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We studied Ca2+-dependent structural change of rabbit skeletal troponin C (TnC)-melittin
(ME) complex as a model of TnC-troponin I complex. In previous study, we found that the
distance between Met-25 and Cys-98 of TnC in TnC-ME complex increased upon binding of
Ca2+ to TnC [H. Sano and T. Iio (1995) J. Biochem. 118, 996-1000]. In this study, we used a
fluorescence energy transfer method. As a fluorescent donor, we used the tryptophan
residue in four melittin derivatives, in which residue 2, 5, 8, or 13 was replaced with
tryptophan. As acceptor, we used dansylaziridine (DANZ) bound to Met-25 of TnC, or
Ar-iodoacetyl-iV'-(5-8ulfo-l-naphthyl)ethylenedianiine (1,5-I-AEDANS) bound to Cys-98
of TnC. For all TnCDANZ-ME complexes, the donor-acceptor distance (11.9-17.7 A) did not
remarkably depend on Mg2+ or Ca2+ binding of TnC or on the position of tryptophan in ME
derivatives. The same results were obtained for TnCAEDANS-ME complexes in the absence of
Ca2+ (distance 15.2-21.7 A). But in the presence of Ca2+, tryptophan residues in the central
region of ME were near to Cys-98 of TnC (distance much less than 10.4 A). Based on these
results, we conclude that ME is enfolded by the N- and C-lobes of TnC, and the ME rod is
almost perpendicular to a line connecting Met-25 and Cys-98 of TnC. The position of the ME
rod shifts upon binding of Ca2+ to TnC.

Key words: calcium ion, fluorescence energy transfer, melittin, structural change, troponin
C.

Skeletal muscle troponin C (TnC) is a Ca2+-binding protein
(1). It is a subunit of the troponin molecule, which, with
tropomyosin, regulates Ca2+-dependently the actomyosin
ATPase and the force generation of skeletal muscle (see
reviews in Refs. 1-4). TnC assumes a dumbbell shape,
consisting of two lobes which are connected by a central
helix (5, 6). It contains four Ca2+-binding sites (5, 6). Sites
I and II are low affinity Ca2+-binding sites in the N-terminal
lobe, and sites El and IV are high affinity Ca2+/Mg2+-
binding sites in the C-terminal lobe {7-10). Calmodulin,
another Ca2+-binding protein, is a close homolog of TnC
(11) and assumes the same type of the three-dimensional
structure (12).

TnC undergoes structural change upon Ca2+ binding, and
this structural change has been considered to be essential
for the biological role of TnC (13). For instance, Herzberg
et al. (14) proposed that CaI+ binding to the low affinity
sites induces a structural transition of the N-terminal
domain (regulatory domain) of TnC to produce a similar
structure to that of the C-terminal domain, which binds
Ca2+ or Mg*+ under physiological conditions, and that the

1 To whom correspondence should be addressed. E-mail: zetha©
white.plala.or.jp
Abbreviations: DANZ, dansylaziridine; EGTA, ethylene glycol bis-
03-aminoethyl ether)-iV,iV,iV',iV'-tetraacetic acid; 1,5-I-AEDANS,
iV-iodo8cetyl-Ar'-(5-sulfo-l-naphthyl)ethylenediamine; ME, bee venom
melittin; TnC, rabbit skeletal muscle troponin C.
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structural transition is essential for the biological role of
TnC. Houdusse et al. (15) determined crystal structure of
4 Ca2+-bound TnC and confirmed the proposal of Herzberg
et aL The experiments of Grabarek et al. (16) and Fujimori
et al. (17) revealed also that restrictions of the structural
transition of the N-terminal domain reduced the biological
function of TnC.

It is well known that some Ca2+-binding proteins interact
Ca2+-dependently with short basic amphipathic peptides
(18, 19). These peptides have common structural features
of notable clusters of basic amino acid residues in close
conjunction with hydrophobic amino acid sequences. One
such peptide is honey bee venom melittin (ME), a 26-
residue peptide (20). The complexes of melittin and
Ca2+-binding proteins have been regarded as useful models
of protein-protein interactions. For example, the Ca2+-de-
pendent interaction between melittin and calmodulin has
been extensively studied (18, 21).

