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Dilated cardiomyopathy (DCM) is associated with muta-
tions in cardiomyocyte sarcomeric proteins, including a-tro-
pomyosin. In conjunction with troponin, tropomyosin shifts
to regulate actomyosin interactions. Tropomyosin molecules
overlap via tropomyosin—tropomyosin head-to-tail associa-
tions, forming a continuous strand along the thin filament.
These associations are critical for propagation of tropomyo-
sin’s reconfiguration along the thin filament and key for the
cooperative switching between heart muscle contraction and
relaxation. Here, we tested perturbations in tropomyosin
structure, biochemistry, and function caused by the DCM-
linked mutation, M8R, which is located at the overlap junc-
tion. Localized and nonlocalized structural effects of the
mutation were found in tropomyosin that ultimately perturb
its thin filament regulatory function. Comparison of mutant
and WT a-tropomyosin was carried out using in vitro motility
assays, CD, actin co-sedimentation, and molecular dynamics
simulations. Regulated thin filament velocity measurements
showed that the presence of M8R tropomyosin decreased cal-
cium sensitivity and thin filament cooperativity. The co-sedi-
mentation of actin and tropomyosin showed weakening of
actin-mutant tropomyosin binding. The binding of troponin
T’s N terminus to the actin-mutant tropomyosin complex was
also weakened. CD and molecular dynamics indicate that the
MS8R mutation disrupts the four-helix bundle at the head-to-
tail junction, leading to weaker tropomyosin—tropomyosin
binding and weaker tropomyosin—actin binding. Molecular
dynamics revealed that altered end-to-end bond formation
has effects extending toward the central region of the tropo-
myosin molecule, which alter the azimuthal position of tropo-
myosin, likely disrupting the mutant thin filament response to
calcium. These results demonstrate that mutation-induced
alterations in tropomyosin—thin filament interactions under-
lie the altered regulatory phenotype and ultimately the patho-
genesis of DCM.

Cardiac muscle contraction, generated by the ATP-depend-
ent attachment and detachment of myosin and actin, is regu-
lated by a variety of proteins along the thick and thin filaments
of the sarcomere. Sarcomeric protein mutations have been
shown to have profound effects on cross-bridge cycling and of-
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ten interfere with the proper regulation of contraction (1).
Inherited, autosomal dominant mutations are related to more
than 80% of clinical cases of dilated cardiomyopathy (DCM);
these mutations frequently occur in sarcomeric protein genes
including the thin filament proteins actin, all three of the tropo-
nin subunits, and tropomyosin (2). Understanding the effects of
these mutations on protein—protein interaction is needed to
inform future therapeutic design and personalized drugs of
choice (3).

Tropomyosin molecules twist together as a parallel dimer
that forms an a-helical coiled-coil. The tightly wound nature of
tropomyosin provides little protection from local mutation-
induced structural changes having long-range effects (4, 5) that
can act a hundred or more angstroms away from the site of the
mutation (4, 6). Each tropomyosin dimer binds seven consecu-
tive actin subunits and, when bound end-to-end with adjacent
tropomyosin dimers, creates a continuous cable that wraps
around the actin filament. The overlap of ~11 residues of each
terminus of neighboring tropomyosin dimers form a four-helix
bundle (7). The N terminus of the troponin subunit T forms a
complex with this head-to-tail four-helix bundle of tropomyo-
sin (8, 9), offering additional stabilization (10, 11), which slows
myosin—ATPase activity (12) when assessed in vitro. The C ter-
minus of troponin T and the troponin complex subunits I and
C bind both to the central portion of the tropomyosin dimer
and to actin (9, 13, 14).

Each tropomyosin dimer interacts weakly with actin primar-
ily via electrostatic interactions (15—17); however, the observed
high affinity of tropomyosin for actin results from the end-to-
end bonds between adjacent tropomyosin dimers, which stabi-
lize the tropomyosin cable along the long-pitch helix of actin,
preventing tropomyosin detachment. This binding arrange-
ment allows for tropomyosin to saturate the thin filament while
also allowing movement between three regulatory states (18,
19). In the absence of calcium, the regulatory complex consist-
ing of troponin and tropomyosin blocks the myosin-binding
sites along actin, preventing the myosin-actin strong-binding
state. At higher calcium levels, the troponin C subunit binds
calcium, resulting in a cascade of conformational changes
that lead to a shift in tropomyosin from the “blocked” state,
favoring “closed” and “open” states, each of which has a
structural correlate: the thin filament “B-state,” “C-state,”
and “M-state” positions. This process allows myosin heads
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Figure 1. Tropomyosin chemical unfolding in the presence of urea. A, uncorrected ellipticity of 2 um M8R (dashed line) and WT (solid line) tropomyosin at 0
M urea shows typical peaks for a-helical coil (190, 200, and 220 nm). B, unfolding of tropomyosin, measured in ellipticity changes at 220 nm (see arrow in A), as
chemical denaturant urea is added to buffer shows a difference in M8R tropomyosin and WT tropomyosin sensitivity. M8R (filled circles with dotted line) and
WT (open circles with solid line) data are fit to a three-parameter Hill equation (Cyrea-unfolq at 1.52 = 0.09 M versus WT 1.98 = 0.05 M; Nyyrea-unfold 0-77 = 0.15 ver-

sus WT 1.23 = 0.17).

to interact with actin and undergo cross-bridge cycling to
generate force (11, 15, 18).

