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ABSTRACT: Calcium-containing calmodulin (CaM) and its complex with a peptide corresponding to the 
calmodulin-binding domain of skeletal muscle myosin light chain kinase [skMLCK(576-594)G] have been 
studied by one- and two-dimensional 'H N M R  techniques. Resonances arising from the antiparallel @-sheet 
structures associated with the calcium-binding domains of C a M  and their counterparts in the CaM- 
skMLCK(576-594)G complex have been assigned. The assignments were initiated by application of the 
main chain directed assignment strategy. I t  is found that, despite significant changes in chemical shifts 
of resonances arising from amino acid residues in this region upon binding of the peptide, the @-sheets have 
virtually the same structure in the complex as in CaM. Hydrogen exchange rates of amide NH within the 
@-sheet structures are  significantly slowed upon binding of peptide. These data, in conjunction with the 
observed nuclear Overhauser effect (NOE) patterns and relative intensities and the downfield shifts of 
associated amide and (Y resonances upon binding of peptide, show that the peptide stabilizes the Ca*+-bound 
state of calmodulin. The observed pattern of NOES within the @-sheets and their structural similarity 
correspond closely to those predicted by the crystal structure. These findings imply that the apparent 
inconsistency of the crystal structure with recently reported low-angle X-ray scattering profiles of C a M  
may lie within the putative central helix bridging the globular domains. 

Calmodul in ,  an acidic protein composed of 148 amino acid 
residues, binds four Ca2+ ions with dissociation constants in 
the micromolar range. It modulates the activity of many 
enzymes in response to changes in Ca2+ concentration, and 
a Ca2+4-calmodulin- (CaM)' dependent enzyme regulation 
occurs through a tight binding interaction of CaM with specific 
domains of the regulated enzymes. CaM-binding domains of 
myosin light chain kinase, a CaM-regulated enzyme, have been 
identified and characterized for the smooth (Lukas et al., 1986; 
Kemp et al., 1987) and skeletal (Blumenthal et al., 1985) 
muscle enzymes. Properties of these isolated CaM-binding 
domains and other model peptides with high affinity (greater 
than lo8 M-I) for CaM are as follows: they contain predom- 
inantly hydrophobic and basic amino acids which have a 
propensity for helix formation (Cox et al., 1984; McDowell 
et al., 1985); they appear to adopt a helical conformation while 
bound to CaM (Geidroc et al., 1983; Maulet & Cox, 1983; 
Cox et al., 1985; McDowell et al., 1985; Klevit et al., 1985; 
O'Neil et al., 1987); they bind to calmodulin with high affinity 
in a calcium-dependent manner; they competitively inhibit 
CaM-dependent activation (Comte et al., 1983). 

Calmodulin has been the subject of a variety of structural 
studies. In the crystal, it is seen to have a dumbbell-like 
appearance in which there are two pairs of helix-loop-helix 
Ca2+-binding motifs in each globular domain (Babu et al., 
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1985, 1987). Each Ca2+-binding loop participates in a short 
antiparallel sheet joining two calcium-binding loops to each 
other. The two globular domains of calmodulin in the crystal 
are separated by a long helix formed from the central portion 
of CaM (residues 65-92). Nuclear magnetic resonance 
(NMR) techniques have also been applied to study Ca2+ 
binding (Seamon, 1979, 1980; Ikura et al., 1983a; Teleman 
et al., 1986). Many of the proton resonances have been as- 
signed to specific amino acids in intact CaM in both the 
Ca2+-free (Ikura et al., 1983a) and Caz+-saturated (Ikura et 
al., 1983b) states. The problem of assigning the 'H NMR 
spectrum of CaM has been somewhat simplified by the use 
of tryptic fragments of CaM [CaM(l-75) and CaM(76-148)] 
(Dalgarno et al., 1984; Ikura et al., 1985, 1987; Ikura, 1986). 
These tryptic fragments have thus far been found to have 
similar tertiary structures as their counterparts in intact 
calmodulin (Aulabaugh et al., 1984). 

Calmodulin's interaction with tight binding peptides has 
been the subject of numerous studies including several 'H 
NMR studies [e.g., Klevit et al. (1985) and Seeholzer et al. 
(1986, 1987)l. One such peptide is an integral part of the 
calmodulin binding domain of the skeletal muscle myosin light 
chain kinase [skMLCK(576-594)] (Blumenthal et al., 1985). 
In a recent study of the effects of the binding of skMLCK- 
(576-594) to calmodulin, significant changes in the confor- 

' Abbreviations: CaM, Ca2+4-calmodulin; COSY, J-correlated 
spectroscopy; DQF, double quantum filter; EDTA, ethylenediamine- 
tetraacetic acid; HPLC, high-pressure liquid chromatography; MCD, 
main chain directed; NMR, nuclear magnetic resonance; NOE, nuclear 
Overhauser effect; NOESY, NOE-correlated spectroscopy; RCT, relayed 
coherence transfer; skMLCK, skeletal muscle myosin light chain kinase; 
TOCSY, total correlation spectroscopy; Tris, tris(hydroxymethy1)- 
aminomethane. Single- and triple-letter codes for amino acids are used 
interchangeably throughout the paper. 
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mation of both the peptide and calmodulin upon complex 
formation were inferred from the observed changes in one- 
dimensional 'H NMR spectra (Klevit et al., 1985; Klevit & 
Blumenthal, 1987). The purpose of the present study is to 
investigate this phenomenon more completely by applying 
two-dimensional NMR techniques to assign the resonances 
arising from the two antiparallel sheets comprising the 
Ca2+-binding domains of calmodulin, to assign the corre- 
sponding residues in the CaM-skMLCK(576-594) complex, 
and to characterize the structures of each. Here we confirm 
previous resonance assignments of the proton spectrum of 
intact CaM, make numerous additional assignments, and in 
parallel, assign the corresponding resonances of the CaM- 
skMLCK(576-594)G complex. The latter assignments spe- 
cifically identify numerous resonances downfield from the 
water resonance which were previously inferred to be a-proton 
resonances of sheet structures on the basis of chemical shift 
arguments (Klevit et al., 1985; Klevit & Blumenthal, 1987). 
Structural information concerning the two antiparallel sheets 
in CaM has been revealed from analysis of the interproton 
distance information available from 2D NOESY spectra. It 
is found that the morphologies of the two antiparallel sheets 
of calmodulin are preserved upon binding of the skMLCK- 
(576-594) peptide. Binding of this peptide significantly re- 
strains CaM's structural motions as shown by the reduction 
of amide hydrogen exchange rates throughout the protein upon 
peptide binding. 

