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Troponin T (TnT) is an essential component of troponin (Tn) for the Ca2+-regulation of
vertebrate striated muscle contraction. TnT consists of an extended NH2-terminal
domain that interacts with tropomyosin (Tm) and a globular COOH-terminal domain
that interacts with Tm, troponin I (Tnl), and troponin C (TnC). We have generated two
mutants of a rabbit skeletal P-TnT 25-kDa fragment (59-266) that have a unique cysteine
at position 60 (N-terminal region) or 250 (C-terminal region). To understand the spatial
rearrangement of TnT on the thin filament in response to Ca2+ binding to TnC, we mea-
sured distances from Cys-60 and Cys-250 of TnT to Gln-41 and Cys-374 of F-actin on the
reconstituted thin filament by using fluorescence resonance energy transfer (FRET).
The distances from Cys-60 and Cys-250 of TnT to Gln-41 of F-actin were 39.5 and 30.0 A,
respectively in the absence of Ca2+, and increased by 2.6 and 5.8 A, respectively upon,
binding of Ca2+ to TnC. The rigor binding of myosin subfragment 1 (SI) further
increased these distances by 4 and 5 A respectively, when the thin filaments were fully
decorated with SI. This indicates that not only the C-terminal but also the N-terminal
region of TnT showed the Ca2+- and Sl-induced movement, and the C-terminal region
moved more than N-terminal region. In the absence of Ca2+, the rigor SI binding also
increased the distances to the same extent as the presence of Ca2+ when the thin fila-
ments were fully decorated with SI. The addition of ATP completely reversed the
changes in FRET induced by rigor SI binding both in the presence and absence of Ca2+.
However, plots of the extent of Sl-incuced conformational change vs. molar ratio of SI
to actin showed hyperbolic curve in the presence of Ca2+ but sigmoidal curve in the
absence of Ca2+. FRET measurement of the distances from Cys-60 and Cys-250 of TnT to
Cys-374 of actin showed almost the same results as the case of Gln-41 of actin. The
present FRET measurements demonstrated that not only Tnl but also TnT change their
positions on the thin filament corresponding to three states of thin filaments (relaxed,
Ca2+-induced or closed, and Sl-induced or open states).
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In striated muscle, the interaction between actin and myo- sin is regulated by tropomyosin (Tm) and troponin (Tn) on
the actin filament in response to changes of intracellular
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26-kDa fragment of TnT that lacks the N-terminal 52
© 2002 by The Japanese Biochemical Society. amino acid residues was found to have the same properties
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as the intact TnT with regard to both the Ca2+-regulating
action and tropomyosin binding (4). A P-type TnT 25 kDa
fragment of rabbit skeletal muscle that lacks the entire N-
terminal variable region and contains near the carboxyl-
terminus a segment of 14 residues that is changed from the
a-type to the P-type sequence, was expressed in Escherichia
coli. This 25-kDa fragment (residues: 59-266) is function-
ally identical to the native a-TnT and is soluble at low ionic
strength, unlike the native a-TnT (5).

Numerous studies have characterized the interaction
between the thin filament proteins to deduce how the Ca2+-
triggering signal is propagated from TnC to the rest of the
thin filament [for a review, see Gordon et al. {6)]. Recent
biochemical studies suggest that there may be three states
of the thin filament (blocked, closed, and open) (7-9). The
equilibrium between blocked and closed states is Ca2+-sen-
sitive, and strong SI binding induces the fully activated
open state. X-ray diffraction data of skinned fibers or ori-
ented filaments and 3D-EM data of isolated thin filaments
have been interpreted to indicate three positions of Tm cor-
responding to the three-state model. This interpretation
supports the steric blocking theory in which Tm blocks the
myosin binding site by changing the positions on an actin
filament (10, 11). However, the Ca2+-induced conforma-
tional change of the thin filament cannot clearly be
assigned as a Tm movement from these data, since the con-
tributions of Tn and/or actin conformational changes are
neglected in these analyses. Recent 3D-EM demonstrated
that the main body of Tn moves with Tm towards the outer
domain of the actin filament during inhibition (12, 13). On
the other hand, fluorescence resonance energy transfer
(FRET) has been extensively used for studying the spatial
relationships between residues on muscle proteins (14, 15).
This method is especially valuable for detecting small con-
formational changes, since the transfer efficiency is a func-
tion of the inverse of the sixth power of the distance be-
tween probes. In this method, fluorescence donor and ac-
ceptor molecules are specifically labeled so that the assign-
ment of the conformational change is direct. Several at-
tempts have been made to detect conformational changes of
Tm and Tn on the reconstituted thin filament. With Ca2+

binding to TnC, the distances between Cys-133 of Tnl and
Cys-374, Gln-41 or the nucleotide-binding site of actin in-
creased by 10-15 A (16-21). The distance was increased
further by ~7 A by rigor SI binding (20, 21). FRET mea-
surements clearly showed that the inhibitory and C-termi-
nal regions of Tnl change their positions on actin, cor-
responding to three states of the thin filament (locked,
closed, and open). However, the transfer efficiency between
probes attached to Tm (at position 87 or 190) and actin (at
position 41, 61, 374, or the nucleotide-binding site) was lit-
tle sensitive to Ca2+- or Sl-binding (16, 22-24).

Among Tn subunits, TnT has not been used much for
FRET measurements, partly due to the relatively low solu-
bility of this protein and perhaps also because of the lack of
a cysteine residue for fluorescence labeling in all known
vertebrate isoforms other than bovine cardiac TnT. In the
present study, we have generated single-thiol mutants of a
rabbit skeletal (3-type TnT 25-kDa fragment in which a sin-
gle cysteine residue was introduced at position 60 (number-
ing is on the full-length TnT) in the N-terminal region or
250 in the C-terminal region. Then FRET between these
points of TnT and Cys-374 or Gln-41 of actin on reconsti-

tuted thin filaments was measured in the presence or ab-
sence of Ca2+ ion or SI.

