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The troponin complex on the thin filament plays a crucial role
in the regulation of muscle contraction. However, the precise
location of troponin relative to actin and tropomyosin remains
uncertain. We have developed a method of reconstructing thin
filaments using single particle analysis that does not impose the
helical symmetry of actin and is independent of a starting model.
We present a single particle three-dimensional reconstruction
of the thin filament. Atomic models of the F-actin filament were
fitted into the electron density maps and troponin and tropomy-
osin located. The structure provides evidence that the globular
head region of troponin labels the two strands of actin with a
27.5-A axial stagger. The density attributed to troponin appears
tapered with the widest point toward the barbed end. This leads
us to interpret the polarity of the troponin complex in the thin
filament as reversed with respect to the widely accepted model.

Regulation of actin filament function is a fundamental bio-
logical process with implications ranging from cell migration to
muscle contraction. Skeletal and cardiac muscle thin filaments
consist of actin and the regulatory proteins troponin and tro-
pomyosin. Contraction is initiated by release of Ca®>" into the
sarcomere and the consequent binding of Ca>" to regulatory
sites on troponin. Troponin is believed to undergo a conforma-
tional change leading to an azimuthal movement of tropomyo-
sin, which allows myosin heads to interact with actin, hydrolyze
ATP, and generate force. The molecular basis by which tropo-
nin acts to regulate muscle contraction is only partly under-
stood. It is essential that the structure of troponin in the thin
filament at high and low Ca®" is determined to properly under-
stand the mechanism of regulation.

The basic structure of the thin filament was described by
Ebashiin 1972 (1). In this structure each tropomyosin molecule
covers seven actin monomers, and there is a 27.5-A stagger
between troponin molecules. The 7-A tropomyosin structure
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(2), the atomic model of F-actin (3), and the troponin “core
domain” (4) have recently been used to generate atomic models
of the thin filament in low and high Ca®* states (5). While the
position of troponin in these models was constrained by known
distance measurements between filament components, the
exact arrangement of the complex on the filament has not been
determined a priori. Although recently published crystal struc-
tures of partial troponin complexes (4, 6) have provided valua-
ble insights into the arrangement of the globular head or core
domain, the complex in its entirety has not been crystallized.

Troponin is believed to consist of a globular core domain
with an extended tail (7). The globular core contains the Ca**-
binding subunit (TnC),? the inhibitory subunit (Tnl), and the
C-terminal part (residues 156 —262) of the tropomyosin-bind-
ing subunit (TnT). The extended tail consists of the N-terminal
partof TnT (residues 1-155). A structural rearrangement asso-
ciated with Ca®>* dissociation from the troponin core has been
observed (4) such that the helix connecting the two domains of
TnC collapses, releasing the Tnl inhibitory segment. It is pos-
tulated that the Tnl inhibitory segment then becomes able to
bind actin, in so doing biasing tropomyosin (8). To understand
properly how Ca®>* binding to TnC leads to movement of tro-
pomyosin, it is necessary to determine a high resolution struc-
ture of troponin attached to the thin filament, allowing unam-
biguous docking of the available crystal structures and direct
observation of any changes at a molecular level caused by Ca®"
binding.

Direct visualization of the thin filament is possible using elec-
tron microscopy. Tropomyosin strands have been resolved in
the low and high Ca®" states confirming the movement of tro-
pomyosin and the steric blocking model (9, 10). Until recently
the actin helical repeat has been imposed in the majority of
reconstructions of the thin filament causing artifacts. Helical
averaging using the actin repeat spreads troponin density over
every actin monomer, which prevents the detailed position and
shape of the troponin complex from being found (11). It is pos-
sible to avoid this effect by applying a single particle approach.
Individual filament images are divided into segments and each
segment treated as a particle. Three-dimensional reconstruc-
tion may then be carried out by single particle techniques of
alignment, classification (12, 13), Euler angle assignment (14—
16) and exact filter back-projection (17, 18).

2 The abbreviations used are: EM, electron microscopy; TnC, Ca?*-binding
subunit of troponin; Tnl, inhibitory subunit of troponin; TnT, tropomyosin-
binding subunit of troponin; PDB, Protein Data Bank.

JOURNAL OF BIOLOGICAL CHEMISTRY 15007


http://www.jbc.org/cgi/content/full/M808615200/DC1
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Two forms of single particle analysis have emerged: helical
single particle analysis (19), where the determined helical sym-
metry is applied to the final reconstruction, and non-helical
single particle analysis, which treats the complex as a truly
asymmetric particle. Helical single particle analysis has been
used to successfully reconstruct a myosin containing inverte-
brate thick filament to a resolution of 25 A (20), and non-helical
single particle analysis has been applied to the vertebrate skel-
etal muscle thick filament allowing azimuthal perturbations of
the myosin heads to be observed (21).

Model-based single particle image processing methods have
recently been applied to the structural analysis of the vertebrate
(5, 22, 23) and the insect thin filament (24). We have deliber-
ately avoided starting with a model and any potential model
bias by using a reference-free alignment procedure. The adap-
tation of conventional procedures and their application to the
structural study of the muscle thin filament has been docu-
mented (25).

