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Fluorescence resonance energy transfer spectroscopy has been used to study the spatial
relationships between probes attached to actin and troponin in the reconstituted skeletal
muscle thin filament in the presence and absence of Ca?* ions. GIn-41 and the nucleotide-
binding site of actin were selectively labeled with the acceptor probe: fluorescein cadaver-
ine and 2'(or 3')- 0-(2,4,6-trinitrophenyl)adenosine 5 -diphosphate (TNP-ADP), respective-
ly. Troponin was selectively labeled at positions 9 or 133 of troponin-I and 98 of troponin-C
with a donor probe; 5-(2-iodoacetylaminoethyl)aminonaphthalene 1-sulfonic acid (IAE-
DANS). The distances between probes attached to position 133 of Tnl and GIn-41 or the
nucleotide site of actin were determined to be 51.6+1.2 and 42.7+0.9 A respectively in the
presence of Ca2*, and these distances decreased by 11.5 and 9.3 A respectively in the absence
of Ca** ions. The distances between the probes attached to position 9 of Tnl and Gln-41 or
the nucleotide site of actin were determined to be 59.1+2.0 or 49.3+ 1.5 A respectively in the
presence of Ca>*, and the distances decreased by 5.3 or 3.7 A in the absence of Ca?*. The
distances between probes attached to position 98 of TnC and Gln-41 or the nucleotide site of
actin were determined to be 55.1+1.7 and 57+5 A in the presence of Ca?* and the distances
increased slightly by ~1 A in the absence of Ca?*. The results suggest that the C-terminal
domain of troponin I moves to the outer domain of actin during inhibition, while the
C-terminal domain of TnC does not move much.
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In striated muscle, the interaction of myosin with actin is
regulated by tropomyosin (Tm) and troponin (Tn) on the
actin filament in response to a change from approximately
1077 to 10~*M in Ca®* concentration (7). Tn serves as a
molecular switch in regulation of skeletal muscle contrac-
tion. Tn is a complex of three proteins: TnC, which binds
Ca?*; Tnl, which inhibits actomyosin ATPase activity; and
TnT, which binds Tm. The binding of Ca?* to TnC induces
a conformational change in Tn, which is propagated along
the actin filament by Tm. Numerous studies have char-
acterized the interaction between the thin filament proteins
to deduce how the Ca?*-triggering signal is propagated from
TnC to the rest of the thin filament. [For reviews, see Zot
and Potter (2) and Farah and Reinach (3)]. X-ray diffrac-
tion studies revealed that TnC is dumbbell-shaped, with
two similar domains separated by a long, central helix (4).
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TNP-ADP, 2(or 3')-0-(2,4,6-trinitrophenyl)adenosine 5’-diphos-
phate; Tm, tropomyosin; Tn, troponin.

© 1998 by The Japanese Biochemical Society.

324

The N-terminal domain contains two low-affinity metal-
binding sites which bind Ca** specifically and are respon-
sible for the regulation of muscle contraction, while the C-
terminal domain contains two high-affinity sites which are
occupied by Mg®* under physiological conditions. It was
demonstrated that the N-terminal domain of Tnl interacts
strongly with the C-terminal domain of TnC, irrespective
of the calcium concentration (in the presence of magne-
sium), while the C-terminal plus inhibitory domain of Tnl
and the N-terminal domain of TnC interacts in a calcium-
dependent manner (5). The Tnl-TnC complex binds to the
C- terminal region of TnT to form a globular portion of Tn.
TnT is an elongated protein (6) which lies extended along
the C-terminal third of the Tm coiled coil from Cys-190 to
the C-terminus of Tm, where it overlaps the NH, terminus
of the adjacent Tm (2).

Fluorescence resonance energy transfer (FRET) has been
extensively used for studying the spatial relationships
between residues on muscle proteins [see reviews: dos
Remedios et al. (7) and Miki et al. (8)]. This method is
especially valuable for detecting a small conformational
change, since the transfer efficiency is a function of the
inverse of the sixth power of the distance between probes.
Using this method, several attempts have been made to
detect conformational changes of thin filaments in response
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to a change in Ca®* concentration in order to understand the
switching mechanism of Tn. The distance between probes
on Cys-133 of Tnl and Cys-374 or Lys-61 on actin were
increased significantly by Ca?* binding to the regulatory
sites of TnC (9, 10). The time rate of this conformational
change observed by a stopped-flow fluorometry was fast
enough to allow this Tnl movement on actin filaments to be
directly involved in activation of muscle contraction (11).
Spatial relationships between Tn subunits in Tn were also
studied by FRET (12, 13).

