, a zero-length proteiprotein cross-linkingia an oxidative radical pathway involving
mainly aromatic amino acids and not at all nucleophilic residues [Brown, K. C., Yang, S.-H., and Kodadek,
T. (1995)Biochemistry 344733-4739]. We have taken advantage of this unprecedented cross-linking
system to directly and selectively probe the solution structure and functioning of the hydrophobic interface
between F-actin and skeletal myosin subfragment 1 (S-1) at the level of its aromatic components, in the
absence and in the presence of nuclotides (ATP and ADP) or nucleotide analogs (AMPRNahdPP
ADP-AIF,). Following verification of the structure of the Ni(Hpeptide chelate and of its oxidized
active form by electrospray mass spectrometry, complexes of F-actin and S-1 or proteolytic S-1 derivatives
and complexes of S-1 and proteolytic F-actin derivatives were readily cross-linked under various controlled
conditions without apparent alteration of the acto-S-1 recognition. The covalent adducts were identified
on electrophoretic gels using specific protein labeling with the oxidation-resistant fluorophor, monobro-
mobimane, combined with immunochemical staining. Two types of atiavy chain conjugates were
produced. One, with a mass of 180 kDa, was formed in the rigor state or with ADP bound; the other one,
with a mass of 200 kDa, was generated from the ternary complexes comprigifgcantaining ligand.

They were accumulated with an efficiency of 8 and 6%, respectively. For each reversible complex, the
180 kDa:200 kDa band ratio was essentially as predicted from the nucleotide-dependent A to R equilibrium
mechanism of the acto-S-1 interaction in solution [Geeves, A. M., and Conibear, P. B. @i®9phys.

J. 68 194s-201s]. Both covalent species resulted from the cross-linking of an actin monomer to the
central 50 kDa segment, and their distinct mobilities refle@®-mediated structural changes at or near

the actin-50 kDa fragment interface. Peptide mapping showed the cross-linking to take place between
the 506-561 S-1 segment and the 4813 actin stretch. The localization of these regions in the atomic
F-actin=S-1 model implies that nucleotide-modulated close contacts, involving aromatic residues, are
operating between the C-terminal helix of the hydrophobic strong actin-binding motif of S-1 bound to the
primary actin monomer and the top portion of the adjacent lower actin subunit. The specificity of the
nickel—peptide cross-linking, as assessed with the acto-S-1 complex, makes it a candidate for potential
general use in investigations of the hydrophobic interactions within other protein motor-based assembilies.

Hydrophobic interactions at the contact interface between critical to force generation as the latter process could be
F-actin and the motor domain of the globular head of myosin fueled, at least in part, by the free energy resulting from the
or S-1 are thought to play a major role in the chemome- masking of a large hydrophobic area at the acto-S-1 interface
chanical mechanism of muscle contraction. They predomi- (4, 5. The extent and strength of the hydrophobic aetin
nate in the posthydrolytic “strong” or rigor-like state which S-1 interactions are modulated by the phosphorylation state
is derived from a nucleotide-dependent isomerization of an of the nucleotide intermediate bound to the S-1 active site.
initial prehydrolytic “weak” binding state during the ATPase Because of the communication between the acto-S-1 interface
cycle 1—3). The assumption by the acto-S-1 complex of and they-phosphate subsité), the binding of they-phos-
the former tight binding conformation is believed to be phate moiety of ATP or its analogs alters, in an unknown
manner, the apolar structures and bonds linking the two
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subfragment 1; Na Dod SO sodium dodecyl sulfate; ATPase, of S-1 to its hydrophobic class of binding sites on acfift (

adenosine-5striphosphatase; MMPP, magnesium monoperoxyphthalic ; ; ; ;
acid: GGH-Ni(Il), the complex of Ni(ll) and the tripeptide NHBly- 9). Thus, studies assessing the architecture and dynamic
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N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid. the acto-S-1 interface promise to further improve our
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understanding of the functioning and regulation of the acto- procedure of ref 25. G-actin was obtained by depolymeri-
S-1-ATP system. zation of F-actin (2 mg/mL) in G-buffer (2 mM Tris-HCI,

The nature and location of the strong hydrophobic binding 0.2 mM CaC}, 0.2 mM ATP, and 0.1 mM Nail at pH 8.0).
motifs of the F-actir-S-1 complex have been suggested by This solution was sonicated three times, for 1 min each time,
the atomic model of this complex which was built by fitting at 0°C, at a frequency of 20 000 Hz in a Microson XL200S
the tertiary structure of the two proteins to each other in Cell disruptor and then centrifuged at 1809d0r 1 h at 4
accordance with assumed but not precisely determined’C. The protein was labeled with monobromobimane at Cys
conformational changes occurring upon complex formation 374 as described®6), and then the fluorescent G-actin was
(10, 19). Further studies employing site-directed mutagenesis 'epolymerized by adding KCI and Mg&tb final concentra-
have investigated the functional participation of some of the tions of 10 and 2 mM, respectively. S-1 labeled at SH-1
proposed apolar recognition residues on acti?) @nd S-1 ~ With monobromobimane was produced as descrif@i (
(13). On the other hand, the mutational approach cannot Restricted hydrolysis of S-1 into (250—20 kDa)-S-1
discriminate between side chains that are facing each othemith trypsin or into (28-48—22 kDa)-S-1 with endopro-
at the protein complex interface and those that maintain theteinase Glu-C was performed following the procedure of ref
conformation necessary for the interaction. More direct 28. The tryptic conversion of S-1 (2.8 mg/mL) into 25
information on the orientation of the protein surfaces and 40—-31 kDa)-S-1 (protease: S-1 weight ratio of 1:20) was
on their rearrangements upon ligand binding can be obtainedcarried out in the presence of a 2-fold molar excess of F-actin
from analysis of the chemically cross-linked proteins. in 10 mM MOPS, 0.1 mM ADP, 0.1 mM Cagl10 mM
Earlier, several cross-linking investigations of the F-aetin ~ KCI, and 2 mM MgC} at pH 7.5 and 25C for 60 min.