In the troponin molecule, TnC binds to the residues 1-47
and 101-113 of troponin I (4, 13, 22-26). In the binary
complex of troponin I and TnC, Wang and Cheung (27)
reported that the distance between Met-25 and Cys-98 of
TnC increased upon binding of Ca2+ to sites I and II. In a
previous study, based on a similarity between amino acid
sequences, we used melittin as a model of the TnC-binding
troponin I peptide of residues 101-113. We found that the
distance between Met-25 and Cys-98 of TnC in TnC-ME
complex increased upon binding of Ca2+ to TnC (28). In this
paper, we report a study of the Ca2+-dependent structural
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change of TnC-melittin complex by a fluorescence energy
transfer method using four melittin derivatives, in which
residue 2, 5, 8, or 13 of melittin was replaced with tryp-
tophan.

MATERIALS AND METHODS

Troponin-tropomyosin complex was extracted from rabbit
skeletal muscle (29), and troponin was separated from
tropomyosin by the isoelectric precipitation method (29).
Three components of troponin were separated by ion
exchange chromatography as reported in Ref. 30. The
concentration of TnC was determined by spectrophotom-
etry using A277 (1 mg/ml) = 0.23 (32) and a molecular
weight of 18,000 (8).

Bee venom melittin was purchased from Sigma Chemical
and further purified by the method of Maulet et al. (32)
with modification. Melittin was dissolved in a solution
containing 4 M urea and 0.05 M ammonium acetate, pH
4.75, and applied to a column of CM-Sephadex C25. ME
was eluted with a gradient of 0.15-0.3 M KC1 in the same
buffer. The buffer system of the solution was replaced with
a solution containing 0.1 M KC1, 4 mM EGTA, and 20 mM
Tris-HCl, pH 7.5, by gel chromatography on Sephadex
G-50F. Melittin concentration was determined using a
molar extinction coefficient of 5,470 M"1-cm"1 at 280 nm
(33).

Melittin derivatives were synthesized by a solid-phase
method with a fluorenyl-methyloxycarbonyl group for
temporary protection of the a -amino group of component
amino acids. The synthesis was carried out on a model 431A
peptide synthesizer of Applied Biosystems with a FastMoc
protocol supplied by the manufacturer at 0.1 mmol peptide
quantity. The peptides were purified by the same method as
used for native melittin. We synthesized four melittin
derivatives, I2W/W19L, V5W/W19L, V8W/W19L, and
L13W/W19L, and their amino acid sequences are shown in
Fig. 1. Since the experimentally determined molar extinc-
tion coefficients of the synthetic peptides were the same as
that of the native melittin, the concentrations of the
synthesized melittin derivatives were determined using
the molar extinction coefficient of 5,470 M"1-cm"1 at 280
nm.

In the fluorescence energy transfer experiment, dansyl-
aziridine (DANZ) and iV-iodoacetyl-2V'-(5-sulfo-l-
naphthyl)ethylenediamine (1,5-I-AEDANS) were used as
acceptors. DANZ and 1,5-I-AEDANS were purchased from
Merck Chemical and Sigma Chemical, respectively. Modi-
fication of Met-25 of TnC with DANZ was performed by the
method of Johnson et al. (34). The concentration of DANZ
bound to TnC was determined using A3i0 — 3,980 M"1 •cm"1

(34). Modification of Cys-98 of TnC with 1,5-I-AEDANS

was performed by the method of Grabarek et al. (35). The
concentration of AEDANS bound to TnC was determined
using A3j7 = 6,000M"1-cm"1 (36). The protein concentra-
tion of the fluorescent probe-TnC complex was determined
according to Lowry et al. (37). The molar ratio of the
fluorescent probe to the protein was 80.6± 1.8% in TnCDANZ

and 49.8±1.0% in TnCAEDANS.
Absorption spectra were measured with a Hitachi U-

3300 spectrophotometer. Fluorescence spectra were mea-
sured with a Hitachi F-4500 fluorescence spectrophotom-
eter.

Transfer efficiency of resonance energy from donor to
acceptor was determined by measuring the degree of
quenching of steady-state donor fluorescence intensity (38,
39). The transfer efficiency E was calculated from the
following equation:

E=1-(FDA/FD) (1)

where FD is the emission intensity of the donor in TnC-ME
complex or TnC-ME derivative complexes, and F0A is the
corrected emission intensity of the donor in TnCDANZ-ME,
TnCDAN2-ME derivatives, TnCAEDANS-ME, orTnCAEDANS-ME
derivatives. The emission intensity of the donor in the
fluorescence-labeled TnC-ME was corrected for nonstoi-
chiometric labeling of the acceptor and for the absorption of
the emission light by the acceptor.

