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Interaction of Myosin Subfragment 1 with Two Non-Nucleotide ATP Analogues
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ABSTRACT: 2-[(2-Nitrophenyl)amino]ethyl triphosphate (NPhAETP) is the smallest ATP analogue that
serves as a substrate for the actin-activated ATPase of myosin subfragment 1 (S1) and supports the

development of active tension in skinned fibers. 2

-(Phenylamino)ethyl triphosphate (PhAETP), in which

the nitro group on the phenyl ring of NPhAETP is substitutgdabH atom, is also a substrate of the
actin-activated ATPase but does not support active tension [Wang, D., Pate, E., Cooke, R., and Yount, R.
(1993) J. Muscle Res. Cell Motil. 14484-497]. We compared the Sl-catalyzed hydrolysis of these
analogues, their ability to support the formation of stable complexes with S1 and phosphate analogues,
and their effect on S1 conformation. The analogues were hydrolyzed by S1 under various conditions
both in the presence and in the absence of actin. In some cases, the effects of the two analogues are
similar to each other and to those of ATP; they protect S1 from heat denaturatioi@ta4dl inhibit the
formation of the N-terminal 29 kDa fragment during the tryptic digestion of S1 and the modification of

Lys-83 with trinitrobenzene sulfonate. However, in
the effect of NPhAETP resembles that of ATP. N

other cases, the effect of the two analogues is different;
PhAETP and ATP decrease while PhAETP increases

the rate of reaction of the SHhiol (Cys-707) with coumarin maleimide. The diphosphate forms of the
two analogues induce a much smaller change in the near-UV CD spectrum of S1 than ADP. NPhAEDP
forms stable complexes with S1 in the presence of beryllium fluoride jBakiminum fluoride (Alz7),

or vanadate (Vi) phosphate analogues, while thd?S8AEDP complex is stable in the presence Bt

much less stable with AlF and Vi. These results indicate that the BAAEDPP, state is poorly populated
during the PhAETP hydrolysis. The models of the atomic structure of S1 complexed by the two analogues
show that PhAETP, unlike NPhAETP or ATP, does notfax H bond with Tyr-134 in S1, which is the
probable structural reason of the lack of tension development, with PhAETP as the substrate.

The molecular mechanism of muscle contraction and
myosin-supported motility is based on the interaction of
myosin with actin, coupled with ATP hydrolysis. The
simplified four-step scheme for myosin-catalyzed hydrolysis
of ATP (1) is depicted in Scheme 1

Scheme 1

M + ATP <> M* -ATP <> M** -ADP-P, <>
M*-ADP < M + ADP

where M, M*ATP, M**-ADP-P,, and M*ADP represent
conformational states of myosimucleotide complexes with
distinct spectral properties.

Binding of ATP and the consecutive steps of its hydrolysis
impose conformational changes on the active site of myosin.
These structural distortions communicate with the actin
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binding site of the myosin head, called Sleading to well-
defined changes in actirmyosin affinity at each step of the
ATP hydrolysis. Among other techniques, substitution of
ATP with other nucleotides2( 3) or non-nucleotide ana-
logues 4, 5) was used to elucidate structural changes taking
place upon interaction of myosin, actin, and ATP. Rather
simple non-nucleotide triphosphate ATP analogues (NTPS)
have been shown recently to support aetimyosin interac-
tion and tension generation in skinned muscle fibdjslf
these analogues, the purine or the pyrimidine base and the
ribose ring were substituted by an aryl ring and an ethyl
linker, respectively. The smallest of these analogues, which
still supports tension generation and actin-activated myosin
ATPase, is 2-[(2-nitrophenyl)amino]ethyl triphosphate (NPh-
AETP). A very similar analogue, 2-(phenylamino)ethyl
triphosphate (PhAETP), in which the 2-N@roup on the
phenyl ring of NPhAETP is substituted Wit H atom, is a

