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ABSTRACT Electron microscopy and fiber diffraction studies of reconstituted F-actin-tropomyosin filaments reveal the
azimuthal position of end-to-end linked tropomyosin molecules on the surface of actin. However, the longitudinal z-position of
tropomyosin along F-actin is still uncertain. Without this information, atomic models of F-actin-tropomyosin filaments, free of
constraints imposed by troponin or other actin-binding proteins, cannot be formulated, and thus optimal interfacial contacts
between actin and tropomyosin remain unknown. Here, a computational search assessing electrostatic interactions for multiple
azimuthal locations, z-positions, and pseudo-rotations of tropomyosin on F-actin was performed. The information gleaned was
used to localize tropomyosin on F-actin, yielding an atomic model characterized by protein-protein contacts that primarily involve
clusters of basic amino acids on actin subdomains 1 and 3 juxtaposed against acidic residues on the successive quasi-repeating
units of tropomyosin. A virtually identical model generated by docking F-actin and tropomyosin atomic structures into electron
microscopy reconstructions of F-actin-tropomyosin validated the above solution. Here, the z-position of tropomyosin alongside
F-actin was defined by matching the seven broad and narrow motifs that typify tropomyosin’s twisting superhelical coiled-coil to
the wide and tapering tropomyosin densities seen in surface views of F-actin-tropomyosin reconstructions. The functional impli-

cations of the F-actin-tropomyosin models determined in this work are discussed.

INTRODUCTION

Tropomyosin, a 40-nm-long coiled-coil, polymerizes end-
to-end to form continuous superhelical strands that associate
symmetrically alongside each of the helical chains of actin-
based thin filaments (1-3). Tropomyosin itself is a modular
protein consisting of seven tandem quasi-repeating units
designed to bind to seven successive 55 A long actin mono-
mers over a 385 A path of the thin filament (1-3). The
azimuthal location of tropomyosin on the surface of actin
governs the access and hence the interactions and activity
of numerous actin-binding proteins in muscle and non-
muscle thin filaments (4-12). Relocation of tropomyosin
brought about by other binding partners can further influ-
ence thin filament behavior (6—12). In the case of striated
muscle thin filaments at low Ca2+, the troponin complex,
lying adjacent to elongated tropomyosin, functions to
constrain tropomyosin above myosin target sites on actin
(6-10). This steric blocking by tropomyosin limits myosin
binding and brings about muscle relaxation because myosin
crossbridge cycling on actin and consequently contraction
are inhibited. In contrast, Ca®" binding to troponin after
muscle activation leads to a ~25 A azimuthal movement
of tropomyosin away from the blocking site, which partially
relieves the structural restriction imposed by tropomyosin
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(6-10). In fact, the equilibrium position occupied by tropo-
myosin on actin in the absence of troponin or other
constraints is, on average, very close to the position brought
about by Ca”"-saturated troponin (13). In this C-state posi-
tion, the myosin-binding site on actin is still partly closed.
Now free of the constraints imposed by troponin, the tropo-
myosin strand oscillates on thin filaments by ~10 A, asifit
were vibrating azimuthally over a locally flat energy land-
scape on actin. Such azimuthal displacements uncover the
entire myosin-binding site and thus allow crossbridge
cycling and contraction (10,14). The extent to which the
initial weak binding of myosin plays a role in promoting
movement of tropomyosin from the closed to the fully
open position on actin is not completely understood. More-
over, it remains to be determined whether Ca®" activation
itself leads to a cooperative opening of the myosin-binding
site (15) or, alternatively, occurs stepwise between discrete
conformational states (closed and open) (10,16,17).
Tropomyosin’s global shape and flexibility play key roles
in the assembly, maintenance, and regulatory switching of
thin filaments. Electron microscopy (EM) images and
molecular-dynamics (MD) simulations of single tropomy-
osin molecules yield conformations of tropomyosin that
closely resemble each other. Overall, isolated tropomyosin
has a semirigid curved configuration with a design that is
well matched to its superhelical shape on F-actin (18).
Tropomyosin bends smoothly but anisotropically about its
distinctive helically curved conformation, without signs of
unfolding, chain separation, localized kinks, or joints (18).
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Taken together, these results are in accord with the view (19)
that tropomyosin binds to thin filaments because of a helical
preshaping that matches it to the contours of F-actin, an
entropic advantage that is not satisfied by induced-fitting
mechanisms. The relatively high stiffness of the tropomy-
osin strand also suggests that local azimuthal movements
of tropomyosin will be propagated longitudinally along
actin filaments. Indeed, the dynamic persistence length of
tropomyosin (423 nm) is roughly one-half the length of
the thin filament (18). It follows that local perturbation in
tropomyosin’s position caused by troponin, myosin, or other
factors will be transmitted distally, which is consistent with
the prevailing view that the tropomyosin switching system is
highly cooperative (20). Nevertheless, although single-
molecule studies have been quite informative, a complete
elucidation of tropomyosin-based regulatory mechanisms
requires more than an in-depth description of tropomyosin
behavior and structure in isolation. A complete representa-
tion of the atomic structure and mechanical properties of
the tropomyosin molecule linked to its biological substrate,
F-actin, is needed, and thus is investigated here.

