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@CTITLE = The Structure of the Muscle Protein Complex Ka2+.Troponin C. Troponin 

@(TITLE = A Monte Carlo Modeling Analysis of Small-Angle%eutron Scattering Data 

@AU = Glenn Allen Olah and Jill Trewhella 

@AD = Chemical Science and Technology Division, Loa Alamos National Laboratory, Mail Stop 

5586, Los Alamos, New Mexico 87545 

@HI =ABSTRACT 

and 
Q- 

Analysis of scattering data based on a Monte Carlo integration method was used to obtain a low 

resolution model of the 4Ca2+.troponin C-troponin I complex. This modeling method allows rapid 

testing of plausible structures where the best fit model can be ascertained by a comparison between 

model structure scattering profiles and measured scattering data. In the best fit model, troponin I 

appears as a spiral structure that wraps around 4Ca'+.troponin C which adopts an extended 

v 

dumbbell conformation similar to that observed in the crystal structures of troponin C. The Monte 

Carlo modeling method can be applied to other biological systems in which detailed structural 

information is lacking. 

@HI = INTRODUCTION (&&,5c9 1 )  

Muscle action results when thick and thin protein filaments move past each otheFThick filaments 
QI 

are composed of myosin, while thin filaments are made from a helical assembly of actin monomers. 

The contractile force is generated by the cyclic attachment and detachment of the myosin heads, S 1, 

to specific sites on actin monomers and the power stroke is driven by actin-SI-myosin ATPase 

activity. Tropomyosin is another protein associated with the thin filament and is polymerized head 

to tail in the grooves of the actin helix. Each tropomyosin has one troponin complex bound to it. 

The troponin complex regulates the muscle contractionhelaxation event and imparts the calcium 

sensitivity to the switching mechanism. Troponin has three subunits: troponin C (TnC) which binds 

calcium, troponin I (TnI) which inhibits the actin-S 1 -myosin ATPase activity, and troponin T (TnT) 

which binds troponin to tropomyosin. When TnC binds calcium, a signal is transmitted via TnI 

which releases its inhibition of the actidmyosin interaction via TnT and tropomyosin. A high 

resolution crystal structure of the TnC component exists showing it to have an unusual dumbbell 

shape, with C- and N- terminal globular domains connected by an extended 8-9 turn solvent- 

exposed a-helix? The C- terminal domain contains two high-affinity Ca2'/Mg2+ binding sites, 

while the N-terminal domain contains two low-affinity Ca2+ binding sites3 which are not occupied 

in the crystal structure. It is Ca2+ binding to the two low affinity sites in the N-terminal domain 
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which regulates the contractile event. Low resolution X-ray crystallographic and electron 
micrograph data of the troponin complex bound to the tropomyosin show it to have an elongated 

shape with TnC and TnI forming a globular domain while TnT forms a long tail which interacts 

with tropomyosi;'. Further structural and functional details on the troponin complex or on the 

TnC-TnI domain are lacking. 

We are interested in obtaining structural information on the TnC-TnI domain which is central in the 

functioning of the calcium-regulatory switch. Therefore, we completed small-angle X-ray and 

neutron scattering experiments on 4Ca2+-TnC (partially deuterated) complexed with TnI 

(nondeuterated) in order to determine structural information such as the radius of gyration (Rg), the 

pairwise length distribution function [P(r)], the maximum linear dimension (d-) for the overall 

complex and its components, the separation of the centers-of-mass of the components, the symmetry 

. of the components, and the relative dispositions of symmetry axes. This information provides 

constraints that limit the possible models for the complex, especially in cases where the structures 

are highly asymmetric. 

In general one-dimensional data obtained from small-angle scattering is not sufficiently constraining 

to uniquely define a three-dimensional structure. Further compounding this problem, modeling of 

scattering data has usually depended on a trial-and-error approach that did not always, because of 

required computer time, completely test all of parameter space defining a structure. To avoid this 

problem when modeling 4Ca2r'nC-TnI complex, we developed and automated a Monte Carlo 

integration modeling method that allowed us to systematically and rapidly test plausible models for 

the complex against the scattering data. In the case of the 4Ca2' TnC-TnI complex the combination 

of constraints from the scattering data, the previously determined crystal structure of TnC, and 

known molecular volumes allowed a low-resolution structure to be derived. 

