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Calcium-Induced Movement of Troponin-I 
Relative to Actin in Skeletal Muscle Thin Filaments 

The role of troponin-I (the inhibitory subunit of troponin) in the regulation by Ca2+ of 
skeletal muscle contraction was investigated with resonance energy transfer and photo 
cross-linking techniques. The effect of Ca2+ on the proximity of troponin-I to actin in 
reconstituted rabbit skeletal thin filaments was determined. The distance between the 
cysteine residue at position 133 (Cys133) of troponin-I and Cys374 of actin increases by 
approximately 15 angstroms on binding of CaZ+ to troponin-C. Also, troponin-I 
labeled at Cys133 with bemphenone-4-maleirnide could be photo cross-linked to actin 
in the absence of Ca2+, but not in its presence. These results suggest that troponin-I is 
attached to actin in the Ca2+-free or relaxed state of muscle, and that it detaches from 
actin on Ca2+ activation of contraction. Thus, troponin-I may function as a Ca2+- 
dependent molecular switch in regulation of skeletal muscle contraction. 

C ONTRACTION OF VERTEBRATE STRI- 

ated muscle is regulated by ca2+ 
and requires the regulatory proteins 

troponin (Tn) and tropomyosin (Tm) (1). 
Troponin is composed of three subunits, the 
Ca2+-binding (TnC), inhibitory (TnI), and 
Tm-binding (TnT) subunits. TnI inhibits 
actomyosin Mg2+-dependent adenosine tri- 
phosphatase (Mg-ATPase) activity by itself 
(2, 3). It binds weakly to filamentous actin 
(F-actin) (4, 5 )  near the NH2-terminus of 
actin (6 )  and more strongly to a complex of 
Tm and F-actin (Tm-F-actin); TnC reverses 
the binding of TnI to Tm-F-actin in the 
presence of Ca2+, but not in its absence (4, 
5 ) .  On the basis of these and other findings, 
a model for regulation by ca2+ of skeletal 
muscle contraction has been proposed (4, 7, 
8). This model postulates that in the relaxed 
state (absence of Ca2+), TnI is attached to 
actin and anchors Tm in a position or state 
that inhibits olle of the steps in the actin- 
myosin interaction cycle. In the activated 
state (presence of ca2+), the binding of Ca2+ 
to TnC causes TnI to detach from actin, with 
the result that the inhibitory effect of Tm is 
reversed. With the use of reconstituted rabbit 

skeletal muscle thin filaments composed of 
Tn, Tm, and F-actin. we have directlji exam- 
ined how TnI funaions in the p;oposed 
mechanism of Ca2+ regulation. 

TnI labeled at Cys133 with the fluorescent 
donor 1,5-IAEDANS [N-iodoacetyl-N'-(5- 
sulfo-1-naphthy1)ethylenediaminel and F- 
actin labeled at Cys374 with the nonfluores- 
cent acceptor DAB-Ma1 (4-dimethylamino- 
phenylazophenyl-4'-maleimide) were recon- 
stituted with the other thin filament 
proteins to form the ( T ~ c - T ~ I ~ ~ ~ - T ~ T ) -  
Tm-F-actin and ( T ~ c - T ~ I ~ ~ ~ - T ~ T ) - T ~ -  
F-actinDAB complexes (where T ~ I ~ ~ ~  is 
donor-labeled TnI and  actin in^^^ is accep- 
tor-labeled F-actin) . Resonance energy 
transfer distances were measured in these 
complexes in the following metal-bound 
states: (i) the ca2+-state, in which both the \ ,  

high- and low-affinity metal-binding sites of 
TnC are saturated with ca2+,  simulating the 
in vivo activated state; (ii) the Mg2+-state, 
in which only the high-affinity sites are 
occupied by Mg2+, simulating the in vivo 
relaxed state; and (iii) the apo-state, in 
which none of the sites are occupied. 

Our results show that the extent of reso- 
nance energy transfer is markedly Ca2+- 

T .  Tao, Department of Muscle Research, Boston Bio- dependellt (Fig. 1 and Tables 1 and 2) ,  the 
medical Research Institute, 20 Staniford, Street, Boston, 
MA 02114. and De~artment of Neuroloev. Harvard transfer yield beillg lower in the 