MATERIALS AND METHODS 
Preparation of Calmodulin. Calmodulin was isolated and 

purified by hydrophobic interaction chromatography (Gopa- 
lakrishna & Anderson, 1982). Mature Bos taurus testicles 
were homogenized in 50 mM Tris, 1 mM EDTA, and 1 mM 
@-mercaptoethanol, pH 7.5. Following centrifugation, the 
calmodulin was precipitated by adjusting the pH of the su- 
pernatant to the isoelectric point of calmodulin (pH 4.3) with 
acetic acid. Calmodulin was recovered by centrifugation, and 
after the resulting pellet was resuspended in 50 mM Tris 
buffer, the pH was readjusted to 7.5 with Tris base. The 
insoluble material was removed by centrifugation, and 5 mM 
CaCI, was added to the supernatant. This supernatant was 
then passed through a phenyl-Sepharose (Pharmacia) column 
equilibrated with 50 mh4 Tris, 1 mM CaCl,, and 1 mM @- 
mercaptoethanol, pH 7.5. After the column was washed with 
this buffer plus 1 M NaC1, the calmodulin was eluted from 
the column with 1 mM EDTA in 50 mM Tris, pH 7.5. After 
extensive dialysis against 50 mM NH4HC03 and 1 mM 
CaC12, the calmodulin was further purified by gel filtration 
chromatography on a column of Sephadex G-75-SF. The 
preparation was stored as a lyophilized powder in the 
Ca2+-saturated state. It was judged to be pure by UV spec- 
troscopy, sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis, and NMR spectroscopy. 

Peptide Synthesis and Purification. The peptide used in 
this study, on the basis of the sequence of the skMLCK 
CaM-binding domain (Blumenthal et al., 1985), is 

skMLCK(576-594)G 
Ac-M-K-R-R-W-K-K-N-R-F-I-A-V-S-A-A-N-R-F-G-NH2 
skMLCK(576-594)G was prepared with an N-terminal- 
acetylated methionine and a C-terminal glycine amide on an 
Applied Biosystems automatic peptide synthesizer. Following 
cleavage and deprotection, the peptide was purified to ho- 
mogeneity by gel filtration (Sephadex G-lo),  followed by 
cation-exchange chromatography (CM-Sephadex C-25, linear 
NH4HC03 gradient), and finally by reverse-phase HPLC on 

a 1 X 25 cm (2-18 column (Waters) with a water-acetonitrile 
solvent system in the presence of 0.1% trifluoroacetic acid. The 
final purity of skMLCK( 576-594)G was found to be greater 
than 98% with an analytical C-8 reverse-phase column 
(Alltech). 

Sample Preparation. NMR samples were prepared from 
stock solutions (0.2-1 mM) of CaM and skMLCK(576-594)G 
obtained by resuspending the lyophilized polypeptide in water 
and adjusting the pH to 6.5 with dilute KOH or HCl, as 
necessary. The concentrations of CaM and skMLCK(576- 
594)G in these stock solutions were determined by UV spec- 
troscopy using extinction coefficients of 3.24 and 5.55 mM-' 
cm-', respectively. CaM samples for two-dimensional NMR 
spectroscopy were prepared by adding 1 pmol of perdeuterated 
imidazole and 0.05 pmol of sodium azide to 2 pmol of CaM 
and then proceeding with two to three cycles of lyophilization 
and resuspension in progressively smaller volumes of water. 
This process was continued until the pH of the sample no 
longer needed adjustment to 6.5 with dilute KOH or HCl. The 
sample was made ready for NMR analysis by resuspension 
of the lyophilized powder in 0.5 mL of 10% D 2 0  and 90% 
H 2 0 .  CaM-skMLCK(576-594)G (1:l) samples were pre- 
pared for analysis by 2D NMR in much the same way; how- 
ever, the complex was created in the first step by slowly adding 
2 pmol of skMLCK(576-594)G to the CaM. A considerable 
amount of precipitate results from addition of concentrated 
solutions of this and other peptides to CaM. By creation of 
the complex under dilute conditions (ca. 0.1-0.2 mM) and then 
gradual concentration in the way described for CaM, the 
amount of precipitant formed upon mixing peptide with CaM 
is greatly reduced. Samples for the titration of CaM with 
skMLCK(576-594)G were prepared by first exchanging 
CaM's amide protons for deuterons at pH 7.5, 50 "C in D 2 0  
for 24 h. The exchanged CaM sample was then split into equal 
aliquots and 2 equiv of skMLCK(576-594)G (in D20) added 
to one aliquot. The samples were then handled as described 
above except that D 2 0  was used as solvent. The titration was 
executed by cross-mixing predetermined amounts of CaM with 
CaM-skMLCK(576-594)G to sequentially yield the desired 
CaM:peptide ratios. The concentration of CaM used in these 
titrations was 0.5 mM. 

