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Abstract

The molecular switching mechanism governing skeletal and cardiac muscle contraction couples the
binding of Ca2* on troponin to the movement of tropomyosin on actin filaments. Despite years of
investigation, this mechanism remains unclear because it has not yet been possible to directly assess
the structural influence of troponin on tropomyosin that causes actin filaments, and hence myosin-
crossbridge cycling and contraction, to switch on and off. A C-terminal domain of troponin I is
thought to be intimately involved in inducing tropomyosin movement to an inhibitory position that
blocks myosin-crossbridge interaction. Release of this regulatory, latching domain from actin after
Ca2*-binding to TnC presumably allows tropomyosin movement away from the inhibitory position
on actin, thus initiating contraction. However, the structural interactions of the regulatory domain of
Tnl with tropomyosin and actin that cause tropomyosin movement are unknown and thus the
regulatory process is not well defined. Here, thin filaments were labeled with an engineered construct
representing C-terminal Tnl and then 3D-EM was used to resolve where troponin is anchored on
actin-tropomyosin. EM-reconstruction showed how Tnl-binding to both actin and tropomyosin at
low-Ca?* competes with tropomyosin for a common site on actin and drives tropomyosin movement
to a constrained, relaxing position to inhibit myosin-crossbridge association. Thus the observations
reported reveal the structural mechanism responsible for troponin-tropomyosin-mediated steric-
interference of actin-myosin interaction that regulates muscle contraction.
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Contraction of skeletal and cardiac muscles is switched on and off by the thin filament proteins
troponin and tropomyosin reacting in concert to changes in intracellular Ca2* levels. By shifting
position along thin filaments in response to Ca2* binding to troponin, tropomyosin is known
to either block or expose myosin-binding sites on actin, hence regulating myosin-crossbridge
cycling and consequently contraction1; however, the structural basis of troponin’s effect on
tropomyosin remains obscure. Troponin, itself a three-component complex, consists of Tnl,
the “inhibitory” subunit, TnC, the Ca2*-sensor that relieves inhibition, and TnT, the element
linking the complex to tropomyosin6’7. The interplay between troponin and tropomyosin, and,
in particular, the role of the C-terminal segment of TnI8, considered the transducer controlling
tropomyosin movement, is not defined structurally in models of troponin function. Binding
studies show that the C-terminal Tnl domain, while unstructured in solution®=13, interacts
with actin in relaxed thin filaments but translocates to the N-terminal lobe of TnC following
Ca?*-activation14 13, The Tnl domain may thus constrain tropomyosin in a position that
interferes with myosin binding on actin in the relaxed state. Its release from actin after Ca%*-
activation would then allow tropomyosin to move away from its inhibitory position, initiating
contraction. Electron microscopy and image reconstruction, well suited to examining helical
macromolecular assemblies, have the potential to solve thin filament structure comgletely.
However, the low stoichiometry of troponin on thin filaments complicates analysis 16 and
has lead to conflicting models of troponin behavior. Here, we have circumvented these
shortcomings by performing electron microscopy and image reconstruction on filaments
saturated with a construct representing the C-terminal Tnl domain, which is readily resolved
on such thin filaments. Reconstructions reveal that by competing with tropomyosin for a
common binding site, Tnl causes tropomyosin movement toward the blocking position on
actin. Our results thus provide direct structural insights into the role of troponin in the steric
regulation of muscle contraction.

3D-reconstruction of cTerm-Tnl-decorated F-actin and F-actin-tropomyosin

A construct representing the C-terminal 80 amino acids of Tnl (“cTerm-Tnl”, human cardiac
Tnl residues 131 to 210) was expressed in E. coli for the structural studies described below.

The construct bound to F-actin and strongly inhibited actin-activated myosin-S1 ATPase to 20
percent of its initial value at equimolar Tnl:actin. These results indicated stoichiometric binding
of cTerm-Tnl to each actin subunit of thin filaments under saturating conditions. The inhibition
was enhanced by tropomyosin at lower ratios of Tnl:actin (see Supplementary data for details).

