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ABSTRACT Recently, our understanding of the structural basis of troponin-tropomyosin’s Ca*-triggered regulation of striated
muscle contraction has advanced greatly, particularly via cryo-electron microscopy data. Compelling atomic models of troponin-
tropomyosin-actin were published for both apo- and Ca®"-saturated states of the cardiac thin filament. Subsequent electron mi-
croscopy and computational analyses have supported and further elaborated the findings. Per cryo-electron microscopy, each
troponin is highly extended and contacts both tropomyosin strands, which lie on opposite sides of the actin filament. In the apo-
state characteristic of relaxed muscle, troponin and tropomyosin hinder strong myosin-actin binding in several different ways,
apparently barricading the actin more substantially than does tropomyosin alone. The troponin core domain, the C-terminal third
of Tnl, and tropomyosin under the influence of a 64-residue helix of TnT located at the overlap of adjacent tropomyosins are all in
positions that would hinder strong myosin binding to actin. In the Ca®*-saturated state, the Tnl C-terminus dissociates from actin
and binds in part to TnC; the core domain pivots significantly; the N-lobe of TnC binds specifically to actin and tropomyosin; and
tropomyosin rotates partially away from myosin’s binding site on actin. At the overlap domain, Ca®>* causes much less tropomy-
osin movement, so a more inhibitory orientation persists. In the myosin-saturated state of the thin filament, there is a large addi-
tional shift in tropomyosin, with molecular interactions now identified between tropomyosin and both actin and myosin. A new era
has arrived for investigation of the thin filament and for functional understandings that increasingly accommodate the recent

structural results.

Striated muscle’s capacity for sharp on-again off-again ac-
tion, i.e., its twitch, has sparked scientific attention for
more than 200 years. An otherwise well-informed scientist
might be excused for thinking that this was a long-solved
phenomenon. Much is known of course (1), and significant
aspects are indeed “solved.” Nevertheless, there has been a
huge gap in understanding—the direct structural mechanism
of striated muscle inactivation was never explained satisfac-
torily. Now this gap has narrowed greatly thanks to Yamada
et al.’s transformative January 2020 cryo-electron micro-
scopy (cryo-EM) study of cardiac thin filaments (2), aspects
of which were promptly supported by excellent independent
work (3,4). Substantial further progress is following quickly
in Biophysical Journal articles by Lehman and others (5,6)
and in preprints (7,8). It is time to take stock of the situation,
as this Perspective aims to achieve.

For muscles to relax or, equivalently, remain at rest, the
key regulatory factor is the Ca’"-binding thin filament
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protein troponin. Troponin acts in concert with the
coiled-coil protein tropomyosin, to which troponin at-
taches in a 1:1 stoichiometry (i.e., both are 1:7 relative
to actin). Troponin is present universally in striated mus-
cles, where contraction is strictly Ca®" dependent;
troponin and tropomyosin together prevent actin and
myosin from producing force and/or movement at a low
Ca*" concentration. Tropomyosin’s direct role in this inhi-
bition was anticipated insightfully decades ago (9,10) and
eventually substantiated (11). The 38.5-nm long coiled
coil of each tropomyosin molecule tracks along the thin
filament’s long pitch helix, where it creates troponin-
modulated interference with the myosin-binding site of
seven successive actins. Although tropomyosin interferes
with the myosin-binding site, tropomyosin alone is insuf-
ficient for shutting off muscle contraction. Troponin is
required. If troponin is removed from skeletal or cardiac
muscle experimentally and tropomyosin remains, muscles
contract (12). Correspondingly, the relaxation of smooth
muscle, which lacks troponin, requires a robust substi-
tute—an off switch involving dephosphorylation of
myosin light chains.

