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ABSTRACT. The three-dimensional structures of the truncated myosin headDiciyostelium discoideum
myosin Il (S1dC) complexed with MgAMPPNP, MgA78, and MgADP are reported at 2.1, 1.9, and

2.1 A resolution, respectively. Crystals were obtained by cocrystallization and were isomorphous with
respect to those of S1dMgADP-Bek [Fisher, A. J., et al. (199%8iochemistry 348960-8972]. In all

three structures, the electron density for the entire nucleotide was clearly discernible. The overall structures
of all three complexes are very similar to that of the beryllium fluoride complex which suggests that the
differences in the physiological effects of A¥8 and AMPPNP are due to the changes in the equilibrium
between the actin-bound and actin-free states of myosin caused by the lower affinity of AMPPNP for
myosin. In S1Id@IgAMPPNP, the presence of the bridging nitrogen prompts the side chain é#%Asn

to rotate which disrupts the hydrogen bonding pattern in the nucleotide binding pocket and alters the
water structure surrounding the ribose hydroxyl groups. It appears that this change is responsible for the
reduced affinity of AMPPNP for myosin relative to A7B. In contrast to the G-proteins, there is no
major change in the conformation of the ligands that coordinate the nucleotide inN8gAOP. This

is due to three water molecules that adopt the approximate positions of the three oxygenspihdsghate

and maintain the interactions with the Ftgion and protein molecule. Interestingly, the thiophosphate
group is evident in S1d®IgATPyS even though it is slowly hydrolyzed by myosin. This suggests that
the conformation observed here and in chicken skeletal myosin subfragment-1 [Rayment, I., et al. (1993)
Science 26150-58] is unable to hydrolyze ATP and represents the structure of the prehydrolysis weak
binding state of myosin.

Myosin is a molecular motor that converts chemical energy and its interactions with actin9]. These conformational
into directed movement. It generates force in a unidirectional changes have been identified from changes in the spectro-
manner relative to filamentous actin through the hydrolysis scopic and chemical properties of myosiin 10). Although
of ATP. This is a cyclic process in which the binding of the early model of Lymn and Taylog) for the contractile
ATP first reduces the affinity of myosin for actin, after which  cycle required that myosin be either tightly bound or
hydrolysis occurs2). Interestingly, the hydrolysis event dissociated from actin, it subsequently became clear that a
occurs when myosin has little affinity for actin and leaves more accurate description of the system requires the intro-
the molecule in a metastable state where the enzyme retaingjuction of additional states usually defined as strongly and
the hydrolysis products with an equilibrium constant of \eakly bound states1(—13). This was necessary because
approximately unity between ATP and AEF? in the  of the observation that ATP hydrolysis still occurs when
absence of actin2(-4). The energy transduction event myosin is associated with actiai). In this revised kinetic
occurs as myosin rebinds to actin and phosphate is releaseghgdel, weakly bound states of the actomyosin interaction
(5). The nucleotide and actin binding activities (at least those 5, occupied by such species as myosiiP and myosin
associated with force generation) are all associated with AADP-P, whereas the strongly bound states are found when
globular section (head) of the molecule that is common 10 1,y 4gin binds to actin in the absence of nucleotide or in the
all members of the myosin superfamily of proteirt 1) presence of ADP14). The energy transduction step then
and is sufficient to generate force in rvitro motility assay occurs during the transition from a weakly bound state to
(8). the strongly bound state. Considerable effort has been

Kinetic studies suggest that the myosin head undergoes &jeyoted to determining the relationship between the contents
distinct series of conformational changes during the con- of the active site, the conformation of the protein and its
tractile cycle depending on the state of the bound nucleotide atinity for actin (15, 16). This has proved to be a complex
problem because of a lack of knowledge of the structural

t This research was supported in part by NIH Grant AR35186 to Changes that accompany these transitions. For example, until
I.R. and HFSP Grant RG33-495 to |.R., and A.M.G. was supported by recently, it was unknown if the strongly bound state of
NsiRT'?‘] Fellowship AR0842. o myosin for actin was the same in the presence or absence of

e X-ray coordinates have been deposited in the Brookhaven
Protein Data Bank under files names IMMG, IMMN, and 1MMA for ADP; however, at least for smooth muscle and nonmuscle
the MgATF/'S, MgAMPPNP, and MgADP complexes, respectively. myosin subfragment-1, it has now been shown that there is
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Nonhydrolyzable analogs of ATP, such as AMPPNP and Tapie 1 Data Collection Statistics
ATPyS, have proved to be very useful for dissecting the
biochemical properties of actomyosin by providing a way
of halting the contractile cycle prior to the hydrolysis step *-ay source

AMPPNP ATH'S ADP
CHESSF-1 CHESSF-1 SSRL7-1

X : ccD ccD MAR

and have allowed the early steps in the contractile cycle to nq of crystals used 1 1 1

be investigated1(, 14, 19-21). These ATP analogs have  maximum resolutiondpmin, A) 21 1.9 2.1

been used extensively in structural and physiological studies_toéa' VEﬂSC“?”Sﬂ ; Zgg 22(7) 371;) fgg 1588552
- S - H Indepenaent reflections