1 Abbreviations: S1, myosin subfragment 1; NTP, non-nucleotide
ATP analogue or ATP; NDP, non-nucleotide ADP analogue or ADP;
PA, phosphate analogue; Vi, vanadate; BeBeryllium fluoride
complex; R, inorganic phosphate; AlF, aluminum fluoride complex;
CPM, 7-(diethylamino)-3-(4dimaleimidylphenyl)-4-methylcoumarin;
NPhAETP, 2-[(2-nitrophenyl)amino]ethyl triphosphate; PhAETP, 2-(phen-
ylamino)ethyl triphosphate; TNBS, 2,4,6-trinitrobenzenesulfonate; PMSF,
phenylmethanesulfonyl fluoride; CD, circular dichroism.
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X 0 0 0 NTPase AssaysActin-, Mg?t-, C&"-, and K'(EDTA)-
I I I activated NTPase activities, including NPhAETPase, Ph-
NH(CH,);—— O—P —0—P—0—P—0O" AETPase, and ATPase activities (micromoles of phosphate
| [ [ per micromole of S1 per second), were calculated from the
o o 0" inorganic phosphate produced3f. The reactions were

FIGURE 1: Structure of NPhAETP and PhAETP non-nucleotide performed at 25C. For actin-activated NTPase, the assay

ATP analogues. X shows the substitution at the 2 (ortho) position contained 0.1uM S1, 0-40 uM F-actin, 2 mM MgC}, 2

of the phenyl ring. X is N@ for NPhAETP and H for PhAETP. mM NTP, 14 mM KCI, and 20 mM HEPES buffer (pH 7.0).
The same solution without actin was used for assays of the

substrate of the actin-activated myosin ATPase but does notMg®"-modulated NTPase activities. For"@EDTA)-acti-

support active tensiom). (The structure of these analogues Vvated NTPase, the reaction mixture containedd/2S1, 2

is given in Figure 1.) Since a well-ordered occurrence of MM ATP or NPhAETP or 5 mM PhAETP, 6.6 mM EDTA,

the consecutive steps of the ATP hydrolysis accompanied 600 mM KClI, and 50 mM Tris-HCI buffer (pH 8.0). €&

by defined conformational changes in the myosin head is activated NTPase was assayed under the same conditions as

required for active tension, comparing the steps of PhAETP K*(EDTA)-activated NTPase in the presence of 2 mM NTP

hydrolysis and the accompanying structural changes to thoseusing 5 mM Cadl instead of EDTA.

of NPhAETP and ATP is of interest. By this comparison, Formation of Stable SINDP Complexes.S1 (20uM)

we hoped to define the most important structural changesyyas incubated in 30 mM HEPES and 1 mM Mg@t pH

needed for the power stroke and tension development duringz g and 25C with 0.5 mM NTP for 30 min. In the case of

muscle contraction. BeFR- or AlF,~-containing complexes, 5 mM NaF was also
In this work, the S1-catalyzed hydrolysis of PhRAETP and present. After that time, 0.2 mM Vi, 0.2 mM BeCbr 0.8

NPhAETP was characterized in the presence and absencenM AICI; was added, and the incubation was continued at

of actin under various ionic conditions. We tested the 25°C for 30 min. Following the incubation, aliquots were

formation and stability of the Complexes of S1 with PhAEDP taken at various time intervals to measuré(KDTA)_

and NPhAEDP together with the phosphate analogues, BeF activated ATPase activity.

AlF,~, and Vi. These analogues were used for studying the Dissociation of the Stable SINDP Complexes. The

atomic structure of the various intermediate states of ATP . o . L ; I
hydrolysis 6, 7). The general and localized conformational dissociation was studied by monitoring the dissociation of
e Mg?* from the stable SMgNDP-Vi, S1:-MgNDP-BeF;, and

changes induced by the two non-nucleotide ATP analogues _
were also characterized. Our results suggest that becaus 1-2|\ﬂgNDP-AIF4 complexes by ED.T Achase. The rgleased
of the low population of the M*ADP-P; state during the MgH vgas chelatgtr:i] V&thFDTA’ V‘éh'.Ch rﬁacts onlly W|th_|frr1ee
myosin-catalyzed hydrolysis of PhAETP, this analogue does EIgT A-CL::eIr;é dWI\I;EI & anngtag;i te:rlotthee (égrr?]p |2)>(<' Whish
not support active tension. The structural cause of the e piex,
deficient kinetic cycle can be the lack of H-bonding between decomposes In its absefﬁce- Thel3gNDP-PA complexes
this analogue and Tyr-134 of S1. A preliminary report of were mcub_ated _at_25C in the presence of 4 mM EDTA,
this work was presented at the 25th European Muscle and th? dissociation of the complex was followed by
Congress§). measuring the recovery of the'kEDTA)-activated ATPase
activity.
MATERIALS AND METHODS Circular Dichroism MeasurementNear-UV CD spectra
) ) ) were recorded in a 10 mm path length cuvette at@0n a
Reagents ATP, ADP, beryllium chloride, sodium vana-  ,hin ot yyon CD 6 spectropolarimeter. For each spectrum,

date, aluminum chloride, chymotrypsin, trypsin, phenyl- | f Th 7
methanesulfonyl fluoride (PMSF), and NaF were purchased gtl ?r?itW?I\L/Jlr,\j;gsa\::;eoagﬂaﬁggts bif?epregwr; (gl\\//lvas

from Sigma Chemical Co. (St. Louis, MO). 7-(Diethyl- m ; :

