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ABSTRACT: The three-dimensional structure of the complex between calmodulin (CaM) and a peptide
corresponding to the N-terminal portion of the CaM-binding domain of the plasma membrane calcium
pump, the peptide C20W, has been solved by heteronuclear three-dimensional nuclear magnetic resonance
(NMR) spectroscopy. The structure calculation is based on a total of 1808 intramolecular NOEs and 49
intermolecular NOEs between the peptide C20W and calmodulin from heteronuclear-filtered NOESY
spectra and a half-filtered experiment, respectively. Chemical shift differences between free Ca2+-saturated
CaM and its complex with C20W as well as the structure calculation reveal that C20W binds solely to
the C-terminal half of CaM. In addition, comparison of the methyl resonances of the nine assigned
methionine residues of free Ca2+-saturated CaM with those of the CaM/C20W complex revealed a
significant difference between the N-terminal and the C-terminal domain; i.e., resonances in the N-terminal
domain of the complex were much more similar to those reported for free CaM in contrast to those in the
C-terminal half which were significantly different not only from the resonances of free CaM but also
from those reported for the CaM/M13 complex. As a consequence, the global structure of the CaM/
C20W complex is unusual, i.e., different from other peptide calmodulin complexes, since we find no
indication for a collapsed structure. The fine modulation in the peptide protein interface shows a number
of differences to the CaM/M13 complex studied by Ikura et al. [Ikura, M., Clore, G. M., Gronenborn, A.
M., Zhu, G., Klee, C. B., and Bax, A. (1992)Science 256, 632-638]. The unusual binding mode to only
the C-terminal half of CaM is in agreement with the biochemical observation that the calcium pump can
be activated by the C-terminal half of CaM alone [Guerini, D., Krebs, J., and Carafoli, E. (1984)J. Biol.
Chem. 259, 15172-15177].

Calcium plays a central role in the modulation of a number
of cellular processes (1). The receptor protein that mediates
the calcium signal to most intracellular targets is calmodulin
(CaM)1 (for review see ref2). The binding of Ca2+ alters
the conformation of CaM, exposing hydrophobic patches (3-
5) on its surface and thereby conferring to CaM the ability
to interact with intracellular targets.

The X-ray structure of Ca2+-loaded CaM reveals an
extended, rigid, and dumbbell shape, in which the two
domains are connected by a rigidR-helix (Figure 1a).15N
relaxation studies (6), hydrogen exchange rates, and chemical

shift perturbations (7) of the protein in solution suggest that
the central part of this long stretched helix (Asp78 through
Ser81) is disordered and, therefore, the two domains show
no conserved relative orientation; i.e., in solution this central
helix is a “flexible tether” (8).

The structures of Ca2+-loaded CaM complexed to binding
peptides derived from skeletal and smooth muscle myosin
light chain kinase (MLCK) and from CaM kinase IIR
(CaMKIIR) have been solved by NMR (9) and by X-ray
crystallography (10, 11), respectively (for sequences of the
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different peptides see Table 1). Several conclusions have
emerged from these studies: (1) The binding of target
peptides induces a large conformational change of Ca2+-
saturated CaM, which bends from the extended shape
revealed by crystallographic work (12) into a more globular
structure in which the two halves of the protein wrap around
the target peptide (Figure 1c). In each binding peptide two
hydrophobic residues spaced by 8 or 12 positions (see Table
1) are key to the interaction with CaM. The first residue is

often a tryptophan (for a review see ref13). (2) The CaM-
binding peptides, which are mainly random coil in solution,
adoptR-helical structures in the complex with CaM, interact-
ing with the latter in an antiparallel manner; i.e., the
N-terminal half of CaM binds the C-terminal part of the
peptide and vice versa.

The plasma membrane Ca2+ pump, a CaM target protein,
is one of the key enzymes controlling the Ca2+ level in cells.
The enzyme is an essential component of all animal plasma
membranes and is the product of at least four genes with
additional isoforms produced by alternative splicing (14).
The CaM-binding domain has a length of ca. 30 amino acids,
i.e., AA1100-1127 of hPMCA1b (15), and has the expected
propensity to form an amphiphilic helix of basic and apolar
amino acids. It functions as an autoinhibitory domain of the
pump, binding to two “receptor” sites near the active center
(16, 17) of the Ca2+ pump. The N-terminal region of the
CaM-binding domain interacts with a site located between
the phosphorylatable aspartate (D475) and the FITC- (ATP-)
binding site (K609), whereas the C-terminal part interacts with

1 Abbreviations: CaM, calmodulin; C20W, N-terminal portion of
the CaM-binding domain of the plasma membrane calcium pump;
TR2C, C-terminal tryptic fragment (residues 78-146) of CaM; NMR,
nuclear magnetic resonance; MLCK, myosin light chain kinase;
CaMKIIR, calmodulin kinase IIR; SAXS, small-angle X-ray scattering;
TPPI, time-proportional phase incrementation; ppm, parts per million;
DSS, 2,2-dimethyl-2-silapentane-5-sulfonate, sodium salt; NOE, nuclear
Overhauser effect; rmsd, root-mean-square deviation; M13, CaM-
binding domain of MLCK; smMLCK, smooth muscle MLCK; R20,
CaM-binding domain of smMLCK; CaMKI, calmodulin kinase I; ATP,
adenosine triphosphate; pH*, uncorrected pH meter reading for D2O
solution.