-, 
Medical School, ~ o s t o n ,  MA 02115. Ca2+-saturated state than in either of the 
B.-J. Gong, Department of Muscle Research, Boston 
Biomedical Research Institute, Boston, MA 02114. Ca2+-free states' Measurements carried 
P. C. Lewis, Department of Muscle Research, Boston out in the presence of both Ca2+ (0.2 mn/l) 
Biomedical Research Institute, Boston, MA 02114; De- ,d Mg2+ (4 yielded the same results parunent of Neurology, Harvard Medical School, Bos- 
ton. MA 02115: and Deoartment of Phvsiolot?.. Tufts as those carried out in the Ca2+-state (9) .  If \ ,  
~ n h e r s i t y  School of ~ e d i c i n e ,  Boston, k 4  0 2 1 1 .  we hat the orientation factor, K2, is 
*To whom correspondence should be addressed. the isotropically averaged value of 213, dis- 
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tances were obtained for 
the Ca 2 + - , M g 2 + - , and apo-states, respec
tively. Thus , there is little or no change in 
the apparent interprobe distance when M g 2 + 

occupies the high-affinity sites of T n C , but 
the distance increases by ~ 15 A when all the 
sites are occupied by Ca 2 + . 

The limiting anisotropy, A 0 , of (TnC-
T n I D A N - T n T ) - T m - F - a c t i n was determined 
as a function of metal binding by anisotropy 
decay measurements. The values obtained 
were 0.220, 0 .191 , and 0.214 in the Ca 2 + - , 
M g 2 + - , and apo-states, respectively (9). 
They are virtually independent of metal 
binding, indicating that there is no large 

change in the rigidity of the Tn l -bound 
donor when metal ions bind to T n C . The 
values are significantly lower than the theo
retical maximum of 0.4, indicating consider
able randomization of the donor transition 
moment , justifying the use of 2/3 as the 
value of K2. With the use of the formalism 
introduced by Stryer (10), and an average 
value of 0.218 for A0 , we obtained a value of 
35.5° for 6, the half-angle of a cone within 
which the donor transition momen t is as
sumed to rotate rapidly. This corresponds to 
a range of K2 values between 0.475 and 
0.904, o r a range of —30% in the deter
mined distances. In practice, this range 

120 150 

Time (ns) Time (ns) Time (ns) 

Fig. 1. Fluorescence decay curves of (TnC-TnIDAN-TnT)-Tm-F-actin (upper curves) and (TnC-
TnIDAN-TnT)-Tm-F-actinfc>AB (lower curves) in the Ca2+-, Mg2 + , and apostates. Dots are experimen
tal points. Solid lines are calculated fits with decay parameters derived from one-exponential [for (TnC-
TnIDAN-TnT)-Tm-F-actin] or two-exponential [for (TnC-TnIDAN-TnT)-Tm-F-actinDAB] method-
of-moments analyses (Table 1). Top panels show the difference function D for the (TnC-TnIDAN-
TnT)-Tm-F-actinDAB data, where D = (/c,, - /e, ,)/(/e, ,)

1/2, and where ICj, and /e , , are calculated and 
experimental fluorescence intensities, respectively, in the fth channel. Tn subunits, Tm, actin, and 
myosin subfragment-1 were prepared as described (16-18). Tnl was labeled with 1,5-IAEDANS by a 
procedure (13) that has been shown to label only Cys133 (19, 20). Actin was labeled at Cys374 with DAB-
Mal as described (15). Sample buffer was 2 mM Hepes (pH 7.5), 50 mM NaCl, and 0.2 mM adenosine 
triphosphate (ATP) and contained 0.2 mM CaCl2 (for the Ca2+-state), or 0.2 mM CaCl2 and 2 mM 
EGTA (for the apo-state), or 0.2 mM CaCl2, 2 mM EGTA, and 4 mM MgCl2 (for the Mg2+-state). 
Fluorescence decay measurements (21) were made at 25°C on the same samples by successively adding 
CaCl2, EGTA, and MgCl2. 

should be smaller because in this treatment 
the randomization of the acceptor transition 
moment orientation is not taken into ac
count. These results show that the attached 
donor has considerable flexibility and the 
extent of flexibility is not Ca 2 + -dependent , 
suggesting that the observed change in ap
parent interprobe distance is no t likely to be 
due to changes in the orientation factor. 