@H 1 = MATERIALS AND METHODS 

A brief description of the scattering experiment, analyses and modeling method are outlined in this 

section. Details of this work have been published elsewhere. 

@H2 = Experimental 

Neutron scattering experiments were performed at the low-Qdiffractometer (LQD) at the Manuel 

Lujan Jr. Scattering Center (LANSCEFand at the 30m SANS instrument (NG3) at the National 
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Institute of Standards and Technology (NIST). X-ray scattering data were collected using the 

scattering instrument at Los Alamos which is described elsewherePNeutron scattering 
fa 
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measurements involved measuring a "contrast series" in which a complex of deuterated 4Ca2+-TnC 

and nondeuterated TnI is solubilized in solvents with different D20/I-I20 ratios. 78% of the 

nonexchangeable hydrogens of the TnC component have been deuterated placing the total complex 
match point at 7 1% D20. Partial deuteration of the TnC component allowed measurement of two 

contrast points above the match point, ie., 90% and 100% D20, and three contrast points below the 
JIG 4-- 

match point, ie., O%, 20% and 40%. Nondeuterated TnI was prepared as described elsewhere. 

Assuming only 45% of exchangeable hydrogens for each protein readily exchange, the match points 

were calculated from the chemical compositions of the components as 42% D20 for TnI and 101% 

D20 for 4Ca2' TnC. 

D20-induced aggregation was present in samples with D20% > 40% and was eliminated by adding 

2 to 3M urea to the solvent and keeping sample concentrations low (1.5 - 3mg/ml). It is known that 

TnC complexed with TnI forms a stable complex under saturating Ca2+ conditions even in the 

presence of 6M urea. 

@H2 = Data Analysis 

Three different analyses were used to extract structural information from the scattering data. All 

three analyses required measurement of a n t r a s t  series' with at least three contrast points defining 
the series. In this study, nine measurements at six contrast points (five from neutron scattering and 

<t- E 
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one from X-ray scattering) were completed. 

@H3 = Analysis ( l r  

If we ignore internal scattering density fluctuations, then the scattering intensity as a function of the 

scattering vector, IQl ( = 47c sinek, 8 is the scattering angle and h is the wavelength of the incident 

7 

and scattering X-ray or neutron), can be written at each contrast point as 

@EQ= I ( Q ~ A ~ , , A P ~ )  = ApfIc(Q)+ A~~APII,~(Q)+AP:I~(Q) (1) 

where the subscripts C and I refer to 4Ca2+.TnC and TnI. Ap, and ApI are the scattering density 

above the average solvent scattering density for 4Ca2+.TnC and TnI, respectively. I&) and II(Q) 

represent the 'basic scattering functions' for 4Ca2+.TnC and TnI in the complex, respectively, and 

El(Q) is a cross-term. Ap, and Ap, are readily calculated from chemical and isotope compositions of 

the two components of the complex and the solvent. Equation (1) defines a set of linear equations 

from which I,-(Q) and I,(Q) are extracted. Guinier analysis of I,-(Q) and I,(Q) give Rg for 4Ca2+-TnC 

and TnI, respectively. The inverse Fourier transforms of k(Q) and II(Q) give the pairwise 

3 



distribution functions, Pc(r) and P,(r), respectively. which are the frequency of all interatomic 
vectors within each component and hence goes to zero at a d,, value for each component. The case 

where ApC and Ap, are equal gives R, and d,, for the entire complex. 

@H3 = Analysis (2f 

For a two-component system, the square of R, for each component and for the entire complex can 

be obtained using the 'parallel axis theorem' 

1'1 

@EQ = R: = f iR i  + f;R: + fif;D2 (2) 

where f i  = ApcVc / (ApcVc + Ap,V,)and f; = I - f i  . & and R, are the radius of gyration of the 

4Ca2+-TnC and TnI components, respectively. D is  the separation of the centers-of-mass of the two 

components in the complex. 

OH3 = Analysis (3) 

RZ dependence on the scattering contrast can be written as 

wts 

@EQ = RP = R , ~  + oc/ AP - p/ dp2 (3) 

where R, is the R, at infinite contrast and Ap is the average scattering density for the entire 

complex above the average solvent scattering density. For a twocomponent system, we have the 

expressions 

@EQ = Rm2 = fcQ2 + fIRf + fcfID2 
@EQ = a = ( dpc - ApI)fcfI{Rc2 - Rf + (ff -fc 2 2  )D ] 

@EQ=p=(Apc-Apl )  2 f c f I D  2 2 2  

where fc = Vc/( V c  + VI) and f1 = 1 - fc. 
The coefficient a is the second moment of the scattering density fluctuations about the mean value 

for the total scattering particle, while p is related to the square of the first moment of the density 

fluctuations about the mean. If the sign of a is positive, then the lower scattering density 

component is located more toward the inside of the complex than the higher scattering density 

component. A negative a indicates the reverse case. p is proportional to the square of the 

separation of the centers-of-mass of the two components in the complex. 