Strong tropomyosin head—tail bonds allow the azimuthal
shift of tropomyosin to be propagated between adjacent tro-
pomyosin dimers along the thin filament, thus playing a role
in cooperative activation of actin—-myosin interactions.
Therefore, the stiffness of the tropomyosin dimer, the affin-
ity of tropomyosin for actin and troponin, and the strength
of the tropomyosin—tropomyosin bond all will influence the
transition between regulatory states and ultimately control
muscle contraction.

Mutations in the tropomyosin—tropomyosin overlap region
can cause devastating and progressive dysfunction of the heart
(20-22). For example the methionine at position 8 is part of the
four-helix bundle’s hydrophobic core in the tropomyosin over-
lap complex (7, 23) and when mutated is connected to DCM or
to nemaline myopathy (21, 24). Here, the mutation to a posi-
tively charged arginine in a-tropomyosin is expected to disrupt
the four-helix bundle structure and perturb biochemical and
functional properties.

To test the effects of the M8R mutation in tropomyosin on
actomyosin contractile activity, we expressed tropomyosin
containing the Met-to-Arg substitution in Escherichia coli.
Modeling the junctional tropomyosin—tropomyosin interac-
tions following molecular dynamics (MD) simulations showed
that the solvent-accessible surface area of the four-helix bundle
was much greater in the M8R tropomyosin, consistent with the
observed alterations in tropomyosin structure and reduced tro-
pomyosin—tropomyosin end-to-end bond strength. Further-
more, MD simulations of mutant tropomyosin on actin indicate
structural alterations that correspond to disrupted regulatory
transitions of tropomyosin on the actin filament. Measurements
of co-sedimentation in the presence and absence of a troponin T
N-terminal fragment suggested that the structural change in the
four-helix bundle diminished troponin T’s ability to bind to
actin—tropomyosin. In addition, the in vitro motility assay was
used to assess the ability of the mutant tropomyosin to properly
confer calcium regulation of actin propulsion by myosin and
shows that the cooperativity and calcium sensitivity of the tropo-
nin—tropomyosin regulatory complex were reduced. Taken to-
gether, these data demonstrate that both local and long-range
perturbations in tropomyosin structure underlie DCM mutation-
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induced changes in actin—tropomyosin interactions that contrib-
ute to disease development.

Results

MB8R-tropomyosin overlap structure is distorted
CD and chemical denaturant-induced unfolding

The N terminus of tropomyosin is a critical determinant of
tropomyosin’s ability to interact with actin and to perform its
regulatory functions in striated muscle (14). Using CD, we
determined that both WT and M8R mutant tropomyosin ex-
hibit the characteristic pattern for an a-helical twist, with a
peak at 222 nm that is typically used to quantify the presence of
the a-helix (Fig. 1A) (25). The three-peaked ellipticity displayed
by the M8R tropomyosin indicates that, despite the amino acid
substitution, it still forms an a-helical structure. Chemical
denaturation, determined by monitoring tropomyosin CD el-
lipticity at 220 nm when the protein is exposed to increasing
concentrations of urea (0-4 M), was used to determine the
effects of the M8R mutation on the stability of the mutant’s sec-
ondary and tertiary structure (25) (Fig. 1B). The M8R tropo-
myosin unfolding following urea treatment demonstrated a
decreased overall stability (Cyea-unfold at 1.52 £ 0.09 M versus
WT 1.98 = 0.05 M) and less resistance to chemical denaturation
(MHUrea-unfold 0.77 = 0.15 versus WT 1.23 = 0.17), suggesting
that the M8R tropomyosin dimer was folded less compactly
compared with WT. Because tropomyosin dimers form inter-
mittent bonds to one another in solution, it is not apparent
from these data alone whether the four-helix bundle in particu-
lar is affected or whether it is the N terminus alone that has
been changed.

