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potheses for the molecular mechanism of muscle con-
traction. See pages 50 and 58 and the Perspective on
page 35. [Graphics: Adam Steinberg and lvan Rayment]

Space-filling representation of myosin subfragment-1,
amolecular motor. The colors define the global organi-
zation of the polypeptide chains that constitute this
molecule. This structure provides the basis for hy-
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Motilitv is one of the characteristic fea-
tures of many living organisms and involves
the transduction of chemical into mechan-
ical energy. Only a limited number of strat-
egies have evolved to accomplish this task.
At present, three major classes of molecular
motors have been identified, myosin, dy-
nein, and kinesin, and all are important in
cellular movement (I). Of these three pro-
teins, the most abundant is myosin, which
plays both a structural and an enzymatic
role in both muscle contraction and intra-
cellular motility.
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The role of myosin in movement has
been most clearly defined from the study of
cross-striated skeletal muscle, which shows
a high degree of structural organization. In
striated muscle the basic contractile unit is
the sarcomere, which consists of overlap-
ping arrays of thick and thin filaments.
During contraction, these filaments, which
are composed primarily of myosin and ac-
tin, respectively, slide past one another,
thereby shortening the length of the sarco-
mere (2). Electron micrographs of muscle
in rigor have revealed connections between
the filaments in the overlap region, the
so-called crossbridges. These crossbridges
are formed by the globular regions of the
myosin molecule and are responsible for
force generation in the contractile process
through the hydrolysis of adenosine triphos-
phate (ATP).

Myosin, which has a molecular size of
about 520 kilodaltons, consists of two 220-
kD heavy chains and two pairs of light
chains that vary in molecular size depend-
ing on the source but are usually between

15 and 22 kD (3, 4). The molecule is highly
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asymmetric, consisting of two globular
heads attached to a long tail. Each heavy
chain forms the bulk of one head and
intertwines with its neighbor to form the
tail. Limited proteolytic digestion has
shown that the myosin head, or subfrag-
ment-1 (S1), contains an ATP, actin, and
two light chain binding sites and that the
myosin rod, which is formed by a coiled coil
of two o helices, accounts for the self-
association of -myosin at low ionic strength
and the formation of the thick filament
backbone (3). Spudich and co-workers
have demonstrated that the globular head
portions of myosin are sufficient to generate
movement of actin in an in vitro motility
assay (5).

Each globular head, derived from limit-
ed proteolysis, consists of a heavy chain
fragment having a molecular size of 95 kD
and two light chains yielding a combined
molecular size of ~130 kD (6). The two
light chains differ in their structure and
properties and are known by a variety of
names. In this article they are referred to as
the regulatory and essential light chains.
Neither type is required for the adenosine
triphosphatase (ATPase) activity of the
head (7). In some species, however, these
chains regulate or modulate the ATPase
activity of myosin in the presence of actin
(8, 9). Amino acid sequence analyses re-
veal that both light chains share consider-
able sequence similarity with calmodulin
and troponin C although most of the diva-
lent cation binding sites have been lost
during evolution (10).

During the last 40 years, enormous effort
has been expended toward understanding
the structure and function of the myosin
head (11). Measurements from electron
micrographs have suggested that the myosin
head is pear-shaped, about 190 A long and
50 A wide at its thickest point (12). Mo-
lecular dimensions subsequently derived
from studies of fixed thin sections cut from
crystals of myosin S1 were consistent with
these observations (13).

Although much biochemical and physi-
cal information has accumulated for myosin
since 1950, structural knowledge of this
protein or any other molecular motor has
been lacking. We now describe the tertiary
structure of the myosin head and suggest
how this protein may serve to transduce
energy from the hydrolysis of ATP into
directed movement. We present the three-
dimensional structure of myosin S1 at a
nominal resolution of 2.8 A and refinement
R factor of 22.3 percent for all x-ray data
recorded in that range.

Crystallization of myosin subfragment-
1. Myosin is an abundant protein that can be
easily prepared in gram quantities. Likewise,
the myosin head, which is readily cleaved
from the rest of the molecule by mild prote-

olysis, can be prepared in large quantities.
This soluble subfragment has been known
for approximately 30 years and has resisted
crystallization despite numerous attempts. In
view of its central importance for under-
standing the molecular basis of muscle con-
traction, we undertook an alternative ap-
proach to the usual ways of obtaining x-ray
quality crystals. The protein was first sub-
jected to mild chemical modification of the
lysine residues by reductive methylation.
This chemical modification has long been
used as a gentle way to introduce a radioac-
tive label into a protein (14).
Considerable effort was expended to
determine the optimal procedure for mod-
ifying the protein since it was recognized
that complete, homogeneous modification
of the molecule was essential for obtaining
high-quality crystals (Table 1). Many of
the experiments necessary to derive the
optimal protocol for methylation were per-
formed in a parallel study on hen egg
white lysozyme (15). In that study the
three-dimensional structure of the modi-
fied protein was determined and refined to
1.8 A resolution and shown to be essen-
tially identical to that of the native pro-
tein except for the modified lysine resi-
dues. Modification of the lysine residues in

