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Abstract
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Inhibition of striated muscle contraction at resting Ca2+ depends on the C-terminal half of troponin
I (TnI) in thin filaments. Much focus has been on a short inhibitory peptide (Ip) sequence within
TnI, but structural studies and identification of disease-associated mutations broadened emphasis
to include a larger mobile domain (Md) sequence at the C-terminus of TnI. For Md to function
effectively in muscle relaxation, tight mechanical coupling to troponin’s core—and thus
tropomyosin—is presumably needed. We generated recombinant, human cardiac troponins
containing one of two TnI constructs: either an 8-amino acid linker between Md and the rest of
troponin (cTnILink8), or an Md deletion (cTnI1-163). Motility assays revealed that Ca2+-sensitivity
of reconstituted thin filament sliding was markedly increased with cTnILink8 (~0.9 pCa unit
leftward shift of speed-pCa relation compared to WT), and increased further when Md was
missing entirely (~1.4 pCa unit shift). Cardiac Tn’s ability to turn off filament sliding at diastolic
Ca2+ was mostly (61%), but not completely eliminated with cTnI1-163. TnI’s Md is required for
full inhibition of unloaded filament sliding, although other portions of troponin—presumably
including Ip—are also necessary. We also confirm that TnI’s Md is not responsible for
superactivation of actomyosin cycling by troponin.
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INTRODUCTION
Troponin is an essential component in the Ca2+-mediated regulation and modulation of
striated muscle contraction [1,2]. Detailed knowledge about the structure and function of
troponin is essential not only for understanding excitation-contraction coupling in striated
muscle, but also for insight into familial cardiomyopathies [3–5] and skeletal myopathies
[6–8] that are associated with mutations in troponin.
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Of troponin’s three polypeptide subunits, troponin I (TnI) deserves particular attention
because it is central—both structurally and functionally—to thin filament control and
modulation of striated muscle contraction. TnI’s designation derives from its ability to
inhibit actomyosin interactions on its own (without troponin C, troponin T or tropomyosin)
by binding F-actin, regardless of whether Ca2+ is present [9]. A highly conserved and
centrally located peptide of TnI was identified with much of TnI’s inhibitory activity [10,11]
although in the context of the ternary troponin complex, however, it is clear that other
portions of TnI in addition to this inhibitory peptide (Ip) are required for full inhibition of
actomyosin activity in the absence of Ca2+ [12–14]. Structurally, TnI is central to the
troponin complex through: (i) formation of a stable α-helical coiled-coil with troponin T
(TnT, which interacts with tropomyosin); (ii) separate interactions with the C-terminal and
N-terminal domains of troponin C (TnC, which binds divalent cations including regulatory
Ca2+); and (iii) multiple interacting segments, including Ip, with F-actin [15–21]. Ca2+
binding to the N-domain of TnC shifts the bias for portions of TnI from interacting with Factin under relaxing (diastolic) conditions, to interacting with TnC and unbinding from Factin under activating (systolic) conditions. These Ca2+-dependent changes in TnI-TnC
interactions modulate regulatory unit structure, and determine whether strong cross-bridge
formation and contraction can occur.
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TnI’s primary actin-binding regions are located in the C-terminal half of both the skeletal
(sTnI) and the longer cardiac (cTnI) isoform. The Ip is immediately C-terminal to an α-helix
(H2) that forms a coiled-coil with TnT (IT-arm). Following TnI’s primary sequence from Ip
toward the C-terminus are the switch domain (or switch peptide, Sp) and the much larger
mobile domain (Md). These segments of TnI are separated by short, connecting sequences.
Md was identified as mobile relative to the rest of the ternary troponin complex due to its
“visibility” by NMR spectroscopy [22]; this observation suggests that Md is connected to
the rest of the troponin complex by a flexible linker sequence. Murakami et al. [22]
determined a solution structure for Md and also showed that isolated Md binds F-actin.
Crystal structures of troponin, however, do not resolve Md [16,17], and solution studies by
Sykes and colleagues indicate that most Md molecules are typically disordered when not
bound to F-actin [23,24] which further reinforces the idea that Md truly is mobile, at least in
some physiologically relevant circumstances such as the presence of activating Ca2+
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(systole). While there is general agreement that the C-terminus of TnI is crucial for thin
filament regulation, and that the structure of the C-terminus varies with Ca2+ and other thin
filament proteins [20–28], several questions remain about the relative importance of Md
versus other parts of TnI’s C-terminus and the significance of a putative flexible linker
connecting Md to the rest of TnI, the troponin complex, and the rest of the regulatory unit
including tropomyosin.
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The overall goal of this study was to determine the relative importance of cTnI’s Md for
Ca2+-regulation of cardiac thin filament sliding. We hypothesized that the flexible linker
sequence between TnI’s switch peptide and Md, and specifically the length of the linker
sequence, is critical for Md’s role in Ca2+-regulation of the cardiac thin filament. We report
on two constructs of human cardiac TnI (Fig. 1A) assayed within the troponin complex: one
construct has an extended, flexible linker connecting Md to the rest of cTnI (cTnILink8) that
allows us to test our hypothesis, and the second construct allows us to determine what
happens when Md is missing entirely (cTnI1-163). Using motility assays with reconstituted
thin filaments, we found that it is markedly easier for Ca2+ to activate filament sliding
(leftward shift of Ca2+-sensitivity) when cTn contains cTnILink8, and even more so when Md
is removed. In addition, the ability of cTn to turn off filament sliding at low (diastolic) Ca2+
levels was mostly, but not completely eliminated for the cTnI1-163 construct. These
observations have implications for structure-function relation between Md, the rest of the
cardiac troponin complex, and thin filament regulation by Ca2+.

