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ABSTRACT: Small-angle X-ray and neutron scattering have been used to study the solution structures of 
calmodulin complexed with synthetic peptides corresponding to residues 342-366 and 301-326, designated 
PhKS and PhK13, respectively, in the regulatory domain of the catalytic subunit of skeletal muscle 
phosphorylase kinase. The scattering data show that binding of PhKS to calmodulin induces a dramatic 
contraction of calmodulin, similar to that previously observed when calmodulin is complexed with the 
calmodulin-binding domain peptide from rabbit skeletal muscle myosin light chain kinase. In contrast, 
calmodulin remains extended upon binding PhK13. In the presence of both peptides, calmodulin also remains 
extended. Apparently, the presence of PhKl3  inhibits calmodulin from undergoing the PhKS-induced 
contraction. These data indicate that there is a fundamentally different type of calmodulin-target enzyme 
interaction in the case of the catalytic subunit of phosphorylase kinase compared with that for myosin light 
chain kinase. 

ca lmodu l in  is an intracellular Ca2+-binding protein involved 
in a large number of Ca2+-dependent processes. Structural 
data on calmodulin and its complexes with its many target 
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enzymes are critical for understanding the molecular basis for 
how each target enzyme is regulated. The three-dimensional 
crystal structure of calmodulin has been determined (Babu 
et al., 1985) and was recently refined to 2.2-A resolution (Babu 
et al., 1988). The crystallographic data show many important 
structural details thought to be important for target enzyme 
interactions including an eight-turn solvent-exposed a-helix 
connecting two globular lobes, with each lobe containing two 
Ca2+-binding domains and a solvent-exposed hydrophobic 
patch. Although this structure is of high resolution, it may 
not accurately reflect the structure of the protein when in 
solution, which is most relevant to questions concerning target 
enzymic interactions. Indeed, CD' studies indicate there is 
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significantly less a-helix in 4Ca2+-calmodulin in solution 
compared with the crystal structure (Bayley et al., 1988). 

Small-angle X-ray and neutron scattering techniques can 
provide information on the overall shapes of proteins in solu- 
tion. Neutron scattering has the additional advantage that 
it can provide structural information about individual com- 
ponents of a complex by using deuterium labeling and capi- 
talizing on the different neutron scattering properties of 
deuterium and hydrogen. In the first X-ray scattering ex- 
periments from this laboratory (Heidorn & Trewhella, 1988) 
it was proposed that the interconnecting helix of calmodulin 
is flexible in solution and that on average the two globular lobes 
are closer together than is observed in the crystal form. More 
recent experiments have focused on X-ray and neutron scat- 
tering studies of calmodulin-peptide complexes using synthetic 
peptides based on calmodulin-binding domains from target 
enzymes. These peptides are useful models for studying 
calmodulin-target enzyme interactions [reviewed by Blu- 
menthal and Krebs (1 988) 1, particularly when large quantities 
of material are required, as is the case for X-ray and neutron 
scattering experiments. The results of recent X-ray and 
neutron scattering studies involving a 27-residue synthetic 
peptide, termed MLCK-I, based on the calmodulin-binding 
domain of rabbit skeletal muscle myosin light chain kinase 
indicate that MLCK-I causes a dramatic contraction of cal- 
modulin's structure, which brings the two lobes of calmodulin 
into close contact (Heidorn et al., 1989). 

Phosphorylase kinase is an unusual calmodulin-dependent 
enzyme in that calmodulin is an integral subunit (termed the 
&subunit) which does not readily dissociate from the holo- 
enzyme when Ca2+ concentrations are lowered to submicro- 
molar levels (Picton et al., 1980). The Ca2+-dependent cat- 
alytic activity of phosphorylase kinase is thought to be regu- 
lated by direct interactions between the &subunit and the 
catalytic subunit [termed the y-subunit; reviewed by Pick- 
ettQiess and Walsh (1986)l. Whereas most calmodulin target 
enzymes have calmodulin-binding domains that span less than 
30 residues, the y-subunit calmodulin-binding domain spans 
approximately 70 residues and is divided into two nonconti- 
guous subdomains that interact with calmodulin simultane- 
ously (Dasgupta et al., 1989). Synthetic peptides, 25 residues 
in length, corresponding to each of the two subdomains have 
been prepared to characterize their respective individual and 
combined interactions with calmodulin by using X-ray and 
neutron scattering. Solution structural data for these y-subunit 
peptide-calmodulin complexes are presented here and are 
compared to previously characterized structures of calmodulin 
and calmodulin-peptide complexes. 

MATERIALS AND METHODS 
Sample Preparation. The two peptides, designated PhK5 

and PhKl3, were chemically synthesized with the following 
sequences: LRRLIDAY AFRIYGH WVKKGQQQNRG- 
amide (PhKS); and RGKFKVICLTVLASVRIYYQYR- 
RVKPG-amide (PhK13). The methods of synthesis and pu- 
rification are detailed in Dasgupta et al. (1989). 
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' Abbreviations: CD, circular dichroism; d,,,, maximum linear di- 
mension; to,'%, extinction coefficient for a I mg/mL solution; elmM, ex- 
tinction coefficient for a 1 mM solution; MLCK, myosin light chain 
kinase; MLCK-I, 27-residue synthetic peptide corresponding to residues 
577-603 of rabbit skeletal myosin light chain kinase; NMR, nuclear 
magnetic resonance; PhKS and PhKl3, 25-residue synthetic peptides 
corresponding to residues 342-366 and 301-326, respectively, of the 
catalytic subunit of rabbit skeletal phosphorylase kinase; R,, radius of 
gyration; R,, radius of gyration at infinite contrast; Tris, tris(hydroxy- 
methy1)aminomethane. 

