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Abstract

In muscle thin filaments, the inhibitory region (residues 96-117) of troponin I (Tnl) is thought to
interact with troponin C (TnC) in the presence of Ca2* and with actin in the absence of Ca2*. To
better understand these interactions, we prepared mutant Tnls which contained a single Cys-96 or
Cys-117 and labeled them with the thiol-specific fluorescent probe N-(iodoacetyl)- A -(1-sulfo-5-
naphthyl)ethylenediamine (IAEDANS). We characterized the microenvironments of the AEDANS
labels on Tnl in the presence and absence of Ca2* by measuring the extent of acrylamide
quenching of fluorescence and lifetime-resolved anisotropy. In the troponin-tropomyosin (Tn—
Tm) complex, the AEDANS labels on both Cys-96 and Cys-117 were less accessible to solvent
and less flexible in the presence of Ca2*, reflecting closer interactions with TnC under these
conditions. In reconstituted thin filaments, the environment of the AEDANS on Cys-96 was not
greatly affected by Ca2*, while the AEDANS on Cys-117 was more accessible but significantly
less flexible as it moved away from actin and interacted strongly with TnC in the presence of
Ca?*. We used fluorescence resonance energy transfer (FRET) to measure distances between
AEDANS on Tnl Cys-96 or Cys-117 and 4-{[(dimethylamino)phenyl]azo}phenyl-4’-maleimide
(DABmMal) on actin Cys-374 in reconstituted thin filaments. In the absence of Ca2*, the mean
distances were 40.2 A for Cys-96 and 35.2 A for Cys-117. In the presence of Ca2*, Cys-96 moved
away from actin Cys-374 by ~3.6 A, while Cys-117 moved away by ~8 A. This suggests the
existence of a flexible “hinge” region near the middle of Tnl, allowing amino acid residues in the
N-terminal half of Tnl to interact with TnC in a Ca2*-independent manner, while the C-terminal
half of Tnl binds to actin in the absence of Ca2* or to TnC in the presence of Ca2*. This is the first
report to demonstrate structural movement of the inhibitory region of Tnl in the thin filament.

The muscle thin filament proteins troponin (Tn)! and tropomyosin (Tm) regulate contraction
invertebrate striated muscle by conferring Ca2* sensitivity to the interaction of actin with
myosin in the thick filaments. Tn is composed of three subunits: the Ca2*-binding subunit
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TnC, the inhibitory subunit Tnl, and the Tm-binding subunit TnT (for reviews, see refs 1-5).
Little is known about the three-dimensional structures of Tnl and TnT, and much remains to
be learned about details of Tn subunit interactions with each other, Tm, and actin. A short
segment of Tnl (residues 96-117) comprises an inhibitory region which, like whole Tnl,
binds to actin and inhibits actomyosin ATPase activity in the absence of Ca2*. This
inhibition can be reversed by TnC in the presence of Ca2* (6). Further studies showed that
the N-terminal part of the Tnl inhibitory region interacts with TnC, while the C-terminal half
of the inhibitory region interacts with actin (7, 8). Thus, Ca2*-dependent interactions
between the inhibitory region of Tnl and either actin or TnC are central to the Ca2*-
dependent regulation of muscle contraction. The crystal structure of vertebrate fast skeletal
muscle TnC shows a dumbbell-shaped molecule with two globular domains, each of which
contains a pair of Ca2*-binding sites (9, 10). The sites in the N-terminal domain are
regulatory and Ca2*-specific, while the sites in the C-terminal domain bind both Ca2* and
Mg?2* and play a structural role. Binding of Ca2* to the regulatory sites induces localized
conformational changes which result in the exposure of a hydrophobic pocket in the N-
terminal domain. This pocket interacts with a segment of Tnl (residues 115-131) which
overlaps with the C-terminal part of the Tnl inhibitory region (11, 12).

The aim of this study is to characterize Ca2*-dependent interactions of the inhibitory region
of Tnl with actin and TnC. We prepared single thiol mutants of Tnl which contained either
Cys-96 or Cys-117 at either end of the inhibitory region, and labeled them with the
fluorescent probe 1,5-IAEDANS. We characterized the microenvironments of the AEDANS
labels by measuring the extent of acrylamide quenching of fluorescence and lifetime-
resolved anisotropy. We also labeled Cys-374 of actin with DABmal, and used FRET to
measure distances between AEDANS and DABmal in reconstituted thin filaments.