Both EM reconstruction and fiber diffraction studies
of reconstituted F-actin-tropomyosin have revealed the
azimuthal position of the end-to-end linked polymeric
tropomyosin strands on the surface of actin (13,14); how-
ever, the longitudinal (z)-positioning of tropomyosin mole-
cules on actin subunits along the axial length of the
filament has not yet been determined. Moreover, the surface
of tropomyosin that has been proposed to contact F-actin
has not been verified (2,18). Thus, the manner in which
the quasi-repeats of tropomyosin interact with actin subunits
is uncertain. Given these deficiencies, all-atom models of
F-actin-tropomyosin describing intermolecular amino acid
contacts cannot be generated. In this work, we overcome
the limitations of previous studies and describe the construc-
tion of a complete molecular model of actin-tropomyosin
based on computational chemistry and EM reconstruction.

It is well known that the association of tropomyosin on
actin is largely electrostatic (2,21). We carried out a full
computational exploration of the electrostatic interaction
by sampling multiple test z-positions of tropomyosin on
F-actin while optimizing the tropomyosin rotation and
azimuthal position. This computational approach is similar
to that described by Lorenz et al. (21) but is based on
improved atomic structures for F-actin and tropomyosin
(18,22) and more recently developed programs (23,24).
It defines an optimal z-location of tropomyosin on F-actin
and yields sensible protein-protein contacts. The positioning
of tropomyosin on F-actin agrees completely with a solution
that is determined separately after fitting the atomic struc-
tures of F-actin and tropomyosin into EM reconstructions
of F-actin-tropomyosin. In fact, the F-actin-tropomyosin
structure generated by this dual approach of in silico com-
putational chemistry and EM reconstruction identifies
amino acid contacts between actin and tropomyosin that
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are remarkably similar to those first inferred by Brown
and Cohen (2).

The atomic model that we propose here can serve as
a reference location for characterizing tropomyosin regula-
tory movements on thin filaments, and offers a means of
determining the stiffness of tropomyosin when bound to
F-actin. Moreover, the map of F-actin-tropomyosin provides
a structural platform for assessing mutations that affect
actin-tropomyosin behavior and developing tropomyosin-
mimicking peptide drugs designed to modulate actin-
myosin or other interactions.

MATERIALS AND METHODS

EM, image reconstruction, and docking of atomic
structures into reconstruction volumes

Thin filaments were prepared by mixing a twofold molar excess of tropo-
myosin (6 uM) with F-actin (20 uM) to optimize the binding of the proteins
to each other in a solution containing 100 mM NaCl, 3 mM MgCl,, 1 mM
NaN3, 0.2 mM EGTA, 1 mM dithiothreitol, 5 mM sodium phosphate/5 mM
Pipes buffer (pH 7.0) at 25°C (25,26). The mixture was diluted 20-fold in
the same buffer, applied to carbon-coated grids, and negatively stained
with 1% uranyl acetate (25,26). Micrographs were recorded on a Philips
CM120 electron microscope (FEI, Hillsboro, OR) at a magnification of
x60,000 under low-dose conditions (~12 e /A) by digitization with
a 2Kx2K F224HD slow-scan CCD camera (set at 3.6 f\/pixel; TVIPS,
Gauting, Germany). Helical (27) and real-space (28) reconstructions were
performed with the use of standard methods as previously described
(25,26), yielding maps with ~25 A resolution. The image processing was
carried out on filaments from five different preparations of F-actin-tropo-
myosin. Individual data sets yielded reconstructions that were indistin-
guishable from each other, and therefore all data were averaged together.
The statistical reliability of densities in reconstructions was assessed by
a Student’s #-test (29,30). To isolate densities derived from tropomyosin
molecules from those of F-actin, coordinates of F-actin reconstructions
(13) (lacking tropomyosin) were aligned to those of F-actin-tropomyosin
and the volume of one was then subtracted from the other. The Fit in
Map tool in Chimera (31) version 1.3 was used to dock atomic models
into the EM reconstruction volumes.