Deuterated calmodulin was produced by using a bacterial 
expression system as described in Heidorn et al. (1989), except 
that the deuterated algal hydrolysate was derived from a 
mixture of deuterated algae that was approximately 50% 
Chlorella vulgaris, 20% Phormidium luridum, 20% Anacystis 
nidulans, and 10% Synechococcus lividus. The amino acid 
composition of the hydrolysate was determined by amino acid 
analysis. The hydrolystate was then diluted with nondeuter- 
ated amino acids such that the ratio of deuterated to non- 
deuterated amino acids was approximately 3:l. In addition, 
the growth medium was made up with 75% D20. This strategy 
was used to obtain calmodulin that was partially deuterated. 

Samples of calmodulin complexed with each peptide were 
prepared with 1:l stoichiometries by using concentration values 
for the constituents based on measured optical densities at 277 
nm and assuming extinction coefficients of to,'W = 0.18 for 
calmodulin (Watterson et al., 1976) and e l m M  = 8.1 and 3.9 
for PhK5 and PhKl3, respectively. The extinction coefficients 
for PhKS and PhK13 are based on the sum of the extinction 
coefficients of the Tyr and Trp residues in each peptide 
(Fasman, 1989). After X-ray and/or neutron measurements 
were completed, protein/peptide concentrations were deter- 
mined more precisely by quantitative amino acid analysis using 
a Beckman 6300 analyzer. Histograms of the expected amino 
acid compositions (assuming 1 :1 protein:peptide stoichiometries 
and using alanine as an internal standard) showed good 
agreement with the observed amino acid compositions, except 
for glycine, which was anomalously high due to contamination 
of one of the hydrolysis reagents by extraneous glycine. All 
samples of calmodulin and calmodulin-peptide complexes were 
made up in buffered solutions containing 100 mM KC1 and 
50 mM Tris-HC1, pH 7.4, with 20 mM CaC1,. 

Scattering Data Acquisition and Analysis. The neutron 
scattering data were measured by using the low-Q diffrac- 
tometer (LQD) at the Manuel Lujan, Jr., Neutron Scattering 
Center, Los Alamos National Laboratory (Seeger et al., 1987, 
1990). X-ray scattering data were measured by using the 
small-angle station at Los Alamos, which is described in detail 
in Heidorn and Trewhella (1988). For the X-ray measure- 
ments reported here the sample-to-detector distance was 63.5 
cm. The data acquisition, reduction, and analysis are described 
in detail in Heidorn et al. (1989) and the references cited 
therein. Both the Guinier (Guinier, 1939) and indirect Fourier 
transform [or P ( r ) ]  data analysis methods gave the same 
results for the structural parameters determined, within the 
limits of the uncertainties in the data, and the parameters 
derived by using both approaches are presented for comparison. 

The intensity of scattered neutrons, or X-rays, is measured 
as a function of scattering angle, Z(O), and then converted to 
Z(Q), where Q is the amplitude of the scattering vector and 
is equal to ( 4 ~  sin @/A; 0 is half the scattering angle and X 
the wavelength of the scattered radiation. Scattering data were 
analyzed by using the indirect Fourier transform analysis as 
parameterized by Moore (1980). The functions QI(Q) and 
P ( r ) / r ,  where P(r)  is the distribution of vector lengths, r ,  in 
the scattering particle, are a Fourier transform pair. The 
model consists of setting P ( r ) / r  equal to zero when r = 0, and 
when r is greater than a maximum vector length d,,,, then 
representing it as a series of truncated sine functions between 
r = 0 and r = d,,,. These truncated sine functions transform 
to a set of basis functions in reciprocal space [in which the 
scattering data, Z(Q), are collected]. The parameter d,,, 
derived from small-angle scattering data should always be 
treated with some caution since there is no good a priori way 
for determining d,,,. For the current analysis, Moore's pro- 
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cedure (Moore, 1980) was used; i.e., d,,, was chosen as the 
minimum value which gives a good fit to the data and also 
keeps P ( r )  positive at r < d,,,. For the two more extended 
complexes (calmodulin + PhK13 and calmodulin + PhK5 + 
PhK13) the accuracy of the determination of d,, is somewhat 
problematic due to the lack of quality data below Q = 0.02 
A, which is influential in determining such large values of d,, 
(Moore, 1980). This was not the case for the more compact 
calmodulin and calmodulin + PhK5 complex, which have 
much smaller d,,, values. The R, value for a particle can be 
calculated from the second moment of its model P ( r ) ,  and 
comparison of this R, value with that determined from the 
Guinier analysis provides a good check for the accuracy of the 
model. The values for radius of gyration, R,, used in the 
discussion of the results are from the P(r)  analysis since this 
analysis uses more of the scattering data and therefore gen- 
erally has higher statistical precision. Radius of gyration is 
the root-mean-square weighted distance of all elemental 
scattering volumes from the center of scattering density and 
is analogous to the spherically averaged moment of inertia for 
a rigid body. 

The number of sine terms, n, that can be determined in the 
P(r)  series expansion is limited by dmaxQmax/a, where Q,,, is 
the maximum scattering vector for which data are obtained 
in the experiment; this truncation in data space can lead to 
artifacts, such as ripples, in the transform. If Q,,, is large 
enough to be in the Porod region (Porod, 1951) so that Z(Q) 
may be assumed to extrapolate as Q4 for Q > Q,,,, then 
coefficients of additional terms would obey a simple numerical 
relationship. Specifically, the last basis function may be 
modified by including the appropriate linear combination of 
the next two orders. This assumption was not used in the 
analysis of the neutron scattering data for calmodulin + 
MLCK-I (Heidorn et al., 1989), because these data did not 
always extend to a region where the Q" proportionality could 
be established. For larger particles (like calmodulin + PhK5 
+ PhKl3), however, the Porod region occurs at lower Q values. 
The present neutron and X-ray data were analyzed both with 
and without the Q" assumption, and no significant differences 
were found in the respective R,, d,,,, or Z(0) values. When 
the modified basis function is used with these data, the 
transformation is less susceptible to the introduction of un- 
realistic high-order ripples in the P(r)  curves. For this reason, 
the P(r)  curves presented in this paper are those obtained from 
the analysis that included the Q4 assumption. 