Table 1. Amino acid analysis of modified and
native myosin S1 (60). Prior to modification, the
protein, at 5 mg/ml, was dialyzed against 200
mM potassium phosphate, pH 75, 1 mM
MgCl,. The protein was reductively methylated
at 4°C by the sequential addition of 1 M dimeth-
ylamine borane complex dissolved in water (20
wl! per milliliter of protein) and 1 M formalde-
hyde (40 pl per milliliter of protein) with rapid
stirring. This process was repeated after 2
hours; a further portion (10 pl/ml) of dimeth-
ylamine borane complex was added after 2
hours and the reaction mixture was kept over-
night at 4°C in the dark. The reaction was
quenched by the addition of 3.8 M ammonium
sulfate to a final concentration of 1 M and then
dialyzed for 48 hours against 2.5 M ammonium
sulfate, 50 mM potassium phosphate at pH 6.7
to precipitate the protein (75, 49). All except
three to four of the lysine residues were modi-
fied. Discrepancy between the total number of
lysine residues in the native and modified pro-
tein may have arisen from a calibration error in
the dimethyllysine standard. The analyses for
histidine, methionine, and arginine are shown
as controls.

Residues (no.)

Arni_no

acid  fneoretical Native Modified
Lysine 103 96.2 4.2
Me,-Lys 0 0 0
Me,-Lys 0 0.6 96.7
Meg-Lys 3 36 3.4
Total lysine 106 100.4 104.3
Histidine 24 23.7 23.2
Methionine 39 39.4 38.9
Arginine 46 47.5 47.2
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lysozyme dramatically changed its crystal-
lization properties. The kinetic and struc-
tural effects of this treatment on myosin
S1 are discussed below.

Myosin isolated from chicken pectoralis
muscle consists of a mixed population of
two isozymes caused by the existence of two
species of the essential light chain (16).
These light chains are referred to as Al (21
kD) and A2 (16 kD). Amino acid sequence
studies of the light chains have demonstrat-
ed that Al and A2 are identical over their
142 residues at the COOH-terminus. The
size difference is caused by an additional 41
amino acids present at the NH,-terminus of
Al. These isozymes arise by alternative
transcription and two modes of splicing
from a single gene (17).

The crystals used in our study contained
both isoforms of the essential light chain.
Myosin S1 was prepared by digestion with
papain in the presence of MgCl, because the
fragment produced under these conditions
contained both the regulatory and essential
light chains. The major drawback of papain
as a proteolytic enzyme, however, was its
lack of specificity. Apart from cleaving the
heavy chain at the head-rod junction, addi-
tional proteolytic breaks were introduced
into both the regulatory and Al essential
light chains. Also, there was partial phos-
phorylation of the regulatory light chain by
endogenous myosin light chain kinase. The
myosin S1 was prepared by an improved
purification protocol that removed the het-
erogeneity arising from both proteolysis of
the light chains and phosphorylation of the
regulatory light chain (18).

Crystals were grown by batch methods
from 1.35 M ammonium sulfate, 500 mM
potassium chloride, and 50 mM potassium
phosphate (pH 6.7) in the presence of 5
mM dithiothreitol and 0.5 mM sodium
azide at a final protein concentration of 8
to 12 mg/ml. Crystallization was initiated
by microseeding, and the crystals grew as
thick rods to a length of 1 to 2 mm and a
width and thickness of 0.4 and 0.3 mm,
respectively, over a period of 2 to 3
months at 4°C. They belonged to the
space group C222, with unit cell dimen-
sions of a = 98.4, b = 124.2, ¢ = 274.9

, and one molecule in the asymmetric
unit. These crystals were different from
those originally reported (19) and arose
from improvements in both the chemical
modification procedure and the protein
homogeneity.

Structure determination. The x-ray
data were collected in two stages (20).
First, x-ray data sets to 4.5 A resolution for
the native and heavy atom—containing
crystals were recorded by an area detector
with the goal of determining the positions
of the metal binding sites. These data were
then extended to 2.8 A resolution with
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synchrotron radiation at Stanford Univer-
sity (SSRL) and Cormnell University
(CHESS). We recognized early that x-ray
data collection and determination of the
protein phases by multiple isomorphous re-
placement would be dificult unless care was
taken to minimize the systematic errors
introduced by differences between the suc-
cessive protein preparations. Consequently,
for each stage in the heavy atom derivative
data collection, a corresponding native data
set was recorded from the same protein
preparation. For each purification trial, ap-
proximately 700 mg of myosin S1 was pre-
pared and set up for crystallization. Many
attempts were made before a single prepa-
ration yielded sufficient crystals for x-ray
data collection.

The structure was determined by a com-
bination of multiple isomorphous replace-
ment and solvent flattening. The first de-
rivative solved was obtained from crystals
soaked in trimethyllead acetate and proved
to be highly isomorphous with only four
binding sites (21). It was used to determine
the positions of the other heavy atom bind-
ing sites by difference Fourier techniques
(Table 2). The positions and occupancies
of the heavy atom sites were refined accord-
ing to the origin-removed Patterson-func-
tion correlation method by the program
HEAVY (22). The overall figures of merit
for the area detector, CHESS, and SSRL
synchrotron data were 0.47, 0.58, and
0.42, respectively.

