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Abstract. The structural basis for the phosphoryla-
tion-dependent regulation of smooth muscle myosin
ATPase activity was investigated by forming two-
dimensional (2-D) crystalline arrays of expressed un-
phosphorylated and thiophosphorylated smooth mus-
cle heavy meromyosin (HMM) on positively charged
lipid monolayers. A comparison of averaged 2-D pro-
jections of both forms at 2.3-nm resolution reveals
distinct structural differences. In the active, thiophos-
phorylated form, the two heads of HMM interact

intermolecularly with adjacent molecules. In the un-
phosphorylated or inhibited state, intramolecular inter-
actions position the actin-binding interface of one head
onto the converter domain of the second head, thus
providing a mechanism whereby the activity of both
heads could be inhibited.
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smooth muscle myosin, or of its double-headed

subfragment, heavy meromyosin (HMM)?!, is con-
trolled by phosphorylation of the regulatory light chain
(RLC). The active, phosphorylated form displays high ac-
tin-activated ATPase activity and moves actin in an in
vitro motility assay. The inhibited, unphosphorylated state
shows several 100-fold lower actin-activated ATPase ac-
tivity and does not act as a molecular motor (reviewed in
Trybus, 1991). In contrast, the single-headed subfragment
1 (S1; Ikebe and Hartshorne, 1985), as well as the pro-
teolytically prepared single-headed myosin (Cremo et al.,
1995), are active regardless of the phosphorylation state.
These studies indicate that interaction between the two
myosin heads is required to obtain the inhibited state. It
has not been established, however, if the key interaction to
obtain the off state is between motor domains, between
RLCs, between the head and the rod, or a combination of

THE enzymatic activity and motor properties of
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all three. A number of mutagenic studies show that regula-
tion can be perturbed by mutations in each of these re-
gions of the molecule (Trybus and Chatman, 1993; Trybus
etal., 1997, 1998; Ikebe et al., 1998).

To fully understand phosphorylation-dependent regula-
tion, a structural approach that directly shows the contacts
between heads that give rise to the inhibited state is essen-
tial. Possible interactions between individual heads can be
observed using electron microscopic techniques. However,
images of actin decorated with HMM gave no insights re-
garding how the two heads might interact to inhibit
product release (Craig et al., 1980). Metal-shadowed im-
ages of unphosphorylated smooth muscle myosin showed
that the rod folds into thirds and the heads bend back to-
ward the rod in the inhibited state and appear to closely
abut each other, but these data were not of sufficient reso-
lution to identify interaction sites that lead to lowered ac-
tivity (Onishi and Wakabayashi, 1982; Trybus et al., 1982;
Trybus and Lowey, 1984).

Formation of two-dimensional (2-D) crystals of soluble
proteins on lipid monolayers provides a specimen suitable
for the highest resolution imaging by EM (Kornberg and
Ribi, 1987; Chiu et al., 1997). Using this approach, we ob-
tained projection maps from 2-D arrays of expressed
smooth muscle HMM bound to lipid monolayers in both
the unphosphorylated and thiophosphorylated states. Our
data provide the first view of intramolecular interactions
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between the two heads of unphosphorylated HMM, which
are not seen in thiophosphorylated HMM. These data sug-
gest a possible mechanism for inhibition of product release
from a regulated myosin. In addition, this approach allows
the structures of other double-headed myosins to be deter-
mined without being dependent on the formation of large
three-dimensional crystals.

Materials and Methods

Expression and Purification of Chicken Gizzard
Smooth Muscle HMM

Recombinant baculovirus was isolated by conventional protocols
(O’Reilly et al., 1992). For HMM expression, Sf9 cells in suspension cul-
ture were coinfected with two recombinant viral stocks, one coding for the
heavy chain (amino acids 1-1175) and one coding for both the RLC and
essential light chains (ELCs). The heavy chain was cloned with a FLAG-
tag at the COOH terminus to facilitate purification (DYKDDDDK). The
cells were harvested at 65-75 h, and the recombinant proteins isolated on
an anti-FLAG affinity column (Sigma Chemical Co.). The expressed
HMM yielded a homogeneous product with intact heavy and light chains.
Thiophosphorylated HMM was prepared by incubation of unphosphory-
lated HMM with ATP-v-S, CaCl,, myosin light chain kinase, and calmod-
ulin.