The Forster critical transfer distance Ro (A) (40) was
calculated from

where n is the refractive index of the solvent and was taken
as 1.40; QD is the donor quantum yield, which was deter-
mined using quinine sulfate as a standard (41); x2 is the
orientation factor; and J is the spectral overlap integral
calculated from the fluorescence spectrum FD(X) of the
donor and absorption spectrum eA(X) of the acceptor:

(3)

where X is wavelength. The distance R between the donor
and the acceptor in TnC-ME was calculated from the
following equation:

E = Re
6/(R0' + Rt) (4)

The orientation factor x2 cannot be determined uniquely.
It is 2/3 if both emission and absorption dipoles rotate
randomly over all orientations and are rapidly compared
with the time-scale of energy transfer (dynamic averag-
ing). This condition is not always met. Equations that gave
the lower and upper bounds of x2 from steady-state
polarization data were derived by Dale et aL (42):

1 5 io 15 20 25

ME Native : NH3
+-GIGAV,LKVLT,TGLPA,LISWI,KRKRQ,Q-CONH2

I2W/W19L : NH3
+-G'GAV,LKVLT,TGLPA,LIS I,KRKRQ,Q-CONH2

V5W/W19L : NH3
+-GIGA',LKVLT,TGLPA,LIS I,KRKRQ,Q-CONH2

V8W/W19L : NH3
+-GIGAV,LK-LT,TGLPA,LIS I,KRKRQ,Q-CONHj

L13W/W19L : NH3
+-GIGAV,LKVLT,TG-PA,LIS I,KRKRQ,Q-CONH2

Fig. 1. Amino acid sequences of synthesized
melittin derivatives, I2W/W19L, V5W/W19L,
V8W/W19L, and L13W/W19L. The altered amino
acid residues are shown in outline.
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where < dxD> and < dxA > are the axial depolarization factors 
of attached donor and acceptor, respectively. They are 
given by: 

<dxD>= (AODIA~D)"~ (7) 

< dxA> = (AoAIArA) '" (8) 
where AoD and A,, are the limiting anisotropies of the 
attached donor and attached acceptor, respectively, and AfD 
and AfA are the fundamental anisotropies of free donor and 
acceptor, respectively. The limiting anisotropies were 
determined experimentally for each chromophore under 
each set of conditions by extrapolating steady-state iso- 
thermal polarization data to infinite viscosity using glycerol 
(43) .  An ideal value of 0.4 was assumed for the fundamen- 
tal anisotropy (42). 

Each fluorescence energy transfer experiment was per- 
formed at 25.0+0.1°C in a medium containing 0.1 M KC1, 
20 mM Tris-HC1, pH 7.5, and one of the following addi- 
tions: (i) 4 mM EGTA, (ii) 4 mM MgC1, and 4 mM EGTA, 
or (iii) 5 mM CaC1, and 4 mM EGTA. These solutions are 
called EGTA, MgZ+, CaZ+ solutions, respectively. 

RESULTS AND DISCUSSION 

The absorption spectra of TnCDANZ and TnCAEDANS and the 
fluorescence emission spectrum of TnC-ME are shown in 
Fig. 2. To exclude the fluorescence from the tyrosine 
residue in the TnC molecules, we adopted an excitation 
wavelength of 300 nm. These curves reveal the spectral 
overlap of donor (tryptophan in ME) emission and acceptor 
absorption. Figure 2 shows that DANZ and AEDANS are 
good acceptors of excitation energy from tryptophan. The 
quenching of the donor emission resulting from introduc- 
tion of a DANZ acceptor or an AEDANS acceptor into the 

Fig. 2. Fluorescence and absorption spectra of TnC-ME, 
~ C D A N Z  , and TnCmDMS. Curve 1, absorption spectrum of TnC-ME; 
curve 2, absorption spectrum of TnCDANZ; curve 3, absorption spec- 
trum of TnCAEDASS; curve 4, fluorescence spectrum of TnC-ME; curve 
5 ,  fluorescence spectrum of TnCDAsz; curve 6, fluorescence spectrum 
of TnCAEDAsS. Excitation wavelength was 300 nm for TnC-ME, 340 
urn for TnCDANZ, and 337 nm for TnCAEDANs. Each curve was measured 
at 25'C in EGTA solution. 