NMR Spectroscopy. All NMR spectra shown were ob- 
tained on a Bruker AM 500 NMR spectrometer modified for 
solvent suppression as described elsewhere (Dykstra, 1987; 
Dykstra & Wand, 1988). Standard pulse sequences were used 
for phase-sensitive DQF COSY (Rance et al., 1984), NOESY 
(Macura & Ernst, 1980), spin-locked TOCSY (Bax & Davis, 
1985), and magnitude-mode RCT COSY (Wagner, 1983) 
experiments. Spectra obtained in H 2 0  solvent employed the 
SCUBA sequence of Brown et al. (1988). The sweep width 
used was 6944 Hz in all cases. Pure absorption spectra were 
derived from data sets composed of at least 750 t l  increments 
of 1024 complex data points. Quadrature detection during 
the incremented time domain of pure absorption mode ex- 
periments was achieved by time proportional phase incre- 
mentation (Redfield & Kuntz, 1975; Marion & Wiithrich, 
1983). All spectra were processed to 2048 X 2048 real points 
with FTNMR software from Dr. Dennis Hare (Hare Research 
Inc., Woodinville, WA). All spectra presented here were 
recorded at 37 "C and are referenced to external (coaxial 
capillary) sodium 3-(trimethylsily1)propionate-2,2,3,3-d4 at 0.0 
PPm. 
RESULTS 

Characterization of the CUM-skMLCK(576-594)G Com- 
plex. The titration of CaM with up to 2 equiv of skMLCK- 



'H NMR Study of a Calmodulin-Peptide Complex 

(576-594)G was followed by one-dimensional 'H N M R  
spectroscopy. In the presence of substoichiometric amounts 
of peptide, the 'H NMR spectrum is composed of two distinct 
sets of resonances. One set of resonances is identical with those 
of free calmodulin while the other set corresponds to the 
spectrum of the 1 : 1 CaMskMLCK(576-594)G complex. The 
interconversion of free and bound peptide is therefore in slow 
exchange on the chemical shift time scale.2 This is expected 
for ligands with dissociation constants in the nanomolar range. 
Many IH resonances of CaM and their counterparts in the 
CaM-skMLCK(576-594)G complex have been assigned 
(Table I; see below). It is found that the peptide affects the 
chemical shifts of resonances arising from both the N- and 
C-terminal domains of CaM. No additional changes in cal- 
modulin resonances upon titration of CaM with more than l 
equiv of skMLCK(576-594)G are observed. The difference 
spectrum resulting from the subtraction of the spectrum of 
1:l CaM-skMLCK(576-594)G complex from that of the 2:l 
mixture closely resembles the spectrum of the uncomplexed 
skMLCK(576-594)G. However, several minor chemical shift 
changes and a general broadening of the resonances of the 
excess peptide are observed (not shown). Together, these data 
indicate a CaM-skMLCK(576-594)G tight binding stoi- 
chiometry of 1 to 1 and an exceedingly weak interaction of 
excess peptide with calmodulin. These results reaffirm previous 
observations with two similar peptides (Klevit et al., 1985; 
Klevit & Blumenthal, 1987). 

Two-dimensional 'H N M R  spectra of CaM and its 
skMLCK( 576-594)G complex revealed several new features 
of the interaction. The aromatic resonance regions of pertinent 
DQF COSY spectra are shown in Figure 1. Many of the 
aromatic side chain spin systems of CaM have been assigned 
already in intact CaM (Ikura et al., 1983a) and in the tryptic 
half-fragments of CaM (Dalgarno et al., 1984; Ikura et al., 
1985, 1987; Ikura, 1986). The chemical shifts of the two 
tyrosines are indicated in Figure 1A. The chemical shifts of 
the two Phe residues and the single Trp residue of skMLCK- 
(576-594)G in D 2 0  (Figure 1B) are very close to the chemical 
shifts of these residues in the "random coil" state (Bundi & 
Wiithrich, 1979). Upon binding to CaM, the Trp resonances 
experience large upfield shifts to the new positions indicated 
in Figure 1C. The benzoid ring spin system of the tryptophan 
indole ring is shown along with the sequence-specific assign- 
ments of Tyr99 and Tyrl38. In the complex, the skMLCK- 
(576-594)G Trp side-chain H2 resonance is degenerate with 
that of the H7. Other changes in the aromatic region of these 
spectra upon CaMskMLCK(576-594)G complex formation 
are the more subtle downfield and upfield shifts of CaM's 
Tyr99 and Tyr138 resonances, respectively. Also evident are 
the appearance of three additional cross peaks in spectral 
regions previously devoid of cross peaks. These resolved 
resonances are seen at 7.7, 7.6, and 6.44 ppm in both two- 
(Figure 1C) and one-dimensional spectra (Figure 2B). Relay 
COSY and TOCSY spectra (not shown) reveal these peaks 
to be part of Phe aromatic ring spin systems. We have yet 
to assign all of these spin systems to specific residues in the 
primary sequence. However, our work on assigning resonances 
from skMLCK(576-594)G complexed with perdeuterated 
CaM indicates that all three of these phenylalanine spin 
systems arise from calmodulin and not from the bound pep- 
tidee3 Two other calmodulin phenylalanine side-chain reso- 

* An upper limit for the off-rate of bound skMLCK(576-594)G of 1 
s-I can be determined from the observed shifts, in CaM and in the com- 
plex, of the trimethyl resonance arising from the posttranscriptionally 
modified lysine-1 15 of calmodulin. 
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Table I: 'H Resonance Assignments in the Ca2+-Binding Domains of 
Calmodulin and the CaM-skMLCK(576-594)G Complex' 

chemical shift (ppm) 
residue N H  C,H CnH other 
G23 

D24 

G25 

T26 

I27 

T28 

T29 

K30 

N60 

G6 1 

T62 

I63 

D64 

F65 

G98 

N97 

G98 

Y99 

I100 

SlOl 

A102 

A103 

G132 

D133 

G134 

4135 

V136 

N137 

Y138 

E139 

7.70 
(-1 
8.41 
(8.52) 
10.62 
(1 0.61) 
8.17 
(8.22) 
9.80 
(9.97) 
8.52 
(8.47) 
9.01 
(9.14) 
8.68 
(8.74) 
8.1 1 
(8.18) 
10.58 
(10.63) 
7.70 
(7.69) 
8.91 
(8.80) 
8.91 
(9.05) 
8.99 
(8.95) 