_of muscle fibers and myofibril2@ _27). From these studies, " no. of reflections 63 158 79319 59 213

it has been concluded that AJB is a good analog of the completeness (%) 92.6 97.3 96.2

weakly bound state, whereas AMPPNP is similar in behavior ~ completeness in the 55.8 91.6 90.5

to ADP and represents a strongly bound state. However, it T:,%‘e“ shedt 25 57 e

has been unclear whether the differences in binding affinity " "g... (96 in the highest shell 13.3 27.4 19.6

of myosin for actin in the presence of AMPPNP or A% averagd/o 14.0 12.6 17.6

are due to different structures of the myosin head when each“”g‘(?/?\')' parameters 103.9 103.8 1036

of the respective nucleotide analogs is bound or whe_ther the A 180.1 179.9 179.0

differences are due to the ability of the two nucleotides to ¢ (A) 54.1 54.0 53.9

affect the equilibrium between the same structural states. IN™ a1 highest-resolution shell is as follows: 24810 A (AMP-
the latter case, ATS would shift the population to weakly — pNp), 1.971.90 A (ATP/S), and (ADP) 2.192.10 A.
bound states whereas AMPPNP would leave the population
in conformations that are tightly associated with actin because Crystals were almost isomorphous with respect to the
of the lower affinity for AMPPNP. earlier crystals of S1d®IgADP-BeF (28) and belonged to
Given the essential role that nonhydrolyzable analogs havethe space group2:2,2 (Table 1). Data were collected at
played in the development of the current understanding of —160°C by transferring crystals incrementally from mother
muscle function at a physiological and biochemical level, it liquor to a cryoprotectant solution of 15% PEG 8000, 25%
is important to know the detailed molecular structures of ethylene glycol, 300 mM NaCl, and 50 mM Hepes at pH
myosin when bound to these analogs. We report here the7.0. The crystal was then removed from the solution with a
structures of the MgATPS, MgAMPPNP, and MgADP  loop of surgical suture and transferred to a stream of cold
complexes of the truncated headi€ttyostelium discoideum  nitrogen gas where it was flash-coolegR( 33).
myosin Il at 1.9, 2.1, and 2.1 A resolution, respectively. This  Data Collection and RefinemenThe overall strategy for
study complements the earlier structures of the truncateddata collection and refinement was similar for all three
myosin head ofDictyostelium myosin complexed with  nucleotide complexes. Data were collected with synchrotron
MgADP-BeFR!?and MgADPAIF,~ and MgADPVO, which radiation from either the Cornell High Energy Synchrotron
mimic the ATP and transition states, respectivel§, (29). Source or the Stanford Synchrotron Radiation Laboratory,
This study also shows that the structure of chicken skeletal reduced, merged, and scaled with the programs DENZO and
myosin subfragment-130) represents a weakly binding SCALEPACK (34). The data collection statistics for all three

conformation for the myosin head. structures are shown in Table 1. Initial models were derived
by molecular replacement with the program AMORE5)(
MATERIALS AND METHODS from a refined S1dC structure from which the nucleotide
Protein Purification and Crystallization Truncated myo- ~ and solvent atoms had been removed. Molecular replace-
sin subfragment-1, residues AspAs62 from D. discoi- ment was used to position the initial mode.ls in the|r cells
deum(S1dC) was purified as described previous$, (31). because of the differences in the cell dimensions (and

Crystals of MgAMPPNP, MgATPS, and MgADP com- _presumably movements of_the mqlecules in th_e lattice)
plexed with S1dC were grown by microbatch from 8.3% mduce.d by flash-coollng. Direct refmemer_n, starting from
PEG 8000, 50 mM Hepes (pH 7.0), 125 mM NaCl, 3 mM @ previous structure, failed to produce satisfactory conver-
DTT, 1.2 mM MgCh, and 1.2 mM nucleotide. The protein 9€nce. The temperature factors were set to 25.03;§\a||
concentration in the final droplet was about 5 mg/mL. The @atoms prior to initial refinement. Least-squares refinement
protein/precipitant solutions were microseeded from previous @1d manual model building were performed with the
batch experiments by streak-seeding with a cat whisker Programs TNT §6) and FRODO §7), respectively. Solvent
(courtesy of Kappa Rayment) and left &t@. Small crystals ~ Molecules were built in manually with FRODO or were
generally appeared overnight and typically took approxi- identified with the program PEKPIK of the CCP4 package

mately 2 weeks to reach maximum dimensions of0.6.4 (38). After the initial stages of refinement, the locations of
% 0.15 mm. the nucleotides were clearly identifiable and were built into

the active sites. The quality of the models was assessed with
1 Abbreviations: myosin S1, myosin subfragment-1; S1dT, PROCHECK §9) ar?‘?‘ the I.DHIPSI program_of the TNT
phosphate complex of the truncat&@l discoideummyosin motor the three complexes are described below, whereas overall

domain; EG, ethylene glycol; MgADBeF-S1dC, beryllium fluoride- refinement statistics are given in Table 2.
ADP complex of theD. discoideunmyosin motor domain; MgADP .
AIF,-S1dC, aluminum fluoride ADP complex of theD. discoideum MgAMPPNF Data were collected at beamline F-1 at the

myosin motor domain; MgAD/O,-S1dC, vanadateADP complex Cornell High Energy Synchrotron Source (CHESS) from a
of theD. discoideummyosin head; S1, subfragment-1; rms, root mean  single crystal in two scans with a Princeton 2K detect@).(
square. g . . o The high-resolution scan consisted of 116 frames of 0.8