. ) -y . easured in the absence or in the presence of 0.2 mM
amino)-3-(4-dimaleimidylpheny)-4-methylcoumarin (CPM) \ertdin o B AN R P P Ces spectrum
was purchased from Molecular Probes (Junction City, OR). recorded in the absence of S1 was subtracted from the
TNBS and the reagents needed for the synthesis of NPh'spectrum of the S1-containing complex. The CD data for

AETP and PhAETP were purchased from Aldrich (Milwau- each wavelength were expressed as molar ellipticy (e
kee, WI). NPhAETP and PhAETP were prepared by the cn? dmot-Y): 9 P P 9

method of Wang et al4). All other chemicals were reagent
grade. A stock solution of sodium vanadate (100 mM) was
prepared according to the method of Good@p (Note that
beryllium is very toxic and should be handled carefully. Fresh _ o )
NaF stock solutions were prepared da”y whereQ; is the meast,!red eIIIptICIty In .degreels at a given
Proteins Myosin and actin were prepared from back and we_lvelengthj is the optlcal_ path length in centimeters, and
leg muscles of rabbit.(, 11). S1 was obtained by digestion € 1S the molar concentration of S1.
of myosin filaments with chymotrypsin at a 300:1 (by mass)  Other Methods. Mild heat treatment of S1 was carried
ratio (12). The digestion was stopped using 0.1 mM PMSF. out according to the method of Setton et d4)( The
Protein concentrations were obtained by absorbance, usingeactive lysine residue of S1 (Lys-83) was modified by TNBS
anA (1%) at 280 nm of 7.5 for S1 and #n(1%) at 290 nm (15). The limited trypsinolysis of S1 was carried out
of 6.3 for actin. Molecular masses were assumed to be 115according to the method of Mornet et al6f. SH; (Cys-
and 42 kDa for S1 and actin, respectively. 707) was modified by CPMI({).

[©] = 1000,/Cl



Interaction of Myosin with ATP Analogues Biochemistry, Vol. 37, No. 43, 19985139

Table 1. Rates of S1-Catalyzed Hydrolysis of NTPs'Ys
assay systefn ATPase NPhAETPase PhAETPase 3.0 H

Mg+ 0.058+ 0.007 0.136+ 0.019 0.018t 0.009
cat 0.53+0.049 0.52£ 0.068  0.304 0.045

K*(EDTA) 1.55+0.18 0.34+:0.029  0.032£ 0.006
actin, Vimax 17.1+1.82 4.0+ 0.52 1.65+ 0.021 J
actin,Ky (uM) 25.9+2.48 3.55+ 0.47 1.61+0.35 2.0

a Assay conditions are described in Materials and Methbtisean
+ SE (= 4).

sec-1

RESULTS

NTPase Actiity. The hydrolysis of PhAETP, NPhAETP,
and ATP by S1 was measured in the presence GfMg™,
and K'(EDTA) in the absence of actin and with Kigin
the presence of actin (Table 1). Both ATP analogues are
hydrolyzed by S1 as was shown previous#. (However, 0.0+ - »
the activities observed in this study are quantitatively 0 500 1000
different from those obtained previously, which is probably Time (sec)
due to different assay conditions. In each case in this work, Ficure 2: Formation of the SMgNPhAEDPBeF; complex. The
the rate of hydrolysis was the highest with ATP and the formation was followed by monitoring the loss of the (EDTA)-
lowest with PhAETP, except with Mg in the absence of actin activated ATPase activity as described in Materials and Methods.
where the rate of NPhAETP hydrolysis was the highest. 'Sl'rie(ﬁlgls)cllos:ragslhows the ATPase activity expressed @d)mer
However, large differences were observed between the '
activities measured under various conditions. In the presencesemia”y completed in 30 min. On the other hand, with
of C&", the rates of hydrolysis of ATP and NPhAETP were PhAEDP, only the BeFcomplex formed in a signific;ant
essentially the same and the rate of the hydrolysis of PhAETPquantity auring the first 30 min: for the formation of the
was only 40% slower than the rates with the former AIF,~ complex, at least 120 rﬁin was necessary, while
substrates. On the other hand, if(EDTA)- and actin- practically no Vi complex was formed. ’
activated NTPase activities, the rate of hydrolysis of PhAETP The StMgADP-PA complexes are stable, and their

was only 2 and 10% of the ATP hydrolysis rate, respectively. dissociation, which is followed by the recovery of the