EXPERIMENTAL PROCEDURES

Filament Isolation and Electron Microscopy— Thin filaments
were isolated from goldfish (Carassius auratus) in relaxing
solution as described in Kensler and Stewart (1989) (26). Elec-
tron micrographs were recorded of negatively stained filaments
applied to a thin carbon film support over the holes of holey
carbon grids. The images were collected on a JEOL 1200EX at a
nominal magnification of X20,000. The images were digitized
on a Nikon Coolscan 8000ED with a step size of 6.35 um. The
focal level of the micrographs was such that the 1* minimum in
the Thon rings was at substantially higher resolution than the
final resolution of our analysis (~35 A, see below). From an
initial dataset of 29 micrographs a selection of filaments from
each micrograph were assessed. The Fourier transforms were
computed and the strong 59 A actin reflection used to calibrate
the magnification and adjust the sampling of each filament to
3.28 A/pixel.

Image Processing—Image processing software packages were
used as follows: Imagic (28), the MRC suite of programs (60),
Spider (34), and Image] (27). The straightening of filament
images, was achieved using the straighten plugin for Image]
(27). Helical reconstruction was carried out using adapted pro-
grams from the MRC Image package.

Single Particle Analysis—The image processing package
Imagic provided the framework for the single particle anal-
ysis (28). Adaptations to the standard procedures, specific to
filamentous particles, were implemented including the mod-
ified back-projection algorithm (25).

Particle Selection, Alignment, and Classification—Individual
filaments were interactively selected into a large box (~3000 —
4000 A?). The filaments were straightened and subsequently
segmented into smaller boxes ~850 A? (128 X 128 pixels).
These filament segments made up our 2638 selected particles.
Particles were translationally aligned through the straightening
procedure. Refinement was carried out using Spider alignment
routines. Particles originating from the same filament should
clearly be assigned the same polarity. The occurrence of erro-
neously oriented filaments was checked by monitoring the
alignment procedure allowing particles that were assigned
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polarity inconsistent to their originating filament to be identi-
fied and subsequently removed from the data.

The consistency of alignment in the final data set was found
to be 87%: those segments, which were inconsistently aligned
were eliminated prior to calculating the final three-dimensional
map. The relatively high level of consistency is characteristic of
a strongly polar structure and effective alignment. Multivariate
statistical analysis was performed on the data. The hierarchical
ascendant classification algorithm was then used to generate
225 classes. The images in each of these classes were summed
together to create class averages with an increased signal to
noise ratio.

Angle Assignment and Three-dimensional Reconstruction—
A helical reconstruction was calculated using the MRC helical
processing routines from twelve straightened filaments. The
helical reconstruction was then used to produce an “anchor set”
of reference images which were evenly spaced over the Euler
sphere. The “anchor set” of reference images were used to cre-
ate sinograms, sets of one-dimensional line projections of each
image as a function of projection angle, for use in angular
reconstitution. The alternate angle assignment methods of pro-
jection matching using reference images generated from the
helical reconstruction rotated about the filament axis and anal-
ysis of the central section overlap (29) were tested using the first
set of class averages (generated before any multi-reference
alignment was performed). Consistency between the three
angle assignment methods was a criterion in angle selection
to generate the first three-dimensional reconstruction. In
subsequent rounds of angle assignment the angular recon-
stitution method was employed with an anchor set of 288
references again evenly distributed over the Euler sphere.
The class averages were assigned angles with good coverage
around the equator of the Euler sphere (Fig. 1). The modified
exact filter back projection algorithm (25) was applied to
create a three-dimensional electron density map from two-
dimensional class averages.

Imposing Screw Symmetry—A novel method has been imple-
mented to computationally sum the two strands of the thin
filament. Once converted to a set of cylindrical sections (cylin-
drical surfaces flattened out at a fixed radius) Imagic was used
toalign, add, cut, and translate the images. After processing, the
sections were used to create the desired averaged structure. The
three-dimensional map consisting of cylindrical sections was
then converted back into Cartesian coordinates.

Rendering in PyMol—The three-dimensional model, elec-
tron density maps, and Protein Data Bank (PDB) structures
were rendered using PyMol (61). A hybrid method (using
Imagic and PyMol) has been established that allows EM density
maps to be displayed in PyMol at a theoretical volume corre-
sponding to a specific molecular weight.

Docking Atomic Models and Difference Analysis—Situs ver-
sion 2.2 (30) and URO (31) were used to dock the atomic model
of actin into our electron density maps. To evaluate the fit,
docked PDB files were viewed in stereo in PyMol using the
Nvidia Quadro Stereo System and NuVision stereoscopic
glasses. Electron density models were created from the aligned
PDB files within the URO software package. The PDB models
and the experimental data were converted into the Imagic for-
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FIGURE 1. Single particle analysis of the thin filament. A, typical goldfish
thin filament negatively stained with regularly spaced “bumps” of density
attributed to troponin. B, two-dimensional class average and the corresponding
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Structure of the Thin Filament

mat and low pass filtered to 35 A. The density models of docked
F-actin and docked F-actin with docked tropomyosin were
used to create the difference datasets.