MATERIALS AND METHODS

Reagents—Phalloidin from Amantina phalloides was
purchased from Boehringer Mannheim Biochemica. IAE-
DANS, DABMI, and FLC were purchased from Molecular
Probes. BCA Protein assay reagent was from Pierce Chemi-
cals. All other chemicals were analytical grade.

Protein Preparations—Actin, SI, and Tn were prepared
from rabbit skeletal muscle as reported previously (16). a-
Tm was extracted from rabbit hearts as previously reported
(16). Microbial transglutaminase was a generous gift from
Food Research and Development Laboratories, Ajinomoto.

Single-cysteine TnT25k mutants were constructed using
a recombinant 25-kDa fragment of TnT, the sequence of
which was based on the rabbit fast skeletal muscle p-TnT
and lacks 58 amino .acid residues at the N-terminus. The
numbering of the amino acid sequence in the mutants is
the same as in the full-length TnT, so that it begins with 59
and ends at 266. To prepare the mutant TnT25k (E60C)
and TnT25k (S250C), we started with a cDNA for a full-
length (3-TnT (25). To construct TnT25k (S250C), mutagen-
esis was carried out on a pUC119 template using standard
protocols of the Sculptor in vitro mutagenesis system
(Amersham). The oligonucleotide designed as an anti-sense
sequence to mutate sense single-stranded DNA was as fol-
lows (the mutant codon is underlined): TnT-Ser250Cys, TT
CTTGCAGTGCTTC. DNA sequencing screened out clones
containing the designed mutations. To construct the expres-
sion plasmid pTrc-TnT25k (S250C), the Accl and EcoRl
fragment from the resultant plasmid was inserted into the
plasmid pTrc99C between the Ncol and .EcoRI sites, to-
gether with a pair of 14 bp oligonucleotides which fill the
gap between the Ncol and Accl sites (5). To construct
TnT25k (E60C), the Accl-EcoRl fragment containing the
TnT25k coding sequence was inserted into the Ncol and
.EcoRI sites of pTrc99C together with a pair of oligonucle-
otides. The oligonucleotides, which fill the gap between the
Ncol and Accl sites, were designed to replace Glu-60 with
cysteine as follows (the mutant codon is underlined): Glu-
60 -» Cys, sense: CATGGGTTGTAAAGT; antisense: CTA-
CTTTACAACC. Both mutants in the expression vector
were confirmed by DNA sequencing.

Expression and purification of single cysteine TnT25k
mutants was carried out as follows. TnT25k (E60C) and
TnT25k (S250C) were expressed in AD202 (26): 50 ml of
the bacterial cells with TnT mutant-expression plasmids
were grown overnight at 37°C in LB medium supplemented
with 50 |xg/ml ampicillin, which was then used to inoculate
1 liter of the same medium. The main culture was shaken
at 300 rpm and 37°C for about 1 h until A ^ reached be-
tween 0.7 and 0.8. The addition of IPTG to a final concen-
tration of 0.1 mM started induction of protein expression,
and the culture was continued for about 16 h under the
same conditions. The cells were harvested by centrifugation
at 6,000 xg for 10 min, and washed once with 50 mM Tris-
HC1 (pH 8.0), 1 mM EDTA. Expressed single cysteine
TnT25k mutants went into the insoluble fraction. The cells
were frozen, thawed and resuspended in 50 mM Tris-HCl
(pH 8.0), 8% sucrose, 5% Triton X-100, and 50 mM EDTA
(STET). Lysozyme was added to a concentration of 0.2 mg/
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ml and the suspension was incubated at 4°C for 1 h. The
mixture was sonicated 3 times ea_ch for 5 min. Pellets were
collected by centrifugation at 10,000 xg for 30 min and
resuspended in STET. The sonication procedure was re-
peated twice in STET and then once more in 50 mM Tris-
HC1 (pH 8.0), 1 mM EDTA. The pellets were resuspended
in 6 M urea, 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1
mM NaN3 (solution A) containing inhibitor cocktail (Roche
Diagnostics, one tablet per 50 ml of solution), and the sus-
pension was sonicated again. Solubilized TnT25k mutants
were obtained in the supernatant after centrifugation at
10,000 xg for 30 min. The supernatant was applied to a Q-
sepharose fast flow column (Pharmacia LKB Biotechnology,
2.5 x 10 cm) equilibrated with solution A. The flow-through
fraction was then applied to a CM-Toyopearl 650 M column
(Toso, 2.5 x 10 cm) equilibrated with solution A. TnT25k
mutants were eluted with a 0.5 M NaCl step. The fraction
containing TnT25k mutants were dialyzed against 25 mM
phosphate buffer (pH 7.0) and 0.5 M KC1, then applied to a
Celulofine column (Seikagaku industry, 2.5 x 5 cm) equili-
brated with the same buffer. The TnT25k mutants were
eluted from the column with 0.25 M phosphate buffer (pH
7.0). Protein concentrations were determined by use of
absorption coefficients of A290 = 0.63 (mg/ml)-1 cm"1 for G-
actin, and A280 = 0.75 (mg/ml)-1 cm"1 for SI, 0.31 (mg/ml)-1

cm"1 for Tm, 0.45 (mg/ml)-1 cnr1 for Tn and 0.67 (mg/ml)-1

cm"1 for TnT25k. The concentrations of labeled proteins
were measured with the BCA protein assay reagent with
the respective unlabeled proteins as standards. Relative
molecular masses of 42,000 for actin, 115,000 for SI, 66,000
for Tm, 69,000 for Tn, 25,000 for TnT 25K, and 38,000 for
transglutaminase were used.

Labeling of Proteins—Actin was labeled at Glu-41 with
FLC or at Cys-374 with DABMI as described previously by
(19). TnT25k mutants were incubated with a 10-fold molar
excess of IAEDANS in 0.5 M KC1 and 20 mM phosphate
buffer (pH 7.0) for 3 h at 25°C. The reaction was terminated
by the addition of 1.0 mM DTT, and the sample solution
was dialyzed against 5 mM Tris-HCl (pH 8.0) and 0.4 M
KC1 exhaustively to remove free IAEDANS.

