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Studies of Calmodulin Structure: Laser Raman Spectroscopy of 
Biomoleculest 
B. A. Seaton, J. F. Head, R. C. Lord, and G. A. Petsko* 

ABSTRACT: The structure of bovine brain calmodulin was 
probed by using laser Raman spectroscopy to elucidate cat- 
ion-induced conformational changes in the protein. Local 
changes, most likely reflecting metal binding but not rear- 
rangement of the peptide backbone, were observed in the 
presence of calcium or magnesium. A conformational change 
involving the peptide backbone and secondary structure content 

Calmodulin is a small, acidic, intracellular calcium-binding 
protein that influences the activity of a number of enzymic 
and structural systems in the cell in a calcium-dependent 
manner [for reviews, see Klee et al. (1980), Cheung (1980), 
Brostrom & Wolff (1981), and Means et al. (1982)l. The 
protein, ubiquitous in eukaryotes, is one of the principal targets 
for intracellular calcium released following external stimuli. 
Calmodulin becomes activated when it binds calcium, un- 
dergoes conformational change, and complexes with its target 
protein. 

Several metal ions, including Mg2+ and Mn2+, have been 
shown to compete with calcium for binding sites on calmodulin 
but typically cannot induce biological activity in the protein 
(Wolff et al., 1977; Haiech et al., 1981). Conformational 
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of calmodulin was observed only in the presence of calcium. 
The calcium-induced conformational change in the peptide 
backbone involves increased CY helix and fi sheet. This was the 
only major calcium-specific change observed in the Raman 
spectrum, which suggests that the flexibility of the backbone 
conformation may play a critical role in the physiological 
activity of calmodulin. 

changes in calmodulin on binding various cations have been 
investigated in studies involving NMR’ (Fordn et al., 1980; 
Seamon, 1980; Seamon & Moore, 1980), fluorescence (Kil- 
hoffer et al., 1980, 1981; LaPorte et al., 1980, 1981; Tanaka 
& Hidaka, 1980; Kohse & Heilmeyer, 1981), CD (Dedman 
et al., 1977; Klee, 1977; Wolff et al., 1977), and ORD (Liu 
& Cheung, 1976). These studies generally agree that unique 
conformational states are associated with the binding of dif- 
ferent metal ions. 

Although some side chain groups and regions of the poly- 
peptide backbone have been reported as undergoing cation- 
dependent structural changes, there is at present no precise 
identification of the physiologically relevant rearrangement. 
Laser Raman spectroscopy is a useful spectroscopic probe for 
investigation of both main chain and side chain groups in 

Abbreviations: CD, circular dichroism; NMR, nuclear magnetic 
resonance; ORD, optical rotatory dispersion; EGTA, ethylene glycol 
bis(&aminoethyl ether)-N,N,N’,N’-tetraacetic acid; EDTA, ethylenedi- 
aminetetraacetic acid; CAMP, adenosine cyclic 3:s’-phosphate; Tris, 
tris(hydroxymethy1)aminomethane; UV, ultraviolet; pH*, uncorrected 
pH meter reading in deuterated solvent. 
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proteins. This paper reports structural features associated with 
the peptide backbone and side chain residues in calmodulin 
that vary with the presence of calcium, magnesium, or mo- 
novalent cations, as detected by laser Raman spectroscopy. 

Experimental Procedures 
All chemicals were of the highest purity available from 

commercial sources. Distilled deionized water was provided 
by a Hydro Service Supplies, Inc., system and contained less 
than 1 ppm total ionic contaminants. Dialysis tubing was 
Spectrapor 6 with a molecular weight cutoff of 2000. Before 
use, the tubing was soaked in EGTA or EDTA solution and 
then in distilled deionized water and rinsed exhaustively. The 
same treatment was applied to all glassware used during the 
metal-removing steps. Stock solutions were stored in plastic 
containers. Wherever possible, Teflon vials and utensils (Pierce 
and Sci/Spec) were used. 

Protein Preparations. Calmodulin was purified from bovine 
brain as described by Head et al. (1982). Calmodulin-de- 
pendent cyclic-nucleotide phosphodiesterase was purified from 
bovine brain as described by Head et al. (1979). 