Preparation of 2-D Crystals on Lipid Monolayers

Crystallization of both unphosphorylated and thiophosphorylated HMM
was achieved using a positively charged lipid monolayer, essentially as de-
scribed previously (Taylor and Taylor, 1992). Crystals were found over a
range of conditions in a phosphate buffer containing NaCl, MgCl,,
EGTA, and ATP in combination with polyethylene glycol. The arrays typ-
ically appeared within 1-3 d, and degraded quickly thereafter. Specimens
for EM were made by transferring the crystals to 200-300-mesh copper
grids with reticulated carbon support film (Kubalek et al., 1991). Crystals
were negatively stained with 2% uranyl acetate. After drying, the speci-
mens were stabilized by vacuum deposition of a thin layer of carbon be-
fore examination.

Electron Microscopy and Image Processing

Micrographs where recorded on a Philips CM120 electron microscope at
120 kV acceleration voltage and a magnification of 28,000 and 35,000, re-
spectively, under standard conditions. Electron micrographs initially were
screened by optical diffraction and then digitized on a Perkin Elmer
PDS1010M microdensitometer with a step size of 0.46 or 0.37 nm, with re-
spect to the original object.

Correction for lattice distortions was performed using SPECTRA
(Schmid et al., 1993) before calculating structure factors. The defocus was
determined using ICE (Hardt et al., 1996) and corrected using CTFAPP-
PLY from the MRC package (Crowther et al., 1996). Structure factor data
from the different images were merged using a modified version of an origin
refinement program originally written by S.D. Fuller (EMBL, Heidelberg,
Germany) and averaged in plane group P2. Maps were calculated using the
CCP4 software (Collaborative Computational Project, 1994) and then im-
ported into O (Jones et al., 1991; Kjeldgaard et al. 1993) for model building.

The ten micrographs of unphosphorylated HMM that were analyzed
had average unit cell dimensions of a = 11.95 = 0.25 nm, b = 28.20 =+ 0.89
nm, and y = 90.6° = 0.8°. Structure factors were refined to a common
phase origin and symmetrized in the plane group P2. This yielded a total
of 76 averaged structure factors with a diffraction spot quality of 1Q = 4,
as defined by Henderson et al. (1986). The averaged phase residual was
10°, extending to a resolution of 2.3 nm.

The 21 images of thiophosphorylated HMM that were analyzed had av-
eraged unit cell dimensions of a = 15.53 = 0.49 nm, b = 18.38 * 0.24 nm,
and y = 80.2° + 1.7°. A total of 65 unique averaged structure factors were
obtained (IQ = 4) with an average phase residual of 11°, extending to a
resolution of 2.3 nm.

Model Building

We constructed an S1 model based on the high resolution X-ray structure
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of the smooth muscle motor domain plus ELC (MDE) with bound
MgADP-AIF,~, a transition state analogue (Protein Data Bank 1BR1;
Dominguez et al., 1998). It should be noted that this structure was indis-
tinguishable from one obtained with an ATP analogue, MgADP-BeF,.
Thus, the MDE-MgADP-AIF,~ crystal structure should mimic the head
conformation in our 2-D crystals produced with MgATP. The skeletal
muscle RLC and the heavy chain associated with it (Rayment et al., 1993)
were then modeled onto the smooth MDE crystal structure by aligning
homologous regions of the light chain binding domain. Figures of the
model were prepared using Bobscript 2.3 (Esnouf, 1997).

Results

Unphosphorylated Heavy Meromyosin

2-D crystalline arrays of inhibited, unphosphorylated
HMM on lipid monolayers were obtained in the presence
of MgATP (see Materials and Methods). The arrangement
of heads in unphosphorylated HMM is highly asymmetric.
To further interpret the projection maps (Fig. 1 d), an
atomic model for smooth muscle S1 was docked into the
electron density. Even in projection, the docking is rela-
tively unambiguous. All of the density seen in projection
can be accounted for by the two heads. No obvious feature
corresponding to the S2 fragment of the rod is visible.
Without modifying the S1 model, a relatively good align-
ment can be achieved (Fig. 1 a). In this alignment, the long
axis of one of the motor domains is oriented nearly per-
pendicular to the plane of the crystal, and the other is ori-
ented nearly within the plane. The highest density in the
projection occurs where the motor domain is oriented per-
pendicular to the crystal plane. However, the COOH-ter-
minal ends of the heads are relatively far apart, and some
density is unaccounted for by this model. To move the
COOH termini closer together and achieve a better fit, it
was necessary to modify the position of one of the light
chain binding domains. An ~30° rotation of the light chain
binding domain about gly779 brings the light chain binding
domain, in particular the region where the RLC is located,
into density that had previously been unaccounted for, and
at the same time brings the COOH-terminal residues
closer together to form a vertex at the head-rod junction
(Fig. 1, bandc).