Model of the M8R tropomyosin—-tropomyosin overlap structure

Previous computational work by our group on the head-to-
tail bond between two tropomyosin dimers showed a compact
N-terminal coiled-coil penetrating slightly spread coils of the C
terminus to form a four-helix bundle, which is stabilized by
hydrophobic interactions (26). Substitution of a charged argi-
nine side chain at the methionine 8 position may disrupt the
hydrophobic core of the overlap and expand the overlap do-
main, thus altering its structural and mechanical properties.
We therefore examined the local effects of the M8R mutation
on the formation and stability of the end-to-end bond four-
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Figure 2. Final image from molecular dynamics simulation of the end-
to-end overlap structure of four tropomyosin molecules, following 30
ns of molecular dynamics simulation time. The 8R mutation (right, red
with Arg® in stick structure) disrupts the highly ordered end-to-end domain
and sticks out into solution, compared with the WT tropomyosin (left, gray
with Met® in stick structure), leading to decrease in buried solvent-accessible
surface area (M8R in isolation 2212 = 73 A versus WT 2374 + 65 A).

helix bundle via MD simulation. Met® of WT tropomyosin
projects into the core of the tropomyosin end-to-end bundle;
however, the four-helix bundle containing the M8R substitu-
tion transitioned to three helixes with a strand pushed out of
the hydrophobic core, allowing for the arginine to project out-
ward into solution (Fig. 2), resulting in an increased bending
angle across the overlap (12 £ 2.7 versus WT 9.3 = 4.8). This
altered structure decreased the helix’s buried solvent-accessible
surface area (M8R in isolation 2212 = 73 A versus WT 2374 +
65 A?), consistent with the observed increased susceptibility to
chemical denaturants (Fig. 1).

Disruption of the overlap junction reduces M8R tropomyosin
affinity for actin

To perform its regulatory function, each tropomyosin mole-
cule must interact weakly with actin to assure the ability to shift
between regulatory positions. With such low-affinity interac-
tions with actin, saturation of actin with tropomyosin relies on
the tropomyosin—tropomyosin end-to-end linkage where tro-
pomyosin dimers bind to adjacent dimers forming a chain
along the thin filament. Given the M8R-induced structural dis-
ruptions observed in the molecular dynamics simulations, we
therefore determined the effect of the M8R mutation on the
binding of tropomyosin to actin. Consistent with previous stud-
ies, M8R tropomyosin exhibits a dramatically lowered actin af-
finity reaching the limit of sensitivity for the assay (27) (Fig. 3,
A-C). By incubating 0.55 um M8R tropomyosin with actin in
the presence of increasing concentrations of S1 (up to 2 um),
we see that the M8R tropomyosin approaches the maximum,
fully saturated W'T tropomyosin/actin-binding ratio (Fig. 3, D
and E). Therefore, consistent with previous studies (27), M8R
tropomyosin was capable of binding actin in the presence of
myosin subunit S1, which is known to increase tropomyosin—
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actin affinity and favor the M-state position of tropomyosin on
actin (27).

MB8R tropomyosin structure on actin shows long-range effects
of N-terminal mutation

To examine the impact of the M8R mutation on the struc-
ture of, and interactions between, tropomyosin and actin, we
performed molecular dynamics simulations of WT and mutant
tropomyosin on actin. To study mutations in the tropomyosin
end-to-end overlap, we exploited our recently developed model
of actin—tropomyosin (8) derived from cryo-EM of the thin fila-
ment (9) that utilizes periodic boundary conditions to create an
essentially infinite filament, as described previously (8). Com-
parison of the WT and M8R simulations show a similar result
to the isolated overlap simulations, where the mutant arginine
side chain moves from the inside of the four-helix bundle to a
solvent-exposed position, with concurrent displacement of the
helices in the bundle; a comparison of the isolated overlap and
tropomyosin-on-actin structures shows relatively little change
in the M8R tropomyosin helices, with the exception of the he-
lix-contacting actin (Fig. 4). However, the geometry of the over-
lap is relatively intact, because there is little change between
WT and MS8R in the curvature (7.1 = 2.0° versus 7.9 + 3.1°,
respectively), the junction twist angle (84.7 * 1.9° versus 85.4 =
2.1, respectively), or the buried solvent-exposed surface area in
the overlap domain (2173 = 61 A” versus 2135 + 84 A? respec-
tively). This result could be a consequence of restricting the tro-
pomyosin cable to the actin filament, which may limit the ac-
cessible conformations in this simulation.

However, further inspection reveals some critical differences
between the WT and M8R structures. In the WT, the dynamic
persistence length of the overlap domain, which is associated
with cooperativity of the thin filament, increases from 341 nm
in isolation to 1969 nm when part of an infinite cable, an ~6-
fold increase in stiffness consistent with topologically con-
straining the overlap to the filament. However, the overlap
dynamic persistence length of the M8R mutant is relatively
unchanged when comparing the simulation in isolation (1080
nm) and in a cable (819 nm). Notably, the overlap dynamic per-
sistence length is reduced in the cable by a factor of 2, suggest-
ing that the mutation has created a less-stiff overlap.