Negatively stained F-actin or F-actin-tropomyosin controls showed characteristic double-
helical arrays of actin monomers. The actin subunit backbone was partially masked by addition
of cTerm-Tnl, and these filaments showed a noticeable increase in diameter (Fig. 1).
Reconstructions generated from tropomyosin-free F-actin labeled with cTerm-Tnl revealed
densities in addition to the actin that were attributable to the construct. These emerge from
subdomain 1 of each actin subunit and bridge to the azimuthally neighboring actin monomer
on the opposite helical strand of the filament (Figs. 2b, 2c; cf. 2a). EM reconstructions of F-
actin-tropomyosin decorated with the construct showed additional Tnl density, indicating that
the presence of tropomyosin further structures Tnl, which now occupies more of the actin
surface (Fig. 2d, 2e, Fig. 3a). Tropomyosin was localized in its “blocking” position on actin,
as if intact troponin were present at low-Ca2* (415). Fitting atomic models of F-actin and
tropomyosin within the reconstructions helped to further define the position of cTerm-Tnl. The
Tnl extension again is seen crossing the cleft between azimuthally neighboring actin monomers
(Fig. 3a), bridging from subdomain 1 of acting to the lower edge of subdomain 4 of actin_q
(over actin residues 223-232; green, Fig. 3b). The elongated density continues to traverse the
adjoining subdomain 3 toward tropomyosin on actin_;. Here part of the Tnl terminates as a
fist-like structure abutting tropomyosin and sitting over actin residues 309 to 330 (magenta,
Fig. 3b) normally occupied by tropomyosin in the “closed”, high-Ca%* state®, while the rest
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splays out to drape over tropomyosin (Fig. 2d, 2e’ Fig. 3a—c). Statistical maps show that the
densities noted above, which contribute to the Tnl in the reconstructions, are significant at
greater than the 99% confidence levels (see Supplementary data). The binding of cTerm-Tnl
at the low protein concentrations used for electron microscopy (1 UM actin, 2 pM cTerm-Tnl)
and the clear definition of the cTerm-Tnl densities on actin-tropomyosin indicate that the Tnl
construct bound specifically to thin filaments. Atomic structures of cTerm-Tnl are not available
for fitting within the corresponding density envelope of our reconstructions; nevertheless, the
volume encompassed by the Tnl domain in the reconstructions is comparable in size to those
in an array of NMR solutions for cTerm-Tnl12.

Electron tomography of thin filaments containing the intact troponin complex

Because the Tnl construct in the above experiments was not tethered to the rest of troponin, it
was free to bind to every actin monomer along thin filaments. In contrast, in muscle, the
elongated N-terminal TnT "tail” (TnT1) domain acts as a molecular spacer that is linked to
defined regions along tropomyosin7. In muscle, this arrangement limits binding of the troponin
core domain (the globular portion of troponin representing the confluence of Tnl and TnC on
the C-terminal end of the TnTlO’ll) and hence the C-terminal Tnl domain, to every seventh
actin along thin filaments, where the Tnl domain may be targeted to bind to defined stretches
of tropomyosin, insuring local cTerm-Tnl — tropomyosin specificity. In fact, trace densities,
possibly representing the domain, have been detected previously in single particle
reconstructions of Ca2*-free thin filaments containing the entire trogonin complex present at
anative stoichiometry of 7 actinsto 1 troponinand 1 tropomyosingl1 16 \While these densities
were not well delineated, they appeared to localize between azimuthally adjacent actin
monomers. To further investigate troponin organization in filaments with native stoichiometry,
we carried out electron tomography of actin-tropomyosin filaments containing the whole
troponin complex at the native ratio. Longitudinal sections through tomograms of single thin
filaments revealed characteristic helically arranged actin monomers and troponin core domain
“bulges“”ﬁ5 distributed regularly at 38.5 nm intervals (see Supplementary data). The signal-
to-noise ratio of the component densities in tomograms of single filaments was too low to
obtain details of molecular interactions, but averaging 38.5 nm long repeating units from the
filament tomograms revealed key structural features. A tri-lobed mass, characteristic of the
troponin core domain complex1 ,iseasily identified in the averaged data, despite the relatively
low resolution of the tomograms (Fig. 4a). In addition, a ridge of density originating from the
core domain is seen extending between azimuthally related actin monomers (Fig. 4b). This
density, derived from intact troponin, follows a path over the actin surface that is equivalent
to that of cTerm-Tnl shown above, corroborating those structural results (Fig. 4c). The near
identity of the extension seen in tomograms of thin filaments containing intact troponin at
native stoichiometry and the cTerm-Tnl density observed at higher ratios on decorated
filaments supports the contention that the two share common targets. Further, these results
suggest that the effects of cTerm-Tnl binding on actin-tropomyosin correspond to those of Tnl
from whole troponin.