RESULTS

Two-dimensional Class Averages of the Thin Filament—A
dataset of 2638 individual particles was selected from straight-
ened thin filament images (see “Experimental Procedures”).
The samples were prepared in the absence of Ca®>* and were
negatively stained for electron microscopy. A typical filament is
shown in Fig. 1A: periodic regions of extra density at a spacing
of ~385 A are clearly visible, allowing particle selection cen-
tered on troponin. After a reference-free alignment procedure,
which centered the particles, multivariate statistical analysis,
and hierarchical ascendant classification were used to create
classes of filament segments (13). The members of each class
were averaged to form a class average with increased signal to
noise ratio. Two strands of actin subunits twisting around each
other, with a crossover repeat of ~360 A were clearly visible in
the two-dimensional class averages (Fig. 1C). These features
appeared clear and well-defined from the early stages of the
analysis.

Each class average is representative of a particular viewing
angle of the filament. 225 classes were generated in the final
cycle of image processing. Euler angles were assigned to the
class averages using angular reconstitution initially with a ref-
erence set of images from the helical reconstruction calculated
from the same data (see below) and subsequently using the
three-dimensional map generated in the previous cycle of proc-
essing. As part of the refinement procedure a careful selection
of class averages was made at the stage of three-dimensional
reconstruction so as only to include those with a good level of
detail which agreed well with two-dimensional reprojections of
the three-dimensional map. This was achieved by visual and
statistical comparison between classes and reprojections of the
three-dimensional map, taking into account the distribution of
assigned angles. This served to ensure that only well preserved
and properly aligned filament segments were used in the anal-
ysis. Accordingly, in the final round of refinement 38 classes

one-dimensional density profile. The arrow indicates a large peak locating the
troponin complex in the center of the segment. The asterisk highlights a sec-
ond peak due to contributions from the neighboring troponin complex.
C, five columns represent different viewing angles of the filament described
by the Euler angles (a = 0, B = 90 throughoutand y = —115°,162°, 144°,44°,
and 89°. (i) Class averages, (i) reprojections, and (iii) surface views of the three-
dimensional reconstruction are displayed at the corresponding angles. The
cross-correlation coefficient between each of the class averages and the cor-
responding reprojection are given at the top of each column. D, fourier shell
correlation curve of the single particle reconstruction prior to averaging. The
dotted line gives the 0.5 threshold, and the exponential decay (dashed) shows
the /2 bit criteria. Where the curve crosses these two thresholds an estimate
of the highest significant spatial frequency present can be made and hence
the resolution of the data. E, distribution of Euler angles assigned to the 225
class averages generated in the final round of processing and the 38 class
averages back-projected to create the final three-dimensional single particle
reconstruction. The distribution of angles demonstrates a random orienta-
tion about the filament axis. The largest gap in the angular coverage in Euler
angle vy in the final three-dimensional single particle reconstruction is 12°
(indicated). A gap of 12° taken as the sampling step for an evenly distributed
data settilted about a single axis theoretically could produce a reconstruction
of ~15 A (59). Using this calculation we can rule out the possibility that angu-
lar distribution and the number of class averages used in our reconstruction
has limited the resolution.
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were selected out of the 225 calculated from the full data set.
The distribution of angles assigned to the final 225 class aver-
ages, the entire data set, and the 38 used in the map provided a
good coverage around the equator of the Euler sphere (Fig. 1).
Model tests have shown that angular reconstitution can be suc-
cessfully applied using a starting model that deviates from the
desired structure: a model of F-actin provides enough informa-
tion to accurately assign Euler angles to projections of a model
of the full thin filament (25). Alternative angle assignment
methods of projection matching using projection images of the
helical reconstruction as references and a method based on the
extent of correlation between corresponding central sections
(29) provided consistent results. Once Euler angles had been
assigned, an initial three-dimensional map was calculated using
the exact filter back projection algorithm adapted for filamen-
tous macromolecular complexes (25).

The consistency of Euler angle assignment within filaments
was monitored. The Euler angles of adjacent segments assigned
via projection matching was evaluated and compared with the-
oretical values calculated for actin filaments with 13/6 symme-
try. The average departure from 13/6 symmetry of adjacent
segments was 18.9° while 55% of segments were assigned angles
within +20° of the expected value and 78% within +40° (sup-
plemental Fig. S2). Cumulative angular disorder is known to
perturb the total angle traversed by the actin one-start helix ®;
(after N subunits) (32) according to Equation 1.

®; = NP + N"?d,,, (Eq.1)
The average angle between adjacent subunits is ® (167°).
Reported values of d, ., the root mean square angular deviation
per subunit for actin are 5°-6° (33). For adjacent segments cen-
tered on troponin complexes (N = 14) the cumulative disorder
is thus 19°-22°, which compares closely with the value of 18.9°
observed in our studies. The regulatory proteins are believed to
increase rigidity of the thin filament, but even in this case sub-
stantial angular disorder has been observed (32).