TnC-ME is depicted in Fig. 3. In contrast with TnC-ME 
TnCDANZ-ME emits in two regions of the spectrum upon 
excitation at 300 nm. One is corresponds to the emission of 
the Trp residue of ME, and other to the emission of DANZ. 
The same tendency is observed in TnCAEDANS-ME system. 
Values of F D  and FDA were obtained by integrating the 
corrected fluorescence intensity between 300 and 400 nm 
for TnCDANZ-ME, and between 300 and 370 nm for 
TnCAEDANS-ME. In these wavelength regions, the fluores- 
cence of the acceptor was negligible. 

The fluorescence energy transfer efficiency from trypto- 
phan of ME or its derivatives to DANZ or AEDANS of TnC 
and the donor-acceptor distance were evaluated and listed 
in Table I. The various spectroscopic parameters that were 
required to calculate the donor-acceptor distance are also 
listed in Table I. 

In the following discussion, we consider the donor-accep- 
tor distance based on the isotropic and random orientation 
of the donor and acceptor dipoles (xZ=2/3). In the 
TnCDANZ-ME system, the acceptor DANZ binds to Met-25 
of helix A in the N-terminal domain of TnC. Donor-accep- 
tor distance of this system is shown in Fig. 4 as a function 

3 0 0  350  4 0 0  4 5 0  500  
Wavelength (nm) 

Fig. 3. Fluorescence spectra of TnC-ME, TnCDAsz-ME, and 
TnCAEDNS-ME. (a) TnC-ME (curve 1) and TnCDmZ-ME (curve 2) in 
EGTA solution; (b) TnC-ME (curve 1) and TnCAEDAsS-ME (curve 2) in 
EGTA solution. TnC concentration was 5 pM. Excitation wavelength 
was 300 nm. 

J. Biochem. 

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Troponin C-Melittin Complex 605-

TABLE I-a.

E(%)
J (xlO'M-
QiCxlO-1)
*'m,0(xlO-
K- O1AX

•*VXI/3) ( A )

#Xm,n, (A)
^Xmax) (A)

%v» (A)
iiimw (A)
3max> (A)

TABLE I-b.

E(%)
J(xlO'M~
Qd ( x 1O"1)
*r 2mm(xl0-
* max

RKVD (A)

itKm.n) (A)
Jil-fl (A)
3«» (A)
•^min) ( A )

iW> (A)

Experimental fluorescence energy transfer data of TiiC"** -ME systems.
TnC-I2W/W19L

EGTA
72.8

'•cm1) 2.51
6.44

') 9.26
3.27

18.5
13.3
24.1
15.7
11.3
20.5

Experimental

Mg"+

54.7
2.51
3.78

25.9
2.20

16.9
14.4
20.6
16.4
14.0
20.0

CaI+

55.9
2.58
4.01

12.8
3.02

17.2
13.1
22.1
16.5
12.5
21.2

TnC-V5W/W19L
EGTA
73.5

2.57
5.44

18.7
2.63

18.1
14.7
22.8
15.2
12.3
19.1

Mg"+

40.7
2.53
3.40

25.7
2.24

16.6
14.2
20.3
17.7
15.1
21.7

Ca'+

55.8
2.64
3.79

12.7
3.05

17.1
13.0
22.0
16.4
12.4
21.1

TnC-
EGTA
66.2

2.34
3.58

14.6
2.89

16.6
12.9
21.2
14.8
11.5
18.9

V8W/W19L
Mg"

