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SUMMARY

To gain a molecular description of how muscles
can be activated by mechanical stretch, we
have solved the structure of the calcium-loaded
F1 isoform of troponin C (TnC) from Lethocerus
and characterized its interactions with troponin
I (Tnl). We show that the presence of only one
calcium cation in the fourth EF hand motif is
sufficient to induce an open conformation in
the C-terminal lobe of F1 TnC, in contrast with
what is observed in vertebrate muscle. This
lobe interacts in a calcium-independent way
both with the N terminus of Tnl and, with lower
affinity, with a region of Tnl equivalent to the
switch and inhibitory peptides of vertebrate
muscles. Using both synthetic peptides and re-
combinant proteins, we show that the N lobe of
F1 TnC is not engaged in interactions with Tnl,
excluding a regulatory role of this domain.
These findings provide insights into mechani-
cally stimulated muscle contraction.

INTRODUCTION

Muscle contraction is regulated by the periodic fluctuation
of calcium concentration, which activates contraction and
triggers an increase in force. Ca*-promoted regulation is
almost exclusively achieved by subtle differences in the
sequence of a single molecule, troponin C (TnC). This pro-
teinis part of the troponin (Tn) complex, together with TnT,
which anchors the complex to the thin filament through
interactions with tropomyosin, and Tnl, which is responsi-
ble for inhibiting the myosin ATPase cycle (Greaser and
Gergely, 1971; Gordon et al., 2000). According to the ste-
ric blocking model, Ca* binding to TnC results in move-
ment of tropomyosin from a blocking position on actin to

one in which myosin binding sites are exposed (Vibert
et al., 1997; Gordon et al., 2000; Mak and Smillie, 1981;
Potter et al., 1995). TnC contains four EF hand motifs
assembled in pairs to form two globular domains, the so-
called N and C lobes (Kretsinger, 1976). Although evolved
as Ca2+—binding motifs, the number of active EF hands in
TnC and their positions in the protein are different in differ-
ent species or isoforms. In most species, the C lobe, which
contains up to two high-affinity Ca?* binding sites, is per-
manently occupied by either Mg2* or Ca2* and is responsi-
ble for anchoring TnC to the rest of the troponin complex
(for a review, see Gagné et al., 1998). In vertebrate TnC,
the N lobe is able to bind either one or two Ca?* ions, de-
pending on whether it is in cardiac or skeletal muscle, re-
spectively. In skeletal muscle TnC, Ca®* binding induces
a conformational transition in the N lobe from a closed
structure, in which the four helices are almost parallel to
each other, to an open state, which causes exposure of
the hydrophobic patch and allows binding of the domain
to the “switch peptide” of Tnl (residues 115-131) (Mercier
et al., 2003). In cardiac muscle, in which the N lobe of TnC
has only one Ca?*-binding site, Ca®* is unable to induce the
conformational transition. Opening of the domain occurs,
but only upon complex formation (Li et al., 1999, 2000).

This mechanism is further complicated in insect muscle.
One of the most striking features of insects is the ability of
some species to contract the flight muscles at very high
frequencies. To adapt to this requirement, indirect flight
muscles (IFMs) have evolved two distinct forms of activa-
tion which are finely tuned to the type of movement
required (Agianian et al., 2004; Linari et al., 2004):
a stretch-activated mechanism (asynchronous contrac-
tion) is used for flying, whereas Ca2* regulation is impor-
tant during the “warm-up” contractions which precede
flight in large insects (synchronous contraction).

In asynchronous muscles, there is no direct correspon-
dence between nerve impulses and contractions. The
muscles are stimulated by periodic mechanical stretches
at a constant low concentration of Ca®*, which is
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maintained in the muscle by intermittent nerve stimulation.
Alternate stretch activation of opposing sets of IFMs
produces oscillations in the thorax, which moves the
wings (Pringle, 1949). This type of activation enables the
wings to beat at frequencies that are higher than can be
achieved by stimulating individual contractions in the
muscles with Ca®* pulses produced by nerve stimulation.
IFMs can also be stimulated to contract synchronously
with nerve impulses; this produces a tetanus at higher
frequencies but is not used during flight.

In asynchronous flight muscles, there are two isoforms
of TnC, F1 and F2 (Qiu et al., 2003). F1 TnC is responsible
for activating the muscle following a stretch, whereas F2
produces a sustained contraction, the size of which
depends on the concentration of Ca®* in the fiber. F1
TnC has an N lobe that is completely insensitive to Ca2*,
whereas the N lobe of F2 ThC was demonstrated to con-
tain one Ca®*-binding EF hand. During flight, stretch acti-
vation and Ca®* activation are finely balanced, depending
on the Ca®* concentration produced by the intermittent
nerve impulses (Agianian et al., 2004; Linari et al., 2004;
Gordon and Dickinson, 2006).

Although there is some understanding of Ca*-
regulated contraction, very little is known about the struc-
tural bases of stretch activation. It is, for instance, still
unclear whether the unique Ca?* bound to the C lobe is
sufficient to promote domain opening of this C lobe and
whether the N lobe has a regulatory role. Yet, finding an
answer to these questions is essential to understand not
only insect flight but, more generally, the way muscle reg-
ulation has evolved in different species.

Here we have focused on the F1 TnC isoform from
Lethocerus with the aim of providing new insights into
mechanical activation of contraction. This giant water
bug has often been used as a model system to study
and compare the mechanisms of synchronous and asyn-
chronous contraction because it is easy to manipulate. We
have solved the structure in solution of Ca?*-loaded (holo)
F1 TnC using nuclear magnetic resonance (NMR) tech-
niques. The structural determinants were compared with
those of different species. We have also characterized
the mode of binding of holo and apo F1 TnC to TnH (the
Lethocerus ortholog of Tnl) both by using short synthetic
peptides and by reconstructing the F1 TnC/TnH complex.
Our study provides, to our knowledge, the first description
of the structure of the muscle component essential for
stretch activation.