The above discussion then prompts the question that has
been lingering for decades—what is the structural
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mechanism of troponin’s inhibitory action, via tropomyosin
or otherwise? Until now, troponin has been an exasperating
Second Foundation of thin filament-mediated regulation,
known to exist and known to be critical but unknown as to
location and methods (13). The recent publications culmi-
nate at last with the long worldwide effort to achieve struc-
tural understanding of troponin action. Looking back, one
cannot but note three high points of the research journey,
summits reached by successive generations of scientists
working in Japan. In autumn 2001, an international confer-
ence at SPring-8 celebrated the 40th anniversary of the dis-
coveries by Ebashi and colleagues of troponin and of muscle
contraction as the first calcium ion-carried intracellular
signal transduction system (14—18). There, in a fitting newer
achievement, Maeda and associates described the first
atomic resolution structure of troponin’s core domain (19).
Now, another two decades on, Yamada, Namba, and Fuji
(2) of Osaka University have shown the regulated cardiac
thin filament structure in action by cryo-EM of actin-tropo-
myosin-troponin filaments in the absence and presence of
Ca”*. Uniquely for reports to date, the study achieved
near atomic resolution (4.8-6.6 10\), sufficient to place
compelling atomic models of most of troponin into the
maps. At last, the structural basis of the regulatory switch
emerges more fully into the light, with troponin revealed
in situ.

Troponin as barricade

The low Ca?" concentration structure of the thin filament,
characteristic of fully relaxed muscle, is shown in Fig. 1
A. Troponin’s three subunits (20) are colored purple
(TnT), magenta (Tnl), and light pink (TnC). This is the
apo-state of the thin filament; neither Ca®" nor myosin is
bound. To help distinguish the two troponins in the image,
the TnT for Tnl, to the left, is colored a brighter purple
than the TnT of Tn2, to the right. As the figure shows, the
troponin span is large. One troponin or the other directly in-
fluences 13 of the 14 actins in the structural unit of two actin
strands. No wonder muscles do not produce force under low
Ca*" conditions. Troponin and tropomyosin together form
quite a set of barricades against myosin. At bottom, a helix
of the troponin “tail” (the N-terminal portion of TnT) over-
lies the head-to-tail overlap of successive tropomyosins, for-
tifying tropomyosin’s attachment to an inhibitory position
on actin. In the midportion, the core domain of troponin it-
self barricades two actins from myosin, like a truck parked
to protect a national shrine. At the top, the highly extended
C-terminal third of Tnl stretches along tropomyosin, adding
to tropomyosin’s steric hinderance of strong myosin binding
to those actins. The size and stoichiometry of the thin fila-
ment have always implied a remarkable allostery; there is
only one troponin for every seven actins. Underlying this ac-
tion at a distance is a large wingspan for troponin as well as
for tropomyosin.
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The smallest repeating structural unit of the regulated thin
filament includes both of the two actin strands and contains
14 actins, 2 tropomyosins, and 2 troponins. Note that the
two opposing troponins are not the same; Tnl spans a dis-
tance along the length of the actin filament that is one actin
longer than the span of Tn2. Also, each troponin contacts
both actin-tropomyosin strands. Each such strand is a
curving, long pitch helix that one can perceive in the figure
via the path of the tropomyosin coiled coil (black). The Tnl
troponin core domain at midleft and the Tnl TnT helix,
which lies directly below, are on opposite strands of the
actin filament. Very likely, it is correct that these are parts
of the same troponin; lower contour electron microscopy
images (2) show intervening density. The connecting linker
(represented in Fig. 1 by a dashed line) is of an unknown
atomic structure and spans a shorter distance for Tn2 than
for Tnl. It has low density in the deposited electron micro-
scopy maps, and a different view may yet be offered by
others, including those who have examined the TnT con-
necting linker previously by computational methods (21).