2 The exact composition of the beryllium fluoride species is unknown LS |
(1), but is believed to be a mixture of hydroxyfluorides; consequently, ©0Scillations for 20 s and was recorded at a crystal to detector

this complex will be designated BgF distance of 77 mm. The low-resolution scan utilized 75
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Table 2: Refinement Statistics

AMPPNP  ATPR/S ADP
total atoms 6320 6240 6139
no. of protein atoms 5811 5864 5687
no. of solvent molecules a77 337 414
av B-factor (A2) 37.4 423 47.3
av B of the protein (&) 37.4 42.6 475
av B of the main chain (& 33.9 39.3 45.4
avB of H,0 (A?) 38.5 37.2 44.6
crystallographidr-factor (%) 19.8 22.6 21.9
weighted rms deviation
bond lengths (A) 0.017 0.018 0.016
bond angles (de’g) 2.59 2.69 2.52
trigonal planes (A) 0.006 0.007 0.009

frames of 1.25 for 5 s and was recorded at a crystal to
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FIGURE 1. Superposition of thex-carbon tracings for the three

detector distance of 110 mm. The mosaicity of the crystal S1dCnucleotide complexes. The MGAMPPNP complex is shown

was 0.358. The high-resolution scan was processed to 2.0
A, while the low-resolution data were processed to 2.7 A.

in red, MgADP in green, and MgATF5 in blue. The protein
backbones were aligned with the program LSQKAB implemented
in the CCP4 program packageg, 60 where all Gx were included

Although the completeness of the data dropped off quickly in the calculation. Figures-4, 6, and 7 were generated with

beyond 2.2 A, the data were of sufficient quality to allow
refinement against data to 2.1 A. An initial model was

MOLSCRIPT 61).

obtained by molecular replacement with the program AMORE Structure of S1deMgAMPPNP, from which waters and

(35) starting from the S1d®1gADP-Bek;, from which water

nucleotide atoms were removed, and was subjected to two

and nucleotide atoms had been removed. The model wastycles of TNT refinement and then to five Cydggs of rigid
then subjected to 30 cycles of least-squares refinement, whicH?edy refinement during which residues Astile®® and

lowered the initialR-factor from 36 to 26.0%. After the
next cycle of model building and refinement, tRefactor
dropped to 24.6% and it was possible to build the?Mign

Arg88—Glu™°® were treated as two rigid bodies. The
temperature factors were then reset to 30.0 and refined
through 10 cycles of least-squares refinement. After another

and nucleotide into the active site. Continued refinement ¢ycle of model building and least-squares refinement,

and model building reduced thHefactor to the final value
of 19.8%. Analysis of the final model with PROCHECK

MgADP was built into the active site. Further refinement
reduced th&r-factor to the final value of 21.9%. Analysis

shows that 91.5 and 8.2% of the residues lie in the fully Of the final model with PROCHECK shows that 83.5 and
allowed and allowed regions, respectively. Two residues, 15.5% of the residues lie in the fully allowed and allowed

Thr?”* and Asr'}, lie in the generously allowed region.
MgATP/S. Data were collected at CHESS utilizing high-

and low-resolution scans with a Princeton 2K deteci@).(

The high-resolution scan included 118 frames of°G&

regions, respectively. There are outliers, Gland Thr42,
that lie in the disordered COOH-terminal region of the
molecule.

The refinementR-factors are somewhat higher for the

15 s recorded at a crystal to detector distance of 77 mm, MGADP and MgATFS complexes than for the MgAMP-
whereas the low-resolution scans consisted of 60 frames ofP NP complex because of partial disorder in the small domain
1.5° oscillation 45 s per frame and were recorded at a crystal &t the 75 Nk-terminal and the 73 COOH-terminal residues.

to detector distance of 117 mm. The mosaicity of the crystal 1hiS appears, as discussed below, to be related to the extent
was 0.278. The high-resolution scan was processed to 1.9 Of shrinkage of thec-axis during the rapid cooling of the

A, while the low-resolution was processed to 3.0 A. A

starting model for molecular replacement was derived from

the structure of S1dMgADP-BekF;, from which non-protein

crystals

RESULTS AND DISCUSSION

atoms were removed and temperature factors were reset to Comparison of the S1dNucleotide StructuresThe three-