Computational chemistry
Building an initial reference structure

We developed a computational procedure to model the axial alignment of
tropomyosin on F-actin by assessing the total electrostatic interaction
energy for different test configurations of the two structures. To that end,
we first had to build an initial F-actin-tropomyosin reference structure.
To start, the atomic model of a«-rabbit striated muscle tropomyosin with
a curvature matching that of the actin helix (18) was placed over seven
monomers on one side of a 21 subunit actin filament model generated
from the Oda rabbit F-actin structure (22) (PDB ID: 2ZWH; 21 subunits
were chosen to obtain a filament length greater than that traversed by tropo-
myosin). Note that placing two tropomyosin molecules on opposite sides of
the filament (to mimic native filaments) and then determining the optimal
position for both would have been redundant and increased computational
time. The known polarity of tropomyosin on F-actin (2) (i.e., with the
N-terminus oriented toward the pointed end of F-actin) was chosen.
The azimuthal position of tropomyosin on F-actin was matched to that in
the EM reconstruction of F-actin-tropomyosin with the use of Chimera
fitting tools (31). The radial position of tropomyosin was fixed at a distance
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of 43 A from its own coiled-coil center to the central axis of the F-actin fila-
ment to correspond to the measured distance in the EM reconstruction.
Thus, the initial reference position of tropomyosin was partially constrained
by the geometry of the EM reconstruction, even though the longitudinal
z-position of tropomyosin along the F-actin was set at an arbitrary starting
point.

Coarse-grained search

A coarse-grained search was performed in which the electrostatic interac-
tion energy between the F-actin and tropomyosin interface was determined
for a sample of test structures, each representing a different tropomyosin
conformation on F-actin. The computed electrostatic interaction energy
terms between tropomyosin and F-actin that were used as criteria to assess
the optimal position and conformation of tropomyosin were measured with
utilities in CHARMM version C33b2 (23,24), and other interaction terms
were not used in the search. Water was represented implicitly by the gener-
alized Born solvation model by implementing the CHARMM GBSW
protocol (32,33) at a salt concentration of 150 mM. During the search,
tropomyosin was repositioned over different z-positions along the seven
adjacent actin monomers while being pseudo-rotated (defined below) about
its own axis and shifted azimuthally using a grid array of 21 x 19 x 11 (thus
yielding 4389 different conformations). The matrix set up for this grid
search covered z-positions extending over *=27.5 A in 2.75 A increments,
an azimuthal range of +5° in 1.0° increments, all coupled with a pseudo-
rotational search of =90° in 10° increments. Thus, tropomyosin was tested
locally around the default azimuthal (closed) position on filaments but fully
in the z-direction, so that each tropomyosin repeat domain was assessed
over the entire length of a corresponding actin monomer and with a full
set of tropomyosin rotations. Note that attempts to vary the radial distance
of tropomyosin from the filament central axis had little effect on the optimal
tropomyosin z-positioning, and the radius was held at 43 A. The structure of
F-actin was kept unchanged during the whole search procedure. The search
was carried out on a Lenovo Think Station D10 (Morrisville, NC) and took
2-3 weeks to complete.

Pseudo-rotation of tropomyosin

Rotating superhelical tropomyosin as a rigid body about its axis diminishes
its contact with the surface of F-actin. Therefore, we generated different
pseudo-rotation conformers by first straightening the tropomyosin coiled-
coil, then rotating the straightened tropomyosin incrementally about its
z-axis, and finally rewrapping and energy-minimizing the rotated molecule
superhelically around F-actin to again precisely fit to the helical shape of
F-actin, as described by Lorenz et al. (21). (In effect, the coil-coil core of
each pseudo-rotated tropomyosin is superimposable on the initial one.)

Fine-grained search

The F-actin-tropomyosin conformation with the most favorable electro-
static interaction terms determined by the above coarse-grained search
was used as a new reference structure to refine the optimal tropomyosin
position on F-actin, using the same strategy as above. The matrix setup
for this grid search covered z-positions over =5 Ain 1 A increments, an
azimuthal range of =3° in 1.0° increments, and a pseudo-rotational search
of =10° in 1° increments.