FIGURE 1: Surface representation of (Ca2+)4-calmodulin (CaM) and its different binding modes to peptides. The N-terminal half of CaM
(residues 1-78) is in orange, the C-terminal half (residues 79-148) is in red, and the peptides are in blue. The orientation of the C-terminal
half of CaM is the same in all cases. The structures of (Ca2+)4-CaM and of the CaM/M13 complex are based on coordinates taken from
the Brookhaven Protein Data Bank [entries 3CLN (12) and 2BBM (9)]. The CaM/C20W coordinates are from the structure reported here.
(a) Surface representation of the crystal structure of (Ca2+)4-CaM. The dumbbell shape of CaM comprises two globular domains, each of
which contains two Ca2+ binding sites and which are connected by a long rigid central helix. In solution NMR studies indicate that the
central helix is disrupted near its midpoint and serves as a flexible linker between the two domains (6, 7). (b) Solution structure of the
CaM/C20W complex showing that the peptide C20W, corresponding to the N-terminal portion of the CaM-binding domain of the plasma
membrane Ca2+ pump, binds only to the C-terminal half of CaM. The flexible tether region between the N- and C-terminal domains allows
large variations in the orientation of one domain relative to the other. Thus, this depicted structure taken from the ensemble of 26 final
structures shows a specific orientation of the two halves. (c) The solution structure of CaM/M13 shows a compact globular complex
involving both C- and N-terminal halves of CaM in binding the peptide M13 corresponding to the CaM-binding domain of MLCK.

Table 1: Peptide Sequences from the CaM Binding Domains of CaM Target Proteinsa

a The alignment of the peptides is based on the first hydrophobic anchor residue shown in dark shading. which interacts with the C-terminal half
of CaM. The second anchor residue interacting with the N-terminal half (missing in C20W) is shown in light shading. The numbering of the
residues was chosen using the M13 sequence according to ref9. The arrow denotes the splice site in the CaM-binding domain (between Q14 and
I15) due to which different isoforms of the calcium pump may occur, differing in their sequence downstream of the splice site (24).
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the cytoplasmic loop between transmembrane domains 2 and
3, corresponding to the “transduction unit” of P-type ATPases
(14).

Unique among CaM targets, the plasma membrane Ca2+

pump can be activated by the C-terminal but not the
N-terminal half of CaM (18), isolated after trypsin cleavage.
In other cases of CaM targets isolated CaM fragments may
bind the target without activation (e.g., see refs19, 20), or
both fragments, i.e., the N- and the C-terminal halves of CaM
(21, 22), are necessary for activation. This raises the question
of the mode of CaM interaction with the binding domain of
the pump, especially which part of the CaM-binding domain
of the Ca2+ pump is sufficient to interact solely with the
C-terminal half of CaM. We have addressed this problem
by dissecting the binding domain in peptide models of
various length (the sequences are shown in Table 1). In
addition, previous experiments provided evidence that a
splicing site was located in the middle of the CaM-binding
domain (23) which to the best of our knowledge has not
been observed for other CaM targets. This has the conse-
quence that only the upstream, N-terminal part of the binding
domain is identical in all isoforms (23; see Table 1). Thus,
it was decided to study the complex between CaM and a
shorter peptide C20W, stopping just close to the splice site
and short of the putative second CaM anchor residue. The
Ca2+-dependent affinity of this peptide for CaM is compa-
rable to the affinity of CaM for the native enzyme (24).

Small-angle X-ray scattering studies (SAXS) (25) have
been previously performed on complexes of CaM with
peptides C20W and C24W (26) (Table 1), corresponding to
different portions of the CaM-binding domain of the plasma
membrane Ca2+ pump. The results indicate that the complex
of CaM with peptide C24W, which contains both anchoring
hydrophobic residues, has a globular shape as observed with
other CaM-binding peptides. The SAXS data on the complex
of CaM with peptide C20W, on the other hand, which lacks
the second hydrophobic anchor residue in the peptide, are
indicative of flexibility between the two CaM domains (26)
typical for CaM in solution (25).