The higher resolution x-ray data collect-
ed at SSRL were placed on the same scale as
the area detector data and included as a
block from 4.5 to 2.8 A. Efforts to merge
the overlapping data between the area de-
tector and synchrotron data were unsatis-

These protein phases were improved by
solvent flattening (24). The positions and
occupancies of heavy atom binding sites
were further refined against these modified
phases (25). This gave an improved elec-
tron density map into which approximately
550 alanine residues were built with the
program FRODO (26). The map showed
good connectivity and many well-defined
side chains.

Once several long segments were con-
nected, the positions of these alanine resi-
dues were matched to the known amino
acid sequence (27, 28). At this stage phase
information from the partial model was
combined with the heavy atom derivative
phases by the program SIGMAA (29). The
structure was refined concurrently with the
model building process by the program
package TNT (30). Once the model build-
ing was near completion, a cycle of refine-
ment with X-PLOR (31) was performed to
improve the conformations of the side
chains. The strategy of alternate model

building and refining proved successful and
constantly improved the estimation of the
protein phases. Toward the end of the
analysis there were clear segments of elec-
tron density corresponding to portions of
the light chains that were completely miss-
ing in the original maps phased with heavy
atom derivatives alone.

At present, 1072 residues (of a total of
1157) have been built into the electron
density map. The model was refined to an R
factor of 22.3 percent for all measured x-ray
data between 30 to 2.8 A with root-mean-
square deviations from ideal geometry of
0.018 A for bond lengths, 2.5° for bond
angles, and 0.013 A for groups of atoms
expected to be coplanar. No solvent mole-
cules have yet been built into the electron
density (Figs. 1 and 2).

Structure description. In a space-filling
representation of all atoms in the myosin S1
model (Fig. 3), the green, red, and blue
segments represent parts of the heavy chain
and the yellow and magenta stretches cor-

Fig. 2. A stereo view of a representative section of electron density located in the seven-stranded
B sheet motif of the heavy chain calculated with SIGMAA coefficients (29). The phases and weights
used to calculate the electron density were obtained by combining the information from the heavy
atom phases and those derived from the atomic model.

Table 2. Heavy atom derivatives used in the structure determination and their data collection

factory. However, the phase information Stetistics.
from all three sources was combined Conditions*
throughout the entire resolution range via Reflec- Resolu- ~ Phas-
the phase probability coefficients (23). Derivative ~ Concen- ... Method  Rynf tions  tion  Ryuet ?r:tc(?? ‘;gg_
tration ) o) A or§
(mM)
! ! ]  Trimethyllead 20 21 Areadetector 67 13,394 35 24.5 4 101
acetate
KAU(CN), 1 5 Areadetector 58 18082 35 18.2 6 1.14
. K.OsO,/pyridine  2-20 2 Areadetector 6.7 11,804 40 24,5 4 1.02
o B KaUO,F5 3 4 Areadetector 6.7 11,688 4.0 191 7 1.06
_' B Trimethyllead 20 21 CHESS 1156 34,498 28 28.2 4 119
. acetate
71 KAU(CN), 1 5 CHESS 97 36339 28 170 8 123
K;0s0,/pyridine 2-20 2 CHESS 100 32,554 28 32.2 8 099
Cis-Pt(NH3),Cl, 2 3 CHESS 103 36,108 28 210 12 1.2
4 K.UO,Fs 3 4 CHESS 109 36419 28 227 9 098
Trimethyllead 15 21 SSRL 13.0 31667 28 271 4 1.1
. o acetate
Asof EETD J 4 KaUO.Fs 2 3 SSAL 118 33043 28 222 6 088
-180 90 0 90 180 *The heavy atom derivatives were prepared at 4°C by first slowly transferring the crystals to a synthetic mother

Fig. 1. Ramachandran plot of the main chain
dihedral angles of all non-glycinyl residues in
the model presented.
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liguor composed of 1.5 M ammonium sulfate, 500 mM KCI buffered with 20 mM Pipes at pH 6.7. tRsym =
EE[ = U)Enhy % 100, where 4; and /, are the intensities of the individual and mean structure
factors. $Rgecae = 21 — IRIELF, x 100, where f, and £, are the heavy atom and native structure
factors. §The phasing power is defined as the mean value of the heavy atom structure factor divided by the

residual lack-of-closure error.
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respond to the essential and regulatory light
chains, respectively. As can be seen, the
myosin head is highly asymmetric with a
length of 165 A, a width of 65 A, and a
thickness of approximately 40 A.

Previous knowledge of the organization
of the heavy chain in the myosin head was
derived from proteolytic studies. Limited
tryptic digestion of vertebrate skeletal S1
indicated that the head contained three
major regions: a 25-kD NH,-terminal nu-
cleotide binding region (32), a central 50-
kD segment, and a 20-kD COOH-terminal
segment; the last two were shown to bind to

actin (33, 34). These proteolytic segments
are displayed in green, red, and blue, re-
spectively (Fig. 3); the light chains abut
one another and are wrapped around a
single o helix of the heavy chain but do not
overlap to any significant extent.