4- 

6- 

@H2 = Modeling 

The Monte Carlo approach has previously been used to evaluate models against scattering data, 

but this application required automation of the software to rapidly and systematically test models 
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while independently varying all the structural parameters defining a model. The method involves 

defining the molecular boundaries of a model structure and placing that structure within a box. 

Random points are generated within the box, and those points which fall within the molecular 

boundary are saved. The number of saved points is proportional to the scattering.deyity m ltiplied 

by the volume of the object in question?Fof a two component2stem su%h as 4&t2+-TnC-TnI 

complex, the number of saved random points representing TnI was set at 700, sufficient to 
- .  

77k344 of&p$&fi%?- +*;J. -* f5916 Y r/*d , 

guarantee statistical variations are negligible, and the appropriate number of saved random points in 

the TnC component was then determined depending on the relative 

Distances between every pair of saved points representing a model 
9 // pNfi d/r b C f $  
t&&w&p& is the calculated P(r) function for the model. Model scattering profiles are readily 

calculated from the P(r) functions by a Fourier inversion.- The calculated data is scaled to I(0) 
316 1 3  OI 

. 
& of the measured data and a comparison made by calculating a reduced-X2 value. Minimization of the 

reduced-X2 value when varying parameters defining a given model was used as a 'best fit' criteria. v 

Comparison between calculated and measured P(r) functions can also be made. Figure 1 shows a 

schematic of the steps required for comparing calculated model scattering profiles against the 

measured data. 

@FIGURE = Figure 1. Schematic showing steps involved when comparing scattering profiles and 

P(r) functions calculated from a model with measured data. The subscript M stands for model and R 

for raw data. 

@HI =RESULTS 

Table 1 summarizes the structural parameters derived from the X-ray and neutron scattering 

experiments using the three different types of analyses described in Section 2. 

@TABLE = Table 1. Comparison of Structural Parameters Derived from the Scattering Data and 

the Final "Best Fit" Model. 

Analyses (2) and (3) indicate the separation of 4Ca'+-TnC and TnI centers-of-mass, D, in the 

complex are approximately coincident (clOA). Analysis (3) gave a negative value for a indicating 

4Ca2'.TnC is more toward the interior of the complex relative to TnI. From analysis (l), d, values 

indicate the TnI component is significantly more extended than 4Ca2"-TnC, with d, equal to that 

of the entire complex. In addition, Guinier analysis for rod-like particles gives average radius of 
gyration of cross-section, Q, values for each component and the complex that indicate their long 

thiriRT Q' 
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7 
axes are all approximately coincident'. In Figure 2c, a comparison between PC (r) functions for TnC 

calculated from the crystal structure and from the measured data obtained from analysis ( 1 )  show 
them to be very similar. We therefore concluded that the structure of 4Ca2*.TnC in the complex like 

the crystal structure has the helix connecting the two globular domains fully extended. The 

scattering data, therefore, imposes considerable constraints on possible models for the complex to 

structures in which the TnC component is in an extended configuration, similar to the crystal 

structure, with TnI encompassing and extending beyond TnC, approximately symmetrically, at both 

ends of the long axis of the com lex. 

@FIGURE = Figure 2. €k&een (a) represents the TnC crystal structure which did not have Ca2+ 

bound to the N- terminal domain. TnC in the scattering experiments had all four Ca2+ binding sites 

occupied; therefore, as represented by W~CXUI (b), a hinge was defined in the N- domain and the 

fjflf2 

gf/ccC7cre 

. hydrophobic 'cup' was opened up to simulate the effect of Ca2' binding. In panel (c), the Pc(r) 

function was calculated from the measured scattering data and is represented by one standard 

deviation error bars. 