RESULTS

Description of the Holo F1 TnC Structure

The solution structure of holo F1 TnC was solved by stan-
dard high-resolution NMR methods (Table 1). It consists of
a typical EF hand fold with two globular domains spaced
by a flexible linker (Figure 1A). The two domains super-
pose independently with a backbone root-mean-square
deviation of 0.8 A. Each domain consists of two EF hand
motifs, each of which comprises two «. helices flanking
the 11 residue loop which, in Ca2*-active EF hands, con-
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tains the six ligands responsible for Ca®* coordination.
The two loops form the typical short antiparallel B sheet
which keeps the two EF hands side by side. The N helix
which precedes the A helix is short and is formed only in
some of the members of the structure bundle.

The way the two lobes are connected has attracted
much debate. In some of the known structures, the linker
between the two lobes is a straight helix, which confers
a dumbbell shape to the protein (Herzberg and James,
1985; Houdusse et al., 1997; Satyshur et al., 1988),
whereas in others and in solution, the linker is unstructured
so that the relative orientation of the two lobes is not well
defined (Blumenschein et al., 2005; Dvoretsky et al., 2002;
Slupsky and Sykes, 1995; Sia et al., 1997; Vinogradova
et al., 2005). In the solution structure of Lethocerus F1
TnC, the linker is unstructured and highly flexible allowing
the two lobes to tumble independently, as also shown by
the relaxation data (Figure 1B).

The Apo N and Holo C Lobes of F1 TnC Are in

a Closed and Open Conformation, Respectively

An important question is whether the two lobes are in
a closed or open conformation and whether these states
are modulated by Ca®" and/or by binding to Tnl/TnH.
Comparison between the interhelical angles of each of
the two lobes in the holo F1 structure shows that the over-
all arrangement of the four helices in the N lobe is in
a closed conformation, whereas the C lobe is in an open
state. Although finding a closed conformation of the N
lobe is not entirely surprising as this conformation is
usually observed in apo EF hands (Yap et al., 1999), the
C lobe shows a novel feature: a single Ca?* ion is enough
to induce opening of the domain.

Interestingly, submission of the N lobe of F1 TnC to the
SSM server (http://www.ebi.ac.uk/msd-srv/ssm/) against
the Protein Data Bank (PDB) database picks up with the
highest score the structure of the apo N lobe of skeletal
TnC, which is in the closed conformation (PDB code:
1skt; Tsuda et al., 1999) (Figure 2A). The C lobe shares
the highest similarity with the holo C lobe of human car-
diac TnC in complex with the inhibitory region of Tnl
(PDB code: 10zs; Lindhout and Sykes, 2003). This strongly
indicates that in its Ca2*-bound state the C lobe of F1 TnC
is already arranged to interact with TnH.

Does the C Lobe of F1 TnC Undergo

a Conformational Transition

upon Ca®* Binding?

To test the possibility that the C lobe could already be in an
open conformation when in the Ca2*-free state, we com-
pared two {'H,"®N}-HSQC spectra recorded in the pres-
ence and absence of Ca?*. The stoichiometry previously
estimated by atomic absorption (Qiu et al., 2003) and
mass spectrometry (Agianian et al., 2004) and the identity
of the Ca2* binding site on F1 TnC are fully in agreement
with the NMR spectrum (Figure 2B): the "®N chemical shift
of the amido nitrogen of the residue in position 8 of a ca-
nonical EF hand loop is highly diagnostic of the presence
of Ca2* binding, thus providing direct identification of the
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Table 1. Structural Statistics of Lethocerus F1 TnC

Table 1. Continued

Final NMR Restraints

Quality Checks

Total distance restraints 3840 PROCHECK additionally 14.4
Unambiguous/ambiguous 3401/439 allowed regions (%)
Intraresidue 1578 PROCHECK generously 0.7
allowed regions (%)
Sequential 840
. o PROCHECK disallowed 1.2
!\/Ieglurrll)(re&due itoi+]j, 573 regions (%)
j=2-
. . n.d., not determined.
Long-range (residue i to 849 @The numbers not in parentheses were calculated for the
i+ji>4) structure bundle after water refinement, whereas the numbers
Deviation from Idealized Geometry in parentheses refer to the lowest energy structure.
Bond lengths (&) 0.003 + 0.000
Bond angles (°) 0.396 + 0.023 residues involved (Biekofsky et al., 1998). Comparison
14 15
Improper dihedrals () 0.296 + 0.023 of the {'H, °N}-HSQC spectra of the apo andzholo forms
o of F1 TnC shows conclusively that a single Ca“* ion is ac-
s sl commodated in site IV of the C lobe (V144, which moves
Distance restraint violation 0 from 8.35 and 120.0 ppm to 9.89 and 128.8 ppm), while
>0.5A the other three coordination sites are inactive even at
Dihedral restraint violation 0 high (millimolar) concentrations of this cation.
> 5° Besides these chemical shifts, the two spectra do not
Coordinate Precision (A) with Respect look §|gn|f|cantly .dlfferent and both gre typical of foI.def:i
to the Mean Structure species, suggesting that both domains are also intrinsi-
. 24 P
Backbone of N-terminal 0.35 cally .structu.red in the_ absence of Ca”*. A slmllar overgll
. chemical shift spreading could be observed in a recombi-
structured regions ) .
' nant fragment spanning only the C-terminal lobe (see the
Heavy atoms of N-terminal 0.80 Supplemental Data available with this article online). This
structured regions is at variance with what is observed for the C lobe of skel-
Backbone of C-terminal 0.61 etal muscle TnC, where the spectrum of the apo form is
structured regions characterized by the low dispersion of chemical shifts,
Heavy atoms of C-terminal 0.95 which appear to be in random coil positions (Mercier
structured regions et al., 2000). Local chemical shift variations suggest that
Backbone of N-terminal 0.26 the C IObT of F1 CT”S gh(iérgoesltsomi S:rucfju;’fal rI(:atr—
secondary structure element rangement upon tLa inding, & O.UQ tis ai |c.u °
- assess the extent of the conformational change in the
Heavy atoms of N-terminal 0.79 absence of the structure of the apo form.
secondary structure element
Backbone of C-terminal 0.34 Thermal Stability of F1 TnC
secondary structure element The thermal stability of the apo and holo forms of F1 TnC
Heavy atoms of C-terminal 0.82 were tested to understand further the differences from ver-
secondary structure element tebrate TnC. Thermal unfolding curves, as recorded by cir-
Quality Checks cular dichroism (CD), show that the apo protein undergoes
a highly cooperative transition with an apparent meltin
WHAT IF first-generation n.d. (—1.648) gnly coop bp 9