RESULTS AND DISCUSSION
3D reconstruction of F-actin-tropomyosin

Thin filaments were reconstituted from F-actin and cardiac
aa-tropomyosin under conditions known to saturate the fila-
ments with tropomyosin (25,26). They were then negatively
stained and EM was carried out (25,26). (The effect
of troponin was not investigated.) Although EM images
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FIGURE 1 Electron micrographs of negatively stained F-actin-tropomy-
osin. Note the obliquely oriented tropomyosin strands (arrows). Filaments
are shown with their pointed ends facing up; polarity was determined with
alignment tools as previously described (27). Scale bar: 50 nm.

of the reconstituted thin filaments show characteristic
double-helical arrays of actin monomers and tropomyosin
strands (Fig. 1), a detailed picture of tropomyosin strands
on filaments only becomes evident in helical or single-
particle reconstructions (Fig. 2 a). As found previously
(13,25), the longitudinally continuous tropomyosin strands
seen in reconstructions are well defined and follow the
path of the long-pitch actin helix along the junctions
between the inner and outer domains on successive actin
subunits. Tropomyosin approaches actin monomers most
closely over the upper parts of actin subdomains 1 and 3,
where the actin monomers show the greatest radial exten-
sion and appear to be the most bulbous. In contrast, a distinct
separation between the surfaces of actin and tropomyosin is
noted over subdomains 2 and 4 and the lower part of subdo-
mains 1 and 3, where the surface of actin is the shallowest.
Thus, tropomyosin appears to be attracted the most to one
region on actin monomers while bridging over the rest,
thereby connecting successive actin monomers along fila-
ments. On average, the center of tropomyosin lies at
a 43 A radius from the center of the thin filament. This value
is ~2% greater than expected from measurements on recon-
structions of F-actin-tropomyosin-troponin, where troponin
may hold tropomyosin slightly closer to the surface of
actin (14).

The tropomyosin density seen in reconstructions of
F-actin-tropomyosin is not uniform; rather, it appears to
broaden and then taper over each successive actin monomer
along filaments, suggestive of the wide and narrow faces of
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FIGURE 2 Fitting the atomic model of F-actin into the F-actin-tropomyosin reconstruction. (a) F-actin-tropomyosin reconstruction. Actin subdomains are
marked on two actin subunits. An arrow indicates the tropomyosin strand (and points toward the pointed end of the filament), and the open white arrows point
to locations where the tropomyosin strand coils appear to cross over each other. (b) Tropomyosin difference density (imagenta) superposed on the F-actin-
tropomyosin reconstruction. (c) Tropomyosin model fitted in tropomyosin difference density. (d) Three actin subunits from the Oda atomic model of F-actin
(22) fitted into the reconstruction in b, with the actin part of reconstruction now made transparent. (¢) Atomic model of actin as in d, with just the superposed
tropomyosin difference density made transparent. (f) Atomic model of actin alone. Amino acid residues that appear likely to contact tropomyosin are shown
enclosed in white rectangles on the middle actin subunit; the bottom rectangle includes basic residues Lys-326, Lys-328, Arg-147, and the two others include
Pro-333, Asp-25, and Arg-28. Basic amino acids in the Oda model are painted blue, acidic amino acids are red, and proline is pink. The pointed end of actin is
facing up in each panel. (j) Enlargement of the actin subunit containing the white rectangles shown in f; residues noted above are labeled. (g—i) Three trans-
verse sections of the reconstruction in panel a (indicated by triangles in a). The sections are viewed from the barbed end upward toward the pointed end of the
filament with each section separated from the previous one by 27.5 Ade., traversing 55 A and equaling the length of actin monomers on either side of the
filament); actin subdomains are numbered in each section. Tropomyosin on each side of these filament sections is fitted with a coiled-coil tropomyosin model

(18), thus filling the elliptically shaped densities. Sectioned tropomyosin difference densities are superposed.

coiled-coil tropomyosin noted by McLachlan and Stewart
(34) when viewing models of the coiled-coil face-on. Look-
ing at the F-actin-tropomyosin reconstruction face-on,
tropomyosin appears to be particularly wide over the bul-
bous part of actin subdomains 1 and 3 and narrower else-
where. This attribute is statistically significant at >99.99%
confidence levels and also becomes obvious in images of
tropomyosin derived by aligning and then subtracting recon-
structions of F-actin from F-actin-tropomyosin maps. These
resulting tropomyosin difference densities clearly superpose
on the corresponding density in the F-actin-tropomyosin
reconstruction (Fig. 2, b and ¢). The widening and tapering
observed is likely to be due to the different viewing
angles recorded for the twisting tropomyosin coiled-coil
on the actin surface. Inspecting a surface projection of an
isolated double helix would in effect be comparable. In
cross-section, the density attributed to tropomyosin is in
fact slightly elliptical, and the ellipse appears to make
a full rotation over each actin subunit (Fig. 2, g—i) as ex-
pected and as previously observed in corresponding recon-
structions (35).
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Fitting atomic models of F-actin (22) uniquely into the
volume described by the actin component of the reconstruc-
tion shows that tropomyosin lies over a set of basic amino
acids (Lys-326, Lys-328, and Arg-147) near the base of
the actin monomers where subdomains 1 and 3 intersect
(Fig. 2, d-f, and j). These basic amino acids are clustered
next to the path of tropomyosin and appear poised to clasp
onto tropomyosin. Tropomyosin is also found near a group
of hydrophobic amino acids centered on actin residue Pro-
333, which lies at a relatively high radius from the center
of the thin filament, and together with acidic Asp-25 may
form a similar molecular clasp (Fig. 2, d—f, and j). However,
since the z-position of tropomyosin is not evident, contacts
between tropomyosin and F-actin cannot be explicated on
the basis of the above evidence alone.