The local distortions observed in the simulations are also
predicted to alter tropomyosin’s regulatory properties. The dis-
tortions to the overlap domain affect the troponin T-binding
site. Although Met® does not make direct contacts to troponin
T in the recently published model (8), flanking residues Lys®,
Lys’, GIn’, and Met'’ interact with the troponin T N terminus.
Thus, alterations to this region of tropomyosin are predicted to
alter troponin T binding and regulatory function. Second, com-
parison of representative frames from the simulations on actin
show that the mutation has resulted in a significant shift away
from its starting, high-calcium C-state position toward the low-
calcium position (Fig. 54). The mutation-induced alterations of
the overlap structure appear to change the twist of the overlap
domain to a more B-state-like structure (Fig. 5C), and this twist
is then propagated throughout the tropomyosin cable, stopping
at the middle part of tropomyosin. These results suggest that
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Figure 3. Raw binding images of pellet for co-sedimentation of tropomyosin on actin. Experiments were performed with 5 um actin. A and B show quan-
tity of tropomyosin in um along top edge and molecular mass values in kDa in the spliced image from the same gel along the right edge, C shows the analysis of
WT and M8R band densities, and D shows quantity of S; in um along top edge and molecular mass values in kDa in the spliced image from the same gel along
the right edge. E shows the analysis of M8R band density compared with WT. A, WT tropomyosin shows typical binding pattern, with a Kp of ~0.48 um. B, M8R
tropomyosin demonstrates little to no binding to the actin filament at concentrations in which WT is fully saturated. C, M8R (filled circles) shows reduced affin-
ity for actin compared with WT (open circles). D, in the presence of 2 um S;, M8R tropomyosin (0.8 um) binds the actin filament (5 um). E, the binding of M8R in
the presence of S1 scales with S1 concentration (values of S1in um listed on top of each bar).

Isolated overlap
Bound to actin

Arg8
. Arg8

Figure 4. Ribbon diagram of representative structures from the molecu-
lar dynamics simulations of actin with the M8R mutant (red) and the iso-
lated M8R tropomyosin overlap (purple), viewed looking down the
tropomyosin axis in the overlap domain. Actin is rendered as a surface-col-
ored by element with carbon in white, oxygen in red, nitrogen in blue, and
sulfurin yellow.

the M8R cable adopts a conformation that would block myosin
binding more effectively than the WT cable. Thus, the model
suggests that the mutant filament would require a greater cal-
cium concentration to achieve full activity.

SASBMB

The M8R tropomyosin mutation alters interaction with the
Troponin T N terminus

The N-terminal segment of troponin T binds across the
end-to-end junction of adjacent tropomyosin molecules on the
actin filament (diagram of Fig. 5D) and is known to depress
the speed of tropomyosin-bound actin filaments at low myosin
concentrations (12). We determined the speed of tropomyosin-
decorated actin filaments in the presence of the troponin T
fragment to determine whether structural and biochemical
alterations caused by the M8R tropomyosin mutation affect
troponin T function in tropomyosin—actin filaments. M8R-tro-
pomyosin—decorated filaments showed no alteration in fila-
ment speed, although the troponin T-fragment did reduce WT
tropomyosin speed, suggesting either that troponin T fragment
binding to M8R tropomyosin is compromised or that the effect
of the troponin T N terminus on filament sliding is lost in the
presence of the M8R mutation (Fig. 6A).

To further elucidate why the troponin T N terminus frag-
ment failed to affect the M8R-tropomyosin—regulated actin in
the in vitro motility assay, the ability of troponin T1 to actin fil-
aments with bound mutant M8R- and WT-tropomyosin was
determined via co-sedimentation. At saturating concentration
for troponin T1 fragment binding to WT tropomyosin (5, 12),
the presence of M8R tropomyosin dramatically diminished this
interaction (Fig. 6B). This further supports the notion that con-
tacts between the tropomyosin dimers’ termini are structurally
altered, suggesting that the M8R overlap complex binding to
the troponin T N terminus fragment is compromised, consis-
tent with the structural alterations observed (Figs. 1, 2, 4, and
5C, bottom panel).

J. Biol. Chem. (2020) 295(50) 17128-17137 17131



M8R in a-Tpm affects actin binding and regulation

CryoEM high Ca*?

A A Azimuth (°) B
-10 -5 0 5 10 15
100
”
o
k)
£
]
= 0
(7] M-state
S
=
"
o
<
200
250
300

ey,
i

C
0 MB8R MD simulation R8
M-state <= B-state 4 ”
< R M8
50 e o
3 A M8

B-state M-state g

Figure 5. The alterations to the overlap domain caused by the M8R mutation result in a shift away from the closed state compared with the WT
structure. A, change in azimuthal position by single residue pairs calculated by subtracting the azimuthal angle of the center of mass of the WT backbone
atoms from the position of the M8R atoms. On average, the displacement of the tropomyosin dimer is ~1° away from the closed/open states for the mutant.
In the orientation used here, positive azimthual values represent motions toward the structural B-state, and negative azimuthal values represent motions to-
ward the structural M-state. B, comparison of the WT refined high Ca®* cryo-EM structure (black ribbon) and a representative structure of M8R mutant (red rib-
bon) on actin (gray surface) shows the differences in azimuthal positions calculated in A. C, close view of the structural changes of R8 on the end-to-end bond
region of tropomyosin-on-actin colored as in B. Actin is rendered as surface-colored as in Fig. 3, and troponin T from the refined high Ca®* cryo-EM structure is
shown in gray ribbon. C, schematic diagram illustrating the relative positions of WT (black) and M8R (red) N and C termini on actin, and the position of troponin

TN terminus binding (gray).

