1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Arch Biochem Biophys. Author manuscript; available in PMC 2016 April 01.

-, HHS Public Access
«

Published in final edited form as:
Arch Biochem Biophys. 2015 April 1; 571: 10-15. doi:10.1016/j.abb.2015.02.026.

Phosphorylation of Ser283 Enhances the Stiffness of the
Tropomyosin Head-to-Tail Overlap Domain

William Lehman®”*, Greg MedlockP:T, Xiaochuan (Edward) Li?, Worawit Suphamungmee®#,
An-Yue TuP, Anja Schmidtmann®, Zoltan Ujfalusi®, Stefan Fischerd, Jeffrey R. Moore? |,
Michael A. Geeves¢, and Michael Regnier?

aDepartment of Physiology & Biophysics, Boston University School of Medicine, 72 East Concord
Street, Boston, Massachusetts 02118, USA

bDepartment of Bioengineering, University of Washington, South Research Building, 950
Republican Street, Seattle, Washington 98109, USA

¢School of Biosciences, Stacey Building, University of Kent, Canterbury, Kent CT2 7NJ, UK

dComputational Biochemistry Group, Interdisciplinary Center for Scientific Computing (IWR),
University of Heidelberg, Im Neuenheimer Feld 368, Heidelberg D69120, Germany

Abstract

The ends of coiled-coil tropomyosin molecules are joined together by nine to ten residue-long
head-to-tail “overlapping domains”. These short four-chained interconnections ensure formation
of continuous tropomyosin cables that wrap around actin filaments. Molecular Dynamics
simulations indicate that the curvature and bending flexibility at the overlap is 10 to 20% greater
than over the rest of the molecule, which might affect head-to-tail filament assembly on F-actin.
Since the penultimate residue of striated muscle tropomyosin, Ser283, is a natural target of
phosphorylating enzymes, we have assessed here if phosphorylation adjusts the mechanical
properties of the tropomyosin overlap domain. MD simulations show that phosphorylation
straightens the overlap to match the curvature of the remainder of tropomyosin while stiffening it
to equal or exceed the rigidity of canonical coiled-coil regions. Corresponding EM data on
phosphomimetic tropomyosin S283D corroborate these findings. The phosphorylation-induced
change in mechanical properties of tropomyosin likely results from electrostatic interactions
between C-terminal phosphoSer283 and N-terminal Lys12 in the four-chain overlap bundle, while
promoting stronger interactions among surrounding residues and thus facilitating tropomyosin
cable assembly. The stiffening effect of D283-tropomyosin noted correlates with previously
observed enhanced actin-tropomyosin activation of myosin S1-ATPase, suggesting a role for the
tropomyosin phosphorylation in potentiating muscle contraction.
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Introduction

Post-translational phosphorylation and modification of cardiac muscle proteins are
hallmarks of cardiovascular responses and adjustments to physiological challenges [1,2].
Sarcomeric proteins targeted for phosphorylation include cardiac myosin light chains
(MLC-2), myosin binding protein C (MyBP-C), troponin | (Tnl), troponin T (TnT),
tropomyosin and titin [1-12]. However, the interplay between the effects of post-
translational modification remains unclear. In fact, unlike the phosphorylation of most
proteins, tropomyosin phosphorylation, studied here, is not subject to minute-to-minute
change [7], suggesting that the modulation is a comparatively long-term functional
adaptation. Tropomyosin phosphorylation in striated muscle appears to be restricted to
serine 283, the penultimate residue in the 284 amino acid long tropomyosin sequence [7,8].
$283 phosphorylation is found to be highest in fetal hearts (~70 % phosphorylated) but
declines slowly post-partum and with increasing age (to ~20 to 30%), suggesting a
developmental role possibly related to myofilament assembly [13]. In some cases, a variable
increase in phosphorylation is observed in diseased adult hearts [14], correlated with
possible protein expression regressing to that of the fetus.