S-1 complex have led to the characterization of contact sitesSubtilisin-split G-actin was produced and polymerized as
that are involved in the ionic interactions between the two reported 29). MgADP-BeF—F-actin was prepared and
proteins (4—19). Unfortunately, the employed protein cleaved with subtilisin according to ref 30.

cross-linkers and those so far available are unable to induce \onospecific polyclonal antibodies directed against the
the covalent coupling of the acto-S-1 complex through its central tryptic 50 kDa fragment of the S-1 heavy chain were
hydrophobic interface because they react only on nucleophilicisp|ated from rabbits immunized with the conjugate of
groups. However, the chelate formed by the tripeptide Gly- keyhole limpet hemocyanin and a synthetic peptide spanning
Gly-His and Ni(ll) h.as peen recgptly reported to spemf!cally residues 398414 of human cardiag-myosin heavy chain.
catalyze, under oxidative conditions, the covalent union of They were affinity purified over immobilized rabbit skeletal
associated proteins mainlyia the aromatic side chain  myosin. Polyclonal antibodies directed to N-terminal amino
moieties without a contribution of any nucleophilic residue gcigs 1-12 of actin were prepared from rabbit immune sera
(20). The former functions are thought to be chemically yaised against the DNase-G-actin complex 31). Poly-

activated as free radit;als which di_rectly react on juxtaposed ¢|onal rat antibodies specifically directed against actin
unsaturated groups with the establishment of stable and zerogegment 46113 were obtained and affinity purified as

length bonds. This.novel protein cross-linking strategy yeported earlier3?).
prompted us to selectively probe the apolar acto-S-1 interface
at the level of its aromatic amino acids. The present work
describes the GGH-Ni(ll)-promoted cross-linking of the o : .
skeletal acto-S-1 in the rigor state and complexed to for Sl or S-1 derivatives and 11.0 cfrfor actin or actin
nucleotides or nucleotide analogs. The results reveal thedenvaﬂves.

cross-linking of the 48113 actin stretch at the top region ~ Cross-Linking Reactions Using Oxidized GGH-Ni(ITjhe

of subdomain 1 with strand of S-1 residues 5661, experiments were conducted on preformed complexes of
including the primary strong, hydrophobic actin-binding acto-S-1 or acto-S-1 derivatives (505 uM; actin:S-1 molar
motif and residing in the lower 50 kDa subdomain. They ratio of 1:1) which were collected by centrifugation at
also illustrate the specific influence of thephosphate ~ 40000@ for 20 min at 4°C and resuspended, in the absence
moiety of the nucleotides on the covalent reaction. Prelimi- and in the presence of ATP, ADP, PRMPPNP, or ADP

nary data of this work have been reported in abstract form AlF4, in 50 mM Tris-HCI, 50 mM NaCl, 2 mM MgGCl (pH

Protein concentrations were determined spectrophotometri-
cally with an extinction coefficient oA}y, of 7.5 cnm?

(22). 7.5), and 1 mM GGH-Ni(ll). The latter chelate was added
from a concentrated aqueous solution, containing 100 mM
MATERIALS AND METHODS nickel acetate and 100 mM peptide, which was prepared just

prior to use 20). Protein conjugation was initiated by the

Chemicals. The peptide Gly-Gly-His, monobromobimane, addition of the oxidizing agent, MMPP, to 1 mM. After
thrombin from human plasma (2450 NIH units/mg), and maximally 1 min at 20°C, the chemical reaction was
affinity-purified antibody directed against the 11 C-terminal terminated with a 100-fold molar excess @imercaptoet-
residues of actin were supplied by Sigma. Nickel(ll) acetate hanol over MMPP. The cross-linking process was analyzed
tetrahydrate and magnesium monoperoxyphthalic acid hexahy-by Na Dod SQ—acrylamide gel electrophoresis. In some
drate were purchased from Aldrich. TPCK-treated trypsin expriments, the covalent acto-S-1 complexes were separated
and endoprOtEinase Glu-C were obtained from Worthington from non-cross-linked S-1 before ge| e|ectrophoresis by
and ICN BiOChemicals, respectively. Subtilisin was from Centrifugation at 4000@1:0[' 20 min at 4°C' after mixing
Boehringer-Mannheim. with an equal volume of dissociating solution containing 50

Protein Preparations. Rabbit skeletal myosin was pre- mM MOPS 1 M NacCl, 10 mM MgC}, and 10 mM sodium
pared as describe®?). Chymotryptic S-1 was obtained pyrophosphate at pH 8.0. The resulting protein pellet was
according to ref 23 and was further purified over Sephacryl then resuspended in 50 mM MOPS and 2 mM MgatipH
S300 @4). Rabbit skeletal F-actin was prepared by the 7.0.
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Electrophoresis and ImmunoblottingNa Dod SQ—
polyacrylamide gradient gel electrophoresis (5 to 18%) was
carried out as described previoush4). Fluorescent bands
were located in the gel by illumination with a long wave
ultraviolet light before staining with Coomassie blue. Den-
sitometric scanning of the gels was performed with a
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Mass SpectrometryElectrospray ionization mass spectra
of the GGH-Ni(Il) complex before and after oxidation were
acquired on a VG Trio-2000 mass spectrometer as previously
described 35).

RESULTS

Schimadzu model CS-930 high-resolution gel scanner equipped GGH-NI(Il)-Promoted Cross-Linking of the Rigor Acto-

with a computerized integrator. The following proteins were
used as molecular weight markers: myosin heavy chain
(220 000), thep'-subunit (165 000) and thg-subunit
(155 000) of RNA polymerasgj-galactosidase (130 000),
S-1 heavy chain (95 000), and actin (42 000).
Immunoblotting was done on nitrocellulose sheets (0.45
uM) according to ref 33. Protein bands comprised of actin
or the 50 kDa S-1 heavy chain fragment were stained with

S-1 Complex. In contrast to the previous cross-linking
reactions which are initiated by a single, structurally well-
defined protein cross-linker, the present cross-linking process
requires the combination of the three reactants, GGH, Ni-
(I, and MMPP, for the generatiorn situ, of an oxidized
GGH-Ni(ll) complex, the actual catalyst of the reaction.
Consequently, prior to the acto-S-1 cross-linking experi-
ments, we first assessed the composition of the metallopep-

the respective antibodies and then visualized by a peroxidasetide mixture before and after its oxidation with MMPP, using

conjugated goat anti-rabbit 1gG usingrnaphthol as the
substrate.