MATERIALS and METHODS
Rabbit skeletal muscle protein preparations
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Relevant protein purification procedures have been described previously [29–40]. Skeletal
muscle myosin and actin were isolated from the muscle of adult New Zealand White rabbits.
Rabbit procedures were approved by Florida State University’s Animal Care and Use
Committee and rabbits were handled in accordance with the current National Institutes of
Health/National Research Council Guide for the Care and Use of Laboratory Animals.
Heavy meromyosin (HMM) was prepared according to Kron et al. [41] and stored at 4°C for
up to three days [29–33]. ATP-insensitive heads were removed by ultracentrifugation [41]
and competent HMM diluted to the final working concentration (typically 250 μg/ml).
Filamentous actin (F-actin) was purified from fast skeletal muscle acetone powder and
stored at 4°C for up to one month [29–33,41,42]. Actin concentration was determined
spectroscopically in globular (G-actin) form prior to labeling and purity was assessed by gel
electrophoresis. F-actin was labeled with rhodamine-phalloidin (RhPh) (Invitrogen) and
RhPh F-actin was diluted to 8 nM in actin buffer (AB) without added ATP (25 mM KCl, 25
mM imidazole, 4 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol (DTT), pH 7.4) [41].
Coexpression and purification of recombinant human cardiac troponin complexes
containing WT or mutant troponin I
Human cardiac troponin complex (rhcTn) was recombinantly expressed in E. coli and
purified as previously reported [29–32,43]. Briefly, cTnT, cTnI, and cTnC were coexpressed
from a pET41a plasmid (Novagen-EMD Biosciences, San Diego, CA, USA) (Fig. 2) with a
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glutathione S-transferase (GST) tag incorporated at the N-terminus of cTnT, a site distal
from the cTnI/cTnC binding region at cTnT’s C-terminus. Affinity column purification of
fusion GST-rhcTn followed by GST tag cleavage with TEV protease leaves an N-terminal
extension of rhcTnT of a single amino acid (Gly). SDS-PAGE gels indicate a resulting
complex that is highly pure and functional as corroborated by motility assay controls (see
below). Concentrations were determined as reported [29–32,43,44] and aliquots stored at
−80°C.
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Mutant rhcTn complexes were engineered by site-directed PCR mutagenesis (PCR-SDM) of
the WT cTnI gene which was cloned into a pCR 2.1 TOPO vector (Invitrogen) to generate
two cTnI constructs (Fig. 1): a shorter cTnI missing Md (cTnI1-163), and a longer cTnI
containing an 8-amino acid, flexible linker inserted immediately N-terminal to Md
(cTnILink8). Mutant cTnILink8 contains eight residues of flexible linker sequence (Gly-GlyAla-Val-Gly-Ala-Gly-Val) inserted C terminal to WT residue K164 via the corresponding
DNA sequence: 5′ GGT GGT GCA GTT GGN GCA GGT GTT 3′. Linker length of eight
amino acids was chosen as the longest polypeptide sequence (maximum extension ~ 3 nm)
that could be introduced that was less than the distance between actin monomers in the thin
filament, i.e., a distance comparable to or longer than the azimuthal distance traversed by
Tm when a regulatory unit switches on or off, but less than the axial periodicity of Md
binding sites along the thin filament [20–22]. To generate the truncated mutant without Md,
cTnI1-163, three adjacent UAA (bacterial STOP) codons were inserted immediately prior to
K164 codon [32]. Mutated cTnI gene constructs were cloned back into the pET41a
coexpression vector (Fig. 2) and expressed and purified as described for WT rhcTn.
Differences in pI for purified proteins were estimated to be less than 0.1 unit for both
mutants. No change to the extinction coefficient used to quantify the cTnILink8 complex was
deemed necessary; for the smaller cTnI1-163 complex, we used an extinction coefficient at
A280 of 24420 M−1 cm−1 calculated with Scripps Protein Calculator v3.3 [44].
Expression and purification of recombinant human α-tropomyosin