25.0 &2, The initial R-factor of 41.6% dropped to 27.4%
following 20 cycles of least-squares refinement. At this
point, 130 waters and the nucleotide were built into the
model. The geometry constraints on thehiophosphate

dimensional structures of the S1dC myosin head from
Dictyosteliumcomplexed with two nonhydrolyzed analogs
MgAMPPNP and MgATRS and the product of nucleotide
hydrolysis, MgADP, were determined at high resolution. The

group bond lengths and angles were reduced to allow thefinal protein nucleotide models contain the following protein

identification of the sulfur atom. Continued model building
and refinement reduced tliefactor to 22.6%. Analysis of
the final model with PROCHECK shows that 90.8 and 8.8
of the residues lie in the fully allowed and allowed regions,
respectively. Three residues, FHy Ala®3 and Asr'?, lie
in the generously allowed region.

MgADP. Data were collected at beamline 7-1 of the
Stanford Synchrotron Radiation Laboratory (SSRL) with a

MAR 30 cm image plate detector at a distance of 210 mm.

A single scan of 76 frames was performed utilizing oscil-
lations of T at a constant dosage. The mosaicity of the
crystal was 0.12 The starting model was derived from the

residues: MgAMPPNP (737 amino acids), residues?Asn
Gly?0L, Gly?%9—|le*?%, Asp®®—Ala®?l, and Ph&—GIlu™*
MgATPyS (741 amino acids), residues Asmsr?® Gly?%°—
AsP% LelPP8—Ala?t and Ph&7—GIu’>®% and MgADP (719
amino acids), residues ASnAsp?, Asp*l—GIn?%4, Gly29%—
GIu*7, 11e>04—Alab2L, Asrf26—Phe, and GIR2°—GIu™°. The
final refinement statistics are given in Table 2.

The overall protein conformation is very similar for all
three nucleotide complexes as seen from the overlap of their
o-carbons in Figure 1. As noted previously in the compari-
son of the Bekand AlFR, complexes of S1dC2Q), there is
more conformational flexibility in the NKH and COOH
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AMPPNP AMPPNP

ADP ADP

FIGURE 2: Stereoview of the electron density associated with the nucleotide binding site. The P-loop residéfesTGitfe are included

in each figure. The electron density was calculated fieyn- F. coefficients where the nucleotides were excluded from refinement and
phase calculation: (a) MgAMPPNP, (b) MgA¥8, and (c) MgADP. The electron density was included in the figure using the programs
FRODO @7) and MOLDED (A. J. Fisher, unpublished results).

Bek, AMPPNP, and ATRS. The largest difference in rms

Table 3: rms Differences in Angstroms ; ] : >
value arises in the comparisons between the ATP-like

ADP-BeF AMPPNP ATP/S i

° P complexes and the S1dC complex with MgADP. As can

2¥§PSNP g'gg 0.95 be seen in Figure 1, however, this difference results from
ADpy 1.17 1.10 1.09 an overall minor change in the protein structure rather than

, . from a large movement of a single domain. Indeed, the rms
aThe rms difference w lcul with the program LSQKAB .

implemente% (ijn t?\: C%P4?)S|'o%a;ac#1apt:gka@& (tSO)efgrct)Eea:)L-carStgn differences between the MgADP and MgAMPPNP com-
atoms of the two protein structures being compared. plexes in the upper and lower domains of the 50 kDa region
are 1.08 and 0.76 A, respectively, whereas the rms difference
domains of the proteins than in the central section of the for the NH-terminal domains is only 0.26 A. This difference
polypeptide chain. This phenomenon is also observed in the@ppears to arise as a consequence of the variability in the
complexes reported here where the majority of the differ- cell dimensions induced by flash-cooling the crystals. It has
ences in the tertiary structures are located irplhti COOH been observed that when tleeaxis shrinks below 180 A
domains. The rms difference for the three structures is disorder is induced into the NH and COOH-terminal
reported in Table 3, as well as a comparison to the earlier regions of the protein. This poses problems in refining such
structure of S1dEMgADP-BeF (28). There are small local  structures, since it is difficult to model this disorder and as
differences between the three ATP-like complexes, ADP a consequence it typically prevents the crystallographic
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Ficure 3: Stereoview of an overlay of nucleotide binding pockets. The active sites for the S1dC complexes with MGAMPPNP (red),
MgADP (green), MgATR'S (blue), and MgADFBeF (yellow) are shown. A molecule of AMPPNP is shown in cyan. The alignment was
made with the program LSQKAB implemented in the CCP4 program packdy&(q) by fitting the residues surrounding the nucleotide
pocket: AsAZ’ — Tyrl35 Glu® — Asnl88 Thr230 — Arg?38 and Aspg>* — Gly*”. The side chains that exhibit the most movement are
labeled.