ATPase AssaysThe Mg"™-ATPase of the covalent acto-
S-1 complexes was assayed in a medium (1 mL) containing
5 mM ATP, 2.5 mM MgC}, 10 mM KCI, and 50 mM Tris-
HCI (pH 8.0) using 0.75 nmol of S-1. The MgATPase
of un-cross-linked S-1 obtained in the supernatant after
dissociation and centrifugation was measured under similar
conditions using 1 mg of F-actin and 0.50 nmol of S-1.
Liberated Pwas determined colorimetrically as previously
reported 84).

Proteolytic Digestions of the Galent Acto-S-1 Complexes
and Sequence Analyse&ollowing 1 min of cross-linking
of F-actin—S-1 (75uM) and the quenching of the reaction
with 5-mercatoethanol, the covalent acto-S-1 complexes first
separated from non-cross-linked S-1 by treatment with the
dissociating solution were resuspended in 50 mM MOPS at
pH 7.0 and mixed with an equal volume of a depolymeri-
zation solution containing 100 mM MOPS, 1.2 M Kl, 1 mM
ATP, 1 mM CaC}, and 2 mM dithioerythritol at pH 8.QL().
After incubation for 30 min at £C, the mixtures were
clarified by centrifugation, brought to 1 mM EDTA, and
exhaustively dialyzed overnight at 4C, against 2 mM
HEPES, 0.1 mM CaGJ] 0.5 mM ATP, 0.2 mM dithioeryth-
ritol, and 1 mM EDTA at pH 8.0. After recentrifugation,
the protein solutions were treated with thrombin at a protease:
actin weight ratio of 1:25, at 2%C for 45 min. The digests
were then directly analyzed by gel electrophoresis.

Following 1 min of cross-linking between F-actin and
(25—-50—20 kDa)-S-1, the reaction medium was supple-
mented with3-mercaptoethanol, mixed with an equal volume
of the dissociating solution (50 mM MOR% M NacCl, 10
mM MgCl,, and 10 mM sodium pyrophosphate at pH 8.0),
and the protein solution was digested with trypsin (enzyme:
S-1 weight ratio of 1:25) for 90 min at Z%. The digestion
was stopped by the addition of soybean trypsin inhibitor,
and the mixture was centriguged at 4009@0r 20 min, at
4 °C. The protein pellet was then resuspended in 50 mM
MOPS and 2 mM MgGlat pH 7.0 and submitted to the
electrophoretic analysis. The resulting 60 kDa protein band
was electroblotted onto a poly(vinylidene difluoride) mem-
brane and subjected to NHerminal sequencing using a

electrospray ionization mass spectrometry. This soft tech-
nigue allows the transfer of noncovalently associated ligands
present in solution to the gas phase with minimal decomposi-
tion and provides a mean of achieving their specific
characterization36). In particular, it has been employed
to detect divalent cation-mediated complexation of peptides
occurring in the solution phas8g, 37). Figure 1A illustrates
the mass spectrum registered for the starting commercial
sample of the tripeptide dissolved in water before complex-
ation to Ni(ll). It reveals the presence of four major species;
three having molecular masses of 155.0 , 212.3, and 269.0
Da were assigned to His, Gly-His and Gly-Gly-His, respec-
tively (calculated molecular mass values of 155.20, 212.25,
and 269.34 Da, respectively). The fourth deconvoluted peak
with the smallest molecular mass of 108.5 Da could not be
identified. Upon the addition of Ni(OAg) the spectrum
recorded showed the appearance of two new peaks (Figure
1B). The first entity with a molecular mass of 325.1 Da
must correspond to the GGH-Ni(ll) complex whose calcu-
lated molecular mass is 326.03 Da, taking into account the
deprotonation of two amide nitrogenes known to occur upon
binding of a divalent cation to the tripeptid2Q). The
second species which has a molecular mass of 352.3 Da was
tentatively attributed to a GGH-Ni(ll) complex with water
molecules coordinated to the bound metal. The precise
chemical structure of such a complex is unknown. Both
metallopeptide complexes are certainly in equilibrium with
free GGH. However, the observed peak height of the latter
species cannot provide quantitative information about the
relative amount of noncomplexed peptide present in solution
since the precise relationship between binding constants and
the preservation of noncovalent complexes in the gas phase
is not well established3g). The treatment of the peptide
nickel mixture with MMPP resulted in a significant decrease
of the GGH-Ni(ll) peak at 325.1 Da and the broadening of
the peak around 352 Da (Figure 1C). Together, these two
features suggest the extensive oxidative conversion of the
GGH-NIi(ll) complex into a novel species with a molecular
mass near 352 Da. The latter derivative likely represents
the proposed GGH-Ni(ll)-oxo complex acting as the direct
protein—protein cross-linkerZ0).

When the rigor F-actinS-1 complex was subjected to

Perkin-Elmer Procise 492 sequencer operated according tooxidized GGH-Ni(ll) and then analyzed by gel electrophore-

the manufacturer’s pulsed liquid program. The ANerminal

sis, a novel protein band pattern was obtained as depicted

sequence of the 31 kDa peptide was similarly analyzed afterin Figure 2C. The reaction gave rise within a few seconds

electrophoretic separation of the heavy chain fragments of
(25-40-31 kDa)-S-1.

to a major product with an apparent molecular mass of 180
kDa and to a pair of closely migrating faint bands at the
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1004, e FIGURE 2: Electrophoretic analysis of the cross-linking between
” F-actin and S-1 with MMPP-oxidized GGH-Ni(ll). Acto-S-1 (75
| uM) in 50 mM Tris-HCI, 50 mM NacCl, and 2 mM MgGlat pH
2671 7.5 was cross-linked at 20 with GGH-Ni (1 mM) and MMPP
G-G-H (1 mM) as described in Materials and Methods. At the indicated
2160 time intervals of the chemical reaction, protein aliquots were directly
% e mixed with Laemmli buffer containing 598-mercaptoethanol to

guench the cross-linking process and then subjected to Na Dod
SO, gel electrophoresismma 5 to 18%gradient acrylamide (C).