Computational search to identify the optimal
z-position of tropomyosin on F-actin

The likely optimal z-location of tropomyosin on the surface
of F-actin was established based on scores from an in silico
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search of electrostatic interaction terms of a large number of
possible F-actin-tropomyosin configurations. (As described
in the Materials and Methods section, the coarse- and fine-
grained grid searches covered ~6000 different combinations
of azimuthal shifts, longitudinal positions, and pseudo-
rotations of tropomyosin on F-actin, with tropomyosin fixed
at a 43 A radius.) The search indicates that tropomyosin
falls into a discrete electrostatic minimum (Fig. 3). This
minimum defines an optimized conformation in which
tropomyosin makes meaningful contacts with F-actin,
just as tropomyosin appears to do in the EM reconstruction
(Fig. 4). In the favored conformation, basic amino acids on
the surface of F-actin clustered around residues 147, 326,
and 328 (mentioned above) are centered on a corresponding
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FIGURE 3 Evaluating electrostatic interactions between tropomyosin
and F-actin. (@) Change in the electrostatic interaction energy values for
tropomyosin repositioned on F-actin in the z-direction (plot marked by x)
starting from the initial reference structure (0 point on the x axis of the
plot), in this case holding the rotation and azimuth of tropomyosin fixed,
and for tropomyosin rotated on F-actin (plot marked by o), in this case
holding the z-position and azimuth constant. Positive values for the z-posi-
tion change indicate longitudinal shifting of tropomyosin toward the
pointed end of F-actin, and positive values for rotation indicate a turning
of tropomyosin toward the open position on F-actin. Note the strong
minima in each of the plots. The z-position and rotational shifts plotted
in panel a represent 2D sections through the origin in the 3D plot in panel b.
(b) A plot of the electrostatic energy landscape reflecting tropomyosin
movement on F-actin as a function of both z-position and pseudo-rotation
(0,0 reflects the z-position and rotation of tropomyosin on F-actin in the
initial reference structure). Again note the energy minima.
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patch of acidic residues on each of the tropomyosin quasi-
repeating modules (Table 1, Fig. 4, and Supporting Mate-
rial). These are the same amino acids that Brown et al.
(36) and Li et al. (18) suggested form interfacial contacts
with F-actin. Cross-sectional views of F-actin-tropomyosin
through this region of electrostatic interaction show the
two «-helices of the sliced tropomyosin coiled-coil trans-
verse to the surface of actin and in line with the long axis
of the corresponding elliptical section taken from EM
data. Such an arrangement is likely to minimize the distance
and hence maximize the contact between the side chains of
oppositely charged amino acids (Fig. 5 g highlights this
pattern at the level of tropomyosin quasi-repeat 5). In addi-
tion to these charge-charge interactions, negatively charged
Asp-25 on actin flanks basic residues on one edge of each
of the tropomyosin quasi-repeats (Fig. 5 d). The largest
number of favorable electrostatic interactions is found to
occur on quasi-repeating modules 4 and 5 of tropomyosin
(Table 1). Indeed, these two modules are thought to
contribute most strongly to actin binding (2,3).

Pro-333 on actin (discussed by Brown et al. (36)) locates
near hydrophobic residues on the surface of tropomyosin
quasi-repeats 4 and 5 (Table 1, Figs. 4 and 5), likely contrib-
uting to binding strength. It is noteworthy that these
nonpolar contacts between actin and tropomyosin became
evident even though the search criterion relied solely on
electrostatics (and not on hydrophobic interactions).

During the first 100 ps of an ongoing MD run in explicit
water (NAMD version 2.6 (37)), the z-position of tropomy-
osin on actin remains constant, but the tropomyosin, no
longer fixed at a 43 A radius, moves incrementally closer
to the surface of F-actin at a 41.7 A radius. On average,
the neighboring side chains mentioned above approach
each other more closely by 0.5 A (Table 1). This slightly
closer distance between interacting side chains is main-
tained over a 30 ns MD run, as are the relative positions
of amino acid residues on actin and tropomyosin (Table 1).