X-ray data were measured from 0.02 to 0.3 A-'. For the 
Guinier analyses, only data for which QR, < 1.3 (where the 
Guinier approximation can be assumed to be valid) were used. 
The P ( r )  analyses for calmodulin alone and for calmodulin 
+ PhK5 are quite insensitive to the exact data range analyzed, 
but the data for calmodulin + PhK13 and calmodulin + PhK5 
+ PhKl3 (which have significantly larger R, values and hence 
a narrower Guinier region than the former) give I?, values that 
vary somewhat, depending on the exact Q range used in the 
analysis. For these latter complexes there is increased un- 
certainty, therefore, in the absolute d,,, and R, values de- 
termined from the P ( r )  analysis. The structural parameters 
given in the tables correspond to those obtained by using a Q 
range for which the value of RgQmax was constant (approxi- 
mately 3 . 7 ) .  For this data range there was good agreement 
between the R, values derived from the Guinier and P(r)  
analyses. Including data with larger Q values for the P ( r )  
analysis resulted in larger R, values by approximately 1-2 A. 

Neutron data were measured by using partially deuterated 
calmodulin complexed with nondeuterated PhKS and PhKl3 
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FIGURE 1 :  Guinier plots for calmodulin + PhKS (13.3 mg/mL), 
calmodulin (18.3 mg/mL), calmodulin + PhKS + PhK13 (9.9 
mg/mL), and calmodulin + PhK13 (12.8 mg/mL). The concen- 
trations given as milligrams per milliliter refer to the protein plus 
peptide concentrations. The intensities are in arbitrary units, and 
the lower three plots are offset on the intensity scale to avoid overlaps. 
The solid lines are the Guinier fits to the data, while the dotted lines 
are the extrapolations of these fits. Representative errors based on 
counting statistics are shown. 

I 
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FIGURE 2: Concentration dependence of R8 determined from the X-ray 
scattering data by using the P(r) analysis for calmodulin (O), cal- 
modulin + PhKS (A), calmodulin + PhK13 (O), and calmodulin + 
PhKS + PhK13 (0). 

with four different solvent contrasts (0%,20%, 40%, and 100% 
DzO) to obtain information about the individual components 
in the complex. The higher Q neutron data are statistically 
poorer than the X-ray data, due to incoherent scattering from 
hydrogen in the samples. Therefore, only the derived param- 
eters R, and Z(0) are reported for the neutron data. 

RESULTS 
Data were collected for samples of 

calmodulin and calmodulin complexed with equimolar amounts 
of PhK5, PhK13, and PhK5 + PhK13, each at four protein 
concentrations in the range 5-20 mg/mL. The calcium ion 
concentration (20 mM) was sufficient to saturate the four 
calcium binding sites in calmodulin for all samples. Figure 
1 shows sample Guinier plots for each complex. The differ- 
ences in slope of the Guinier plots for each complex due to 
the differences in their R, values are evident. Figure 2 and 
Table I show the concentration dependence of structural pa- 
rameters determined from the P(r)  and Guinier analyses of 
the X-ray scattering data. The errors indicated are the 
propagated statistical standard deviations only. The R, and 
I (0)  values determined by using the P(r)  analysis agree well 
with those derived from Guinier analysis for each sample. In 
most cases, for both P(r)  and Guinier analyses, the reduced 
x2 of the fit (given in Table I) is within 1 standard deviation 
of its expectation value, which is a function of the number of 
degrees of freedom; the worst case is calmodulin + PhKS at 
4.5 mg/mL protein concentration for which the P(r)  xz is 2 

X-ray Scattering. 
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Table I :  X-rav Scattering Results for Calmodulin with the PhK5 and PhK13 Peptides 
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P ( r )  analysis Guinier analysis 

concn (mg/mL) R, (4 XZ rp R, (4 X2 
calmodulin 13.3 21.5 f 0.36 1.1 4 21.6 f 0.4 1.3 

10.0 21.1 f 0.34 1 .O 4 21.0 f 0.4 0.9 
6.7 20.5 f 0.46 1.1 4 20.3 f 0.5 0.5 
3.1 20.4 f 1.10 1.1 4 19.2 f 1 . 1  1.3 

calmodulin + PhK5 

calmodulin + PhK13 

18.3 18.8 f 0.13 1.2 3 19.6 f 0.2 1.1 
13.7 18.2 f 0.16 0.9 3 18.4 f 0.3 0.7 
8.8 18.1 f 0.19 1.1 3 17.6 f 0.4 1.1 
4.5 17.7 f 0.23 1.3 3 17.9 f 0.7 0.9 

9.9 29.7 f 0.6 1 .o 4 28.3 f 0.5 1 .o 
7.5 30.5 f 0.8 0.6 4 28.5 f 0.6 0.7 
4.9 28.4 f 1.1 0.9 4 26.6 f 0.8 1.1 
2.3 26.5 f 1.7 0.8 4 24.9 f 1.2 1 .o 

calmodulin + PhK5 + PhK13 12.8 26.9 f 0.6 0.9 4 25.9 f 0.6 0.8 
9.7 26.0 f 0.8 1 .o 4 24.9 f 0.6 1.4 
6.7 26.2 f 0.5 1.1 3 22.8 f 0.8 1.4 
3.3 24.9 f 1.6 1.1 4 23.9 f 1.2 1.2 

" n  is the number of sine terms in the P ( r )  series expansion (see Materials and Methods). 