Phosphodiesterase Assay. Phosphodiesterase activity was 
measured at 37 OC with a final substrate concentration of 5 
pM 3',5'-cAMP by using the method of Boudreau & Drum- 
mond (1975). 

Electrophoresis. Alkaline gel electrophoresis was carried 
out on slab gels (6 X 20 cm) of 8% w/v acrylamide containing 
40% v/v glycerol and in a continuous buffer system of 25 mM 
Tris-80 mM glycine, pH 8.6, as described by Head & Perry 
(1974). Samples of calmodulin (1 mg/mL) were prepared 
containing 1-2 mM concentrations of free Ca2+, MgZ+, Na', 
or K+. Each sample was initially dissolved in 1 mM EGTA 
to reduce free calcium levels M) and subsequently 
adjusted to 2 mM total concentration of CaCl,, MgCl,, NaC1, 
or KC1. Since the binding of Mg2+, Na+, and K+ to EGTA 
is several orders of magnitude weaker than that of Ca2+, 
samples containing these cations still contained no more free 
calcium than - 10" M. The sample containing added calcium 
had free calcium levels close to 1 mM. Bovine serum albumin 
(BSA) at 1 mg/mL was also included in each sample to act 
as an internal reference marker following staining. BSA has 
a mobility under these conditions approximately half that of 
calmodulin. 

Preparation of Metal-Free Calmodulin. Calmodulin was 
freed from its bound metal ions by utilizing its inability to 
chelate cations at low pH (Haiech et al., 1981). Lyophilized 
calmodulin was dissolved in distilled deionized water to a 
protein concentration of approximately 8-10 mg/mL and 
dialyzed against 100 mM acetate at pH 3.5 (prepared by 
titrating distilled acetic acid with NaOH or distilled tri- 
ethanolamine). Protein precipitation occurred upon contact 
with this solution. After dialysis against acetate buffer for 
several hours at 22 "C, the protein was dialyzed for up to 24 
h at the same temperature, with frequent changes of dialysate, 
against distilled deionized water to which 0.05% chlorobutanol 
or 0.02% sodium azide had been added. The precipitated 
calmodulin was then dialyzed against - 100 volumes of 50 
mM Tris-HC1 buffer, pH 7.0. The precipitate began to re- 
dissolve upon contact with the reservoir, and the solution ap- 
peared clear after several hours. The last step was dialysis 
against - 1000 volumes of distilled deionized water, to remove 
buffer and bacteriostatic agents, followed by lyophilization. 
Lyophilized protein samples were stored below 0 OC and used 
within a month of preparation. 

UV spectra of samples were recorded by a Perkin-Elmer 
X 3 double-beam scanning UV-visible spectrophotometer. 

Protein concentration was determined as described by Crouch 
& Klee (1980). Atomic absorption measurements of calcium 
content were made on a Perkin-Elmer Model 703 spectro- 
photometer. 

Preparation of Samples for Raman Spectroscopy. Protein 
samples were prepared by dissolving lyophilized metal-free 
calmodulin in the buffer solutions. Samples consisted of 150 
mg/mL calmodulin in approximately 10 pL of buffer. Sodium 
or, in the case of potassium-loaded samples, potassium was 
present in at least 200 mM amounts in the buffer to prevent 
sample aggregation. Each sample was centrifuged at - 13000g 
for 5 min and then introduced into a small (0.8-1.10 mm) 
closed-end Kimax capillary by a hypodermic syringe. Cen- 
trifugation at 400g for 1 min brought the sample droplet down 
to the closed end of the capillary. A small plug of melted wax 
was applied to the open end of the capillary to give a complete 
seal. 

Deuterated buffer solutions were prepared by dissolving solid 
Tris and salt in 99.7% ZHzO, lyophilizing, and redissolving in 
99.996% ,H20. These solutions were titrated to pH* 7.7 with 
,HCl and Na02H. Protein solutions were prepared by dis- 
solving lyophilized calmodulin in 99.7% 2Hz0, lyophilizing, 
and redissolving in deuterated buffer solution. Complete ex- 
change after this treatment was confirmed by NMR. The 
solutions were then prepared for the Raman experiments as 
described above, 

Raman Spectra. The radiation source was a CR3 argon 
ion laser (Coherent Radiation). The spectrometer was a Spex 
Ramalog 4 double monochromator and detector (with a digital 
photometer). The 488-nm laser excitation line was used 
through a 488-nm filter. Power at all samples was 260-300 
mW. 