Both theKy andVnmax values of the actin-activated activities ATP .
S ) ase activity, takes place over the course of several days
significantly decreased in the order AT NPhAETP > (19, 21). The zj/ecompcr))sition of the SIgADP-PA com- y

PhAETP. ; .

Formation and Dissociation of_ SWMgNDP-Phosphate Fr:gc(eosf '?hgrﬁf.t,{ﬁg',%%?ﬁ?'gg?;f)?e? \?,ﬁigi tﬁg)’rgtse_
Analogue ComplexesS1 forms highly stable complexes  ;iing step of the myosin ATPasd), We also tested the
W.'th MgADP in the pr_esence of the phospha}te analogues effect of actin on the dissociation of the complexes of S1
Vi (9), Beh, and AlR™ (18, 19).‘ The form{;\tlon .Of the . with NPhAEDP and PhAEDP and phosphate analogues and
comp_lexe_s tgkes pla_u_:e at least In two steps, the first step 'Sfound that the ATPase activity of S1 was rapidly recovered
a rap|d_ b".‘d'”g equilibrium, Wh'Ch_'S followed by a _SlOW upon addition of actin (results not shown), like that observed
isomerization step 19, 20) according to the following it the ADP-containing complexes. The full recovery of
scheme: the ATPase activity indicates that the loss of ATPase during
Scheme 2 the formation of NPhAEDP or PhAEDP and phosphate
analogues containing complexes is not due to the denatur-
ation of S1.

The spontaneous dissociation of the -MGNDP-PA

K " complexes was studied by EDTA chase (see Materials and
S1:MgADP-PA -+~ S1-MgADP-PA Methods). The time course of the dissociation is followed
by monitoring the recovery of the EDTA)-activated
S¥ indicates an altered conformation. We studied the ATPase activity (Figure 3). The time courses were fitted to
formation of these stable complexes with ADP, NPhAEDP, a single exponential and characterized by a first-order kinetic
and PhAEDP by following the loss of {EDTA)-activated constantk_,, which is the rate constant of dissociation (Table
ATPase activity of S119). The time course of the formation  2). The rate of dissociation of the $1gNPhAEDPAIF,~
of the stable SINPhAEDPBeF, complex is shown in Figure ~ complex is slow, similar to that of the SWIgADP-AIF,~
2. The formation of this and all the other complexes (not complex, and it takes 48 h to obtain a 84% recovery of the
shown) follows a pseudo-first-order course described by a ATPase activity. On the other hand, the rate of decomposi-
single exponential. The rate constants of the formation of tion of the SIMgPhAEDPRAIF,~ complex is fast and
the complexes, which denote the rate-limiting isomerization completed in 180 min. The dissociation of the RBeF
step, ko, were calculated from the exponentials (Table 2). containing complexes with both the two analogues and ADP
The production of the complexes containing NPhAEDP was is very slow (only the dissociation of the 84gNPhAEDP
slower than that of the respective ADP complexes, but the Bek complex is shown). The progress of the recovery of
formation of each of the NPhAEDP complexes was es- S1 ATPase from these complexes has completely stopped

1.0

k
S1+ MgADP + PA<—~
—1
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Table 2: Kinetic Parameters of the Formation and Dissociation of StabN¥tPhosphate Analogue Complekes