Furthermore, inspection of the PI(') function obtained from analysis (1) shows a 43A periodicity 

(multiple peaks at 4381 and 86 A), a shoulder at - 15A and a d, approximately 4OA longer than 

TnC indicating that TnI forms some sort of regular spiral-like structure that winds from one end of 
h i u r ~  3a and 

TnC to the other, and extends approximately 20A beyond 4Ca2'.TnC (se""reference7 for details). 

The volume constraint on TnI and the dimensions of 4Ca2+.TnC restrict turns of the spiral structure 

to approximately two or less, while d, value for TnI restricts the product of its pitch and number 

of turns. In addition to a central spiral region, the amplitude of the 8681 peak in the PI(r) function 

and the d- value for TnI suggest that there are two regions at each end of the TnI central spiral (see s). A number of classes of models were systematically tested against the scattering data in 
e- which each class differed in the geometric shapes defining these two end regions. At the resolution 

of the scattering data, the possible shapes for the end regions were approximated by semiellipsoids, 

cylinders, or toroids. It was found early on that only the toroid end caps could simultaneously fit all 

the measured scattering data. Therefore, eight parameters were used to define the TnI component: 

the pitch (P), number of turns (N), minor radius (Rmin), major radius (R-), and the length (L) of the 

TnI central spiral, and the minor radius (Rqmtn), major radius (Rq-) and fraction of circle (NW) 

of the toroid caps. 

6 
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@FIGURE = Figure 3.\/mC is representa by a dumbbell shape structure similar to the crystal -- 
e- 

6- 

c tt 
structure. (2) A cylindrical TnI encompassing TnC would have too large a volume. (6) From the 

periodic features in the PI(r) function, a spiral structure could encompass the TnC and have the 

correct volume. (It> d,, and the amplitude of the second peak at 86A in the PI(r) function suggest 

that the central spiral is capped by two end regions. 

The TnC crystal structure was taken to represent the 4Ca2+-TnC in the complex. In order to test 

models of the complex, the TnC and TnI components had to be positioned with respect to each 

other. Since the scattering data constrains the long axes of the two components and their centers-of- 

mass to be approximately coincident, the centers-of-mass of the N- and C- domains of TnC were 

placed on the same axis as the TnI central spiral. After the two components were positioned, the 

parameters defining the model were systematically varied and each model compared against the 

scattering data. A summary of the model refinement is given in Table 2. 

i;; 

ra 

@TABLE = Table 2. Summary of Model Refinement. 

A further refinement was done involving modifications of the TnC component. TnC in the 

scattering experiments have all four calcium binding sites occupied while this was not the case in 

the crystal structure which only had the C-terminal domain binding sites occupied. A comparison of 

the structurally similar N- and C-terminal domains indicates the effect of Ca2' binding probably 

involves the opening of a 'cup-shaped' domain, exposing hydrophobic residues on the inner surface 

of the cup.'% We therefore defined a hinge in the N-terminal domain and modified it so it is more 

open like the Ca2" bound C-terminal domain as shown in Figure 2b. A final refinement step was to 

optimize the position of TnC with respect to TnI by allowing the axis connecting the N- and C- 

domains of TnC to translate within lOA of and within 8' parallel to the central TnI spiral axis. The 

improvement in the fit to the TnC scattering data is  evident by the decrease in the reduced-X* value 

IP 

(Table 2b) and by a slightly better agreement between the model PC (r) function and the Pc(r) 

function calculated from the measured data shown in Figure 2c. 

The scattering profiles from the final refined structure are shown along with the measured scattering 
data in Figur@ and a stereoview of the structure is illustrated in Figure 5 .  13 

@FIGURE = Figure 4. The nine measured scattering profiles compared with the scattering profiles 

calculated from the final refined structure. The data have been displaced for clarity and each profile 

(contrast point)f is labeled on the right side of the figure by the percent D20 in the solvent. 

4- 
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@FIGURE = Figure 5. Stereoview of the final refined structure showing the central spiral of TnI 

(black crosses) winding around 4Ca2+-TnC (ribbon). The N- and C- domains, as well as helices C, 

E, and G are labeled. These three helices are known to interact with TnI. 

