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SUMMARY 
The 250MHz NMR spectrum of the brain Ca 2+ -dependent regulator protein was 

examined in the absence of cations and in the presence of Ca2+ or Mg2+. The 
Ca2+-saturated regulator protein and Mg2+-saturated regulator protein exhibited 
several spectral differences in the aromatic and aliphatic regions of their 
spectra. Certain spectral changes observed to occur upon addition of metal ions 
are qualitatively similar to those which have been observed in the spectrum of 
skeletal troponin-C. These results suggest that the large sequence homology 
between skeletal troponin-C and the regulator protein results in similar confor- 
mational changes due to the binding of Ca2+ or Mg2+. 

INTRODUCTION 

Brain Ca2+ -dependent regulator protein (hereafter referred to as cal- 

modulin) was first isolated from rat and shown to activate 3'-5'-cyclic nucleo- 

tide phosphodiesterase (1). Subsequently it has been shown that structurally 

similar activator proteins can be isolated from a wide variety of tissues and 

species (2-8). Furthermore, a number of enzyme systems have been characterized 

which can be activated in a Ca 2t -dependent manner by calmodulin. These include 

a detergent solubilized preparation of adenylate cyclase (9), smooth muscle 

myosin light chain kinase (lo), an erythrocyte Ca 2+ 
-Mg2+ ATPase (ll), and a 

synaptosomal kinase capable of phosphorylating synaptosomal membrane proteins 

(12). The activation of these systems depends on the ability of the activator 

protein to bind Ca2+. It has been shown that calmodulin can bind to phospho- 

diesterase (13) and adenylate cyclase (14) only in the presence of Ca 2+ . 

Presumably, it is this Ca2+ -dependent interaction which is important for the 

activation by calmodulin. 

Abbreviations: EGTA, ethylene glycol bis(BOaminoethy1 ether)-N,N'-tetraacetic 
acid; TSP, trimethylsilylproprionic acid; tml, trimethyllysine. 
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Calmodulin is an acidic, high affinity calcium binding protein with a 

molecular weight of ~16,700 daltons. The amino acid sequence of brain cal- 

modulin shows a large degree of homology to troponin-C, and, like troponin-C, 

four possible Ca2+ binding regions in the sequence can be identified (15). 

The binding of calcium by calmodulin causes changes in the protein's conformation 

as detected by a variety of chemical and spectroscopic techniques (16-20). Many 

of these Ca2+ -induced conformational changes are similar to those observed to 

occur upon Ca2+ binding to troponin-C (21-24). NMR has previously been used to 

study the effects of metal binding to troponin-C and has been quite useful in 

detecting changes caused by binding of metals at specific binding sites (25-27). 

In this communication, we report initial observations of the 250 MHz NMR spectra 

of metal-free calmodulin, Mg2+-saturated calmodulin, and Ca2+-saturated cal- 

modulin. These results are compared to those previously reported for troponin-C. 

MATERIALS & METHODS 
Calmodulin was prepared essentially as described by Watterson et al (28). -- 

Purified calmodulin showed a single band when electrophoresed either on lo-25% 
SDS-urea acrylamide gradient slab gels or on a continuous 7.5% tris-glycine 
acrylamide gel. 

NMR samples were prepared by dialyzing a solution containing 'ir 10 mg/ml of 
calmodulin for 24 hours against two changes 
1 mM EGTA , for the Ca2+-Mg2+-free sample; 

(1 liter) of the following buffers: 
1 mM EGTA, 5 mM MgC12, for the Ca2+- 

free sample in the presence of excess Mg2+; and 0.1 mM Ca2+ for the Ca2+- 
saturated samples.1 All solutions were at pH 7.5. The protein was then lyo- 
pholized and dissolved in 0.5 ml of 020 containing 0.2 M KCl. 
justed to 7.5 with KOD or DCl. The gHwwas ad- Total Ca2+ was determined in the Ca + free 
samples by atomic absorption and was found to be less than 0.1 mole Ca2+/mole 
calmodulin. 

Proton spectra were run at 250 MHz in the correlation mode (29). Typical 
spectra were the average of 1000 scans with 1500-Hz sweep width, l-s sweep 
time, with an exponential filtering of 0.5 Hz to reduce noice. Proton chemical 
shifts were measured from the HDO lock and adjusted to chemical shifts from 
internal TSP by adding 4.72 ppm. All spectra were taken at 230C. 

RESULTS 

The aromatic region of the spectrum of metal-free calmodulin is shown in 

Figure 1A. This region of the spectrum contains resonance contributions from 

1 
Published binding studies (5,18) indicate that in the presence of 0.1 mM-free 

Ca2+ calmodulin will have four calcium ions bound per mole rotein. In the 
presence of 5 mM Mg2+ and 0.1 mM EGTA there should be no Ca !  + bound by cal- 
modulin and binding sites with the ability to bind Mg2+ with a kd 5 5.10-4M 
should be s90% occupied with Mg2+. 
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Figure 1. 
Aromatic region of the spectrum of calmodulin; [calmodulin] = 1 x 10w3M, 
0.2 M KCl, pH 7.5. (A) Ca2+, Mg2+-free; (B) [Mg2+]free = 10 mM, Ca2+- 
free; (C) [Ca2+]free = 0.2 mM, Mg2+-free. 
Results are labeled (a-e). 