Validation of the computational chemistry

As a test of the accuracy of the top solution computed in the
above grid search, the tropomyosin model, now with refined
pseudo-rotation terms, was fitted into its corresponding
volume in the EM reconstruction of F-actin-tropomyosin
just as the Oda model (22) was in Fig. 1 above. Thus, tropo-
myosin (whose structure when not bound to F-actin is
known from several crystal structures and further explicated
here and elsewhere (18)) was docked to fit to the tropomy-
osin difference density shell (Fig. 2 ¢) as well as possible,
and with minimal distortion of the corresponding atomic
model, simply by gently bending the latter during pseudo-
rotation into a superhelix with the same helical shape and
periodicities as the actin filament. The fact that the slightly
elliptical cross-section of the tropomyosin coiled-coil is
exaggerated at one level in the EM map and somewhat

Biophysical Journal 100(4) 1005-1013
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FIGURE 4 Optimal electrostatic interactions
between F-actin and tropomyosin. (a) Surface
view showing the location of tropomyosin on
F-actin that optimizes electrostatic interactions
between the two structures. The rotation, azi-
muthal, and z directions discussed in the text are
indicated by arrows. The pointed end of F-actin
is facing up (as the arrow for z indicates) and actin
subunits are numbered as in Table 1, tropomyosin
quasi-repeat 4 is marked with a single asterisk
and quasi-repeat 5 with a double asterisk (note
that, by convention, the numbering of actin
subunits and tropomyosin repeats do not match).
(b and e) Segments of the F-actin-tropomyosin
model in panel a are enlarged and rotated to high-
light potential interactions of tropomyosin quasi-
repeats 4 (b) and quasi-repeat 5 (e) with actin
subunits. (¢ and f) The same as b and e but in
wire/ribbon format. (d and g) The corresponding
region of F-actin as in ¢ and f; but here displaying
the alignment of F-actin and tropomyosin models
that were fitted into the F-actin-tropomyosin recon-
struction (note that the relative positions of inter-
acting amino acids correspond closely to those in
¢ and f). The single arrow in g points to Lys-326,
Arg-147, and Lys-328 residues of actin subunit 3
approaching Glu-181 on tropomyosin quasi-repeat
5, and the single arrow in d points to Arg-147 and
Lys-328 of actin subunit 4 approaching residue

Glu-139 on tropomyosin repeat 4. The double arrows point to actin Pro-333 on actin subunits 3 and 4 approaching Val-170 and Ser-132 on tropomyosin
repeats 5 and 4, as well as to actin Asp-25 and Arg-28 close to Arg-167 and Glu-163 on tropomyosin repeat 5, and Lys-128, Arg-125, and Asp-121 on repeat 4.
Each of the other tropomyosin quasi-repeats shows a similar but not identical pattern of interactions with respective actin subunits (not displayed; see Table 1).
Basic amino acid residues in actin and tropomyosin are painted blue, acidic amino acids are red, and proline is coral. An identical grid search was performed
to determine the optimal electrostatic interaction for tropomyosin with the recently published F-actin structure proposed by the Namba Laboratory (41). The
z-position determined for tropomyosin on this model was the same as that found for the Oda model (22).

diminished at another (Figs. 2, g—i) significantly restricts the
range of possible z-positions and angular orientations of
the fitting. The optimal docking arrangement is credible
because of the good agreement with results of the electro-
static grid search and the MD results described below.

During the fitting, the tropomyosin model was provided
the freedom to dock onto its optimal azimuthal and z-loca-
tions based on its match to the isosurface contours of the
reconstruction. It is the wide and narrow interfaces on the
superhelical tropomyosin model that lock the structure
into corresponding features of the EM volume. In this
way, tropomyosin fitted in a unique position on F-actin
solely on the basis of its geometrical features (without any
regard to electrostatic contacts; Fig. 5 a), just as F-actin
fitted into the EM volumes described above (Figs. 2 and
5). In carrying out this procedure, we found that the tropo-
myosin model located to an identical position within the
EM reconstruction volume at all thresholds tested, ranging
from 36 to 12.50 above the mean density of the reconstruc-
tion, and regardless of whether the model was fitted as an
atomic structure or as one with computationally reduced
resolution (e.g., to 25 ;\).