EXPERIMENTAL PROCEDURES

Proteins.

Cys-less TnC (ACTnC), in which Cys-98 was replaced with Leu, and two single Cys
mutants of Tnl (Cys-96 and Cys-117) were expressed and purified as described previously
(13, 14). TnT (15), Tm (16), and actin (17) were prepared from rabbit fast skeletal muscle
according to previously described methods.

Labeling of Tnl and Actin.

The single Cys residues of Tnl-(Cys-96) and Tnl(Cys-117) were labeled with 1,5-IAEDANS
as described previously (13). The stoichiometry of labeling was 0.60-0.85 mol/mol.
Labeling of Cys-374 of actin with DABmal was carried out as described by Tao et al. (18).
Reaction times were varied to obtain labeling stoichiometries between 0.47 and 0.90. The
substoichiometric labeling yields for the various samples were taken into account when
calculating energy transfer efficiencies.

Labbreviations: CNBr, cyanogen bromide; DABmal, 4-{[(dimethylamino) phenyl]azo}phenyl-4"-maleimide; EGTA, ethylene glycol
bis-(2-aminoethyl ether)tetraacetic acid; FRET, fluorescence resonance energy transfer; HEPES, N-(2-hydroxyethyl)piperazine- A/ -2-
ethanesulfonic acid; IAEDANS, N-(iodoacetyl)-/V -(1-sulfo-5-naphthyl)ethylenediamine; Tm, tropomyosin; Tn, troponin.
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Functional Characterization of Mutant and Labeled Proteins.

Previously described methods (13) were used to show that the mutant and labeled Tnls used
in this study retained the Ca2*-dependent ability of Tnl to regulate actomyosin ATPase
activity in a fully reconstituted system. DABmal-labeled actin has been widely used, and it
has been established that it has retained its biological activity (e.g., ref 18).

Reconstitution of the Tn—Tm Complex and Thin Filaments.

Reconstitution and purification of the ternary complex of Tn from ACTnC, TnT, and labeled
or unlabeled Tnl(Cys-96) or Tnl(Cys-117) were carried out as described previously (19).
After Mono-Q column purification of the reconstituted Tn complex, equimolar amounts of
Tn and Tm were combined and dialyzed against 0.3 M NaCl, 5 mM MgCl,, 0.5 mM EGTA,
and 10 mM HEPES (pH 7.5). To reconstitute thin filaments, the Tn—Tm complex was mixed
with labeled or unlabeled F-actin and phalloidin in a molar ratio of 1:7: 14. The
concentration of the Tn—Tm complex ranged from 0.7 to 1.0 M. The mixture was then
dialyzed against 0.1 M NaCl, 5 mM MgCl,, 0.5 mM EGTA, and 10 mM HEPES (pH 7.5).
Phalloidin was included because it is a well-known stabilizer of actin filaments. Although
phalloidin does somewhat reduce the flexibility of actin filaments (20), it does not alter
cooperative interactions among thin filament proteins (21).

Steady-State Fluorescence Measurements.

Steady-state fluorescence spectral measurements were carried out using an Instruments S. A.
FluoroMax-2 spectrometer (JOBIN YBON-SPECS). All the measurements were carried out
at 25 °C.

Acrylamide Quenching Experiments.

The Tn—Tm complex with AEDANS at Cys-96 or Cys-117 of Tnl in 0.3 M NaCl containing
5 mM MgCl,, 10 mM HEPES (pH 7.5), and either 0.1 mM CaCls (in the presence of Ca2*)
or 0.5 mM EGTA (in the absence of Ca%*) was titrated with freshly prepared 7.6 M
acrylamide in the same solution. The same conditions were used for the reconstituted thin
filaments, except that 0.1 M instead of 0.3 M NaCl was used.

Lifetime-Resolved Anisotropy Measurements.