Cys-133 on Tnl is located on the C-terminal region. In the
present study, a mutant Tnl was expressed, in which the
natural cysteines (48, 64, and 133) were replaced with Ala
or Ser and a single Cys residue was introduced at position
9 on the N-terminal region. Cys-98 on TnC is a natural
single cysteine and is located on the helix region close to the
C-terminal domain. Thus, Cys-133 or Cys-9 of Tnl, and
Cys-98 of TnC were selectively labeled with a fluorescence
resonance donor molecule, IAEDANS. On the other hand,
GIn-41 and the nucleotide-binding site on actin were label-
ed with the acceptors fluorescein cadaverine and TNP-
ADP, respectively. According to the atomic structure of
actin {14), actin consists of two well-separated domains.
Subdomains 1 and 2 constitute the small domain, whereas
subdomains 3 and 4 comprise the large domain. The
nucleotide-binding site is located at the cleft region be-
tween the two domains, and Gln-41 is located on subdomain
2. The interactions between Tnl, TnC, and actin are
essential for the Ca’*-dependent regulation of skeletal
muscle contraction. In order to understand the function of
Tn as a molecular switch, FRET between these probes on
Tn and actin was measured in the presence and absence of
Ca®*,

MATERIALS AND METHODS

Reagents—Phalloidin from Amanita phalloides was pur-
chased from Boehringer Mannheim Biochemica. 2'(or 3')-
0-(2,4,6-trinitrophenyl)adenosine 5'-triphosphate (TNP-
ATP) was synthesized according to the method of Hiratsuka
and Uchida (23). JAEDANS and fluorescein cadaverine
(FLC) were purchased from Molecular Probes. BCA pro-
tein assay reagent was from Pierce Chemicals. CM-Toyo-
pearl 650 M was from Toso, Tokyo. All other chemicals
were analytical grade.

Protein Preparations—Actin, S1, tropomyosin, and tro-
ponin from rabbit skeletal muscle were prepared as de-
scribed in a previous report (10). Troponin subunits were
prepared according to the method of Ojima and Nishita (15)
by using CM-Toyopearl. Mutant Tnl (Ala-9-Cys, Cys-48-
Ala, Cys-64-Ala, Cys-133-Ser, Trp-161-Phe) was express-
ed and purified as previously reported (13). Microbial
transglutaminase was a generous gift from Food Research
and Development Laboratories, Ajinomoto. In contrast to
transglutaminase from guinea pigs, this enzyme does not
require Ca®* for its activity (16, 17). Protein concentra-
tions were determined from absorbance measurements,
using absorption coeflicients of 4,4, =0.63 (mg/ml)~'scm™!
for G-actin (18), and A, =0.75 for S1 (19), 0.33 for
tropomyosin (20), and 0.45 for troponin (21), 0.458 for
TnT, 0.372 for Tnl, 0.18 for TnC (22), and 0.122 (mg/
ml)~*-em™' for mutant Tnl. Concentrations of labeled
proteins and transglutaminase were measured with the
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Pierce BCA protein assay reagent. Relative molecular
masses of 42,000 for actin, 115,000 for S1, 66,000 for
tropomyosin, 69,000 for troponin, and 38,000 for microbial
transglutaminase were used.

Labeling of Proteins—Labeling of actin with TNP-ADP.
F-actin pellet was dissolved in 60 mM KCl and 10 mM
Tris-HCI (pH 8.0), and the solution was recentrifuged to
remove free ATP or ADP, since the binding affinity of
TNP-ATP is significantly smaller than those of ATP and
ADP. The F-actin pellet was dissolved in 1 mM Tris-HCl
(pH 8.0) and 0.1 mM CaCl,. The solution was sonicated on
ice for up to 20 s using a Tomy UD-201 sonicator. Then 1
mM TNP-ATP was immediately added and the solution
was sonicated again. A 1/10 volume of Dowex-1 was added,
and after 5 min of incubation, the resin was removed by
filtration. The cycle of addition of TNP-ATP, sonication and
Dowex-1 treatment was repeated once. Finally, 1 mM
TNP-ATP was added to the solution and incubated for 30
min on ice. TNP-ATP-G-actin thus obtained was polymer-
ized into TNP-ADP-F-actin in 60 mM KCl, 2 mM MgCl,,
and 10 mM Tris-HCl (pH 8.0). The sample was centrifuged
and the pellet was redissolved in the same buffer solution
and recentrifuged until all free TNP-ATP in the solution
was removed. Twofold molar excess of phalloidin was
added to TNP-ADP-F-actin in order to prevent the de-
polymerization of TNP-ADP-F-actin. The concentration of
TNP-ADP bound to actin was determined from optical
absorbance measurements by use of a molar extinction
coefficient of 26,400 M~'.cm™! at 408 nm (23). Typically,
the labeling ratio was 0.64-0.1.