A latching mechanism for Tnl that induces tropomyosin movement to its
blocking position

We conclude that the C-terminal domain of Tnl is structured when bound on thin filaments,
forming a defined extension that bridges adjacent actin monomers over the site normally
occupied by tropomyosin at high-Ca2* (Fig. 3c). Our results support the hypothesis that Tnl
binding and folding on actin-tropomyosin are intimately involved in the mechanism of muscle
regulation13. The position of the Tnl domain on azimuthally related actin monomers is
common to several other actin-binding proteins, including caldesmon®” in smooth muscle thin
filaments, which contain no troponin. By acting as a molecular tie straddling between the two
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long pitch strands of actin, troponin (and caldesmon) increase filament rigidity in the inhibited
state (but not in the presence of calcium)l&lg. This cross-strand communication involves no
obvious change in F-actin conformation. While the mechanical effect of the troponin crosslink
may have functional consequences, it is secondary to CaZ*-regulation per se, as filament
stiffness can be manipulated experimentally (by phalloidin modification for example), without
a noticeable change in the response to Ca2* (20).

Our results directly relate the structural action of troponin to the movement of tropomyosin on
actin. The interaction of the cTerm-Tnl domain with actin subdomain 3 would be expected to
dislodge tropomyosin from its high-Ca2* position, inducing tropomyosin movement to the
blocking position on actin, as is observed. The tip of the Tnl domain that drapes over
tropomyosin should further stabilize this blocked-state configuration. These steric effects
would inhibit actin-myosin interaction and thus contraction in relaxed muscle. While we have
not defined how the entire troponin complex controls tropomyaosin position on actin, it appears
that in intact filaments, blocked-state tropomyosin would be wedged between cTerm-Tnl on
one side and the tail of TnT and the troponin core domain on the other (Fig. 5). Thus each
troponin complex appears to interact with tropomyosin molecules in the adjacent helical
strands, suggesting a functional synergy between the two halves of the thin filament in the
relaxed state and a configuration that has not before been fully appreciated. On the other hand
during activation, Ca2*-saturated TnC will compete with actin for cTerm-Tnl binding, thus
favoring release of tropomyosin from the blocking position and leading to myosin-crossbridge
interaction. In turn, myosin binding on actin will promote further movement of
tropomyosin5 that would also likely displace actin-bound cTerm-Tnl. Calcium binds more
strongly to troponin than to Tncl4, presumably because in troponin the Tnl can stabilize the
open state of the N-lobe of TnC, which binds Ca?*. By facilitating Tnl dissociation from actin
and thus favoring its association with TnC, myosin would indirectly cause an increase in TnC
Ca2*affinity. This linkage between myosin binding, tropomyosin movement and Tnl mobility
would increase the Ca?*-sensitivity of the activation process. Our results on troponin-
tropomyosin interactions presented here provide a framework for understanding the structural
mechanics of the thin filament and a basis for defining regulatory protein mutants with
phenotypes that lead to human cardiomyopathy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Electron micrographs of negatively stained filaments. F-actin control filaments (a), F-actin
decorated with cTerm-Tnl (b), F-actin-tropomyosin decorated with cTerm-Tnl (c). Note the
increase in diameter due to the Tnl label, particularly in (c). Filaments are shown with their
pointed ends facing up; polarity was determined by alignment tools in "éference 22 scaje par
=50 nm.