The theory for the recovery of limiting anisotropy by lifetime-resolved anisotropy (or
quenching-resolved emission anisotropy) measurements has been described in detail (22—
24). Briefly, the measurement of anisotropy reveals the rotational displacement of the
fluorophore during the period of the excited state, i.e., the lifetime z. Decreasing the length
of the duration of the excited state results in a higher steady-state anisotropy. If the
correlation time for motion of the label within the protein, ¢, is much shorter than the
correlation time of overall protein motion, ¢p, i.e. ¢, < ¢p, the extent of the segmental
motions of fluorophore can be estimated from 7, the anisotropy in the absence of rotational
diffusion, and 70), the anisotropy at == 0.

Ur=Ulr(l = a)] +[t/ry(1 = a ), ] @
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where a,is the fraction of the anisotropy which is lost by segmental motion. A plot of 1/r
versus t will be linear, and one can obtain 1//0) from the intercept at = 0 on the 1/raxis.
With a known value of ry, one can use n0) = r5(1 — a,) to calculate the average angular
displacement of segmental motion with the following equation:

r(0)/ry = (3<c0529> -D2=1-a, @

Mean lifetimes were calculated with (32)

<T> =X (a))! 2 (@) ®
and lifetimes in the presence of quencher were obtained from the Stern—\olmer relationship.

7 =1,/(1 + K [quencher]) e\

where t; is the lifetime in the absence of quencher, Ky is the Stern—\olmer constant, and
[quencher] is the molar concentration of acrylamide. The steady-state anisotropy, r, of the
fluorescence was measured as

r= (IVV - IVHG)/(IVV + ZIVHG) (5)

where Ay and Asy are the vertical (parallel) and horizontal (perpendicular) components,
respectively, of the emitted light when excited with vertically polarized light. The factor Gis
defined as /qv//n, Where /4y and /qy are the vertical and horizontal components,
respectively, of the emission when horizontally polarized excited light was used. The
anisotropy in the absence of rotational diffusion, 7, for 1,5-IAEDANS when excited at 370
nm was taken to be 0.35 (26).

Energy Transfer Measurements.

In these experiments, we used AEDANS-labeled Cys-96 or Cys-117 of Tnl as a donor and
DABmal-labeled Cys-374 of actin as an acceptor. To obtain the Férster critical distance, R,
at which the energy transfer is 50% complete, we first measured the quantum yield, Q, of
AEDANS in the thin filament, using quinine bisulfate as a standard (¢=0.55in 0.1 M
H,S0,). The spectral overlap integrals, J, of the donor emission spectra and the acceptor
absorbance spectra in the thin filaments were calculated as

o0
J= f Fd(A)e(A)i*dA ®)
0
where Fd(\) is the normalized fluorescence spectrum, defined as

Fd(4) = F(A)/ / ooF (A)dA M
0
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and (M) is the absorbance spectrum of the acceptor expressed in M=t cm~. Absorbance
spectra were recorded using a JASCO V-550 spectrophotometer. Jwas numerically
integrated at 1 nm intervals. /A (in angstroms) was then calculated from

RS = (8.79 x 10~ *Qux? @®)

where 7 is the refractive index and @ is the quantum yield of the donor in the absence of the
acceptor.

Fluorescence lifetimes were measured using a frequency domain 10 GHz fluorometer
equipped with a Hamamatsu 6 4m microchannel plate detector, as described previously (27).
A pyridine 11 dye laser was used to excite AEDANS at 370 nm. Sample emission was
filtered through an interference filter centered at 500 nm.

Acrylamide Quenching.

Acrylamide is a polar, uncharged compound that has been shown to quench the fluorescence
of intrinsic tryptophan (28) or an extrinsic probe such as AEDANS (29). We used
acrylamide as a quencher to measure Stern—-Volmer quenching constants (Kg,) of our
AEDANS fluorophores in both the Tn—Tm complex and reconstituted thin filaments, in the
presence and absence of Ca2* (Figure 1). We obtained quenching rate constants (k) from
the Kgy and the mean lifetimes according to

kg =K /(7) ©)

and the results are summarized in Table 1. The A value for Tnl Cys-96 in reconstituted thin
filaments was the same in both the presence and absence of Ca2*, while in all other cases we
obtained reproducible Ca2*-dependent changes of 10-26%. Ca2*-dependent changes in Ky
values (see Table 1) show that the effects of Ca2* on the quenching of AEDANS
fluorescence differed between the Tn—Tm complex and reconstituted thin filaments. In the
Tn—Tm complex, AEDANS labels at both Cys-96 and Cys-117 were less exposed to the
acrylamide quencher in the presence of CaZ*, as shown by lower Kq values. In reconstituted
thin filaments, on the other hand, AEDANS at Tnl Cys-117 was more exposed to quencher
(higher Kj) in the presence of Ca2*, while Ca?* had no effect (unchanged Kj) on the
accessibility of AEDANS at Tnl Cys-96. Our Ky measurements were precise within a
standard deviation of £0.01, so the differences we observed are statistically significant.