Tn1

Tm Overlap-
TnT Domain

FIGURE 1 Atomic models of the cardiac thin filament in the apo-state
(A) and Ca*"-saturated state (B). Yamada, Namba, and Fuji conducted
cryo-EM and determined PDB: 6KN7 and 6KNS8, here illustrated (2). Actin
(gray and brown) is shown partially transparent, so troponin (Tn; purples
(A) and greens (B)) and tropomyosin (Tm; black) can be seen behind as
well as in front. (A) The C-terminal third of subunit Tnl (magenta) extends
adjacent to Tm along two actins toward the pointed end of the filament (at
top). (B) This adjacent density is absent, and the smaller, switch helix
segment of Tnl (dark green) is attached to subunit TnC (/ime). The troponin
toward the left in (A and B) (Tnl) spans a distance longer by one actin
monomer than the span of Tn2 on the right. The model for each Tn has a
gap in subunit TnT, where a linker region is detected at low contour. To
see this figure in color, go online.



Electron microscopy consistently demonstrates that tro-
ponins lie in register on opposite sides of the filament, not
only in situ but also in reconstituted thin filaments in
which neither actin capping proteins nor Z-disk structures
can explain the alignment (2,22,23). Correspondingly, the
tropomyosins have been known to lie in register. Now, a
new explanation is evident—they must be in register for
troponin to attach to both tropomyosins. Furthermore,
the resulting structure is more robust than was understood
heretofore. Troponin with its dual binding sites gives
cross-bracing to the regulated thin filament. Whatever
else may result from this feature, it is part of how the
regulated thin filament maintains full assembly. Troponin
holds onto actin-tropomyosin via both regions, with high
affinity, ~30 nM Kp or better, regardless of Ca’" and
myosin (24).

Finally, it is worth noting that the Yamada et al. (2) and
Oda et al. (4) cryo-EM studies share several accomplish-
ments, including the placement and orientation of the core
domain on the filament (Fig. 1). This is critical for any struc-
tural understanding of troponin function. Also critical is the
identification of as much of troponin as possible, which was
achieved more successfully by the higher resolution Yamada
et al. (2) report that is the focus of this article.

The on-off switch Ca?*-mediated change in the
troponin core domain

Fig. 1 B shows the thin filament in the same orientation as
Fig. 1 A but in the Ca®"-saturated state. The most prominent
difference is the disappearance of the extended Tnl C-termi-
nal segment. Instead, a much smaller subsegment, called the
Tnl switch helix (Tnl here in dark green), attaches to TnC.
The remainder of the Tnl C-terminus is no longer seen, but
significantly, it no longer lies along tropomyosin in a posi-
tion that, with tropomyosin, sterically hinders myosin.
This change in the Tnl C-terminus is the most dramatic
alteration within the whole structure, and no doubt, it is
pivotal to the ability of Ca®" to regulate muscle contraction.

Although the atomic structure and interactions of the Tnl
C-terminus are beyond the present resolution, its identifica-
tion in the cryo-EM map changes our understanding of reg-
ulatory function. First, its steric hindrance of myosin is
similar to that of tropomyosin; both must move for strong
myosin binding to occur, making both relevant structure
and dynamics. Also, the cryo-EM density indicates a pre-
dominantly ordered rather than disordered structure in the
thin filament apo-state. Human cardiomyopathy genetic
data support the view that the C-terminus density reported
by Yamada et al. (2) is real, rather than a selection artifact
of cryo-EM data processing. At least 15 of TnI’s 40 C-termi-
nal residues have one or more pathogenic missense substitu-
tion, according to tabulated data of consortia publications
(25,26) applying rigorous clinical genetics criteria. This
suggests the Tnl C-terminus has an ordered structure, which
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is dynamic and readily perturbed by single amino acid
substitutions.