packing quality

WHAT IF second-generation
packing quality

WHAT IF Ramachandran plot
appearance

WHAT IF %1-%2 rotamer
normality

WHAT IF backbone
conformation

PROCHECK most favored
region (%)

—1.980 (—1.058)

—3.096 (—2.960)

—2.557 (—2.205)

—2.324 (~1.915)

83.6

point around 50°C (Supplemental Data). If, however, the
curve is fit with a single-component fit model, a poor chi-
square value is found (2.34), suggesting the presence of
a two-step unfolding. When assuming a two-component
fit, the chi-square value is 1.03. The melting temperatures
for the two-component fit are 37.5°C and 62.4°C.

Holo F1 TnC undergoes instead an apparent single tran-
sition at a temperature of 56.5°C, indicating that Ca* sta-
bilizes the C lobe and leads to an unfolding temperature
comparable to that of the N lobe.

These results indicate that, although the apo C lobe is
folded at room temperature, it has a significantly lower
stability than the N lobe. The difference is reduced in the
holo form.
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Figure 1. Solution Structure of Holo F1
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(A) The three-dimensional fold of F1 represented by the NMR bundle. The 20 lowest-energy structures of F1 resulting from ARIA calculations, after

energy minimization in a shell of water, are displayed.

(B) Relaxation parameters of the backbone '°N nuclei plotted as a function of the residue number. The data were recorded at 25°C and 500 MHz.

The Switch Peptide of Insect Tnl Is Highly Divergent
from the Vertebrate Sequence
We used the structural information gained on F1 TnC to
characterize the interactions of holo and apo F1 TnC
with TnH. We first determined the sequence of Lethocerus
TnH cDNA (Figure 3A). The corresponding amino acid se-
quence confirmed previous work: the molecule is a Tnl
which shares ca. 27% identity with vertebrate Tnl. This se-
quence is followed by a C-terminal stretch that is rich in
proline and alanine (Bullard et al., 1988; Peckham et al.,
1992; Qiu et al., 2003). We identified regions along the se-
quence that could correspond to the N-terminal region
and to the inhibitory and switch peptides in vertebrate
Tnl, and could thus be expected to interact with the C
and N lobe of TnC, respectively. Whereas the N-terminal
region (30-61) and the inhibitory peptide share sufficient
sequence similarity with the vertebrate sequences to sug-
gest that their role may be conserved in Lethocerus, the
switch peptide is shorter and highly divergent. For in-
stance, Arg115, which is a key residue in skeletal Tnl
salt bridged with Glu63 and GIn84, is substituted by a ser-
ine (Ser147). Likewise, there is no conservation of the res-
idues of TnC that should contribute to the interaction
(Figure 3B).

These observations suggest a highly divergent regula-
tion of contraction in stretch-regulated insect muscles.

F1 TnC Interacts with the Two TnH Peptides with
Different Affinities and in a Ca2+-lndependent Way
To test this hypothesis, we designed two synthetic pep-
tides, TnH(30-61) and TnH(126-159), which should corre-
spond, respectively, to the N terminus and to the inhibitory
and switch regions of vertebrate Tnl. They were used in
binding studies with both the apo and holo forms of F1
TnC. The binding constants (Kgs) of the four complexes
were measured both by fluorescence and by CD spec-
troscopy. Affinities were first determined by competition
experiments in which solutions containing both melittin
and each of the peptides individually were titrated with
F1 TnC. The K4 values for TnH(30-61) binding to apo and
holo TnC are 1.3 + 0.3 nM and 1.5 + 0.5 nM, respectively,
thus indicating a strong and specific interaction (Fig-
ure 4C). Lower affinities (5.4 + 1.5 pM and 8.5 + 3.7 uM for
holo and apo TnC, respectively) were observed for the
complex with TnH(126-159) (Figures 4A and 4B). These
data suggest Ca®*-independent binding of the peptides.
Determination of the dissociation constants for Ca*
binding to TnC in the absence and presence of the pep-
tides confirmed this hypothesis (data not shown): we ex-
pected that, if the peptides bound more strongly in the
presence of Ca®*, the cation should have a higher affinity
for the protein in the presence of the peptide. Ca* Kgs
were instead largely comparable, being 0.62 + 0.06 uM

816 Structure 15, 813-824, July 2007 ©2007 Elsevier Ltd All rights reserved



Structure

The Structure of Lethocerus Troponin C

106 °

110 .

14
E
o
£ 118
b
122 =
126
130
1.0 105 100 95 90 B85 80 7.5
F2 (ppm)

(in the absence of the peptide), 0.66 + 0.08 uM (in the pres-
ence of an excess of TnH[30-61]), and 0.42 + 0.05 uM
(with an excess of TnH[126-159]).