Lifetime-Resolved Anisotropy of AEDANS at Tnl Cys-96 and Tnl Cys-117.

We also examined the flexibilities of the AEDANS labels on Tnl by measuring their
lifetime-resolved anisotropies in Tn—Tm complexes and reconstituted thin filaments in the
presence and absence of Ca2*. As shown in Figure 2, plots of 1/rversus are linear. From
the extrapolated intercepts at =0 on the 1/raxis, we obtained limiting anisotropy values,
10), which are listed in Table 1. In the Tn—Tm complexes, there is little difference between
the flexibilities of AEDANS labels on Cys-96 and Cys-117. In reconstituted thin filaments,
n0) values are higher for Cys-117 than for Cys-96, showing that the AEDANS on Tnl
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Cys-117 is less flexible than the AEDANS on Tnl Cys-96. The flexibilities of the two
AEDANS labels were affected by Ca2* in different ways. For Tnl Cys-117, in both the Tn—
Tm complex and reconstituted thin filaments, higher #0) values show that the AEDANS
label is less flexible in the presence of Ca2*. For Tnl Cys-96 in the Tn—-Tm complex, a
decreased flexibility in the presence of Ca2* is also seen, although the difference is smaller
than for Cys-117. For Tnl Cys-96 in the reconstituted thin filaments, on the other hand, a
lower 7(0) value shows that the AEDANS label is somewhat more flexible in the presence of
Ca2*. We used the 7(0) values to calculate minimum and maximum & values (Rmn and
Rmax respectively) as discussed below (see Table 2).

Effects of Ca?* on Distances between Tnl and Actin.

We used AEDANS-labeled Cys-96 or Cys-117 of Tnl as a donor and DABmal-labeled
Cys-374 of actin as an acceptor to obtain distances in reconstituted thin filaments. The
overlap integrals, J, of donor fluorescence spectra and acceptor absorbance spectra were
calculated in the presence and absence of Ca2* (see Table 2). Férster critical distances, Ry,
were calculated from the quantum yields (@) and overlap integrals (J), assuming 7 = 14 and
x2 = 2/3 (see Table 2). The frequency domain intensity decays of the labeled thin filaments
were used to calculate fluorescence lifetimes. Representative fits for Tnl Cys-117 in the
presence and absence of Ca2* are shown in Figure 3. The mean distances, R, obtained
from these experiments (see Table 2) show that, in the thin filaments, Tnl Cys-117 is ~8 A
further away from actin Cys-374 in the presence of Ca2* than in the absence of Ca2*, while
the distance between Tnl Cys-96 and actin Cys-374 is ~3.6 A greater in the presence of
Ca?*. These results were further confirmed by steady-state fluorescence intensity
measurements obtained while titrating the AEDANS-labeled Tn—Tm complex with either
unlabeled actin or DABmal-labeled actin (data not shown).

DISCUSSION

Environment of Tnl Cys-96 and Cys-117 in the Tn—Tm Complex and Reconstituted Thin
Filaments.

Our lifetime-resolved anisotropy measurements and acrylamide quenching data indicate that
the effects of CaZ* on the environments of Tnl Cys-96 and Cys-117 in the Tn—Tm complex
differ from the effects in reconstituted thin filaments.