The quality of the model was assessed by projecting the
rebuilt X-ray coordinates into a 2-D image (Fig. 1 d, mid-
dle and right) for comparison with the initial electron den-
sity map (Fig. 1 d, left). The phase residual for this model
when compared with the original data is 25°. This is rea-
sonably good considering that solvent and negative stain
effects have not been incorporated into the model.

The important molecular contacts within the crystal oc-
cur between the motor domains of the same unphosphory-
lated HMM. The actin-binding interface of one head (the
blocked head) is located in close proximity to the con-
verter domain of the companion head (the free head).

Thiophosphorylated Heavy Meromyosin

The unit cell is smaller in the crystals of thiophosphory-
lated HMM, but the projected density and twofold sym-
metry requires incorporation of two HMM molecules into
the unit cell. Thus, the protein packing is much denser in
these crystals than in the unphosphorylated HMM crys-
tals. The docking of the smooth muscle S1 model into the
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thiophosphorylated HMM projection shown in Fig. 2, a-c,
is the only way we have found to fit twvo HMM molecules
into the unit cell and account for the mass in the electron
density map, with the reasonable assumption that the two
HMM molecules within the unit cell are the same.

As was found for the unphosphorylated HMM crystals,
the long dimension of the motor domain of one of the
heads extends out of the plane of the crystal, whereas the
other lies more within the plane. As with the unphosphor-
ylated HMM, it was necessary to rebuild the light chain
binding domain of one of the heads to obtain a model
where the two light chain binding domains connect to
form the beginning of the S2 region (Fig. 2 ¢). The rod re-
gion is not identifiable in the projection. The agreement
between the model and the reconstruction was evaluated
by projecting the model coordinates (Fig. 2 d, middle and
right) for comparison with the experimental electron den-
sity (Fig. 2 d, left). The phase residual for the model when
cross-correlated with the original reconstruction is 31°.

In contrast to the model for the unphosphorylated
HMM, the contacts between heads appear to be intermo-
lecular, rather than intramolecular. Moreover, it is possi-
ble to build a head-to-head interaction in the thiophos-
phorylated HMM crystals (Fig. 2 b) roughly similar to that
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Figure 1. Docking of the S1
coordinates into the 2-D EM
map of unphosphorylated
HMM. The motor domain
(red for one head, pink for
the other), the converter do-
main (green), the long alpha
helix (yellow, and magenta
for the hook), the ELC (or-
ange), and the RLC (cream)
are indicated by a ribbon dia-
gram in a—c. a, One contour
from the 2-D map with two
S1 molecules docked before
modification of the light
chain binding domain orien-
tation. b, An overview of the
same orientation shown in a,
but after rebuilding the light
chain binding domain of the
upper S1 molecule. ¢, The ar-
rangement of the unphos-
phorylated myosin heads is
shown in the half unit cell of
the map. d, The projection
map (left) was obtained by
averaging the structure fac-
tors obtained from ten elec-
tron micrographs after cor-
rection for the CTF. Middle,
The atomic coordinates are
projected into a 2-D image
for comparison with the orig-
inal electron density map.
Right, This 2-D projection is
shown filtered to 2-nm reso-
lution. One HMM motif is
outlined in each map in d.

constructed in the unphosphorylated HMM crystals, but
the interacting heads come from different HMM mole-
cules.