To have an independent measurement of the Ky of
TnH(126-159), which has lower affinity, we studied its ef-
fects on the stability of the C lobe of apo F1 TnC to both
thermal and chemical denaturation (data not shown). In
thermal denaturations, the midpoint for unfolding of the
C lobe of apo TnC increased from 37.5°C to 52.8°C in
the presence of an excess of TnH(126-159), whereas the
increase was from 56.5°C to 62.7°C for holo TnC. As
higher temperatures are expected to stabilize hydropho-
bic interactions, the observed increases indicate that the
interaction is in both cases mostly of hydrophobic nature.
Analysis of the urea unfolding experiments using the linear
extrapolation model gave a difference of binding free
energy AG® and m values of 1.37 + 0.12 kcal/mol
and —1.13 + 0.04 kcal/(mol.M) in the absence of
TnH(126-159). In the presence of the peptide, the AG®
values increased to 2.29 + 0.04 (for 58 uM peptide) and
2.81 +0.05 (for 170 uM peptide). These increases in stabil-
ity are consistent with dissociation constants in the range
of 10-15 uM (Masino et al., 2000).

Finally, the far-UV CD spectra of the complexes of apo
and holo TnC with TnH(126-159) are significantly more
intense (higher a-helical content) than the sum of the ap-
propriate component spectra (data not shown). We thus

7.0

Figure 2. Conformational Status of the
Two Lobes of F1 TnC

(A) Structural comparison of the two lobes of
F1 TnC with the PDB picks up as the highest
hits the apo N lobe of skeletal TnC, which is
in closed conformation (PDB code: 1skt; Tsuda
et al., 1999) and the holo C lobe of cardiac TnC
in complex with the corresponding N terminus
of Tnl (PDB code: 10zs; Lindhout and Sykes,
2003).

(B) Comparison of the HSQC spectra of apo
(blue) and holo (red) Lethocerus F1 TnC. The
spectra were recorded at 25°C on a 600 MHz
spectrometer. The shift upon Ca?* addition of
the resonance of V144 is indicated.

6.5 6.0

performed titrations of TnC with TnH(126-159) in which
we monitored the far-UV CD signal change accompanying
complex formation. Although the relatively high concen-
trations required for these experiments did not permit
determination of precise Ky values, they clearly showed
that the interaction is of similar strength in the presence
and absence of Ca*.

Taken together, these results indicate that F1 TnC is
able to bind both peptides in vitro but with appreciably
different affinities and that the interactions are Ca®*
independent.

The N Lobe of F1 TnC Is Not Involved in Interactions
with TnH

Direct mapping of the surface of interaction into the F1 TnC
structure was obtained by NMR chemical shift perturba-
tion following the titrations of holo and apo F1 TnC with
each of the peptides (Figure 5A). For the holo and apo F1
TnC/TnH(30-61) complexes, the chemical shift variations
fall into the slow exchange rate limit: both the bound and
unbound species are visible with intensities that are
proportional to the concentrations of the two species in so-
lution, in agreement with a tight interaction. The pattern of
chemical shift perturbation in F1 TnC/TnH(126-159) com-
plexes is consistent instead with a fast exchange regime in
the NMR timescale, in agreement with what is expected for
interactions in the uM range: at each titration point, a single
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Figure 3. Alignments of the TnC and Tnl Sequences of Different Muscle Isoforms and Species

(A) TnC sequence alignment in which the secondary structure elements, as observed in Lethocerus F1 TnC, and the position of the DE linker are in-
dicated. Red spots indicate residues that interact with the switch peptide in skeletal Tn, green spots indicate those involved in the interaction between
the DE linker and the inhibitory regions, and yellow spots indicate the residues of the C lobe involved in the interaction with the N terminus of Tnl.
Asterisks indicate the positions that take part in Ca* binding in canonical EF hands (Kretsinger, 1976). Only the last EF hand (indicated with magenta
asterisks) is active in F1 TnC.

(B) Insect Tnl sequences are compared with those from vertebrates. The positions of the peptides used in this study are indicated. The region cor-
responding to the switch peptide is highly divergent in insects compared to vertebrates. The Lethocerus TnH sequence is truncated at the end of the
region homologous to vertebrate Tnl; the full-length sequence is 484 residues. The GenBank/EMBL accession number of Lethocerus TnH is
AJ621044.

crosspeak is observed at a chemical shift that is the plemental Data). No detectable effects are observed on
weighted average of the bound and unbound species. the resonances of the N lobe. These results, together

In all experiments, the residues perturbed are practically with the appreciable difference between the Ky values of
the same and all belong to the C lobe of F1 TnC (see Sup- the two peptides with holo F1 TnC, strongly suggest that
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Figure 4. Probing the Interactions of Synthetic Peptides Spanning the Tnl Sequence

(A) Titration of melittin (0.65 pM) with holo F1 TnC in the absence (circles) and presence of 37.5 (squares) or 75 uM (triangles) TnH(126-159).
(B) Titration of melittin (0.65 uM) with apo F1 TnC in the absence (circles) and presence (squares) of 75 uM TnH(126-159).

(C) Titration of 1.6 uM melittin plus 1.9 uM holo F1 TnC (circles) or 2.4 uM apo TnC (squares) with TnH(30-61).
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Figure 5. Testing the Interactions of TnH with F1 TnC

(A) Superposition of the HSQC spectra in the absence (blue) and presence of a molar excess (~1:3) of peptides (red). The spectra correspond to the
interaction of TnH(30-61) (right panel) and TnH(126-159) (left panel). The spectra were recorded at 25°C and 600 MHz.