The solution structure of the CaM/C20W complex de-
scribed in the present study indeed shows that the peptide is
only bound to the C-terminal half of CaM (Figure 1b).
Analysis of NMR15N relaxation data also indicates a higher
degree of flexibility in the mid-portion of the central helix
of CaM in the complex, comparable to free CaM in solution
(6).

The focus of the present investigation is to define the
binding interactions of C20W with CaM and to derive the
overall topology of the complex. The interesting finding here
is that the CaM/C20W structure resembles a complex
halfway on the folding pathway of fully complexed CaM
with, e.g., M13, in which both domains of CaM are bound
to the peptide. As CaM interacts with a variety of different
target enzymes, the determination of structural differences
between different CaM complexes is of great importance for
the understanding of molecular recognition and specific
signaling pathways.

MATERIALS AND METHODS

Sample Preparation.Uniformly 15N- or 15N/13C-labeled
recombinantXenopus laeVis (27) CaM (identical to mam-

malian CaM) was expressed inEscherichia coliusing the
expression vector pTSNco12 (28). CaM expression was
induced by a temperature shift, cells were harvested and
lysed, and CaM was isolated by a modification of the
procedure described elsewhere (18). C20W with natural
isotopic abundance was synthesized and purified as described
by Vorherr et al. (24) and was complexed to CaM in a 1:1
ratio following the procedure described by Ikura et al. (29).
NMR samples were prepared as 1.7 mM CaM/C20W
solutions in a Shigemi tube (Shigemi Inc., Allison Park, PA)
containing 140 mM KCl and 7 mM CaCl2 in H2O and D2O,
respectively. The pH/pH* values of the samples were 6.5
without consideration of the isotope effect.

For the preparation of the C-terminal tryptic fragment of
CaM (TR2C) CaM was isolated from bovine brain as
described before (18). It was cleaved by trypsin in the
presence of Ca2+ according to Walsh et al. (30) as described
elsewhere (18). The fragments were purified according to
Toda et al. (31). The C-terminal fragment (TR2C) comprised
residues Asp78-Lys148. An NMR sample was prepared as
2 mM TR2C/C20W solution in 90% H2O/10% D2O, 100
mM KCl and 5 mM CaCl2 with pH value of 6.3.

NMR Spectroscopy.All spectra were recorded at a
temperature of 303 K using Bruker DRX600 and DRX800
spectrometers equipped with four frequency channels and a

FIGURE 2: Chemical shift differences of the amide protons of (A)
CaM/C20W and (B) CaM/M13 (29) with respect to Ca2+-loaded
CaM (66). For the CaM/C20W complex major changes occur only
in the C-terminal domain of CaM, suggesting that the peptide C20W
binds only to this domain. This is in contrast to the CaM/M13
complex where both domains are involved in binding the peptide
M13, and hence chemical shift changes can be observed over the
complete amino acid sequence of CaM. It should be noted that the
NMR experiments of the three CaM systems were measured at
different temperatures: Ca2+-loaded CaM at 320 K (47°C), CaM/
C20W at 303 K (30°C), and CaM/M13 at 309 K (36°C). However,
the differences between chemical shifts in the three compared
systems are larger than the expected temperature-induced chemical
shift perturbations (marked as dotted horizontal lines).
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triple-resonance three-axis gradient probe. All experiments
with HN detection were carried out using pulsed field
gradients for coherence-order-selective coherence transfer
(32-34) with minimal water saturation (35). Quadrature
detection in all indirect13C dimensions was obtained with
States-TPPI phase cycling (36). In all experiments a
relaxation delay of 1 s was used. All data were processed
with UXNMR (Bruker Instruments, Rheinstetten) including
zero filling and linear prediction calculations. The spectra
were analyzed with FELIX (MSI, San Diego, CA). Proton
chemical shifts are reported with respect to the DSS signal
(0.0 ppm) at 303 K. The13C and15N chemical shifts were
indirectly referenced using the following ratios of the zero-
point frequencies at 303 K: 0.101329118 for15N to 1H and
0.251449530 for13C to 1H (37). The sequence assignments
for the protein backbone nuclei of the13C,15N-labeled CaM
were mainly achieved by a pair of CBCA(CO)NH and
CBCANH (38) experiments and further confirmed by another
set of experiments, HNCO, HNCA (38), HBHA(CO)NH
(39), HNHA (40), and NOESY1H,15N HSQC (41). Side-
chain assignments were obtained using HCCH-TOCSY (42),
(H)CC(CO)NH (43), and H(CCCO)NH (43). The (HB)CB-
(CCarom)H experiment using the PLUSH-TACSY (44)