The secondary structure of the myosin
head is dominated by a helices with ap-
proximately 48 percent of the amino acid
residues in this conformation (Figs. 4 and
5). One key structural feature is the long
(approximately 85 A) « helix which ex-
tends from the thick part of the head down
to the COOH-terminus of the heavy chain.

Fig. 3. A space-filing
representation of all of
the atoms in the current
model of myosin S1. The
model is oriented such
that the actin binding
surface is located at the
lower right-hand corner.
The 25-, 50-, and 20-kD
segments of the heavy
chain are colored in
green, red, and blue, re-
spectively, whereas the
essential and regulatory

light chains are shown in

yellow and magenta, respectively. In this orientation the prominent horizontal cleft that divides the central
50-kD segment of the heavy chain into two domains (upper and lower defined by this orientation) is
clearly visible. This figure was prepared with the molecular graphics program MIDAS (67).
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This a helix constitutes the light chain
binding region of the heavy chain. There is
a bend, delineated by amino acid residues
Trp®2?, Pro®®, Trp®*!, and Met®?, which
connects this long a helix to a short
COOH-terminal a helix of the 95-kD
heavy chain fragment. A brief description
of the three polypeptide chains constituting
the myosin head is given below.

The regulatory light chain is located at
the end of the molecule distal from the
nucleotide binding site (Figs. 4 and 5). It
consists of two domains and shares consid-
erable structural homology with calmodulin
and troponin C except that the long con-
necting helix observed in calmodulin and
troponin C is distorted (35, 36). A com-
parison of the regulatory light chain with
calmodulin is shown in Fig. 6A where the
eight helices that comprise the two domains
have been labeled A through H. The reg-
ulatory light chain is arranged such that its
NH,-terminal domain wraps around the
COOH-terminus of the heavy chain be-
tween amino acid residues Asn®?® and
Leu®*? whereas its COOH-terminal domain
interacts with the heavy chain in the region
defined by amino acid residues Glu®® to
Val®?. The interaction of the NH,-termi-
nal domain with the heavy chain is stabi-
lized by a cluster of hydrophobic residues
including nine phenylalanines, two tryp-

Fig. 4. A ribbon representation of the entire
model for myosin S1, In this and all successive
figures, 2000 and 3000 have been added to the
residue numbers of the regulatory and essential
light chains, respectively, to distinguish these
from the heavy chain. Heavy chain residues
Asp*® to Glu®*, Gly2'® to Tyr526 and GIn®7 to
Lys®?2 are colored in green, red, and blue,
respectively. These segments are separated by
disordered loops for which no density is evident
in the current map. There are two additional
segments in the heavy chain for which the
density is weak or disordered. These include
residues Lys®"? to Lys®™ and lle”3? to Phe™7,
The A2 isozyme of the essential light chain,
shown in yellow, theoretically contains 149 ami-
no acid residues. In the model it extends from
residue Asp® to Val'?® and contains one ill-
defined region that includes residues Leu® to
Alaf%. The regulatory light chain, which is col-
ored in magenta, theoretically consists of 166
amino acid residues. In the current model it
extends from residue Phe'® to Lys'®® but is
disordered between residues Pro'? and
Asn'¥7_In this figure the molecule is oriented
perpendicular to its long axis and rotated to
view along the active site pocket. A sulfate ion,
shown here in a space-filling representation, is
located at the base of the pocket. The actin
binding surface has been defined as indicated
on the figure by the location of the 50- to 20-kD
junction (residues Tyr®2¢ and GIn®*7) and by its
interaction with actin (46). Figures 4 to 7 were
prepared with the molecular graphics program
MOLSCRIPT (62).
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tophans, and four methionines. Five of
these residues are contributed by the heavy
chain. Superposition of the NH,-terminal

domains of the regulatory light chain and
calmodulin reveals an rms difference in the
positions of 59 equivalent residues of only

Fig. 5. A stereo « carbon plot of the entire myosin head in which the view has been rotated 90° with
respect to Fig. 4. In this view, the active sile pockel is seen as a wide depression. Selecled residues have
been labeled to allow the path of the chain to be followed and to identify the start and end of the

secondary structural elements.

Regulatory Light Chain

Calmodulin

Essential Light Chain

Fig. 6. (A) and (C) show ribbon representations of the regulatory and essential light chains together

with the segment of the heavy chain with which they interacl. The light chains are oriented such that

the NH,-terminal domains have the same orientation as calmodulin shown in (B). The coordinates for

calmodulin were taken from the Brookhaven Protein Data Bank (file 3CLN) from the structure

determined by Cook and co-workers (63).
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1.3 A. By contrast the COOH-terminal
domain is less similar to the structure ob-
setved in calmodulin and is due to a differ-
ence in the positions of the F and G helices
in the regulatory light chain that have
moved to accommodate the heavy chain.
In addition, the COOH-terminal domain
as a whole has rotated, relative to calmod-
ulin, about the midpoint between the two
domains in order to form a tight complex
with the heavy chain.