(B) Native gel to test the interactions of F1 TnC with the two TnH peptides. The two peptides were incubated individually or together with 22 uM F1
TnC. The lanes correspond as follows: lanes 1, 5, and 10 are controls in which the isolated F1 TnC was used; lane 2: addition of 22 uM TnH(126-159);
lane 3: addition of 22 uM TnH(30-61); lanes 4 and 8: addition of an equimolar mixture of the two peptides; lane 6: addition of 66 uM TnH(126-159); lane
7: addition of 66 uM TnH(30-61). In lane 9, 22 M TnH(30-61) and 111 uM TnH(126-159) were added. Lane 11 is the same as lane 9 but without bro-

mophenol blue.

they compete for the C lobe of F1 TnC but neither of them
has sufficient affinity for interacting with the N lobe even at
high concentration.

To support this hypothesis further, we ran a native gel
using F1 TnC and each of the two peptides individually
or a mixture of the two (using a 1:3 molar TnH[30-
61]:TnH[126-159] ratio). We observed complex formation
by band shift with TnH(30-60) (Figure 5B). The complex
with TnH(126-159) is probably too labile and produced
a smear on the gel. As a result, the band disappeared.
The complex formed in the presence of both peptides
runs at the same molecular weight as the one with isolated
TnH(30-61), suggesting that TnH(126-159) has no signifi-
cant affinity for isolated F1 TnC when the C lobe of the pro-
tein is blocked with TnH(30-61).

Modeling a TnC/TnH(30-61) Complex

To obtain a visual impression of the TnC/TnH(30-61) com-
plex, we built a model by homology. We first superposed
the structures of the four TnC/Tnl complexes currently
available on the C lobe of F1 TnC. In addition to the

Ca®*-loaded Tn complexes from cardiac and skeletal
muscles (Takeda et al., 2003; Vinogradova et al., 2005),
we compared the structure of skeletal TnC in complex
with fragment 1-47 of Tnl (Vassylyev et al., 1998) and
the skeletal TnC apo form (Vinogradova et al., 2005). The
comparison shows that, despite clear differences in the
arrangement of the N lobe of TnC and of the interacting re-
gion of Tnl, the mode of recognition of the C lobe involves
the same groove between helices E and H and the FG loop
and leads to the same local relative orientation of Tnl and
the C lobe of TnC (Figure 6A). This suggests that, indepen-
dently of the specific sequences involved, the mode of
interaction is highly conserved.

When the model was built, using the coordinates of the
cardiac complex as a template (Takeda et al., 2003), we
compared the network of interactions formed with those
in known complexes to identify key positions and evaluate
their conservation (Figure 6B). In cardiac Tnl, there are five
hydrophobic residues (L53, L54, 156, A57, and L61) which
pack against the hydrophobic core of TnC and seem to
lead the interaction. Additionally, three positively charged
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Figure 6. Modeling of the Complex

(A) Structural superposition of the four available structures of TnC
complexes (PDB codes: 1a2x, 1j1d, 1ytz, and 1yv0) with the N termi-
nus of Tnl. The structures were superposed on the C lobe of TnC.
The comparison shows that, despite the differences in the relative ori-
entation of the N lobe, Tnl interacts in the same groove and adopts the
same relative orientation to the C lobe.

(B) Comparison of the network of interactions formed between the C
lobe of TnC and Tnl in the cardiac complex (Takeda et al., 2003) (left
panel) and in a homology model built (right panel) using the cardiac
structure (PDB code: 1j1d) as a template. The side chains of the key
residues involved are displayed explicitly and labeled in red and green
according to whether they correspond to Tnl and TnC, respectively, for
the cardiac structure. Similarly, they are colored in red and blue ac-
cording to whether they correspond to Lethocerus TnH and TnC, re-
spectively.

residues of Tnl (R45, K46, and K50) and E60 form salt
bridges with residues of opposite charge in TnC. A similar
network of interactions is observed in the skeletal muscle
complex (Vinogradova et al., 2005). These contacts are all
semiconserved in Lethocerus and lead to a similar net-
work of interactions.

Searching for Interactions between the N Lobe

of TnC and TnH

Given the relatively low sequence similarity of the Letho-
cerus and vertebrate Tn sequences, it is in principle pos-
sible that other regions of TnH outside those tested could
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establish interactions with the N lobe of TnC. To clarify this
point, two longer constructs of TnH spanning residues
1-224 and 1-340 (TnH[1-224] and TnH[1-340]) were pro-
duced as recombinant proteins. These constructs include
both peptides previously tested and exclude only the low-
complexity C-terminal tail of full-length Lethocerus TnH.
Because of its highly repetitive character, it is unlikely
that this region could contribute to specific binding with
F1 TnC. The NMR spectra of the F1 TnC/TnH(1-224)
and F1 TnC/TnH(1-340) complexes were recorded (Fig-
ures 7A and 7B). Apart from an appreciable line broaden-
ing due to the large molecular weight of the complexes,
which tumble slowly, the spectra can be overlapped
almost precisely with those of the smaller F1 TnC/
TnH(30-61) complex.

This clearly indicates that the C lobe of F1 TnC retains
the same features as observed with the peptides and
confirms that the N lobe does not interact with TnH (up
to residue 340).

Interaction between TnC and TnH Detected by Yeast
Two-Hybrid Assays
The results were confirmed by an extensive two-hybrid
screening study using different constructs of TnH and F1
TnC (Figure 7B). Full-length F1 TnC interacted with full-
length TnH and with all TnH constructs having the N termi-
nus intact. A construct spanning the isolated ThnH N termi-
nus interacted with F1 TnC. The sequence downstream of
the Tnl portion (residues 1-224) of TnH was unnecessary
for interaction. An F1 TnC construct with a mutation in
the Ca®*-binding site IV interacted with the same TnH con-
structs as wild-type F1 TnC, showing that the interaction is
independent of Ca®* binding. A truncated F1 TnC lacking
site IV did not bind to TnH, whereas F1 TnC with the N-
terminal lobe removed, lacking sites | and Il, bound to
the same TnH constructs as intact F1 TnC. The PA-rich
sequence at the end of TnH (TnH-P) does not interact
with F1 TnC.