Labeling of actin at GIln-41 with fluorescein cadaverin
(FLC) was carried out according to the method of Takashi
(24) by using microbial transglutaminase instead of that
from guinea pigs. G-actin (50 4 M) was incubated for 20 h at
4°C with a fivefold molar excess of FL.C in 5 mM Tris-HCl
(pH8.0),0.5 mM ATP, 1 mM DTT, 1 mM NaN;,and 1 uM
transglutaminase. The actin was polymerized in 50 mM
NaCl and 2 mM MgCl; and centrifuged at 100,000 g for
90 min. The pellet was homogenized in 0.1 M NaCl, 2 mM
MgCl,, and 0.5 mM DTT and recentrifuged to remove free
FLC. The labeled actin pellet was suspended in 2 mM
Tris-HCl (pH 8.0), 0.1 mM ATP, 0.1 mM CaCl,, and 0.25
mM DTT and dialyzed against the same buffer solution.
The amount of FL.C bound to actin was determined by using
the extinction coefficient of 75,500 M~'secm~' at 493 nm
(25). The labeling ratio was 0.71.

Labeling of Cys-133 of Tnl with IAEDANS was carried
out as previously reported (10). The labeling ratio of
TAEDANS to troponin was 0.6. Labeling of Cys-9 in a
mutant Tnl was carried out by mixing with tenfold molar
excess of JAEDANS in 0.4 M KCI and 20 mM phosphate
buffer (pH 7.0) for 24 h at 4°C. The reaction was terminated
by the addition of 1.0 mM DTT, and the sample solution
was dialyzed against 5 mM phosphate buffer (pH 7.0) and
0.4 M KCIl exhaustively to remove free IAEDANS. The
labeling ratio was 0.48. Labeling of Cys-98 of TnC was
carried out by mixing with fivefold molar excess of IAE-
DANS in 0.1 M NaCl, 1 mM EDTA, and 5 mM Hepes
buffer (pH 7.0) at 4°C for 2 h. The reaction was terminated
by the addition of 1.0 mM DTT, and the sample solution
was dialyzed exhaustively against 5 mM Hepes buffer (pH
7.0). The labeling ratio was 0.43.

Reconstitution of the ternary Tn complex was carried out
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according to Farah et al. (5). Labeled TnC or mutant Tnl
was complexed with TnT and Tnl or TnC by placing
equimolar amounts of each protein together in 4.6 M urea,
25 mM Tris-HCl (pH 8.0), 1 M KCl, 0.5 mM CaCl,, 10 mM
2-mercaptoethanol, and 1 mM NaNj;, then dialyzing the
mixture successively against 4.6, 2, and OM urea in 1 M
KCl, 50 mM Tris-HC1 (pH 8.0) with 50 @M CaCl,. Then
the mixture was successively dialyzed against 1 and 0.1 M
KCl in 20 mM Tris-Maleate buffer (pH 7.0), 50 oM CaCl,,
10 mM 2-mercaptoethanol, and 1 mM NaN;, and finally
against 20 mM Tris-Maleate (pH 7.0), 6.5 mM KCI, 3.5
mM MgCl,, 50 uM CaCl,, 2 mM DTT, and 1 mM NaN;.
The sample solution was centrifuged at 500,000 X g for 10
min to remove insoluble materials, since Tnl and TnT alone
are insoluble at low ionic strengths. The Tn complex was
precipitated by centrifugation with 60% saturated ammo-
nium sulfate at 10,000 X g for 20 min in order to separate it
from free TnC. The pellet was dissolved in 2 mM Tris-HCI
(pH 8.0) and dialyzed exhaustively against the same buffer
solution.

Spectroscopic Measurements— Absorption was measured
with a Hitachi U2000 spectrophotometer. Steady-state
fluorescence was measured with a Hitachi 850 fluorometer.
Sample cells were placed in a thermostated cell holder.
Steady-state fluorescence polarization measurements were
carried out in the presence of various concentrations of
sucrose (0, 10, 20, 30, and 40% w/w) at 20°C to measure the
limiting anisotropy.

Fluorescence Resonance Energy Transfer—The efficien-
¢y, E, of resonance energy transfer between probes was
determined by measuring the fluorescence intensity of the
donor both in the presence (Fp,) and absence (Fy,) of the
acceptor as given by

E=1—F,./Fs (1)

From the absorption of the samples at the excitation (A4.x)
and emission (Aem) wavelengths, the decrease of the
fluorescence intensity due to inner filter effects was correct-
ed, using Eq. 2 (26).