Human striated muscle-specific α-tropomyosin (Tm) was recombinantly expressed in E. coli
as previously described [31–33,43]. Concentrations were determined spectroscopically and
aliquots stored at −80°C. Purified homodimeric GS-α-tropomyosin contained two extra Nterminal amino acids (Gly-Ser), which represents a conservative alternative [31–33,43] to
the AS-dipeptide in other bacterially expressed tropomyosins that substitutes functionally
for N-terminal acetylation [45,46].
In vitro motility assays
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In vitro motility assays with regulated thin filaments were carried out using methods
described previously [29–40,47–50]. Flow cells with nitrocellulose-coated substrates were
prepared as reported [29–40,47–50] and room-temperature solutions were left for 1 min in
the chamber, each followed by flushes of AB, in the following order: HMM, blocking
solution (0.5 mg ml−1 bovine serum albumin (BSA) in AB), unlabeled, sheared F-actin, 0.5
mM ATP buffer (to passivate HMM that binds actin in an ATP-insensitive manner), RhPhlabeled F-actin, and wash buffer (WB) (AB plus rhcTn and Tm) [39,41,51]. WB was
incubated in the chamber for 3 min, allowing assembly of regulatory complexes onto F-actin
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to form regulated thin filaments. Motility was initiated by motility buffer (MB) (2 mM
MgATP, 1 mM Mg2+, 10 mM EGTA, calcium acetate to achieve the desired pCa between 9
and 4 (pCa = − log [Ca2+], where [Ca2+] is in molar), 50 mM K+, 15 mM Na+, 20 mM
MOPS, 0.085 M Γ/2 adjusted with Tris+ as the cation and acetate as the anion, pH 7.0 at
30°C, and 0.3% methylcellulose (MC). Tm and rhcTn construct were added at the
appropriate concentration (see Results and discussion). MB also contained 3 mg/ml glucose,
100 μg/ml glucose oxidase, 18 μg/ml catalase, and 40 mM DTT to minimize photobleaching
during imaging and recording of motility assays.
Microscopy and acquisition
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Flow cells were imaged on a Nikon Eclipse TE2000-U inverted fluorescence microscope
(Nikon Corporation, Tokyo, Japan) with both Hg and TIRF illumination. Temperature within
flow cells was maintained at ~ 30°C by an objective heater coil (20/20 Technology, Inc.,
Wilmington, NC, USA). RhPh-labeled filaments were imaged with a SIT camera (Model
VE1000; Dage-MTI, Michigan City, IN) and video recorded onto DVD at 30 frames s−1.
Typically, six fields were recorded for > 30 s each for every flow cell. Total imaging time per
flow cell was 5–10 min (Fig. 3).
Data analysis
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Filament sliding speeds were quantified with ImageJ (v1.41; W.S. Rasband, NIH, Bethesda,
MD, USA). Data from each field were converted into stacks of 90 frames using VirtualDub
1.8.6 (Copyright © 1998–2008 Avery Lee), yielding a sampling of every tenth frame. Stacks
were imported into ImageJ and image contrast was enhanced by background subtraction
[52]. At least 10–20 filaments were randomly selected per field and the length of the path
traveled by a filament determined by manual tracking of its leading edge. This was
performed with ImageJ plugin MTrackJ for the duration of a filament’s movement or
presence within frame boundaries. Average speed (μm s−1) was obtained by dividing
distance traveled by the duration of tracking (Fig. 3). The ratio of standard deviation/mean
speed was calculated for each path as an indicator of motion uniformity [35,39,53,54]. A
filament was accepted as moving uniformly and included in calculation of the unweighted
mean speed S in units of μm s−1 (± SD) for the field when this ratio was < 0.3. Replicate
flow cell data were combined for analyses. A modified form of Sir A. V. Hill’s equation for
cooperative binding [55] was fit to all raw speed-pCa data using nonlinear least squares
regression analysis (SigmaPlot ver 11, Systat Software, Inc., Chicago, IL, USA; and R ver
3.2.3, The R Foundation for Statistical Computing):
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(1)