In the Tn—Tm complex, AEDANS labels on both Cys-96 and Cys-117 of Tnl are less
accessible to solvent (although the differences are relatively small) and less flexible in the
presence of Ca?*. These observations support the idea that the Cys-117 region of Tnl
interacts much more strongly with TnC in the presence of CaZ* than in the absence of
Ca?* (1, 11, 12, 14). Our results are compatible with the recently reported (30) NMR
solution structure of a complex of the N-terminal domain of cardiac TnC and the peptide
fragment of residues 147-163 of cardiac Tnl (equivalent to residues 115-131 of skeletal
Tnl), which showed that Ser-149 of cardiac Tnl (equivalent to Cys-117 in our skeletal Tnl
mutant) is close to the N-terminal hydrophobic pocket of TnC.
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Our results are also consistent with the observation that the N-terminal half of the inhibitory
region of Tnl, i.e., near Cys-96, interacts with TnC in a Ca2*-dependent manner (8). The
decreased flexibilities of the AEDANS labels in the presence of Ca2* contrast with our
previous distance distribution studies (13), which showed that the ternary Tn complex
becomes much more flexible when Ca?* binds to the regulatory sites of TnC. It is tempting
to speculate that these differing observations may be due to a constraining effect of Tm in
the Tn—Tm complex, but it must be kept in mind that large, Ca?*-dependent fluctuations in
the overall structure of Tn need not correlate with movements of individual fluorescence
probes.

In the reconstituted thin filament, the effects of Ca2* were different and more pronounced.
For Tnl Cys-96, the environment of the AEDANS fluorophore was not greatly affected by
Ca?"; its accessibility was unchanged, while its flexibility increased only moderately in the
presence of CaZ*. For Tnl Cys-117, the AEDANS fluorophore was more accessible but less
flexible in the presence of Ca2*. Cys-96 and Cys-117 are both located in a region of Tnl that
interacts more closely with actin in the absence of Ca2*, i.e., under conditions in which Tnl
inhibits actomyosin ATPase activity (6, 8). One might expect, therefore, to find that
AEDANS labels on both of these residues would become more flexible as they move away
from actin in the presence of CaZ*. Instead, however, we found that there was a striking
difference between Tnl Cys-96 and Cys-117. There was a large CaZ*-induced decrease in
the flexibility of the AEDANS label on Cys-117, presumably due to tighter interaction of the
Cys-117 region of Tnl with TnC in the presence of Ca2* (11, 12). On the other hand, there
was a modest Ca2*-induced increase in the flexibility of the AEDANS label on Cys-96. This
probably reflects the fact that the region of Tnl around Cys-96 binds much more tightly to
actin in the absence of Ca2* than it does to TnC in the presence of Ca?* (8).

It is also interesting to consider the effect of actin on the flexibilities of the AEDANS labels
attached to Tnl by comparing the #0) values (see Table 1) obtained in the Tn—Tm complexes
with those obtained in the reconstituted thin filaments. Tnl Cys-96 does not interact with
actin in the presence of Ca2* (8), so it is not surprising to find that the flexibility of its
AEDANS label in the presence of Ca2* is the same in both the Tn—Tm complex and thin
filaments. On the other hand, Tnl Cys-96 does interact with actin in the absence of Ca2* (8),
causing the flexibility of the AEDANS label on Cys-96 to be much lower in the thin
filaments than in the Tn—Tm complex. For Tnl Cys-117, the flexibility of the AEDANS
label is always lower in the thin filaments than in the Tn—Tm complex, regardless of whether
Ca?* is present. Thus, even though Tnl Cys-117 interacts tightly with the hydrophobic
pocket in the N-terminal domain of TnC in the presence of CaZ* (11, 12), actin appears to
remain close enough to restrict the mobility of the AEDANS label.

Ca?*-Induced Movement of the Inhibitory Region of Tnl in the Reconstituted Thin Filament.

In our calculations of Ry, we assumed 2 = %3, as it would be if both donor and acceptor
dipoles rotated randomly and rapidly compared to the time scale of energy transfer (27, 31,
32). Limiting anisotropy values, 70) (see Table 1), indicate that AEDANS at Tnl Cys-117 in
the thin filament is relatively rigid in the presence of Ca*. We used 6 values (Table 1), the
half-angle of the cone within which AEDANS rotates rapidly, to calculate Rmin and Rmax
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(Table 2) according to the method described by Stryer (32). It can be seen that the actual /A,
values determined by energy transfer measurements have some degree of uncertainty. In
practice, however, the range of distances should be smaller because this method for
obtaining Rmin and Rmax assumes no rotational freedom of the energy acceptor and a unique
direction of the polarization transitions (32, 33). For example, intermonomer or intra-
monomer distances that were estimated by energy transfer measurements within actin based
on the assumption that x2 = 2/3 showed reasonable agreement with distances obtained by X-
ray diffraction data (34, 35).