The spectra in Figures 3-5 were recorded with a spectral 
slit width of 4 cm-', scan speed of 0.05 cm-l/s, gain of 1 X 
lo4, photon counting mode with 1-s counting time, and 10-s 
smoothing. The spectra in Figure 2 were recorded with a slit 
width of 6 cm-I, scan speed of 0.2 cm-'/s, gain of 2 X lo4, 
photon counting mode with 1-s counting time, and 5-s 
smoothing. All figures are tracings of original, rather than 
redrawn, spectra. Numbers written over peaks in Figures 2-5 
refer to frequencies in cm-l, and Raman intensity is represented 
on the ordinate. Frequencies are accurate to 1-2 cm-' for 
sharp lines and to 3 cm-' for broad bands. 

Results 
Preparation of Metal-Free Calmodulin. Atomic absorption 

measurements indicated the presence of less than 0.2 mol of 
Ca2+ bound per mol of calmodulin after the calcium removal 
procedure. The UV spectrum (Figure 1) of the treated cal- 
modulin showed spectral features typical of calcium-deficient 
calmodulin (Klee, 1977). The calmodulin samples showed no 
quantitative degradation of biological activity after this 
treatment as indicated by calcium-dependent activation of 
calmodulin-dependent brain cyclic-nucleotide phosphodi- 
esterase. 

Sample Handling. For evaluation of the effects of irra- 
diation on calmodulin samples, samples which had been in the 
laser beam for as long as 10 h were assayed for biological 
activity after the spectra were recorded. The samples fully 
activated cyclic-nucleotide phosphodiesterase. The tempera- 
ture rise over the time period required for the recording of a 
typical Raman spectrum was between 1 and 2 OC (Gilbert et 
al., 1982). 

Raman Spectra of Calmodulin. Amide I (- 1650 cm-') 
and Amide ZZZ ( - 1250 cm-') Regions. The amide I region 
in the Raman spectrum of calmodulin in buffer solutions 
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nome 1: UV spectra of calmodulin (-10 rM) bcfm (a) and after 
(b) calcium removal treatment. 

nome 2 Raman spectrum of IS0 mglmL ealmodulin in 0.2 M 
sodium cacodylate buffer, pH 7.0. with 0.1 M calcium chloride. 

containing H20 (Figure 2) is dominated by a strong peak at 
1654 cn-I. characteristic of a helix. Absena of intensity above 
1670 em-' in H20-buffer rules out appreciable B sheet. In 
buffer solutions containing 'H,O, the amide I peak shifts to 
1645 m-' (amide 1') which confirms the presence of large 
amounts of a helix. 

In the amide 111 region (Figure 3). all calmodulin s e r a  
exhibit strong intensity above 1260 cm-'. at frequencies as- 
sociated with a helix (1260-1300 cm-I). Peaks appearing in 
the calmodulin spectra near 1250 cm-I reflect the presence 
of intermediate structure.' Calmodulin samples in 2H20- 
buffer (Figure 3, inset) show disappearance of peak intensity 
between 1235 and 1285 m-', and a parliaI(-SO%) decrease 
in peak intensity at 1300 m-l, relative to calmodulin samples 
in H@-buffer (Figure 3a-d). These data indicate that peaks 
appearing between 1240 and 1285 cn-l are due to amide 111 
vibrations, with some contribution from overlapping mdhylene 
deformation bands. Peaks found at - 1320 and - 1340 em-' 
are largely unaffected by deuteration. 