Regression parameter Smin represents the speed obtained at low [Ca2+], and Smax is the
Ca2+-activatable increment in speed. Speed at saturating Ca2+ equals Smax + Smin. pCa50 is
equal to the pCa at the midpoint of the Ca2+-dependent portion of the speed-pCa relationship
(i.e., for S = (Smax/2) + Smin) and nH describes the cooperativity as reflected in the steepness
of the relationship plot around pCa50. Data were then normalized to (Smax + Smin).
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When Smin was not statistically different from 0, the normalized mean speed data (s) were fit
to a two-parameter version of the Hill Eq:
(2)

Alternatively, when Smin was statistically different from 0 (i.e., significant filament sliding
occurred at Ca2+ levels that would normally be associated with relaxation), the normalized
mean speed data (s) were fit to a three-parameter version of the Hill Eq where the sum, smin
+ smax, was constrained to be 1.0, and thus smax = 1 − smin (note that smax corresponds to the
Ca2+-activatable component of regulated filament sliding):
(3)
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Errors for regression parameters are SE from the regression.

RESULTS and DISCUSSION
Working concentrations of tropomyosin and troponin constructs for motility assays
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Optimal working concentrations of rhcTn and Tm (equal molar ratios of rhcTn and Tm) for
motility assays were identified as previously described [29–33,35,39]. For each protein and
each set of assays, we determined the minimal concentration required to maximally inhibit
motility at pCa 9 (noting that not all of the constructs used in these experiments were
capable of turning off motility at pCa 9 regardless the concentration of cTn and Tm), while
simultaneously offering maximum speed at pCa 5; in other words, increasing the
concentrations (up to 125 nM) of the rhcTn construct (and Tm) did not significantly
decrease speed at pCa 9 or increase speed at pCa 5. In the experiments reported here, rhcTn
WT was assayed at 25 nM, and the cTnILink8 and cTnI1-163 mutant complexes were assayed
at 50 nM. The regulatory protein concentrations that we used in these experiments are
similar to typical working concentrations used previously for WT or single amino acid
mutants of regulatory proteins that yielded well-regulated thin filaments (15–75 nM)
[30,32,33]. Little or no effect on affinity for thin filaments in the presence of Ca2+ was
anticipated because our modified constructs did not alter the α-helical coiled-coil of the ITarm, or the N-terminal α-helix of cTnT which binds Tm.
Motility speed-pCa relationship with the wild-type cardiac troponin complex
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Maximum sliding velocity (Smax + Smin, Eq 1) was 10.9 ± 0.7 μm s−1 for thin filaments
reconstituted with Tm plus rhcTn containing cTnI WT, as compared to 9.2 ± 1.0 μm s−1 for
unregulated F-actin in experiments with the same HMM preparations, indicating a 1.2-fold
increase in the maximum speed when rhcTn WT and Tm (25 nM) are present with saturating
Ca2+ (unregulated F-actin data not shown). Minimum sliding velocity (smin) achieved at pCa
9 was effectively zero (Figs. 3, 4); the majority of filaments showed no discernable
translocation at pCa 9 or exhibited erratic motility (per Material and methods).
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Regression on the normalized speed-pCa data (Fig. 4) using Eq 2 yielded parameter
estimates (Table 1) for pCa50 (~ 6.0) and Hill coefficient nH (6.6) that are typical of
regulated filaments containing rhcTn and α-tropomyosin [29,33,56], and indicate significant,
apparent cooperativity for normal Ca2+-activation of filament sliding.
cTnILink8 complex increased Ca2+-sensitivity of filament sliding: loosening the coupling
between TnI’s mobile domain and troponin’s core domain tips the Ca2+-regulatory balance
toward “on”
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The major effect of incorporating an 8-residue linker into cTnI between Sp and Md was a
substantial increase in Ca2+-sensitivity (Fig. 4), with a leftward pCa50 shift of almost a full
pCa unit compared with WT (0.91 pCa units; Table 1). Filaments containing the cTnILink8
mutant activated fully at pCa 5 (Smax = 14.6 ± 1.5 μm s−1) and exhibited no significant,
directed movement at pCa 9 (Smin = 0.4 ± 1.01 μm s−1); we attribute differences in Smax
compared with cTnI WT to different batches of HMM (as assayed with unregulated F-actin)
and not to an intrinsic property of cTnILink8. Thus, as with cTnI WT data, Eq 2 was used to
fit the normalized data for filaments reconstituted with Tm plus rhcTn containing the
cTnILink8 mutant (Fig. 4 and Table 1). While Ca2+ sensitivity of filament sliding speed was
markedly increased, the apparent cooperativity was reduced as indicated by a lower nH
parameter estimate for the cTnILink8 mutant compared with cTnI WT (Table 1).
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The introduction of a short (8 amino acid), flexible linker into cTnI was expected to at least
partially decouple Md function from that of Sp and Ip. A simple model of the regulatory unit
considers interactions among domains within the C-terminus of TnI, TnC and actin: Md and