Reconstitution of Ternary Tn Complexes with AEDANS-
Labeled TnT25k Mutants—Tn subunits including TnT25k
mutants were combined in a solution containing 6 M urea,
0.4 M KC1, 1 mM CaCl2, 1 mM dithiothreitol and 20 mM
Tris-HCl (pH 8.0). TnT25k mutants, TnC and Tnl were
mixed in a molar ratio 1:1:1.2. The mixture was then dia-
lyzed consecutively against KC1 solutions of 1 M, 0.5 M, 0.3
M, 0.1 M, and 30 mM, each containing 1 mM CaCl2,10 mM
P-mercaptoethanol and 20 mM Tris-HCl (pH 8.0). After
dialysis, the protein solution was clarified by centrifugation
and applied to a Hitrap-Q column (Pharmacia) equilibrated
with 30 mM KC1, 1 mM CaCL,, and 20 mM Tris-HCl (pH
8.0). The ternary complex was eluted with a linear gradient
of 30 mM-0.3 M KC1 in the same solution. Fractions con-
taining pure complex were identified by SDS gel electro-
phoresis. The purified Tn complex was dialyzed against 5
mM Tris-HCl (pH 8.0) and 0.1 M KC1.

Spectroscopic Measurements—Absorption was measured
with a Hitachi U2000 spectrophotometer. Steady-state fluo-
rescence was measured with a Perkin Elmer LS50B fluo-
rometer. The temperature was maintained at 20°C. The
absorption coefficients of 24,800 M"1 cm"1 at 460 nm for
DABMI (27), 75,500 M"1 cm"1 at 493 nm for FLC (28), and

6,100 M"1 cm"1 at 334 nm for IAEDANS (29) were used for
the determination of labeling^ratios. The typicaL labeling
ratios were 0.96 for DAB-F-actin, 1.0 for FLC-F-actin, 0.75
for AEDANS-250-Tn, and 0.74 for AEDANS-60-Tn.

Fluorescence Resonance Energy Transfer—The efficiency
E of resonance energy transfer between probes was deter-
mined by measuring the fluorescence intensity of the donor
in the presence (FDA) and absence (FD0) of the acceptor as
given by

E=1-FDA/FD (1)

The efficiency is related to the distance (R) between donor
and acceptor, and Forster's critical distance (Ro) at which
the transfer efficiency is equal to 50% by

E = R6/(R6+R0
6)

Ro can be obtained (in nm) with

RQ
e = (8.79 x 10"u) n-

(2)

(3)

where n is the refractive index of the medium taken as 1.4,
K2 is the orientation factor, Qo is the quantum yield of the
donor in the absence of the acceptor, and J is the spectral
overlap integral between the donor emission FB (A) and
acceptor absorption eA(A) spectra defined by

J = JFD(A) eA(A)A4dA/JFD(A) dA (4)

The quantum yield was determined by a comparative
method using quinine sulfate in 1 M HjSO,, as the stan-
dard, which has an absolute quantum yield of 0.70 (30). K2

was taken as 2/3 for calculation of distances. The decrease
of the fluorescence intensity due to inner filter effects was
corrected with

1 n(Aex+AemV2 (5)

where Aex and Aem are absorption of the sample at the exci-
tation and emission wavelengths, respectively.

Other Methods—Mg-ATPase activity was measured by
the method of Tausky and Shorr (31). Measurements were
performed at 25°C in 10 mM KC1, 5 mM MgCl2, 2 mM ATP,
20 mM Tris-HCl (pH 7.6), 1 mM DTT and 50 |JLM CaCl2 for
the +Ca2+ state or 1 mM EGTA for the -Ca2+ state. Protein
concentrations were 4 \xM F-actin, 0.57 n-M Tm, 0.67 JJM
Tn and 1 (xM SI.

DNA sequencing was performed using the ABI PRISM
377 DNA Sequencing System (ABI PRISM BigDye Termi-
nator Cycle Sequencing Ready Reaction Kit; Applied Bio-
systems). We used -21M13 universal primer or appropriate
specific primers synthesized based on Ptrc99C sequences.

RESULTS

The AEDANS moiety bound to Cys-60 or Cys-250 of mu-
tant 25-kDa fragments of (3-TnT was used as the energy
donor, while FLC or DABMI attached to Gln-41 or Cys-374
of actin, respectively, was used as the energy transfer
acceptor. Cys-60 is located at the 2nd residue from the N-
terminus and Cys-250 at the 17th residue from the C-ter-
minus of the 25-kDa fragment of TnT. The regulatory activ-
ity of Tn complexes reconstituted with the AEDANS-
labeled TnT25k mutants was tested. The MgATPase activi-
ties of the reconstituted system composed of F-actin, SI,
Tm and the mutant Tn complexes were measured in the
presence and absence of Ca2+. The mutant Tn complexes
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inhibited acto-Sl-MgATPase activity in the absence of Ca2+,
and the inhibition was released by the addition of Ca2+ as
efficiently as that of the wild-type Tn complex. ATPase
measurements indicate that neither the mutation nor the
labeling of AEDANS affected the regulatory activity of TnT.

FRET between Cys-60 or Cys-250 of TnT and Gln-41 or
Cys-374 ofF-Actin on Reconstituted Thin Filaments in the
Presence and Absence of Ca2+—The absorption spectrum of
FLC bound to actin overlaps well with the fluorescence
emission spectrum of AEDANS bound to TnT (Cys-60 and
250). The overlap integral, J, was calculated to be 16.6 x
1014 M"1 cm-1 nm4 for the AEDANS-60-Tn/FLC-F-actin pair
and 17.4 x 1014 M-1 cm"1 nm4 for the AEDANS-250-Tn/FLC-
F-actin pair. The quantum yields of AEDANS-60-Tn were
0.26 and 0.30 in the presence and absence of Ca2+, respec-
tively, and those of AEDANS-250-Tn were 0.34 and 0.37 in
the presence and absence of Ca2+, respectively. By taking of
n = 1.4 and K2 = 2/3, the Forster's critical distance, Ro, for
the AEDANS-60-Tn/FLC-F-actin pair was determined to be
43.3 and 44.3 A in the presence and absence of Ca2+,
respectively. Ro for the AEDANS-250-Tn/FLC-F-actin pair
was determined to be 45.6 and 46.3 A in the presence and
absence of Ca2+, respectively.

