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32The ends of coiled-coil tropomyosin molecules are joined together by nine to ten residue-long head-
33to-tail ‘‘overlapping domains’’. These short four-chained interconnections ensure formation of continuous
34tropomyosin cables that wrap around actin filaments. Molecular Dynamics simulations indicate that the
35curvature and bending flexibility at the overlap is 10–20% greater than over the rest of the molecule,
36which might affect head-to-tail filament assembly on F-actin. Since the penultimate residue of striated
37muscle tropomyosin, Ser283, is a natural target of phosphorylating enzymes, we have assessed here if
38phosphorylation adjusts the mechanical properties of the tropomyosin overlap domain. MD simulations
39show that phosphorylation straightens the overlap to match the curvature of the remainder of
40tropomyosin while stiffening it to equal or exceed the rigidity of canonical coiled-coil regions. Corre-
41sponding EM data on phosphomimetic tropomyosin S283D corroborate these findings. The phosphoryla-
42tion-induced change in mechanical properties of tropomyosin likely results from electrostatic
43interactions between C-terminal phosphoSer283 and N-terminal Lys12 in the four-chain overlap bundle,
44while promoting stronger interactions among surrounding residues and thus facilitating tropomyosin
45cable assembly. The stiffening effect of D283-tropomyosin noted correlates with previously observed
46enhanced actin–tropomyosin activation of myosin S1-ATPase, suggesting a role for the tropomyosin
47phosphorylation in potentiating muscle contraction.
48� 2015 Published by Elsevier Inc.
49

50

5152 Introduction

53 Post-translational phosphorylation and modification of cardiac
54 muscle proteins are hallmarks of cardiovascular responses and
55 adjustments to physiological challenges [1,2]. Sarcomeric proteins
56 targeted for phosphorylation include cardiac myosin light chains
57 (MLC-2)4, myosin binding protein C (MyBP-C), troponin I (TnI),
58 troponin T (TnT), tropomyosin and titin [1–12]. However, the

59interplay between the effects of post-translational modification
60remains unclear. In fact, unlike the phosphorylation of most pro-
61teins, tropomyosin phosphorylation, studied here, is not subject to
62minute-to-minute change [7], suggesting that the modulation is a
63comparatively long-term functional adaptation. Tropomyosin phos-
64phorylation in striated muscle appears to be restricted to serine
65283, the penultimate residue in the 284 amino acid long tropomyos-
66in sequence [7,8]. S283 phosphorylation is found to be highest in
67fetal hearts (�70% phosphorylated) but declines slowly post-partum
68and with increasing age (to �20–30%), suggesting a developmental
69role possibly related to myofilament assembly [13]. In some cases,
70a variable increase in phosphorylation is observed in diseased adult
71hearts [14], correlated with possible protein expression regressing to
72that of the fetus.
73The regulation of cardiac muscle actin–myosin interaction and
74hence contractile force is governed by the thin filament regulatory
75proteins tropomyosin and troponin and their interactions with act-
76in, myosin and Ca2+ [15,16]. 40 nm long tropomyosin coiled-coils
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77 associate head-to-tail on thin filaments to form a continuous cable
78 that follows the helical path defined by actin subunit interactions.
79 Each molecule of tropomyosin spans seven actin monomers and
80 binds to one troponin complex containing troponin subunits TnT,
81 TnI and TnC. Under the control of Ca2+-binding to troponin and
82 myosin binding to actin, tropomyosin translocates azimuthally
83 across the actin filament, to transiently block or open myosin-
84 binding sites on actin, thereby regulating myosin-head cross-
85 bridge cycling on actin and consequently contractility [17–19].
86 Single tropomyosin molecules bind to actin filaments with
87 exceedingly low affinity. Tropomyosin only binds to actin filaments
88 with appreciable affinity after head-to-tail polymerized molecules
89 populate actin filaments and begin to form a cable [20]. Thus, effec-
90 tive binding results from the collective interactions of tropomyosin
91 molecules in the cable and the successive actin subunits along thin
92 filaments [18]. Since the tropomyosin molecule is semi-rigid,
93 relatively long stretches of the cable, greater than the 40 nm length
94 of single tropomyosin molecules, can move azimuthally as a unit
95 over actin, implying that the head-to-tail connection also is semi-
96 rigid [21]. Thus once assembled, the actin–tropomyosin co-filament
97 cooperatively activates myosin ATPase and cross-bridge cycling.
98 Tropomyosin is a canonical coiled-coil along most of its length
99 [21–23]. However, the two-chained coiled-coil architecture is

100 disrupted over C-terminal 20–25 residues during tropomyosin
101 polymerization [24–26]. Here tropomyosin splays apart to accom-
102 modate a more compact N-terminal end of an adjacent molecule
103 [24–27]. Thus, the resulting four-coiled bundle/overlap domain is
104 the ‘‘glue’’ responsible for tropomyosin polymerization into a
105 cable. Phosphorylation of serine 283, located at the center of the
106 head-to-tail tropomyosin junctional complex, may therefore influ-
107 ence tropomyosin cable assembly and stability. In the current
108 investigation, we examined this possibility by studying the struc-
109 tural and functional effects of striated muscle a-tropomyosin (i.e.
110 Tpm1.1st (a.b.b.a) [28]) phosphorylation in order to determine
111 whether or not phosphoserine-283 affects the mechanical and che-
112 mical properties of the tropomyosin overlap domain. MD simula-
113 tion and EM data acquired indicate that Ser283 phosphorylation
114 straightens the tropomyosin overlap domain to match the curva-
115 ture of the remainder of tropomyosin and to fit better to the act-
116 in–filament helix. Moreover, the phosphorylation stiffens the
117 overlapping domain to equal or exceed the rigidity of canonical
118 coiled-coil regions of tropomyosin. The conformational adjustment
119 may potentiate tropomyosin cable translation across the actin fila-
120 ment and account, at least in part, for the phosphorylation-induced
121 enhanced acto-S1 activation by actin–tropomyosin [29,30].