sequence was recorded to obtain the proton assignments of
the aromatic residues of CaM. Methionine methyl groups
were assigned via an HMBC HSQC (45) and a LRCC
experiment (45). NOEs within CaM were measured using
NOESY1H,13C HSQC (46) and NOESY1H,15N HSQC (41)
with mixing times of 150 and 100 ms, respectively. The
proton resonances of the peptide C20W which was not
labeled could be assigned by a12C,14N-filtered NOESY
experiment with a mixing time of 100 ms. Intermolecular
NOEs between CaM and the peptide were measured using
a 3D 12C,14N ω1-filtered NOESY1H,13C HSQC experiment
(47) with a mixing time of 150 ms. A HNHA (40)
experiment was collected in order to obtain3JHNHR values
used to generate qualitative dihedral angle restraints. The
experimental3JHNHR values were multiplied with a correction
factor of 1.1 (48). For the determination of the3JNCγ and
3JC′Cγ coupling constants of aromatic side chains of CaM,
the experiments15N-{13Cγ

arom} spin-echo difference1H,15N
HSQC and 13C′-{13Cγ

arom} spin-echo difference1H,15N
HSQC (49) were recorded, respectively. Slowly exchanging
amide protons were identified by measuring the temperature
coefficients of the amide protons from a series of sensitivity-
enhanced1H,15N HSQC spectra recorded at different tem-

FIGURE 3: Schematic1H,13C HSQC spectra of theεCH3 groups of the methionine residues in CaM (68) and the CaM/C20W and CaM/M13
(68) complexes. Chemical shift differences of methionines of the C-terminal domain of CaM (Met109, Met124, Met144, Met145) are
indicated with solid arrows, and the differences of the methionines of the N-terminal domain of CaM (Met36, Met51, Met71, Met72) are
indicated with dotted arrows. Met76 is a residue of the flexible linker region. (A) The comparison between CaM and the CaM/C20W
complex shows large chemical shift differences of methionines only of the C-terminal domain of CaM. (B) Upon binding of the peptide
M13 to both domains of CaM, methionines of both domains are largely shifted. (C) When the CaM/C20W and CaM/M13 complexes are
compared, the methionines of the C-terminal domain show large chemical shifts due to the different side-chain conformations in the two
complexes. The methionines of the N-terminal domain in CaM/C20W reveal only small chemical shift dispersion similar to the ones in free
Ca2+-saturated CaM whereas in the CaM/M13 complex the corresponding methionines are widely dispersed. In both complexes the resonance
of Met76 which is part of the flexible tether region is close to the random coil value.
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peratures (301, 303, 305, 307, 309 K). Measurement of1H/
2H exchange rates of the amide protons was hampered by
the insolubility of the CaM/C20W complex after lyophiliza-
tion. 15N relaxation rates and heteronuclear NOE were
measured using standard pulse sequences (50-54) and
analyzed according to the model-free Lipari-Szabo approach
(55, 56) using the programm MODELFREE 4.0 (57, 58). A
list of all recorded NMR experiments with parameters and
the 1H, 13C, and 15N resonance assignments are given in
Supporting Information. The chemical shifts have also been
deposited in the BioMagResBank, with accession number
4284.

Of the unlabeled TR2C/C20W complex a 2D NOESY
spectrum with a mixing time of 200 ms was recorded at 303
K using a Bruker AM600 (Spectrospin AG, Fa¨llanden)
spectrometer.

Structure Calculations.Distance restraints were classified
on the basis of peak intensity with upper bounds of 2.9 Å
(strong), 4.2 Å (medium), and 5.7 Å (weak). A correction
of 0.5 Å was added to the upper bounds of restraints
involving pseudoatoms for methyl groups (59). For the lower
bounds of the distance restraints the sum of the van der Waals
radii was used. The intermolecular restraints were treated in
the same way as the intramolecular ones. In the early stage
of structure calculation the3JHNHR coupling constants were
used to deriveφ dihedral angle restraints. For regions with
distinct secondary structure identified in the first generation
of structures in agreement with characteristic NOE patterns
and chemical shift indices (60), bothφ andψ dihedral angle
restraints were included in the final calculations. ForR-helical
regions (3JHNHR < 5.5 Hz) dihedral angle values ofφ ) -65°
((25°) and ψ ) -40° ((25°) were used. Forâ-strands
(3JHNHR > 8 Hz) the values were taken asφ ) -120° ((30°)
andψ ) 120° ((30°) (61). From the determined3JNCγ and
3JC′Cγ values five dihedral angle restraints for aromatic
residues were taken asø1 ) 180° ((30°) and asø1 ) -60°
((30°). Backbone hydrogen bonds were included as pairs
of restraints between NH and N atoms to the corresponding

carbonyl O atom only when the temperature coefficient of
the amide proton of the residue was less than-0.003 ppm/K
(61, 62) and the NOE pattern indicated unambiguous donor-
acceptor pairs. A total of 61 hydrogen bonds were identified
and used as restraints forrNH-O of an upper bound of 2.4 Å
and rN-O of 3.3 Å in the final stage of the structure
determination. In addition, 24 distance restraints between the
four Ca2+ ions and protein groups derived from the crystal
structure of Ca2+-loaded CaM (12) were used in the structure
calculation. This procedure is similar to published NMR-
derived structure determinations of the CaM/M13 complex
(9) and the CaM/W7 (63) complex.