The regulation of cardiac muscle actin-myosin interaction and hence contractile force is
governed by the thin filament regulatory proteins tropomyosin and troponin and their
interactions with actin, myosin and Ca2* [15,16]. 40 nm long tropomyosin coiled-coils
associate head-to-tail on thin filaments to form a continuous cable that follows the helical
path defined by actin subunit interactions. Each molecule of tropomyosin spans seven actin
monomers and binds to one troponin complex containing troponin subunits TnT, Tnl and
TnC. Under the control of Ca*-binding to troponin and myosin binding to actin,
tropomyosin translocates azimuthally across the actin filament, to transiently block or open
myosin-binding sites on actin, thereby regulating myosin-head cross-bridge cycling on actin
and consequently contractility [17-19].

Single tropomyosin molecules bind to actin filaments with exceedingly low affinity.
Tropomyosin only binds to actin filaments with appreciable affinity after head-to-tail
polymerized molecules populate actin filaments and begin to form a cable [20]. Thus,
effective binding results from the collective interactions of tropomyosin molecules in the
cable and the successive actin subunits along thin filaments [18]. Since the tropomyosin
molecule is semi-rigid, relatively long stretches of the cable, greater than the 40 nm length
of single tropomyosin molecules, can move azimuthally as a unit over actin, implying that
the head-to-tail connection also is semi-rigid [21]. Thus once assembled, the actin-
tropomyosin co-filament cooperatively activates myosin ATPase and cross-bridge cycling.

Tropomyosin is a canonical coiled-coil along most of its length [21-23]. However, the two-
chained coiled-coil architecture is disrupted over C-terminal 20 to 25 residues during
tropomyosin polymerization [24-26]. Here tropomyosin splays apart to accommodate a
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more compact N-terminal end of an adjacent molecule [24-27]. Thus, the resulting four-
coiled bundle/overlap domain is the “glue” responsible for tropomyosin polymerization into
a cable. Phosphorylation of serine 283, located at the center of the head-to-tail tropomyosin
junctional complex, may therefore influence tropomyosin cable assembly and stability. In
the current investigation, we examined this possibility by studying the structural and
functional effects of striated muscle a-tropomyosin (i.e. Tpm1.1st (a.b.b.a) [28])
phosphorylation in order to determine whether or not phosphoserine-283 affects the
mechanical and chemical properties of the tropomyosin overlap domain. MD simulation and
EM data acquired indicate that Ser283 phosphorylation straightens the tropomyosin overlap
domain to match the curvature of the remainder of tropomyosin and to fit better to the actin-
filament helix. Moreover, the phosphorylation stiffens the overlapping domain to equal or
exceed the rigidity of canonical coiled-coil regions of tropomyosin. The conformational
adjustment may potentiate tropomyosin cable translation across the actin filament and
account, at least in part, for the phosphorylation-induced enhanced acto-S1 activation by
actin-tropomyosin [29,30].

Materials and Methods

Reference models for MD simulations

The initial reference models used for MD of the striated muscle a-tropomyosin (Tpm1.1st
(a.b.b.a)) head-to-tail overlap domain segment were based on a corresponding NMR
structure (PDB ID code 2g9j:conformer model-1 ) [26]. In the work reported here and in
reference 31, we replaced the peripheral non-tropomyosin residues used to stabilize overlap
domain peptides examined in the NMR study with native coiled-coil sequences to build an
80-residue-long fragment of the tropomyosin polymer consisting of 40 residue contributions
from the C- and N-termini connected by the 10-residue long head-to-tail nexus. We used
native acetylated N-terminal methionine residues [cf. 31-33] instead of the amino acid
mimetics shown in the PDB structure [26]. The initial reference model containing
phosphorylated serine 283 was then built from the average MD structure of the domain [31]
and the serine hydroxyl side-chain replaced with phosphate using the CHARMM SP2 patch
[34]. Thus, the initial reference models built in the current study and used for MD
simulations here are exactly the same as those in our previous work [31], except for the
substitution of phosphoserine for serine at residue 283 of tropomyosin. Control studies
examining the effect of phosphoserine 283 on isolated 40-residue long “non-polymerized”
C-terminal fragments of tropomyosin were initiated from reference models cut from full
length tropomyosin [21].