Location of Troponin—Extra density in the central region of
the segments on opposing sides of the filament was apparent in
most of the initial class averages: this density can be attributed
to troponin. After subsequent rounds of refinement, as the data
became better aligned, the density attributed to troponin
became easier to visualize. The identification of densities attrib-
uted to troponin depends primarily on the orientation of the
filament around its long axis. Although particularly clear in a
number of classes (Fig. 1C, y = —115°) density caused by tro-
ponin isless readily visualized in others (Fig. 1C, y = 162°). This
can be explained by the orientation of the filament: it was
observed that troponin was less readily identified in orienta-
tions where it superimposes directly on top of the actin sub-
units. It was possible to check the location of troponin in a class
average from the one-dimensional density profile (Fig. 1B). The
presence of troponin was indicated by a significant peak close to
the midpoint. This approach was used to assess class averages
for inclusion in the three-dimensional analysis. A second peak
was also often observed at a distance from the first peak close to
the 385-A troponin repeat.
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Comparison of Two-dimensional Class Averages with
Reprojections of the Three-dimensional Map—The level of
detail that can be seen in an individual class average was used as
the selection criterion for inclusion in the three-dimensional
analysis. Another measure of the quality of a class average and
the accuracy of its angular assignment was by comparison with
the reprojection of the resulting three-dimensional reconstruc-
tion at the same viewing angle. Visual similarity was used to
assess the accuracy of angular assignment and the effectiveness
of classification. Five typical class averages with corresponding
reprojections and surface views of the three-dimensional
reconstruction are displayed in Fig. 1C. The central portion of
each class average is asymmetric. The class averages (Fig. 1, Ci)
show good visual agreement with reprojections of the three-
dimensional reconstruction (Fig. 1, Cii) as well high levels of
correlation (correlation coefficients ~0.9).

Refinement of the structure was achieved by iterating over
the image processing steps of alignment, classification, angle
assignment, three-dimensional reconstruction, and reprojec-
tion (see “Experimental Procedures”) until no significant
changes in three-dimensional density distribution were
observed. The 38 class averages used in the final three-dimen-
sional reconstruction were taken from a set of 225: the average
number of segments per class in this set was ~12. The polarity
of the segments was checked for consistency with respect to
other segments from the same filament: 13% proved to be
inconsistent and were removed from the final refinement. The
helical arrangement of the troponin complexes was exploited to
improve the signal to noise ratio of our analysis. Addition of the
two actin strands by translating and rotating along troponin
helical path allowed a 2-fold averaging of the structure in a
novel way (see Experimental Procedures). The alignment was
refined further using routines in Spider (34) and the two strand
averaging repeated. Prior to two-strand averaging, a quantita-
tive assessment of the resolution of the final map was made
using the Fourier shell correlation criterion. The 0.5 criteria
(35, 36) returned a resolution of 32 A and the ¥ bit criteria (37)
returned a resolution of 27 A (Fig. 1D). These values are close to
a qualitative estimate of ~35 A obtained by visually comparing
our final density map to model data filtered to a known
resolution.

Three-dimensional Reconstruction of the Thin Filament—
The three-dimensional reconstruction of the thin filament is
displayed in Fig. 2 as a surface-rendered map (24) and a wire
mesh (2C). Using the known stoichiometry of binding (actin/
troponin/tropomyosin, 7:1:1), we calculated the expected par-
ticle molecular mass (~1630 kDa). Maps are contoured to
include 125% of this weight assuming a protein density of 0.844
dalton/AZ, It has been reported that three-dimensional recon-
structions of intermediate resolution frequently require thresh-
olding at a higher molecular weight primarily due to the degree
to which the low-spatial frequencies are represented (38, 39). A
range of molecular weights were trialled up to 140% and the
contours of the three-dimensional map inspected carefully. An
increased molecular mass improved the connectivity of the
density attributed to tropomyosin up to a value of 125%.
Increasing the volume further produced a noisier map. The
filament has an average width of 110 = 7 A and at its widest
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Structure of the Thin Filament

neither software package managed
to invert the F-actin model, the cal-
culated fit for the inverted model is
inconsistent with the three-dimen-
sional reconstruction: empty re-
gions in the three-dimensional
reconstruction are filled by density
from the model and vice versa.
Moreover the actin interstrand gap
of the model structure was placed
inside the actin subunit density of
the three-dimensional reconstruc-
tion, and the actin subunit density
of the model bridged the interstrand
gap of the three-dimensional recon-
struction (Figs. 2A and 3G). These
conclusions are strongly supported
by comparing the correlation coeffi-
cients of the masked fits for the best
orientation (0.92) with that for the
inverted orientation (0.68). Thus we