The amide 111 contours in calmcdulm spectra show a pattern 
of intensity that is observed with predominantly a-helical 
proteins (see Discussion). Only one peak, that m r r i n g  near 
I250 m-I, is clearly resolved in the amide 111 curve in specIra 
of calcium-deficient calmodulin (Figure 3a-c). However, in 
spectra of calcium-loaded calmodulin (Figure 3d), new bands 
are resolved at  1269 and 1285 cm-' in the a-helix region of 

Smnm Binw rise 10 amide 111 lnquencies betwem thoss of (I 
belix and 8 ah& are commonly r c f d  10 as random Coil. disordered. 
nc.. in the litmlure. We have used the term intermediate structure in 
the same context to denote peptide bonds with J. angles intenncdiate to 
those found in pure (I hel ias  and 8 sheets (Ramachandran & Sariuk- 
haran. 1968). The relationship between peptide backbone @. J angled 
and axresponding amide 111 vibrations has bocn discussed in &tail by 
Lord (1977). 

nome 3 Raman spectra of calmodulin. amide 111 spectral region. 
Shaded a m  highlighls regim that reapds to the prarmr of calcium 
with inaraaed intensity at 1240. 1269, and 1285 c d ,  m!h a d m  
at 1250 mi'. (a) 150 mg/mL calmodulin in 0.1 M Tns buffer, pH 
1.3, in 0.2 M NaCI: (W) as in (a). exapt for (b) 0.6 M NaCl instcad 
of 0.2 M NaCI. (c) 0.2 M MgCI, added. and (d) 0.2 M CaCI, added. 
(Insst) I50 mg/mL calmoddin in 0.1 M Tri.2HIO and 0.2 M NaCI. 
pH' 1.1. 

the amide 111. In addition, a new pcak appears at 1240 
displacing the peak observed near I250 cm-I in the calcium- 
deficient samples. 

Side Chain Chromophores. The region of the Raman 
spectrum of calmodulin between -1400 and 1420 m-'. at- 
tributed to carboxylate groups on acidic side chains, exhibits 
intensity changes that are cation dependent. In general, as 
metal complexation by calmodulin increases, spectral i n w i t y  
below 1410 cm-l decreases relative to that observed near 1420 
cm-l (Figure 4). 

Two peaks associated with tyrosine residues appear in the 
Raman spectrum near 825 and 855 cm-1. Their intensity ratio 
has teen correlated with the environment of the phenolic OH 
(Siamwiza et al.. 1975). In the presence of monovalent cat- 
ions,' two peaks of roughly equal intensity appcar in this region 
of the calmodulin spectrum. When calcium is added, an ad- 
ditional peak at  864 cm-I appears. This higher intensity 
doublet is also observed in the prescnce of magnesium but is 
less pronounced (Figure 5) .  While this change reflects cat- 
ion-dependent conformational differences in calmodulin, the 
unequivocal assignment of the structural origin of this spectral 
feature is difficult. 

Methionine peaks in the Raman spectrum show confor- 
mational sensitivity (Nogami et al., 1975). The strongest 
methionine bands appear at -650.700, and 724 an-!. In all 
calmodulin spectra. the 7oo-Cm-I peak is absent, and the 650- 
and 724-cm-l peaks are ~ b s ~ ~ e d .  

The strong, sharp phenylalanine ring breathing peak at 1004 
m-l, which lacks environmental sensitivity, was used as an 

Raman aamplcs containing potaMium give identical spectra with 
tbrac that contain only sodium, thm(wc. spsva of paasaiumcontaining 
samples are not included in the figure. 
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internal frequency and concentration standard. 
Electrophoretic Mobility. Calcium-induced structural 

changes in calmodulin, and in the homologous protein troponin 
C, have been found to give rise to changes in the size or shape 
of the molecule such that its mobility on alkaline gels is also 
altered (Amphlett et al., 1976; Head & Perry, 1974). In an 
attempt to relate the cation-induced structural changes in 
calmodulin, as detected by Raman spectroscopy, with such 
mobility changes, we have electrophoresed the protein in the 
presence of Na+, K+, MgZ+, and Ca2+ ions, as described under 
Experimental Procedures. When the mobility of calmodulin 
in the presence of sodium ion was taken as unity, the relative 
mobilities in the presence of K+, Mg2+, and Ca2+ were found 
to be 0.98 f 0.03,0.98 f 0.02, and 0.90 f 0.03, respectively. 
These results suggest that under the electrophoretic conditions 
used, only calcium is able to produce those changes in the 
calmodulin molecule that give rise to a significant change in 
mobility ( - 10%) on this gel system. This is further evidence 
that the changes induced by calcium are qualitatively different 
from those brought about by magnesium and monovalent 
cations. 