R-factor from decreasing below 21%. In the MgADP pocket, and the three new structures all exhibit rotation about
structure, the dimension of thieaxis (179.0 A) is quite low; they, dihedral angle relative to the original S1Id@yADP-
it is likely the source of the greater rms difference. Nonethe- Bek structure. Although this residue undergoes a confor-
less, the electron density in the vicinity of the nucleotide is mational change between the prehydrolysis and transition
unequivocal and fully supports the conclusions drawn here. states 28, 29), it seems unlikely that the observed change
Nucleotide Binding Pockets in the Different Nucleotide would affect this function of this residue. Finally, A&
Complexes The electron density of the different nucleotide forms an ionic interaction with GI&’ to form a cover on
complexes clearly indicates the orientation of the substratethe nucleotide pocke®g). In the three new structures, the
molecule in the active site (Figure 2). The nucleotides bind density for this residue is weak, indicating some degree of
in the same orientation as that observed previously for the conformational freedom. In the AMPPNP and ADP struc-
MgADP-BeF, complex. The nucleotide base lies in a cavity tures, it has been built in a conformation that clearly
bordered by residues Pg-Tyr'%%and GIU®—Lys!*L. Few precludes this interaction with Gif (Figure 3). Exclusion
direct interactions are formed, most notably a hydrogen bond of the side chains of residues Afg§ GIute®, Arg?® and Il¢>°
formed between the side chain of Hrand between the  from the rms calculation results in differences of 0.17 A
C6-amino group of the adenine ring. There are also indirect between the AMPPNP and AJB structures, 0.24 A
hydrogen bonds made through intervening water moleculesbetween the AMPPNP and ADP structures, and 0.21 A
between N1 of the adenine ring and both the carbonyl and between ATRPS and ADP. This illustrates the conserved

amide nitrogen of [I€2and between N7 of the adenine ring
and the side chain of A$#. There are few interactions made
to the ribose moiety of the nucleotide. Thé- 2and
3'-hydroxyls point away from the protein molecule, an
orientation which allows them to be modified by a variety
of chemical groups and yet still bind in the active sdé@)(

A hydrogen bond is formed between the side chain of'&sn
and the ribose ring oxygen.

structure of the three proteimucleotide complexes.

A Mg?" ion is present in the active site of all three
complexes, as was observed for the previous SQiuldeotide
structures 28, 29). The metal ion is coordinated by six
oxygen atoms. These atoms arise from two protein side
chains, namely TRA#® and Set®, from oxygens on the-
and y-phosphates, and from two water molecules. As
described below, a third water molecule replaces the

The phosphate binding region of the three complexes is y-phosphate oxygen in the MgADP structure. All of the
the most interesting aspect of the new structures. The threeinteractions between the protein and nucleotide are very

nucleotides differ by the presence of {hg-imido substitu-
tion in AMPPNP, they-thio substitution in ATRS, and the

lack of ay-phosphate group altogether in ADP. There are,

similar. The lengths of the various hydrogen bonds formed
between the protein atoms and the phosphate oxygens are
given in Table 4; the different nucleotide complexes are

in fact, very few changes in the protein atoms that make up described below.

the nucleotide binding pocket (Figure 3). The rms differ-

MgAMPPNR There are no major changes in the structure

ences in all atoms in the residues that line the nucleotide of S1dC or the coordination of the nucleotide caused by the

pocket (residues ASH—Tyr'3S Glu—Asnt®s Asr?33—
Arg®3® and Asp5—Gly**") are 0.65 A between AMPPNP

presence of the imido linkage in the AMPPNP substrate
analog. The hydrogen bond distances to the atom bridging

and ATP/S structures, 0.74 A between AMPPNP and ADP the 8- and y-phosphates are very similar for a bridging

structures, and 0.85 A between Aji®and ADP structures.

nitrogen in AMPPNP or for a bridging oxygen in A7B.

The large differences are a result of the movement of four However, examination of the hydrogen bonding pattern

side chains at the active site, Af§ GIu'®, Arg?®?, and €5,
Lys! and Lys°! also show slight changes in their orienta-
tion. The side chains of Gl and Arg®? point away from

surrounding the bridging nitrogen suggests that the amido
side chain of As?#® has rotated relative to the arrangement
seen in all other nucleotide complexes of S1dC. Conse-

the active site and into the solvent. Hence, it is not surprising quently, Asi® 041 accepts a hydrogen bond from the
that these side chains exhibit flexibility between the different hydrogen on the bridging nitrogen. Rotation of the amido

structures. The side chain of 4 is in a hydrophobic

group allows the bridging nitrogen to form two reasonable
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FiGURe 4: Stereoview of the hydrogen bond interaction surrounding?®srf the AMPPNP active site. Shown in yellow is MgAMPPNP,

and shown in green are the P-loop residuest®@la Lys'9t and residues V&t — Arg!3! of the AMPPNP complex. The lower left corner

of the figure contains the switch I-loop which contains A8na residue that interacts with thfe-y bridging oxygen. In the AMPPNP
structure, the amido side chain is flipped to allow the side chain oxygen to interact with the bridging nitrogen. This changes the water
structure from that seen in the ABBeF, complex (large pink water molecules) to the new structure seen with AMPPNP (small red water
molecules).