The average distances £y, obtained by assuming x2 = 2/3, between AEDANS at Tnl
Cys-117 and DABmal at actin Cys-374 in the reconstituted thin filaments were calculated to
be 35.2 A in the absence of Ca2* and 43.3 A in the presence of Ca2*. Thus, Tnl Cys-117
moves away from actin by ~8 A when Ca2* binds to the regulatory sites of TnC. Previously,
another Tnl amino acid residue, Cys-133, was found to move away from actin Cys-374 by
15 A (36) and away from the nucleotide binding site and GIn-41 of actin by up to 9-10 A
(37), as a result of Ca2* binding to the regulatory sites of TnC. The importance of the
Cys-133 region of Tnl was also suggested by sequence comparisons (38). Later, our cross-
linking studies showed that in binary TnC-Tnl complexes, Cys-117 and Cys-133 of Tnl are
close to Cys-57 and Cys-12, respectively, of mutant TnCs (39, 40). The crystal (9, 10, 41)
and solution (42) structures of TnC show that residues 12 and 57 are located on opposite
sides of the N-terminal, regulatory domain. Little is known about the three-dimensional
structure of Tnl, but the polypeptide segment between residues 117 and 133 binds to the
hydrophobic pocket of TnC’s N-terminal domain in the presence of Ca2* (11). The data
presented here now show that the Ca2*-induced interaction of Tnl with the N-terminal
domain of TnC pulls both ends of the Tnl segment of residues 117-133 away from actin.

We calculated the average distances between AEDANS at Tnl Cys-96 and DABmal at actin
Cys-374 in reconstituted thin filaments to be 40.2 and 43.8 A in the absence and presence of
Ca?", respectively. The difference, 3.6 A, is relatively small, comparable for example to the
distance (4-5 A) between residue 9 of Tnl and the nucleotide-binding site or GIn-41 of actin
(35). While Tnl Cys-96, Cys-117, and Cys-133 all move away from actin Cys-374 when
Ca?* binds to the regulatory sites of TnC, the distances traversed by these residues increase
as one proceeds toward the C-terminus of Tnl along its polypeptide chain. The distance
moved by Cys-96 is less than half of that moved by Cys-117 and less than one-fourth of the
distance moved by Cys-133. This suggests the existence of a flexible “hinge” region near
residue 96 in the middle of the Tnl polypeptide chain, which would allow amino acid
residues in the N-terminal half of Tnl to interact with TnC in a Ca2*-independent manner,
while residues in the C-terminal half of Tnl bind to actin in the absence of Ca2* or to TnC in
the presence of Ca2*. The existence of such a flexible hinge region in Tnl would help to
explain large structural changes in Tnl which occur when Ca2* binds to the regulatory sites
of TnC, as recently detected by neutron scattering of the TnC—Tnl complex (43). This is
illustrated in Figure 4.

In recent years, it has been demonstrated that muscle thin filaments exist in an equilibrium
among three states: “blocked”, “closed”, and “open” (44). A thin filament in the blocked
state cannot bind myosin. In the closed state, the thin filament binds myosin only weakly.
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Myosin binds strongly to an open state thin filament and undergoes structural changes which
accelerate its ATPase activity. Ca2* regulates the equilibrium between these three states of
the thin filament. In the absence of Ca2*, the thin filament exists predominantly in a blocked
state, and the inhibitory region of Tnl interacts with actin. under these conditions, the thin
filament remains relatively rigid (20, 45, 46). When Ca?* binds to the regulatory sites of
TnC, a hydrophobic pocket appears in its N-terminal, regulatory domain and interacts with a
segment of Tnl (residues 115-131) which overlaps with the C-terminal part of the inhibitory
region (11, 12). These structural transitions also create new interactions between TnT and
acidic residues in the N-terminal domain of TnC (47). Then the C-terminal half of Tnl
moves away from actin (36, 37). The N-terminal region of Tnl, on the other hand, does not
move to any great extent relative to actin and TnC when Ca2* binds to the regulatory sites of
TnC (48). The crystal structure of TnC in complex with an N-terminal peptide (residues 1—
47) of Tnl shows the Tnl peptide binding to both the N- and C-terminal domains of TnC
(49). It seems unlikely, therefore, that Ca2*-dependent movement of the C-terminal region,
but not the N-terminal region, of Tnl would be accompanied by any significant movement of
TnC away from actin.