ko (s7h) koo (s7h) Kassoc
S1-MgADP-Bek 25.6x 1030+ 2.1x 103 39.5x 106+ 4.7x 10°© 648+ 57
S1:MgNPhAEDPBekK 3.9%x10°%4+0.43x 103 29.2x 106+2.1x 10°© 133+ 21
S1-MgPhAEDPBekK 1.2x103%4+0.09x 103 11.7%x 104+ 0.93x 10°° 103+ 15
S1:MgADP-AIF,~ 40x 10°+£0.35x 1078 8.1x 10°%+0.75x 10°© 494+ 53
S1-MgNPhAEDPAIF 4~ 0.93x 103+ 0.083x 1073 6.7x 106+ 0.53x 10°© 1394+ 17
S1:MgPhAEDPAIF 4~ 0.12x 10°+0.017x 103 396x 109449 x 106 0.324+0.11
S1-MgADP-Vi 6.7 x 10394+ 0.89x 103 16.4x 10%94+2.13x 10°° 409+ 39
S1:MgNPhAEDPRVi 0.82x 103+£0.74x 1073 485x 1064 56.9x 10°° 1.7+ 0.27
S1-MgPhAEDPRVi c c c

a Conditions for the stable complex formation and dissociation are described in Materials and Meteda+ SE ( = 4). ¢ No formation
of stable complex was observetivalues are taken from Table 2 of raf.
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Ficure 4: Near-UV CD spectra of S1 in the presence of NDPs.
80 - The near-UV CD spectra were recorded as described in Materials
and Methods. The abscissa shows t@4, [molar ellipticity (deg

cn? dmol1).

of control)

60 ] and dissociation constants according to the equation

ki/k—, and presented in Table 2. The stability of the
complexes decreases in the order ABPNPhAEDP >
PhAEDP. The SMgPhAEDPAIF, and SIMgPhAEDP
Vi complexes, which mimic the M*ADP-P, state, are
20 especially very labile. The stability of the latter is so low
0 40 80 120 160 200 that we could not even observe its formation by the stringent
Time (min) ATPase assay.

Ficure 3: Dissociation of the SMgADP-AIF,~, SEMgNPhAEDP Effect of NTPs on the Near-UV CD Spectrum of She
AlF,~, and SIMgPhAEDPAIF,~ complexes. This was studied by near.-UV CD spectrum ,Of Sl in the 25610 nim range Is
monitoring the recovery of the KEDTA)-activated ATPase  dominated by the contributions of the aromatic amino acids
activity as described in Materials and Methods. The abscissa showsPhe, Tyr, and TrpZ4). This spectrum has been found to
the ATPase activity in the percentage of uncomplexed control S1: he thoroughly influenced by ATP, ADP, and ABP
() SIUPOR A, (0) SHUGNEMEDPA ) &89 51 phosphate analogue complexeS27) which derve fom
S1-MgNPhAEDPVi (®). conformational changes in the vicinity of aromatic residues
located at or near the active site of myosin. On the other
after 12 h and remained at a low constant level. This may hand, addition of PhRAEDP and NPhAEDP causes only minor
be due to an additional isomerization step. A similar changes, essentially a small increase in the-28D nm
phenomenon was also observed withi 8§ADP-BeF; (18). region of the S1 CD spectrum (Figure 4). This small change
However, S1 also remained native in the BeBntaining is not due to insufficient binding of the substrates since
complexes, since the ATPase activity was completely similar concentrations of PhAEDP and NPhAEDP caused
recovered following addition of actin even after a 60 h significant change in the rate of modification of the Shiol
incubation at 25C in the presence of EDTA. The stability of S1 (not shown).
of the complexes was characterized by the association Influence of NTPs on the Conformation of SThis was
constantK, which was calculated from the rate of formation studied by comparing the effect of the analogues with that

40

Activity (%
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2\

TYR 134

Mg

SER 233

Ficure 5: Molecular model of the interaction of the nitrophenyl

moiety of NPhAETP with the nucleotide binding site of S1: thick

line, the analogue structure; and thin line, the structure of S1Dc
MgADP-BeF; according to Fisher et al. (6).

of ATP (i) on the rate of modification of Cys-707 and Lys-
83 with CPM and TNBS, respectively; (ii) on the limited
trypsinolysis; and (iii) on the heat denaturation of S1. In
all these cases, with the exception of Cys-707 i)SH
modification, the effects of analogues were similar to the
effect of ATP (results not shown). In this latter case, it was
found that the additions of NPhAETP and ATP decrease
while the addition of PhAETP and all the NDPs increase

the rate of the reaction relative to the rate obtained in the

absence of ligand. The difference in the effect of ATP and

NPhAETP and that of PhAETP can be best seen by
comparing the ratio of the rate constants of the reaction in
the presence of the respective di- and triphosphate forms:

ADP/ATP, 1.64; NPhAEDP/NPhAETP, 1.67; and PhAEDP/
PhAETP, 1.16.