Table 11: Structural Parameters for Calmodulin with PhK5 and PhK13 Calculated by Extrapolation of X-ray Data to Infinite Dilution 
R, (4 dm,, (A) I(O)/P obsd ratiob expected ratiob 

calmodulin 19.9 f 0.19 66 190 f 5 1.0 f 0.05 1 .o 
calmodulin + PhK5 17.3 f 0.19 49 206 i 8 1.1 f 0.1 1.2 
calmodulin + PhKl3 25.8 f 1.4 84 294 f 22 1.5 f 0.2 1.2 
calmodulin + PhK5 t PhK13 24.3 f 0.6 84 224 f 10 1.2 f 0.1 1.4 

' I ( O ) / c  values are given in arbitrary units. bThe observed ratio is the ratio of I (O) / c  for each sample to I (O)/c  for calmodulin; the expected ratio 
is the ratio of the molecular weights for each sample assuming 1: l  stoichiometries for each component in each sample. The errors indicated are the 
propagated statistical errors and do not account for any uncertainties in protein concentration, c. 

standard deviations from the expectation value. For calmo- 
dulin, calmodulin + PhKS, and calmodulin + PhK5 + PhK13 
there was a very slight positive trend in the plots of R, vs 
protein concentration, but in each case the differences in R, 
values determined for the highest and lowest concentrations 
were not significantly different from each other. The cal- 
modulin + PhKl3 complex R, data show a linear dependence 
with a small positive slope of 0.47 f 0.18 .&/(mg/mL). Such 
an increase in  R, as a function of protein concentration is 
sometimes indicative of a small degree of protein aggregation 
in the sample, though it can also be attributed to interparticle 
interference effects arising from weak interactions between 
the particles (Wu & Chen, 1988). Table I1 gives the R, values 
for each complex calculated by extrapolating plots of R,, to 
infinite dilution according to the method of Zaccai and Jacrot 
(1983). 

For the solution conditions used, previous experiments from 
our laboratory (Heidorn & Trewhella, 1988) confirm that 
calmodulin is monodisperse in solution. For the present data, 
plots of I (O)/c  versus c (where c is the protein concentration) 
are linear, as expected for monodisperse solutions. The ex- 
trapolated values of Z(O)/c at infinite dilution are also given 
in Table 11, as well as the observed and expected ratios of 
Z(O)/c for each complex to Z(O)/c for calmodulin alone. For 
monodisperse solutions, these ratios are expected to be equal 
to the respective ratios of the molecular weights of each 
complex to the molecular weight of calmodulin (Kringbaum 
& Kugler, 1970). The agreement between the observed and 
expected ratios is quite good for each sample given the sta- 
tistical error in I ( 0 )  and the error in determining the protein 
concentration. The I(0) data, therefore, indicate that each 
of the solutions contained monodisperse particles with relative 
molecular weights appropriate for each of the calmodulin- 
peptide complexes. Finally, there is no evidence for upward 
curvature in the Guinier plots for any of the complexes (Figure 

l ) ,  also consistent with there being no significant protein ag- 
gregation. 

The R, value determined for the partially deuterated cal- 
modulin at zero protein concentration (19.9 f 0.19 A) is 
slightly smaller than the previously determined value of 21.3 
f 0.4 A for deuterated calmoddin (Heidorn et al., 1989). This 
difference is within the expected variability between the two 
different experimental systems. The variability may be mostly 
attributed to difficulties associated with purifying large 
quantities (tens of milligrams) of deuterated protein from a 
bacterial expression system. In previous scattering measure- 
ments of deuterated and nondeuterated calmodulin that were 
prepared by using the same bacterial expression system, we 
found differences in R, of about 1 .& between independent 
preparations [Table I from Heidorn et al. (19891. In addition, 
the current experiments were done by using different solution 
conditions (20 mM CaCI, compared with 50 mM CaCI, used 
earlier), and there were instrumental differences (the current 
data were collected by using a longer flight path than was used 
previously). All of these factors could contribute to the small 
differences in the measured R, values. Precautions were taken 
in the present work to facilitate reliable comparison of the 
results for each calmodulin complex. All measurements (X-ray 
and neutron) were done by using partially deuterated cal- 
modulin isolated and purified from the same batch. In ad- 
dition, all the X-ray measurements were completed with the 
identical instrument geometry and with the samples in the 
same capillary. 

Figure 3 shows P(r)  curves for calmodulin, calmodulin + 
PhK5, calmodulin + PhK13, and calmodulin + PhK5 + 
PhK13. The calmodulin P(r)  curve is very similar to that 
obtained from previous X-ray measurements of calmodulin 
(at similar concentrations) (Heidorn & Trewhella, 1988; 
Seaton et al., 1985). The maximum dimension, d,,,, of the 
scattering particle is indicated to be approximately 66 .& (Table 
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Table 111: Neutron Scattering Results for Calmodulin Complexed with PhKS and PhK13 
P(r )  analysis Guinier analysis 

'% DZO R, (A) W )  (cm) X 2  na R, (4 I (0)  (cm) X 2  

0 31.5 f 0.7 1.64 f 0.08 1.4 4 29.1 f 0.8 1.65 f 0.09 1 .o 
20 26.3 f 0.7 1.36 f 0.08 0.8 4 23.7 f 0.6 1.35 f 0.07 0.6 
40 25.9 f 0.8 1.05 f 0.06 1.3 4 24.3 f 0.7 1.04 f 0.06 0.8 

100 9.8 f 0.3 0.30 f 0.06 1.1 2 9.5 f 0.3 0.30 0.06 1.1 
' n  is the number of sine terms in the P(r )  series expansion (see Materials and Methods). 
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FIGURE 3: P(r)  curves calculated from X-ray scattering data for 
calmodulin (13.3 mg/mL), calmodulin + PhKS (18.3 mg/mL), 
calmcdulin + PhK13 (6.7 mg/mL), and calmodulin + PhK5 + PhK13 
( I  2.8 mg/mL). To facilitate comparisons, the areas under the P(r)  
curves have been normalized so that their ratios are equal to the 
respective ratios of the molecular weight for each complex. The band 
representing each P(r)  curve is f l  standard deviation in height, 
indicating propagated statistical errors. 