Figure 1 shows the fluorescence spectra of AEDANS-250-
Tn on the reconstituted thin filaments in the presence
(curves 2 and 5) and absence (curves 1 and 4) of an accep-
tor (FLC bound to F-actin). The solvent conditions were 30
mM KC1, 20 mM Tris-HCl (pH 7.6), 2 mM MgCl2, 0.1 mM
ATP, 1 mM NaN3 (buffer F), and 50 uM CaCl2 for the +Ca2+

state (curves 1 and 2) or 1 mM EGTA for the -Ca2+ state
(curves 4 and 5) at 20°C. The donor fluorescence was signif-
icantly quenched in the presence of the acceptor at wave-
lengths shorter than 480 nm. This can be attributed mainly
to resonance energy transfer from AEDANS-Tn to FLC-F-
actin. Removal of free Ca2+ ions by the addition of 1 mM
EGTA increased the donor fluorescence intensity in the
absence of the acceptor but, on the contrary, decreased it

tuu -
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/ /

/
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Fig. 1. Fluorescence spectra of AEDANS bound to Cys-250 of
TnT on reconstituted thin filaments in the presence and ab-
sence of an acceptor (FLC bound to Gln-41 of actin). (1) F-actin/
Tm/AEDANS-Tn/+Ca2+, (2) FLC-F-actin/Tm/AEDANS-Tn/+Ca2+, (3)
FLC-F-actin/Trn/Tn/±Ca2*, (4) F-actin/Tm/AEDANS-Tn/-Ca2+, (5)
FLC-F-actin/Tm/AEDANS-Tn/-Ca2+. Spectra were measured at 20°C
in 30 mM KC1, 2 mM MgCL,, 20 mM Tris-HCl (pH7.6), 1 mM NaN3

(buffer F), and 50 (JIM CaCl2 for the +Ca2+ state or 1 mM EGTA for
the —Ca2+ state. The concentrations of actin, Tm and Tn were 0.2,
0.044, and 0.042 mg/ml, respectively. Excitation was at 340 nm. The
fluorescence spectra of curves 2,3, and 5 at wavelengths longer than
480 nm, which are derived mainly from FLC with an emission peak
at 520 nm, are omitted from the figure.

significantly in the presence of the acceptor. The transfer
efficiency on reconstituted thin filaments was greater in the
absence than that in the presence of Ca2+. The fluorescence
spectra of AEDANS-60-Tn on the reconstituted thin fila-
ments were also measured in the presence and absence of
the acceptor (FLC bound to F-actin) under the same sol-
vent conditions as AEDANS-250-Tn, and almost the same
results were observed. Compared with AEDANS-60-Tn, the
fluorescence intensity of AEDANS-250-Tn was substan-
tially quenched by FLC-F-actin in the presence of Ca2+, and
the extent of quenching was greatly increased by removal
of Ca2+. The results indicate that the C-terminal region of
TnT is located closer to Gln-41 of F-actin than the N-termi-
nal region, and that the Ca2+-induced distance change of
the C-terminal region was larger than that of the N-termi-
nal region of TnT.

FRET between DABMI attached to Cys-374 on F-actin
and AEDANS-60-Tn or AEDANS-250-Tn was measured.
The overlap integral, J, was calculated to be 6.52 x 1014 M"1

cm"1 nm4 for the AEDANS-60-Tn/DAB-F-actin pair and
6.64 x 1014 M"1 cm"1 nm4 for the AEDANS-250-Tn/DAB-F-
actin pair. The Forster's critical distance, Ro, of AEDANS-
60-Tn/DAB-F-actin pair was determined to be 37.1 and
37.9 A in the presence and absence of Ca2+, respectively. Ro

of the AEDANS-250;Tn/DAB-F-actin pair was determined
to be 38.9 and 39.4 A in the presence and absence of Ca2+,
respectively. Figure 2 shows the fluorescence spectra of
AEDANS-60-Tn on reconstituted thin filaments in the
presence (curves 2 and 5) and absence (curves 1 and 4) of
the acceptor (DABMI bound to F-actin). These spectra were
measured under the same solvent conditions as in Figure 1
but with DABMI bound to Cys-374 as the acceptor instead
of FLC bound to Gln-41 of actin.

FRET between DAB-F-actin and AEDANS-60-Tn or
AEDANS-250-Tn showed a similar Ca2+-induced change in
the transfer efficiency to that observed with FLC-F-actin.
The donor fluorescence was more strongly quenched in the
absence than in the presence of Ca2+, indicating that Cys-
60 and Cys-250 on TnT move closer to Cys-374 on F-actin
in the absence of Ca2+.

To obtain more quantitative data on the transfer effi-

300-,

> 200-

100-

400 450 500 550 600

Wavelength (nm)

Fig. 2. Fluorescence spectra of AEDANS bound to Cys-60 of TnT
on reconstituted thin filaments in the presence and absence of
an acceptor (DABMI bound to Cys-374 of actin). (1) F-actin/Tm/
AEDANS-Tn/+Ca2+, (2) DAB-F-actmyTm/AEDANS-Tn/+Ca2+, (3)
DAB-F-actin/Tm/Tn/±Ca2+, (4) F-actin/Tm/AEDANS-Tn/-Ca2+, (5)
DAB-F-actin/Tm/AEDANS-Tn/-Ca2+. Spectra were measured under
the same conditions as in Fig. 1.
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ciency, the ratio of donor fluorescence quenching was mea-
sured by titrating AEDANS_-Tn/Tm with FLC-F-actin in
the presence (buffer F + 50 uM CaCl2) and absence of Ca2+