Discussion 
Secondary Structure in Calmodulin. Amide I ( - I650 

cm-') and Amide 111 (- I250 cm-I) Regions. Studies of the 
amino acid sequence of calmodulin relates the protein struc- 
turally to parvalbumin and other intracellular calcium-binding 
proteins containing "E-F hands" (Tufty & Kretsinger, 1975). 
Each E-F hand is composed of two helical regions, connected 
by a calcium-binding loop. The sequence data suggest the 
presence of four such "hands" in each calmodulin molecule. 
While this structural arrangement has not been confirmed 
crystallographically, CD studies of the protein have shown it 
to contain 30-55% a helix, depending upon experimental 
conditions (Dedman et al., 1977; Klee, 1977; Wolff et al., 
1977). The Raman data confirm that calmodulin contains a 
large amount of a helix, which is consistent with the E-F hand 
prediction. The overall contour of the amide I11 region of 
calmodulin (Figure 3) strongly resembles those in the Raman 
spectra of other predominantly cr-helical proteins, including 
bovine serum albumin (Chen & Lord, 1976), mojave (rat- 
tlesnake) toxin (Tu et al., 1976), and two viral coat proteins 
(Thomas & Murphy, 1975). 

CD studies have also noted an increase of 5-15% a helix 
in calmodulin when calcium is added to the calcium-deficient 
protein. This is consistent with the increased intensity in the 
Raman spectrum at 1269 and 1285 cm-I, in that the calci- 
um-induced change is small but detectable. As with the CD 
results, the Raman data find little difference in the protein 
backbone conformations in the presence of cations other than 
calcium. 

Apart from an increase in helix content, the Raman data 
indicate change in the intermediate secondary structure of 
calmodulin upon calcium binding. Calcium-deficient samples 
exhibit a peak near 1250 cm-l, a frequency that is associated 
with neither a helix nor p sheet. When calcium is added to 
the protein, intensity at 1250 cm-I (intermediate structure) 
decreases while intensity at 1240 cm-' (@ sheet) and above 
1260 cm-l (a helix) increases. Following the E-F hand model, 
these changes may be occurring in calcium-binding segments 
of those regions linking helices of different hands. 

In Raman spectra of proteins, the extended @-sheet band 
typically appears between 1230 and 1240 cm-'. In the presence 
of calcium, calmodulin spectra show a broad band near 1240 
cm-I. The actual amount of p sheet in calcium-bound cal- 
modulin is difficult to assess because it appears to be a very 

minor structural component. Since p sheet tends not to exist 
as small, isolated segments, the 1240-cm-' peak in calcium- 
loaded calmodulin more likely represents a backbone segment 
with a configuration and H-bonding pattern typical of @ sheet 
that perhaps spans distant portions of the peptide but not as 
an extended chain. This arrangement has been noted in the 
crystal structures of parvalbumin (Kretsinger & Nockolds, 
197 3) and vitamin D dependent intestinal calcium-binding 
protein (Szebenyi et al., 1981). In the latter protein, distant 
stretches of two calcium-binding loops are H bonded to each 
other in a manner "resembling a small piece of p sheet". 

Tertiary Structure in Calmodulin. Carboxylate Groups, 
140&1430-~m-~ Region. The COO- symmetrical stretching 
vibration of ionized carboxylate groups in proteins typically 
gives rise to a Raman peak that appears near 1415 cm-' (Lord 
& Yu, 1970). In calmodulin, intensity appears below 1420 
cm-I that is sensitive to perturbation by cation binding. The 
insensitivity to change upon deuteration (Figure 4, inset) 
supports the assignment of this peak as arising from carbox- 
ylate groups. 

The Raman spectrum of troponin C displays calcium-de- 
pendent shifts in the frequency of peaks attributed to car- 
boxylate groups (Carew et al., 1980). On the basis of their 
assignments, peak intensity between 1400 and 1410 cm-' arises 
from uncomplexed carboxylate groups while those involved 
in metal ion chelation show intensity at slightly higher fre- 
quency. Trends observed in calmodulin spectra are consistent 
with their findings. Figure 4 shows that as the amount of 
cation complexation increases (a < b < c < d < e), the region 
between 1400 and 1420 cm-I appears to broaden. As the ratio 
of uncomplexed to complexed carboxylate groups decreases, 
intensity shifts from - 1405 to - 1415 cm-I, where it can no 
longer be resolved from the higher frequency methylene peak 
at - 1423 cm-I. 