@H 1 = CONCLUSIONS 

We derived a low-resolution solution model of 4Ca2'.TnC.TnI based on X-ray and neutron 

scattering data in combination with other known physical constraints using a Monte Carlo 

integration method. At the resolution of our scattering data and because of the fortuitous constraints 

derived from the unusual symmetries and asymmetries in this structure, we believe the basic 

features of the structure are correct. In particular, the presence of the central spiral region of TnI and 

its interaction with the two hydrophobic 'cup' regions of 4Ca*+-TnC is firmly established. This 

interaction further suggests a molecular basis for the Ca2+-sensitivity of the troponin switch 

responsible for regulating the muscle contractionhelaxation cycle. In the presence of Ca'", each end 

of the TnI central spiral is anchored to one of the hydrophobic 'cups' in each domain of TnC 

preventing the inhibitory action of TnI. Removal of Ca2' from the low affinity sites in the N- 

domain of TnC disrupts the interaction with TnI and provides enough flexibility for Tnl to interact 

with its binding sites on actin. 

From the perspective of 4C2+-TnC-TnI as a case study, we propose that the Monte Carlo integration 

modeling approach in combination with sufficient physical constraints, will be applicable to a wide 

range of biological systems that can be studied by small-angle scattering. We have recently applied 

this approach to the scattering data from fd gene 5 proteidsingle-stranded DNA complex. 

Modeling of the scattering data showed the complex forms a left-handed superhelical structure with 

)9 40 

the protein wrapping around the DNA which is located on the inside of the complex. Similar to the 

4Ca2+-TnC.TnI complex, other structural information, predominantly from electron microscopy and 

X-ray crystallography, sufficiently constrained the conformation space and allowed a low-resolution 

model of the superhelical structure to be obtained. 

Alexander HoIleaender Distinguished Postdoctora b ellowship Program sponsored by DOWOHER, 

and administered by the Oak Ridge Institute for Science and Education. 

OH1 =REFERENCES 

8 

6- 



@REFNUM =XZ. 

OREFNUMSTY = Herzberg, O., Moult, J., & James, M. N. G., (1985). -- 
. .  

+* 
at 2.3 fi U e ~ o ~ t 4 o n .  

OREFNUM = Z3 

4- 

@REFNUMSTY = Sundaralingam, M., Bergstrotn. R., Strasburg, G. Rao, S. T., Roychowdhury, P., 

Greaser, M., & Wang, B. C., (1985). Molecular Structure of Troponin C from Chicken Skeletal 

Muscle at 3 -Angstrom Resolution. Science 227 : 945 -948. 

OREFNUM = 34 

@REFWUMSTY = Potter, J. D., & Gergely, J., (1975). The Calcium and Magnesium Binding Sites 

on Troponin and their Role in the Regulation of Myofibrillar Adenosine Triphosphatass B i d .  4- 

Chem. 250:4628-4633. 

OREFNUM =a' 5 
OREFNUMSTY = Flicker, P. F., Phillips, G. N., Jr., & Cohen, C., (1982). Troponin and its 

Interactions with Tropomyosin. An Electron Microscope Study. J. Mol. Biof. 162:485-501. 

OREFNUM =& 
OREFNUMSTY = White, S. P., Cohen, C., & Phillips, G. N., Jr., (1987). Structure of Co-Crystals 

of Tropomyosin and Tropo@atrrre 325826828. 4-- 

OREFNUM =if7 
OREFNUMSTY = Olah, G. A., Rokop, S. E., Wang, A. C.-L., Blechner, S. L., & Trewhella, J., 

(1994). Troponin I encompasses an extended troponin C in the Ca(2+)-bound complex: a small- 

angle X-ray and neutron scattering study. Biochertrisr~3(27):8233-9, 

@REFNUM=dg 

@REFNUMSTY = Olah, G. A., & Trewhella, J., ( 1994). A model structure of the muscle protein 

complex 4Caaoponin e p o n i n  I derived from small-angle scattering data: implications for 4- 

r e g u l a t i o ~ ~ i o c h e m i 3 ( 4 3 ) :  12800-6. e- 
OREFNUM = tu4 
@REFNJMSTY = Seeger, P. A., Hjelm, R. P., & Nutter, M. J., (1990). . .  

n+ ~ b w  - Q Oifiachmefcr a+& Cor &-or h/pk+on .G+,; s +- 
@REFNUM =BIO 



OREFNUMSTY = Heidorn, D. B., & Trewhella, J., (1988). Comparison of the Crystal and 

Solution Structures of Calmodulin and Troponin C. Biochemistry 27:9O9-9 15. 

OREFNUM = .Kf I 1 

OREFT 
@REFNUMSTY = Wilkinson, J. M. & Grand, R. J. A., (1978). Comparison of Amino Acid 

Sequence of Troponin I from Different Striated Muscles. Nature 27 1 :3 1-35. 