Ip bind actin in relaxing conditions; while Sp binds N-cTnC in the presence of
Ca2+ [20,21,57]. The consequent tension between these domains is expected to modulate the
mobility (and thus position) of Tm on the thin filament. This simple model suggests that
partial or complete decoupling—if it occurred—could result in two possible scenarios. In the
first scenario with cTnILink8, if Sp binding to N-cTnC in the presence of Ca2+ could not pull
Md (and Ip) off actin, the engineered flexible linker would reduce the likelihood that
regulatory units turn on. In this first case we predicted slower Smax, with filaments stopped
despite elevated Ca2+ in the most extreme case, and/or a rightward shift of the speed-pCa
relationship. In the second scenario with cTnILink8, if Md (and Ip) binding to actin in the
absence of Ca2+ could not pull Sp away from N-cTnC, the additional linker sequence would
reduce the likelihood that regulatory units turn off. In this second case we predicted a
leftward shift of the speed-pCa relation and/or an elevated Smin. While these two possible
scenarios are not mutually exclusive, the data in Fig. 4 are clearly compatible with only the
second in which the extra, flexible linker is presumed to make it easier for Sp to bind NcTnC at lower Ca2+ levels, and little or no interference with consequent unbinding of Md
(and Ip) from actin; this scenario, where the extra linker in cTnILink8 makes it easier for Sp
to bind N-cTnC, perhaps by allowing Sp to be closer to N-cTnC in the absence of Ca2+ as
illustrated schematically in the center of Fig. 5 where the linker is shown as a heavy blue
line just N-terminal to Md (for comparison, WT is shown at left in Fig. 5). In the absence of
Ca2+, the linker does not enable turning on of regulatory units to permit filament sliding;
because very few regulatory units need to be in the on state to allow filament sliding [35,39],
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we infer that the entire cTnILink8 thin filament must be off in the absence of Ca2+ (Fig. 5,
center).
In addition to the possibility of antagonistic pulling between Sp and Md described above,
another logical possibility is that these connected domains push one another when troponin
either turns a regulatory unit on or off, particularly if they influence the second regulatory
unit on the opposite side of the thin filament. Incorporation of an additional eight residues
into what is already a flexible linker [22–24] connected to a highly dynamic Md [28,58–60]
should disrupt any significant motion that involves Md pushing on the core domain of Tn
and thus on Tm, too. While we consider this possibility unlikely, any pushing of Md on
other parts of a regulatory unit would have to stabilize the off state to be consistent with our
data.
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The simple model discussed above deserves to be expanded with a broader view of the entire
regulatory unit plus the cross-bridges that interact with that unit. Our measurements report
on the functional state of thin filaments, rather than the structure of TnC, the locations of
specific domains within TnI, or other specific structural components of thin filament
regulatory units [61–63]. It is possible that cTnILink8 allows Tm to move away from the
position in which it blocks myosin-binding sites on actin independent of Sp binding to NcTnC. The absence of motility at low Ca2+ (Figs. 3, 4) argues against substantial
displacement of Tm simply due to the presence of the linker. Furthermore, the low value of
the cooperativity parameter nH for cTnILink8 argues that the linker does not enhance the
cooperative role of cross-bridges in Ca2+-activation of filament sliding.
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Clearly the additional linker sequence in the cTnILink8 construct does not completely
decouple Md from the rest of troponin, and also does not likely influence any functions of
Md that are independent of its physical connection to Sp. For example, studies in which
portions of Ip were replaced with flexible peptide sequences (not extended linkers) suggest
that the Ip sequence within the Tn complex has a substantial role in Ca2+-regulation of
ATPase activity [64], in agreement with prior studies on changes in Ip sequence
[11,29,30,65–67]; perhaps the presence of an intact Ip in the cTnILink8 construct largely
overcomes the decoupling of Md from the rest of Tn. It is also possible that the novel linker
sequence in cTnILink8 itself has unintended effects, perhaps by binding to TnC. In addition
to these possibilities, it has been suggested that the extreme C-terminus of cTnI stabilizes the
Ca2+-activated structure of regulatory units [27], and this property could be facilitated by the
cTnILink8 construct.
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We therefore extended our study by examining a cTnI construct (cTnI1-163) [32] that is
missing the entire Md, and also does not contain the additional linker sequence that is
present in TnILink8.
cTnI1-163 complex displays increased Ca2+-sensitivity and incomplete inhibition at low
Ca2+: TnI’s mobile domain is critical for complete regulation in the absence of Ca2+