G-GH ¢ F-actin (40uM) (A) and S-1 (40uM) (B) were treated separately
325.4 0s under similar conditions, as controls. St represents protein molecular
weight markers.
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patterns were obtained using actin:S-1 molar ratios of 1 or
Molecular Mass (Daltons) 2. Also, no change_ was noticed yvhen the coupling process

was conducted during a time period of longer than 1 min or

Ficure 1. Electrospray ionization mass analysis of the cross-linking when the pH was varied between 7.0 and 8.0. In contrast,
agent, GGH-Ni(ll). The deconvoluted electrospray mass spectra arethe yield of the 180 kDa product, estimated by densitometry

shown for the employed commercial sample of the free tripeptide ; 0 ; Nli ~
GGH (A), its complex, GGH-Ni(ll), obained by the addition of an as approximately 8%, decreased with GGH-NI(ll) concentra

equimolar amount of nickel acetate (B), and the oxidized GGH- [IONS below 1 mM. However, it was not improved W'th
Ni(ll) form produced by further treatment with MMPP (C). higher reagent concentrations of up to 2 mM. The 1 min
exposure of acto-S-1 to GGH-Ni(ll) and MMPP did not
260 kDa position. The former entity was not formed by induce any secondary oxidative cleavage of the S-1 or actin
incubating, under the same experimental conditions, actin polypeptide chain (Figure 2). Moreover, and most impor-
or S-1, used separately as controls (panels A and B of Figuretantly, all the residual non-cross-linked complex could be
2, respectively). While the electrophoretic pattern of actin sedimented at the end of the reaction, indicating no apparent
did not change at all (Figure 2A), that of S-1 showed an effect of the cross-linking compounds on the interaction
accumulation of the 260 kDa bands together with a larger properties of the reversibly associated proteins.
molecular mass species (Figure 2B). As will be demon-  GGH-Ni(ll) Cross-Linking of Acto-S-1 Complexed to
strated below, the 180 kDa entity is a conjugate of actin and Nucleotides or Nucleotide AnalogdJsing the established
the S-1 heavy chain whereas the 260 kDa materials represenbptimal exprimental conditions, we further accomplished the
cross-linked S-1 heavy chain oligomers, most likely dimers, cross-linking of acto-S-1 in the presence of MgATP,
generated only from the free S-1 which were suppressed orMgADP, or the nucleotide analogs MgRPRgAMPPNP, or
strongly diminished upon binding of S-1 to actin. Thus, the MgADP-AlIF,. To ensure saturation of the complex with
band intensity of the latter adducts is an intrinsic marker of each ligand and a relatively high concentration of the
the dissociation extent in solution of the acto-S-1 complex. corresponding ternary complex, the reactions were performed
As expected, no cross-linking event was observed by omitting using increasing concentrations of nucleotide or analog which
one of the three reagents of the reaction or by replacing Ni- were added to 7aM acto-S-1. The overall cross-linking
(I with Cd, Co, or Zn. Similar acto-S-1 cross-linking analyses are presented in Figure 3. The inclusion of the
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Ficure 3: GGH-Ni(ll) cross-linking of the acto-S-1 complex in the presence of nucleotides or nucleotide analogs and during the ATPase
reaction. The cross-linking experiments were conducted for 45 s, as specified in Figure 2, using varying concentrations (8)MgPP
MgATP (B), MgADP (D), MgAMPPNP (E), or Mg ADRAIF, (F) which were added just before initiating the conjugation reaction with
MMPP. The acto-S-1 complex (78M) was also incubated at 2& in 50 mM Tris-HCI, 50 mM NacCl, and 2 mM Mgght pH 7.5, with
a fixed MgATP concentration of 4 mM; at the end of each indicated time interval of the ATPase reactib?0(8), the protein sample
is immediately subjected to a 45 s cross-linking reaction (C). All cross-linking reactions were stopped with the Laemmli buffer and analyzed
by 5 to 18% gradient acrylamide gel electrophoresis. In panels E and F, the gel profile at the optimal ligand concentration is shown.

y-phosphate-containing ligands, iPRTP, AMPPNP, and Moreover, and most importantly, the high rate of the GGH-
ADP-AIF, (panels A, B, E, and F of Figure 3, respectively), Ni(ll)-induced cross-linking enabled us to monitor the
led to a typical change of the acto-S-1 cross-linking pattern. relationship between the 180 and 200 kDa derivatives in the
A novel protein component with an apparent molecular mass course of the acto-S-1 ATPase reaction (Figure 3C). For
of 200 kDa was generated, and concomitantly, either the 180this purpose, a 45 s cross-linking was carried out on acto-
kDa species disappeared, as observed with ATP, AMPPNP,S-1 incubated with a saturating concentration of ATP for
and ADPRAIF, (panels B, E, and F of Figure 3, respectively), varying time intervals between 0 and 120 s. During the first
or its band intensity strongly decreased at the optimal ligand 30 s of the ATPase process, only the 200 kDa entity was
concentration employed, as in the case of FRyure 3A). produced. But, as the enzymatic reaction progressed and
In contrast, the cross-linking of the acto-S-ADP complex ATP was hydrolyzed, the band intensity of the latter species
gave a prominent 180 kDa band together with a detectablefell with a concomitant accumulation of the 180 kDa adduct.
minute amount of the 200 kDa product (Figure 3D). The The final cross-linking pattern reached after 120 s of ATPase
latter material was never observed upon cross-linking the reaction was identical with that displayed by the acto-S-1
rigor acto-S-1. Because all nucleotides and analogs weakenrADP complex (Figure 3D). A simple calculation based on
the affinity of S-1 for actin, the formation of the 200 kDa the S-1 concentration (78M) and its activity of 1 s? at
material is accompanied by a greater production of the 260 the beginning of the experiment indicated that abouj#nsl

kDa doublet issued form S-1 not attached to actin. Thus, of ATP/min would be turned over and that upon 2 min of
each cross-linking pattern essentially reflects the rapid reaction all the ATP (4 mM) was consumed. Thus, the
equilibrium in solution between the ternary acto-Shgjand observed change in the migration pattern of the bands is
complex and dissociated acto-S-1, under the experimentalcorrelated on the correct time scale to the ATPase intermedi-
conditions used. Although nucleotides complexed to Ni(ll) ates. Collectively, the data suggest that the nucleotide-
were reported to bind to the S-1 ATPase si&8)( control modulated generation of the 180 kba00 kDa protein
experiments, employing such complexes and MMPP, but complexes is a manifestation of the transition of acto-S-1
without GGH, failed to yield any cross-linked product. By between the strongly attached state and the weakly attached
densitometric scanning of the gels, we estimated the yield state.