52.4
2.38
3.43

26.2
2.21

16.5
14.1
20.2
16.2
13.9
19.8

fluorescence energy transfer data of TnCAEDANS-ME i

TnC-I2W/W19L
EGTA
71.5

'•cm3) 2.48
6.44

') 9.30
3.26

23.9
17.2
31.1
20.5
14.8
26.7

Mg*+

64.2
1.67
3.78

29.6
2.02

20.5
17.9
24.7
18.6
16.2
22.4

72.7
1.93
4.01

11.0
3.12

21.2
15.7
27.4
18.0
13.3
23.3

TnC-V6W/W19L
EGTA
70.2

2.51
5.44

25.3
2.27

23.3
19.8
28.6
20.2
17.2
24.8

Mg1"
38.7

1.64
3.40

24.4
2.31

20.1
17.0
24.7
21.7
18.3
26.7

Ca'+

64.6
1.94
3.79

14.9
2.91

21.0
16.4
26.8
19.0
14.8
24.3

Ca1+

50.8
2.37
2.55

16.0
2.77

15.7
12.4
19.9
15.6
12.3
19.8

systems.
TnC-V8W/W19L

EGTA
48.6

2.35
3.58

25.0
2.28

21.5
18.3
26.4
21.7
18.4
26.6

Mg"+

53.0
1.58
3.43

21.5
2.48

20.0
16.6
24.9
19.6
16.2
24.4

Ca1+

a

1.84
2.55

22.1
2.44

19.5
16.2
24.2

b

—

—

TnC-L13W/W19L
EGTA
67.0

2.37
3.33

16.6
2.78

16.4
13.0
20.8
14.6
11.6
18.5

Mg»
48.4

2.40
3.05

24.1
2.33

16.2
13.7
20.0
16.4
13.8
20.2

Ca1+

67.4
2.63
3.68

10.5
3.17

17.0
12.5
22.0
15.0
11.0
19.5

TnC-L13W/W19L
EGTA
77.7

2.40
3.33

24.2
2.32

21.3
18.0
26.2
17.3
14.6
21.3

w*73.6
1.62
3.05

21.4
2.49

19.7
16.3
24.5
16.6
13.7
20.7

CaI+

98.8
1.97
3.68

13.3
2.99

21.0
16.1
27.0
10.4

7.95
13.4

EGTA
87.5

2.53
7.33
7.67
3.39

18.9
13.2
24.8
13.7

9.55
18.0

EGTA
90.6

2.52
7.33

10.7
3.19

24.5
18.1
31.8
16.8
12.4
21.8

TnC-ME
Mg"+

82.7
2.53
7.39

11.5
3.14

19.0
14.2
24.6
14.6
10.9
18.9

TnC-ME
Me1*

92.3
1.69
7.39

17.1
2.73

23.0
18.3
29.1
15.2
12.1
19.2

Ca1+

95.5
2.64
9.16

14.1
2.96

19.8
15.3
25.4
11.9
9.18

15.3

Ca'+

—"
2.01
9.16

11.2
3.16

24.5
18.2
31.7

b

—

—

"Donor fluoresence was completely quenched. bBfim was lower than 8 A.

10 IS 20
Residue No. of Tryptophan

Fig. 4. Distance between tryptophan of melittin and DANZ
bound to Met-25 as a function of the position number of trypto-
phan of melittin. Data were obtained in EGTA solution (C), Mg*+

solution (O), and Ca2+ solution (x).

of the position number of the Trp residue in ME and ME
derivatives. Although the fluorescence energy transfer
efficiency depended on the divalent cation-binding of TnC,
the R(2m value did not remarkably depend on Mg2+- and
Ca2+-binding of TnC. (î 2/3> is a donor-acceptor distance
calculated under the assumption that x2 = 2/3.) In all
solvent systems, the i^2rt) value was in the range of 11.9-
17.7 A, and their averaged value was 15.4 A. This is
because the divalent cation-dependent change of Ro value
cancels the divalent cation-dependent change of the fluo-

I 20 . o ©
x

O

O

o
o

X

5 10 15 • » 25
Residue No. of Tryptophan

Fig. 5. Distance between tryptophan of melittin and AEDANS
bound to Cys-98 as a function of the position number of trypto-
phan of melittin. Data were obtained in EGTA solution (C), Mg*+

solution (O), and CaI+ solution (x). Donor-acceptor distances of
TnCAEDA*5-ME V8W and TnCAEDAm-ME are much less than 8 A.

rescence energy transfer efficiency. The other remarkable
point of Fig. 4 is that the î 2,3) value does not depend on the
position of the donor in ME derivatives. Melittin helix
assumes the shape of a bent rod, with the bend at residues
11 and 12 and a bend angle of about 120 degree (44). Pro-14
contributes to the formation of the bend in the ME helix
(44). Since all ME derivatives have Pro-14, it is reasonable
to assume that ME derivatives bound to TnC take the bent
rod structure of the ME molecule. All Trp residues of ME

Vol. 124, No. 3, 1998
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and ME derivatives are on the "inner" side of the ME bent
rod. Therefore there must be a position or positions of the
acceptor for which the donor-acceptor distance does not
remarkably depend on the position of the donor in the ME
molecule.