Molecular Dynamics and Analysis

The reference models were energy minimized [21,31,35] and Molecular Dynamics
simulations performed in explicit solvent including 150 mM NaCl at 310° K, using NAMD
version 2.9 [36] and the CHARMM27 force field [34,37,38] as previously described
[21,31,35]. Analysis was carried out after discarding the first 4 to 5 ns of MD, ensuring that
the variance of the measurements had stabilized [21,31,35]. MD trajectories were averaged
as previously after discarding the first 4 to 5 ns in each simulation; averages were composed
of snapshots sampled every picosecond during the trajectory [21,31,35]. The curvature of
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the tropomyosin overlap domain was quantified by determining the angle between the
respective central axes of the C- and N-terminal coiled-coils fragments as diagramed in
Figure 2 of reference [31]. Persistence length was calculated by applying the tangent
correlation method on snapshots taken from the MD trajectory as described previously [21]
and in detail in [22]. The program Chimera [39] was used to display the MD averages.

Protein Preparation

Standard methods were used to purify actin and to prepare F-actin and myosin subfragment
1 (S1) [40,41].

Preparation of recombinant wild-type and mutant tropomyosin—The cDNA of
a-tropomyosin (Tpm1.1st (a.b.b.a)) was obtained using mouse heart total RNA as a template
and following standard protocols of the Fermentas First Strand cDNA Syntheses kit
(Thermo Scientific, Pittsburgh, PA). The cloning of the cDNA was further carried out using
a TA PCR cloning kit (Invitrogen-Life Technologies, Grand Island, NY). Nine extra
nucleotides (ATGGCTAGC) translating into Met-Ala-Ser were added at N-termini of the
cDNA to mimic acetylation required for head-to-tail tropomyosin assembly [42]. Site
directed mutagenesis was performed using the QuikChange Il Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA) to replace serine 283 in tropomyosin with either aspartic acid to
mimic the phosphorylated state (S283D) or alanine as a control (S283A). A pET-24
(Novagen, Madison, Wisc.) vector containing the T7 promoter, lac operator and a
kanamycin resistant gene was used for the expression of wild-type and mutant proteins in E.
coli (BL21). The DNA sequences of the expression constructs were verified by DNA
sequencing and confirmed the presence of Ala-Ser at the tropomyosin N-terminus. The
expressed tropomyosin was extracted from bacterial cells by sonication in 25 mM Tris
buffer (pH 8), 25 mM NaCl, 2 mM EDTA, and 0.1% Triton X-100. The protein was then
purified by three cycles of precipitation at pH 4.6 and resuspension in 1M KCI buffer (pH
7), followed by ammonium sulfate fractionation. The protein precipitated between 65% and
70% (NH,4)2S0O4 saturation was collected and dialyzed against 2 mM B-mercaptoethanol and
then lyophilized. The purity of the protein was assessed by SDS PAGE.