Therefore, the N terminus of TnH and the C-terminal
lobe of F1 are necessary and sufficient for interaction of
the two molecules.

DISCUSSION

The structure of F1 TnC provides, to our knowledge, the
first description of the structure of one of the major com-
ponents that is expected to determine asynchronous
muscle contraction. Despite the obvious similarities with
other TnC structures, the Lethocerus protein has specific
features which may be related to its function. F1 TnC does
not contain the N helix, having a shorter N terminus com-
pared to other TnC sequences. This helix has been shown
to increase Ca2* affinity (Chandra et al., 1994). It is there-
fore unnecessary in the Ca*-insensitive N lobe of F1 TnC.
We observe a closed conformation for the Ca?*-insensi-
tive N lobe, in agreement with what is observed in other
TnCs in the absence of Ca?* and, more generally, in apo
EF hand domains (Gagné et al., 1998; Yap et al., 1999).
More unusually, the presence of only one Ca2* ion is
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Figure 7. Searching for Regions which Could Interact with the N Lobe of F1 TnC

(A) HSQC spectra of the F1 TnC/TnH(1-224) (top) and F1 TnC/TnH(1-340) (bottom) complexes.

(B) Yeast two-hybrid assay of the interaction between F1 TnC and TnH. TnH constructs were in the bait vector and F1 TnC constructs were in the prey
vector. Amino acid residue numbers of fragments are shown. F1 mlV is mutated at site IV; TnH(1-224) is the core Tnl sequence with homology to
vertebrate Tnl. Interaction was estimated by cotransforming plasmids in yeast and observing His3 gene activation. + indicates a strong growth of

yeast, and — indicates no growth.

enough to induce an open conformation in the C lobe of F1
TnC. This is at variance with the N lobe of cardiac TnC,
which also binds only one Ca?* ion, but does not undergo
significant structural changes upon Ca2* binding (Sia
et al., 1997). In cardiac muscles, Ca®* binding only causes
an increase in the affinity for Tnl compared to the apo
form, but does not induce a significant change in the
structure of the unbound form. The presence of both
Ca?* and Tnl is necessary to stabilize an open conforma-
tion, which leads to exposure of the hydrophobic pocket
(Li et al.,, 1999). Currently, F1 TnC is the only available
TnC structure in an open conformation with a single bound
Ca?* ion.

We also studied the dynamic behavior and stability
of Ca?*-loaded F1 TnC. We observed no substantial
difference in protein flexibility within each of the two lobes,
suggesting that they have similar dynamic properties. This
is in agreement with the comparable thermal stability of
the N lobe and the holo C lobe. A similar behavior and ap-
preciably lower stability of the apo protein are also ob-
served in skeletal TnC and in calmodulin, where the N
lobe is more stable than the apo C lobe (Fredricksen and

Swenson, 1996; Masino et al., 2000). The apo C lobe of
F1 TnC is, however, more stable than the corresponding
region in skeletal TnC, which is unfolded at room temper-
ature (Mercier et al., 2000). As in other TnC structures, we
observed high flexibility of the D/E linker. This region
clearly constitutes a hinge which makes the two lobes
structurally semi-independent.

Finally, we have characterized the interactions of F1
TnC with TnH using different constructs and complemen-
tary techniques. We prove conclusively that only the C
lobe binds TnH in the binary complex, leaving the N lobe
idle. This finding indicates that stretch activation is regu-
lated by a mechanism that is completely different from
that observed in Ca®*-activated muscles, and suggests
that regulation is achieved through the C lobe rather
than the N lobe. A similar hypothesis was proposed for
scallop troponins (Ojima et al., 2000).

The C lobe binds both the N terminus of TnH and a pep-
tide spanning the inhibitory and switch regions. Both inter-
actions are Ca®* independent. While not expected to reg-
ulate stretch activation, the presence of an active Ca?*
binding loop is nevertheless essential for stretch activation
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(Agianian et al., 2004). This suggests that, in muscle, a third
component (likely TnT or tropomyosin) modulates the in-
teraction of TnH with F1 TnC, increasing the difference
in relative stabilities of the apo and holo complexes.

The complexes with the two peptides differ greatly in
their affinities. The interaction with the TnH N terminus is
in the nanomolar range, which is comparable to the value
reported for the skeletal TnC/Tnl complex (Tripet et al.,
2003). The K4 of the TnC/TnH(126-159) complex is in the
micromolar range, as in the complex of skeletal Tnl(96-
111) with the C lobe of TnC (Mercier et al., 2000). Could
the two complexes be alternately formed during muscle
contraction? A model in which two regions of Tnl compete
for the C lobe of TnC was already proposed for skeletal
muscle (Tripet et al., 1997). This hypothesis was, however,
subsequently discredited by the identification of a second
site of weaker interaction on the C lobe and by structure
determination of the Tn complex (Vinogradova et al.,
2005). To check whether a similar situation could occur
in Lethocerus, we repeated the experiment proposed by
Tripet et al. (2003) based on a native gel. We did not
observe an additional band shift in the presence of both
peptides, as expected if both interactions were possible
at the same time. It therefore remains possible that
competition between two distinct regions of TnH, which
occupy the C lobe of TnC alternately, could be the basis
of stretch activation. Much more work will be needed to
acquire a full description of all the components and to
provide an atomic model of stretch activation.