The divalent cation binding site is locat-
ed in the first helix-loop-helix motif ob-
served in the amino acid sequence and, as
indicated above, has a conformation similar
to that observed in calmodulin. A divalent
cation is clearly evident in the electron
density and is most likely Mg?* in that this
was a minor constituent of the crystalliza-
tion buffer. In our model, no electron den-
sity was observed for the first 18 amino acid
residues in the regulatory light chain. This
includes Ser'? and is, by sequence homolo-
gy to rabbit myosin, the site of phospho-
rylation by myosin light chain kinase (37).
Presumably this portion of the polypeptide
chain is flexible in S1 and perhaps only
plays a functional role when the head is
attached to the remainder of the molecule.
The observed NH,- and COOH-terminal
residues of the regulatory light chain lie
close to the interface between the two
domains.

The essential light chain interacts with
the long a helix of the heavy chain through
amino acid residues Leu™? to Met®®® (Fig.
6C). Likewise, it wraps around the heavy
chain « helix but in a manner different
from that observed for the regulatory light
chain. Its arrangement resembles that for
the interaction of calmodulin with a target
peptide from myosin light chain kinase
(38). It differs in that the second and third
helices in the NH,-terminal domain abut
the heavy chain with their external surfac-
es, whereas the corresponding secondary
structural elements in calmodulin enclose
the respective target peptide. The electron
density for this part of the molecule is the
least well ordered of the entire map. In-
deed, very little of the essential light chain
was visible in the original electron density
map and only appeared after the phase
information from the rest of the molecule
was included. This could be due to either
lack of isomorphism in the heavy atom
derivative phases or conformational flexi-
bility of the polypeptide chain. It is difficult
to distinguish between these two possibili-
ties because the crystals contain both class-
es of essential light chain isoforms. As with
the regulatory light chain, the NH,- and
COOH-terminal residues lie close to the
interface between the two domains.

The heavy chain constitutes the entire
thick portion of the myosin head and con-



Fig. 7. A stereo ribbon and « carbon plots of the
catalytic portion of the myosin head centered on the
active site. In (A) and (B) the actin binding face, as
defined by the position of the 50- to 20-kD junction, is
located on the far side of the molecule. In (C) the
molecule has been rotated 80° about the horizontal
axis to reveal more clearly the relation between the
active site pocket and the reactive cysteine residues.
(A) A larger segment of the myosin head that reveals
the overall disposition of the secondary structural
elements around the nucleotide binding site. The
upper domain of the 50-kD segment is shaded in gray
whereas the lower domain is shaded in black to
emphasize the narrow cleft that divides them. (B) A
more detailed view of the residues that form the
interface between the upper and lower domains of the
50-kD segment, Marker residues are identified that
allow all other residues to be located. In addition, a
few of the side chains for the residues that have been
implicated to be important in the catalytic mechanism,
from amino acid sequence analyses and from chem-
ical studies, have been included. Residues Trp'™! and
Ser®#* that have been identified from photolabeling
studies lie on opposite sides of the nucleotide binding
pocket. (C) The helix connecting the reactive cys-
teines, Cys”®" and Cys®7, lies at the base of a cleft at
the junction between the lower domain of the 50-kD
segment and the NH_-terminal 25-kD segment,

tains both the nucleotide binding site and
actin binding region. These are located on
opposite sides of the protein. This part of
the molecule contains a complex arrange-
mernt l‘Jf SCCUndill—Y Structuml C]Cmcnts cen-
tered mainly around a large, mostly paral-
lel, seven-stranded B sheet motif. The to-
pology of this B sheet is such that strands
one and six run in the opposite direction to
the other five strands. The central strand
corresponds to the strand-loop-helix bind-
ing motif, which has the sequence GES-
GAGKT (39), observed both in adenvlate
kinase and the Ras protein (40). The to-
pology and organization of the heavy chain
are described below in terms of the three
major tryptic fragments. However, these
fragments arise from proteolytic cleavage at
flexible loops and do not represent discrete
structural domains.

The first observed residue at the NH,-
terminus of the heavy chain is Asp® and is
located close to the essential light chain at the
approximate center of the entire myosin mol-
ecule (Figs. 4 and 5). From here the heavy
chain crosses the width of the molecule and
forms a small six-stranded antiparallel B sheet
motif (Lys*® to Met®™), which is fairly inde-
pendent of the rest of the head and protrudes
from the molecule as a whole. The function of

this domain is unknown although it does not
appear essential for motility in that it is
missing in several single-headed myosin
I-type molecules (41). The topology of this
sheet is similar to that of the Src—homology 3
domain observed in spectrin (42). After this
motif, the heavy chain forms three strands of
the large B sheet motif that are connected by
a series of a helices. The first two strands

extend from Tyr''¢ to Tyr''® and from Cys'?3
to Val'?® and are connected by a B turn.
Thereafter there are three short helices prior
to the fourth B strand in the sheet that
extends from GIn'” to Gly'™. The third
strand belongs to the COOH-terminal 20-kD
fragment of the heavy chain frasment. The
fourth or central strand precedes the phos-
phate binding loop and is followed by a helix,