Electron Microscopy and Persistence Length Determination

Samples of control (wild-type), S283D and S283A tropomyosin constructs were rotary
shadowed and electron microscopy carried out as previously [21,43]. Two samples of
control and three samples of both S283D and S283A expressed proteins were examined.
Proteins were dissolved in a solution of 5 mM Tris (pH 7.0), 5 mM KCI, 2 mM MgCl;, 3
mM DTT, containing 40% glycerol and sprayed onto mica at a concentration of 0.3 uM.
Platinum was then evaporated onto the rotating samples at a 6° angle and carbon then
deposited using a Cressington 380R Coating System (Cressington Scientific Instruments,
Walford, UK). Electron microscopy was carried out on the shadowed molecules using a
Philips CM120 electron microscope (FEI, Hillshoro, OR) and images digitized on a 2Kx2K
F224 CCD camera (TVIPS, Gauting, Germany). Images of ~80 nm long tropomyosin
dimers were selected and skeletonized for persistence length determination of 20 to 30 nm
long segments [21,43] following manual assignment of points every 4 to 5 nm along the
center of the molecules longitudinal axis [21,43]. The persistence length (PL) was calculated
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by the tangent correlation method using customized algorithms [21,43], where &, deviation
angles along tropomyosin from an idealized straight rod, was related to segment length (s)
using the equation <cos(6)(s))> = e~S2PL  with the factor of 2 accounting for the two-
dimensionality of the images.

Results and Discussion

Phosphorylation-induced changes in C-terminal residues of unpolymerized tropomyosin

The effect of Ser283 phosphorylation on isolated a-tropomyosin (Tpm1.1st (a.b.b.a)) was
followed by MD in explicit water. Here 40-residue long C-terminal fragments disconnected
from their N-terminal partners were studied. Comparison of averaged MD trajectories of
phosphoserine-containing and control tropomyosin fragments shows that both structures
retain coiled-coil conformation along their length, except for the last few C-terminal
residues which disorder during MD (Fig. 1a). While these results confirm previous
observations on the control fragment [27], they also provide new information about the
phosphorylation. The coiled-coil sections of the phosphorylated and unphosphorylated
structures superpose with identical inter-helix chain-chain dimensions. In contrast, the C-
terminal ends of the two are distinct. Residues 279 to 284 of the phosphorylated structure
unravel during MD (a consistent result found in four parallel MD runs), whereas only
residues 281 to 284 are unfolded in the control (Fig. 1a). It is plausible that extra
phosphorylation-induced unfolding more effectively favors greater head-to-tail junction
formation in vitro.

Phosphorylation-induced changes in tropomyosin overlap domain conformation

Molecular Dynamics simulations were previously carried out on 80-residue long head-to-tail
overlapping segments of a-tropomyosin (40 residue contributions from both N- and from C-
terminal sequences) responsible for tropomyosin polymerization on actin [31]. The starting
structure in these simulations was based on NMR-models of the tropomyosin overlap
domain [26]. New 46 ns simulations have now been performed in explicit solvent on the
same structure but with the Ser283 hydroxyl side chain replaced by a phosphate group (see
Methods section). Both control and phosphorylated structures stay intact throughout
respective MD simulations, and here no unfolding or separation of the coiled-coils or the
helices in the 4-helix overlap nexus is observed. In each case, the serine side chains point
away from the hydrophobic core of the nexus and remain well separated throughout
simulation.

The averaged backbone structures taken from MD trajectories of phosphorylated and
unphosphorylated tropomyosin are virtually the same as each other and the two are
essentially superposable (Fig. 1b). However, closer inspection of the region surrounding
Ser283 indicates that the local geometry of side chain contacts between N- and C-terminal
segments is rearranged following phosphorylation (Fig. 1b—d). The phosphorylated Ser283
side chains now closely approach residue Lys12 on the neighboring N-terminal chain at an
average distance of ~3.7 A to form a salt bridge, an effect which is seen almost
instantaneously during simulation (see Supplementary Item Fig. S1). The tightening of the
overlap domain caused by the lysine - phosphoserine interaction brings Lys12 closer to
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Asp280, and in turn Asp280 draws in GIn9, making the entire region more compact, and
possibly more stable. Hence our results are consistent with earlier measurements of
phosphorylation-induced increases in tropomyosin viscosity, considered to reflect enhanced
head-to-tail tropomyosin interaction [29,30]. However, our MD additionally shows that the
side-chains of tropomyosin residues Lys7, Asp20 and Glu23 thought to normally face and
contact actin on thin filaments [24] retain their original external orientations during
simulation. Thus potential interactions with actin are not compromised by the
phosphorylation-induced changes, suggesting that the equilibrium binding site of
tropomyosin on actin is not altered by phosphorylation.