EXPERIMENTAL PROCEDURES

Sequencing of Lethocerus TnH cDNA

TnH cDNA was sequenced as previously described (Qiu et al., 2003). A
positive clone was obtained by screening a Lethocerus \gt11 expres-
sion library with monoclonal antibodies to TnH (MAC 81, 143, 144, and
195) (Bullard et al., 1988). Primers were designed from the sequence of
the insert and used for rapid amplification of cDNA ends (RACE) with
IFM cDNA. Primers were: 5'-GCACACGGATAAAAACACGGAGG-3'
for 5’ RACE and 5'-CCGCGGAAGGCGCAGCTCCACCGGCGG-3' for
3’ RACE; full-length cDNA was amplified by PCR from 5 and 3’
RACE ends, and sequenced.

Sample Preparation

Lethocerus F1 TnC cDNA in a pET-M11 vector (Stratagene) was ex-
pressed in Escherichia coli BL21(DE3)pJY2 cells according to Qiu
et al. (2003). Samples containing H,O:D,0 (9:1 v/v) solutions with 0.9
mM protein in 100 mM KCI (pH 6.8) and 5-10 equivalents of Ca®*
added as CaCl, were used for NMR measurements. The apo form
was obtained by decalcifying the protein using the chelex100 resin
(Sigma) and adding 5 mM EDTA to the solution.

The two Lethocerus TnH cDNA constructs, TnH(1-224) and
TnH(1-340), were amplified by PCR using full-length TnH cDNA in a
pCRIl vector as a template and then cloned into a pET-M11 expression
vector. Protein was expressed in E. coli BL21(DE3)RP cells, grown for
24-50 hr at 18°C-24°C. Protein derived from both constructs was in
inclusion bodies. The insoluble pellet of lysed cells was dissolved in
8 M urea, 50 mM Na phosphate buffer (pH 8.0), 10 mM imidazole, 2
mM B-mercaptoethanol, and purified on an Ni-NTA agarose column
(QIAGEN). Protein was eluted in the same buffer with 200 mM imidaz-
ole, and then dialyzed against 0.5 M NaCl, 20 mM Tris-HCI (pH 8.0), 2
mM B-mercaptoethanol and concentrated by precipitating with 60%
saturated (NH4),SO,. Precipitated protein was taken up in 1-3 ml of
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6 M urea, 20 mM Tris-HCI (pH 8), 4 mM DTT. The yields from 6 liters
of cell culture were 54 mg of TnH(1-224) and 18 mg of TnH(1-340).

The peptides were purchased from Graham Bloomberg (Bristol
University, UK) and from Pepceuticals Ltd. (Nottingham, UK). The pep-
tide purity was over 90% as established by HPLC. The sequences
were verified using MALDI mass spectrometry.

NMR Data Acquisition

The strategy adopted to obtain virtually full spectral assignment was
previously described (De Nicola et al., 2004). All the experiments were
recorded at 25°C. Distance restraints were derived from a 3D '°N edi-
ted NOESY-HSQC and a 'C edited NOESY-HSQC (100 ms mixing
times), acquired on Varian Inova instruments operating at 600 and
800 MHz, respectively. The heteronuclear Overhauser effect (NOE)
and the longitudinal (T+) and transversal (T,) relaxation rates were mea-
sured on a Varian Inova 500 MHz spectrometer. Standard pulse se-
quences were used. The relaxation rates were obtained by nonlinear
least-squares fitting of the peak intensities to an exponential function.

Structure Calculations and Analysis

The NOESY crosspeaks were manually peak picked and the volumes
were determined by the maximum integration method in XEASY (Bar-
tels et al., 1995). The frequency tolerance was +0.03 in the acquisition
dimension, +0.04 in the indirect proton dimension, and +0.5 in the car-
bon dimension for the '3C edited NOESY, while it was =0.05, +0.05,
and 0.5, respectively, for the °N edited NOESY. A list of dihedral an-
gle restraints was obtained from Talos (Cornilescu et al., 1999).

Structure calculations were carried out with the ARIA 1.2 package
(Linge et al., 2003), based on a standard simulated annealing CNS pro-
tocol (Briinger et al., 1998). A typical run consisted of nine iterations.
The initial structure ensemble was generated at iteration 0 choosing
an NOE violation tolerance and a partial assignment cutoff probability
of 1000 A and 1.01, respectively. No NOE distance restraints are ex-
cluded in this way and the partial NOE assignment is based on chem-
ical shifts only. In the following eight iterations, as the structures im-
prove, the NOE violation tolerances were progressively reduced
(1000.0, 1.0, 0.5, 0.1, 1.0, 0.1, 0.1, and 0.1 A), with the exception of
iteration 5, in which the violation tolerance was increased to 1 Atoen-
sure that important NOEs consistent with the structure at that stage
were not excluded. The partial assignment cutoff probability was re-
duced in parallel (0.9999, 0.999, 0.99, 0.98, 0.96, 0.93, 0.90, and
0.80) to eliminate ambiguous NOEs which do not contribute signifi-
cantly. Twenty structures were calculated at each iteration. Floating
assignment of prochiral groups and correction for spin diffusion were
applied (Folmer et al., 1997; Linge et al., 2004). The best seven struc-
tures in terms of lowest global energy were selected at the end of each
iteration and used in the following iteration for the assignment of addi-
tional NOEs. In the ninth iteration, the structures were refined by mo-
lecular dynamics simulation in water (Linge et al., 2003). The best
20 structures in energetic terms were selected as representative of
the F1 TnC structure and used for statistical analysis.

The overall quality of the structure was inspected using the
PROCHECK (Laskowski et al., 1996) and WHAT IF (Vriend, 1990) soft-
ware packages. The coordinates were deposited in the PDB (PDB
code: 2jnf).