Table 4: Hydrogen Bond Distances (A) at the Phosphate Pbcket Ovs

atoml atom2  AMPPNP ATFS ADP 15A

OB2 Mg 2.0 2.0 2.0 . i

0G3  Mg* 2.1 2.1 2.2[995 Ow1] 108.8 {130 PB
OB1 185 N 2.6 2.6 2.8 S
OB1 184N 2.9 2.8 2.8 &
NB3 182N 2.7 2.7[0B3] 2.7[0OB3] 16A &

NB3  233Q)2 2.8 3.1[0B3] 3.0[0OB3]

0G2 1810 2.6 2.1 2.2 995 Ow5] OBs AMP
0G2 2360 25 2.9 2.6 [995 Ow5]

OG1  185NZ 2.9 2.8[SG1] 2.6 [995 Ow2]

0G3 237N 2.7 2.8 3.2 [995 Ow1]

Ficure 5: Bond lengths and angles associated withytignosphate
2 Nucleotide atoms are listed in the first column. Where necessary, of ATPyS. The naming of the atoms is as listed in Table #3@

the new designation of nucleotide atoms is indicated in brackets. The the oxygen that interacts with the Bfgion, and $'1 interacts with

second column contains protein atoms, which are designated by residud_ys!85 and Q/2 with the side chain of S&®.

number followed by the atom name.

phorothioate triester compounds is 1.90 A3(44). In
hydrogen bonds but now places the amino group of’®sn  diesters, where resonance distributes the negative charge
in the location occupied previously byd@ (Figure 4). This between the sulfur atom and one oxygen, there is less double
disrupts the hydrogen bond to the backbone amide hydrogenbond character to the phosphorus sulfur bond, and the bond
of Asre®5 and thus alters the water structure surrounding the length increases to 1.94 A%). Conversely, a PS single
nucleotide, in particular surrounding the ribose hydroxyl bond distance has been observed to be 2.0448).(
groups. It seems likely that the rotation of the side chain of Differences in the bond lengths to the remaining oxygens at
Asr?®3 is responsible for the reduced affinity of AMPPNP the y-phosphate are below the limits of resolution for this
for myosin relative to ATRS. structure.

MgATPYS. Prior to the determination of the structure of The sulfur atom is located within hydrogen bonding
the MgATPyS complex with S1dC, it was unclear if the distance of the LyS® e-amino group (Figure 6) and is
thiophosphate group would be visible in the electron density consistent with the ligands that form the major components
since this analog is hydrolyzed slowly by myosgil(42). of they-phosphate binding site. As seen in the MgAMPPNP
Likewise, if present, it was unknown if it would be possible complex, the three oxygens of thyephosphate moiety are
to identify a unique location for the sulfur or whether the coordinated predominately by three groups of ligands: the
sulfur atom would be equally distributed between the three magnesium ion, Ly$® and Set®® and Set®’. Given that
terminal oxygen positions in the nucleotide molecule. After magnesium would rather coordinate an oxygen ligand, the
refinement of the initial molecular replacement solution, it sulfur atom would be expected to be coordinated by one of
was evident not only that there was density for the thio- the last two groups. Also, since the sulfur atom is more
phosphate but also that there was a larger lobe of density atacidic than the oxygen atoms, the resonance structure with
one of the terminal positions. The sulfur was built into this the negative charge located on the sulfur is expected to be
location, and in subsequent least-squares refinement, thdavored. In turn, this would be expected to interact with
geometric constraints were loosened for all bond lengths andthe positive charge on the side chain of s It is likely,
angles at the-phosphate. The final bond lengths and angles however, that the €8 oxygen which interacts with the Mg
at they-phosphate are shown in Figure 5. The bond length also carries a negative charge with the favored resonance
formed from they-phosphorus to the sulfur atom, 2.0 A, is  structure placing the double bond to the oxygen closest to
significantly longer than the two bonds to the oxygen atoms the side chains of S&t and Sett.
and is consistent with a-S single bond. The average bond MgADP. The similar conformation of the protein back-
length for a phosphorus sulfur double bond in two phos- bone between the prehydrolysis nucleotide analog complexes
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Switch |1

FiGURE 6: Stereoview of the-phosphate pocket of the S1IdgATPyS structure. Shown in green are the P-loop residué¥ HeLys!85,
The switch 1l regions of the ATFS (red bonds) and ADRO, (white bonds and atoms) complexes are also shown. In 84g&TPyS,
the S interacts with the side chain of LY. In order to attain the structure observed in SIdGADP-VO,, an additional hydrogen bond
between the amide hydrogen of &lywould be required (shown in red), which is unlikely to occur.
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FIGURE 7: Stereoview of an overlay of the ADP and AR, nucleotides. Included in the figure are ADP (solid lines, light gray atoms)
and ADPBeF; (dashed lines, dark gray atoms) and the three water molecules (black circles) from the ADP structure that approximate the
location of the three-phosphate oxygens. The protein atoms that form the P-loop are also shown (residfles Jér'89).