11), and the P(r) has a maximum at approximately 18 A with 
a shoulder at around 45 A. This profile is consistent with a 
two-lobed structure (Heidom & Trewhella, 1988). In contrast, 
the calmodulin + PhK5 P ( r )  curve indicates a dramatically 
reduced maximum dimension for the scattering particle (ap- 
proximately 49 A), and the P(r)  curve is quite symmetric, with 
a single peak at approximately 21 A. This indicates the 
complex is more compact and globular than calmodulin alone. 
The general contraction of the calmodulin + PhKS particle 
compared with calmodulin is also reflected in the R, value of 
17.3 f 0.19 A, which is 15% smaller than that measured for 
calmodulin alone (Table 11). 

The structure of the calmodulin + PhKl3 complex is quite 
different from that of calmodulin alone or the calmodulin + 
PhKS complex (Figure 3; Table 11). The calmodulin + PhK13 
complex has a significantly larger R value than calmodulin 
(25.3 A compared with 19.9 f 0.19 1) and a greater d,,, (by 
about 20 A). The P(r)  curve for calmodulin + PhK13 is also 
markedly asymmetric. Its maximum is at  approximately 25 
A with a slight shoulder at approximately 60 A and a tail 
extending to long vector length values. The P(r)  curve, and 
hence R, and d,,, values, for the calmodulin + PhKS + 

0.01 ' ' ' J 
I 

t . 0 0 :  
100% D 2 0  

I 
0 0 1  

0 0 0  0 0 5  0 1 0  0 1 5  0 2 0  

Q ( 8 2 )  

FIGURE 4: Neutron scattering data for partially deuterated calmodulin + PhKS + PhK13 (24 mg/mL). Contrast between the scattering 
particle and the solvent was varied by changing the D20:H20 ratio 
in the solvent; the percentages indicated represent the percentage of 
D20 in the solvent. The neutron intensities are given as the differential 
scattering cross section (dZ(Q)/dQ). The solid lines are the Fourier 
transforms of the P ( r )  model, and the dashed portions of the lines 
are extrapolations of the fits. Representative error bars based on 
counting statistics are shown. 

PhK 13 complex are not significantly different from those of 
the calmodulin + PhKl3 complex, indicating similar solution 
structures for the two complexes. 

Neutron Scattering. Data were collected from partially 
deuterated calmodulin complexed with equimolar amounts of 
nondeuterated PhKS and PhK13 peptides. The solution 
conditions were identical with those used for the X-ray ex- 
periments. Neutron scattering data were measured at  four 
different solvent contrasts by using 0%, 20% 40% and 100% 
D20 (Figure 4). Table I11 summarizes the R,, I(O),  and 
reduced x2 values determined from the neutron scattering data. 
For a monodisperse solution of particles, a plot of the square 
root of the zero-angle scattering intensity versus the solvent 
scattering density (Figure 5 )  is expected to be linear with a 
slope equal to the volume of the scattering particle (Stuhrm- 
ann, 1976), assuming the intensity data are on an absolute 
scale. The LQD intensity scale has been calibrated by com- 
parison of measurements of standard samples at a number of 
facilities (Hjelm & Seeger, 1989), including the well-calibrated 
Oak Ridge 30-m small-angle neutron spectrometer (Wignall 
& Bates, 1987). The slope from Figure 5 gives the volume 
of the scattering particle as 28 000 f 1900 A3. The value for 
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FIGURE 5 :  Dependence of the neutron forward scatter for partially 
deuterated calmodulin complexed with nondeuterated PhKS and 
PhKl3 on the solvent scattering density. 
the particle volume determined from the neutron scattering 
data is in good agreement, within the statistical uncertainty, 
with the theoretical unhydrated particle volume (27 508 A3) 
calculated by using the known molecular weight of the particle 
(23 100) and assuming its specific volume to be 0.72 cm3/g. 
The specific volume was simply estimated as the average of 
the range of values measured for most proteins (0.69-0.75 
cm3/g) since there are no experimental data available for this 
particular complex. [Klee and Vannaman (1982) have re- 
ported a value of 0.707 cm3/g for 4Ca2+-calmodulin alone.] 
The neutron data thus confirm there is no protein aggregation 
in the sample. 

The intercept at zero intensity of the plot in Figure 5 gives 
the mean contrast match point for the particle, p ,  as (5.5 f 
0.6) X lolo cmV2. The contrast match point is the mean 
scattering-length density of the particle (which depends on 
deuteration level and chemical composition) divided by the 
particle volume. Combined with the volume determined from 
the slope, the match point gives the deuteration level as 60% 
which is reasonable given the growth conditions used for the 
bacteria that produced the deuterated calmodulin (approxi- 
mately 75% deuterated medium). LeMaster and Richards 
(1988) found that thioredoxin isolated from an Escherichia 
coli bacterial expression system grown on 82-85% deuterated 
nutrients and 85% D 2 0  was deuterated at a level of 75% 
reflecting the microorganisms’ selective incorporation of hy- 
drogen in preference to deuterium from the medium. 