Filaments regulated with cTnI1-163 displayed maximum sliding speeds comparable to those
of the other regulated filaments in this study. Regression analysis of the raw data (Eq 1) gave
Smax = 14.8 ± 0.6 μm s−1 and Smin = 9.0 ± 0.4 μm s−1. The minimum sliding speed at pCa 9
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was higher than with cTn with cTnI WT or cTnILink8, with the net result that cTnI1-163
filaments were unable to achieve full inhibition at low Ca2+ (Fig. 4). Normalized sliding
speed smin (Eq 3) at low Ca2+ was ~ 61% of that achieved at saturating Ca2+ (smax + smin;
Table 1). Also notable in the cTnI1-163 assays was a dramatic increase in Ca2+ sensitivity of
almost 1.5 pCa units relative to WT (Table 1). Note that, while the cTnILink8 data indicated a
reduction in the apparent cooperativity for Ca2+-activation of filament sliding when Md is
partially decoupled from the regulatory unit, the cTnI1-163 data in Fig. 4 did not allow us to
determine a reliable value for nH because of the reduced amplitude for Ca2+-activated speed,
smax (Table 1).
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Our results indicate that TnI’s Md is essential for full inhibition of Ca2+-regulated filament
sliding in the in vitro motility assay (Fig. 4), and structural changes that could explain these
results are illustrated schematically in Fig. 5 (right). These results (Fig. 4) and the structural
model (Fig. 5) are consistent with previous ATPase measurements [12,13], although the
changes in Ca2+-sensitivity due to removal of Md were larger in assays of filament sliding
(Fig. 4).
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Defects in the C-terminus of TnI are found in a number of myopathies, and the functional
effects observed using our constructs (Fig. 4) inform the consequences of disease-associated
defects. Interestingly, mutations in cTnI that cause inherited forms of hypertrophic or
restrictive cardiomyopathies are most prevalent within the C-terminal region and, in
qualitative agreement with the observations reported here (Fig. 4), most mutations increase
Ca2+-sensitivity and in some cases also exhibit partial loss of regulation at low
Ca2+ [4,34,68–75]. Mutations in the C-terminal region of sTnI, including truncations, are
associated with distal arthrogryposis and also result in increased Ca2+-sensitivity, often with
partial loss of regulation at low Ca2+ [6–8,76–78]. Furthermore, the C-terminus of cTnI is
cleaved in myocardial stunning [79–82]. While the extent of proteolysis (cTnI1-193) is not as
extreme as removal of the entire Md in our construct described here (cTnI1-163), the
functional consequences fit with the picture described above for the various mutants and
constructs of TnI that affect the C-terminus. Interestingly for cTnI1-193 proteolysis in
myocardial stunning, the consequences of Md removal (Ca2+ sensitization, partial loss of
inhibition, and reduced cooperativity) are qualitatively captured by removal of just 3 – 5
residues from the C-terminus of cTnI [56], although not surprisingly the effects are
quantitatively larger for cTnI1-163 (Fig. 4).
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As discussed above, our cTnILink8 data are consistent with Md having a role in stabilizing
the off state of regulatory units at low Ca2+, but could also be explained if the extreme Cterminus of Md—alternatively or additionally—stabilized the Ca2+-activated position of
tropomyosin, as predicted from thin filament structures obtained with cTnI1-193 [27]. Our
functional studies with cTnI1-163 (Fig. 4), however, indicate that the primary role of Md is
stabilizing the off state of regulatory units at low Ca2+. While Md may have a secondary,
activating role in some circumstances such as partial Ca2+-activation, we observed that
filament sliding was fully activated at saturating Ca2+ levels and that Ca2+-sensitivity of
filament sliding was greatly enhanced even in the absence of Md (Figs. 4, 5).
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The cTnI1-163 data in Fig. 4 also demonstrate that other portions of TnI must be involved in
turning off thin filament regulatory units at low Ca2+ because filament sliding is only
partially activated at high pCa when Md is missing. Presumably Ip is the other significant
portion with regard to Ca2+-dependent movement between actin and TnC [12,83].
Comparing our study (Fig. 4) with amino acid substitution studies within Ip [11,64], it
appears that neither Ip nor Md is sufficient without the other to completely turn off
regulatory units at low Ca2+ [12–14] and thus they must work together. We have previously
suggested that the C-terminus of cTnT (which is located along with cTnI’s Md at the Cterminal end of the IT-arm, and was present in all rhcTn complexes used in this study) aids
the Ca2+-regulatory function of cTnI’s Ip [29], and this could be facilitated by proximity of
the extreme C-terminus of cTnT not only to the C-terminus of cTnI, but also to N-cTnC
(Fig. 5). We note here however that Md, which is much larger than the C-terminus of cTnT,
is predominant for thin filament inhibition.
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Confirmation that cTnI’s mobile domain is not responsible for superactivation of filament
sliding speed