Preparation and assay of proteins: F-actin, cardiac troponin and tropomyosin were purified
as previouslyzo. cTerm-Tnl was expressed and purified as follows: The cDNA for human
cardiac Tnl residues 131-210 was inserted into pET3d, transformed into Rosetta pLysS cells,
and asingle colony used to seed 1L of Overnight Express Media (CalBiochem/Novagen). Cells
were lysed with sonication in 20mM Tris buffer (pH 8.0), 20% sucrose, ImM EDTA, 5ug/ml
TPCK, 5ug/ml TLCK and 0.3mM PMSF. The pellet fraction was resuspended and sonicated
in 10mM MOPS buffer (pH 7.0), 5M urea, 1mM dithiothreitol, 5pg/ml each of TPCK and
TLCK, 0.01% NaN3 and 0.3mM PMSF. The supernatant fraction was dialyzed against 10mM
MOPS (pH 7. 0), 2mM dithiothreitol, 5pg/ml TPCK and TLCK, 0.01% NaN3 and 0.3mM
PMSF, and purified by successive SP Sepharose and AKTA system-Resource S columns.
Protein concentration was determined by quantitative amino acid analysis, and identify
confirmed by MALDI-MS. Actin-activated S1 MgATPase rates were measured at 25 °c20in
the presence of 10mM MOPS (pH 7), 1ImM dithiothreitol, 4mM MgCl,, 5mM KCI, 1.0mM
ATP, 1mM phosphoenolpyruvate, 3mg/ml pyruvate kinase, 0.2 mg/ml lactate dehydrogenase,
and the rate of NADH (0.3mM) oxidation monitored spectrophotometrically for 5 minutes.
EM and image processing: Filaments were prepared by mixing a two-fold molar excess of
cTerm-Tnl (40 uM) with F-actin or F-actin-tropomyosin (20 pM) to optimize binding in
100mM NacCl, 3mM MgCl,, ImM NaN3, 0.2mM EGTA, 1mM dithiothreitol, 5mM sodium
phosphate/smM Pipes buffer (pH 7.0) at 25°C2L. The mixture was diluted 20-fold, applied to
carbon-coated grids and stained with 1% uranyl acetate?l. EM was done on a Philips CM120
EM at a magnification of X45,000 under low dose conditions (~12 e /A). Helical
reconstruction?? and single particle reconstructionZ3 were performed by standard methods as
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previouslyzl. Both methods revealed comparable cTerm-Tnl density. The significance of the
densities contributing to cTerm-Tnl, was evaluated by using a Student’s t-test2425,

J Mol Biol. Author manuscript; available in PMC 2009 June 20.
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Fig. 2.

Surface views of thin filament reconstructions showing the position of cTerm-Tnl on F-actin
and F-actin-tropomyosin. Reconstructions of: (a) F-actin (subdomains noted). (b) F-actin
decorated with cTerm-Tnl; note density (white arrowheads) bridging between azimuthally
neighboring actin subunits from subdomain 1 of one actin to subdomain 4 of the other. (c)
Difference densities (blue), derived by subtracting F-actin from cTerm-Tnl decorated F-actin,
then shown superimposed on F-actin. (d) F-actin-tropomyosin decorated with cTerm-Tnl; the
Tnl density is again seen bridging between azimuthally neighboring actin monomers
(arrowheads), but the extra density here is more elongated and traverses obliquely over the
lower actin (black open arrows). The Tnl density ends as a finger-like mass (asterisk) on a
clenched-hand that approaches and drapes over tropomyosin (white arrow). (e) Difference
densities (blue for Tnl and red for tropomyosin) between cTerm-Tnl decorated F-actin-
tropomyosin and F-actin, shown superimposed on F-actin. All of the reconstructions of thin
filaments obtained were aligned to each other and are shown with filament pointed ends facing

up.
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Fig. 3.