Eorr = Fobs X 1(fAext Aem)/2 (2)

According to Férster’s theory [see reviews: Fairclough and
Cantor (27) and Lakowicz (26)], the efliciency is related to
the distance (R) between probes and Férster’s critical
distance (R;) at which the transfer efficiency is equal to 50%
by

E=R*°/(R,°+R°) (3
R, can be obtained (in A) by
R°=(8.79% 105 n-*x* Qo (4)

where n is the refractive index of the medium, taken to be
1.4; x? is the orientation factor; @, is the quantum yield of
the donor in the absence of the acceptor; and J is the
spectral overlap integral (in M~'-¢cm™'+-nm*) between the
donor emission F,(A) and acceptor absorption ,(1) spec-
tra defined by

J:SFD(A)E,\(A)A‘dA/SFD(A)dl (5)

The quantum yield was determined by comparing the
integrated corrected fluorescence spectrum with that of
quinine sulfate in 0.1 ¥~ H,SO,, whose quantum yield was
taken to be 0.70 (28). x* was taken as 2/3 for calculation of
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distances, and the maximum and minimum values of x?
were estimated by the method of Dale et al. (29).

Other Methods—SDS-PAGE was carried out according to
Laemmli (30). ATPase activity was measured by the
method of Tausky and Shorr (31). The biological activity of
the labeled troponin was assayed by determining the
Ca®*-dependent regulation of actoS1 ATPase activity in a
fully reconstituted system. Measurements were performed
at 25°Cin 10 mM KCl, 2.5 mM MgCl,, 5 mM ATP, 50 mM
Tris-HCI (pH 8.0), and 50 4 M CaCl, (+Ca state) or 1 mM
EGTA (— Ca state). Protein concentrations were: 1 mg/ml
F-actin, 0.25 mg/ml Tm, 0.25 mg/ml Tn, and 0.06 mg/ml
S1.

RESULTS

In this work, the AEDANS moiety bound to Cys-133 of Tnl,
Cys-9 of a mutant Tnl or Cys-98 of TnC was used as the
energy-transfer donor, while FLC or TNP-ADP bound to
actin was used as the energy-transfer acceptor. The absorp-
tion spectra of FLC and TNP-ADP bound to actin overlap
well with the fluorescence emission spectrum of AEDANS
bound to Tn (Cys-9 and Cys-133 of Tnl, and Cys-98 of
TnC). The Tn complex in which the Tnl subunit was labeled
at Cys-133 with AEDANS regulated the acto-S1 ATPase
activity in response to changes in Ca’* concentration as
effectively as non-labeled Tn, in agreement with the
previous report (10). The reconstituted Tn complex in
which the mutant Tnl was labeled at Cys-9 with AEDANS,
or in which TnC was labeled at Cys-98 with AEDANS
regulated the acto-S1 ATPase activity as effectively as
unlabeled Tn, in agreement with the previous report (13,
32).

FRET between Cys-133 on Tnl and the Nucleotide-
Binding Site or Gln-41 on Actin in a Reconstituted Thin
Filament—The overlap integral J was calculated to be
7.61x10* M~'.cm~'enm* for AEDANS-TNP-ADP and
18.67 10" M~'-cm~!-nm* for AEDANS-FLC. By taking
n=1.4, x*=2/3, and @,=0.31, the Forster’s critical
distance R, was calculated to be 39.1 A for AEDANS-TNP.
ADP and 45.5 A for AEDANS-FLC.

The fluorescence spectra of AEDANS bound to Cys-133
of Tnl on the reconstituted thin filament in the absence
(curves 1 and 2 in Fig. 1) and presence (curves 3 and 4 in
Fig. 1) of acceptor (TNP-ADP) were measured in 30 mM
KCl, 2 mM MgCl,, 20 mM Tris-HCI (pH 7.6), 1 mM NaN;,
(buffer F) and 50 4 M CaCl, (+ Ca state: 1 and 3) or 1 mM
EGTA (- Ca state: 2 and 4). The molar ratio of actin/Tm/
Tn was 7:1:1. The excitation wavelength was 340 nm.
Under the present experimental conditions, the fluores-
cence from TNP-ADP was negligibly small in comparison
with that from AEDANS (curve 5 in Fig. 1). Figure 1 shows
that the donor fluorescence (AEDANS) was strongly
quenched in the presence of acceptor (TNP-ADP) owing to
energy transfer and that the extent of the quenching was
higher for —Ca state than for + Ca state.