The cryo-EM results indicate that the regulatory mecha-
nism is multifaceted, with several features previously un-
known. Fig. 2 A illustrates the primary regulatory switch
via superposition. The Ca”"-saturated structure is shown
with TnC (light green) in transparent surface format and
with Tnl (dark green) and TnT (yellow) in cartoon format.
Apo-state Tnl (magenta) is superimposed. The TnC
N-lobe can open upon Ca®" binding to its EF-hand motif
to produce a binding surface for the Tnl switch helix
(27,28), and Tnl switches from one position to the other.
Perhaps the Tnl switch segment oscillates on and off the
thin filament, and if the N-lobe is primed by Ca”, the
switch helix attaches, pulling the rest of the Tnl C-terminus
off actin. From the cryo-EM findings, however, a different
possibility occurs—that a mobile TnC N-lobe effects regu-
lation directly—nudging Tnl off the actin surface while also
nudging tropomyosin to pivot away from its apo-state orien-
tation. In either case, the switch occurs right at the thin fila-
ment surface, where the Tnl shift from actin to TnC is a
relatively modest distance, as would seem facilitating for
rapid, efficient activation.

The TnC N-lobe is not fixed within the core domain and is
capable of independent rotation (19,29). In a potentially crit-
ical finding, the N-lobe nods very closely onto the thin fila-
ment upon Ca®" binding into a position that displaces Tnl
from the actin surface (Fig. 2 A). Here, the Ca®*-saturated
N-lobe forms extensive interactions with actin and with
both helices of tropomyosin. Based on the cryo-EM map,
the appositions are extensive, specific, and likely funda-
mental. The N-lobe appears to serve as an active controller
of contraction, not just as a mechanism for relieving inhibi-
tion by Tnl. Finally, comparison between troponin in the
apo-state and the Ca’"-saturated state indicates that,
although the Tnl C-terminus dissociates from actin upon
Ca”" binding, the overall pattern is not one of dissociation.
Rather, one set of troponin interactions is replaced by
another (30).

Fig. 2, B and C appear quite different from each other,
although they are images from the same viewpoint. The dif-
ference is that troponin moves considerably between the
Ca*"-saturated state (Fig. 2 B) and the apo-state (Fig. 2
(). The TnC N-lobe pivot toward actin, and the Tnl dissoci-
ation from actin, discussed above, is easily seen by compar-
ison of the two panels. Very prominent is a ~30° rotation in
what is called the “IT arm” of the core domain, which is
comprised of a 46 residue Tnl-TnT coiled coil and the
TnC C-lobe to which long Tnl helix 1 is closely attached.
These elements shift together as a unit. This finding was
anticipated by a 2012 study employing in situ polarized
fluorescence in skeletal muscle (31). The spectroscopic
report identified the IT arm orientation on the actin filament
correctly and showed rotation in the presence of Ca®*.
Although the magnitude of the cryo-EM rotation is larger
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A Tnl Switch
Helix

Tnl
137-147

FIGURE 2 Troponin core domain. (A) Shown is the Ca’"-saturated
structure plus superimposed Tnl as it is found in the apo-state. The regula-
tory mechanism involves, prominently, a helical segment of TnI’s C-termi-
nus switching its attachment from actin to the TnC N-lobe. Note that the
position on actin and tropomyosin of the Ca®*-bound TnC N-lobe is incom-
patible with Tnl retaining its magenta, apo-state location. (B and C) Shown
is an identical view comparison of Ca>"- and apo-states. Note changes in
tropomyosin, the TnC N-lobe, and the IT arm that includes the TnT-Tnl
coiled coil. (D and E) Shown is the core domain, as viewed from the oppo-
site side of the filament. Note Tnl 137-147 (atoms format) has inhibitory
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than that detected by in situ fluorescence, this can be ex-
plained by geometric constraints; the studies appear to
agree.

Something causes the IT arm to rotate when Ca®" binds to
the TnC N-lobe, but the mechanism is unclear. Candidate
possibilities can be delineated from paired Fig. 2, D and
E, showing a view from the opposite side of the filament.
Tropomyosin is not the same in the two panels, so tropomy-
osin movement is a potential cause of the IT arm rotation.
Also, Tnl helix 1 (running vertically at right) reaches and
contacts the TnC N-lobe in both panels. Finally, note the
segment of Tnl that immediately precedes the switch helix
and is shown in atoms format. This is the classical inhibitory
region, Tnl 137-147 (32), which has inhibitory effects as an
isolated peptide, is a cardiomyopathy site, and has been
studied by many ((33,34) and references therein). Surpris-
ingly, it remains anchored to actin; regardless of Ca®", it
does not detach. Near both tropomyosin and other portions
of the core domain, it may influence more than one thin fila-
ment state, consistent with prior observations.