7.79 
(-1 
8.35 
(8.44) 
10.64 
(1 0.72) 
7.63 
(7.71) 
10.16 
(10.26) 
9.01 
(9.03) 
9.21 
(9.31) 
8.22 
(8.28) 
7.60 
(-) 
8.36 
(8.43) 
10.35 
(10.40) 
7.98 
(8.00) 
9.14 
(9.14) 
9.60 
(9.65) 
8.43 
(8.28) 

(8.06) 
- 

- - 
(4.55) (1.64) 
4.39, 3.72 
(4.42, 3.75) 
5.33 3.87 
(5.46) (3.83) 
4.98 1.82 
(4.79) (1.83) 
4.85 4.83 
(4.89) (4.81) 
4.00 4.12 
(3.73) (4.20) 

4.70 
(4.66) 
4.22, 3.51 
(4.30, 3.52) 
4.79 4.03 
(4.81) (4.03) 
5.18 2.09 
(5.35) (2.30) 
5.40 3.10, 2.86 
(5.51) (3.19, 2.87) 
4.04 2.85, 2.41 
(3.96) (2.83, 2.35) 

4.67 
(4.42) 
4.08, 3.46 
(4.14, 3.50) 
5.07 2.54, 2.50 
(5.09) (2.60) 
4.84 1.90 
(4.74) (2.04) 
4.88 4.46 
(5.00) (4.51) 
3.95 1.51 
(3.96) (1.55) 
4.07 1.45 
(4.08) (1.47) 
4.01, 3.98 
(-1 
4.50 
(4.49) 
4.06, 3.45 
(4.10, 3.50) 
4.90 1.72 
(4.98) (1.77) 
5.22 2.33 
(5.22) (2.38) 
5.25 3.27 
(5.35) (3.22) 
3.96 
(3.28) (3.38, 2.95) 

(3.631 (2.09) 

- 

- - 

6.64, 0; 7.04, m; 7.23, p 
(7.08, 0; 7.28, m; 

7.38, P) 

6.78, 0; 6.95, m 
(6.79, 0; 6.96, m) 
0.98, yCH, 
(-) 

1.30, 0.94, yCH, 
(1.13, 1.07, yCH,) 

6.32, 0; 6.53, m 
(6.27, 0; 6.50, m) 

. , . ,  . ,  
a Chemical shifts referenced to external 3-(trimethylsilyl)- 

propionate-2,2,3,%d4 (coaxial capillary) a t  37 OC and pH 6.5. Values 
for the CaM-skMLCK(576-594)G complex are enclosed in par- 
entheses. 

nances are affected by the binding of skMLCK(576-594)G 
(Figure 1). These have been assigned to Phel6 and Phe89 
(Dalgarno et al., 1984). The perturbation is somewhat dis- 
guised in the one-dimensional spectrum in which the reso- 

Seeholzer and Wand, unpublished results. 
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FIGURE 1 : Expansions of DQF COSY spectra of CaM in H 2 0  (panel 
A), the skMLCK(576-594)G peptide in D20 (panel B), and the 
CaM-skMLCK(576-594)G complex in H20 (panel C). Shown are 
the aromatic resonance regions of each spectrum. The resonances 
associated with the single Trp (denoted by asterisks) of the peptide 
(panel B) shift upon binding of the peptide (panel C). 

W5P 
4 7.2  6 

- T62 -~ 
- I100 

F68 r ,  / V I . , '  , , I , ,  l l , l , . l . , ~ , I , ~ , . ,  

8 7 6 5 
PPm 

FIGURE 2: Expansions of one-dimensional spectra of CaM (bottom 
spectrum) and the 1:l CaM-skMLCK(576-594)G complex (top 
spectrum). Assignments in CaM and their counterparts in the complex 
are indicated. Resonances assigned to three phenylalanine ring spin 
systems of CaM but not assigned to specific sequence positions are 
indicated as F,, and the resolved peptide Phe resonance is indicated 
as Fp. The resonances arising from the Trp residue of the peptide 
are indicated as W5,. See text for discussion. 

nances of Phel6 and Phe89 at 6.65 ppm in calmodulin (Figure 
2A) appear to become broadened in the presence of 
skMLCK(576-594)G. In fact, as the two-dimensional spectra 
clearly show, these resonances shift out of this region and are 
replaced by the Trp H5  resonance of the bound peptide. 

The effects of skMLCK(576-594)G on the various CaM 
resonances discussed above have been illustrated solely with 
the behavior of side-chain resonances of calmodulin. Hence, 
these effects can be interpreted only so far as to indicate CaM 
side-chain rearrangements upon complex formation with 
skMLCK(576-594)G. The data presented so far do not ad- 
dress main chain secondary or tertiary structure changes. 
Figure 2 shows one-dimensional spectra from the titration of 
CaM with skMLCK(576-594)G. The spectra of CaM and 
1:l CaM-skMLCK(576-594)G are shown in panels A and 
B of Figure 2, respectively. These spectra, part of the titration 
series mentioned above, summarize the effect of peptide 
binding on the various aromatic resonances mentioned above. 
Also shown are the downfield-shifted cu-protons between 4.8 
and 5.5 ppm. Most of these resonances, indicated for both 
the free CaM (Figure 2A) and for the 1:l  CaM-skMLCK- 
(576-594)G complex (Figure 2B), are assigned below to one 
or the other of calmodulin's antiparallel sheets. These spectra 
are shown to illustrate that significant changes in the chemical 
shifts of many aromatic and some main chain resonances occur 
upon formation of the CaM-skMLCK(576-594)G complex. 
Such chemical shift changes in main chain protons have been 
cited as evidence for secondary or tertiary structural changes 
(Klevit et al., 1985; Klevit & Blumenthal, 1987). However, 
as shown below, the effect is in fact the opposite; preexisting 
secondary structures associated with the perturbed main chain 
resonances are stabilized. 