To obtain more quantitative data for the transfer effi-
ciency, the ratio of donor fluorescence quenching was
measured by titrating AKDANS-Tn/Tm with TNP-ADP-
F-actin in the presence of Ca®* (buffer F+50 uM CaCl,)
and absence of Ca?* (buffer F+1 mM EGTA). The fluores-
cence intensity of AEKDANS-Tn was measured at 490 nm.
For the correction of the fluorescence intensity change of
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AEDANS-Tn/Tm upon binding to actin filaments, the same
amount of non-labeled F-actin was added to the AEDANS-
Tn/Tm solution, and the ratio of those fluorescence inten-
sities was taken. The apparent decrease of the fluorescence
intensity due to the inner filter effects by the absorbance of
TNP-ADP-F-actin was corrected according to Eq. 2. The
fluorescence ratio decreased in the range of the actin/Tn
molar ratio up to 7 and became almost constant in the range
over 7 (Fig. 2). The results suggest that the energy transfer
occurs through a specific interaction between actin and
troponin. Thus, from the saturated points, the apparent
transfer efficiencies were taken to be 0.25+0.02 in +Ca
state and 0.48+0.03 in — Ca state. Taking into account the
labeling ratio of TNP-ADP to actin being 0.67, the transfer
efficiencies were calculated to be 0.37+0.03 in +Ca state
and 0.72+0.04 in — Ca state. These efficiencies correspond

80
60 (74
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to the distances of 42.7+ 0.9 and 33.4+ 1.2 A respectively,
assuming that the energy transfer occurs between a single
donor and a single acceptor.

FLC-G-actin was polymerized in 30 mM KCl, 2 mM
MgCl,, 20 mM Tris-HCI1 (pH 7.6), 0.1 mM ATP, and 1 mM
NaN; (buffer A) in the presence of twofold molar excess of
phalloidin. The fluorescence spectra of (1) F-actin/Tm/
AEDANS-Tn, (2) FLC-F-actin/Tm/Tn, and (3) FLC-F-
actin/Tm/AEDANS-Tn were measured in buffer A450
©M CaCl, at 20°C (Fig. 3). Excitation wavelength was 340
nm. The fluorescence intensity of FLC-F.actin/Tm/AE-
DANS-Tn at wavelengths shorter than 480 nm was sub-
stantially quenched compared with that of F-actin/Tm/
AEDANS-Tn (in the absence of acceptor). This can be
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Fig. 1. Fluorescence spectra of IAEDANS bound to Cys-133 of
Tnl on the reconstituted thin filament in the presence and
absence of acceptor (TNP-ADP). (1) F-actin/Tm/AEDANS-Tn/
+Ca, (2) F-actin/Tm/AEDANS-Tn/—Ca, (3) TNP-ADP-F-actin/
Tm/AEDANS-Tn/ + Ca, (4) TNP-ADP-F-actin/Tm/AEDANS-Tn/
—Ca, (5) TNP-ADP-F-actin/Tm/Tn/ + Ca. Spectra were measured at
20°C in 30 mM KCl, 2 mM MgCl,, 20 mM Tris-HCI (pH 7.6), 1 mM
NaN,; (buffer F), and 50 M CaCl, (+Ca; 1, 3, and 5) or 1 mM EGTA
(—Ca; 2 and 4). Concentrations of actin, Tm, and Tn were 0.2, 0.045,
and 0.047 mg/ml, respectively. Excitation was 340 nm.
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Fig. 2. Relative fluorescence intensities of AEDANS bound to
Cys-133 of Tnl in the Tn-Tm complex vs. molar ratio of TNP-
ADP-F-actin. Values were obtained in buffer F and 50 M CaCl, (<)
or 1 mM EGTA (Z) at 20°C, after correction of the inner filter effects
according to Eq. 2. Concentrations of AEDANS.-Tn and Tm were
0.047 and 0.045 mg/ml, respectively. Excitation was at 340 nm and
emission was measured at 490 nm.
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Fig. 3. Fluorescence spectra of AEDANS bound to Cys-133 of
Tnl on the reconstituted thin filament in the presence and
absence of acceptor (FLC). (1) F-actin/Tm/AEDANS-Tn/+Ca, (2)
FLC-F-actin/Tm/Tn/+Ca, (3) FLC-F-actin/Tm/AEDANS-Tm/
+Ca, (4) FLC-F-actin/Tm/AEDANS-Tn/—Ca. Spectra were mea-
sured at 20°C in 30 mM KCl, 2 mM MgCl,, 20 mM Tris-HCI (pH 7.6),
1 mM NaN,, 0.1 mM ATP (buffer A), and 50 uM CaCl, (+Ca; 1, 2,
and 3) or 1 mM EGTA (—Ca; 4). Concentrations of actin, Tm, and Tn
were 0.2, 0.045, and 0.047 mg/ml, respectively. Excitation was at
340 nm. The fluorescence spectra of 2, 3, and 4 at wavelengths longer
than 480 nm, which derive mainly from FLC with an emission peak
at 520 nm, are omitted from the figure.
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Fig. 4. Relative fluorescence intensities of AEDANS bound to
Cys-133 of Tnl in the Tn-Tm complex vs. molar ratio of FLC-
F-actin. Values were obtained in buffer A and 50 xM CaCl, (T)or 1
mM EGTA () at 20°C, after correction of the inner filter effects.
Concentrations of AEDANS-Tn and Tm were 0.047 and 0.045 mg/
ml, respectively. Excitation was at 340 nm and emission was mea-
sured at 460 nm.
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attributed mainly to the resonance energy transfer from
AEDANS-Tn to FLC-F-actin. The addition of 1 mM EGTA
to this sample decreased the fluorescence intensity by about
30% (curve 4 in Fig. 3), although the fluorescence intensity
of F-actin/Tm/AEDANS-Tn (in the absence of acceptor)
increased slightly by the addition of 1 mM EGTA (see
curve 2 in Fig. 1). The results suggest that the distance
between GIn-41 on actin and Cys-133 on Tnl in the recon-
stituted thin filament decreased by the addition of EGTA.
To obtain more quantitative data for the transfer efficiency,
the ratio of donor quenching was measured by titrating
AEDANS-Tn/Tm with FLC-F-actin in the presence and
absence of CaCl, as described in the case of TNP-ADP-F-
actin and AEDANS-Tn/Tm. The fluorescence intensity was
measured at 460 nm, where no contribution from the
fluorescence of FLC occurs (Fig. 3). After the correction of
inner filter effects, the decrease of the fluorescence inten-
sity saturated at the molar ratio of actin to Tn of 7 (Fig. 4).
The apparent transfer efficiencies were determined to be
0.2340.02 in +Ca state and 0.48+0.04 in —Ca state.
Taking into account the labeling ratio of FL.C to actin of
0.71, the transfer efficiencies were calculated to be 0.32+
0.03 in +Ca state and 0.68+0.06 in —Ca state. These
efficiencies correspond to the distances of 51.6+1.2 and
40.1+1.9 A respectively, assuming that the transfer oc-
curs between single donor and single acceptor.