Modeling the Structure of the SNTP Complexes.To
reveal the structural basis of the different behaviors of the

Biochemistry, Vol. 37, No. 43, 19985141

group of Tyr-134 (rabbit skeletal S1 numbering) by applying
a weak distance constraint between one oxygen in &
hydrogen in OH. The force constant of this distance
constraint was reduced gradually to zero for the final energy
minimization. Under these assumptions, we obtained a
structure where the phenyl ring of the analogue maintains a
position similar to that of the purine ring in the S1Dc
MgADP-BeF complex and where the oxygen in the nitro
group of the analogue and the hydrogen in the hydroxyl
group of Tyr-134 are in position to form a hydrogen bond.
The O-H—0O atoms in this apparent hydrogen bond form
an angle of 16%and are separated by 3 A. Since the second
analogue, PhAETP, which does not support contraction, lacks
the nitro group and, thus, cannot form H bonds with Tyr-
134, it seems plausible that the H bond between the substrate
and Tyr-134 has a crucial role in the proper functioning of
the actomyosin system. The structure also has intramolecular
H-bonding in the analogue between the second oxygen,
which does not interact with Tyr-134, of the nitro group and
the nearby hydrogen atom of NH in the aminoethyl grouping,
which connects the phenyl ring with the triphosphate chain.
It is also possible that this H bond has some significance in
stabilizing NPhAETP in the nucleotide binding site of S1
since the methylation of NH, which eliminates the H-
bonding, leads also to a loss of active tensi@g) (and
formation of stable complexes with phosphate analogbies (

DISCUSSION

NPhAETP is the simplest non-nucleotide ATP analogue,
which is hydrolyzed by S1 and supports the tension develop-
ment in skinned muscle fiberd)( Its derivative PhAETP,
in which the ortho nitro group on the phenyl ring is
substituted by a hydrogen, is a substrate of S1, but it does
not support tension developmed).( We compared the S1-
catalyzed hydrolysis of ATP and these analogues, their ability
to form stable complexes with S1 and phosphate analogues,
and their ability to cause conformational changes in S1. By
pinpointing the differences in the structural effects and
mechanism of hydrolysis of PhRAETP and NPhAETP (and
ATP), we hoped to reveal the steps of the ATP hydrolysis
and the structural features that are essential for energy
transformation and force production.

Both similarities and differences were observed in the
hydrolysis and structural effects of PhAETP, NPhAETP, and
ATP. S1 catalyzed the hydrolysis of all three substrates in
the absence of actin, and their Mgmodulated hydrolysis

two ATP analogues in the actomyosin system, we modeledWas activated by actin. The rate of hydrolysis of PhAETP

the active site of myosin containing ATP or ATP analogues.

was in all cases slower than that of the other two substrates.

The basis of the model is the atomic structure of the truncatedSome of the structural changes in S1 caused by the three

myosin S1 of Dictyostelium (S1Dc) complexed by MgADP

BeF (6). We used this structure since it closely mimics the
structure of the ATP-bound state before the hydrolysis of
ATP. The potential structure for the S1-bound NPhAETP

substrates were also similar. All the substrates protected S1
from denaturation by mild heat treatment. The tryptic
cleavage at Lys-213 and the TNBS modification of Lys-83
of the S1 heavy chain were also equally well inhibited by

(Figure 5) was found by using molecular mechanics energy the NTPs and ATP. Since both the pI’OteO|y'[iC Susceptlblhty

minimization with MM+ force field (implemented on
HyperChem molecular software, Hypercube, Inc., Waterloo,

and the rate of modification are structure-dependent proper-
ties, these results indicate that all three substrates induce

Ontario, Canada). In building the model, we assumed that Similar conformational changes in the vicinity of the above

the phosphate chains¢PPgS, and Be or B) in the crystal
structure of S1IDAMgADP-Bek and in STIMgNPheAETP

lysine residues.
Besides the similarities, significant differences were also

complexes are in identical positions. Next, we encouraged found in the effects of the NTPs. The near-UV CD spectrum

the proximity of the NQ group of the analogue and the OH

of S1 was hardly affected by PhAEDP and NPhAEDP, while
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it was strongly influenced by ADP in the tyrosine- and interact with Tyr-134. It seems that correct positioning of
tryptophan-dominated 24290 nm region. PP like the the nucleotide by H-bonding with Tyr-134 is necessary for
analogues, did not affect the near-UV CD spectrum of S1 the rotation of the/-phosphate during the MATP — M** -