MB8R affects calcium regulation of actomyosin interactions

To determine whether the M8R-induced alterations in tro-
pomyosin structure and binding interactions observed effect
the Ca”>*-dependent regulation and cooperative activation of
actomyosin interactions, we measured the ability of calcium
to regulate reconstituted cardiac thin filament movement
using in vitro motility assays (Fig. 7). Both WT and M8R-mu-
tant tropomyosin inhibited actin filament movement at low
calcium concentrations, whereas actin filament velocity could
be increased cooperatively with increasing calcium concen-
trations. Therefore, despite the mutation-induced alterations
in actin and troponin T affinity (Fig. 6), M8R tropomyosin is
still capable of binding troponin and regulating actomyosin
interactions. However, cooperativity of thin filament activa-
tion, which is linked to tropomyosin’s overall stiffness and
ability to communicate over the end-to-end bond (28), is sig-
nificantly lowered with the M8R mutation (n: WT 2.64 =
0.02 versus M8R 1.02 = 0.01). The calcium sensitivity of the
thin filament, a reflection calcium concentration required for
50% activation, is substantially decreased (pCaso: WT 6.91 *
0.01 versus M8R 6.62 *+ 0.01). The decreased cooperativity is
consistent with a disruption of the M8R tropomyosin—tropo-
myosin junction (Figs. 1 and 2). The reduced calcium sensitiv-
ity observed with M8R tropomyosin is consistent with the
notion that M8R-induced structural alterations shift the tro-
pomyosin equilibrium position toward the B-state position
(Fig. 5).
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Discussion

In this study we examined the effects of a disease-linked
mutation on the end-to-end bond of tropomyosin, which is
linked to both DCM and nemaline myopathy. Using a combina-
tion of biochemistry, computational modeling, and ix vitro mo-
tility, we measured the structural effects of altered mutant
tropomyosin end-to-end bonds on actin—tropomyosin and tro-
pomyosin-troponin interactions and then correlated these with
functional studies and phenotypic impact. First, we assessed
the mutated protein’s structure and stability, using computa-
tional and biochemical methods. We found that tropomyosin
bearing the M8R mutation forms the canonical coiled-coil
structure characteristic of WT tropomyosin, but MD simula-
tions suggest that the helices of the end-to-end bonds between
adjacent tropomyosins are splayed open. Thus, the M8R muta-
tion, located near the end of the molecule, has both immediate,
local effects and long-range distortions to the tropomyosin
molecule. The local structural alterations reduced the ability
for mutant tropomyosin to bind to actin or the N terminus of
troponin. However, mutant tropomyosin is capable of binding
to filamentous actin at concentrations similar to WT tropo-
myosin in the presence of myosin binding, thus allowing us to
demonstrate the altered structure and biochemical properties
of the mutant tropomyosin, which ultimately lead to dysregula-
tion of cross-bridge formation.

The tropomyosin end-to-end bond contains a highly con-
served sequence across mammals at both the C and N terminus

SASBMB
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Figure 6. Troponin T N-terminal fragment does not affect the M8R tro-
pomyosin. A, the diminished effect of troponin T N-terminal fragment (TnT)
on the speed of actin-tropomyosin (Tpm) filaments bearing the M8R muta-
tion (filled bars) versus WT (open bars). These values are from the in vitro motil-
ity assay, where tropomyosin and troponin T fragment were added in excess
of 0.6 um. B, analysis of multiple concentrations of troponin T binding to
excess tropomyosin (10 um for M8R, filled circles; 5 um for WT, open circles)
shows that the troponin T fragment binds M8R tropomyosin decorated actin
filaments with greatly reduced affinity.

for striated muscle a-tropomyosins (29). Within the tropomyo-
sin end-to-end bond, the C-terminal a-helices of the tropo-
myosin coiled-coil partially splay open to accommodate the
more tightly packed N-terminal coiled-coil of the adjacent tro-
pomyosin (7, 26). The tight packing of the tropomyosin N ter-
minus, and thus end-to-end bond formation and stability, is
promoted by hydrophobic residues including the methionine at
position eight in the sequence, which projects into the hydro-
phobic core of the end-to-end bond four-helix bundle (Fig. 5C).

