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Solution Structures of Calcium Regulating 
Proteins: A Small-Angle Scattering Study 
J. TREWHELLA, D. 6. HEIDORN, and P. A. SEEGER 
Life Sciences Division and Neutron Scattering Center, Los Alamos National Laboratory, 
Los Alamos, NM 87545 

Small-angle X-ray scattering (SAXS) experiments have shown that the solution structures of two calcium- 
binding regulatory proteins, calmodulin and troponin C, are significantly different from their crystal 
structure forms. The structural differences occur in a region of calmodulin that is thought to bind to 
target enzymes; the calmodulin-enzyme complex is an initiator for many important biochemical proc- 
esses. Calcium binding to calmodulin induces a conformational change that is a prerequisite for cal- 
modulin binding to a target enzyme. SAXS data can help characterize this conformational change and 
give insight into the mechanism of enzyme binding. Neutron resonance scattering promises to determine 
accurately the distances between calcium binding sites, thus providing important constraints on the 
structure of calmodulin in solution. 

INTRODUCTION 

Proteins form a special class of polymers and are made up of combinations of 20 
chemical groups referred to as amino acids. A given protein possesses a unique 
sequence of amino acid residues that are connected via covalent peptide bonds to 
form a chain (the alpha-carbon backbone) that is decorated by the reactive groups 
that characterize the amino acids (the side-chains). Although a given protein con- 
tains a wider variety of monomers than synthetic polymers, every molecule is made 
from the same template and hence samples are monodisperse. Furthermore, con- 
formational energies are identical for all identical molecules, so they all assume 
the same shape(s) and low-resolution scattering is able to give somewhat more 
shape information than in the case of synthetic polymers. 

The chemical and physical properties of the amino acid side-chains determine 
the 3-dimensional structure (and structural dynamics) of a given protein, and hence 
its biochemical function. Thus, proteins display an enormous variety of structural 
and functional diversity, playing crucial roles for example in enzyme catalysis, 
transport and storage of small molecules, coordinated motion, immune response, 
mechanical support, neurotransmission, and the control of growth and differentia- 
tion. The relationship between structure and function of proteins is one of the most 
intensely investigated areas in modern biochemistry and biophysics. 
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Regulation of biochemical processes is generally achieved via the interactions of 
small molecules with proteins. There are 3 major classes of small molecules that 
regulate biochemical processes. They are the hormones, cyclic nucleotides and the 
calcium ion (CaZ+).' The calcium ion is the major regulator of intracellular proc- 
esses that occur on short time scales ranging from milliseconds to seconds. Calcium 
regulation usually involves Ca2+ binding to a protein after some event that resulted 
in an influx of Ca2+ to a system. It is thought that the Ca*+lprotein complex 
undergoes a conformational change that allows it to combine with a target enzyme 
and trigger a biochemical reaction. A number of calcium binding protein structures 
have been solved by X-ray crystallography and they have been shown to display a 
high degree of sequence and structural h ~ m o l o g y . ~ ~ ~ ~ ~ , ~ , ~  The known structures have 
either two or four calcium binding sites per protein molecule and each of the sites 
displays a characteristic helix-loop-helix structural motif (Figure 1). The proteins 
that bind only two calcium ions are similar to other water soluble proteins, in that 
they show a globular structure that tends to minimize the surface area exposed to 
the polar environment, while buried hydrophobic interactions on the interior of 
the molecule contribute significantly to the structural stability of the molecule. The 
proteins that bind four calcium ions, on the other hand, have a very unusual tertiary 
structure. 

Calmodulin and troponin C are proteins that each bind four calcium ions and 
their high-resolution crystal structures are k n o ~ n . ~ . ~ . ~  Calmodulin is a multifunc- 

h e l i x  
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FIGURE 1 The alpha-carbon backbone of the globular domains for calmodulin showing the helix- 
loop-helix configuration of the calcium binding sites. The solid line represents the C-terminal domain 
while the dashed line represents the N-terminal domain. The domains have been overlayed to dem- 
onstrate their close structural homology. 
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CALCIUM REGULATING PROTEINS 47 

tional calcium regulatory protein that controls a wide variety of biochemical proc- 
e s s e ~ , ~ s ~ J  while troponin C is responsible for regulation in muscle  system^.^ The 
structures of these proteins show two calcium-binding domains connected by an 
extended alpha helix that is exposed to solvent and forms few contacts with the 
rest of the molecule (see Figure 3a). The calcium-binding domains show a high 
degree of structural homology to each other (Figure 1) as well as to the proteins 
which bind only two calcium ions. The forces which stabilize the interconnecting 
helix in the crystal form, however, are not well understood. This is an important 
issue since a number of studies suggest that the interconnecting helix, as well as 
portions of each domain, form the target enzyme binding site (see reference 10 
and references therein). 