In 0% D20,  both calmodulin and the peptides contribute 
to the neutron scattering, though the calmodulin contribution 
is larger since the contrast with respect to the solvent is higher 
for the deuterated calmodulin. For the X-ray measurements, 
both the peptides and calmodulin contribute equally to the 
scattering since they have the same mean electron density and 
hence the same X-ray scattering density. The 0% D20 neutron 
data give a larger value for R, than is obtained from the X-ray 
data for the calmodulin + PhK5 + PhK13 complex. Dif- 
ferences in R, are expected due to differences in contrast and 
internal density fluctuations of the complex for X-rays and 
neutrons. As the contrast between the peptides and the solvent 
is reduced in the neutron contrast series (i,e., as the percentage 
of D20 in the solvent is increased from 0% to 40%), and hence 
as their contribution to the scattering is decreased, the R, 
values for the complex decrease (Table Ill). In 37-40% D 2 0  
the mean neutron scattering density for the nondeuterated 
peptides is close to the scattering density of the solvent, based 
on the chemical composition and specific volume estimates for 
the peptides. The neutron scattering data from the complexes 
will therefore be dominated by the scattering from the deu- 
terated calmodulin, although there will also be second-order 
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effects caused by internal density fluctuations within the 
particle as well as any residual contribution from the peptides 
that may not be perfectly matched to the solvent. The R, value 
obtained from the 40% D 2 0  data is significantly larger than 
any value obtained for calmodulin as a free monomer in so- 
lution by using X-ray scattering (Seaton et al., 1985; Heidorn 
& Trewhella, 1988; Table I) or neutron scattering (Heidorn 
et al., 1989), suggesting that calmodulin has a more extended 
structure when bound to PhKS and PhK13. The simplest way 
to imagine a more extended conformation for calmodulin 
would be for the globular lobes to be moved apart. We have 
previously proposed that the interconnecting helix region of 
calmodulin in solution is flexible and the surfaces of the two 
globular lobes are, on average, closer together (by about I O  
A) compared with the crystal structure (Heidorn & Trewhella, 
1988). Movement of the globular domains further apart in- 
duced, for example, by a stabilization of the interconnecting 
helix would result in increases in Rg and d ,  values. However, 
without a more complete contrast variation study of this system 
it is not possible to model the calmodulin + PhK5 + PhKl3 
complex or its components in any more detail. 

Ibel and Stuhrmann (1975) showed that the contrast de- 
pendence of R:, for a scattering particle with two components 
of different mean scattering density, could be approximated 

(1) 

where R, is the radius of gyration at infinite contrast, p = p 
- p s ,  p is the mean scattering density for the particle, and ps 
is the solvent scattering density. The coefficient a is related 
to the second moment of the scattering density fluctuations 
about the mean value for the scattering particle, while P is 
related to the square of the first moment of the density fluc- 
tuations about the mean. Hence, a and P give information 
about the relative dispositions of the two scattering compo- 
nents. By fitting the R, data to this function, one can, in 
theory, quantitatively determine the spatial relationship be- 
tween the two components of the scattering particle. To fa- 
cilitate an improved Stuhrmann analysis, the current exper- 
iments used calmodulin that was deuterated at a lower level 
than the calmodulin used in the earlier calmodulin + MLCK-I 
experiments. The objective was to measure data at  both 
negative and positive contrast so that the parameters defining 
the parabola of eq 1 could be better determined than was 
possible in the previous experiment (for which only data at 
positive contrast were measured), thus quantifying the spatial 
relationship of calmodulin and the peptides in the complex 
more precisely. From Figure 5 it is evident; that we succeeded 
in measuring the calmodulin + PhK5 + PhK13 at both postive 
and negative contrast. Unfortunately, without prior knowledge 
of the contrast match point for the particle, it was difficult 
to determine the optimal level of deuteration for calmodulin; 
the single point that was measured at  negative contrast was 
still to close too the contrast match point to determine the 
parameters of eq 1 precisely. We are therefore again confined 
to making a qualitative interpretation of the contrast depen- 
dence of the neutron scattering data. In the present case the 
data must be fitted by a parabola with a negative a and a 
nonzero P. The negative a and finite value for P is conclusive 
evidence that the center of mass of the peptides is more toward 
the outside of the complex compared with that of calmodulin. 

DISCUSSION 
Work from a number of different laboratories has shown 

that peptides are useful tools for studying molecular aspects 
of calmodulin-target enzyme interactions. Previous studies 

by 
Rg2 = R,2 + ( L Y / P )  + ( P / P 2 )  
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of calmodulin-peptide interactions have used peptides from 
a variety of sources, such as naturally occurring peptide 
hormones and venoms, as well as synthetic peptides with 
primary and secondary structures related to known target 
enzyme calmodulin-binding domains [reviewed in Blumenthal 
and Krebs (1988)l. The first target enzyme calmodulin- 
binding domain to be identified was that from rabbit skeletal 
muscle myosin light chain kinase (MLCK; Blumenthal et al., 
1985). Synthetic peptides based on the sequence of this do- 
main have been used in a number of studies to characterize 
calmodulin interactions that might be relevant to MLCK and 
other target enzymes. The MLCK peptides exhibit the pro- 
pensity to form basic, amphipathic a-helices, a structural motif 
that appears to be found in a number of calmodulin-binding 
peptides that have been studied to date [reviewed by O'Neil 
and DeGrado (199O)l. When the present investigations were 
first undertaken, it was anticipated that there might be sig- 
nificant differences between the solution structures of cal- 
modulin-peptide complexes containing y-subunit peptides and 
complexes with the MLCK peptides and other peptides. These 
expectations were based on several previous observations re- 
garding biochemical and structural differences between the 
y-subunit and calmodulin target enzymes such as MLCK. 
MLCK and most other calmodulin-dependent enzymes bind 
calmodulin in a Ca2+-dependent manner and rapidly dissociate 
when free Ca2+ concentrations are lowered to submicromolar 
levels. In contrast, the &subunit of phosphorylase kinase 
(calmodulin) remains tightly bound to the y-subunit at sub- 
micromolar concentrations of Ca2+, even in the presence of 
mild denaturants (Chan & Graves, 1982). Important struc- 
tural differences between the calmodulin-binding domain of 
the y-subunit and those of target enzymes such as MLCK also 
indicate that there may be significant differences between the 
respective calmodulin-peptide complexes. Whereas the cal- 
modulin-binding domain of MLCK is contained within a single 
relatively short sequence ( 1  7 residues; Blumenthal & Krebs, 
1987), the calmodulin-binding domain of the y-subunit consists 
of two distinct noncontiguous subdomains (Dasgupta et al., 
1989). Each of the y-subunit subdomains is approximately 
the size of the MLCK calmodulin-binding domain (approxi- 
mately 25 residues). Synthetic peptides based on the two 
y-subunit subdomains are capable of simultaneously binding 
calmodulin, and both subdomain peptides can competitively 
inhibit binding of MLCK calmodulin-binding peptides 
(Dasgupta et al., 1989). These latter data indicate that neither 
of the y-subunit peptides binds calmodulin in exactly the same 
way that the MLCK peptides do. The X-ray and neutron 
scattering data presented here provided additional evidence 
that the y-subunit of phosphorylase kinase interacts with 
calmodulin in a manner fundamentally different from target 
enzymes like MLCK. 