Substitution of the hydrophobic amino acid side chain of me-
thionine with the positively charged amino acid side chain
found on arginine is predicted to distort the structure of the
tropomyosin N terminus (27, 30), in agreement with the in-
creased susceptibility to chemical denaturation observed here
(Fig. 1). Our modeling also shows changes in the mutant tropo-
myosin N-terminal structure as a consequence of the mutant
arginine side chain projecting outward away from the hydro-
phobic core and into solution. These structural alterations may
reduce buried solvent-accessible surface, consistent with re-
duced tropomyosin end-to-end bond affinity.

Proper end-to-end association between tropomyosin mole-
cules is critical for tropomyosin high affinity interactions with
actin filaments. When the end-to-end bond is disrupted

SASBMB

M8R in a-Tpm affects actin binding and regulation

through such N-terminal modifications as lack of acetylation or
truncation (14), tropomyosin is less likely to bind the thin fila-
ment. Similarly, the disruptions in N-terminal packing of M8R
tropomyosin (Figs. 1 and 2) likely contribute to the mutant tro-
pomyosin’s lower affinity for actin (Fig. 34). It is known that
myosin increases the affinity of tropomyosin for actin and that
despite the lower affinity for actin, M8R tropomyosin is capable
of binding actin filaments in the presence of strongly bound
myosin cross-bridges (Fig. 3, D and E) (27).

Depressed affinity alone is not necessarily a determinant of
the lower cooperativity and calcium sensitivity observed with
in vitro motility assays (Fig. 7), which are more complex proc-
esses that directly involve troponin proteins (31, 32), as well as
tropomyosin’s ability to smoothly transition between B-, C-,
and M-state positions on actin. Changes to tropomyosin chain
flexibility, to actin—tropomyosin contacts, and to tropomyosin
twist will contribute to altered calcium sensitivity of the system
by affecting the tropomyosin transitions (Figs. 5 and 7).

Strong head-to-tail association between tropomyosin mole-
cules is considered a critical component for tropomyosin azi-
muthal position changes to be propagated along the cardiac fil-
ament during muscle activation and relaxation (reviewed in
Ref. 33). The decreased cooperativity shown here (Fig. 7) is con-
sistent with decreased strength of the tropomyosin end-to-end
bond (30). It is important to note, however, that although often
considered a direct hallmark of cooperativity, tropomyosin—
tropomyosin affinity does not necessarily correlate with coop-
erativity (5). Rather, it appears that end-to-end bond mechani-
cal rigidity (5), not affinity, indicates the ability for tropomyosin
position to be transmitted between cooperative units.

Any stabilization of the end-to-end bond region by the tro-
ponin T N terminus (11, 34) would also presumably be compro-
mised for M8R tropomyosin given the diminished troponin T
N terminus binding observed here (Fig. 68). With diminished
troponin T N terminus binding, the transition of tropomyosin
to the open state via cooperative activation would be reduced,
as suggested by others (12, 35). Rat cardiac muscle fiber bundles
lacking the troponin T N terminus showed depressed ATPase
activity at the maximum activating calcium concentration (35).
Consistent with this, we see that the percentage of motility in
maximally activated in vitro motility is depressed with M8R
tropomyosin (Fig. 7B).

Our results extend those previously described (27, 30, 36)
and demonstrate that disruption of specific contacts within the
tropomyosin end-to-end bond can not only have local effects at
the overlap complex but can also affect its binding partners.
Furthermore, we also show subtle molecular rearrangements
that result in long-range effects that extend toward the middle
of the tropomyosin molecule. In turn, these may affect the posi-
tion of tropomyosin on actin and ultimately alter the inhibitory
or activating states of the thin filament. MD simulations of
MSR tropomyosin bound to actin show that these alterations
and the subtle rearrangement of neighboring residues appear
to deform the overall tropomyosin coiled-coil, resulting in
global alterations that shift the mutant tropomyosin toward
B-state position stabilization (Fig. 5), consistent with the re-
duced calcium sensitivity observed in Fig. 7.
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Figure 7. In vitro motility of regulated filament actin on myosin. M8R is shown with filled circles and dotted lines. WT is shown with open circles and solid
lines. A and B, velocity of top 5% of filaments (A) and percentage stuck of all filaments (B), each shown with four-parameter Hill fit equations. Each curve repre-
sents the average results of three separate experiments. Both cooperativity (ny: WT 2.64 = 0.02 versus M8R 1.02 = 0.01) and calcium sensitivity decreased

(pCaso: WT 6.91 * 0.01 versus M8R 6.62 + 0.01).