Author Manuscript

Our results with cTnILink8 that partially decouples Md function from Sp (and Ip) compelled
us to ask what happens when Md (and the engineered linker sequence) is not present. In one
sense, the cTnI1-163 construct is the most practical yet extreme approach to complete
decoupling between Md and Sp. Resorting to insertion of longer linker sequences could
permit Md binding to the next actin monomer in the periodic structure of the thin filament’s
actin core, potentially confounded what should otherwise be the decoupling effects of the
linker. We also chose not to add exogenous Md while studying the cTnI1-163 construct
because that could lead to non-stoichiometric binding along F-actin, i.e., 1:1 Md:actin
monomer binding at sufficiently high concentrations which is much higher than the 1:7
binding in the physiologically relevant structure. Even if we limited the binding to ~ 1:7 at
low concentrations of exogenous Md, we would still miss out on the physiologically relevant
structural relationship with Md binding only to an actin monomer at the same level as Tn’s
core domain.

We confirm here the result of our previous test of the hypothesis that cTnI’s Md could be
responsible for superactivation of maximum sliding speed: maximum sliding speed (pCa 5)
of filaments reconstituted with the cTnI1-163 construct was not slower than that for WT as
would be expected if Md were responsible for superactivation of filament sliding [32].
Similarly, maximum sliding speed (pCa 5) of filaments reconstituted with the cTnILink8
construct was not distinguishable from that with the cTnI1-163 construct. Thus portions of
troponin other than Md must be responsible for superactivation of maximum sliding speed
and myosin MgATPase activity.

A number of prior reports have demonstrated that the maximum sliding speed for regulated
thin filaments, reconstituted with either cardiac or skeletal muscle regulatory proteins, is
markedly faster that sliding speed of F-actin measured using the same preparation of HMM
[29–32,34,35,38–40,47,53,84–88]. It has been proposed that this superactivation of filament
sliding speed may be related to superactivation of myosin MgATPase (in the absence of
actin) due to a direct interaction between troponin and myosin [32].
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CONCLUSIONS
The C-terminal mobile domain (Md) of TnI is a critical component for inhibition of striated
muscle contraction at resting (diastolic) Ca2+ levels, but it is not the sole part of TnI that has
this function. Md is not required for superactivation of actomyosin cycling by troponin.
Normal Ca2+-regulation of unloaded filament sliding requires tight mechanical coupling
between Md and the rest of Tn and Tm.
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HIGHLIGHTS
•

Cardiac troponin I C-terminal mobile domain was assayed by Ca2+-regulated
motility

•

In one construct Md was partially decoupled from Tn by a short flexible linker

•

In another construct Md was eliminated entirely

•

Md primarily stabilizes off state of thin filament regulatory units at low Ca2+

•

Confirmed Md is not responsible for superactivation of actomyosin cycling by
Tn
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FIGURE 1.
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WT and two modified cTnI constructs (cTnI1-163 and cTnILink8) generated for this study.
Residues 1–163 are common to all three proteins, and include the cardiac-specific Nterminal extension, inhibitory peptide (Ip), and switch peptide (Sp). Construct cTnI1-163 is
missing the entire C-terminal mobile domain (Md) that is present in WT and cTnILink8.
Construct cTnILink8 has a short, 8-amino acid, flexible linker inserted before Md, as
indicated below the schematic (see Materials and methods). Locations of structural α-helices
1–4 (H1–H4) are indicated.
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FIGURE 2.