For all calculations the X-PLOR program, version 3.851,
by Brünger (64) was used. The ab initio simulated annealing
protocol started with a 32.5 ps high-temperature phase at
2000 K, followed by a first cooling phase of 25 ps, where
the temperature was lowered to 1000 K in steps of 50 K. In
the second cooling phase the temperature was lowered to
100 K, followed by a final energy minimization. A total of
1857 NOE-derived distance restraints were applied with a
square-well potential and a force constant of 50 kcal‚mol-1‚
Å-2. Restraints involving methylene protons which were not
stereospecifically assigned were treated with the floating
assignment procedure of X-PLOR. A total of 129 dihedral
angle restraints from3JHNHR, 3JNCγ, and 3JC′Cγ coupling
constant measurements were also applied with a force
constant of 200 kcal‚mol-1‚rad-2. The final 26 structures with
the lowest energy were used for the structural statistics (Table
2). This ensemble of 26 structures satisfied the criteria of
no NOE violation>0.5 Å and no dihedral violations>5°.
The coordinates have been deposited with the Protein Data
Bank, Chemistry Department, Brookhaven National Labora-
tory, with accession code 1CFF. All structure displays in

FIGURE 4: 2D 1H,1H projection of the12C/14N ω1-filtered 3D
NOESY 1H,13C HSQC spectrum containing only intermolecular
NOEs between CaM (in red) and the peptide C20W (in blue). Only
contacts between the C-terminal half of CaM and the peptide were
observed. Assigned cross peaks are indicated in the spectrum.

Table 2: Structural Statistics for the CaM/C20W Complexa

rmsd from idealized covalent geometry
bond length (Å) 0.0027( 0.0001
bond angle (deg) 0.483( 0.009
impropers (deg) 10.3( 1.2

rmsd from experimental restraints
distances (Å) 0.031( 0.001
dihedral angles (deg) 0.67( 0.11

energies (kcal mol-1)
Etotal 381( 17
Ebond 20 ( 2
Eangle 170( 6
Eimpropers 29( 2
EvdW 63( 6
ENOE 96( 9
ECDIH 4 ( 1

coordinate precisionb (Å)
N-terminal half of CaM (residues L4-A73)

rmsd of backbone atoms 0.75
rmsd of all heavy atoms 1.17
superposition over secondary structure elements

(7-18, 26-38, 47-54, 62-74)
rmsd of backbone atoms 0.56
rmsd of all heavy atoms 1.08

C-terminal half of CaM (residues I85-T145) and
C20W (residues G-1-Q12)
rmsd of backbone atoms 0.53
rmsd of all heavy atoms 1.06
superposition over secondary elements [85-92,

99-112, 118-128, 135-145; C20W (-1)-12]
rmsd of backbone atoms 0.50
rmsd of all heavy atoms 1.07

a Refers to the ensemble of the final 26 structures with lowest energy.
b Rmsd between the ensemble of 26 structures and the mean structure.
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the figures were created using the program MOLMOL by
Konradi et al. (65).

RESULTS AND DISCUSSION

NMR Spectroscopy of the CaM/C20W Complex.The
structure of the complex between Ca2+-saturated,13C,15N-
labeled CaM and nonlabeled peptide C20W (corresponding
to the N-terminal portion of the CaM-binding domain of the
plasma membrane Ca2+ pump) was determined by multidi-
mensional, heteronuclear NMR spectroscopy. A set of
heteronuclear three-dimensional experiments yielded the
assignment of 95% of the backbone atoms (HN, N, CR, C′)
of CaM, of most of its side chains, and 74% of the peptide
proton resonances (the assignment is given in Supporting
Information). The assignment of the protein part of the CaM/
C20W complex was especially difficult for the N- and
C-terminal residues and the flexible linker region (residues
Arg74 to Glu84) where cross-peaks were found to be broad
and weak presumably due to the slow conformational
flexibility in these regions. The unlabeled peptide part was
assigned from a12C,14N-filtered NOESY experiment. Figure
2A shows the difference of the amide proton chemical shift
of the CaM/C20W complex to the shifts of Ca2+-loaded CaM
(66). The most notable changes are seen in the C-terminal
domain of CaM, whereas almost no changes occur in the
N-terminal domain. This result suggests that the peptide
C20W binds only to the C-terminal domain but not to the
N-terminal domain of CaM. In contrast, the amide proton
chemical shift difference between the CaM/M13 complex
(29) and Ca2+-loaded CaM (65) shown in Figure 2B is clearly
indicative of M13 binding to both domains of CaM. Despite
the fact that the NMR experiments of the three CaM systems
were measured at different temperatures, Ca2+-loaded CaM
at 320 K (47°C), CaM/C20W at 303 K (30°C), and CaM/
M13 at 309 K (36°C), the differences between chemical
shifts in the three compared systems are larger than the
expected temperature-induced chemical shift perturbations
for the complexes studied as marked in Figure 2 as dotted
horizontal lines.