FIGURE 2. A comparison of the single particle based reconstruction and the helical reconstruction calcu-
lated from the same data. A-F, single particle reconstruction. G-J, helical reconstruction. A and G, are shown
as surface-rendered maps. Band H, two-dimensional projections of the two reconstructions. Cand /, are shown
as wire meshes with atomic F-actin models docked. D, E, F, and J, surface-rendered difference maps. D and J, are
obtained by subtracting F-actin models from the single particle and helical reconstructions, respectively. Eand
F, are composite difference maps which display the difference density calculated by subtracting an F-actin
model with docked tropomyosin from the single particle reconstruction and the difference density displayed
in D. Extra mass in the central region of the single particle reconstruction (A and C) surrounds the central actin
subunits whereas the helical reconstruction (G and /) gives a much tighter fit to the crystal structure. Two actin
subunits are encircled in white in each surface-rendered representation (A and G). The incorrect fit of the
inverted F-actin model would giverise to the assignment of actin subunits illustrated in the pink outline (A and
G). The crossover point of the two long pitch actin strands (arrowed), a slight gap surrounded by four high
density bright regions (blue) and bands of density running diagonally out from the center of the filament (red)
are visible in the two-dimensional projections of both the single particle and helical reconstructions (B and H).
These features confirm the polarity inferred from fitting of the F-actin model. The difference density maps D
and J calculated from single particle and helical reconstructions respectfully highlight the non-actin density
(orange). This density attributable to tropomyosin and troponin is highly asymmetric in the single particle

can be confident in rejecting this
alternative orientation of the actin
backbone. By viewing the computed
fit in stereo the agreement between
the atomic model and our structure
is clear as anticipated from the
strong correlation between the fit-
ted model and the data. Addition-
ally the bi-lobed appearance of the
subunits corresponds directly to the
cleft between subdomains 3&4 and
1&2 of the actin subunit (Fig. 2C).

reconstruction. The composite difference density maps E and F highlight the contribution of troponin
(magenta) and tropomyosin (yellow) related by a 90° rotation about the filament axis.

point measures 141 = 7 A (Fig. 3B). Two strands of actin sub-
units clearly twist around each other in the well recognized
right-handed, long pitch actin helix. The interstrand cleft is
particularly clear and the subunits appear bilobed. There is an
area of localized mass on each actin strand around the midpoint
of the reconstruction which can be attributed to the globular
part of the troponin complex. The exact axial stagger of the
density peaks attributed to the globular head of troponin was
found to be 27.5 A through the alignment procedure prior to
averaging the two strands.

Agreement with Actin—To interpret the structure at a molec-
ular level an F-actin atomic model was computationally docked
into the three-dimensional density (Fig. 2C). The actin model
was a 13/6 helical filament as described in Ref. 40. The docking
programs Situs (30) and URO (31) were both used to evaluate
different orientations of this high resolution filamentous model
into the low resolution EM map. The best fit recovered in each
case was virtually identical, indicating a single solution. The
only alternative fits were discrete subunit translations along the
short pitch filament helix. In no case was there a reversal of
polarity. As a test, docking was repeated after rotating the F-ac-
tin model by 180° perpendicular to the filament axis. Although
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F-actin Fitting in a Helical
Reconstruction—Further evidence
for the polarity assignment in our
single particle reconstruction was obtained from a helical
reconstruction of the thin filament data. Fourier Bessel helical
reconstruction (41) using 13/6 helical symmetry was applied to
twelve selected straightened thin filament images. The relative
polarity of each straightened filament was identified. Within
the helical reconstruction the characteristic asymmetric actin
monomer shape, subunit cleft and interstrand gap are easily
identified in each subunit. The difference between the helical
and single particle reconstruction is readily apparent, namely,
the substantial extra density halfway along the single particle
reconstruction (Fig. 2, A and C), which we attribute to troponin.
The same atomic coordinate F-actin structure was docked into
both the helical (Fig. 2/) and the single particle-based recon-
struction (Fig. 2C). The F-actin fit to the single particle and
helical reconstructions are virtually identical with the asym-
metric shape of the actin subunit clearly identified in both maps
(Fig. 2, Cand I).

The orientation of the thin filament in the sarcomere is
known. It is necessary to orient the three-dimensional recon-
struction in this frame of reference to fully evaluate the biolog-
ical significance of our results. The polarity of actin and the thin
filament is often described by the directionality and arrow
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Distance along filament axis (A)

120
B Diameter (A)

FIGURE 3. Filament width. A, surface-rendered map of the single particle-
based reconstruction. B, plot displaying the diameter of the filament against
distance along the filament axis. The widest point of the filament is in the
center of the segment (i = ~141 A) the density begins to taper as toward the
pointed end of the filament (i = ~115 A).