OREFNUM = E13 
OREFNUMSTY = Grabarek, Z., Drabikowski, W., Leavis, P. C., Rosefeld, R. S., & Gergely, J., 

( 198 1). Proteolytic Fragments of Troponin C. J. B i d .  Clzem. 256: 13 12 1 - 13 127. 

OREFNUM = 
. OREFNUMSTY = Moore, P. B., (1981). On the Estimation of the Radius of Gyration of the 

Subunits of Macromolecular Aggregates of Biological Origin in situ. J. Appl. Cryst. 14:237-240. 

OREFNUM = 1415 
OREFNUMSTY = Ibel, K., & Stuhrmann, H. B., (1975). Comparison of Neutron and X-ray 

Scattering of Dilute Myoglobin Solutions. J. Mol. Biol. 93:255-265. 

OREFNUM = M 16 
@REFNUMSTY = Olah, G. A., Mitchell, R. D., Sosnick, T. R., Walsh, D. A., & Trewhella, J., 
(1993). Solution structure of the cAMP-dependent protein kinase catalytic subunit and its 

contraction upon binding the protein kinase inhibitor peptide. Biochemistr@2( 14):3649-B 

@REFNUM = M 17 
OREFNUMSTY = Moore, P. B., (1980). Small-Angle Scattering. Information Content and Error 

Analysis. J. Appl. Crysf. 13:168-175. 

OREFNUM = uf/8 
OREFNUMSTY = Glatter, O., (1982). In Small Angle X-ray scattering (Glatter, O., & Kratky, O., 

Eds.) Chapter 4, Academic Press, New York. 

OREFNUM = H3 14 
OREFNUMSTY = Herzberg, O., Moult, J., & James, M. N. G., (1986). A Model for the Ca2'- 

induced Conformational Transition of Troponin C. J. Biol. Chem. 26 1:2638-2644. 

@REFNUM = b92 0 

10 



11 



. I  

TABLE 1. Comparison of Structural Parameters Derived from the Scattering Data* 
and the Final "Best Fit" Model. 

4C a'+*Tn C experiment 23.9N.5 10.7+ 1 .O 72k3 

TnI experiment 4 1 -2k2.0 20.5+2.0 1 I 8 d  
model 24.1 10.3 73 

model 40. I 20.5 114 

model 33.4 15.7 117 
4Ca2+*TnC=TnI experiment 33.0k0.5 16.2_+ I .5 11534 

Separation of the Centers of Mass of 4Ca2+*TnC and TnI 

experiment < 1 oA* * 
model 4.2A 

Angle Between Long Axes of 4Ca2+*TnC and TnI 

experiment Oo** * 
model 6.4" 

3 
* Experimental parameters from E]. 3 ** From analysis of contrast dependence of Rg @I. 
*** From analysis of Rc' values $. 
Table 2. Summary of Model Refinement*. 
(a) Variables determined in the initial fine and coarse searches, and the respective 
search range and increments. The parameters are defined in the text and are given in 
units of 8, except for N and Neap which are fractions of 1 complete turn. The values in 
parentheses are for the initial coarse search. 

Best Fit Value 

1 .o 

6.0 

13.0 

69 

6.0 

24.5 

0.9 

Search Range 

0.7 - 1.2 
(0.5 - 2.0) 
5.5 - 7.5 
(5.0- 15.0) 
12.0 - 16.0 
( 12.0 - 22.0) 
69 
(66.0 - 72.0) 
5.5 - 7.5 
(5.0- 15.0) 
23.0 - 26.0 
( 12.0 - 28.0) 
0.8 - 1.0 
(0.0 - 1.0) 

Increment 



(b) Reduced-%' values for the best fit model against the scattering data (I(Q) vs 
Q): (i) After the fine search, (ii) After the final refinement steps involving 
opening the N-terminal domain of TnC and optimizing the position of TnI with 
respect to TnC: 

4Ca2+*TnC 
TnI 

4Ca2+*TnC*TnI 

* Table taken from [?I. 
B 

(9 
I .4 
6.3 
0.9 
1.1 

( i i )  
0.6 
6.3 
0.9 
I .o 

Q-range (A-1> 
0.02 - 0.20 
0.02 - 0.17 
0.02 - 0.15 
0.02 - 0.20 
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