and the complex seen with MgADP (Figure 2), the product MgATP complex since one conformation resides close to
of nucleotide hydrolysis, was at first surprising. It was the end of the contractile cycle whereas the other represents
anticipated from the similarity between myosin and the the first stage of the cycle. The structure of STHIGADP
G-proteins in the phosphate binding regicty)(that there points to an important difference between the G-proteins and
would be a significant change associated with the ligands myosin in the way the conformations induced by hydrolysis
surrounding the magnesium binding site since in the G- are used for biological function. To a first approximation,
proteins a significant change occurs in the switch | region the G-proteins function as switches that exist in one of two
on release of the’-phosphate 48). Conversely, the iso-  states (either the GTP or GDP staté3{50). In contrast,
morphous nature of the protein crystals suggested that theramyosin requires a minimum of three conformations (acto-
might be little difference in the structure. The reason for myosin, myosifMgATP, and myosiFMgADP-P) in order

the lack of conformational change appears to lie in the waterto create a cycle from which work can be extracted. The
structure surrounding thg-phosphate. In the active site, additional state (relative to the G-proteins) represented by
electron density for three water molecules was clearly visible myosinMgADP-P, prepares the molecule for the power
(Figure 2C). These three water molecules are located atstroke that is induced when myosin rebinds to actin and
positions that approximate the three oxygens onytiphos- releases inorganic phosphate. Thus, the mybADP
phate (Figure 7). These water molecules maintain the complex (in solution) does not provide a critical biological
interactions with the Mg ion and protein molecule that are  function as does the MgGDP complex for the G-proteins.
formed by they-phosphate oxygens in the prehydrolysis  The actomyosin contractile cycle is intimately associated
nucleotide complexes. As a consequence of these interacwith the timing of successive proteimucleotide and
tions, there are no significant domain movements observedprotein—protein interactions. It is believed that conforma-
in the S1dC protein molecule complexed with MgADP. This tional changes associated with the binding of ATP and
structure suggests that in solution the myeagigADP subsequent hydrolysis are communicated to the actin binding
complex would be similar to that of myosMgATP; interface of the myosin molecule via domain movements in
however, it should be noted that this complex is not expectedthe central section of the myosin headll) and to the