Resonance Assignments of CaM and CaM-skMLCK- 
(576-594)G. As mentioned above, many resonances of cal- 
modulin are affected by both Ca2+ binding and by peptide 
binding to CaM (Figures 2-4). Some of these have been 
assigned by others to the calcium-binding domains of calmo- 
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10.5 10.0 9 :5  9 : o  8 :5  8 :o  715 
I 

PPm 
FIGURE 3: Expansions of NOESY spectra obtained in H,O (panels A and B) and D20 (panel C) of the 1:l CaM-skMLCK complex. The 
H20 DQF COSY spectrum is superimposed in panel B. Shown are the NOE connectivities used to define the N-terminal antiparallel sheet 
region of calmodulin in the CaM-skMLCK(576-594)G complex (see text). The mixing time used was 80 ms. The NOE connectivities used 
are schematically summarized in Figure 5 .  

dulin. Such effects of Ca2+ binding are therefore not unex- 
pected. An effect of peptide binding on these regions, however, 
is not necessarily expected. In order to examine such effects, 
we have confirmed and greatly extended the resonance as- 
signments of residues in the two antiparallel sheets of CaM 
and demonstrate the existence of the two antiparallel @-sheets 
in the 1: 1 CaM-skMLCK(576-594)G complex. The assign- 
ment was initiated by the application of the main chain di- 
rected assignment (MCD) algorithm (Englander & Wand, 
1987; Di Stefan0 & Wand, 1987; Wand & Nelson, 1989). 
Amide NH-C,H-C,H J-coupled subspin systems were ob- 
tained from analysis of DQF COSY, RCT COSY, and 
TOCSY spectra of calmodulin and the CaM-skMLCK(576- 
594)G complex. Potential antiparallel sheet-like structures 
were searched for in NOESY spectra with the so-called inner, 
outer, and hybrid MCD patterns (Englander & Wand, 1987; 
Wand & Nelson, 1989). Ultimately, two antiparallel sheet 
structures were to be found represented in NOESY spectra 

of both CaM and the CaM-skMLCK(576-594)G complex 
(Figures 3 and 4). In all cases, the sheet-like structures were 
defined by the hybrid pattern which displays the lowest fidelity 
of the three fundamental antiparallel sheet MCD patterns 
sought (Englander & Wand, 1987; Wand & Nelson, 1989). 
However, these MCD-defined structures contain several 
particularly simple amino acid side chains (e.g., Gly, Thr, and 
Ala) which allowed the obtained MCD patterns to be une- 
quivocally aligned with the primary sequence. In both CaM 
and the CaM-skMLCK(576-594)G complex the @-sheets 
involve residues 26-29 and 62-65 in the N-terminal half of 
CaM and residues 99-102 and 135-138 in the C-terminal half. 
This is in agreement with the crystal structure of CaM (Babu 
et al., 1985). Furthermore, despite the extensive change of 
chemical shifts observed for the residues involved in the an- 
tiparallel sheets, the main chain NOE patterns and relative 
intensities are found to change very little upon binding of the 
skMLCK peptide to CaM. It is interesting to note that 
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PP" 
FIGURE 4: Expansions of NOESY spectra obtained in H 2 0  (panels A and B) and D20 (panel C) of the 1:1 CaM-skMLCK complex. The 
H20 DQF COSY spectrum is superimposed in panel B. Shown are the NOE connectivities used to define the C-terminal antiparallel sheet 
region of calmodulin in the CaM-skMLCK(576-594)G complex (see text). The mixing time used was 80 ms. The NOE connectivities used 
are schematically summarized in Figure 5 .  

helical-like MCD patterns (Englander & Wand, 1987; Wand 
& Nelson, 1989) are seen leading from both sheets in cal- 
modulin, in agreement with the crystal structure (Babu et al., 
1985), and persist in the CaMskMLCK(576-594)G complex 
(not shown). Assigned resonances in CaM and the CaM- 
skMLCK(576-594)G complex are summarized in Table I. 

Figures 3 and 4 show expanded regions of phase-sensitive 
NOESY spectra of the CaM-skMLCK(576-594)G complex. 
Corresponding amide-a regions of a phase-sensitive DQF 
COSY spectrum are superimposed on the NOESY spectra in 
Figures 3B and 4B. DQF COSY cross peaks can be distin- 
guished from the NOESY cross peaks in Figures 3B and 4B 
by their resolved multiplet fine structure. Main chain scalar 
(through bond) and dipolar (through space) connectivities are 
indicated by lines drawn in Figure 3 for CaM's N-terminal 
Ca2+-binding domain and in Figure 4 for CaM's C-terminal 
Ca2+-binding domain. There is a close correspondence of NOE 

contacts between protons in one domain and their homologues 
in the other domain. This is more clearly illustrated by Figure 
5 which gives a schematic summary of the main chain NOE 
contacts in the N-terminal (Figure 5A) and C-terminal (Figure 
5B) antiparallel sheet regions of CaM's Ca2+-binding domains. 
Curved arrows represent intraresidue connectivities established 
from J-correlated data (i.e., DQF COSY shown in Figures 
3B and 4B), and straight arrows indicate interresidue N O E  
contacts found in the NOESY spectra given in Figures 3 and 
4. Hybrid antiparallel sheet MCD N O E  patterns are seen 
between residues T26-T29 and T62-F65 in the N-terminal 
domain and between residues Y99-A102 and Q135-Y 138. 
Missing are the cross-strand amide-a NOES expected for ideal 
antiparallel sheets (Englander & Wand, 1987; Wand & 
Nelson, 1989). This is consistent with the extensive twist of 
the sheets observed in the crystal structure (Babu et al., 1985). 
Not shown are the helical MCD NOE patterns found to begin 
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A F65 D64 163 T62 G61 