Small-angle scattering is a valuable technique for studying the overall shape of 
macromolecules in solution. 11,12 This paper describes small-angle scattering exper- 
iments aimed at determining the structures of calmodulin and troponin C in a 
physiological solution environment. For brevity, the troponin C results have been 
omitted, although the conclusions regarding its solution structure are qualitatively 
very similar to calmodulin. 

Materials and Methods 

X-ray scattering data were collected on a small-angle scattering station at Los 
Alamos. This instrument uses a sealed tube source and slit geometry. Data were 
analyzed by both the Guinier approximation and an indirect Fourier transform 
analysis. Samples for measurement were prepared from purified protein in buffers 
that approximated physiological conditions (150 mM ionic strength, pH 7.4). Stud- 
ies were done to compare experimental results with those predicted from models 
based on the crystal structure of calmodulin. The modeling algorithm is based on 
a Monte Carlo integration technique which derives a P(r)  function, radius of gy- 
ration R,, and maximum linear dimension d,,, for a particular model. The sample 
preparation, X-ray scattering station, data analysis and modeling procedures are 
all described in detail e1~ewhere.l~ 

Effects of Calcium Binding to Calmodulin 

Figure 2 shows the P(r )  curves for calmodulin with and without calcium bound, 
while Table I shows the corresponding Rg and d,,, values. These results are in 
good agreement with similar measurements done by Seaton and coworkers. l4 When 
calcium binds to calmodulin there is an increase in the number of vectors longer 
than 35 8, and a decrease in the number of shorter vectors. This results in increases 
in both d,, and Rg. 

Calmodulin is able to bind and activate its target enzymes only in the presence 
of calcium. NMR datalo has implicated the interconnecting helix region of cal- 
modulin, as well as regions of both globular domains, as being part of the target 
enzyme binding site. We have shown that calcium binding results in an elongation 
of calmodulin. Spectroscopic data15.16 demonstrates that there is an accompanying 
4% increase in alpha-helix content. There is additional data17,18,19 that indicates 
that calcium binding to calmodulin also results in the exposure of hydrophobic 
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L e n g t h  r ( A )  

FIGURE 2 The experimental P(r) functions for calmodulin in solution, with (---) and without 
(--) calcium bound. P(r) is the probable frequency distribution of vector lengths in the scattering 
particle (calrnodulin). 

regions of the molecule. These data suggest that activation of calmodulin involves 
a calcium-induced conformational change that results in a lengthening of the struc- 
ture, a possible stabilization of part of the interconnecting region in a helical 
conformation, and the exposure of hydrophobic patches that may provide points 
of interaction with the target enzyme. 

Comparison of the Crystal and Solution Structures of Calmodulin and Troponin C 

Figure 3 shows the crystal structure alpha-carbon coordinates of calmodulin su- 
perimposed on a uniform density ellipsoid model that approximates the molecular 
boundary of the crystal structure. The P(r)  function obtained from this model does 
not agree well with the experimental curve (Figure 3c). The crystal structure P(r )  
has two well resolved maxima at approximately 17 8, and 45 A. These two maxima 
of the calculated P(r)  function are characteristic of a “dumbell” shaped molecule; 
the first maximum is near the value of the radius of each of the end domains and 
the second (less intense) maximum is near the value of the distance between the 
centers of the two end domains. The experimental curve shows the maximum at 
17 A, but only a weak shoulder at longer vectors (approx. 39 A); that is, the second 
maximum has moved to shorter vector length and the valley between the two 
maxima is filled in, showing a higher probability of intermediate length vectors. 
These observations suggest that while the size and shape of the globular domains 
are similar in solution and in the crystal, the distance between them is smaller. 
The differences between the experimental and crystal structure P(r)  curves are well 
beyond the errors derived from the experimental data.13 Further, the R, and d,,, 
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L e n g t h  r ( A )  