For the structure determination of the complex the assign-
ment of theεCH3 groups of the nine methionine residues of
CaM was crucial, because methionines are mainly involved
in binding the target peptides of CaM (67). The 3D HMBC

HSQC experiment correlating the1Hε and the13Cε chemical
shifts over the sulfur atom with the13Cγ chemical shift
together with information from NOESY spectra allowed the
assignment of all nine methionine methyl groups. Met124
and Met144, which are both involved in the binding of the
tryptophan residue of the C20W peptide, exhibit a large
upfield shift due to ring current effects of the Trp aromatic
ring. In Figure 3A the chemical shifts of theεCH3 groups
of the methionines in CaM (68) and in the CaM/C20W
complex are compared in a schematic1H,13C HSQC spec-
trum. All methionines of the C-terminal half (Met109,
Met124, Met144, Met145) of CaM show a large chemical
shift upon complexation with the peptide C20W (solid
arrows), whereas all methionines of the N-terminal half
(Met36, Met51, Met71, Met72) have similar shifts in free
CaM and in the CaM/C20W complex (dotted arrows). This
observation provides additional evidence that the peptide
binds only to the C-terminal domain of CaM but not to the
N-terminal domain. In the CaM/M13 complex the methio-
nines of both domains show large chemical shift deviations
when compared to the methionines in CaM (Figure 3B) due
to the fact that both domains of CaM are involved in binding
of the peptide M13. The importance of methionines in CaM
molecular recognition will be discussed in the section
Comparison of the CaM/C20W Complex with Other CaM/
Peptide Complexes.

The 3D13C- and15N-separated NOESY experiments were
used to identify 1645 NOE restraints (794 intraresidual, 387
sequential, 311 medium range, and 153 long range) within
CaM, corresponding to an average of 15.6 NOEs per residue
(69). A figure showing the number of NOE restraints per
residue is given in Supporting Information. For peptide
C20W, 163 intramolecular NOE restraints (102 intraresidual,
32 sequential, 29 medium range) could be assigned from
the 12C,14N-filtered NOESY experiment, suppressing the
signal of 13C- and 15N-attached protons. A total of 49
intermolecular NOEs between the peptide and the protein,
detected in the 3D12C,14N ω1-filtered NOESY1H,13C HSQC
experiment, defined the interface between the two molecules.
The 2D 1H,1H skyline projection of this 3D experiment is
depicted in Figure 4. For example, the side chain of the single
tryptophan residue of C20W at position 4 shows numerous
NOE interactions to the methyl groups of Ile100, Leu105,

FIGURE 5: Best-fit superpositions of the backbone atoms (N, CR and C′) of (A) the N-terminal domain (in orange) and (B) the C-terminal
domain (in red) of the final 26 NMR-derived structures of the CaM/C20W complex. The peptide C20W (in blue) binds only to the C-terminal
half of CaM. The residues of the N- and C-termini of each domain and of the peptide are indicated, and the Ca2+ ions are shown as gray
balls. For the N-terminal domain (residues 4-73) superposition yields a rmsd value of 0.85 Å for all backbone atoms and 1.27 Å for all
heavy atoms referring to a mean structure. For the backbone and all heavy atoms of the C-terminal domain (residues 85-145) together with
the peptide C20W [residues (-1)-12] the rms deviations are 0.57 and 1.08 Å, respectively.
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Met124, Ile125, Ala128, Val136, and Met144 of CaM. In
the final stage of the structure calculation 52 intramolecular
hydrogen bond restraints were incorporated for CaM, on the
basis of the temperature dependence of amide proton
chemical shifts (61, 62), and 9 for the peptide C20W. The
acceptor of the hydrogen bond was identified with structures
calculated only from NOE restraints. In addition, 24 distance
restraints between the four Ca2+ ions and atoms of the protein
derived from the crystal structure of Ca2+-loaded CaM (12)
were used in the structure calculation.