Tropomyosin: E Pur Si Muove

The cryo-EM map resolution reveals individual helices of
the tropomyosin coiled coil. For greater detail, proposed
atomic models of full-length tropomyosin within the fila-
ment cryo-EM envelope are now available from more than
one source. In addition to the EGTA and Ca®>" models put
forth by Yamada et al. (2) in January 2020, computationally
derived alternates were published in July 2020 (5). These
latter models have the appeal of greater adherence to canon-
ical coiled-coil measurements, which result in slightly
greater length. They remain entirely consistent with the Ya-
mada et al. (2) cryo-EM map, with which they share a great
similarity. A significant difference is residue register along
the thin filament, which is critical for tropomyosin’s detailed
interactions with actin and troponin and with myosin as
well.

The overall effect of Ca>™ on tropomyosin is the same in
the hands of either group of investigators. Tropomyosin’s
center of mass shifts slightly across the thin filament, as
found in most past reconstructions. Unexpectedly, this shift
is diminished near the overlap domain (see below). Also,
now that both of tropomyosin’s two helices are each clearly
identified by the cryo-EM data, it’s evident that most of
tropomyosin’s Ca®"-induced shift in position is due to rota-
tion rather than translation. Note the tropomyosin difference
in Fig. 2, D and E; the apparent two-dimensional crossing
point of the coiled-coil changes. As described below, this
is because one helix stays relatively fixed at the point of
closest actin contact, and its partner helix rocks, as if there

effects as an isolated peptide. Unexpectedly, it has a close proximity to
actin, regardless of Ca?*. Color scheme is the same as in Fig. 1. To see
this figure in color, go online.



were a hinge anchored near the actin surface. Yamada et al.
(2) comment that this motion diminishes tropomyosin’s ste-
ric hindrance of myosin-actin attachment.

The computational docking study of Pavadai et al. (5)
agrees with the above findings, identifying two tropomyosin
poses, prepivot, or postpivot. The calculations also identify
specific tropomyosin-actin contacts that are consistent along
the pseudorepeat structure of tropomyosin. In Fig. 3, tropo-
myosins in the EGTA and Ca®>" models are shown in red and

Myosin-state Ca-state Apo-state
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FIGURE 3 Middle regions of tropomyosin in the three filament end
states. Shown are apo-state tropomyosin in red (2), Ca>"-saturated state
in yellow (5), and myosin-saturated state in blue (6). Note the proximity be-
tween tropomyosin and interacting actin residues Lys 326 and 328 (green).
Ca*" binding to troponin (data not shown) causes tropomyosin to pivot,
which exposes more of the site where myosin binds strongly to actin.
Best illustrated here for the fourth of tropomyosin’s seven pseudorepeats
(but also occurring at repeats 2, 3, and 5), one tropomyosin helix remains
largely in place near the actin lysines regardless of Ca®", whereas the other
helix pivots from right to left. When myosin (data not shown) is attached to
actin, tropomyosin migrates to a distinct, third location on the filament
(blue). To see this figure in color, go online.
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yellow, respectively. Green-highlighted actin Lys residues
326 and 328 are key tropomyosin interaction sites. On the
actin monomer that contacts the fourth of tropomyosin’s
seven quasiequivalent regions, these residues are seen to
lie near a tropomyosin helix in both yellow and red. The
other helix, which is further from this point on the actin sur-
face, pivots from the right side to the left when Ca®" is
added. Tropomyosin consequently clashes less with actin’s
myosin-binding site in the Ca’"-saturated filament
compared with the apo-state.