SCIENCE = WVOL. 261 = 2]JULY 1993

Lys'® o le'?, which forms the base of the
nucleotide binding pocket. The topology of
this loop is essentially identical to that in the
Ras protein and adenylate kinase (40). A
sulfate ion is embedded in the phosphate
binding loop and is located close to the
position of the B phosphate observed in
the complex between Ap.A [P!,P his-
{adenosine-5'-) pentaphosphate] and adenyl-
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ate kinase (Figs. 4 and 5). It is perhaps not
surprising to find a sulfate ion in the nucleo-
tide binding site because ammonium sulfate is
a competitive inhibitor of the ATPasc activity
(43). A break in the electron density is
abserved between Glu?® and Gly?!6 at the far
end of the active site pocket. The missing
segment, which contains six charged residues,
occurs at the 25- to 50-kD junction and is
most likely a constitutively flexible loop.

The 50-kD fragment has a complex to-
pology that can be described as two major
domains separated by a long narrow cleft as
is evident in the space-filling drawing (Fig.
3). This cleft divides the distal one-third of
the myosin head into two regions, which
are referred to as the upper and lower
domains of the 50-kD segment (Fig. 3).

Electron density for the polypeptide
chain resumes at Gly?!¢ as the start of an @
helix (Leu?'® to Gly**?). This helix forms
part of the nucleotide binding pocket.
Thereafter, the chain loops around close to
the phosphate binding site and conneets up
to B strands six and seven of the large B
sheet motif that extend from Gly**7 (o
His?>* and Leu®® to Tyr®®®, respectively.
Strand seven terminates in a domain com-
posed of random coil and several short hel-
ices and extending from Glu®™' to Asp??T.
This region is located close to the nucleotide
binding site and contains Ser*?* which had
been previously identified by photolabeling
to be an active site residue (44) (Fig. 7). An
a helix extending from Asp**? to Ile*®
forms the top of the nucleotide binding
pocket. After this domain, the polypeptide
chain forms the end of the myosin head
through a series of long a helices. The
longest of these is 45 i in length and
extends from Val*'? to Leu**. Strand five of
the large mixed B sheet follows this helix
and extends from Tyr®? to Ala®s. This
strand terminates in a random coil that drops
from the “upper” to “lower” domains of the
50-kD fragment. The midpoint between the
upper and lower domains is located close to
Gly*® and occurs in a region of the sequence
(Tyr*™7 to Gly*!9) that is highly conserved in
all myosins (45). Furthermore, the cleft
itself contains many individual highly con-
served residues that extend into the space
between the two domains.

The lower domain is built from scveral
long a helices (Phe*™ to Lys 505 and Met®!7
to Glu’®), the last of which contains a
hydrophobic bulge at Pro®2%. After another
helix (Asp® to His*®®) there is a three-
stranded antiparallel B sheet, which includes
residues Asn®®* to Lys*®?, Phe®™ to Val®™™,
and Thr®®" to Tyr*%°. The electron density
for Lys*™2, Gly*"*, and Lys*™ is very weak,
and therefore these residues have been ex-
cluded from the model. The segment be-
tween Pro®?® and Lys** is one component of
the actin binding surface as defined by Ray-
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ment et al. (46). A single sepment of random
coil (Lys® to Leu®?) passes from the lower
domain and across the cleft to form a helix-
loop-helix motif on the outer face of the
upper 50-kD domain and terminating at
Tyr®%6. There is no electron density corre-
sponding to amino acid residues Gly®* to
Phe®#¢. This particular stretch contains the
second major site of trypsin proteolysis and is
the junction between the 50- and 20-kD
fragments. The primary sequence in this
disordered region contains nine glycine and
five lysine residues, suggesting that it may be
a flexible region in the molecule. This site is
resistant to proteolysis in the actomyosin
complex and as such may contribute to the
actin binding interface of myosin (33). In
addition, this region has also been implicat-
ed in actin binding from crosslinking and
kinetic studies of proteolytically cleaved pro-
tein (34, 47).