Conspicuously, the relative axial position of the docked
tropomyosin and F-actin models is virtually identical to
that observed for the computational solution based solely
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on optimization of electrostatic interactions (Fig. 5 a),
even though, in the case of the EM data fitting, we relied
on completely different alignment criteria. Again, opposing
charged groups and hydrophobic patches on the docked
actin and tropomyosin models are as described above
(Figs. 4, d and g, and 5, a—c, e, and f), and again the orien-
tation of the wide and narrow faces of tropomyosin on actin
is also the same as above, where oppositely charged groups
approach each other at an optimally close distance (Fig. 4,
b-g). This convergence of results despite the use of
completely different alignment criteria cross-validates the
approaches and is a powerful indicator of the correctness
of the two solutions. The possibility that the distinctive
shape of the tropomyosin density seen in reconstructions
could be an artifact of the limited resolution of the
F-actin-tropomyosin maps, or due to variable amounts of
stain between tropomyosin and different actin subdomains,
seems unlikely given the near identity of the solutions
derived from the in silico work and the EM docking studies.

CONCLUSIONS

Our modeling of the interface between F-actin and tropo-
myosin strongly suggests that tropomyosin, when freed
of constraints imposed by troponin, myosin, or other
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TABLE 1 List of tropomyosin and actin residues that closely contact each other
Distance between residues (10\)
. . Residue pairs in close contact MD simulation

Actin Tropomyosin

subunit quasi-repeat Actin Tropomyosin Electrostatic search Initial values (at 100 ps) Average values (over 30 ns)

1 7 Arg-147 Asp-258 6.0 42 4.3
Lys-328 Asp-258 - 6.6 -
Asp-25 Arg-244 1.8 2.3 33

2 6 Lys-326 Glu-223 3.1 2.7 4.5
Arg-147 Asp-219 - - 6.6
Lys-328 Glu-223 - - 33
Lys-328 Asp-219 - - 3.7
Pro-333 Ala-209 6.8 6.3 -
Asp-25 Lys-205 3.1 3.0 -

3 5 Lys-326 Glu-181 5.6 3.0 6.5
Arg-147 Glu-181 4.3 - 54
Lys-328 Glu-181 5.0 34 42
Lys-328 Glu-184 - - 4.3
Pro-333 Val-170 5.4 4.0 4.8
Asp-25 Arg-167 3.2 6.7 5.3
Arg-28 Glu-163 6.4 5.7 -

4 4 Lys-326 Glu-142 - - 3.1
Arg-147 Glu-139 4.1 6.0 2.0
Lys-328 Glu-139 42 3.0 4.9
Pro-333 Ser-132 5.6 6.3 3.7
Glu-334 Lys-128 52 4.8 5.0
Asp-25 Lys-128 6.2 5.3 -
Asp-25 Arg-125 1.8 2.5 4.0
Arg-28 Asp-121 5.1 5.9 -

5 3 Lys-326 Glu-104 43 3.8 35
Lys-328 Glu-104 - - 3.9
Lys-328 Asp-100 - - 4.2
Arg-147 Glu-97 4.1 1.6 2.0
Asp-25 Arg-90 - - 3.0
Arg-28 Glu-82 - 6.3 -

6 2 Arg-147 Glu-62 5.4 5.0 2.3
Arg-147 Asp-58 - - 6.7
Lys-328 Asp-58 - - 53
Lys-328 Glu-62 - - 6.0
Asp-25 Lys-48 - - 5.7
Arg-28 Asp-41 4.6 3.1 5.1

7 1 Lys-326 Asp-20 - 43 -
Arg-147 Asp-20 6.2 4.7 6.3
Arg-147 Glu-16 6.6 3.7 -
Lys-328 Asp-20 6.9 3.7 -
Asp-25 Lys-6 4.6 1.8 -
Asp-25 GIn-9 - - 4.6

Residues approaching each other by <7.0 A n =26 n =28 n =31

Mean distances between residue pairs (= SD) 48 + 14 A 43 + 15 A 44 + 13 A

Distances were measured (31) between the carboxyl and amino ends of closely spaced actin and tropomyosin residues after the electrostatic grid search, at the
beginning of a MD simulation at 100 ps, and for the these same distances averaged over a 30 ns MD run. Any distance < 7 A is noted. Distances between side
chains of Pro-333 on actin that align close to hydrophobic residues on tropomyosin are also indicated. Note that the numbering of actin subunits is for one
helical chain of F-actin starting, by convention, with the barbed end, whereas the corresponding numbering of the tropomyosin quasi-repeats, having an
antiparallel sequence arrangement to F-actin, begins with the N-terminus of the molecule, at the pointed end of F-actin. Also note that MD reduced the tropo-

myosin radius from the thin filament central axis to 41.7 A

actin-binding proteins, localizes to a favored position
on F-actin defined primarily by electrostatic interactions.
We have indicated here that the modular structure of tropo-
myosin provides sufficient sequence specificity to ensure
that such interactions occur over each successive actin