Resonance peaks discussed in 

the ring protons of the 8 phenylalanines, 2 tyrosines and single histidine 

of calmodulin. Two large peaks appear at 7.25 ppm and 7.09 ppm and are most 
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likely due to phenylalanine ring protons and meta protons of tyrosine. The 

single sharp peak at 7.80 ppm is assigned to the H-Z histidine proton. The 

resonance peaks between 6.25 ppm and 7.00 ppm are due to the ortho protons of 

the tyrosine's, the H-4 histidine proton, and any chemically shifted phenyl- 

alanine protons. The spectrum of calmodulin in the metal-free state is not 

indicative of a denatured or random coil conformation. The spectrum of the 

denatured protein would exhibit only one large peak for the phenylalanines, two 

smaller peaks for the ortho and meta protons of the two tyrosines, and two 

single peaks for the histidine H-2 and H-4 proton. 

The spectrum of the aliphatic region of metal-free calmodulin (Figure 2A) 

is also not indicative of a denatured protein due to the appearance of ring 

current shifted aliphatic resonances in the region between 0.5 ppm and -0.2 

ppm (labeled a-f in Figure 2A). These are characteristic of close interactions 

between aliphatic protons and aromatic rings which would not exist in a dena- 

tured protein. The large singlet peak at 3.08 ppm, is assigned to the methyl 

protons of the single trimethyllysine residue of calmodulin. 

The spectra of calmodulin in the presence of Ca 2t (Figure lC, 2C) or 

Mg2+ (Figure lB, 2B) are also not indicative of a denatured protein; they both 

show ring current shifted resonances in the aliphatic region and many distin- 

guishable resonances in the aromatic region. It is also apparent that there 

are distinct spectral differences between the spectra of Mg 2+ -saturated and 

Ca2+-saturated calmodulin. The aliphatic resonance at -0.19 ppm in the spectra 

of the metal-free protein (peak a, Figure 2A) does not appear in either the 

spectrum of the Cazt or Mg2'-saturated protein; while the aliphatic resonance 

at 0.06 ppm (peak b, Figure 2A) appears shifted to 0.02 ppm in the spectrum of 

Mg2+ -saturated calmodulin and does not appear in the spectrum of Ca 2t -saturated 

calmodulin. Other spectral differences between the three conformations are 

seen in the regions between 1 ppm and 2.5 ppm which are due to side chain 

methylene and methionine methyl groups. The peak at 3.08 ppm assigned to the 

methyl group of the single trimethyllysine residue does not appear to be 

affected by metal binding. 
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Figure 2. 

Aliphatic region of the spectrum of calmodulin; [calmodulin] = 1 x 10m3M, 
0.2 M KCl, pH 7.5. (A) Ca2+, Mg2+-free; (B) [Mg2+]free = 10 mM, Ca2+- 
free; (C) [Ca2f]free = 0.2 mM, Mg2+-free. Resonance peaks discussed in 
Results are labeled (a-f). The peak assigned to the methyl groups of the 
single trimethyllysine residue of calmodulin is labeled (tml). 

In order to interpret the changes in the aromatic region, resonance 

assignments were made by titrating the protein in the alkaline pH range. 
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Figure 3. 

Aromatic region of the spectrum of calmodulin as a function of pH; [cal- 
modulin] = 1 x lo-3M, 0.2 M KCl, pH 7.5. pH values are uncorrected for 
deuterium isotope effect and are indicated to the left of each spectrum. 

Resonances due to tyrosine rings will shift upfield as the phenolic group is 

ionized. The spectra of calmodulin in the presence of Ca 2t 
at various pH 

values are shown in Figure 3. The peak at 6.73 ppm in the pH 10.25 spectrum 
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titrates upfield with an apparent pK of 10.4. (This peak corresponds to peak 

c in Figure 1C.) The peak appears as a doublet of about 8 hz coupling at 6.52 

ppm in the pH = 12.39 spectra. Titrating in parallel with this peak is the 

doublet appearing at 7.04 ppm in the pH = 12.39 spectra. The parallel titra- 

tion behavior and the 8 hz coupling of the two peaks suggests that they 

represent the ortho and meta protons of one of the tyrosines of calmodulin. 