(buffer F + 1 mM EGTA) at 20°C (Fig. 3). The fluorescence
intensity was measured at 460 nm, where the acceptor- flu-
orescence from FLC makes no contribution, as seen in Fig.
1. To correct for the fluorescence intensity change of
AEDANS-Tn upon binding to an F-actin filament, the same
. amount of non-labeled F-actin was added to the AEDANS-
Tn/Tm as reference, and the ratio of these fluorescence
intensities was taken as the relative fluorescence intensity.
The apparent decrease of the fluorescence intensity due to
inner filter effects arising from the absorbance of FLC-F-
actin was corrected according to Eq. 5. The relative fluores-
cence intensity decreased gradually in the actin/Tn molar
ratio range up to 7 and became almost constant in the
range over 7 on the reconstituted thin filament. From the
saturation points, the apparent energy transfer efficiencies
were calculated to be 0.54 ± 0.02 for the +Ca2+ state and
0.67 ± 0.01 for the -Ca2+ state in the case of AEDANS-60-
Tn, and 0.81 ± 0.02 for the +Ca2+ state and 0.93 ± 0.01 for
the -Ca2+ state in the case of AEDANS-250-Tn. These
transfer efficiencies correspond to distances of 42.1 ± 0.6 A
for the +Ca2+ state and 39.5 ± 0.3 A for the -Ca2+ state in
the case of AEDANS-60-Tn, and 35.8 ± 0.8 A for the +Ca2+

state and 30.0 ± 0.8 A for the -Ca2+ state in the case of
AEDANS-250-Tn.

AEDANS-60-Tn/Tm and AEDANS-250-Tn/Tm were also
titrated with DAB-F-actin in the same way as FLC-F-actin
except for measuring fluorescence intensities at 490 nm
instead of 460 nm (Fig. 4). The energy transfer efficiencies
obtained were 0.61 ± 0.02 and 0.78 ± 0.01 in the case of
AEDANS-60-Tn for the +Ca2+ and -Ca2+ states, respec-
tively, and 0.59 ± 0.01 and 0.85 ± 0.01 in the case of
AEDANS-250-Tn for the +Ca2+ and -Ca2+ states, respec-
tively. These transfer efficiencies correspond to distances of
34.4 ± 0.2 A and 30.8 ± 0.3 A for the +Ca2+ and -Ca2+ state,
respectively in the case of AEDANS-60-Tn, and 36.6 ± 0.2
A and 29.6 ± 0.4 A for the +Ca2+ and -Ca2+ state, respec-
tively in the case of AEDANS-250-Tn.

1.0

0.8-

0.6-

0.4-

0.2-

0.0

O
A

A O
O

A A A ° °A w i i i t t
0 10

Molar Ratio of F-actin to Tn

Fig. 3. Relative fluorescence intensities of AEDANS bound to
Cys-60 (• for +Ca2t and o for -Ca2* state) and Cys-250 (A for
+Ca2* and A for -Caz* state) of TnT in the Tn-Tm complex vs.
molar ratio of FLC-F-actin. Values were obtained in buffer F and
50 u.M CaCL, (+Ca2) or lmM EGTA (-Ca2+) at 20°C, after correction
for the inner filter effects according to Eq. 5. The concentrations of
AEDANS-Tn and Tm were 0.042 and 0.044 mg/ml, respectively. Ex-
citation was at 340 nm and emission was measured at 460 nm.

The transfer efficiencies and distances are summarized
in Table I. Compared with Cys-60 of TnT, Cys-_250 of TnT is
located much closer to Gln-41 of F-actin regardless of
whether Ca2+ is present or not. Cys-250 of TnT moves more
than Cys-60 in response to the binding of Ca2+ to Tn. FRET
showed that Cys-133 of Tnl, which is located near the
inhibitory region, moved away about 10 A from F-actin
upon binding of Ca2+ to TnC (16-19). On the other hand,
the C-terminal region of TnT interacts with the globular
region of Tn (Tnl and C) (32). In accordance with this,
FRET demonstrated that the C-terminal region of TnT
moves away together with the inhibitory region of Tnl upon
binding of Ca2+ to TnC. The present FRET measurements
showed that not only the C-terminal region but also the N-
terminal region of TnT moved significantly upon binding of
Ca2+toTnC.

Effects of SI Binding on FRET between AEDANS-60-Tn
or AEDANS-250-Tn and FLC or DAB-F-Actin on Reconsti-
tuted Thin Filamensts—Fluorescence spectra of AEDANS
bound to Cys-60 or Cys-250 of TnT on reconstituted thin fil-
aments were measured in the presence of SI, using
DABMI bound to actin as the energy acceptor. The solvent
conditions were buffer F + 50 (j,M CaCl2 for the +Ca2+ state
and buffer F + 1 mM EGTA for the -Ca2+ state at 20°C. In
the absence of the acceptor, the donor fluorescence intensi-
ties were decreased by the addition of SI (1/3 mole ratio to
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Fig. 4. Relative fluorescence intensities of AEDANS bound to
Cys-60 (• for +Caz* and o for -Ca2* state) and Cys-250 (A for
+Ca2* and A for -Ca2+ state) of TnT in the Tn-Tm complex vs.
molar ratio of DAB-F-actin. Values were obtained in buffer F and
50 ixM CaCl2 (+Ca2) or 1 mM EGTA (-Ca2+) at 20°C, after correction
of the inner filter effects according to Eq. 5. The concentrations of
AEDANS-Tn and Tm were 0.042 and 0.044 mg/ml, respectively. Ex-
citation was at 340 nm and emission was measured at 490 nm.