The data presented here show that the M8R mutation has
both local and long-range effects that reveal M8R-induced
alterations in cardiac thin filament calcium regulation. On the
one hand, the M8R substitution disrupts the end-to-end bond
structure altering transmission between tropomyosin mole-
cules along the thin filament strand, as well as disrupting bind-
ing of the troponin T N terminus to the end-to-end bond. Each
of these mutation-induced perturbations likely drive the
observed reduced cooperativity. On the other hand, stabiliza-
tion of M8R tropomyosin in the B-state position via a stronger
tropomyosin—actin interactions result in decreased calcium
sensitivity. The approach applied here, involving a combination
of biochemistry, mechanics, and molecular dynamics simula-
tion, offer residue-specific strategies for understanding the
effect of mutation-linked diseases at a molecular level. This in-
formation provides specific information to promote explora-
tory studies on potential therapeutics, as well as a framework
for testing their complex effects.

Experimental procedures
Protein purification and acquisition

A MS8R mutant of WT human striated «-tropomyosin
(Tpml.1), containing the N-terminal extension Met-Ala-Ser,
was obtained from Genewiz (Cambridge, MA, USA) using
the Met-Ala-Ser WT Tpml.1 template in pET-3D (37). Vec-
tors containing either WT or M8R tropomyosin were trans-
formed into Rosetta cells for expression and then purified fol-
lowing standard procedures (38). A human cardiac troponin
T, isoform 2 construct, matching from AAK92231.1, was
truncated to residues 1-156, with a cysteine added at 157,
and was isolated following previously described procedures
(38).

Porcine cardiac troponin and actin were prepared from mus-
cle ether powder as described previously (39, 40). Troponin ali-
quots were stored at —80°C until use; actin, supplemented
with 1 mm NaNj and stored at 4°C, was used for up to 6
months. Actin quality was confirmed by assaying regularly for
degradation, polymerization, depolymerization, and tropomyo-
sin co-sedimentation. The fast isoform of chicken skeletal
muscle myosin was prepared from pectoralis major muscles
from freshly slaughtered chickens following well-established
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methods (41) and was stored in 50% glycerol at —20 °C. Rabbit
skeletal muscle myosin S1 fragments (Cytoskeleton, Inc.) were
reconstituted following the manufacturer’s instructions; then
aliquots were flash-frozen in liquid N, and stored at —80°C
until required.

(@)

CD measurements were carried out as previously described
(42), with the concentration of tropomyosin set at 2 uM in 5
mwm KCI, 1.5 mMm BES, and 0.45 mm MgCl, at a pH of 7.4. Note
that low-salt concentration is known to increase tropomyosin
solution viscosity (43), presumably by enhancing tropomyosin
end-to-end bonds. Protein unfolding as a function of urea con-
centration was measured across a wide spectrum range of
wavelengths (180-500 nm), using a JASCO J-810 CD spec-
trometer and a Jasco J/1 quartz cell and averaging three scans
from each solution. Ellipticity at 220 nm was extracted from the
data, normalized to the maximum value for each protein, and
fitted to a Hill equation (Y = Bottom + (Top — Bottom)/(1 +
10((Logl€50 = X) > HillSlope)yy using Prism 8.0.2 to determine the
unfolding cooperativity and the sensitivity of the protein to
denaturant (GraphPad, La Jolla, CA, USA).

Actin co-sedimentation assay

All co-sedimentations were performed in triplicate and in
sample buffer containing 15 mm BES, 5 mm MgCl,, 55 mm
KCI, at pH 7.0, and carried out as described previously (5).
Briefly, the samples were incubated at room temperature for
20 min, followed by centrifugation at 130,000 X g for 20 min
at 4°C. The supernatants were removed from the pellets im-
mediately, and the pellets were rinsed with chilled buffer and
then resuspended with sample buffer. Actin concentration
was held at 5 uM for all experiments. S1 fragments were incu-
bated with the tropomyosin and actin for 20 min in the stand-
ard procedure; however, for experiments containing the tro-
ponin T fragment, tropomyosin was incubated with actin for
20 min at room temperature, prior to adding the troponin
T fragment and allowing an additional 20 min incubation
at room temperature prior to sedimenting actin and actin
bound proteins.
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Table 1
ATP- and calcium-containing solutions for the in vitro motility assay

Component pCa4.0 pCa 10.0
BES 25 mMm 25 mMm
EGTA 5mm 5mMm
MgCl, 4 mm 4 mm
KOH 40 mm 31.6 mm
KCl 142.8 mMm 158 mm
CaCl, 5.095 mm 0 mm
ATP 1 mm 1 mm
DTT 1 mMm 1 mm
Glucose 2 mM 2 mm
Glucose oxidase 160 units 160 units
Catalase 2 uM 2 uM
Methyl cellulose 0.5% 0.5%
pH 7.4 High ionic strength: (~0.21)

Analysis

Samples of supernatant and pellet were run on separate 12%
SDS-PAGE mini-gels and then stained with Coomassie Bril-
liant Blue R-250. Gel profiles were acquired (ImageJ, National
Institutes of Health, Bethesda, MD, USA); free tropomyosin
concentration was estimated from the intensity of supernatant
bands and plotted against the pelleted tropomyosin band inten-
sity, normalized to the maximum intensity for bound tropo-
myosin. The K; was estimated based on the fit of “specific bind-
ing with Hill slope least squares fit” using Prism 8.0.2
(GraphPad). For Sl-enhanced M8R tropomyosin—actin bind-
ing, the ratio of M8R bound to actin was normalized to the ratio
of WT tropomyosin—actin binding at saturating tropomyosin.