In summary, we used AEDANS-labeled Cys-96 and Cys-117 of mutant Tnls to characterize
Ca?*-dependent changes in the structure and environment of the inhibitory region of Tnl in
the Tn—Tm complex and in reconstituted thin filaments. This is the first report to
demonstrate structural movement of the inhibitory region of Tnl in the thin filament. In the
presence of CaZ* and the absence of strongly bound myosin, the thin filament exists
predominantly in a closed state. As noted by Squire and Morris (5), the closed state of the
thin filament may reflect an intermediate position of the equilibrium between the blocked
and open states rather than a distinct state. We are currently investigating the effect not only
of Ca2* but also of myosin S-1 on distances and distance distributions between actin
filaments and the inhibitory region of Tnl. These studies should shed additional light on the
structural transitions that occur within thin filament proteins going from the closed to the
open state.
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Figure 1:
Effect of Ca2* on acrylamide quenching of AEDANS at Tnl Cys-117: (A) Tn-Tm complex

and (B) reconstituted thin filaments.
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Effects of Ca2* on the lifetime-resolved anisotropy of AEDANS at Tnl Cys-117: (A) Tn-Tm

complex and (B) reconstituted thin filaments.
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Figure 3:
Frequency domain phase and modulation data for AEDANS-labeled Tnl Cys-117 in

reconstituted thin filaments in the (A) absence of Ca2* and (B) presence of Ca?*: (black
symbols) donor only and (white symbols) donor and acceptor. The phase angle increases and
the modulation decreases as the frequency increases. In the presence of the acceptor, the
lifetime decreases; thus, the frequency responses shift to higher frequencies. The solid lines
are the best fitted curves for distance distribution analysis.
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Tnl

Figure 4:
Structural changes in Tnl upon binding of Ca2* to the regulatory sites of TnC. Schematic

drawing illustrating a proposed Ca?*-sensitive “hinge” near the middle of the Tnl
polypeptide chain. In the absence of Ca2* (top), the inhibitory region (residues 96-117) and
a second actin-binding site (region near residue 133) of Tnl interact with actin—Tm. Binding
of Ca?* to the N-terminal, regulatory sites of TnC (bottom) exposes a hydrophobic pocket in
TnC’s N-terminal domain. Tnl residues 117-133 interact with the newly exposed
hydrophobic pocket of TnC, moving the C-terminal part of Tnl away from actin~Tm. The
environment of the AEDANS label on Tnl residue 96 does not change significantly when
Ca?* binds to the regulatory sites of TnC, but the side chain of the AEDANS label on Tnl
residue 117 becomes less flexible as it moves toward the hydrophobic pocket of TnC.
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Table 1:

Fluorescence Quenching and Anisotropy of AEDANS-TnI

labeled Ky (7) kgx107 6
position complex c* MY (ns) (M1sh r(0) (deg)
Cys-96 Tn-Tm yes 4.3 155 0.28 0234 265
no 5.1 16.2 0.31 0.198 32.6
thin filament  yes 4.3 15.1 0.28 0.234 265
no 3.7 13.4 0.28 0.267 23.4
Cys-117  Tn-Tm yes 3.7 17.2 0.21 0.225 29.2
no 4.2 17.4 0.24 0.176 35.1
thin filament  yes 2.6 17.3 0.15 0.337 9.1
no 2.1 18.0 0.11 0.287 20.3
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Distances between AEDANS-Tnl and DABmal on Cys-374 of Actin in Reconstituted Thin Filaments®

Table 2:

labeled 3% 104M-1 5{);2/3) g“;‘“ fﬁ; i&“;a"

position Ca?* Q cm™t mm#)

Cys-96 yes 0.15 7.09 355 320 438 56.9
no 0.14 7.01 35.0 28.1  40.2 52.6

Cys-117 yes 0.22 6.85 37.6 223 433 58.1
no 0.25 7.03 38.7 236 352 46.4

HR0(2/3) is the Forster critical distance.
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