In a parallel experiment, T n l was labeled 
at Cys133 with the photoactivatable cross-
linker BP-Mal (benzophenone-4-malei-
mide) and actin was fluorescently tagged 
with the reagent CP-Mal [3-(4-maleimidyl-
phenyl)- 7-diethylamino - 4-methylcoumarin]. 
The reconstituted ( T n C - T n I B P - T n T ) - T m -
F-actinCP thin filament was irradiated with 
ultraviolet light in the presence or absence of 
Ca 2 + (presence of M g 2 + ) . Whereas little or 
no photo cross-linking occurred in the pres
ence of Ca 2 + , a cross-linked product be
tween T n l and actin was observed after 5 
min of irradiation in the absence of Ca 2 + 

(Fig. 2) . Further irradiation up to 30 min 
yielded no significant changes either in the 
presence or absence of Ca 2 + . This result 
shows that the region of T n l containing 
Cys133 is within 9 A (the length of the cross-
linker) of some port ion of actin in the 
absence of C a 2 + , but moves away from actin 
when Ca 2 + binds to T n C . Experiments with 
T n l labeled with a nonspecific photo cross-
linker showed a decrease in the extent of 
photo cross-linking with actin in the pres
ence of Ca 2 + (11). O u r finding is consistent 
with this result, and identifies Cys1 3 3 and its 
vicinity as a region of T n l that undergoes 
Ca 2 + -dependent interaction with actin. 

We measured the Ca 2 + -dependent Mg-
ATPase activity (12) of myosin subfrag
ment-1 in the presence of thin filaments 
reconstituted with labeled and unlabeled 
components to assess possible effects of the 

Table 1. Fluorescence decay parameters of the Tnl-bound donor 1,5-IAEDANS in the absence and presence of the F-actin-bound DAB-Mal acceptor, T, 
Fluorescence lifetime in nanoseconds; A, fractional amplitude. Fluorescence decay curves (Fig. 1) were analyzed by the method-of-moments with the 
program FLUOR (14). One-component decays were obtained for the (TnC-TnIDAN-TnT)-Tm-F-actin samples; two-exponential analysis yielded a second 
component of negligible amplitude. Two-component decays were obtained for the (TnC-TnIDAN-TnT)-Tm-F-actinDAB samples; three-exponential analysis 
yielded a third component of negligible amplitude. Measurements were made in the Ca2+-state (0.2 mM CaCl2), apo-state (0.2 mM CaCl2, 2 mM EGTA), 
and Mg2+-state (0.2 mM CaCl2, 2 mM EGTA, 4 mM MgCl2). Other conditions are specified in Fig. 1. Standard deviations of—0.1 ns and —0.5 ns for life
times derived from one- and two-exponential decays, respectively, were estimated by repeating some of the measurements more than three times. 

Material (ns) 
T 2 

(ns) A3 
T 3 

(ns) 

(TnC-TnIDAN-TnT)-Tm-F-actin, Ca2+ 

(TnOTnIDAN-TnT)-Tm-F-actinDAB, Ca2+ 

(TnC-TnIDAN-TnT)-Tm-F-actin, Mg2 + 

(TnC-TnIDAN-TnT)-Tm-F-actinDAB,Mg2+ 

(TnC-TnIDAN-TnT)-Tm-F-actin, apo 

(TnC-TnIDAN-TnT)-Tm-F-actinDAB, apo 

1.000 
0.998 
0.951 
0.767 
1.000 
1.000 
0.733 
0.726 
1.000 
1.000 
0.647 
0.648 

15.52 
15.38 
13.62 
12.44 
17.14 
17.14 
8.71 
8.60 

17.10 
17.05 
7.15 
7.16 

0.002 
0.049 
0.228 

7.35 x 10 
0.267 
0.274 

2.75 x 10 
0.353 
0.352 

39.95 
22.91 
18.51 

10 
18.00 
17.90 

85.93 
16.92 
16.93 

0.005 

1.75 x 10" 

6.4 x 10" 

-7.82 

13.60 

69.56 

1340 SCIENCE, VOL. 247 



Fig. 2. Polyacrylamide (12.5%) gel 
electrophoresis showing photo cross- 
linking between TnI and actin in the 
reconstituted (TnC-TnIBP-TnT)-Trn- 
F-actincP thin filament system in the 
presence (lanes 1 and 2) or absence 
(lanes 3 and 4) of Ca2+. (Lanes 1 and 
3) Samples before irradiation; (lanes 2 
and 4) samples that have been irradiat- 
ed for 5 min at 4°C. (Left panel) The 
Coomassie blue-stained gel; (right 
panel) the fluorescence of the same gel 

before staining. Labeling of TnI with BP-Mal and of actin with C P - ~ a l  were performed as described-in 
Fig. 1. Samples irradiated (22) in the presence of Ca2+ contained 0.2 mM CaCI2; those irradiated in the 
absence of Ca2+ contained 2 mM EGTA and 4 mM MgCI2. The positions of molecular mass markers (in 
kilodaltons) are shown on the right. 