Consistent with this interpretation is the report that tyrosine 99 of cal- 

modulin has a pK of 10.4 in the Ca *+-saturated conformation (30). The peak 

at 6.67 ppm in the spectrum of metal-free calmodulin (peak c, Figure 1A) also 

shifts upfield with an apparent pK of 10.3. It can be shown that this peak 

corresponds to the peak at 6.74 ppm (peak c, Figure 1C) in the spectrum of 

Ca*+-saturated calmodulin. The difference in the chemical shift of this peak 

in the spectrum of Ca*+ -saturated calmodulin and in the spectrum of metal- 

free calmodulin suggests that the ring protons of this tyrosine are only 

slightly perturbed by metal binding. The peak at 6.52 ppm in the pH = 10.25 

spectrum (corresponding to peak b in Figure 1C) does not shift until pH > 11.3 

where it starts to shift upfield appearing at 6.34 ppm at pH = 12.76. The 

peak at 6.67 porn in the metal-free spectrum (peak b, Figure 1A) also titrates 

upfield only at pH > 11.3. A Ca*+ titration of metal-free calmodulin indi- 

cates that this is the same peak appearing at 6.52 ppm (peak b, Figure 1C) in 

the Ca*+ -saturated spectrum (unpublished results). The chemical shift of this 

peak however does not appear to be affected by Mg*+ binding. This peak could 

be due to one of the ring protons of tyrosine 138 (reported to have a pK of 11.9 

[30]); however, the assignment of this resonance will have to await studies on 

chemically modified calmodulin. 

Specific aromatic resonances appear to be quite sensitive to the binding 

of metal ions. In particular, the peak at 6.44 ppm (peak a, Figure 1A) in 

the metal-free spectrum shifts downfield to 6.54 ppm in the spectrum of Mg 2+ - 

saturated calmodulin. A Ca*+ titration indicated that as Ca 2+ is added to 

metal-free calmodulin the peak shifts to 6.62 ppm (peak a, Figure 1C). This 
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shift appears to be representative of a Ca 2t -specific conformational change. 

Another spectral characteristic of the binding of metals to calmodulin is the 

increase in phenylalanine resonance intensity at 6.95 ppm (peak d, Figure lA- 

Cl. There is a small increase in intensity at 6.95 ppm in the spectrum of 

Mg*'-saturated calmodulin as compared to the spectrum of the metal-free pro- 

tein; however, this peak is much larger in the spectrum of the Ca 2+ -saturated 

protein, again characteristic of a Ca 2+ -specific conformational change. The 

peak at 6.30 ppm in the spectrum of Ca 2+ -saturated calmodulin (peak e, Figure 

1C) also appears to be representative of a Ca 2t -specific conformation. 

DISCUSSION 

The NMR results indicate that calmodulin in the metal-free state has a 

definite tertiary structure. This is indicated by the presence of chemically 

shifted phenylalanine resonances and ring current shifted aliphatic resonances 

in the spectrum of the metal-free protein. The binding of Ca*' or Mg2' by 

calmodulin causes changes in the protein's conformation as indicated by 

specific spectral changes. Binding of Ca*' or Mg*' by metal-free calmodulin 

causes a decrease in intensity of the main phenylalanine peak at 7.25 ppm 

with an increase in intensity 0.3 ppm upfield. This metal ion induced upfield 

shift in phenylalanine intensity has also been observed in the spectrum of 

skeletal troponin-C upon addition of Mg 2t or Ca*+ to the metal-free protein 

(25-27). The Ca*' dependence ~fthe chemical shifts of certain upfield- 

shifted aliphatic resonances in the spectrum of metal-free calmodulin has 

also been observed for two upfield-shifted aliphatic resonances in the 

spectrum of metal-free troponin-C (25). Upfield-shifted phenylalanine 

resonances in the spectrum of troponin-C have been observed to shift downfield 

as a result of Ca*' binding (25). This is similar to the behavior of aromatic 

resonance "a" in the spectrum of metal-free calmodulin. 

The spectral changes caused by addition of Mg 2t or Ca*+ to metal-free 

calmodulin are qualitatively similar but show quantitative differences. This 

is most evident in the aromatic region where there is a very large increase in 
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phenylalanine intensity at 6.95 ppm upon addition of Ca 2t , while Mg2+ is only 

able to elicit a small increase. Further differences were indicated by Ca 2t - 

specific induced shifts of peaks in the aromatic region, and the differences 

in the upfield shifted aliphatic region between the spectra of Mg 2t -saturated 

calmodulin and Ca2' -saturated calmodulin (see Results). I f  Ca2+ and Mg2' can 

bind at the same sites then the spectral differences noted between the spectra 

of Ca2' and Mg2' -saturated calmodulin must be due to differences in the binding 

site geometry depending on which cation is occupying the site. It is also 

possible that Mgzt is not able to bind at all of the four binding sites under 

the experimental conditions used in taking the NMR spectra (0.2 M KCl, pH 7.5), 

since it has been reported that high ionic strength can decrease the inter- 

action of Mg2' with testes calmodulin (5). 

These results indicate that the binding of metals to skeletal troponin-C 

and brain calmodulin results in some similar conformational changes involving 

aromatic and aliphatic groups. However a comparison between the spectra of 

calmodulin and published spectra of skeletal troponin-C (25-27) shows that 

even though similar conformational transitions occur upon metal binding the 

overall conformations of the proteins are different. These differences and 

the concentration dependence of the metal ion induced conformational changes 

of calmodulin are being investigated. 
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