FRET between Cys-9 on a Mutant Tnl and the Nucleo-
tide-Binding Site on Actin in a Reconstituted Thin Fila-
ment—The fluorescence spectrum of AEDANS bound to
Cys-9 of the mutant Tnl in the reconstituted Tn complex
was similar to that bound to Cys-133 of wild type Tnl.
Quantum yield of AEDANS bound to Cys-9 of the mutant
Tnl in the Tn complex was 0.37. R, was calculated to be
40.3 A for AEDANS-TNP-ADP and 46.9 A for AEDANS-
FLC.

The ratio of donor quenching was measured by titrating
AEDANS-Tn/Tm with TNP-ADP-F-actin in the presence
and absence of Ca®* as described in the case of Cys-133 of
Tnl. The ratio of donor quenching was measured at 490 nm.
The apparent transfer efficiencies were 0.15+0.02 in +Ca
state and 0.25+0.02 in — Ca state. Taking into account the
labeling ratio of TNP-ADP to actin, the transfer efficiencies
were calculated to be 0.23+0.03 in + Ca state and 0.37+
0.03 in —Ca state, which correspond to the distances 49.3+
1.5 and 44.01+:1.0 A, respectively. Similar experiments
were performed using FLC-F-actin as the acceptor in the
presence and absence of Ca?*. The ratio of denor quenching
was measured at 460 nm. The apparent transfer efficiencies
were 0.14+0.02 in +Ca state and 0.19+0.02 in —Ca
state. The distances were calculated to be 59.1+2.0 Ain
+Ca state and 55.4+1.4 A in —Ca state.

FRET between Cys-98 of TnC and the Nucleotide-Bind-
ing Site on Actin in a Reconstituted Thin Filament—The
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fluorescence spectrum of AEDANS bound to Cys-98 of TnC
in the Tn complex was similar to that bound to Cys-133 of
Tnl, except that the emission peak was blue-shifted by 10
nm in agreement with the previous report (12). Quantum
yield of AEDANS bound to Cys-98 of TnC in the Tn
complex was determined to be 0.25 in +Ca state and 0.23
in —Ca state. R, was calculated to be 37.7A/37.0 A
(+Ca/—Ca) for AEDANS-TNP-ADP and 43.9A/43.1 A
(+Ca/—Ca) for AEDANS-FLC.