TABLE I. Distances between probes attached to Tn and actin
in reconstituted thin filaments in the presence and absence of
Ca2* ions.
Donor site Acceptor site

(Tn) (F-actin)
Ca2 Ro (2/3)

(A)
Efficiency R(2/3)

(A)

TnT60

TnT250

Gln-41

Cys-374

Gln-41

Cys-374

+ 43.3
44.3

+ 37.1
37.9

+ 45.6
46.3

+ 38.9
39.4

0.54 ± 0.02
0.67 ± 0.01
0.61 ± 0.02
0.78 ± 0.01
0.81 ± 0.02
0.93 ± 0.01
0.59 ± 0.01
0.85 ± 0.01

42.1
39.5
34.4
30.8
35.8
30.0
36.6
29.6

±0.6
±0.3
±0.2
±0.3
±0.8
±0.8
±0.2
±0.4
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98 C. Kimura et al.

actin) for the -Ca2+ state. On the other hand, the intensities
did not change appreciably for the +Ca2+ state. In the pres-
ence of the acceptor, however, the addition of SI increased
the donor fluorescence intensities significantly for both
+Ca2+ and -Ca2+ states. The addition of ATP (1 mM) re-
versed the changes in FRET induced by rigor SI binding,
and after complete hydrolysis of ATP the changes in FRET
were again observed.

To obtain quantitative data for the Sl-induced conforma-
tional change, changes in the FRET efficiency of AEDANS-
60-Tn or AEDANS-250-Tn and Tm/DAB-F-actin were mea-
sured after the addition of various amounts of SI in the
presence and absence of Ca2+ (Fig. 5). To correct for the
dilution effects and fluorescence changes of AEDANS-Tn
induced by the addition of SI, the same amounts of SI
were added to the AEDANS-Tn/TWF-actin as a reference,
and the ratios of these fluorescence intensities at 490 nm
were taken as the relative fluorescence intensity. To elimi-
nate the scattering effects of SI, non-fluorescent samples of
Tn/Tm/DAB-F-actin were prepared under the same solvent
conditions as FRET samples, and the same amounts of SI
were added. Then the scattered light of these non-fluores-
cent samples was measured under the same experimental
conditions as the FRET samples, and their intensities were
subtracted from the fluorescence intensities of FRET sam-

ples. The extent of the Sl-induced conformational change
increased as the molar ratio of SI to actin increased, and
was saturated before a molar ratio of 1.0 in the presence of
Ca2+. Assuming that all thin filaments are in the Sl-in-
duced state at the molar ratio of 1, the distances between
Cys-60 or Cys-250 of TnT and Cys-374 of F-actin on recon-
stituted thin filaments were 38.9 ± 0.8 and 41.0 ± 0.7 A,
respectively in the Sl-induced state. Sl-rigor binding in-
creased the distance between Cys-60 of TnT and Cys-374 of
F-actinby ~5 A, and the distance between Cys-250 of TnT
by ~4 A in the presence of Ca2+. The extent of Sl-induced
conformational change also increased with increase in the
molar ratio of SI to actin in the absence of Ca2+. The rela-
tive fluorescence intensities (1 - E) at the molar ratio of 1
increased to the same level as those in the presence of Ca2+.

The effects of SI binding on FRET between AEDANS-60-
or AEDANS-250-Tn and FLC-F-actin were also measured
under the same experimental conditions as DAB-F-actin
except that fluorescence intensity was measused at 460 nm
instead of 490 nm (Fig. 6). The extent of the Sl-induced
conformational change increased as the molar ratio of SI
increased in both the presence and absence of Ca2+ in the
same way as in the case of DAB-F-actin. Sl-rigor binding
increased the distance between Cys-60 of TnT and Gln-41
of F-actin further by ~4 A and the distance between Cys-
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(Sl/F-actin)

Fig. 5. Relative fluorescence intensities (1 -E) of
AEDANS bound to Cys-60 (A) and Cys-250 (B) of
TnT in the reconstituted thin filaments vs. mo-
lar ratios of SI to actin. Resonance energy ac-
ceptor was DABMI, which attached to Cys-374
of actin. Values were obtained in buffer F and 50
M.M CaCl2 for the +Ca2+ state (•) or 1 mM EGTA for
the -Ca2+ state (o) at 20°C. A small volume of a con-
centrated SI solution was added stepwise. To correct
for dilution effects, the sample containing of non ac-
ceptor-labeled F-actin instead of DAB-F-actin was
used as a reference, and the ratio of fluorescence in-
tensities was taken. The concentrations of F-actin,
Tm, and Tn were 0.23, 0.044, and 0.042 mg/ml, re-
spectively. Fluorescence measurements were carried
out after hydrolysis of contaminant ATP (less than
10 p.M). Excitation was at 340 nm and emission was
measured at 490 nm.
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Fig. 6. Relative fluorescence intensities (1 -
E) of AEDANS bound to Cys-60 (A) and Cys-
250 (B) of TnT in the reconstituted thin fila-
ments vs. molar ratios of SI to actin. Reso-
nance energy acceptor was FLC, which
attached to Gln-41 of actin. Values were ob-
tained in buffer F and 50 |xM CaCl2 for the
+Ca2+ state (•) or 1 mM EGTA for the -Ca2+

state (o) at 20°C. The data were corrected by
the same calculation as in Fig. 5. The concen-
trations of F-actin, Tm, and Tn were 0.23,
0.044, and 0.042 mg/ml, respectively. Fluores-
cence measurements were carried out after hy-
drolysis of contaminant ATP (less than 10 (JLM).
Excitation was at 340 nm and emission was
measured at 460 nm.
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Three States of Thin Filaments

SI-Induced "Open"

Tm

Inner domain of actin

Ca2*-Induced "Closed

Fig. 7. A schematic model
of Tn and Tm along the
long-pitch helix of an actin cr y~in,«i « n ™ » Outer domain of actin [Cross Section]
filament in three states of
thin filaments (left side)
and a cross section of the
thin filament (right side).
One actin molecule is illus-
trated with two frames
that represent its outer
and inner domains. One
Tm covers the inner domains
of seven actin monomers
along the long-pitch helix. In
the absence of Ca2+, thin fila-
ments are in the locked state.
N- and C-terminal domains
of TnT turn over to the outer
domain of actin, and C-ter-
minal domain is closer to the
outer domain of actin than
N-terminal domain. Two
neighboring Tnls along Tm
cross-link the outer domains
of two actin monomers and
lock eight actin monomers in

the off-state in combination AEDANS-60-TnT
with Tm. Upon Ca2+ binding
to TnC, the latchkey of Tnl is released, and the thin filament shifts to closed state (or Ca2+-induced state). N- and C-terminal domains of TnT
also move toward the inner domain of actin. In this state, the key is unlocked but the door is still closed. Myosin binding induces a conforma-
tional change in actin monomers, and both Tnl and TnT detach further away from actin. Now the door is open and the thin filament is in the
open state. Several strongly bound SI (rigor complex or NEM-treated SI) molecules on a unit length of an actin filament distort the filament
structure, which forces N- and C-terminal domain of TnT and the latchkey of Tnl to detach even in the absence of Ca2+. Then, the thin filament
is transformed to the open state even in the absence of Ca2+. Each color in the cross section (right side) corresponds to schematic model of thin
filament (left side).