Tropomyosin adopts a third position on actin, distinct
from those described above, in the presence of strongly
bound myosin. To investigate the atomic structure in this
circumstance, Doran et al. (6) performed cryo-EM of
thin filaments comprised of cardiac tropomyosin, the car-
diac myosin isoform, and skeletal muscle actin and also
employed computational methods. This August 2020
report (6) showed that the central region of tropomyosin
shifts 15° around the filament, a 10 A movement
compared with its position in the presence of troponin
and Ca®". In this myosin-saturated state of the thin fila-
ment, tropomyosin (blue in Fig. 3) has translated left,
compared with the Ca’"-saturated state (yellow), with lit-
tle evident rotation. In this position but not the states
shown in red or yellow, both myosin (data not shown)
and tropomyosin can attach simultaneously to actin
without steric conflict. Furthermore, the atomic model
identifies specifics of binding. All up and down its length,
tropomyosin has close interactions with successive actins
and myosins, including consistent contact with actin
Lys326 and myosin Arg369. Tropomyosin’s atomic con-
tacts with actin and also myosin (first shown in (35)) are
thus identified and can be tested experimentally. The suc-
cess of the overall approach offers promise for future un-
derstanding of tropomyosin’s dynamic, Ca’*'-regulated
interactions with troponin and with other proteins such
as myosin-binding protein C.

In the Yamada et al. (2) structure, Tnl and Tn2 (Fig. 1)
have different spans, but their core domains attach to the
same tropomyosin region: pseudorepeat 4 of tropomyosin’s
seven quasiequivalent regions (36) (each repeat interacts
with a successive actin monomer along the long pitch actin
strand). Consider a counterfactual in which both Tnl and
Tn2 have Tnl’s longer longitudinal span. In this scenario,
Tn2’s core domain would be attached to a different part of
tropomyosin: pseudorepeat 3. Instead, both Tnl and Tn2
bind to repeat 4, implying specificity. The unknown atomic
details of tropomyosin-core domain interactions are an
intriguing topic for future investigation. In prior, broader
work, activation by Ca*" is reduced 60% if pseudorepeat
4 is deleted experimentally (37). Furthermore, thin filaments
completely resist Ca>" activation when pseudorepeats 3 and
4 are internally deleted from tropomyosin, but actin-myosin
regulation is barely altered if pseudorepeats 2 and 3 are
deleted (38,39). Specific interactions of pseudorepeat 4,
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which binds to the Ca®"-saturated TnC N-lobe, may stabi-
lize the pivoting of tropomyosin’s middle region that is
important to regulation.

The overlap domain: an anchor and inhibitor

Another denouement should be given its due: the structure
of the head-to-tail overlap of tropomyosin N- and C-termini
plus an overlying TnT helix. Fig. 4 A is centered on the over-
lap domain of Tnl and shows superimposed cryo-EM maps
in the apo-state (purple) and Ca”*-saturated state (green). In
the presence of Ca>", both tropomyosin and the overriding
TnT density shift slightly. Here, the tropomyosin pivots on
the actin, not as much as near the center of tropomyosin
but to an extent that clearly alters the position of the TnT
density in the figure. Also, note that in the apo-state specif-
ically, the observed TnT density is longer and contacts (at
bottom) the actin monomer just beyond the overlap. This
apparent difference is not mentioned by Yamada et al. (2).
However, the density is clear in the apo-state, and the
Ca”*" map, where the density is absent, has slightly better
resolution overall. Functional significance to the additional
density is supported by the clustering of cardiomyopathic

Ca-state
TnT 99-150

Apo-state
TnT 87-150

TnT 89-151

Ca-state Tm

Apo-state Tm

alleles (see below, and by high sequence conservation),
which also include 10 residues preceding from Pro77 (40).