Tropomyosin overlap domain curvature and flexibility

MD studies—The curvature of the averaged tropomyosin overlap domain MD structure
decreases following phosphorylation, and then matches the bending angle found along the
rest of the molecule (Table 1) [cf. 31,32]. In addition, the variance in curvature, measuring
flexibility, is lower for the phosphorylated structure, indicating that phosphorylation stiffens
the overlap segment.

Persistence length determinations gauging the curvature and bending stiffness of “rod-like”
tropomyosin were also carried out. Standard persistence length analysis quantifies
fluctuations of straight rods from their average vertical orientation. Because tropomyosin is
a curved rather than a straight molecule, bending deviations from a hypothetical straight
reference orientation yields a so-called “apparent” persistence length value (PL,) [21,22].
The apparent persistence length value obtained reflects both the intrinsic curvature of
tropomyosin and the bending fluctuations about its continuously curved, average shape.
However, the apparent persistence length of an MD structure can be decomposed into two
terms: an intrinsic or static persistence length (PL;), which reflects tropomyosin’s average
curvature, and a dynamic persistence length (PLy), which measures its deviations from the
average structure and hence the protein’s flexibility [21,22]. Persistence length evaluation of
respective MD trajectories confirms that phosphorylation both straightens and stiffens the
overlap domain (Table 1).

Electron Microscopy—In the above in silico work, direct assessment of the effect of
phosphorylation on the mechanics of tropomyosin was done computationally by substituting
phosphoserine for serine in the reference model used to initiate MD. Corresponding in vitro
work on fully phosphorylated tissue isolated tropomyosin is not as straightforward, since the
requisite phosphorylating enzyme has not been characterized. Therefore, we and others [30]
have instead expressed and then studied “phosphomimetic” tropomyosin analogs. In fact,
our own observations and those of others indicate that S283D and S283E phosphomimetics
behave like the phosphorylated protein to increase tropomyosin viscosity. Standard addition
of Ala-Ser residues at N-termini of E. coli expressed tropomyosin mimics acetylation
required for head-to-tail tropomyosin association [42].

To evaluate the contribution of charged serine 283 on the bending stiffness of tropomyosin
experimentally, samples of full-length wild-type and phosphomimetic S283D tropomyaosin
were rotary shadowed and directly visualized by EM. The EM images reveal the outlines of
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the gently curved elongated molecules (Fig. 2). The samples contain a mixture of single 40
nm long coiled-coils, 80 nm long end-to-end linked molecules (referred to here as dimers)
and oligomeric polymers of varied length, which are all easily distinguished from each
other.

End-to-end linked tropomyosin dimers have the simplest unit dimensions needed to estimate
local contour variance at the overlap domain and along the rest of the tropomyosin polymer
[43], since the center of the dimer contains the head-to-tail domain and the periphery the
canonical coiled-coil. Hence, the dimers, which represent about 15 percent of the total
population of tropomyaosin particles observed, offer a convenient means of assessing and
comparing overlap contours of phosphomimetic and control tropomyosin. While
quantitation of these contours provides persistence length information, unlike the MD work
done in silico, EM images lack three-dimensionality but rather are two-dimensional
projections of three-dimensional objects. The two-dimensionality, relatively low-resolution
and the static nature of the EM data limit analysis to “apparent” persistence measurements.

We previously quantified EM images of wild-type tropomyaosin dimers to determine
apparent persistence lengths along the structures [43]. Our results showed that the central
segment, containing the overlapping domain, had the lowest persistence length, as our
current analysis and our MD work also indicate (Table 2). We now also repeated the
procedure on full-length S283D tropomyosin to mimic the effect of tropomyosin
phosphorylation. In this case, the persistence length of the central region of the dimer
increases to match the value for the rest of the molecule. Thus, the in vitro experimental
work confirms the MD study that serine 283 phosphorylation stiffens and/or straightens the
tropomyosin overlap domain.