FIGURE 3 (a) The crystallographic alpha-carbon backbone superimposed on the dot representation 
of the crystal structure model, (b) the dot representation of the “bent” model and (c) the P(r )  functions 
calculated for calmodulin using the uniform ellipsoid model that best represents the crystal structure 
(O), the “bent” model (A), and the experimental curve ( 1 ). The size of the symbols represents the 
errors propagated from statistical errors in the data and corrections such as slit smearing. 

values derived from the crystal structure are significantly larger than the experi- 
mental values from solution scattering (Table I). 

Excellent agreement can be obtained with the experimental curve, however, by 
rearranging the electron density in the interconnecting helix region and rotating 
the globular domains so that they are brought closer to one another. Such a model 
is shown in Figure 3b, and its P(r)  in Figure 3c. In this model, the centers of mass 
of the two ellipsoids representing the globular domains are closer to one another 
by 5 A, and the distance of closest approach of the ellipsoid surfaces is smaller by 
9 A compared to the model of the crystal structure. The R, and d,,, of the “bent” 
model also show excellent agreement with the experimental values (Table I). 
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TABLE I 

R8 and d,,, Values Determined for Calmodulin and Troponin c” 

R8(& dmax(A) 
Calmodulin 

CaZ+, pH 7.4 P(r) 21.3 k 0.2 [21.5 * 0.21 63 * 2 [62] 

EGTAb, pH 7.4 P(r) 19.6 If- 0.1 [20.6 0.21 59 ~f-  2 [58] 
21.0 f 0.6 

19.9 f 0.4 

Guinier 

Guinier 
Crystal structure 22.8 70 
“Bent” model 21.2 62 

Mgz+, pH 7.4 P(r) 23.0 If- 0.2 70 2 3 

Crystal structure 23.9 72 
“Bent” model 22.7 68 

Troponin C 

23.0 f 0.2 Guinier 

“Values in square brackets are from Seaton et. aI.l4 
bEGTA samples contained no CaZ+ 

The crystal structure and experimental P(r)  curves for troponin C show similar 
discrepancies as are observed for calmodulin, and improved agreement with the 
experimental data is also obtained by moving the globular domains closer together13 
(data not shown). This is to be expected in view of the high degree of sequence 
and structural homology between the two proteins. 

Solution scattering data are limited in resolution and can only give information 
about the overall shape of a molecule in solution. Further, because molecules in 
solution are free to reorient, the data are isotropically averaged and it is therefore 
not usually possible to prove one particular model correct on the basis of solution 
scattering data alone. It is possible, however, to test models. What is clear from 
these studies is that the crystal structures do not predict the solution scattering 
data, based on comparisons of R, and d,,, values, and particularly on comparisons 
of the shapes of the P(r) functions. Including larger uniform hydration layers in 
the structures was found not to improve the agreement. Models have been derived 
that predict the solution scattering data very well, but other possibilities may exist. 
It is also possible that in solution there are a number of conformational substates 
and that the distances between the globular domains could vary over a range of 
values and the solution scattering reflects only the “average” conformation. 

The “bent” structures, or population of structures, considered in analyzing the 
solution scattering results are attractive because they only require modifications to 
the crystal structure in the region that appears to be the most likely region of 
structural instability. The globular domains of calmodulin are similar to globular 
domains in other proteins and would be expected to be stable in solution. The 
interconnecting helix, however, has very few contacts with the rest of the molecule, 
and this has lead to speculation as to the stability of this region. Sundaralingham 
and coworkersz0 have proposed that salt bridges within the helical regions might 
be important in stabilizing the interconnecting helix in troponin C. Herzberg and 
James5 have suggested that in troponin C the interconnecting helix may not be 
stable in solution and could fold around the “helix-breaker’’ glycine (at position 
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CALCIUM REGULATING PROTEINS 51 

92 in the chain) that occurs in the helix region, thus they propose a mechanism by 
which the two globular domains could interact. Such effects will be critical to a 
complete understanding of the mechanism of action of calmodulin in solution. 