A computational study of the overlap domain, conducted
independently and published almost simultaneously in
January 2020, exhibits excellent agreement with the cryo-
EM map (3). Pavadai et al. used docking programs, energy
minimization, and molecular dynamics to select among a
variety of troponin tail fragments and propose a model of
the overlap region on actin. The computational study
yielded up the same TnT fragment that was inferred by Ya-
mada et al. (2) in their atomic model and placed it in the
same register along the tropomyosin C-terminus and at the
same oblique angle. Fig. 4 B shows an iteration (5) of the
Pavadai model. Note (in black) the four-helix bundling of
the C-terminus of one tropomyosin and the N-terminus of
another. As expected (41,42), the termini each are splayed
apart and lie at right angles to each other. The overlying,
antiparallel TnT tail helix (green) angles slightly across
the tropomyosin C-terminus, consistent with data from
Oda as well (4). Both N- and C-termini of tropomyosin
make multiple contacts with specific TnT residues (blue).
Each end of the tropomyosin has close contacts with actin
as well. The figure shows the computational model within

FIGURE 4 Tropomyosin overlap domain structure on the regulated thin filament. (A) Shown are superimposed EGTA (purple) and Ca>" (green) cryo-EM
maps (2), centered on the region where N- and C-termini of tropomyosins overlap. In both states, there is an overlying density, attributed to subunit TnT of
Tnl. In the apo-state, an extension of the TnT density angles off the tropomyosin strand, interacting with the actin monomer at bottom. (B) Shown is a compu-
tationally derived atomic model of the overlap domain (5), determined independently (3) but here shown to fit within the Ca®*-state cryo-EM map of the Tn2
overlap domain. TnT residues having multiple interactions with tropomyosin are shown in blue and the remainder of TnT in green. Note the proximity be-
tween the top of the TnT helix and TnT of the Tn2 core domain, to which it is connected via unresolved linking residues. To see this figure in color, go

online.

6 Biophysical Journal 120, 1-9, January 5, 2021



the Ca”"-saturated Yamada et al. (2) cryo-EM map, illus-
trating the goodness of fit. This agreement between indepen-
dently determined structures adds credibility to the specific
findings of both studies, including the protein-protein inter-
actions proposed in the simulations.

The cryo-EM and computational studies also agree on
another important point. Fuji and co-workers (2) and the
Wakabayshi group (4) found by cryo-EM that the overlap
region of tropomyosin has less Ca”>"-induced movement
away from myosin’s attachment site on actin, compared
with the effect of Ca®" on the central part of tropomyosin
shown in Fig. 3. Correspondingly, the July 2020 computa-
tional study suggests that tropomyosin pivots by 0—15° near
the overlap and 50-60° elsewhere (5). The troponin tail
domain binds tightly to the thin filament: 1/6th as tightly
as whole troponin, which has affinity for actin-tropomyosin
of least 10> M ! (24). Thus, the troponin tail anchors the
tropomyosin overlap region in inhibitory positions that
interfere with myosin.

A variety of prior functional results correspond to this
new structural finding—that the overlap domain may
partake in troponin’s functional raison d’étre, myosin inhi-
bition. By itself, absent any other part of troponin, troponin
tail TnT fragments (43,44) 1) bias tropomyosin toward the
blocking position that tropomyosin adopts with troponin
and EGTA; 2) greatly inhibit thin filament-myosin S1
ATPase activity, as comprehensively as does whole
troponin in the absence of Ca”; 3) decrease in vitro
motility speeds, particularly at low myosin concentrations;
and 4) weaken myosin S1-ADP binding to actin-tropomy-
osin. The skeletal muscle troponin tail also weakens S1-
ADP binding to actin-tropomyosin, which is attributed to
a different anchoring mechanism that is less blocking to
myosin (45).

Continuing this theme of functional importance, TnT res-
idues 79-140 are sites of multiple cardiomyopathic
missense mutations that alter TnT attachment, alter apparent
Ca”" affinity, and/or interfere with full relaxation in vivo
and in vitro (40,46-48). This TnT segment is comprised
of the overlap domain helix plus the next 10 N-terminal res-
idues, just before where TnT contacts actin in the atomic
model.