In the case of TnCAEDANS-ME, the acceptor binds to
Cys-98 of helix E in the C-terminal domain of TnC. Figure
5 shows that the Ri2w value of this system did not depend
on the binding of Mg2* to TnC. The .R /̂a) value was in the
range of 16.8-21.7 A in EGTA solution and 15.2-21.7 A in
Mg*+ solution. The i^2/3) values of TnCAEDANS-L13W/W19L
and TnCAEDANS-ME were smaller than the others. In Ca2+

solution, 100% energy transfer was observed in TnCAEDANS-
V8W/W19L and TnCAEDANS-ME systems. The H2m values
of these systems were much smaller than 8 A. The R(2i»
value of TnCAEDANS-L13W/W19L was also very small (10.4
A). Therefore, we conclude that, in Ca2+ solution, Trp
residues in the central region of ME derivatives were close
to Cys-98 of TnC. The distance between them was less than
10.4 A.

Let us consider the relative position of Met-25 and
Cys-98 of TnC and Trp-13 of L13W/W19L. In the pres-
ence of Ca2+, we reported that ii<2/3) between Met-25 and
Cys-98 of TnC-ME complex was 50.0 A (28). î 2/3> between
Cys-98 of TnC and Trp-13 of L13W/W19L was deter-
mined in this work as 10.4 A, and î 2/3) between Met-25 and
Trp-13 as 15.0 A. There is thus a discrepancy between our

previous result and the present one. However, if we take
î mm) of the previous report and -S;max) of the present work,
we can draw a picture of the relative positions of Met-25
and Cys-98 of TnC and Trp-13 of the ME derivative as
follows. The maximum distance from Met-25 of TnC to Trp
residue of ME derivatives is 19.5 A (Table I), and the
minimum distance from Met-25 to Cys-98 of TnC is 29.1 A
(28). If we estimate the distance from the Trp residue of
the central region of ME derivatives to Cys-98 of TnC as 10
A, the central region of ME must be located on the line
connecting Met-25 and Cys-98. Met-25 is located near helix
D and Cys-98 on helix E. Helix E, eleven linker residues,
and helix D form a 31-residue central helix of TnC. Then
the central region of ME is near to the C-terminal side of
the central helix of TnC in Ca2+ solution.

In EGTA and Mg2+ solutions, donor-acceptor distance
did not depend remarkably on the position of the Trp
residue (Figs. 4 and 5). This suggests that the ME molecule
is enfolded by the N- and C-terminal domains of TnC, and
the ME rod is almost perpendicular to a line connecting
Met-25 and Cys-98 of TnC. Since i^,,, between DANZ and
Trp is smaller than that between AEDANS and Trp (Table
I), ME is located relatively near to the N-terminal domain
of TnC in the absence of Ca2+. The central region of ME is
close to Cys-98 in the presence of Ca2+, but moves away
from Cys-98 in the absence of Ca2+.

The axial depolarization factor gives information on the

A 0.6 -

0.4 -

-

<D
X

-

-

i , • fc •

(a)

•

1

0.8

0.6

0.4

0.2

0

-

-

-

X

T *

4> • s

. t .

(c)

-

-

-

1
10 15 20

Residue No. of Tryptophan
10 15 20

Residue No. of Tryptophan

A 0.6
<

<b

(b)

10 IS 20
No. of Tryptophan

Fig. 6. Axial depolarization factors of tryptophan, DANZ, and
AEDANS In TnC-ME. (a) Axial depolarization factor of tryptophan
<d'D>. (b) Axial depolarization factor of DANZ <dx

A>- (c) Axial
depolarization factor of AEDANS <dx

A>. Data were obtained in EGTA
solution (0), Mg1* solution (O), and Ca1+ solution (x).
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rotation of the emission dipole of the chromophore. In this
experiment, the values of <d*D> and <dx

A> were calculated
from ACD and AOA, which were determined from Perrin
plots, and Aro = .AfA=0.4. Figure 6a shows that <dJC