of the 200 kDa band mediated by GGH-Ni(ll) to be 6%. In order to determine the protein composition of the
Similar measurements for the acto-SADP complex 180kDa-200 kDa bands, actin or S-1 was fluorescently
provided an approximate value of the 180 kDa:200 kDa band labeled with monobromobimane prior to cross-linking. This
ratio of 0.85:0.15€5.6). For acto-S-3PR, the value found  fluorophor was selected because it did not react with the
was less than 0.1, whereas for the other complexes, the raticoxidized metal complex with severe quenching of the
was close to zero as there was no measurable 180 kDa bandluorescence in contrast to the class of dyes including an
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A B C respective residual un-cross-linked S-1 species also gave the
different turnover rate values of 0.6 and 0.13,gespec-
O® 6w 0® vely. . .
o , Identification of the GGH-Ni(ll)-Cross-Linked Fragments
on the S-1 Heay Chain. To characterize the S-1 heavy chain
KDa regions cross-linked to actin, the cross-linking reactions with
’ or without nucleotides or analogs were performed on
complexes of F-actin and preformed proteolytic S-1 deriva-
tives (25-50—20 kDa)-S-1 (Figure 5A) or (2848—22
kDa)-S-1 (Figure 5B). These complexes included either
fluorescent actin or fluorescent fragmented S-1. The rigor
complex between actin and the tryptic (250—20 kDa)-
S-1 produced a single 90 kDa band containing the actin
fluorescence only (Figure 5A, lanes b and f) and reacting
with the antibody against the 50 kDa heavy chain fragment
(Figure 5A, lane h). This product was regarded as the actin
50 kDa fragment species derived from the 180 kDa conju-
gate. The cross-linking of the same complex in the presence
of MgPR vyielded a single slower band including also the
actin fluorescence only and which obviously represents the
actin—50 kDa peptide adduct related to the nucleotide-
dependent 200 kDa species (Figure 5A, lanes ¢ and g).
When the S-1 derivative employed is the V8-split {28B—

Actin----- -“

Al — - L .
. 22 kDa)-S-1, the fluorescence patterns indicated the similar
. formation of two differently migrating actin48 kDa peptide
A2-- o 4 — S e bands (Figure 5B, lanes1g). In addition, each species was
a c a c

e ) N accompanied by the production of a new less abundant
Ficure 4: Determination of the protein composition of the 180 protein band which was associated with the fluorescence of

and 200 kDa covalent species. Oxidized GGH-Ni(ll) was reacted : ) :
for 1 min in the absence-) or presence-£) of 1 mM MgPR with actin and the fluorescence of the 22 kDa S-1 heavy chain

acto-S-1 complexes (50M), including either bimane-labeled S-1 ~ fragment (Figure 5B, lanes—g). It should represent an
(B) or bimane-labeled actin (C), using the experimental conditions actin—22 kDa S-1 heavy chain adduct. Notably, the genera-
reported in Figure 2. After quenching of the cross-linking with tion of this peptide material was negligible during the
p-mercaptoethanol added at a 100-fold molar excess over MMPPvcoupIing of actin to the tryptic S-1 (Figure 5A), suggesting

the protein mixtures were supplemented with an equal volume of : .
dissociating solution and centrifuged as specified in Materials and Fhat the structural integrity of the 520 kDa connector

Methods. The corresponding pellets were resuspended in 50 mmjunction, present in the 22 kDa fragment but absent in the
MOPS and 2 mM MgGl at pH 7.0 and analyzed by gel 20 kDa peptide, is required for cross-linking. From all these