Electron density for the polypeptide
chain resumes at GIn®**" and proceeds as a
long a helix (Ser®? to Arg®®) across the flat
face of the molecule toward the light chain
binding region and lies between the upper
and lower domains of the 50-kD fragment.
This helix is part of a highly conserved
segment that runs from Leu®*® to Asn®®. At
the end of the helix, the polypeptide chain
turns into the center of the molecule and
forms the third strand of the mixed B sheet
(His®*® to 11e97%). Thus the major tertiary
motif of the head contains contributions
from all three of the tryptic fragments. After
leaving the B sheet, the polypeptide chain
proceeds through the large surface loop de-
fined by Thr®7 to Glu®®7, which caps one
end of the nucleotide binding site pocket.
Subsequently, the polypeptide chain forms
two « helices lying under the nucleotide
binding site and delineated by His*®® to
Asn®® and Val™ to Arg™. This highly
conserved segment in the sequence contains
the two sulthydryl groups, Cys™® and
Cys®7, which are more reactive than the
other 11 in the molecule and have been
given the names SH1 and SH2, respective-
ly, in the order of their chemical reactivity.
These two thiols can be crosslinked by oxi-
dation and a wide variety of hifunctional
chemical reagents differing in length from 14
t0 3 A but only in the presence of nucleotide
(48). Indeed, formation of a covalent link
between these two groups serves to trap
Mg?*-ADP (adenosine diphosphate) in the
active site. Although these reactive sulfhy-
dryls have been thought to reside in a flex-
ible loop, the discovery that these two resi-
dues are separated by an « helix was surpris-
ing (Fig. 7C). This is a well-defined region
of the electron density map. The fact that
the o carbons of Cys®7 and Cys'™® are
approximately 18 A apart suggests that a
rearrangement or conformational change in
this area must occur upon nucleotide bind-
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ing. This point is further emphasized by the
observation that SH1 and SH2 both lie in
small clefts that face out toward the solvent
on opposite sides of the molecule. The func-
tional significance of this region is also indi-
cated by the very high degree of amino acid
sequence conservation in this area of the
molecule.

The segment that follows the reactive
sulfhydryl groups consists of a small three-
stranded antiparallel B sheet thar includes
residues Arg”' to Tyr™7, Tyr™® o Gly™!,
and Lys™® to Phe®, and is associated with
two short helices. This domain is separated
from the adjacent NH,-terminal domain of
the 25-kD fragment of the heavy chain by a
distinct cleft and shows a greater associa-
tion with the COOH-terminal domain of
the essential light chain. Thereafter the
heavy chain continues as a long o helix
that shows distinct curvature beginning at
Leu™ and ending at Val®?. There is a
decided bend in the course of the polypep-
tide chain resulting from the Trp®2?, Pro®°,
Trp®*! sequence (Figs. 4 and 5). The heavy
chain terminates at residue Lys®™? after a
small o helix that lies nearly at right angles
to the preceding long helix.

Effect of the reductive methylation on the
protein structure and function. One question
that must be addressed is the effect, if any, of
reductive methylation on the conformation of
the protein. An examination of the kinetic
properties of modified myosin S1 reveals that
the protein is cnzymatically active (49).
There are changes in the kinetic parameters
that are similar to those observed when only
the reactive sulfhydryl groups are alkylated
(50). The results do not suggest any major
changes in the overall conformation of the
molecule since these would be expected to
abolish its enzymatic activity. Myosin from
most sources already contains scveral post-
translationally modified amino acid residues.
For example, in chicken skeletal myosin S1,
Lys* is monomethylated, Lys'*® and Lys®
are trimethylated, and His™7 contains a 3-N-
methylated side chain (27). Although the
role of these modified residues is unknown, it’
has been suggested that methylation of Lys'*
provides a permanent positive charge that
may become buried when nucleotide is bound
(51). In our structure, Lys"*® is exposed to the
solvent at the edge of the nucleotide binding
pocket. However, this region of the protein
probably rearranges when nucleotide binds
because the adjacent Trp'*! is photolabeled
by two purine ATP analogues (52).

The structure of methylated lysozyme is
essentially identical to that of the native
protein (13). From this it is not expected
that the folding motifs in myosin SI will be
significantly affected by this treatment.
There is, however, the possibility that the
relation between the various domains could
be altered. Qur data reveal that almost all of



the lysine residues are located at the surface
and hence would not be expected to influ-
ence the structure in any major way. The A2
isozyme of chicken myosin S1 contains 102
lysine residues (27), of which 85 have been
built into the model. Of those, 67 are
located at the surface of the protein and only
18 participate in salt bridges and can be
considered buried. Five of these lysines par-
ticipate in crystalline contacts. The remain-
ing 17 lysine residues in the A2 isozyme are
located in disordered loops; in our structure
all except 4 lysine residues are reproducibly
medified under conditions where 100 per-
cent dimethylation is expected (Table 1)
(15). Thus, the unmodified lysine residues
are most likely located in salt bridges where
they would be expected to have a higher
pK,. Mass for the additional methyl groups
on the lysine residues is evident in the
electron density map for most of the well-
ordered side chains. However at this resolu-
tion it difficult to categorically decide if a
residue has been modified based on the
density alone. Even so, it appears that
Lys'®%, which resides in the phosphate bind-
ing loop, is not modified.

Active site and possible mechanism for
muscle contraction. The catalyric site of the
myosin head was identified by analogy to the
phosphate binding loop in both the Ras pro-
tein and adenylate kinase and by the position
of the amino acid residues previously identi-
fied by chemical studies with ATP analogues
(52). The nucleotide binding pocket is locat-
ed on the opposite side of the head from the
proposed actin binding site and is in an open
conformation (Figs. 4, 5, and 7). The view in
Fig. 7 shows the position of the sulfate ion in
the phosphate binding loop and a few of the
amino acid residues that have been chemical-
ly labeled, including Trp!'?!, Ser!8!, Ser’®,
and Ser’?* (44, 52, 53). The width of the
nucleotide binding pocket at its surface is
approximately 15 %\ as measured between o
carbons. Since the binding constant of myo-
sin for Mg?*-ATP is about 3 X 10*! (54) and
residues on both sides of the cleft have been
photochemically labeled, it is likely that the
pocket closes when nucleotides bind in the
active site. The pocket is approximately 13 A
wide and 13 A deep with an angle between
the faces of the pocket of ~40°. The base of
the cleft is located 90 A from the COOH-
terminus of the myosin head. If the binding
face to actin remains essentially stationary,
closure of the nucleotide binding cleft could
produce a movement at the COOH-terminus
of the myosin head of approximately 60 A.
How this rearrangement is actually accom-
plished cannot be easily predicted from our
structure.