The ratio of donor quenching was measured at 480 nm
using TNP-ADP-F-actin as the acceptor in the presence and
absence of Ca®* as described in the case of Cys-133 of Tnl.
After the correction of the inner filter effects, the apparent
transfer efficiencies were 0.05+0.02 in +Ca and 0.04+
0.02 in —Ca states. The transfer efficiencies were too low
for an accurate estimation of R. Taking into account the
labeling ratio of TNP-ADP to actin (0.67), the distances
were estimated to be 57+5 A in +Ca state and 59+7 A in
— Ca state. The ratio of donor quenching was also measured
using FLC-F-actin as the acceptor in the presence and
absence of Ca**. The fluorescence intensity of the donor was
measured at 460 nm to avoid emission from the acceptor
molecule, FLC. The apparent transfer efficiencies were
0.14+0.02 in + Ca state and 0.124-0.02 in — Ca state. The
distances were calculated to be 55.5+1.7 A in +Ca state
and 56.2+2.1 A in —Ca state. In contrast to the other sites
on Tn, the distance between Cys-98 of TnC and Gln-41 on
actin decreased slightly upon Ca®* binding.

DISCUSSION

In the present analysis of FRET data, a single donor-ac-
ceptor pair was assumed. However, the energy transfer
may occur between a single donor on Tn and multiple
acceptors on actin in a reconstituted thin filament. The
transfer efficiency depends on the sixth power of the
distance between a donor and an acceptor. When one
acceptor is close to a donor and other acceptors lie at
slightly greater distances, the transfer efficiency strongly
depends on the distance of the closest acceptor. When two
or three acceptors lie equidistant from a single donor
molecule, the distance between the donor and the acceptors
differs only by 12 or 20% respectively from the value
calculated for a single donor-acceptor pair (33). Therefore,
the present analysis gives a nearest-neighbor distance
without a large error.

In calculation of the distances between probes, the value
of 2/3 was used for the orientation factor, which corre-
sponds to the case where both donor and acceptor molecules
rotate rapidly. The upper and lower bounds of this parame-
ter were calculated according to the method of Dale et al.
(29). The limiting anisotropies of FL.C bound to Gln-41 on
actin and of AEDANS bound to Cys-98 on TnC in the Tn

TABLE I. Distances between probes attached to Tn and actin in the reconstituted thin filament in the presence and absence of Ca®*.

Donor site (troponin) Acceptor site (actin)

Efficiency (+ Ca/—Ca) R(2/3) (A) (+Ca/—Ca)

Cys-133 of Tnl Nucleotide
Gln-41

Cys-9 of Tnl Nucleotide
Gln-41

Cys-98 of TnC Nucleotide
Gln-41

0.37+0.03/0.72+0.04
0.32+0.03/0.68+0.06
0.231£0.03/0.37+0.03
0.201+0.03/0.28+0.03
0.08+0.03/0.06+0.03
0.20+0.03/0.17+0.03

42.77+0.9/33.4+1.2
51.6+1.2/40.1+1.9
49.3+1.5/44.0+1.0
59.1+2.0/55.4+1.4
57+5 / 59+7
55.1+1.7/56.2+2.1
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complex were previously reported to be 0.217 (34) and
0.179 (12), respectively, and those of AEDANS bound to
Cys-133 of Tnl and Cys-9 of the mutant Tnl in the Tn
complex were determined to be 0.205 and 0.331, respec-
tively (this study). The fundamental anisotropies of AE-
DANS and FLC were previously reported to be 0.376 and
0.341, respectively (34). These values give a maximum
error range for the critical distance (R,) calculated by using
x*=2/3 of ~30%, i.e., the calculated range appears to be
unacceptably large. However, it has been argued by several
authors that the choice of 2/3 for »? is not an unreasonable
one due to electronic and rotational depolarization mecha-
nisms (7, 35). We have pointed out that reasonable agree-
ment was obtained between intra- and inter-molecular
distances in G-actin and F-actin determined by FRET by
assuming »*=2/3 and the distances determined by x-ray
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diffraction data (8, 36).

Previously, Tao et al. (12) reported that the binding of
Ca?* to TnC induces a conformational change in the Tn
complex which causes a decrease in the distance between
Cys-98 of TnC and Cys-133 of Tnl by ~5 A. Further, it has
been reported that the distances between probes attached
to Cys-133 of Tnl and Lys-61 (10) or Cys-374 (9) of actin
increased by 6 or ~15 A upon Ca?* binding to TnC. The
distances between probes attached to Tn and actin in the
reconstituted thin filament determined in the present study
are summarized in Table 1. The distances between probes
attached to Cys-133 of Tnl and Gln-41 or the nucleotide-
binding site of actin increased by ~10 A on binding of Ca?*
to Tn, while the distance between probes attached to Cys-9
of Tnl and the residues on actin increased by ~4 A upon
binding of Ca** to Tn. On the contrary, the distance