D> of
Trp-19 of ME is higher than the others. This means that
random rotation of the emission dipole of Trp-19 is reduced
as compared with the other Trp residues. Figure 6b reveals
that DANZ bound to Met-25 of TnC shows lower <d*A>
value in Mg2* solution than in the other solutions. Donor-
acceptor distance between DANZ and Trp is larger in Mg2*
solution than in the other solutions (Fig. 4). So the DANZ
chromophore should rotate more freely in Mg2* solution
than in the other solutions. In EGTA and Ca2+ solutions, on
the contrary, DANZ shows a high <dx

A> value. This means
that DANZ rotation is suppressed in the EGTA and Ca2+

solutions. Figure 6c shows the averaged value of <dx
A> of

AEDANS bound to Cys-98 is higher in Ca2+ solution
(0.861) than in EGTA solution (0.748) and Mg2* solution
(0.675). The rotation of AEDANS chromophore is more
suppressed in Ca2+ solution than in the other solutions.
Figure 6c also reveals that AEDANS rotation is suppressed
when ME has a Trp-2 or Trp-19 residue in Ca2+ and EGTA
solutions. On the contrary, in Mg2* solution, it gains
rotational freedom when ME has Trp-2 or Trp-19. These
results suggest an interaction between the Trp residue of
ME and Cys-98 of TnC.

In this work, we used ME derivatives in which residue 2,
5, 8, or 13 of ME was replaced with a Trp residue. These
residues, together with Trp-19, are on the inner side of the
bent rod of ME (44). We can propose the whole three-
dimensional structure of TnC-ME complex based on the
donor-acceptor distances obtained in this work, donor-
acceptor distance between DANZ and 5-(iodoacetamide)
eosin bound to Met-25 and Cys-98 of TnC, respectively
(28), and position coordinates of residues 2, 5,8,13, and 19
of ME (45). In both EGTA and Mg*+ solutions, ME binds to
TnC in such a way that the outer side of the bent rod of ME
faces the N - terminal side of the central helix of TnC and the
residues 2, 5, 8, 13, and 19 of ME face down to the C-
terminal domain of TnC. On the contrary, in Ca2+ solution,
the outer side of the bent rod faces the C-terminal side of
the central helix of TnC and the inner side of the bent rod
faces up to the N-terminal domain of TnC. This change of
ME position upon binding of Ca2+ to TnC may be a cause of
the increase in distance between Met-25 and Cys-98 which
accompanies the Ca2+-binding, as was reported in the
previous paper (28). The position of ME may also difFer in
EGTA solution and Mg^ solution, as suggested by the data
of <dx

A> (Fig. 6b). The rotational freedom of DANZ bound
to Met-25 of TnC is higher in Mg2+ solution than in EGTA
solution. This suggests that ME is located father away from
Met-25 in MgI+ solution than in the EGTA solution.

The structure of TnC-ME complex in the Ca2+ solution
described here resembles the computer-simulated model of
Strynadka and James (46) except in one point: the inner
side of the bent rod of ME faces the center of the C-terminal
lobe of TnC in their model, while the outer side of the bent
rod faces helix D of TnC in our model. Kobayashi et al. (47)
reported that inhibitory peptide 104-115 of troponin I
binds to two regions of TnC, residues 84-94 and 60-61, in
the presence of Ca2+. We revealed in this work that ME
binds to both the N- and C-domains of TnC.

Calmodulin is a close homolog of TnC and has the same

type of the crystal structure as TnC (12). Four-Ca2+-bound
calmodulin binds target proteins and activates them Ca1+-
dependently (48). Calmodulin also binds extracellular
peptides such as melittin and mastoparan (48). Persechini
and Kretsinger (49) proposed that the linker region of the
central helix of calmodulin functions as a flexible tether
permitting the two lobes to enfold an a -helix of the target
protein, thereby activating CaI+-dependently the target
protein. Ikura et al. (21) and Meador et al. (50, 51) have
confirmed the proposal of Persechini and Kretsinger by
multidimensional NMR spectroscopy and X-ray crystallo-
graphy. Considering the close homology between TnC and
calmodulin, it is reasonable to assume that the TnC-ME
complex takes the same structure as the complex of
calmodulin and its target peptide. Blechner et al. (52)
reported small-angle X-ray scattering studies of TnC and
TnC-ME systems. They revealed that Ca2+-saturated TnC-
ME assumed a significantly contracted globular structure.
Their result and our data obtained here confirm the above
proposal for the TnC-ME system. Furthermore, our data
suggest that the TnC-ME system assumes the contracted
globular structure even in the absence of Ca2+.
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