electrophoresis. The fluorescence incorporation into the 180 anddata, we conclude that GGH-Ni(ll) promotes the cross-
t2h0e0 ke||3$a V\?gr%u\(/:it;ﬁa%nﬁ dbe?B(zl(I:i' rﬁts(%egﬂ‘éeg) was %"gggfﬁgsgiféerlinking of actin mainly to the central 50 kDa and marginally
bluegstaining (A). Lanes a are agcto-S-l compII)exes before cross-t© the COOH-terminal 22 l,(D?' segments of the S-1 heavy
linking. chain. The former cross-linking event appears to be par-
ticularly sensitive to nucleotide binding to S-1 and determines
aromatic group. As shown in lanes b and c of Figure 4B, the above observed change in the electrophoretic mobility
both adducts incorporated the fluorescence of the bimane of the covalent actirn95 kDa S-1 heavy chain complex. The
S-1 heavy chain as well as the bimareztin fluorescence latter peculiarity is unlikely to result from an internal cross-
(Figure 4C, lanes b and c), indicating unambiguously that linking in actin and/or the S-1 heavy chain as the residual
they result from the covalent coupling of actin to the S-1 proteins migrated normally. Finally, the complete lack of
heavy chain. On the other hand, only the fluorescence of interfragment cross-linking clearly indicates that the inter-
the bimane-S-1 heavy chain was associated with the slower molecular coupling between actin and the S-1 heavy chain
migrating species with a mass value of 260 kDa, thus was the major process catalyzed by oxidized GGH-Ni(ll).
substantiating their identification as cross-linked heavy chain  Characterization of the Cross-Linked Peptide Stretches in
oligomers (Figure 4B, lane c). Actin and in the 50 kDa Heg Chain Segmentin order to
Finally, we have also analyzed the elevatedMgTPase specify the site(s) of cross-linking between actin and the 50
activity displayed by the covalent acto-S-1 complexes kDa region, we combined two experimental approaches. The
corresponding to the 180 or 200 kDa entities. The measuredfirst one involved the coupling of S-1 to two different
turnover rates were 20 and 4.5 srespectively. The ATPase  subtilisin-cleaved F-actin derivatives and the cross-linking
rate of the former complex compares well with that previ- of F-actin to the tryptic (2540—31 kDa)-S-1. The second
ously found for acto-S-1 complexes cross-linked with dif- approach was based on the specific proteolytic digestion of
ferent cross-linkersl(7). The lower enzymatic activity of  either actin or the 50 kDa heavy chain region within the
the complex related to the 200 kDa species was brought aboupreformed covalent acto-S-1 complexes. The overall results
by secondary oxidative effects of the cross-linking reaction are depicted in Figures 6 and 7. The reaction of GGH-Ni-
on S-1 which became less tightly bound to and protected by (I1) with the rigor complex of S-1 and polymerized subtilisin-
actin in the presence of thephosphate-containing ligands.  split (9—35 kDa)-actin generated a single new product with
Indeed, control actin-activated ATPase determinations on thea mass value of 170 kDa which was replaced by a 195 kDa
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Ficure 5: Analysis of the cross-linking between F-actin and proteolytic S-1 derivatives with oxidized GGH-Ni(ll). Complexegldt 50
of actin and (25-50—20 kDa)-S-1 (A) or (28-48—22 kDa)-S-1 (B) were cross-linked for 1 min in the absenegdr in the presencet)
of 1 mM MgPR, and at the end of the reaction, they were processed as in Figure 4. They comprised either fluorescent3sitarees
d and e) or fluorescent bimaneactin (lanes f and g). Coomassie blue-stained 5 to 18% acrylamide gels (langware compared with
corresponding fluorescent gels (lanesg) viewed under UV light. The gel of the actif25—50—20 kDa)-S-1 complex cross-linked
without MgPR was also stained with the antipeptide antibody recognizing the 50 kDa heavy chain segment to visualize-tb@ &€t
adduct (A, lane h).
species when MgRWas present in the cross-linking solution linking the rigor complex of F-actin and the tryptic (25
(Figure 6A, lanes a and b, respectively). They could be only 40—31 kDa)-S-1 derivative. A moderate amount of the latter
the adducts of the S-1 heavy chain and the 35 kDa COOH- material could be reproducibly generated by digesting the
terminal actin fragment spanning residues-885. For the native F-actin-S-1 complex at a high S-1:protease weight
two same reactions performed on the complex of S-1 andratio (Figure 7A, lane a). Actin afforded protection against
subtilisin-cut (2716 kDa)-F-actin-ADP-Bek, the two new the scission of the 5620 kDa junction, giving rise to an
distinct entities detected displayed apparent molecular massaccumulation of intact COOH-terminal 70 kDa heavy chain
values of 150 and 160 kDa, respectively (Figure 6B, lanes b fragment, but it also induced a selective partial cleavage of
and c). They were thought to represent the two cross-linkedthe latter segment into fragments of 40 and 31 kDa. By
complexes of the S-1 heavy chain and the 27 kDa,NH sequencing the 10 Nterminal amino acids of the isolated
terminal actin fragment encompasssing amino aciel234. 31 kDa peptide, we identified its NHerminus as Ser 562.
On the other hand, the direct thrombic digestion of the two The proteolytic sensitivity of the heavy chain at this site has
preformed covalent acto-S-1 complexes, including the 180 been described earlier (24). Following gel electrophoresis
or 200 kDa actin-heavy chain conjugates, resulted also in of the GGH-Ni(ll)-treated acto-S-1 digest (Figure 7A, lane
the production of two new protein bands with molecular b), the nature of the heavy chain fragments cross-linked to
masses of 110 kDa and 115 kDa, respectively (Figure 6C, actin was probed by the use of the antipeptide antibody
lanes b and d). They were regarded as the adducts of thespecifically recognizing the 17-residue segment including
intact S-1 heavy chain and the 10 kDa actin fragment Arg 405 in the 50 kDa region of the skeletal S-1 heavy chain
consisting of residues 40113. This assignment was con- (Figure 7A, lane c). Besides the expected aclid kDa
firmed by immunoblotting of the 115 kDa species (Figure and actin-50 kDa adducts, the immunoblot revealed also a
6C, lane e) and the 110 kDa band (data not shown) with the new faster migrating band which must correspond to the
antibody to the 46113 actin segment. On the basis of these covalent complex of actin and the 40 kDa fragment spanning
combined data, which are summarized in Figure 8, we residues 214561. The fluorescence pattern obtained when
conclude that the stretch of actin between Gly 48 and Lys the same experiment was performed using the fragmented
113 harbors the site(s) involved in its cross-linking to the bimane-S-1 confirmed this assignment as no product issued
S-1 heavy chain in the absence as well as in the presence ofrom the cross-linking of actin to fluorescent 31 kDa peptide
nucleotides or analogs. was detected (data not shown).

Finally, the location of the cross-linking site(s) within the To further narrow the positioning of the heavy chain cross-
50 kDa heavy chain fragment was assessed by first crossdinks, the preformed covalent complex between F-actin and
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Ficure 6: Identification of the cross-linked actin segment. (A) S-1 (80) was coupled for 1 min at 20C to polymerized subtilisif

G-actin (60uM) with oxidized GGH-Ni(ll), in the absence-() (lane a) or presencet) (lane b) of 2 MM MgPPR The protein mixtures

were traited with3-mercaptoethanol followed by the dissociating solution and then centrifuged as detailed in Figure 4. The resupended
protein pellets were electrophoresed. Cross-linked acto-S-1 (T1) and actdA§PR (T2) complexes were used as controls. (B) S-1 was
similarly cross-linked to subtilisin-split MgADBeF-F-actin with (lane c) or without (lane b) added MgPRane a is a gel pattern of the
complex of S-1 and the proteolytic F-actin derivative before cross-linking. (C) Thrombic cleavage of the 180 kDa (lanes a and b) and 200
kDa (lanes ¢ and d) covalent species generated by GGH-Ni(ll) cross-linking of the acto-S-1 complex in the absandgpfesenceX)

of MgPR, respectively. The cross-linked F-actiB-1 complexes obtained after 1 min of conjugation reaction were isolated, depolymerized,
and digested with thrombin as indicated in Materials and Methods. The Coomassie blue-stained gel profiles before (lanes a and c¢) and after
(lanes b and d) the proteolysis are shown. Lane e is an immunoblot of the digest of the 200 kDa derivative using the antibody to the actin
segment 46:113. Note that the digest of the 180 kDa product gave an identical immunostaining pattern.