90

shape that the myosin heads provide with the barbed end of the
filament situated at the Z-band of the sarcomere. This conven-
tion has been used in Figs. 2—4. The characteristic pattern of
two-dimensional projections also indicates the filament polar-
ity. The order of three distinct features of the filament detailed
below characterizes the polarity of the underlying actin, as out-
lined in previous studies (42). Viewing an actin model filtered to
35 A in a similar manner highlights the agreement between the
atomic coordinates and the two-dimensional projections calcu-
lated from our helical reconstruction and the single particle full
and half-data set reconstructions (supplemental Fig. S1, and
Fig. 2, B and H). Subdomains 1 and 3 form a band of density
running diagonally out from the center of the filament. If lines
are drawn highlighting these subdomains, a mini arrow-like
pattern is seen. It is noted that this is in the opposite direction to
the arrow-like pattern seen when myosin subfragment-1 heads
label actin. Two other strong features are visible in projection,
the crossover point of the two long pitch strands and a slight
gap between the strands. The crossover is the narrowest point
of the projected image and is a high density bright area. The gap
is surrounded by four subunits viewed from the side which
results in four small high density bright regions. These features
in the two-dimensional projection images (Fig. 2, B and H) sup-
port the orientation of the docked F-actin model in both of the
three-dimensional reconstructions, allowing us to unambigu-
ously determine the polarity of the data, in each case.
Difference Density Analysis: Assignment of Troponin—The
docked atomic co-ordinates of F-actin and F-actin with tropo-
myosin were used to create an electron density models. The
F-actin model was then subtracted from the three-dimensional
reconstruction to create a difference map which highlights all
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non-actin density (Fig. 2D). For comparison the equivalent dif-
ference density map was calculated between the helical recon-
struction and the docked actin model (Fig. 2/). A second differ-
ence map was calculated using the F-actin tropomyosin density
model subtracted from the single particle reconstruction. The
density in the reconstruction with no counterpart in actin or
tropomyosin is highlighted: this density can be assigned to tro-
ponin. A composite difference density map is shown in Fig. 2, E
and F.

In the single particle reconstruction two bulbous areas of
density label each strand of actin with a 27.5 A axial stagger. The
exact stagger was determined as part of the averaging proce-
dure. Troponin has been described as a “comma-shaped” mol-
ecule (7, 43). This appearance is similar to the shape of the two
regions of density we see in the reconstruction. The observed
density is located halfway along the filament and tapers away
toward the pointed end. Measurements of the filament width
agree with this observation (Fig. 3B). We interpret the shape of
the complex to mean that the globular part of troponin (Tnl,
TnC, and TnT?2) is the extra mass in the central region of the
filament and the tapering density running up the filament axis
is the tail of troponin (TnT1). TnT1 is the Ca®*-invariant
anchor point of troponin onto the thin filament through its
binding of tropomyosin (44). In our interpretation, the tail of
troponin runs toward the pointed end of the filament and is
very closely associated with tropomyosin. In the currently
accepted model of the thin filament the globular head is
thought to bind closer to the pointed end of the actin filament
with the tail pointing toward the barbed/Z-band end (45). Our
present structural analysis of the thin filament has resulted in a
three-dimensional reconstruction in which the natural inter-
pretation of the observed troponin density is that the polarity of
the troponin complex is reversed with respect to this accepted
model.

Difference Density Analysis: Assignment of Tropomyosin—In
addition to regions of bulbous density assigned to troponin,
continuous strands of density running diagonally up the fila-
ment in the cleft of the actin subunit are visible in both the
single particle and helical reconstructions (Fig. 2, E, F, and J).
This density can be interpreted as tropomyosin and in the hel-
ical reconstruction tropomyosin and a smeared out troponin.
Tropomyosin in both the helical and single particle reconstruc-
tions appears to have slight swellings that repeat with the same
repeat as the actin subunits. We believe that the swellings and
the general appearance of tropomyosin is due to the resolution
of the maps. By docking the 7-A crystal structure of tropomy-
osin (PDB code 1clg) (2) into these regions of density in the
single particle map we have traced the likely path of tropomy-
osin, which is seen to lie over subdomain 1 of actin. The average
position of the docked tropomyosin in both the single particle
and helical maps agrees with the blocked or B-state described
by Refs. 9, 10.

Troponin Crystal Structure Orientation—A space-filling
model of the skeletal troponin crystal structure in a Ca>* -free
state (4) was manually positioned in the EM density envelope.
Fig. 4 displays our favored orientation. The dimensions of the
crystal structure match the size of the extra density region that
we have ascribed to the globular head of the complex. The
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FIGURE 4. Docking of troponin and tropomyosin structures. The single particle three-dimensional map is
shown as a wire mesh. The actin atomic model (38) has been docked into the three-dimensional map (Ca atoms
in blue). The orientation of the map in Cand F is consistent with Fig. 2, A-F. The map has been rotated by —80°
about the filament axis in A and D and by —40° in B and E with respect to original position shown in C and F.
A-C, space-filling model of the partial troponin crystal structure (4) (displayed in magenta, PDB code 1yv0), and
the tropomyosin crystal structure (2) (displayed in yellow, PDB code 1c1g) are docked into the electron density
envelope. D-F, troponin and tropomyosin displayed as a ribbon diagram: the three troponin components are
displayed in different colors TnC, green; TnT2, pink; and Tnl, cyan. Unassigned density (yellow arrows) running

alongside tropomyosin can be seen in Band E.

a-helical coiled-coil formed between Tnl and TnT (the IT arm)
runs approximately parallel to the filament axis. The N-termi-
nal lobe of TnC is located over subdomain 1 of actin, resulting
in Tnl 96 and Tnl 117 being almost equidistant from actin 374
at 44 A and 47 A, respectively. These are close to the distances
(based on FRET measurements) used to create the published
atomic model of the thin filament (5). The linker between the
two domains of TnC is disordered in this structure. The inher-
ent flexibility of this disordered region allowed us to incorpo-
rate a rotation of ~30° of the N-terminal lobe relative to the rest
of the crystal structure.