The orientation of the molecule in Fig.
5 is rotated such that the actin binding
surface is approximately perpendicular to
the page (46). Closure of the nucleotide

binding pocket would rotate the COOH-
terminal end of the heavy chain that carries
the light chains toward the viewer, which is
consistent with that expected for the start
of the power stroke. From this perspective it
appears that a major function of the light
chains is to create a longer molecule and
hence amplify the conformational changes
associated with the active site.

Muscle contraction consists of the cyclic
attachment and detachment of the myosin
head to the actin filament with the con-
comitant hydrolysis of ATP. From the ex-
tensive kinetic studies on the interaction of
myosin with actin (55), a general picture of
the sequence of kinetic events occurring
during muscle contraction has emerged.

Transient kinetic measurements originally
demonstrated that transduction of the chem-
ical energy released by the hydrolysis of ATP
into directed mechanical force occurred dur-
ing product release rather than during the
hydrolysis step itself (56). The cycle of events
was summarized as follows: Mg?*-ATP rapid-
ly dissociates the actomyosin complex by
binding to the ATPase sites of myosin; free
myosin then hydrolyzes ATP and forms a
relatively stable myosin-products complex; ac-
tin recombines with this complex and disso-
ciates the products, thereby forming the orig-
inal actin-myosin complex. Presumably, force
is generated during the last step. Although
this model provided an important conceptual
framework for studies of the contractile cycle,
it soon became clear that the interactions
between myosin, actin, and the substrate and
products were more complex (55).

Structural information on the conforma-
tional changes that occur during the actomy-
osin interactions is limited. Addition of ATP
causes no significant change in the amount of
secondary structure as assessed by circular
dichroism (57). The changes observed in
tryptophan fluorescence are typical of most
enzymes whose active sites are induced to fit
around their substrates. However, significant
movement within the myosin head must oc-
cur during the ATPase activity because of the
large change in distance between the two
reactive cysteine residues (Cys'®" and Cys®7)
that is induced when nucleotide binds (48,
58). Recent low-angle x-ray scattering studies
also suggest a large-scale movement during
ATP hydrolysis (59).

In formulating a model for muscle contrac-
tion from the structure of myosin S1 presented
here, it must be understood that it neither
contains nucleotide nor is bound to actin.
Most likely the crystal structure is an interme-
diate between these two extremes, although
probably closer to the actin bound state.
Preliminary attempts to dock myosin (46) to
actin suggest that a better fit to the image
reconstructions of S1-decorated actin would
be obtained if the long narrow cleft between
the upper and lower 50-kD domains were to
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close, thus implying that this is an important
structural feature of the molecule. In addition,
the preliminary fit implies that the actin
binding site contains components from both
the upper and lower 50-kD domains and the
first & helix from the 20-kD region. From the
location of residues Tyr®¢ and GIn7, the
positively charged disordered segment at the
50- to 20-kD junction could readily interact
with the negatively charged amino acids at
the NH,-terminus of actin.

All the current kinetic models for the
mechanism of muscle contraction require a
change in the binding affinity of myosin for
actin when ATP binds to the active site.
Although it is difficult to predict how this
effect can be communicated to the actin
binding site, the structure suggests that this
might be generated by changes in the relation
between the upper and lower domains of the
50-kD segment prompted by binding of the -y
phosphate. Examination of Fig. 7 reveals that
the potential binding site for the y phosphate
would be located close to the confluence of
the upper and lower domains of the 50-kD
region below the current location of the sul-
fate ion. These observations together with the
information from docking myosin onto actin
provide the information necessary to formu-
late a basic structural model for muscle con-
traction (46).

The three-dimensional model of the my-
osin S1 presented in this article provides a
molecular framework that can be used to
address the issues of conformational changes
during the contractile cycle and suggests
how this molecule functions as a molecular
motor. By a combination of molecular biol-
ogy, in vitro motility assays, and chemical
and kinetic studies, it should be possible to
test these hypotheses concerning the molec-
ular basis of motility.

Finally, it is appropriate to consider why
reductive methylation allows this molecule
to crystallize. Examination of the structure
reveals that it contains elements of flexibil-
ity that might lead to multiple conforma-
tions in solution, which in turn might
prevent the formation of a crystalline lat-
tice. It is conceivable that reductive meth-
ylation serves to stabilize one of these con-
formations in solution. Alternatively, re-
ductive methylation may serve only to re-
duce the solubility of the protein.
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