(25—50—-20 kDa)-S-1 was subjected to an extensive tryptic anticipate that its protein composition is similar to that found
hydrolysis under dissociating conditions. The electrophe- for the 60 kDa derivative and, therefore, that the 5661
rogram of the digest, presented in lanes a and b of Figuresegment is also engaged in the cross-linking to actin
7B, showed a decrease of the band intensity of the initial modulated by nucleotides or analogs.

actin—50 kDa fragment adduct with a concomitant produc-

tion of a new species migrating at the 60 kDa position. This DISCUSSION
protein band was stained by two distinct actin antibodies, In the present work, we have designed experimental
one directed to the Njfterminus (Figure 7B, lanes c and d) conditions allowing nucleotide-modulated cross-linking of
and the other to the COOH terminus of actin (data not F-actin to the 95 kDa S-1 heavy chain with the oxidized
shown). On the other hand, it did not react with the antibody GGH-Ni(ll) chelate. Except for the production of heavy
against the heavy chain stretch around Arg 405 (data notchain oligomers from S-1 not attached to actin, neither actin
shown). Amino acid sequencing of the isolated 60 kDa band actin nor heavy chainlight chain coupling occurred to a
revealed a single Njterminal sequence begining at Glu 506 significant extent. The former intermolecular cross-linking
of the S-1 heavy chain. This result in conjunction with the between S-1 molecules could result from an autoassociation
Western blotting indicates that it was composed of intact of the protein caused by the oxidation with MMPP of
actin and, most likely, the COOH-terminal portion of the sensitive thiols such as SH1 and SH2. The latter sulfhydryls
50 kDa region between residues 506 and 636. From theare known to be protected from chemical modification by
overall data schematically depicted Figure 8, it can be rigor binding of S-1 to F-actin39) which also protected the
deduced that the cross-linking site(s) to actin on the 50 kDa S-1 against ATPase loss during the GGH-Ni(ll)-mediated
fragment resides within the strand encompassing Glu506 cross-linking reaction.

Lys 561. It is noteworthy that the slower actiBO kDa In the two covalent actinS-1 heavy chain complexes of
fragment adduct induced by the phosphorylated ligands did 180 and 200 kDa we have characterized, actin was conju-
also generate, upon extensive tryptic hydrolysis, a slower gated mainly to the 50 kDa heavy chain segment which
species with an apparent mass of 65 kDa (data not shown).harbors most of the structural elements contributing to the
Although we have not analyzed it in more detail, we interface between F-actin and SAD(17). A striking feature
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FiGure 7: ldentification of the cross-linked region within the 50 kDa S-1 heavy chain fragment. (A) The complex of F-actin and the tryptic
(25—40—31 kDa)-S-1 derivative (lane a) (#BV) was cross-linked with oxidized GGH-Ni(ll) for 1 min. After the quenching of the reaction

with B-mercaptoehtanol and centrifugation in the presence of the dissociating solution, the pelleted proteins were analyzed by gel
electrophoresis. The Coomassie blue-stained protein band pattern (lane b) was compared with the corresponding immunoblot (lane ¢) using
the anti-50 kDa fragment antibody. (B) The complex of F-actin and-&5-20 kDa)-S-1 (75:M) was cross-linked for 1 min, treated with
[-mercaptoethanol, mixed with an equal volume of dissociating solution, and directly subjected to extensive tryptic hydrolysis as specified
in Materials and Methods. Cross-linked protein samples were analyzed by gel electrophoresis before (lanes a and c) and after tryptic
digestion (lanes b and d). The gels were stained with Coomassie blue (lanes a and b) or immunoblotted with anti-actin antibodies directed
against residues-112 (lanes c and d). Note that an identical immunoblot was obtained using antibodies directed to the 11 C-terminal actin
residues.

of the actin-50 kDa fragment adduct was the change of its generated the pair of 180 and 200 kDa species. Furthermore,
hydrodynamic properties on the electrophoretic gels uponthe measured relative amounts of the two latter covalent
association of &-phosphate-containing nucleotide or analog products were as expected from the reported values of the
to the S-1 ATPase site during the acto-S-1 coupling process.equilibrium constank; defining for the acto-S-2ADP and

No such nucleotide-dependent alteration of the electro- acto-S-1-PR complexes the fraction of each complex in the
phoretic mobility was previously observed for the covalent two states A and R2, 43, 49. Earlier, the detection in
actinr—50 kDa peptide complexes generated by acto-S-1 solution of these two major acto-S-1 complexes and the
cross-linkingvia polar residues of the interfacaq, 40- analysis of their interconversion were achieved using fluo-
42). The acto-S-1 cross-linking patterns we obtained for the rescence spectroscopy with either protein labeled with an
first time in this study can be best interpreted in terms of extrinsic fluorophor. The cross-linking of native acto-S-1
the three-step mechanism of the actomyosin interaction inwith oxidized GGH-Ni(ll) offers a novel useful tool for
solution which involves a nucleotide-dependent equilibrium monitoring these complexes under a variety of experimental
between two conformationally different states designated the conditions as long as they do not interfere with the production
A state and the R stat@(3). The first complex, consisting  of the protein-derived aromatic radicals.

of weakly attached acto-S-1, predominantly formed upon The GGH-Ni(ll)-catalyzed acto-S-1 conjugation is as-
binding of they-phosphate-containing ligands, ATP,;PP  sumed to be initiated by the radicalization of the aromatic
AMPPPNP, or ADPAIF,, was trapped by GGH-Ni(ll) cross-  group of phenylalanine, tyrosine, or tryptophan residues
linking as a covalent 200 kDa species. The second complexwhich could be placed on actin or S-1. This step would be
including strongly attached acto-S-1, accumulated in the followed by the direct addition of the transient reactive free
absence of nucleotides or with ADP bound, was cross-linked radical species to the adjacent double bond of either another
as a 180 kDa entity. This proposal is supported by the aromatic ring or the carbonyl function of the polypeptide
correlation between the reported equilibrium constatits  chain @0). The efficiency of the overall reaction is thought
for the A to R isomerization states of acto-S-1 and the band to be dependent on the number and degree of exposure of
ratios we measured for the 180 and 200 kDa covalent the aromatic side chains at the protein complex interface.
complexes (Table 1). It is reinforced by the finding that The estimated efficiency of the acto-S-1 cross-linking in the
the acto-S-+ ADP and acto-S-£PR complexes, which were  presence of the-phosphate-containing ligands is close to
predicted to be able to occupy both states, have alsothat found with the rigor complex when only the amount of
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9 KDa l 35 KDa

0O Cross-linking to polymerized
subtilisin-G-actin. (Fig. 6A)

O Cross-linking to subtilisin cut
Mg/ADP-BeFx-F- actin. (Fig. 6B)