In vitro gliding filament assay
Solutions

Experimental solutions were formulated as previously
described (37), and the compositions of the solutions are listed
in Table 1. The experiments were performed in triplicate as
described previously (4) with some modifications. Flow cells of
~20 ul of volume were made by attaching a nitrocellulose-
coated coverslip to a standard glass slide with 100-um-thick
3M double stick tape, creating 2 channels. BSA concentration
was increased from 0.5 to 1 mg/ml. Regulatory proteins, tropo-
myosin with and without troponin at equimolar concentrations
were added but in large excess to that of actin (>600 nm). Solu-
tions containing the following principal components were
added to the flow cell channel in the following order: myosin,
BSA, nonlabeled “shredded” actin, ATP, labeled actin, regula-
tory filaments, and finally calcium “movement” buffer. Actin
filament movement was initiated by the addition of Ca**-con-
taining buffers with 1 mm ATP, containing regulatory proteins
and oxygen scavengers (Table 1).

Data acquisition and analysis

Movies of actin filament motion were captured at up to five
frames/s on an electron multiplied charge-coupled device cam-
era (Andor iXon) using Solis (Andor by Oxford Instruments),
with a pixel size of 190 nm/pixel. These movies were analyzed
using a freeware program designed for the analysis of in vitro
motility movies, FAST v1.1 (44). This program is a centroid-
tracking program that automatically locates and tracks objects
within a movie and reports the velocity of the object. Here, all
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filaments from a single movie that have been determined to be
moving are then averaged to give a single value for that movie.
The program will select the fastest 5% of filaments and provide
the average velocity of those fastest filaments (44). These results
were pooled and fitted with a four-parameter Hill fit using
Prism 8 (GraphPad).

Statistics

The equation fitting referred to in this paper was performed
using Prism 8. Student’s ¢ test was used to compare the actin
sliding velocities between WT tropomyosin and M8R mutant
tropomyosin, and nonoverlapping confidence intervals were
used to determine statistical significance. These confidence
intervals, as reported by Prism, were reported in the accompa-
nying statistics. Significance was determined if the returned
p values were <0.05 or if the confidence intervals did not
overlap.

Molecular dynamics simulations
Molecular dynamics and analysis of tropomyosin end-to-end
overlap domain

Molecular dynamics simulations were performed on the
overlap domain of tropomyosin as described previously (5, 15).
All simulations were performed in nanoscale molecular dy-
namics (45) in explicit solvent at 300 K and 1 atm. Frames were
sampled every 20 ps of simulation time. The model simulated
for intervals of 30—40 ns consisted of residues 1-80 at the N ter-
minus joined to residues 205—284 at the C terminus of an adja-
cent tropomyosin, and analysis was calculated from the last 10
ns of the simulation. The coiled-coil radius of each frame was
determined using the program Twister (46). The Twister out-
put was also used to calculate the curvature (w), defined as the
angle between the vectors formed by the superhelical axis coor-
dinates of residues 5 and 15 for the N terminus and 270 and 280
for the C terminus, the junction twist angle (6), defined as the
angle between the planes formed by the two helical axis coordi-
nates at residue 5 and the superhelical axis coordinates at resi-
due 15 for the N terminus and residue 270 and 280 for the C
terminus, and the dynamic persistence length of the tropomyo-
sin overlap domain, calculated from the standard deviation of
the w angle (26). An average structure was calculated from the
last 5 ns of simulation.

Molecular dynamics of tropomyosin on actin

The coordinates for actin—tropomyosin based on Pavadai et
al. (8) were used as the starting point for simulation of the M8R
mutant in a polymeric cable on actin. This structure is derived
from the cryo-EM structure of the thin filament in high calcium
(9) in which the tropomyosin has been remodeled to the known
a-helical rise. The M8R mutation was incorporated using the
Mutator plugin in visual molecular dynamics (47). Molecular
dynamics simulations were then performed in explicit solvent
at 300 K with an initial box size of 160 A X 160 A X 772.76 A
using periodic boundary conditions to create an infinite thin fil-
ament as described (8). The model was simulated for 30 ns with
frames sampled every 20 ps, and analysis of the overlap geome-
try is presented from the average of the last 10 ns. An average
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structure was also calculated over the last 3 ns of the
simulation.

Data availability

The MD simulation data are available upon request to Jeffrey
R. Moore (Jeffrey Moore@uml.edu). All remaining data are
contained within the article.
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