The structural parameters obtained previously from X-ray 
and neutron scattering experiments for the calmodulin + 
MLCK-I complex show there is a general contraction of 
calmodulin when MLCK-I is bound such that the two lobes 
of calmodulin are brought into close contact (Heidorn et al., 
1989). Such a conformational change was proposed by ONeil 
and DeGrado (1 989) on the basis of photolabeling studies of 
calmodulin-peptide complexes, and a theoretical model for 
a calmodulin-MLCK peptide complex published by Persechini 
and Kretsinger (1988a) is in qualitative agreement with the 
scattering data. A similar pattern of structural changes ob- 
served for MLCK-I is observed in small-angle X-ray scattering 
studies of calmodulin complexed with the venom peptides 
melittin (Kataoka et ai., 1989) and mastoparan (Matsushima 
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et al., 1989; Yoshino et al., 1989). In the present study, the 
y-subunit peptide, PhK5, is observed to cause structural 
changes in calmodulin that are comparable to changes induced 
by these other peptides as indicated by similar d,,, values, R, 
values, and P ( r )  curves. The fact that PhK5 is predicted by 
Chou-Fasman analysis to form a structure that is largely a 
basic amphipathic helix (Dasgupta et al., 1989) similar to the 
predicted structures of MLCK-I, mastoparan, and melittin 
suggests that the ability of these peptides to induce similar 
structural changes in calmodulin is related to their propensity 
for folding into the basic amphipathic helix motif commonly 
found in calmodulin-binding peptides. 

The structural parameters derived from the X-ray scattering 
data for the calmodulin + PhK13 peptide complex are strik- 
ingly different from those obtained for the calmodulin + PhK5 
peptide complex or the calmodulin + MLCK-I peptide com- 
plex. The P(r)  curve is very asymmetric, and the R, and d,,, 
values for this complex are much larger than those obtained 
for the calmodulin-peptide complexes containing MLCK-I or 
PhK5 peptides. The R, and d,,, values are also significantly 
larger than calmodulin alone, indicating that PhKl3 binds to 
calmodulin in such a way that its structure is extended 
somewhat and/or that the mass of the peptide extends beyond 
the periphery of the calmodulin component in the complex. 
There is no indication that Phkl3 causes a contraction of 
calmodulin as is the case with the MLCK-I or PhK5 peptides. 
Secondary structure predictions of PhK13 indicate that the 
peptide is more likely to form a P-turn/@-sheet structure rather 
than an a-helix (Dasgupta et al., 1989). If these predictions 
are accurate, such as extended secondary structure for PhK13 
might account for the extended type of structure observed for 
the peptide-calmodulin complexes containing PhKl3 com- 
pared with the more compact structures observed with peptides 
predicted to form amphipathic a-helices. 

When both PhK5 and PhK13 are bound to calmodulin, the 
P ( r )  curve obtained from X-ray scattering closely resembles 
the P(r )  curve obtained with PhK13 alone. In addition, the 
R, and d,,, values for these two complexes are also nearly 
identical. These data indicate that when both y-subunit 
peptides are bound to calmodulin, the effects of PhKl3 pre- 
dominate and the result is a complex that is highly extended 
when compared to calmodulin-peptide complexes containing 
MLCK-I or PhK5 alone. It is therefore reasonable to suggest 
that the &subunit of phosphorylase kinase (calmodulin) is 
bound to the y-subunit in an extended conformation, rather 
than a contracted conformation as is thought to be the case 
for enzymes such as myosin light chain kinase. This extended 
conformation may be important for increasing intersubunit 
contacts required for optimal regulation of y-subunit activity. 
Future studies will be directed toward determining whether 
the extended conformation of the &subunit exists in complexes 
containing larger y-subunit peptides as well as complexes 
containing intact y-subunit. 

Previous neutron scattering data obtained at various solvent 
contrasts by using (deuterated) calmodulin + (nondeuterated) 
MLCK-I indicate that calmodulin forms a compact structure 
in the complex and the nondeuterated MLCK-I is located more 
toward the center of the complex, while the calmodulin is 
distributed more toward the outside of the complex. Neutron 
scattering data obtained in the present study at various solvent 
contrasts by using deuterated calmodulin and nondeuterated 
y-subunit peptides indicate that calmodulin is in an extended 
conformation in this complex and that both peptides are not 
concentrated near the center of the complex. The Stuhrmann 
analysis indicates a significant proportion of the y-subunit 
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peptides is distributed more toward the periphery of the 
complex. Due to experimental limitations (discussed under 
Results) it is not possible to extract higher resolution infor- 
mation regarding the localization of the y-subunit peptides 
within the complex. Studies aimed at providing such infor- 
mation are currently in progress. 