The “core” structure (4) contains ~60% of the mass of the
troponin complex. The missing regions include the C terminus
of Tnl (residues 144-181) and the whole of TnT1 (residues
1-159 of TnT). Docking the core structure and the present
difference density analysis highlights areas that are not occu-
pied. An area of density directly above the troponin core (Fig. 4,
Band E), lying alongside tropomyosin, is an obvious location for
TnT1 due to the Ca®>" invariant interactions known to occur
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between these two proteins (44).
Additional unoccupied density
appears to “arc” around the face of
the actin subunit, which we propose
could be the location of the C termi-
nus of Tnl also missing from the
crystallized core structure. A con-
nection between the two strands of
actin via the C terminus of Tnl has
recently been reported (46).

DISCUSSION

We have used electron micros-
copy and single particle analysis to
study the structure of the native
muscle thin filament. The quality of
imaging and filament preservation
means that regions of density corre-
sponding to the troponin complex
were evident from the beginning of
our analysis and used for the accu-
rate identification of filament seg-
ments centered on the troponin
density. An adapted single particle
method (25) has been applied suc-
cessfully to reveal the location and
shape of troponin in relaxed thin fil-
aments. This work represents the
first reference-free structural analy-
sis of the thin filament (i.e. with no
prior assumptions with respect to
the shape or location of troponin).

The actin backbone of the fila-
ment is well resolved in the single
particle three-dimensional recon-
struction: docking the atomic
model of F-actin into the three-di-
mensional map emphasizes the
agreement between the reconstruc-
tion and the model. The docked F-actin model and the docked
tropomyosin crystal structure were used to calculate a differ-
ence structure in which mass present in the reconstruction with
no counterpart in the F-actin or tropomyosin density is evident
(Fig. 2, E and F). The three-dimensional map and difference
structure reveal a significant accumulation of density halfway
along the filament attributable to the troponin complex. The
density assigned to individual troponin complexes appears bul-
bous at the barbed end of the filament and tapers along the
filament toward the pointed end.

The exact stagger between pairs of troponin complexes was
established to be 27.5 = 0.5 A confirming the 1972 model pro-
posed by Ebashi (1). This arrangement allows the troponin and
tropomyosin molecules to make equivalent interactions with
actin on both strands. Why this stagger is 27.5 A as opposed to
alternatives such as a stagger of 3 X 27.5 A is not yet clear. One
possibility is that as the thin filament assembles the positions of
the first two troponin molecules on opposite strands may be
related to pseudo 2-fold interactions with Z-band components.
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Alternatively, binding of the first troponin could make a local
conformational change in the actin subunits, which promotes
the binding of the next troponin complex 27.5 A away on the
opposite strand. Subsequent troponin complexes would label
the filament at this regular spacing and if binding occurred in
the wrong place it might be weak or may result in an unstable
filament structure consequently unraveling the filament.

The troponin complex is highly asymmetric and has a spe-
cific polarity when bound to the thin filament. The widely
accepted orientation of troponin is such that the rod-like tail of
the complex is closer to the Z-band than the globular head. Our
single particle based reconstruction exhibits an asymmetric
arrangement of troponin density. Docking the F-actin model
allows us to establish the orientation of our reconstruction.
However, this orientation places the widest region of troponin
closest to the Z-band and troponin tapers off in the direction of
the M-band. This suggests that the rod-like tail of troponin,
which we now know to consist mainly of TnT1, is positioned
closer to the M-band than the Z-band. A similar interpretation
of troponin polarity can also be inferred from the shape of the
thin filament in an electron tomogram of fast frozen stretched
rigor insect flight muscle fibers (47). We consider below
whether this reverse polarity, as observed in our reconstruc-
tion, can be reconciled with the earlier observations.