"Locked"
Tnl Cys-133

250 ofTnT and Gln-41 of F-actin by ~5 A in the presence of
Ca2\ In the absence of Ca2+, the relative fluorescence inten-
sities (1 - E) at the molar ratio of 1 increased to the same
level as those in the presence of Ca2+. It should be empha-
sized here that curves of Sl-induced change in Fig. 5 and 6
were hyperbolic for AEDANS-60-Tn and nearly hyperbolic
for AEDANS-250-Tn in the presence of Ca2+, but distinctly
sigmoidal in the absence of Ca2+.

DISCUSSION

In calculating the distances between probes, we used the
value of 2/3 for the orientation factor, which corresponds to
the case where both donor and acceptor molecules rotate
freely and rapidly. The limiting anisotropy values of probes
bound to proteins are usually much lower than the funda-
mental anisotropy values, suggesting that the probes
showed limited very rapid motion in sub-nanosecond time-
scale. However, the time-resolved anisotropy decay mea-
surements showed that the probes attached to F-actin do
not rotate freely and that the motion of the probes is in the
range from several hundred nanoseconds to several milli-
seconds (33-35). Although the motions of probes are slow
on the nanosecond time-scale, segmental flexibility of pro-
teins can lead to randomized directions of the transition
moments of probes on a long time-scale. Therefore, the
actual value for the orientation factor is probably very close
to 2/3. Indeed, we have pointed out that reasonable agree-
ment was obtained between intra- and inter-molecular dis-
tances in G-actin and F-actin determined by FRET as-

suming K2 = 2/3 and the distances determined from X-ray
diffraction data (15). Although internal motions of probes
attached to F-actin are changed by Ca2+- or Sl-binding in
the range from several hundred nanoseconds to several
milliseconds (33-35), mutual directions of donor and accep-
tor molecules on thin filaments are randomized on a long
time-scale as in an equilibrium state. Therefore, the
changes in transfer efficiency in the present FRET mea-
surements could be attributed mainly to changes in dis-
tances between probes.

Using the steric blocking model as a working hypothesis,
many structural works have been performed. X-ray diffrac-
tion and 3D-EM data have been interpreted to indicate Tm
movement in response to functional states of the thin fila-
ment (10, 11). On the other hand, FRET measurements did
not detect any significant movement of Tm on thin fila-
ments (16, 21-24). Squire and Morris (36) suggested that
movement of the whole troponin complex, without move-
ment of tropomyosin itself, could explain the changes in
intensity of the X-ray diffraction pattern of activated mus-
cle and the Ca2+-induced strand movement observed in 3D-
EM. Instead of Tm movement, FRET measurements
showed the Ca2+-induced movement of Tnl (16-21). On
stopped-flow fluorometry, the time rate of this movement
was first enough to allow this Tnl movement on actin fila-
ments to be directly involved in the activation of muscle
contraction (18). Recent kinetic studies proposed a three-
state model of thin filaments: a blocked state, in which
muscle is relaxed; a closed state, which is induced by Ca2+

binding to Tn; and an open state, which is induced by
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strong SI binding (7, 8). These states have subsequently
been described in terms of the position of Tm on the actin
filament, supporting the steric blocking model (10, 11). Al-
though no significant Tm movement was detected, FRET
measurements showed three positions of Tnl corresponding
to three states of a thin filament (20, 21). Furthermore,
FRET (21) demonstrated that this Sl-induced Tnl move-
ment is impaired on a functionally deficient mutant tro-
pomyosin, D234Tm, which lacks internal actin-binding
pseudo-repeats 2, 3, and 4 (37). Since D234Tm always
inhibits the acto-Sl ATPase activity whether Ca2+ is
present or not, Sl-induced Tnl movement corresponds well
to a functional state of the thin filament.

Although significant mass movement of Tnl was ob-
served during on-off switching in regulation, mass move-
ment of other components of Tn has not been observed. In
this study, we generated two mutant TnT 25-kDa frag-
ments, TnT25k (E60C) and TnT25k (S250C), to investigate
whether TnT moves in response to the three states of thin
filaments as observed in Tnl. TnT extends along the C-ter-
minal third of Tm, and the N-terminus of TnT binds to the
head-to-tail overlap region of two adjacent Tm molecules
(32). Tnl and TnC bind to the C-terminal region of TnT and
form a globular portion of Tn. The globular portion of the
troponin complex is located near residues 150-180 on Tm
(38). Therefore, the two labeling sites were expected to be
far apart from each other on TnT and also along the thin
filament. Both chymotryptic fragments of TnT, TnTl and
TnT2, bind to Tm, but in a Ca2+-independent and Ca2+-
dependent manner, respectively. The binding region within
TnTl is in the a-helical region of residues 71-150, which
can thus form a stable triple-stranded binding structure
with the coiled-coil Tm (39). Therefore, the residue 60
(E60C) seems to be located near this Tm-binding site. In
fragment TnT2, the main binding region to Tm is located in
the small C-terminal region of 17 residues (3). Residue 250
is localized in the region that is critical for the Ca2+-sensi-
tizing activity of TnT. The FRET between Cys-250 of TnT
and Gln-41 of actin in the absence of Ca2+ showed 93%
transfer efficiency, the highest value ever obtained in FRET
measurements between troponin components or tropomyo-
sin and actin. On the other hand, the distance from Cys-60
of TnT to Gln-41 of actin is larger than that from Cys-250
of TnT but smaller than that from Cys-190 of Tm to the
same residue. Tm is located on the inner domain of the
actin helix (40). Cys-60 of TnT is located close to the Tm
binding site, and Cys-250 of TnT in combination with the
globular parts of troponin TnC and Tnl seems to project
towards the outer domain of actin.