Schematic of modified pET41a rhcTn co-expression vector showing placement of gene
sequences for the three troponin subunits, the GST affinity tag at cTnT’s N-terminus for
purification of ternary troponin complex, and the site for TEV proteolytic removal of the
GST affinity tag. The three troponin subunits are translated as separate polypeptides. Altered
cTnI constructs cTnI1-163 or cTnILink8 (Fig. 1) replaced “cTnI” sequence for bacterial coexpression of modified troponins as described in Materials and methods.
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FIGURE 3.
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Analysis of filament sliding in motility assays. Representative examples of regulated WT
filaments tracked at pCa 9 (left) or pCa 5 (right). Each color indicates a distinct filament
trajectory determined from sequential images in the time series (for details see Materials and
methods). Filaments not marked with a color trajectory (pCa 9) displayed no discernible
translocation. Average speed (in μm/s) was obtained by dividing the distance traveled (in
μm) by the duration of tracking (in s).
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FIGURE 4.

Ca2+-dependence of sliding speed of reconstituted thin filaments with rhcTn containing
either cTnI WT (open squares and dotted line), cTnILink8 (solid circles and solid line), or
cTnI1-163 (gray triangles and dashed line). Points are normalized mean speed (s) + SD. Lines
are nonlinear least squares regression fits to Eq 2 (WT and cTnILink8) or Eq 3 (cTnI1-163).
Regression parameter estimates are given in Table 1.
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FIGURE 5.
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Schematic representation of the three cTnI constructs (WT, left; cTnILink8, middle; and
cTnI1-163, right) in the context of part of thin filament regulatory units in the absence (top)
or presence (bottom) of activating Ca2+. Actin is gray and Tm is green; activation of a
regulatory unit is indicated by leftward displacement of Tm on actin (arrows). cTnT is
yellow; the α-helical N-terminus of cTnT is associated with Tm at the bottom of each panel.
cTnC is red. In the absence of Ca2+ (top panels), up to two Mg2+ ions (white dots) bind to
the EF-hand sites III and IV in the C-domain of cTnC. In the presence of activating Ca2+
(bottom panels), up to one Ca2+ ion (green dot) binds to site II in the N-domain of cTnC,
while up to two divalent cations (Mg2+ or Ca2+; white dots) bind to the C-domain of cTnC.
cTnI is blue. The coiled-coil IT-arm is schematically illustrated as a cross-over between
portions of cTnI and cTnT. Following cTnI from the IT-arm, the C-terminus of cTnI is
shown with emphasis, sequentially, on the inhibitory peptide (first light blue segment),
switch peptide (second light blue segment), the eight amino acid linker (heavy blue line) in
cTnILink8 (middle panel), and in WT (left) and cTnILink8 (middle), the mobile domain (Md,
labeled light blue oval in the top left and middle panels only); note that the presumed
unfolding of Md in the presence of Ca2+ [23,24] is illustrated for WT (bottom left) and
cTnILink8 (bottom middle). In each of the six scenarios, two troponin molecules are shown,
representing complexes associated with the two strands of Tm that wrap around each thin
filament (only one Tm is visible in this orientation). Note that the relative scaling is
approximate, and that the activation-related displacements of Ip and Sp are exaggerated for
clarity. Activation of a regulatory unit involves cooperative interactions of the two troponins,
with particularly important roles for the C-terminal regions of both molecules of cTnI, along
the lines previously envisioned [20,21]. Missing from this schematic representation is the
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cardiac-specific N-terminus of cTnI. Also missing from these static images are protein
dynamics: dynamics of regulatory units involving Ca2+ binding and dissociation
(particularly at intermediate Ca2+ levels); and dynamic motions within and between proteins.
In addition, the structural kinks and flexibility of Tm are also missing [89,90].
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Regression results from fits of Eq 2 (WT and cTnILink8) or Eq 3 (cTnI1-163) to normalized motility speed-pCa
data shown in Fig. 4.
Parameter

WT

cTnILink8

cTnI1-163

R2

0.982

0.993

0.982

nH

6.6 ± 2.4

1.9 ± 0.4

3.2 ± 3.6

5.99 ± 0.02

6.90 ± 0.04

7.41 ± 0.11

smin

0

0

0.61 ± 0.02

smax

1

1

0.39

pCa50

Nonlinear least squares regressions were performed on normalized speed data (s) as described in Materials and methods. Errors for regression
parameter estimates are SE for the regression. Note that, by definition for Eq 2 (WT and cTnILink8), smin = 0 and smax = 1. Also note that, by
definition for Eq 3 (cTnI1-163), smax = 1 − smin.
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