to be a major component of the contractile cycle since the regulatory domain of the myosin head8( 29, 52). To
myosinrADP complex of interest occurs when myosin is improve our understanding of the contractile cycle, we have
bound to actin. Under these conditions, the actomyosin investigated the structure of the truncated head fRioty-
MgADP complex is clearly different from the myosin  osteliummyosin Il in the presence of a series of nucleotide
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molecules. The current study examines the structure of twoan amino acid side chain that would serve to activate the
nonhydrolyzed nucleotide analogs, AMPPNP and ASP water molecule by abstraction of a proton. It now appears
and the structure of the complex with one of the products of that the ultimate base is thephosphate itself since there is
nucleotide hydrolysis. This study confirms that the earlier no group that might function as a general base within 5 A
structure of S1deMgADP-Bek is indeed a good model of  of the terminal phosphate@®). It is also possible that the
the prehydrolysis state; however, the most striking feature proton might be transferred to the terminal phosphate
of these structures is their similarity. The similarity of the indirectly via hydrogen exchange through an intervening
structures has implications for understanding the physiologi- water molecule or a hydroxyl of S8f (28). It has been
cal effect of these analogs and imposes limits on the structuralargued previously that a conformational change is required
states available to myosin in solution. to orient the nucleophilic water molecule and configure the
The current description of the contractile cycle involves active site for facile hydrolysis of ATP and that this
the transition from strongly bound states when myosin binds conformational change is intimately coupled to preparing the
to actin in the absence of nucleotide to weakly bound statesmolecule for the power strok@8, 29. This mechanism is
when ATP or the hydrolysis products are bound and back analogous to the earlier observation of GTP hydrolysis with
to strongly bound states as myosin rebinds to actin andthe G-proteinsg7, 58, where a linear free energy relation-
products are release®)( There has been considerable ship exists between thé<p of the nucleotide and the log of
discussion about the nature of these weakly and stronglythe rate of the reactiorb@). For p21lras, it was shown that
bound states. Indeed, every available kinetic and spectro-the K, of GTPyS was nearly 0.5k, unit lower than that
scopic tool has been applied to this problem in an attemptfor GTP, explaining the slow rate of hydrolysis in the
to understand the structure of myosin as it interacts with actin unactivated reactiorb@).
and nucleotides. All of these investigations have benefited ATPyS is hydrolyzed by myosin at a steady state rate that
from the use of ATRS and AMPPNP. is comparable to the intrinsic non-actin-activated steady state
Fiber studies have shown that the addition of AMPPNP rate of hydrolysis for ATP 41, 42) which is considerably
to actomyosin leaves myosin in a strongly bound state, slower than the actin activate rate for ATP hydrolysis.
although there are changes in the tensile properties of thelnterestingly, the rate of hydrolysis of AS is not activated
myofibril (24). This is also reflected in structural changes by actin 1, 42) which suggests that the metastable state is
in insect muscle whereby AMPPNP causes the release of anot attained for ATRS and that the rate-limiting step for
subset of the myosin heads in the rigor st2f@.( In contrast, hydrolysis of this nucleotide is bond cleavage rather than
ATPyS dissociates myosin heads from actin and creates aproduct release as for ATP. Since the hydrolysis of
weakly bound state2(l, 22). Saturation-transfer electron MgATPyS is catalyzed by myosin (albeit at a slow rate), an
paramagnetic spectroscopy has shown that the addition ofobvious question is why is the electron density for the
AMPPNP to vertebrate acto-S1 does not increase they-phosphate evident in the crystals?
rotational mobility of the myosin head relative to that The level of the electron density for the thiophosphate
observed in the rigor stat&sd). In contrast, addition of  group is comparable to that of the other atoms in the active
ATPyS greatly decreases the rotational correlation time and site such that the occupancies were not refined; however,
increases the rotational flexibility of the bound S1 heads, the temperature factors for the-phosphate atoms are
demonstrating that in the weakly bound state myosin adoptssomewhat higher than for the atoms of theand8-phos-
a wide range of orientations relative to actin. Similar results phates which may indicate that some of the S1dC molecules
were observed from proteolytic sensitivity and fluorescence contain MgADP at the active site rather than MgARR
assays comparing the cross-linked acto-S1 upon nucleotideEven so, it is clear that the major species present in the
addition @0). These studies show that A¥B mimics the crystals is ATR'S (Figure 2B). While it is conceivable that
weakly bound state. Since the three-dimensional structuresthe crystals have bound to AJB that was present in the
of S1dC when complexed to AT/ or AMPPNP do not  cryoprotectant soaking solution, similar attempts to soak ATP
show any major differences, this suggests that the differencesor any other nucleotide into crystals that were grown with
in the physiological effects of these ATP analogs are due to PR have been unsuccessful. Indeed, ATP has no effect on
the changes in the equilibrium between the actin-bound andcrystals of S1d@MigPR. In contrast, MgATP can be
actin-free states of myosin caused by the lower affinity of diffused into crystals of apo-S1dC without immediate damage
AMPPNP for myosin. (C. B. Bauer and I. Rayment, unpublished results) which
The structure of SIABIgATPyS strongly suggests that  suggests that the active site is accessible in the crystal lattice.
the conformation observed in this class of complexes and This information implies that the nucleotide observed in the
also in chicken skeletal myosin subfragment3D)(is that electron density is that present at the time of crystallization.
of the prehydrolysis state and implies that this state is unableGiven the time frame of crystallization (weeks) and the
to hydrolyze ATP. The present study provides structural significant rate of hydrolysis in solution, it would be
evidence for an initial transition from the actin-bound state anticipated that the thiophosphate group should be lost. This
to a conformation that binds weakly to actin and yet does implies that the conformation of the protein in the lattice is
not hydrolyze nucleotide as has been suggested from kineticaunable to catalyze hydrolysis. In turn, this suggests that the
studies 2, 9). This point arises because the thiophosphate conformation observed in the structure of SIEIGADP--
group is observed in the crystal lattice even though ASP VO, is necessary for catalysis of ATP hydrolysis.

is slowly hydrolyzed by myosin. As noted above, the slow rate of hydrolysis of GEby
It is well-established that hydrolysis of ATP occurs by ras has been attributed to its reduce€}, pelative to GTP
attack of a water molecule on thephosphorus 54—56). (59). By analogy, this might explain the slow rate of

Prior to the structural studies on myosin, it was expected hydrolysis of ATB’'S by myosin in solution; however, in
that this process would involve a general base provided by this case, structural factors may also play a role. Examina-
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tion of the coordination of the thiophosphate group in the
active site reveals that the sulfur atom is coordinated to
Lys®, In the structure of S1d®MgADP-VO, which
mimics the conformation at the transition state for hydrolysis,
the equivalent oxygen atom forms an additional hydrogen
bond to the amide nitrogen of Gff (Figure 6). The
formation of this hydrogen bond appears to be a central
component of the conformation that has been suggested to
be necessary for catalysis and establishment of the metastable
state £8, 29). Itis unlikely that the sulfur atom would form

a strong hydrogen bond to the amide nitrogen of*@Glyhich
suggests that the conformation required for hydrolysis and
formation of the metastable state would be less favorable.
This might also contribute to the reduced hydrolysis rate and
lack of actin activation observed for APB (42).

CONCLUSIONS

A knowledge of the structure of myosin in its strongly
bound and weakly bound states is necessary for establishing
the structural foundation for myosin-based motility. The
present study provides evidence that the initial weak binding
state as modeled by the AJB complex is unable to
hydrolyze ATP and that a subsequent structural transition,
to the conformation observed in S1IMJADP-VO,, is
needed to activate the ATPase activity and prime the
molecule for the start of the power stroke. This then provides
a structural understanding of a contractile cycle in which
the release of myosin from actin by ATP does not reverse
the power stroke.
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