G25 T26 127 T28 T29 

Y138 N137 V136 0135 G134 

G98 Y99 1100 S101 A102 

FIGURE 5 :  Schematic summary of the NOE connectivities (straight 
arrows) and J-coupled connectivities (curved arrows) used in the 
construction of MCD patterns defining the N-terminal (A) and 
C-terminal (B) antiparallel sheets of calmodulin in the CaM- 
skMLCK(576-594)G complex. Note the correspondence of NOEs 
between the two domains. The same combination and relative in- 
tensities of NOEs are observed for free calmodulin (see text). 

at residues T29, A102, and Y138 involving amide-amide and 
b-amide NOEs. One striking feature of this figure is the 
remarkable symmetry of the NOE interactions between the 
N- and C-terminal antiparallel sheets. Such symmetry is also 
observed in the crystal structure of CaM (Babu et al., 1985). 
Most important is that the same combination and relative 
intensities of NOEs are observed for these two regions in the 
calmodulin (Figures S1 and S2 of the supplementary material). 
It should be noted that preliminary progress curves of the NOE 
as a function of mixing time indicate spin diffusion is not 
significant at the mixing times used here. Thus the observed 
NOEs remain a semiquantitative measure of the indicated 
distance relationships. 

Structural Dynamics. We have previously observed that 
melittin binding to CaM dramatically alters the structural 
dynamics of the protein as evidenced by rather large effects 
of peptide binding on the rate of amide hydrogen exchange 
with the solvent (Seeholzer et al., 1986). Similar effects are 
also observed upon the binding of skMLCK( 576-594)G to 
CaM. Figure 6 shows the fingerprint region of the phase- 
sensitive DQF COSY spectra of CaM (Figure 6A) and the 
CaM-skMLCK(576-594)G complex (Figure 6B) in D20.  
Both of these spectra were recorded approximately 34 h after 
the addition of D 2 0  to the lyophilized samples and are plotted 
at  similar levels. Whereas only one amide hydrogen atom 
remains incompletely exchanged in the CaM spectrum (Figure 
6A), 34 NH-a cross peaks are clearly visible in the spectrum 
of CaMskMLCK(576-594)G (Figure 6B). Fourteen of these 
N H - a  cross peaks arise from residues assigned to the 
Ca2+-binding domains of CaM (Le., 26-29, 62-64, 99-102, 
and 135-137). The amides of Tyr138 and Phe65 are not 
sufficiently stabilized to be observed under the conditions used 
here (Figure 6B). It is interesting to note that these two 
residues occupy homologous positions at the ends of the an- 
tiparallel sheets. Many of the remaining NH-C,H cross 
peaks, which arise from trapped amides in the complex, 
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participate in helical MCD patterns (not shown) and pre- 
sumably represent residues located in the extensive helical 
regions of calmodulin. Thus, insofar as a decrease in hydrogen 
exchange rate for backbone amide hydrogen represents a 
stabilization of structure (Englander & Kallenbach, 1984), 
it would appear as if the binding of the skMLCK peptide to 
calmodulin dampens motions that lead to hydrogen exchange 
throughout a large portion of the protein. 

DISCUSSION 
Previous sequence-specific assignments have been greatly 

facilitated by the use of the tryptic fragments, the most ex- 
tensive assignments having been made by studying the C- 
terminal domain of scallop (Patinopectin sp.) CaM (Ikura et 
al., 1985). We have chosen to work with intact calmodulin 
since it is clear that many CaM-regulated enzymes are acti- 
vated only by the intact CaM molecule and not by its tryptic 
half-fragments (Newton et al., 1984; Minowa et al., 1988). 
We have extended the assignments made by Ikura and co- 
workers to intact bovine CaM; after accounting for a system- 
atic difference of 0.03 ppm, about 90% of the chemical shifts 
are within 0.04 ppm of those determined by Ikura et al. (1985). 
(Not including resonances arising from residues 97 and 99 
which differ between the two species.) The largest difference 
is found for the a-proton resonance of Tyr 138. This may be 
indirectly due to the aforementioned species-sequence dif- 
ferences, which are in the strand of the @sheet opposing 
Tyr 138. This resonance also experiences a very large upfield 
shift (-1.58 ppm) as the C-terminal domain becomes occupied 
with Ca2+ (Ikura et al., 1985). 

In addition to confirming and extending resonance assign- 
ments of the C-terminal calcium-binding domain of intact 
CaM, we have also assigned de novo the analogous residues 
in the N-terminal calcium-binding domain of CaM. These 
latter assignments are largely consistent with the sequence- 
specific side-chain assignments available from previous studies 
using tryptic fragments (Ikura et al., 1987). The assignment 
process was initiated by the application of main chain directed 
connectivity patterns, thereby allowing us to focus on anti- 
parallel sheet structures without the need for considering the 
relevant spectra in their entirety. This was a significant ad- 
vantage, as both the J-correlated and NOE-correlated spectra 
are quite complicated in a system of this size (148 amino 
acids). The corresponding resonances in the CaM- 
skMLCK(576-594)G complex (167 amino acids) were also 
assigned. The MCD patterns used in the assignment define 
the secondary structure of this region of both CaM and the 
CaMskMLCK(576-594)G complex. Schematic summaries 
of the relevant main chain connectivities used for the assign- 
ment of the involved residues are shown in Figure 5 .  It should 
be emphasized that these figures are not intended to portray 
three-dimensional structure but rather to emphasize the sec- 
ondary structure determined by the semiquantitative distance 
constraints inferred from the observed NOEs. The definition 
of boundaries of secondary structure by the MCD patterns 
found are consistent with the crystal structure (Babu et al., 
1985). A striking similarity to the crystal structure is the high 
degree of symmetry of the observed short distances in the N-  
and C-terminal domains of CaM in solution. 