Overcoming inhibition: new questions revealed

Now that the end states of the thin filament are in view, it
becomes important to consider the transitions among
them. In this regard, the new structures are hardly simpli-
fying. Instead of trying to appreciate the regulatory signifi-
cance of dynamic equilibria among three positions or states
of tropomyosin (49,50), now one must consider the details
of a much more complicated thin filament structure. The
“on-off switch” is a metaphor suggesting simplicity,
whereas Ca®" activation of the contractile apparatus is actu-
ally quite complex.
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From the Yamada et al. (2) results, local structure and
local dynamics of Ca*"-saturated troponin and tropomyosin
must somehow accommodate initial, strong myosin binding.
Absent any movement, troponin-tropomyosin in the Ca*'-
saturated state would sterically hinder actin-myosin attach-
ment. The complication is that because troponin is entirely
asymmetric, the regulatory protein movements involved in
initial myosin binding differ along different actins. This is
an important area for future study, mechanistically signifi-
cant but with information virtually absent. Adding to the
complexity, myosin binding is cooperative, and initial bind-
ing with activating effects tends to occur via two heads
rather than one (7,51-53).

Apropos of this, in fully active insect muscle, cross-
bridges preferentially target those actins farthest from the
troponin core domain (54). This is in the isometric state
rather than during initial activation, however. Also, the tar-
geting may be driven by thick filament-thin filament geom-
etry that does not apply in vertebrate muscle, or it may be
attributable to protein sequence differences (6,40), which
could alter or even reverse any such targeting.

In biochemical studies of the apo-state mechanism, inves-
tigators have emphasized either the profound kinetic inhibi-
tion of attached myosin’s progression toward strong binding
and ATP product release under EGTA conditions (55,56) or
the success of the three-state model in explaining a wealth of
myosin’s other behaviors (45,50,57). Either way, troponin’s
extended multipart structure may result in some heterogene-
ity in the inhibitory mechanism when considering one actin
versus another.

The thin filament is a large, cooperative assembly. To
elucidate its function, one must understand the transmission
of cooperativity, i.e., the changes induced by a bound
myosin cross-bridge or calcium ion, that alter binding affin-
ity at additional sites. There is a long-standing conviction
that the continuous tropomyosin strand can mediate such co-
operativity (57-59), and the new structures remain consis-
tent with this. However, now one also needs to consider
what changes in troponin may be involved. It is unknown
how troponin’s multipart structure relates to such coopera-
tivity. Also, one cannot exclude a completely different
mechanism: cooperativity between the tropomyosin strands,
transmitted via the connecting linker region of TnT. A
myosin-induced shift in position of one tropomyosin strand
could in theory affect the opposite tropomyosin strand.
Interestingly, some cooperativity persists for artificial thin
filaments, just one tropomyosin long (60). Finally, Ca*"
binding to three different troponins could plausibly affect
each overlap domain, singly or in combination. There is
much yet to be learned.

Recent publications have presented to the scientific com-
munity, at long last, the structures of the regulated thin fila-
ment in its end states: apo, Ca’t saturated, and myosin
saturated. From this better starting point, research can begin
again, with new investigations of the dynamics of the
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filament states, the structures and properties of intermediate
states, and troponin structure when myosin is attached to the
filament. Also, one looks forward to further data at atomic
resolution and to structural discernment of several pieces
still missing, each with functional relevance: a PKA-regu-
lated N-terminal strand of Tnl (61) and three regions of
TnT, the N-terminus (62,63), the C-terminus (64,65), and
the linker between the core domain and the overlap region
(21). Nature has thrown down the gauntlet to investiga-
tors—we have a complicated system to understand. One
can hope that now, six decades since Ebashi’s discoveries
(14-18), these are the best days yet for studying thin fila-
ment regulation.
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