Conclusions

Our data indicate that Ser283 phosphorylation straightens and stiffens the tropomyosin
overlap domain, which then better matches the helical curvature and mechanical parameters
of the rest of the tropomyosin molecule. In this way, phosphorylation enables tropomyosin
molecules to fit more readily onto preformed or growing actin filaments and consequently
polymerize head-to-tail. Hence, phosphorylation will result in tropomyosin producing a
more mechanically uniform cable along the actin filament helix. In turn, a stiffer, seamless
tropomyosin cable is likely to enhance thin filament activation, as is evident from the
potentiation of acto-S1 ATPase by phosphorylated tropomyosin [29], and confirmed by our
corresponding comparison of the S283D and S283A tropomyosin stimulation of acto-S1
ATPase (see Supplementary Item, Fig. S2). It follows that regulatory movement of
tropomyosin on thin filaments in response to CaZ* binding to troponin and myosin binding
to actin on troponin-tropomyosin regulated filaments will become more sensitive, without
compromising the extent of thin filament relaxation [cf. references 29, 44]. Phosphorylation-
induced enhanced thin filament responsiveness to narrower cellular Ca* concentrations
ranges will be advantageous to fetal muscle, where the control of intracellular Ca2*-levels
may not be fully developed [45-47], and provide compensatory mechanisms in myopathic
muscle [48], where Ca2* metabolism may be compromised.
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Without a high resolution model of troponin-tropomyosin, we cannot determine with any
certainty the higher order structural impact of phosphorylation, for example, on interactions
of closely linked tropomyosin and TnT. Despite well-known indications that the C-terminal
TnT domains localize near to the phosphorylation site on the tropomyosin overlapping
domain [15,23,49], no residue-residue specific structure has been solved for the binary
complex. In fact, our own data suggest that tropomyosin phosphorylation may actually
weaken TnT — tropomyaosin interaction (Table 3, see Supplementary Item, Fig. S3).
Acquiring a fuller appreciation of the global role played by tropomyaosin phosphorylation in
modulating thin filament behavior requires detailed maps of the interactions of all thin
filament components.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The effect of phosphorylation on tropomyosin structure. Ribbon representation of (a)

isolated C-terminal domains, (b—d) N-C-terminal overlapping domains, all averaged from
MD trajectories; (the coiled-coil rotation differs in (a) and (b,c,d) to best display the serine
and phosphoserine 283 residues). (a) upper and middle rows: unphosphorylated (cyan) and
phosphorylated (pink) C-terminal domains, bottom row, superposition of the two. Note that
the last C-terminal residues are disordered (particularly at the ends one of the two
component coiled-coil helices) beginning at residue 281 in unphosphorylated structure and
at 279 in the phosphorylated one. The last respective helical residues (viz. 280 and 278) on
one chain are labeled as are serine 283 (yellow) and phosphoserine 283 (magenta). (b) upper
and middle rows: unphosphorylated and phosphorylated overlapping domains, bottom row
superposition of the two (unphosphorylated C-terminal helices (cyan), N-terminal helices
(green); phosphorylated C-terminal helices (pink), N-terminal helices (brown)). Average
side-chain positions of serine 283 (yellow) and phosphoserine 283 (magenta); lysine 12
(dark blue), glutamine 9 (light blue), glutamate 280 (red) also indicated. Note that the
phosphorylated overlapping domain is slightly straighter than unphosphorylated domain (see
Table 1), and thus the superposition is not perfect. (c,d) Enlargement of the central region of
overlapping domains shown in (b): unphosphorylated (left) and phosphorylated (right). Note
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the close interaction of phosphoserine 283 (magenta) and lysine 12 (dark blue) in the
phosphorylated structure; and that its junctional region becomes more compact with
corresponding shorter distances between lysine 12 and glutamate 280 and glutamine 9 and
glutamate 280 (distances measured between the set of respective side chain pairs viewed
face-on). Graphics and alignment of helices done with Chimera [39].
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Fig. 2.