Spectroscopic Measurements

Absorbance measurements were carried out with a Jasco V-550 UV/
vis spectrophotometer. Uncorrected fluorescence emission spectra
were recorded using a SPEX FluoroMax fluorimeter with excitation
and emission bandwidths of 1.7 and 5 nm, respectively. Intrinsic tryp-
tophan fluorescence could not be used, as none of the components
contains a tryptophan residue. The Ky values of the different com-
plexes were estimated using competition experiments with the 26 res-
idue peptide melittin. This peptide, which contains a tryptophan in
position 19, forms high-affinity 1:1 complexes both with apo and
holo TnC, which produce a blue shift and an intensification of the tryp-
tophan fluorescence. The affinities of melittin for holo and apo TnC
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were determined to be 5.2 + 1.2 nM and 26 + 7 nM, respectively. The
affinities for TnH(126-159) were determined by competition experi-
ments in which solutions containing both melittin and TnH(126-159)
were titrated with TnC, whereas for TnH(30-61) they were determined
using displacement experiments in which the peptide was titrated into
a solution containing the TnC/melittin complex (see Martin and Bayley,
2002 for details).

Far-UV CD spectra were recorded on a Jasco J-715 spectropo-
larimeter. Thermal denaturation was followed by monitoring the far-
UV CD signal at 222 nm while changing the temperature from 2°C to
95°C at 1 degree/min. Chemical denaturation was followed by moni-
toring the far-UV CD signal at 222 nm. Titrations were performed by
adding aliquots of protein in concentrated urea (10 M) to a solution
of the protein at the same concentration in aqueous buffer. All mea-
surements were made at 20°C (unless otherwise noted) in 25 mM
Tris-HCI, 100 mM NaCl (pH 6.8) with added Ca?* (250 uM) or EGTA
(1 mM) where necessary.

Ca?* Binding Studies

Ca?* dissociation constants for F1 TnC in the presence and absence of
the TnH peptides were determined from Ca?* titrations of apo protein
samples performed in the presence of the chromophoric Ca®*-chelator
5,5'-dibromo-BAPTA. The dissociation constants were obtained from
nonlinear least-squares fits directly to the experimentally observed
titration curves. The equilibrium dissociation constant for the binding
of Ca®* to 5,5'-dibromo-BAPTA under the buffer conditions employed
in this study was determined to be 1.8 + 0.1 pM.

NMR Titrations

The concentrations of highly concentrated stock solutions of the pep-
tides, in 100 mM KCIl and 20 mM Tris-HCI, were measured in triplicated
copies by amino acid analysis. The pH was adjusted to 6.8 with small
additions of a 0.01 M NaOH solution. The pH was checked after the
final peptide addition to make sure that it had remained constant
throughout the titration. Complex formation was probed by recording
"H-"®N HSQC spectra acquired at 600 MHz either on a Varian Inova or
on an Advanced Bruker spectrometer equipped with a cryoprobe. The
final F1 TnC/TnH(30-61) and TnC/TnH(126-159) molar ratios were 1:3
and 1:2.5, respectively.

To prepare the F1 TnC/TnH(1-224) and TnC/Tnl(1-340) complexes,
both components were dissolved in 8 M urea, mixed, and then refolded
by gradually eliminating urea by dialysis. The final molar ratio F1 TnC/
TnH(1-224) was approximately 1:1.5. The buffer composition was
20 mM Tris-HCI (pH 6.8) and either 200 mM or 500 mM KClI for the F1
TnC/TnH(1-224) and F1 TnC/TnH(1-340) complexes, respectively.

Molecular Modeling and Structural Analysis

The relevant sequences were aligned with ClustalX and submitted to
Swiss-PdbViewer (version 3.7) (http://www.expasy.org/spdbv/). The
resulting model was superposed to the templates using the SSM
server (http://www.ebi.ac.uk/msd-srv/ssm/) and analyzed in detail
using the graphic program Insight2 (Accelrys). The network of interac-
tions was determined by WHAT IF (Vriend, 1990).

Yeast Two-Hybrid Studies of Protein Interactions

Lethocerus TnC and TnH cDNA constructs were amplified by PCR us-
ing full-length cDNA in pCRIl or pCRT7 vectors as a template. The TnC
constructs used for yeast two-hybrid assays were: F1 (residues 1-
158), F1 mIV (mutated site IV), F1AC(1-140), and F1AN(81-158); these
were amplified as described in Qiu et al. (2003).

The constructs of TnH were: TnH(1-484), TnH-N(1-76), TNnHAN(76-
484), TnHAN(76-224), TnHAP(1-340), TnHANAP(76-340), TnH-P(339-
484), TnH(1-224), and TnHAC(1-259). GenBank/EMBL accession
numbers for full-length sequences are: AJ512939 for F1 (LiTnC4),
AJ512940 for F2 (LiTnC1), and AJ621044 for TnH (Tnl1).

Interactions between TnH and TnC were studied using the Match-
maker yeast two-hybrid system (Clontech). TnH constructs were
cloned into the pGBKT7 bait vector that expresses proteins fused to

the GAL4-DNA binding domain. F1 TnC constructs were cloned into
the pGADT7 prey vector that expresses proteins fused to the GAL4-
DNA activation domain. Pairs of TnH and TnC constructs were co-
transformed into Saccharomyces cerevisiae strain AH109. Cells were
grown for up to 10 days at 30°C on agar plates lacking leucine and
tryptophan (SD-2). Activation of the His3 reporter gene was deter-
mined by replating positive clones on agar lacking histidine, leucine,
and tryptophan (SD-3), or histidine, leucine, adenine, and tryptophan
(SD-4). Growth of yeast cells which showed interaction between bait
and prey was scored on SD-3 or SD-4 plates.

Supplemental Data

Supplemental Data include four figures and can be found with this
article online at http://www.structure.org/cgi/content/full/15/7/813/
DC1/.
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