Fi?ting F-actin and tropomyosin models into reconstructions. Atomic models of F-actin26 and
tropomyosin27 were docked into EM density envelopes, using coordinates previously
determined?8. The azimuthal location of tropomyosin is the same as that found previously for
the blocked state®:16,21,28 (a) Reconstruction of F-actin-tropomyosin decorated with cTerm-
Tnl (enlargement of part of Fig. 2d, actin subdomains noted, other symbols the same as in Fig.
2); (b) ribbon models of two actin monomers (gold, yellow) and tropomyosin (red) fitted within
the EM envelope shown in (a), displayed here in wire-mesh; Tnl density is seen to originate
near actin’s C-terminal residues 360 to 366 on subdomain 1 of acting (helix highlighted in
white), to cross the cleft between actin subunits and over helix 223 to 232 (green) on subdomain
4 of actin_4, to buttress against tropomyosin at actin residues 309 to 330 (magenta) and to end
over the tropomyosin strand (red); (c) same as (b) but now the fitting shown with one actin
monomer (yellow space filling model) and tropomyosin (red space filling model), here
highlighting amino acids on actin, which are thought to interact electrostatically with
tropomyosin in the high-Ca2* (“closed”) state2’ (pink, acidic, blue, basic amino acids). Note
that cTerm-Tnl covers several of these amino acids clusters and hence sites occupied by C-
state tropomyosin.
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Fig. 4.

Electron tomography of thin filaments reconstituted from actin, tropomyosin and intact
troponin. Surface views of averaged tomograms from 61 filaments maintained in low-Ca2*.
(a) the core domain (arrowhead) of troponin is seen face on; note the trilobed density, where
the upger two lobes match the near perpendicular orientation s 1gogested for TnC relative to F-

actind 0 while the rest would correspond to the TnIT arm (b) orthogonal rotation
of the tomogram shows a side view of the core domain from which a ridge of density (open
arrows) emerges and crosses laterally over the surface of the filament. (c) fitting the atomic
model of F-actin-tropomyosin within the tomogram, rotated as in (b) and made translucent
(actin monomers alternately yellow, coral and orange; tropomyosin, red); note that the length
of the ridge of density is sufficient to reach from the core domain to tropomyosin; further, this
density follows a path comparable to that of cTerm-Tnl in the reconstructions above and ends
as a pad of density at a similar spot on the tropomyosin position as does the Tnl domain
(asterisks in (b) and (c)). Given the low resolution of the tomograms and possible uncertalntles
about domain positions in the low-Ca2* crystal structure of the troponin core complex , fitting
these two structures to each other did not seem warranted. Moreover, the region of particular
interest here, namely the C-terminal end of Tnl, is not resolved in the low-Ca2* crystal structure
since in the absence of its binding to actin, this region of Tnl is likely to be disordered!2
Tomography protocols: Electron tomograms of thin filaments, prepared as previously 21 were
derived from EMs captured in a tilt series consisting of 1° increments between +68° at a
magnification of X31,000 (300 kV, 450 e /A total exposure) on a Technai F30 EM; tomograms
of individual negatively stained F-actin troponin-tropomyosin filaments (see Supplementary
data) were generated using Protomo software3L. To improve the signal-to-noise ratio,
tomograms of single thin filaments were divided into 40 nm long segments and aligned to a
low-resolution model of the filament16. The aligned segments were placed within a Gaussian
mask to reduce surrounding noise and the rotational and axial allsgnment refined using
SPIDER32, Following final alignment, segments were averaged
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Fig. 5.

Cartoon representation of the organization of the thin filament at low-Ca2*. The troponin core
domain complexes on either side of F-actin are depicted as W-shaped TnIT structures
supporting dumbbell-shaped Tnc13-15; actin, grey; tropomyosin, salmon; Tnl, cyan; TnC,
red; TnT, yellow. C-terminal Tnl extensions are shown emerging from the core domain (as
cork-screws), crossing the cleft between neighboring actin monomers and abutting
tropomyosin (as a cyan disk). The TnT tail is depicted as an arrow running in parallel to
tropomyosin. Tropomyosin is shown wedged in the blocking position between cTerm-Tnl on
one side and the troponin core domain and TnT on the other in a vise-like grip. No attempt was
made to rationalize possible interactions between the troponin core domain and F-actin (here
depicted as a double chain of beads for simplicity). Please note: Only one of two tropomyosin
strands is shown. Also note: The tip of the Tnl extension emanating from the troponin core on
the right side of the diagram is hidden behind actin in back of the filament and not seen.
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