The present FRET measurements showed that the dis-
tances between Cys-60 or Cys-250 of TnT and Gln-41 or
Cys-374 of actin on thin filaments increased upon Ca2+ and
SI binding. This indicates either that TnT detached further
away from actin, or that the outer domain of actin moved
further away from TnT, since Gln-41 and Cys-374 are
located on the outer domain of actin. If the latter is the
case, the distance between probes attached to Tm and actin
(Gln-41 and Cys-374) should also be changed upon Ca2+

and SI binding, since Tm is located on the inner domain of
actin (40) and TnT binds to Tm. But the distance between
probes on Tm and actin did not appreciably change upon
Ca2+ and SI binding (21). Therefore, it seems more likely
that TnT with Tnl moves away from the outer domain of

actin upon Ca2+ and SI binding.
FRET measurements demonstrated a large Ca2+-induced

movement of the C-terminal region of TnT. The distance
change was ~6 A from Gln-41 and ~7 A from Cys-374 of
actin, which was smaller than the distance change ob-
served in Cys-133 of Tnl but nearly comparable with that
in the N-terminus of Tnl (19). Furthermore, the N-terminal
region of TnT also showed a substantial amount of Ca2+-
induced movement (3-4 A). The present FRET measure-
ments suggest that upon binding of Ca2+ to TnC, significant
amounts of mass of the troponin molecule shift from the
vicinity of the outer domain to the vicinity of the inner
domain of actin. This mass movement of the troponin mole-
cule could explain the changes in intensity of the X-ray dif-
fraction pattern of activated muscle and the Ca2+-induced
strand movement observed in 3D-EM, without assuming
any significant movement of Tm (36).

FRET measurements demonstrated the Sl-induced
movement of Tnl, but no significant movement of Tm.
Therefore, the name "locked state" was used instead of
"blocked state" for one of the three states of thin filaments
in our model (21). During the transition from the locked to
the closed state, Cys-133 of Tnl moves away the outer
domain of actin on the thin filament by -10 A, and further
away by ~7 A during the transition from the closed to the
open state. Even in the absence of Ca2+, the transition from
the locked to the open state occurs when sufficient amounts
of SI bind to thin filaments in the absence of ATP. How-
ever, the addition of ATP reversed the Sl-induced transi-
tion both in the presence and absence of Ca2+. This means
that the population of strongly bound SI is small during
the Mg-ATPase cycle, and only the strongly bound SI
induces the transition from the closed to the open state.
These results explain the well-known experimental evi-
dence that, even in the absence of Ca2+, the thin filament-
activated Mg-ATPase rate of unmodified SI increases on
the addition of NEM-S1, which binds tightly to actin even
in the presence of ATP (41). On the other hand, the transi-
tion curve in the absence of Ca2+ was sigmoidal vs. molar
ratio of SI to actin, while the transition curve in the pres-
ence of Ca2+ was hyperbolic. This means that, in the pres-
ence of Ca2+, a single strongly bound SI molecule per unit
length of actin filament can induce the transition to the
open state, while in its absence, several strongly bound SI
molecules are required per unit length of actin filament.
However, the population of strongly bound SI during the
ATPase cycle is very low, and consequently the probability
that several strongly bound SI molecules stay simulta-
neously on a unit length of actin filament is extremely low.
The results explain why the ATPase rate of unmodified SI
is activated in the presence but not in the absence of Ca2+.

The present FRET measurements demonstrated that not
only Tnl but also TnT changes its position on the thin fila-
ment in response to three states of the thin filament. Plots
of the extent of the Sl-induced conformational change vs.
added SI (Figs. 5 and 6) showed that the curve in the pres-
ence of Ca2+ is hyperbolic for AEDANS-60-Tn or nearly
hyperbolic for AEDANS-250-Tn, whereas the curve in the
absence of Ca2+ is sigmoidal for both AEDANS-60- and
AEDANS-250-Tn. The results support the notion of three
states of thin filaments and also the importance of Tn
movement for the regulation of the skeletal muscle thin fil-
ament. In comparison with the C-terminal region (Cys-250)
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of TnT, the Sl-induced movement of N-terminal region
(Cys-60) saturated at a smaller molar ratio of added SI to
actin. The results suggest that the TnT subunit moved on
the thin filament by strong Si binding not as a solid rod
but as a flexible rod.

In the previous paper (21), we presented a schematic
model of Tn and Tm along the long-pitch helix of an actin
filament in three states of thin filaments observed from our
FRET measurements. In that model, the shift of Tnl was
indicated corresponding to three states of thin filaments,
but the shift of TnT was not considered. A new model
including a movement of TnT is illustrated in Fig. 7. Except
for TnT movement, the present model is essentially the
same as the previous one. In that model (21, 24, 42), Tn
acts as a Ca2+-sensing latch, and in combination with Tm,
regulates the flexibility of thin filaments that is important
for smooth interaction between actin and myosin during
ATPase cycle. When the two neighboring Tnls along the
long-pitch helix cross-link two actin monomers, they may
cause considerable distortion of the actin helix and/or sig-
nificant inhibition of internal motion of the outer domains
of eight actin monomers, which are located between two
neighboring cross-links along the long-pitch helix. Thus,
local movement of the troponin complex, in combination
with Tm, can cause complete inhibition along the whole
actin filament, instead of steric blocking by Tm.

We wish to thank the Food Research and Development Laborato-
ries of Ajinomoto Co. for the generous gift of microbial transglu-
taminase, and Prof. I. Muramatsu of Fukui Medical University for
kindly providing the rabbit hearts.
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