Strong evidence exists for the polarity of tropomyosin on the
actin filament. Tropomodulin binds tropomyosin and caps the
actin filament at the M-band end (48). This information com-
bined with the identification of tropomodulin binding site at
the N-terminal region of tropomyosin provides a polarity for
tropomyosin in the thin filament (49). Evidence for two well-
separated binding sites of troponin on tropomyosin is also well
documented. The globular head region of troponin has been
localized to a region spanning residues 150 —180 of tropomyo-
sin (50) and in the vicinity of Cys-190 (51, 52). The tail region of
troponin is known to bind to the C-terminal region of tropo-
myosin (50-52). However, there is no direct evidence from
these studies showing whether the tail of troponin binds in an
anti-parallel or parallel manner to tropomyosin, although the
anti-parallel arrangement has generally been assumed (7). Indi-
vidual troponin subfragments were labeled (45) with antibodies
to TnT1, T2, C, and I in electron microscope images of isolated
assemblies containing I-bands and Z-bands. This gave rise to
the idea that TnT1 is closer to the Z-band than TnT2. Antibody
striations are evident in the micrographs. However, subsequent
work with Fab fragments disagreed with the initial findings
(43). Here it was reported that the staining of Tn'T1 and TnT2 is
in the same position and that possible discrepancies may be due
to the size of the antibody. The estimated length of the troponin
complex also increased considerably from 10 nm to 26.5 nm
over the period 1968 -1988. The initial length measurements
were taken from paracrystal data (53, 54) and later direct meas-
urements were made on rotary shadowed samples (7, 43). This
2-fold increase in length could result in a different interpreta-
tion of the early immunoelectron microscopy data, and possibly
a reversal in the orientation of troponin on the actin filament.
The geometry of binding of TnT to troponin has been investi-
gated in double diamond co-crystals of TnT and tropomyosin
(55, 56). Despite the relatively similar appearance of the crys-
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tals, different interpretations have been drawn over the exact
arrangement of the component proteins. Because the distance
between identical nodes of the crystal is ~400 A (the length of
tropomyosin) Carr et al. (56) concluded that tropomyosin runs
between these identical nodes: as previously observed in the
pure tropomyosin Bailey crystals. The N-terminal region of
TnT was interpreted as being located at the acute vertex of the
double diamond which corresponded with the C-terminal of
tropomyosin. The mutant TnT used by Cabral-Lily (55) lacked
the N-terminal region. As a result it was suggested that the
C-terminal of TnT must bind at the acute vertex of the dia-
mond, and the N-terminal region of TnT extended into the
long-arm of the large diamond to the C-terminal of tropomyo-
sin. This arrangement is possible if the head to tail overlap of
two tropomyosin molecules is placed in the middle of the long
arm and not at the nodes of the crystal as favored by Carr et al.
(56). Nevertheless the polarity of tropomyosin in the double
diamond co-crystals has not been established directly, so the
relative orientation of TnT and tropomyosin cannot be ascer-
tained from these studies.

These apparent inconsistencies bring us to question the evi-
dence behind the previously accepted model of the thin fila-
ment leading us to propose a reversed polarity of the troponin
complex. The reversed polarity would imply a parallel arrange-
ment for the interaction between TnT1 and tropomyosin in
which troponin would retain its established interaction with
the C terminus of tropomyosin while spanning the region
between the N terminus and residue 190 of the adjacent tropo-
myosin molecule. The importance of a reversal in polarity
would be paramount when considering the mechanism of reg-
ulation. The conformational changes that occur within tropo-
nin and the thin filament when Ca®" binds to TnC hold the key
to understanding regulation of muscle contraction. Without
locating directly the troponin subunits on actin in both the high
and low Ca*" states we cannot begin to reveal the mechanism.

Our novel analysis methods have resulted in two-dimen-
sional class averages and a three-dimensional reconstruction
with clear contributions from troponin and tropomyosin. The
region of density that we attribute to troponin in our recon-
struction is significantly larger and more continuous than the
volume indicated in the 2001 Narita map (22). Their map could
be enclosed in a cylinder with a diameter of 120 A, whereas the
diameter of the reconstruction presented here at its widest
point is ~141 A. A model-based single particle approach was
taken by Pirani et al. in 2005 (23), and the final three-dimen-
sional map strongly resembles the initial model with an addi-
tional area of density which was interpreted as the C terminus
of Tnl. Although these observations provide some support for
their conclusion, it would be more evident that model bias had
been avoided if in each case (many orientations of the troponin
complex were tested) the same end result was obtained: this
apparently was not observed. The differences between the
image processing methods used in our studies and previous
analyses of the structure (22, 23) offer some explanation for a
number of the differences in our conclusions. In particular the
objective reference-free alignment procedure used to obtain
our first reconstruction.
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Many issues remain unaddressed concerning the structure of
the thin filament. High resolution EM structures of the filament
at high and low Ca”>" are necessary to allow accurate molecular
models to be built. The existing crystal structures of troponin
are incomplete and previous EM reconstructions have not
identified the missing regions. The important role of the 40% of
troponin that remains un-crystallized is becoming apparent. As
well as the widely reported anchoring function of TnT1, the
activation of actomyosin ATPase activity is reported to be
mediated by a direct interaction between TnT1, tropomyosin,
and actin (57). The number of mutations in ~TnT1 identified
as causing heart disease is also increasing (58). We need to
locate the exact position of these mutations to begin to under-
stand their pathophysiology. We have identified the likely path
of the troponin tail in our reconstruction. In future work we aim
to identify unambiguously the position of TnT1 and all the
components in the thin filament at the molecular level.
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