The characterization of the extended calmodulin-y-peptide 
complexes provides further evidence that flexibility in the 
interconnecting helix plays an important role in facilitating 
different types of target enzyme interactions. On the basis 
of activation studies of a cross-linked mutant calmodulin, 
Persechini and Kretsinger (1 988b) proposed the intercon- 
necting helix region of calmodulin is a “flexible tether”. 
Studies of mutant calmodulins in which residues have been 
deleted from the central helix region (Persechini et al., 1989; 
VanBerkum et al., 1990) show that activation of MLCK is 
relatively insensitive to shortening the helix by two, three, or 
four residues, consistent with the flexible tether hypothesis for 
MLCK activation. In contrast, phosphodiesterase activity is 
quite sensitive to deletions in the interconnecting helix, sug- 
gesting an extended conformation of calmodulin may be re- 
quired for phosphodiesterase activity (VanBerkum et al., 
1990). The X-ray and neutron scattering studies presented 
here suggest that the calmodulin-y-subunit interaction may 
also require a certain minimum length in the interconnecting 
helix region. 

It has been previously noted (Dasgupta et al., 1989) that 
there are sequence similarities between the calmodulin-binding 
subdomains of the y-subunit of phosphorylase kinase and 
specific regions in the thin filament regulatory protein troponin 
I (TnI). In particular, the TnI sequence 104-1 15 known to 
be important in binding TnC and actin (Syska et al., 1976; 
Leszyk et al., 1987; Van Eyk & Hodges, 1988) has a five- 
residue sequence that is identical with part of the PhK13 
sequence. CD studies of TnC and calmodulin with the TnI- 
(104-1 15) peptide and with the wasp venom mastoparan show 
a dramatic increase in  helix content when mastoparan is 
complexed with either calmodulin or TnC, whereas there is 
no change in helical content when either protein binds the 
TnI(104-115) peptide (Cachia et al., 1986). These data 
suggest that TnC and calmodulin may undergo similar 
structural changes upon binding peptides with similar se- 
quences. Hence, one might expect that TnC, which is struc- 
turally homologous to calmodulin, also has an extended 
structure when bound to TnI. 
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ABSTRACT: The three-dimensional structure of a 30-residue synthetic peptide containing the carboxy-terminal 
"zinc finger" motif of a human enhancer binding protein has been determined by two-dimensional nuclear 
magnetic resonance (2D N M R )  spectroscopy and hybrid distance geometry-dynamical simulated annealing 
calculations. The structure determination is based on 487 approximate interproton distance and 63 torsion 
angle (4, $, and xl )  restraints. A total of 40 simulated annealing structures were calculated, and the atomic 
rms distribution about the mean coordinate positions (excluding residues 29 and 30 which are ill-defined) 
is 0.4 A for the backbone atoms, 0.8 A for all atoms, and 0.41 A for all atoms excluding the lysine and 
arginine side chains, which are disordered. The solution structure of the zinc finger consists of two irregular 
antiparallel P-strands connected by an atypical turn (residues 3-1 2) and a classical a-helix (residues 14-24). 
The zinc is tetrahedrally coordinated to the sulfur atoms of two cysteines (Cys-5 and Cys-8) and to the 
N'* atoms of two histidines (His-21 and His-27). The two cysteine residues are located in the turn connecting 
the two P-strands (residues 5-8); one of the histidine ligands (His-21) is in the a-helix, while the second 
histidine (His-27) is a t  the end of a looplike structure (formed by the end of the a-helix and a turn). The 
general architecture is qualitatively similar to two previously determined low-resolution Cys,His2 zinc finger 
structures, although distinct differences can be observed in the P-strands and turn and in the region around 
the two histidines coordinated to zinc. Comparison of the overall polypeptide fold of the enhancer binding 
protein zinc finger with known structures in the crystallographic data base reveals a striking similarity to 
one region (residues 23-44) of the X-ray structure of proteinase inhibitor domain I11 of Japanese quail 
ovomucoid [Papamokos, E., Weber, E., Bode, W., Huber, R., Empie, M. W., Kato, I., & Laskowski, M. 
(1982) J .  Mol. Biol. 158, 515-5371, which could be superimposed with a backbone atomic rms difference 
of 0.95 on residues 3-25 (excluding residue 6 )  of the zinc finger from the enhancer binding protein. The 
presence of structural homology between two proteins of very different function may indicate that the so-called 
zinc finger motif is not unique for a class of D N A  binding proteins but may represent a general folding 
motif found in a variety of proteins irrespective of their function. 

R e c e n t l y ,  a number of CDNA clones coding for specific 
DNA binding proteins that interact with a variety of different 
enhancer and promotor regions of human genes have been 
isolated. The respective proteins have been designated human 
immunodeficiency virus type I enhancer binding protein 
(HIV-EPI;' Maekawa et al., 1989), major histocompatibility 
complex binding protein 1 (MBP-1; Singh et al., 1988), and 

terminal repeats of the HIV-I genome, functioning as an en- 
hancer element in HIV transcriptional regulation (Maekawa 
et al., 1989). MBP-1 was shown to bind specifically to the 
promotor of the MHC class I H-2Kb gene and to a similar 
site within the immunoglobulin K gene (Singh et al., 1988), 
and PDRII-BF1 binds to PDRII, a virus-inducible element 

positive regulatory domain I1 of the human interferon 0 
promotor binding factor 1 (PRDII-BFl; Fan & Maniatis, 
1990). HIV-EPI was identified as a DNA binding protein 
that interacts with a specific DNA sequence within the long 
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' Abbreviations: HIV-EPl, human immunodeficiency virus type I 
enhancer binding protein; HIV-I, human immunodeficiency virus type 
I; PRDII, positive regulatory domain I1 of the human interferon p pro- 
motor; PRDII-BF1, positive regulatory domain I1 of the human inter- 
feron @ promotor binding factor 1; MHC, major histocompatibility 
complex; MBP- 1, major histocompatibility complex binding protein 1 ; 
NOE, nuclear Overhauser effect; NOESY, two-dimensional nuclear 
Overhauser enhancement spectroscopy; PE-COSY, primitive exclusive 
two-dimensional correlated spectroscopy; HOHAHA, two-dimensional 
homonuclear Hartmann-Hahn spectroscopy; SA, simulated annealing; 
HPLC, high-performance liquid chromatography; rms, root mean square. 
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