Cation-induced conformational changes in calmodulin are 
not confined to the peptide backbone and carboxylate groups 
but also affect the configurations of other side chains. Aside 
from changes observed near the tyrosine doublet above 800 
cm-' (Figure S), changes are also observed in the 1450- 
1460-cm-' region due to methyl and methylene vibrations of 
protein side chains. The spectra show a cation-dependent 
frequency shift: the presence of magnesium or calcium is 
associated with a peak at 1454-1455 cm-', while monovalent 
cations are associated with a peak at 1450 cm-I. 

No cation-induced change is observed in the 725-cm-' 
methionine peak in calmodulin; in all spectra, the overall 
configuration of the C-C-S-C group appears to be trans-trans 
(Nogami et al., 1975). While studies have implicated me- 
thionines in calmodulin activity (Walsh & Stevens, 1977), the 
Raman data show that conformational change involving me- 
thionine residues does not involve net rotation of those side 
chains. 

Conclusion 
The Raman results indicate that in calmodulin, there are 

at least two overall levels of conformational change induced 
by cations binding to the protein. One involves the peptide 
backbone and is specifically and solely induced by calcium. 
This change in structure is relatively small, since calcium- 
deficient calmodulin is predominantly a helix (with only small 
regions of intermediate structure that are incipient a helix or, 
to a lesser extent, @ sheet). The electrophoresis results support 
the existence of a calcium-induced conformation that is dif- 
ferent from those induced by other cations, although the nature 
of the difference is not clear from these experiments. This is 
in agreement with sedimentation coefficient determinations 
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FIGURE 4: Raman spectra of calmodulin, 1400-1480-cm-' region. 
(a) 150 mg/mL calmodulin in 0.1 M Tris buffer, pH 7.3, in 0.2 M 
NaCI; (b-e) as in (a), except for (b) 0.6 M NaCl instead of 0.2 M 
NaCI, (c) 0.2 M MgCl, added, (d) 0.1 M CaC1, added, and (e) 0.2 
M CaCI, added. (Inset) 150 mg/mL calmodulin in 0.1 M Tris2H20 
and 0.2 M NaC1, pH* 7 . 7 .  

(Klee et al., 1980), chemical modification (Walsh & Stevens, 
1977; Richman, 1978; Richman & Klee, 1978; Walsh et al., 
1978), and protease susceptibility studies (Walsh et al., 1977). 
When calcium binds to calmodulin, it induces a new backbone 
conformation, albeit one which is very similar to that of the 
apoprotein. 

However, the Raman data also indicate a level of confor- 
mational change that is independent of backbone configuration. 
In inducing this change, magnesium is similar to calcium, 
rather than to monovalent cations, in its effects on the Raman 
spectrum of calmodulin. This change may be confined to 
divalent cations occupying metal-binding sites in the protein, 
as spectral variation is observed in frequencies arising from 
carboxylate, methyl and methylene, and phenolic moieties. In 
the absence of the three-dimensional structure of calmodulin, 
the nature of this change cannot be visualized in detail. 
However, a localized change consisting of side chain reori- 
entation appears most likely. 

Studies of those changes in the calmodulin molecule that 
are calcium specific give information that may lead to an 
understanding of the mechanisms enabling calmodulin to 
activate its multiple target enzymes. Laser Raman spec- 
troscopy provides one window through which the behavior of 
calmodulin may be observed. Results obtained by using this 

FIGURE 5 :  Raman spectra of ca~modulin, 800-880-cm-' region. (a) 
150 mg/mL calmodulin in 0.1 M Tris buffer, pH 7.3, in 0.2 M NaC1; 
(b-e) as in (a), except for (b) 0.6 M NaCl instead of 0.2 M NaCI, 
(c) 0.2 M MaC1, added, (d) 0.1 M CaCI, added, and (e) 0.2 M CaC1, 
added. (Ins;) i50 mg/mL calmodulin-in 0.1 M Trisi2H20 and 0.f 
M NaC1, pH* 7.7. 

technique, taken in conjunction with data derived from other 
methods, will ultimately yield a detailed picture of molecular 
events involved in calmodulin activity. 
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