El?ectron microscopy of isolated tropomyosin molecules. (a, b, ¢) Rotary shadowed wild-
type, S283D and S283A tropomyosin molecules. Micrographs show a mixture of
tropomyosin monomers, dimers and oligomers. Arrows indicate examples of dimers used to
compare potential contributions of the tropomyosin head-to-tail overlap domains to the
stiffness of the tropomyosin cable. For this purpose, thirty or more dimers were skeletonized
and persistence lengths determined (see Table 2). Scale bars — 100 nm.
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Molecular Dynamics determination of tropomyosin overlap domain curvature and flexibility.

Table 1

Page 16

Sample Region of Tropomyosin Sampled Bending Angle + Apparent Intrinsic Dynamic
Std. Deviation (°) Persistence Length Persistence Length Persistence Length
(nm) (nm) (nm)
Unphosphorylated Tm overlap domain 93+48° 91 nm 124 nm 342 nm
Phosphorylated Tm overlap domain 84+4.1° 117 nm 156 nm 469 nm
Full-length Tm control (from ref. [21]) 8.6+4.3° 106 nm 141 nm 423 nm
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Table 2

Apparent persistence length determination of rotary shadowed tropomyosin. Note that engineered tropomyosin
constructs reported here contained unacetylated Ala-Ser N-termini and that phosphomimetic glutamate was
used to mimic phosphoserine residue 283 with Ala283 as a control. These substitutions may account for the
small quantitative differences in PL, values from those reported in Table 1 obtained by MD on

unphosphorylated and phosphorylated models. Note, however, that the wild-type apparent persistence length
values for the overlapping and non-overlapping regions of expressed tropomyosin (63, 105 nm) are virtually
the same as those previously calculated for tissue purified tropomyaosin (63, 108 nm), and that the values for
overlapping and non-overlapping regions of S283D tropomyosin are almost identical to those of the non-
overlapping region of the wild-type (105, 107, 105 nm)][cf. 20,40]. A diminution of persistence length at the
overlapping region of “control” S282A tropomyosin is evident but the effect appears to be dampened relative
to that of the wild-type.

The reliability of the data was assessed by comparing the persistence lengths of “half-data sets”. When image
data were split in this way, comparable persistence length values for each related half-data set pair were
obtained, suggesting that the measurement errors are small. Moreover, persistence length values obtained for
tropomyosin monomers present in our samples of tissue purified [21,43] and corresponding values for the 3
tropomyosin constructs examined here were all the same, again indicating the reliability of the data (data not
shown).

Sample Apparent Persistence Length (nm)
WT tropomyosin overlap region 63 nm
WT tropomyosin non-overlap region 105 nm
S283D tropomyosin overlap region 105 nm
S283D tropomyosin non-overlap region 107 nm
S283A tropomyosin overlap region 84 nm
S283A tropomyosin non-overlap region 99 nm
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Table 3
Binding of TnT to actin-tropomyosin.
Sample tested Kg Actin-Tropomyosin to TnT1 (uUM)
Actin-WT tropomyosin 0.201 + 0.030
Actin-S283D tropomyosin 0.284 +0.043
Actin-S283A tropomyosin 0.128 + 0.018

A cosedimentation assay [50] was used to estimate the binding of various actin-tropomyosin complexes to TnT1. TnT1, the tropomyosin binding
domain of TnT, was expressed in E. coli [51]. (TnT1, which is soluble in aqueous solution, was used since full-length TnT is insoluble when not
part of the troponin complex). Curves (Supplementary Item Fig. S3) plotting the binding of TnT1 to actin-tropomyosin samples were used to
determine the apparent Kq values (+ std. dev.) cited, which are the average of three independent measurements. Note that engineered tropomyosin

constructs used here contained Ala-Ser N-termini.
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