Structure of the CaM/C20W Complex.The listed structural
restraints were used in a simulated annealing protocol (70)
using X-PLOR (64) (for details see Materials and Methods)
to calculate a final set of 26 structures. Due to the lack of

NOEs between the N- and C-terminal domain, it is impos-
sible to superimpose both domains simultaneously, and
therefore the structure of the two domains is presented
separately. Figure 5 illustrates a best-fit superposition of the
backbone atoms of the N-terminal domain (panel A) and of
the C-terminal domain with the bound C20W peptide (panel
B). The amino (residues 1-3) and the carboxyl (residues
146-148) termini of CaM, the tether connecting the two
domains of CaM (residues 74-84), and the amino (residues
-4 to -2) and the carboxyl (residues 13-16) termini of
C20W are ill-defined by the NMR data and appear disor-
dered. The final 26 structures are converged with an rmsd
from the mean structure of 0.75 Å for all backbone atoms
in the N-terminal domain of CaM (residues 4-73) and 0.53

FIGURE 6: Summary of sequential and medium-range NOEs involving HN, CRH, and CâH protons, slowly exchanging amide protons,
3JHNHR, and{1H}15N heteronuclear NOE values for the CaM/C20W complex. The amino acid sequence and residue numbers together with
the secondary structure elements (zigzag line forR-helix, arrows forâ-sheet) are shown at the top of the figure. Slowly exchanging amide
protons of CaM represented as full circles were identified by measuring the temperature coefficients from a series of1H,15N HSQC spectra
recorded at different temperatures (301, 303, 305, 307, 309 K). Small (<5.5 Hz) and large (>8 Hz) values of3JHNHR are represented by
open circles and crossed circles, respectively.{1H}15N heteronuclear NOE values between 0.6 and 0.4 are depicted by open circles and
{1H}15N heteronuclear NOE values less than 0.4 by crossed circles. Sequential and medium-range NOEs classified as strong, medium, and
weak according to the intensity of the cross-peak are indicated by different heights of the connecting box.
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Å for all backbone atoms in the C-terminal domain of CaM
(residues 85-145) and the peptide C20W [residues (-1)-
12] and with low rmsds from the experimental restraints and
idealized covalent geometry. The 26 structures exhibited no
distance violations exceeding 0.5 Å or dihedral angle
violations exceeding 5° and have on average 73.7% of all
residues in the most favorable region of the Ramachandran
plot according to the PROCHECK (69) procedure. Only
1.5% of all residues are found in disallowed regions of the
Ramachandran plot. The structural statistics are summarized
in Table 2.

The structure of the CaM/C20W complex contains the
following secondary structure elements within CaM: Eight
R-helix segments identified from the NMR data (Figure 6A)
are located at Glu7 to Leu18, Thr29 to Ser38, Glu47 to
Glu54, Phe65 to Ala73, Ile85 to Phe92, Ala103 to Leu112,
Asp118 to Ala128, and Tyr138 to Met145. Two short
antiparallelâ-sheets connect the strands Thr26 to Thr28 and
Thr62 to Asp64 and the strands Tyr99 to Ser101 and Gln135
to Asn137, respectively. Compared to Ca2+-CaM the back-
bone conformation and the secondary structure remain
essentially unchanged upon complexation with the peptide
C20W. A superposition of the CaM/C20W complex with
Ca2+-CaM reveals a rmsd value of 1.57 Å for the backbone
atoms over the N-terminal domain (residues 7-73) and 1.56
Å over the C-terminal domain (residues 85-145). In the
structures of other CaM/peptide complexes (9-11) and of
complexes of CaM with small organic compounds (63), the
backbone conformation of CaM is also highly conserved
upon complexation. The peptide C20W, which has a random
coil structure in solution, adopts anR-helical structure upon
complexation with the C-terminal domain of CaM. The helix
extends from residue Gly(-1) to Gln12 (Figure 6B; for

nomenclature see Table 1) and shows amphiphatic properties.
The hydrophobic side of the helix (Trp4, Leu8, Ile11) is
bound to the C-terminal domain of CaM, which the complex
CaM/C20W stabilizes by numerous hydrophobic interactions.
The hydrophilic side of the helical peptide which contains
several basic amino acids [Arg(-3), Arg6, Arg10) is
accessible to the surrounding water molecules.