122 Materials and methods

123 Reference models for MD simulations

124 The initial reference models used for MD of the striated muscle
125 a-tropomyosin (Tpm1.1st (a.b.b.a)) head-to-tail overlap domain

126 segment were based on a corresponding NMR structure (PDB ID
127 code 2g9j:conformer model-1) [26]. In the work reported here
128 and in Ref. [31], we replaced the peripheral non-tropomyosin
129 residues used to stabilize overlap domain peptides examined in
130 the NMR study with native coiled-coil sequences to build an
131 80-residue-long fragment of the tropomyosin polymer consisting
132 of 40 residue contributions from the C- and N-termini connected
133 by the 10-residue long head-to-tail nexus. We used native acety-
134 lated N-terminal methionine residues [cf. 31–33] instead of the
135 amino acid mimetics shown in the PDB structure [26]. The initial
136 reference model containing phosphorylated serine 283 was then
137 built from the average MD structure of the domain [31] and the
138 serine hydroxyl side-chain replaced with phosphate using the

139CHARMM SP2 patch [34]. Thus, the initial reference models built
140in the current study and used for MD simulations here are exactly
141the same as those in our previous work [31], except for the substi-
142tution of phosphoserine for serine at residue 283 of tropomyosin.
143Control studies examining the effect of phosphoserine 283 on iso-
144lated 40-residue long ‘‘non-polymerized’’ C-terminal fragments of
145tropomyosin were initiated from reference models cut from full
146length tropomyosin [21].

147Molecular Dynamics and analysis

148The reference models were energy minimized [21,31,35] and
149Molecular Dynamics simulations performed in explicit solvent
150including 150 mM NaCl at 310 �K, using NAMD version 2.9 [36]
151and the CHARMM27 force field [34,37,38] as previously described
152[21,31,35]. Analysis was carried out after discarding the first 4–
1535 ns of MD, ensuring that the variance of the measurements had
154stabilized [21,31,35]. MD trajectories were averaged as previously
155after discarding the first 4–5 ns in each simulation; averages were
156composed of snapshots sampled every picosecond during the tra-
157jectory [21,31,35]. The curvature of the tropomyosin overlap
158domain was quantified by determining the angle between the
159respective central axes of the C- and N-terminal coiled-coils frag-
160ments as diagramed in Fig. 2 of Ref. [31]. Persistence length was
161calculated by applying the tangent correlation method on snap-
162shots taken from the MD trajectory as described previously [21]
163and in detail in [22]. The program Chimera [39] was used to display
164the MD averages.

165Protein preparation

166Standard methods were used to purify actin and to prepare F-
167actin and myosin subfragment 1 (S1) [40,41].

168Preparation of recombinant wild-type and mutant tropomyosin
169The cDNA of a-tropomyosin (Tpm1.1st (a.b.b.a)) was obtained
170using mouse heart total RNA as a template and following standard
171protocols of the Fermentas First Strand cDNA Syntheses kit (Ther-
172mo Scientific, Pittsburgh, PA). The cloning of the cDNA was further
173carried out using a TA PCR cloning kit (Invitrogen-Life Technolo-
174gies, Grand Island, NY). Nine extra nucleotides (ATGGCTAGC)
175translating into Met-Ala-Ser were added at N-termini of the cDNA
176to mimic acetylation required for head-to-tail tropomyosin assem-
177bly [42]. Site directed mutagenesis was performed using the Quik-
178Change II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) to
179replace serine 283 in tropomyosin with either aspartic acid to
180mimic the phosphorylated state (S283D) or alanine as a control
181(S283A). A pET-24 (Novagen, Madison, Wisc.) vector containing
182the T7 promoter, lac operator and a kanamycin resistant gene
183was used for the expression of wild-type and mutant proteins in
184Escherichia coli (BL21). The DNA sequences of the expression con-
185structs were verified by DNA sequencing and confirmed the pres-
186ence of Ala-Ser at the tropomyosin N-terminus. The expressed
187tropomyosin was extracted from bacterial cells by sonication in
18825 mM Tris buffer (pH 8), 25 mM NaCl, 2 mM EDTA, and 0.1% Tri-
189ton X-100. The protein was then purified by three cycles of pre-
190cipitation at pH 4.6 and resuspension in 1 M KCl buffer (pH 7),
191followed by ammonium sulfate fractionation. The protein pre-
192cipitated between 65% and 70% (NH4)2SO4 saturation was collected
193and dialyzed against 2 mM b-mercaptoethanol and then lyophi-
194lized. The purity of the protein was assessed by SDS PAGE.

195Electron microscopy and persistence length determination

196Samples of control (wild-type), S283D and S283A tropomyosin
197constructs were rotary shadowed and electron microscopy carried
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