26 KDa
H Thrombic cleavage of the

covalent complexes. (Fig. 6C) COOH

Actin cross-linked site:

O Cross-linking to the S-1 heavy
chain or to its proteolytic

derivatives. (Fig. 5A) NH, COOH

O Cross-linking to an actin-induced y
tryptic S-1 derivative (25-40-31 KDa). 2
(Fig. 7A)

COOH

B Extensive tryptic hydrolysis of the
covalent actin-(25-50-20 KDa)S-1 NH3
complex. (Fig. 7B)

COOH

-1 heavy chain cross-linked site:

Ficure 8: Schematic diagram of the localization of the GGH-Ni(ll)-cross-linked segments along the actin and the 50 kDa S-1 heavy chain
sequences. The positioning of the smallest peptide stretch including the cross-links of actin{Gls48.3) or the 50 kDa fragment (Glu

506—Lys 561) was deduced by combining the data from the proteolytic cleavage of the covalent acto-S-1 comlestbstiiose of the

direct cross-linking reactions between S-1 and proteolytic F-actin derivatives or between F-actin and proteolytic S-1 defiyafivesvs

indicate the proteolytic sites. Shaded bars represent the cross-linked actin or S-1 heavy chain fragments. Solid bars refer to the actin or S-1
heavy chain segments not involved in the cross-linking. The dashed arrow is the site of tryptic cleavage yielding the 60 kDa adduct consisting
of actin and the heavy chain segment 5@36 (hatched bar).

Table 1: Correlation between the Equilibrium Constaits) ( 647, while involved in the actin activation of the S-1 ATPase,
Reported for the A (Weak) to R (Strong) Isomerization States of do not seem to be the main determinants of the strength of

Acto-S-1 and the Band Ratios Measured for the the actin-S-1 bond in the presence of AR (45, 4. Itis
GGH-Ni(ll)-Induced 186-200 kDa Covalent Complexes also in accordance with the suggested association of a
bound nucleotide [180 kDa]:[200 kDa] stereospecific interaction involving hydrophobic residues

or analog Kz ([RY/[A]) @ band ratié with the weak A state§).
ATP <0.01 ~0 The location of the S-1 heavy chain cross-linking site(s)
PR 2.3 0.1 ) ’ . : .
AMP-PNP 01 ~0 between residues 506 and 561 is of particular interest as this
ADP 10 6 segment makes up part of the lower subdomain of the 50
ADP-Vi (ADP-AIF4)? <0.01 ~0 kDa region (Figure 9) and includes the heliwop—helix
no ligand - - motif of Gly 516—His 558 which was proposed to represent

aFrom the studies in refs 2, 43, and 44etermined by densitometry the primary, Stereospecific] and hydrophobic actin-binding
as described in Materials and Metho#3his K; value is given as a site of S-1'(0, 19. According to the structural models of
maximum value which could be subject to a large error due to a possible A . .
overestimation of the amount of complex in the R state in the presence 8Ct0-S-1 with various bound nUC|60t'de and transition state
of PR (44). ¢ The transition state analog used in the present stiity. analogs, the lower 50 kDa subdomain would play a major

trace of the 200 kDa product was noticed as expected from the reportedrole in the molecular mechanism of energy transductidh-(

Kz value of 300. 50). During the acto-S-1 ATPase cycle, it specifically
associated and therefore cross-linkable acto-S-1 was takerffommunicates with the/-phosphate binding subsite and
into consideration. Also in both cases, the 50 and 22 kDa undergoes movements which cause substantial alterations in
fragments contributed to the observed cross-linking of the both the nucleotide binding region and the actin-binding
S-1 heavy chain with actin. These features suggest little interface. The conformational change of the latter region,
difference in the number and/or solvent accessibility of the thought to be important for modulating the actin binding
aromatic constituents participating in the cross-linking of the affinity of S-1, might have induced the observed shift of the
weak and strong acto-S-1 complexes. However, the latterelectrophoretic mobility of the covalent actis0 kDa
apolar components may be functionally important in acto- fragment complex by modifying the nature of the juxtaposed
S-1 weak binding during the ATPase cycle. This proposal sites cross-linked by GGH-Ni(ll) and/or the folding of the

is consistent with results indicating that the electrostatic cross-linked peptide stretches. In this regard, chemical cross-
contacts between the NHerminal actin segment of residues linking is known to have the potential not only for detecting
1-28 and the S-1 heavy chain loop of amino acids-626 protein—protein interactions but also for probing polypeptide
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FIGURE 9: Relative location of the cross-linked peptide stretches in the atomic model of the acto-S-1 complex. The identified segment of
residues 48113 in the lower actin monomer is represented by blue spheres, and the identified peptide of resieii€s 506he lower

50 kDa subdomain of the S-1 bound to the upper actin monomer is represented by orange spheresarbbe coordinates of the acto-

S-1 complex were kindly supplied by I. Rayment.

chain conformation §1, 5J. The complementary actin  which is known to be directly implicated in the acto-S-1
segment we have identified encompasses amino acigs 48 interactions. The final identification of the cross-linked
113. It overlaps the outer edge of subdomain 2 and the residues will help to provide a firm basis for the putative
a-helical top of subdomain 1 in actin. Several proteolytic chemistry of the coupling process. The apparent site
reactions we have attempted to shorten this stretch and furthesspecificity of the reaction in conjunction with the sensitivity
characterize the cross-linked residue(s) have failed owing of the cross-linking pattern to the binding of nucleotides and
to a strong protective effect of the covalently linked S-1. analogs, makes the GGH-Ni(ll) cross-linking potentially
However, the relative location of the two cross-linked acto- suitable for probing other unknown protein motor-based
S-1 fragments in the atomic model of the rigor acto-S-1 complexes such as the kinesin or ncd-microtubules system
complex reveals that the S-1 bound to the primary actin which also switches from weak to strong bindinig ADP
monomer has been cross-linked to the adjacent lower actinrelease %4) and where the nature and dynamics of the
monomer (Figure 9). Also, in this model, the C-terminal hydrophobic recognition components of the complex remain
helix (Asp 547-His 558) of the strong hydrophobic actin- to be elucidated.

binding motif of S-1 is in close proximity to the outer part

of subdomain 2 of the actin below. Earlier, using two ACKNOWLEDGMENT
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