In spite of the significant changes of resonance positions in 
CaM upon binding of skMLCK(576-594)G (Table I), we find 
very little if any evidence for main chain secondary structure 
changes in the portion of CaM's Ca*+-binding domains as- 
sociated with the assigned resonances. The NOE connectivities 
in this region of the CaM-skMLCK( 576-594)G complex are 
virtually identical with their counterparts in free CaM (Figure 
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5 ) .  The structural similarity between the N- and C-terminal 
antiparallel sheets in CaM is also preserved in the presence 
of skMLCK(576-594)G. The binding of peptide to CaM 
(Table I) and the binding of CaZ+ to apocalmodulin-(78-148) 
(Ikura et al., 1985) both result in upfield and downfield shifts 
of resonances. A pairwise comparison of these effects on the 
amide proton and a-proton resonances of corresponding hy- 
drogens in the C-terminal antiparallel sheet shows that all but 
two of the peptide-induced changes in chemical shift occur in 
the same direction as the Ca2+-induced changes but are of 
smaller magnitude. (Tyr99 is not considered here since there 
is a Phe residue in this position in scallop CaM.) These parallel 
effects of Ca2+ and skMLCK(576-594)G on chemical shifts 
in the Ca2+-binding regions of CaM correlate well with the 
observation that several peptides increase the affinity of CaM 
for Ca2+ (Olwin et al., 1984; Suko et al., 1986). Unfortunately, 
as illustrated above, it is difficult to ascribe precise structural 
significance to chemical shift changes in the absence of ad- 
ditional i n f ~ r m a t i o n . ~  

However, in the present study, a marked reduction in the 
rate of exchange of a significant number of amide hydrogens 
upon binding of peptide was observed (cf. Figure 6). The 
exchange rates of all amide NH assigned to hydrogen-bonded 
residues in the antiparallel sheet regions of the CaM- 
skMLCK( 576-594) are significantly slower than those in 
uncomplexed calmodulin. In  addition, many more as yet 
unidentified amide protons in calmodulin's helical regions also 
experience a significant slowing of their hydrogen exchange 
rates upon binding of peptide to calmodulin. It should be 
pointed out that, relative to proteins of similar size and 
thermodynamic stability, the degree of slowing of hydrogen 
exchange rates is unusually small for CaM rather than un- 
usually large for the complex [see Englander and Kallenbach, 
(1 984)]. Amide hydrogens in proteins exhibit slowed exchange 
behavior, relative to their peptide rate in free peptide, by virtue 
of their participation in hydrogen bonding (Englander & 
Kallenbach, 1984). The amide NH involved in interstrand 
hydrogen bonding are Ile27, Ile63, Ile100, and Va1136. The 
observed slowing of exchange of these hydrogen-bonded amides 
is easily explained by an overall increase in the stability of the 
antiparallel sheet regions of the Ca2+-binding domains. Such 
an increase in stability, derived from the decrease in free energy 
that is associated with complex formation, would lead to less 
frequent and/or less significant internal motions, giving rise 
to hydrogen-bond breakage and subsequent exchange with 
solvent. The hydrogen exchange data reinforces the inter- 
pretation of the chemical shift changes discussed above, and 
a general stabilization of the antiparallel sheets by the binding 
of peptide is indicated. 

More difficult to explain is a similar peptide-induced de- 
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Increasing hydrogen-bond strength (shorter distance) in P-sheet 
structures has been correlated with downfield chemical shifts of involved 
amide proton and a-proton resonances (Wagner et al., 1983). Thus it 
is interesting to note that most of the chemical shift effects of the binding 
of peptide on the amide proton and a-proton resonances of the antipar- 
allel sheets are in the downfield direction. Following the correlation of 
Wagner et al. (1983), this would suggest that these changes arise from 
a stabilization or tightening of the calmodulin's calcium-bound state 
rather than a conversion to a significantly different secondary structure 
having a higher affinity for Ca2+. The observed downfield shifts, if solely 
due to the proposed shortening of H-bonds, would entail relative main 
chain atom movements significantly less than 1 A [see Wagner et al. 
(1983)l. This is consistent with the observed NOES in CaM and in the 
complex. We have not studied in detail the effect of peptide on apo- 
calmodulin since Klevit et al. (1985) have shown that apocalmodulin and 
the skMLCK calmodulin binding domain peptide do not interact with 
one another in the absence of Ca2+. 
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L~GURE 6: Expansions of the fingerprint region of DQF COSY spectra 
obtained after the addition of D20 solvent to (A) CaM and (B) the 
CaMskMLCK(576-594)G complex. The exchange was carried out 
at  pH 6.5 at  room temperature. Both were obtained 34 h aftei the 
initiation of hydrogen exchange and are plotted at similar levels. 

crease in exchange rates of those amide hydrogens located on 
the outside edges of the antiparallel sheets. The residues 
involved are T26, T28, T62, and D64 in the N-terminal do- 
main and Y99, S101, 4135, and N137 in the C-terminal 
domain. We have insufficient spectral assignments of the 
CaM-skMLCK(576-594)G complex to conclusively identify 
the hydrogen-bond acceptors for these amide NH using N M R  
data alone. However, since it was shown above that the 
binding of peptide has little or no effect on the conformation 
of much of the calcium-binding domains, it would seem jus- 
tifiable to use the crystal structure of CaM to identify the 
potential H-bond acceptors. The crystal structure indicates 
that the amide N H  N-terminal to the interstrand H-bonds 
discussed above (i.e., T26, T62, Y99, and Q135) are hydrogen 
bonded to the side-chain oxygen atoms of the corresponding 
i - 2 residue (i.e., D24, N60, N97, and D133, respectively), 
and the amide NH C-terminal to the interstrand H-bonds &e., 
T28, D64, S101, and N137) are hydrogen bonded to side-chain 
oxygen atoms of the corresponding i + 3 residues (Le., Glu31, 
Glu67, Glu104, and Glu140, respectively). The remaining two 
stabilized amide protons which have been assigned (Asn97 and 
Asp133) are in the C-terminal Caz+-binding domain but not 
in antiparallel sheet structures and are hydrogen bonded to 
side-chain oxygen atoms of Asp95 and Asp13 1, respectively. 
The corresponding amide hydrogens in the N-terminal domain 
are not detectably stabilized by peptide binding under the 
experimental conditions used. It is interesting to note that all 
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10 of these amino acid residues are known to be involved in 
liganding for the Ca2+ ions (Babu et al., 1985, 1987). Hence, 
we are directly observing a close correspondence between the 
peptide-induced stabilization of CaM’s structure and the 
previously observed decrease in the off-rate for Ca2+ in the 
presence of various peptides and target proteins (Olwin et al., 
1984; Suko et al., 1986). In the context of the hydrogen 
exchange results, this represents a case of functional labeling 
(Englander, 1975) where the change in free energy associated 
with complex formation is directly reflected in the hydrogen 
exchange behavior of the amide N H  of functionally relevant 
residues. 