Discussion

This is the first report of 2-D crystalline arrays of unphos-
phorylated and thiophosphorylated smooth muscle HMM,
which provides the highest resolution structure of a dou-
ble-headed myosin to date. Both 2-D arrays were formed
in the presence of ATP, a state that cannot be analyzed us-
ing decorated F-actin because of its weak binding proper-
ties. The major new finding is the direct observation of in-
teractions between the heads of one HMM molecule in the
inhibited, unphosphorylated state. Such contacts have
long been inferred from biochemical, structural, and mu-
tagenic data. In contrast, only contacts between different
HMM molecules are observed in the active thiophosphor-
ylated HMM. The thiophosphorylated HMM structure is
probably one of many conformations; the particular con-
formation obtained here is stabilized in the crystal by
packing forces. Mobility of the two heads in the active
state is a key feature of myosin’s ability to search for actin
monomers in adjacent thin filaments.
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The docking of an atomic model for the myosin head
into our 2-D projections allows a model for the disposition
of the heads in the active and inhibited states to be pro-
posed. The crystal structure used for docking into the elec-
tron density (MDE with a transition state analogue or an
ATP analogue bound at the active site; Dominguez et al.,
1998) is expected to be structurally similar to that formed
in the 2-D crystals in the presence of MgATP. Consistent
with this idea, one head of the HMM molecule in both the
unphosphorylated and the thiophosphorylated HMM was
fitted with this model without modification. The light
chain binding domain of the second head required modifi-
cation; this region of the molecule undergoes large rigid
body movements during the power stroke. The arrange-
ment of heads in both the unphosphorylated and the thio-
phosphorylated HMM is highly asymmetric. This differen-
tiates our data from the only previous structural model for
HMM (Offer and Knight, 1996) that was obtained by mod-
eling and energy-minimizing the head-tail junction of scal-
lop myosin. In that model, the myosin heads are related by
a molecular twofold rotation axis. The present results,
though not excluding such a possibility under some condi-
tions, favors asymmetric models and suggests that the
heads are relatively independent of each other.

Significantly, in the unphosphorylated HMM, the actin-
binding interface on one head is positioned in the middle
of the other head near the converter domain. This ar-
rangement leaves the actin-binding domain of one head
free while the other is blocked. The interaction between
heads seen with the unphosphorylated HMM can explain
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Figure 2. Docking of the S1
coordinates into the 2-D EM
map of thiophosphorylated
HMM. The myosin head struc-
ture in a—c is color coded as in
Fig. 1. a, Two S1 molecules
docked into one contour from
the 2-D map. The same orien-
tation is shown in b after re-
building the light chain bind-
ing domain of the left S1
molecule. The lack of intramo-
lecular interactions between
two heads is shown in c. d,
The projection map (left) was
obtained from averaging the
structure factors of 21 micro-
graphs. The fitted coordinates
were then projected into a 2-D
image (middle) for compari-
son with the original electron
density map and filtered to
2-nm resolution (right). One
HMM molecule is outlined in
each map ind.

several existing pieces of experimental data. One is that
the binding constant of unphosphorylated and phosphory-
lated HMM to actin is only three- to fourfold different, al-
though phosphate release is regulated several 100-fold
(Sellers et al., 1982). The model proposed here shows that
only one of the two heads of unphosphorylated HMM
would be capable of interacting with actin, and thus the
difference in binding constant could reflect the difference
between single-headed binding in the inhibited state ver-
sus double-headed binding in the active state. More im-
portantly, the interaction of one head with the converter
region of the adjacent head could prevent the domain mo-
tions that are required to open myosin’s back door for
phosphate release from that head (Yount et al., 1995). A
large rotation (70°) of the converter region has been
shown to occur as myosin goes from the closed to the open
conformation (Rayment et al., 1993; Gulick and Rayment,
1997; Dominguez et al., 1998). Mutagenesis studies also
showed that conversion of the converter domain from a
smooth to a skeletal muscle sequence produced a chimera
that was not regulated by phosphorylation (Trybus et al.,
1998). Although these experiments were interpreted as
suggesting that sequences near the neck/motor domain in-
terface are important for properly positioning the RLCs in
an inhibitory position, the data could also accommodate
the idea that there is a direct interaction between heads
that involves the converter region.

The 2-D projection map is currently being extended into
the third dimension, which will enable us to determine the
interaction sites leading to the inhibited state more pre-
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cisely. Nonetheless, this study has already provided a gen-
eral mechanism by which product release could be inhib-
ited from both heads (direct blocking of the actin-binding
interface in one head, inhibition of converter rotation in
the other), while maintaining one head’s ability to bind to
actin in the presence of MgATP.
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