(A) F-actin (pararell to the long axis)
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Fig. 5. Atomic model of F-actin showingloca-
tions of residues related to the present work.
(A) view along the helix axis, (B) cross-section
viewed from the pointed end. F-actin is constructed
of two monomers using the atomic coordinates of
Lorenz et al. (38). Ca of Asp-1, Gln-41, Lys-61,
Lys-238, Glu-241, and Cys-374, and C3’ of bound
ADP are shown with closed circles, and residues
228-232 are shown with ribbon structure on the
wireframe model of F-actin. The software used for
the figure was Rasmol by Roger Sayle. In Fig. 5B,
one possible spatial relationship between Tnl and
actin in the presence and absence of Ca®* is illus-
trated. The position of Tm (in the presence of Ca**)
is quoted from Saeki et al. (41).
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between Cys-98 of TnC and the residues on actin decreased
slightly (~1 A) on binding of Ca?* to Tn. The results are in
good accordance with the model of Reinach et al. (37).
According to this model, the TnC/Tnl dimer is organized in
a structural domain (N-terminal domain of Tnl and the
C-terminal domain of TnC), which is responsible for the
stable association of the complex to the actin filament
irrespectively of the presence or absence of Ca®* ions, and
a regulatory domain (inhibitory and C-terminal domain of
Tnl and the N-terminal domain of TnC), which is respon-
sible for the regulatory properties of the protein.

Figure 5 shows the model of F-actin (two protomers) by
Lorenz et al. (38), in which Ca of several amino acid
residues are indicated by closed circles. FRET measure-
ments showed that the distances between the sites (Cys-
133 or Cys-9) of Tnl and the sites (Gln-41, Lys-61, Cys-
374, the bound nucleotide) of actin always decreased when
Ca®* ions are removed from troponin. Since these sites are
dispersed on the outer domain of actin, the results indicate
that Tnl comes closer to the outer domain of actin in the
absence of Ca?* ions. Grabarek and Gergely (39) showed
that Tnl has been crosslinked to F-actin near the N-ter-
minus of actin. Using cryo-electron microscopy and image
analysis, Milligan et al. (40) determined the positions of
Tm on the F-actin filament in the presence of both Ca** and
the myosin head, in which Tm is bound to the inner domain
of actin close to the genetic helix contact. Saeki et al. (41)
identified the tropomyosin-binding sites on the dictyo-
stelium actin surface by using the method of site-directed
mutagenesis. They reported that residues 228-232, 238,
and 241 on actin are involved in the tropomyosin-binding
site. These sites are also indicated in Fig. 5. Tnl appears to
protrude from the binding site on Tm toward the N-ter-
minus of actin.

The present results indicate that Cys-133 of Tnl is
located closer to the outer domain of actin than Cys-9 of Tnl
and Cys-98 of TnC, and the distance change relative to the
outer domain of actin in response to a change in Ca®*
concentration is larger than for Cys-9. It should be noted
that in a hinge bending motion, the distance between a
moving point and the hinge point does not change. There-
fore, the distances between Cys-133 or Cys-9 of Tnl and
Cys-98 of TnC do not necessary change to the same extent
as the distance changes of these residues relative to actin.
In fact, the distance between Cys-133 of Tnl and Cys-98 of
TnC changes by —5 A upon Ca?* binding (12), which is
much smaller than the distance change (+15 A) between
Cys-133 of Tnl and Cys-374 of actin (9). During inhibition,
the C-terminal and inhibitory domains of Tnl decrease the
affinity for the N-terminal domain of TnC (3) and move
towards the outer domain of actin on the skeletal muscle
thin filament, while the C-terminal domain of TnC does not
move. Tnl thus acts something like a lever arm, and the
C-terminal region of TnC acts as the hinge. In Fig. 5B, the
distances between Cys-133 of Tnl and Gln-41, Lys-61 (10),
Cys-374 (9), and the bound nucleotide of actin in the
absence of Ca®* are indicated (in A unit), and one possible
spatial relationship between Tnl and actin in the presence
and absence of Ca?* is illustrated. There are many positive-
ly charged amino acid residues in the inhibitory and the
C-terminal domains of Tnl (in 96-178, 24 positive charges
and 14 negative charges). On the other hand, the N-ter-
minus of actin contains a string of four acidic residues (D1,

M. Miki et al.

E2, D3, and E4). This negative charge cluster of the actin
N-terminus is crucial for the ATP-dependent actin-myosin
interaction (42, 43). During inhibition, movement of a
positively charged peptide of Tnl toward the negative
charge cluster of the actin N-terminus may disturb the
actin-myosin interaction. This movement may be an im-
portant event in the inhibitory mechanism by the troponin-
tropomyosin regulatory system.
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