Recently, the correspondence of the global character of 
calmodulin’s reported crystal structure to its solution structure 
has been questioned by the observation that low-angle X-ray 
scattering profiles are inconsistent with an extended dumbbell 
structure (Heidorn & Trewhella, 1988). Modeling of the 
X-ray solution scattering data led to the conclusion that if the 
globular domains maintain the same structure in solution as 
that observed in the crystal, then the distances between the 
two domains must be significantly smaller than that observed 
in the crystal. This would imply a significant distortion of the 
long a-helix joining the two domains in the crystal (Heidorn 
& Trewhella, 1988). The structural information presented 
here lends further credence to the assumption that the globular 
domains retain the same structure in solution as in the crystal. 
Further assignment work is necessary to verify this inference 
that the difference between the solution and crystal structures 
of calmodulin does indeed reside within the putative central 
helix bridging the two domains. Such work is in progress. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Two figures of NOESY and DQF COSY spectra of un- 
complexed CaM showing the NOE and J-coupled connec- 
tivities used in the definition of the N- and C-terminal anti- 
parallel sheets (3 pages). Ordering information is given on 
any current masthead page. 

Registry No. skMLCK, 51845-53-5; skMLCK(576-594)G, 
119391-21-8; Ca, 7440-70-2. 
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ABSTRACT: We have previously shown that the D-aspartyl/L-isoaspartyl protein carboxyl methyltransferase 
recognizes two major sites in affinity-purified preparations of bovine brain calmodulin that arise from 
spontaneous degradation reactions. These sites are  derived from aspartyl residues a t  positions 2 and 78, 
which are located in apparently flexible regions of calmodulin. We postulated that this flexibility was an 
important factor in the nonenzymatic formation and enzymatic recognition of D-aspartyl and/or L-isoaspartyl 
residues. Because removal of Ca2+ ions from this protein may also lead to increased flexibility in the four 
Ca2+ binding regions, we have now characterized the sites of methylation that occur when calmodulin is 
incubated in buffers with or without the calcium chelator ethylene glycol bis($aminoethyl ether)-N,N,- 
N',N'-tetraacetic acid (EGTA). Calmodulin was treated at  pH 7.4 for 13 days at  37 OC under these conditions 
and was then methylated with erythrocyte D-aspartyl/L-isoaspartyl methyltransferase isozyme I and S- 
adenosyl-~- [ m e t h ~ l - ~ H ]  methionine. The 3H-methylated calmodulin product was purified by reverse-phase 
HPLC and digested with various proteases including trypsin, chymotrypsin, endoproteinase Lys-C, clostripain, 
and Staphylococcus aureus V8 protease, and the resulting peptides were separated by reverse-phase HPLC. 
Peptides containing Asp-2 and Asp-78, as well as calcium binding sites 11, 111, and IV, were found to be 
associated with radiolabel under these conditions. When calmodulin was incubated under the same conditions 
in the presence of calcium, methylation a t  residues in the Ca2+ binding regions was not observed. These 
results suggest that there may be a correlation between the flexibility of polypeptide segments and the potential 
of their aspartyl and asparaginyl residues to undergo degradation via succinimide-linked reactions. 

P r o t e i n  carboxyl methyltransferase type I1 catalyzes the 
transfer of methyl groups from S-adenosylmethionine into ester 
linkages in peptides and proteins at altered aspartyl residues, 
including D-aSpartate and L-isoaspartate. These residues ap- 
pear to originate from the spontaneous decomposition of 
proteins via succinimide intermediates, and this methylation 
reaction may play a role in the repair or degradation of these 
damaged proteins (McFadden & Clarke, 1982; Clarke, 1985; 
Johnson et al., 1987; Galletti et al., 1988; OConnor & Yutzey, 
1988). To understand the factors involved in the formation 
of L-isoaspartyl and D-aspartyl residues, we mapped the sites 
of methylation in bovine brain calmodulin, an M ,  17 000 
protein that mediates the effects of Ca2+ on cellular metab- 
olism [for reviews, see Manalan and Klee (1984) and Wang 
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et al. (19891. We found that L-isoaspartyl residues originating 
from aspartyl residues at the 2- and 78-positions were major 
sites of methylation in affinity-purified calmodulin (Ota & 
Clarke, 1989a). These residues are located in two apparently 
flexible regions of the protein; one near the N-terminus (Babu 
et al., 1988) and one at a seven-turn a-helical region that 
connects the two globular domains (Babu et al., 1988; Bayley 
et al., 1988; Persechini & Kretsinger, 1988). We suggested 
that the segmental flexibility of the polypeptide chain might 
allow succinimide formation. 

Recently, it was found that incubation of calmodulin under 
physiological conditions of temperature and pH in the absence 
of calcium resulted in an increase in its methyl-accepting 
capacity (Johnson et al., 1987, 1989). We have now mapped 
the locations of methylation sites after calmodulin was incu- 
bated under similar conditions in the presence or absence of 
calcium. Incubation under either condition results in an in- 
crease in the methyl acceptor capacity of sites originating from 
Asp-2 and Asp-78 relative to unincubated material. 'Signif- 
icantly, incubation in the absence of calcium produces new 
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