Neutron Resonance Scattering as a Structural Probe for Calmodulin 

The problem of spherical averaging in solution scattering, and hence lack of unique 
solutions, can be partly overcome if models can be constrainted by known param- 
eters. For example, knowledge of the precise distance between the calcium binding 
sites in the calmodulin solution structure would significantly constrain the number 
of possible models for that structure. Many investigators have attempted to use 
spectroscopic techniques to determine these distances, but these measurements are 
plagued by large errors due to the size of labels used or assumptions concerning 
their dynamics.21,22 We have therefore proposed a small-angle neutron scattering 
experiment in order to address this issue. 

The experiment will utilize the novel technique of neutron resonance scattering 
from plutonium (240Pu) ions which have been substituted for Ca2+ ions in the 
calcium binding sites of calmodulin. The neutron scattering cross section of 240Pu 
at the resonance energy of 1.057 eV (or wavelength 0.278 A) is approximately 1000 
times that of other nuclei (Figure 4),23 so that scattering from 240Pu at 1.057 eV 

FIGURE 4 Coherent scattering length for 240Pu in the vicinity of the resonance at 1.057 eV. The 
scattering length, b, is a complex quantity. The amplitude of b at the resonance wavelength is approx- 
imately 30 times that of other nuclei; scattering cross sections is 4nbz. 
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will predominate over scattering from other nuclei. In addition, the phase of the 
resonance scattering length is orthogonal to non-resonance scattering, so only 240Pu- 
240Pu correlations will give coherent scattering at the resonance energy. To obtain 
the scattering due to the 240Pu ions alone, data acquired away from the 240Pu 
resonance are subtracted from that acquired on resonance. Figure 5 shows an 
analytical calculation of the scattering cross section for 4 plutonium ions arranged 
approximately as in the crystal structure for calmodulin. The low-frequency oscil- 
lations in the pattern arise from the average intra-domain distances, while the high 
frequency oscillations arise from inter-domain distances. 

The experiment described can be done on the Low-Q Diffractometer (LQD)24 
at the Los Alamos Neutron Scattering Center because the spallation source provides 
a white neutron spectrum extending to very short wavelengths. Particular neutron 
energies are selected by time of flight from source to detector. As a measure of 
the resolution of the LQD at 1.057 eV, a 1.6 mg/cm2 sample of 240Pu was placed 
in the beam, and the transmission was measured as a function of neutron energy. 
The shape of the resonance was clearly resolved in 30 minutes of running time. 
The sample for the proposed experiment will contain only one-tenth this number 
of 240Pu atoms, and the scattering cross section (as shown per molecule in Fig- 
ure 5) is only 9% of the absorbtion cross section. Therefore, much longer running 
times will be required. 

Several questions arise concerning the binding of plutonium to calmodulin. First, 
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FIGURE 5 Computed scattering pattern for calmodulin with all Ca2+ binding sites occupied by 240Pu, 
assuming a 10 A spacing between two sites within a domain, and a Gaussian distribution of spacings 
between sites in separate domains with mean 40 8, and standard deviation 2.5 A. 
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CALCIUM REGULATING PROTEINS 53 

will there be significant non-specific binding? Second, will the conformational changes 
induced by 240Pu binding be different from Ca2+? The 240P~3+  ion has approxi- 
mately the same size electron cloud as Ca2+ and it is expected to bind with high 
affinity to the calcium binding sites of calmodulin. Work is underway to characterize 
this binding (in collaboration with D. Hobart, G. Jarvinan, and S. Rokop). Small- 
angle X-ray scattering experiments similar to those described above will be able 
to test whether or not there have been large scale conformational rearrangements 
induced by plutonium binding. Spectroscopic techniques (e.g. circular dichroism) 
will be able to assess the effects of plutonium on secondary structure, and possibly 
also probe for small changes in the calcium binding pockets. If it can be shown 
that the structure of calmodulin is not dramatically perturbed by the plutonium 
binding, then the distances obtained from a 240Pu resonance scattering experiment 
will provide important constraints for modeling calmodulin structure in solution, 
and the resonance neutron scattering technique can be applied to other similar 
systems, for example troponin C. In view of the differences observed between the 
high resolution crystal and solution structures for these proteins, such constraints 
will be crucial to our understanding of the mechanism of action of calmodulin in 
solution. 
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