(27). The reason PhAEDP, NPhAEDP, and;R#hich all ADP-P, transition 6, 31), and therefore, the binding between
lack the adenine ring, do not cause changes in the near-UVthe substrate and Tyr-134 is an essential structural feature
CD spectrum of S1 might be that the origin of the ADP- of the proper functioning of the cross-bridge cycle. The
induced spectral change is the interaction of its adenine ringimportance of this bond has been predicted by Tonomura
with the neighboring Tyr-134 and Trp-130®)( Since and his colleagues more than 30 years ago, when they
NPhAEDP does not affect the near-UV CD spectrum of S1 concluded from their studies on ATP analogues that the
but according to molecular modeling it interacts with Tyr- binding of the substratet@ N or O atom of position 6 of
134, one may assume that the interaction of the adenine ringthe base with myosin probably through hydrogen bonding

with the nearby Trp-130 is the reason for the change in the
near-UV CD spectrum observed in the presence of AD#. (
It appears that the interaction of the adenine ring with Trp-

is necessary for contraction of myofibril33).

In summary, we conclude that the lack of tension develop-
ment in the case of PhAETP is due to the poor population

130 is not essential for the tension development becauseof the key M**-ADP-P, intermediate state. The probable

NPhAETP supports development of tensiof) (vithout
altering the near-UV CD spectrum of S1.
NPhAEDP, like ADP, was found to support the formation

structural reason for the abnormal behavior of PhAETP is
that this analogue, unlike NPhAETP or ATP, cannot form a
hydrogen bond with Tyr-134 in the active site of S1. These

of stable complexes with S1 in the presence of each of theresults show how subtle differences in the substrate structure,
three phosphate analogues. On the other hand, PhAEDRsuch as substitution of a nitro group tvie H atom, can

forms a stable complex with S1 only in the presence of,BeF
but not with AlF,~ or vanadate. SMgADP-BeF, mimics

the M*-ATP state, while SMgADP-AIF,~ and SIMgADP-

Vi model the M**-ADP-P; state of the myosin-catalyzed
ATP hydrolysis 6, 7, 17, 29, 30). Thus, the lack of
formation of stable SMgPhAEDPAIF,~ and St
MgPhAEDPVi complexes may indicate that the S1
MgPhAEDPP, complex is poorly populated during the
hydrolysis of PhAETP. During the cross-bridge cycle, actin
forms a weak complex with the M¥ADP-P; intermediate.
The existence of this complex in a significant concentration
is a necessary precondition for the formation of the force-
producing strongly bound actirmyosin complexes. Since
in the hydrolysis of PhAETP the concentration of this
intermediate is low, the formation of the force-generating
complexes is precluded. Gopal et &) €ame to a similar
conclusion using a different pair of non-nucleotide ATP
analogues, 2-[(2,4-dinitrophenyl)amino]ethyl triphosphate
and its N-methylated derivative. Their nonmethylated
derivative behaved like ATP, while the methylated derivative
did not support the movement of actin filaments in the in
vitro motility assay and the formation of stable S1 complexes
with phosphate analogues, including BeFUnlike the
methylated derivative of Gopal et ab)( PhAETP supported
the formation of the SPhAEDPBeF; stable complex, which
mimics the M*ATP state. This would indicate that during
the hydrolysis of PhAETP the SRhAETP intermediate is

the predominant form. This assumption is supported by the 9-

very low rate of K'(EDTA)-activated hydrolysis of PhRAETP,

where the actual hydrolysis step (step 2 in Scheme 1) is rate- 10.

limiting. The effects of analogues on g$khodification also
indicate that the SPhAETP intermediate is the predominant
form of the hydrolysis since in the presence of PhAETP the
rate of SH modification increased as in the presence of M*
ATP state-mimicking complexesl?). In this respect,
PhAETP is similar to GTP because in the myosin-catalyzed
hydrolysis of GTP the nonhydrolyzed triphosphate form is
also the predominant intermediat®).(

We modeled the atomic structure of the active site of S1

containing each analogue and found that one of the oxygens

of the NPhAETP’s nitro group can fora H bond with Tyr-
134 while PhAETP, which lacks the nitro group, cannot

profoundly affect the substratenzyme interaction and point
to the usefulness of non-nucleotide ATP analogues in the
elucidation of the molecular mechanism of contraction.
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