subunit along the thin filament. Thus, our findings agree
with the results of many previous biochemical and structural
studies suggesting that tropomyosin is held onto F-actin
primarily by electrostatic interactions (2,21,38). Our
results are also consistent with other work (2,3) showing
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FIGURE 5 Relative location of tropomyosin and actin in the EM reconstruction of F-actin-tropomyosin. (a) Surface view of the reconstruction shown in
yellow wire mesh to facilitate inspection of docked proteins. Here, both tropomyosin and F-actin models were fitted separately into the reconstruction using
Chimera fitting tools (the atomic structure of just one of the docked actin subunits is displayed). (b—g) Cross-sections of actin viewed from the barbed end of
F-actin (here, a was rotated by ~180° before sectioning). Two cross-sections through regions of actin subunit 3 and tropomyosin repeat 5 are indicated by
double-ended arrows in panel a and shown in b, c, e, and f. The outer boundaries of the docked actin and tropomyosin are shown as isosurfaces in » and e,
and in more detail in wire/ribbon format in ¢ and f. (b and ¢) Val-170, Arg-167, and Glu-163 on tropomyosin are seen oriented toward Pro-333, Asp-25, and
Arg-28 on actin. (e and f) Glu-181 on tropomyosin is oriented toward Lys-326, Lys-328, and Arg-147 on actin. Note the perpendicular orientation of the
tropomyosin elliptical axis with respect to the charged surface of actin. (This same arrangement is also seen over corresponding sections of the other tropo-
myosin quasi-repeats.) (d and g) The identical region of maps as in ¢ and f, but here displaying the optimal alignment of F-actin and tropomyosin based on
electrostatics, as in Fig. 4. Color-coding of amino acids is the same as in Fig. 4.

that the seven tropomyosin quasi-repeating modules make
nonequivalent binding contacts with successive actin
subunits along F-actin. As reviewed elsewhere (2,3), this
binding variation may reflect a level of conformational
specialization that allows tropomyosin to associate with
both F-actin and other actin-binding partners while at the
same time being able to form end-to-end links to build
a tropomyosin polymer. The default favored position of
tropomyosin on F-actin found here no doubt represents
a conformation that in some cases blocks the binding of
other actin-binding proteins. In striated muscle, this position
coincides with or is close to the average position of tropo-
myosin on actin in the closed C-state. Without further infor-
mation, how troponin, myosin S1, and other actin-binding
proteins affect tropomyosin and thin filament structure
cannot be easily predicted from the F-actin-tropomyosin
model presented here. Although our computational search
indicates that tropomyosin occupies an optimal z-position
and rotation in the surrounds of the closed C-state position,
no specific electrostatic minima were noted when tropomy-
osin was shifted computationally toward the open or
blocked states.

Typically, electrostatic interactions confer specificity
to protein-protein associations, and nonpolar interactions
provide binding strength. Thus, the paucity of nonpolar
interactions and the lack of stereospecific lock-and-key
linkage between tropomyosin and actin result in a weak
structural association. Preshaping of tropomyosin to
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contours of F-actin decreases the entropic expense of the
association, but any loss of conformational entropy will
also tend to weaken filament assembly. In fact, tropomyosin
only binds to F-actin effectively as a narrow filament once it
has polymerized end-to-end (19). Although polymer forma-
tion increases the collective binding strength of tropomyosin
along F-actin, interaction of tropomyosin with individual
actin subunits at a local level is still very weak (19). This
dichotomy (strong overall binding but weak local interac-
tions) allows tropomyosin to be readily perturbed by
troponin, myosin, or other actin-binding proteins to initiate
regulatory switching with a low energy cost. Cooperative
signaling, propagating the movement of tropomyosin
away from its favored associations, follows because tropo-
myosin is semirigid (18).

Recent structural studies of the overlap domain connect-
ing the N- and C-terminal ends of adjacent tropomyosin
molecules suggest that the chains of the tropomyosin
coiled-coil splay open at the C-terminus of one molecule
to envelop a more compact coiled-coil on the neighbor’s
N-terminus, thus forming a four-helix nexus (39,40). Con-
sistent with this notion, our F-actin-tropomyosin model
indicates that the ends of tropomyosin localize to a common
site over actin subdomains on every seventh actin subunit
along the actin filament. In this arrangement, tropomyosin
is well positioned to form short four-helix connections and
polymerize into extended strands. Future studies to fit the
overlap structure into our model are planned.
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SUPPORTING MATERIAL

Two

figures are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(10)05213-6.
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