modifications on the activity. The regula- 
tory capacity values [defined as 1 - 
(Aw+/ActEGTA), where A%2+ and A c t E G ~ ~  
are Mg-ATPase activities in the presence 
and absence of ca2+, respectively] of (TnC- 
TnI-TnT)-Tm-F-actin, ( T ~ G T ~ I ~ ~ ~ - T ~ T ) -  
Tm-F-actinDAB, and ( T ~ G T ~ I ~ ~ - T ~ T ) - T ~ -  
F-actincP were 0.60,0.55, and 0.71, respec- 
tively (duplicate measurements yielded val- 
ues of 0.62, 0.61, and 0.65, respectively). 
Thus, the modifications do not significantly 
affect the regulatory capacity of the reconsti- 
tuted thin filaments. 

Our energy transfer and photo cross-link- 
ing results provide evidence that the protein 
region containing Cys'33 of TnI is in close 
proximity to actin in the absence of ca2+ 
k d  moves away from actin in the presence 

Table 2. Parameters of energy transfer between 
the 1,5-IAEDANS donor and the DAB-Mal ac- 
ceptor in the reconstituted (TnC-TnIDAN-TnT)- 
Trn-F-actinDAB thin filament complex as a func- 
tion of the different metal-binding states. 7d and 
rda, Donor fluorescence lifetimes (in nanosec- 
onds) in the absence and presence of acceptor, 
respectively; E, transfer efficiency defined as 
E = 1 - ( ~ ~ ~ 1 7 ~ ) ;  +*, donor quantum yield; R,, 
critical transfer distance obtained under the as- 
sumption that K~ = 213; R, apparent donor-ac- 
ceptor separation distance. The lifetimes of (TnC- 
TnIDAN-TnT)-Tm-F-actin were taken to  be ?d, 

whereas those of the major component of (TnC- 
TnIDAN-TnT)-Tm-F-actinDAB were taken to  be 
?da (Table 1). +* was calculated as +* = +d1(rdl 
T*') with values of +*' = 0.53 and = 13.5 ns, 
where and rdl are the fluorescence quantum 
yield and lifetime, respectively, of the 1,5-IAE- 
DANS-labeled aa isoform of T m  (15). R, was 
calculated as R, = R, ' (T~ /T~ ' )~ '~ ,  with the value of 
R,' = 39.9 A, where Rot is the critical transfer 
distance for the 1,5-IAEDANS-DAB-Ma1 couple 
attached to aaTm and F-actin, respectively (15). 
R was calculated from the equation 
R = R,(E-'-~)~". 

bind- 7.j Td, 

ing (ns) (ns) 
state 

Ca2+ 15.52 13.62 0.122 0.61 40.8 56.7 
Mg2+ 17.14 8.71 0.492 0.67 41.5 41.7 
Apo 17.10 7.15 0.582 0.67 41.5 39.3 

of ca2+. This movement is most likely in- 
duced by the binding of ca2+ to the low- 
affinity "triggering" sites of TnC, although 
the possibility of its induction by ca2+ 
replacing M ~ Z +  at the high-affinity sites 
cannot be ruled out at present. We have 
shown that in the ternary Tn complex, the 
same region of TnI moves toward CysW of 
TnC in response to Ca2+ (13). Thus, the 
Cys'33 region of TnI appears to switch be- 
tween actin and TnC in such a manner that 
it is close to actin when Ca2+ is absent and 
moves away from actin toward TnC when 
Ca2+ binds to TnC. These results are consist- 
ent.with the proposed model for ca2+ regu- 
lation of striated muscle contraction and 
confirm the role that TnI plays as a ca2+- 
dependent molecular switch in thin fila- 
ment-based regulation. 
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Hypoxic Dilation of Coronary Arteries Is Mediated 
by ATP-Sensitive Potassium Channels 

The function of the heart depends critically on an adequate oxygen supply through the 
coronary arteries. Coronary arteries dilate when the intravascular oxygen tension 
decreases. Hypoxic vasodilation in isolated, perfused guinea pig hearts can be prevent- 
ed by glibenclarnide, a blocker of adenosine triphosphate (ATP)-sensitive potassium 
channels, and can be mimicked by cromakalim, which opens ATP-sensitive potassium 
channels. Opening of potassium channels in coronary smooth muscle cells and the 
subsequent drop in intracellular calcium is probably the major cause of hypoxic and 
ischemic vasodilation in the mammalian heart. 

n LOOD FLOW THROUGH THE CORO- nary arteries. The proposed mechanisms un- 
)( nary arteries is precisely regulated, derlying this dilation of coronary arteries 

and any imbalance between the oxy- 
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