There are no NOE interactions between the N-terminal
and the C-terminal domains of CaM, indicating that the two
domains do not interact directly on a time scale where NOE
interactions can be observed. A flexible tether region
extending from Arg74 to Glu84 connects the two domains,
and therefore large variations in the orientation of one domain
relative to the other occur randomly in the 26 final structures.
For the tether region no NMR evidence forR-helical structure
like medium-range NOEs was found (Figure 6A). The
dynamics of the tether region of Ca2+-loaded CaM in solution
indicated flexibility by NOE data, backbone amide hydrogen
exchange studies (7), and15N NMR relaxation measurements
(6). Flexibility of this region can also be concluded for the
CaM/C20W complex from the decreased values of the
{1H}15N heteronuclear NOE (Figure 6A). Comparison of the
absolute values of the heteronuclear NOE is difficult because
the investigations have been carried out under different
experimental conditions. The heteronuclear NOE data,
however, indicate that the flexibility of CaM/C20W is
decreased compared to CaM without target peptide, because
different from the free CaM, the values of the heteronuclear
NOE for the central helix are larger than for the residues
Lys115-Leu116 within the loop region G113-T117 in the
C-terminal domain of CaM.

Comparison of the CaM/C20W Complex with Other CaM/
Peptide Complexes.The most striking difference was noticed
in the global structure of the CaM/C20W complex as
compared to the complex of CaM with M13, the CaM-
binding peptide of MLCK (9). Only the C-terminal half of
CaM binds to the peptide, with no detectable contacts
between the peptide and the N-terminal half of CaM. As a
result, and different from the structures determined previ-
ously, the extended structure of CaM appears to be retained
in the complex (Figure 1). Local structural differences in
the CaM/C20W complex, as compared to the CaM/M13
complex, are also detected. The C20W peptide adopts an
R-helical structure from G-1 to Q12, which extends the helix
by one turn toward the N-terminus and reduces it by two
turns toward the C-terminus with respect to the helical
structure of M13 from W4 to S21. The peptide C20W interacts
with CaM via three hydrophobic amino acids (W4, L8, and
I11) (Figure 7), corresponding to W4, F8, and V11 in the M13
peptide. However, in the CaM/M13 complex only W4

interacts with M124 in CaM, whereas in peptide C20W
additional contacts with M124 are made by the residues G-1

and L3. However, in R20 (10), a peptide derived from
smMLCK, and also in another peptide derived from CaMKII
(11), a contact between M124 and A-1 (corresponding to G-1

in peptide C20W) has been observed. In both cases, the
additional N-terminal helical turn observed in peptide C20W
is also present. A further difference concerns F92, which has
NOE contacts only to W4 in peptide C20W, whereas it
interacts with W4, N7, F8, and V11 in peptide M13. Appar-
ently, the position of V11 in M13 is critical, since it interacts
with both CaM halves (9, 13), whereas the corresponding

FIGURE 7: Ribbon representation of the C-terminal half of CaM
(in red) complexed to the peptide C20W (in blue). The binding of
the peptide is stabilized by hydrophobic contacts between W4, L8,
and I11 of the peptide and side chains of CaM. Selected residues
involved in the binding are shown. The interaction between the
aromatic systems of peptide W4 and CaM F92 giving rise to the
large chemical shift perturbation (see Figure 10) is also shown.
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I11 in peptide C20W only interacts with residues in the
C-terminal half of CaM (A88, V91, L112). Interestingly, A10,
the other M13 residue which makes major contacts to both
halves of CaM (13), is replaced by an arginine residue in
C20W, for which no contacts are observed in the CaM/C20W
complex. A summary of the contacts between CaM and the
peptides C20W and M13, respectively, is presented in Figure
8.

An interesting observation, however, is made concerning
the topological orientation of W4: In peptide C20W the
orientation of the indole ring is turned about 90° with respect

to M13 (Figure 9). Possibly, the absence of interactions
between peptide C20W and the N-terminal half of CaM is
responsible for this topological difference. This suggestion
is supported by the very similar chemical shift values of the
indole ring protons observed in a complex between peptide
C20W and the C-terminal tryptic fragment of CaM (TR2C,
residues 78-148). In addition, calculations of secondary
chemical shifts by the method of Case (71) using the program
MOLMOL (65) yields the values given in parentheses in
Figure 10. Only contributions of ring currents of neighboring
phenyl groups are considered. These values are in good

FIGURE 8: Schematic representation of residue pairs for which intermolecular NOEs between CaM and the peptides C20W and M13 are
observed.

FIGURE 9: Comparison of tryptophan environments in the CaM/C20W (A) and CaM/M13 (B) complexes. The backbones of the C-terminal
halves (residues 85-145) of CaM were superimposed (rmsd) 1.47 Å). Experimental NOEs observed between W4 and the residues of
CaM are shown as green lines for CaM/C20W. The plane of the indole ring of W4 in CaM/C20W is rotated by almost 90° with respect to
the one in CaM/M13. In the case of CaM/C20W the C-Hú3 proton is pointing toward the center of the aromatic ring of F92 leading to a
strong upfield shift of-1.30 ppm for this proton (see Figure 10). For CaM/M13 F92 is further away and the plane normal does not point
toward C-Hú3.
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agreement with the experimental data: The largest contribu-
tion of the extreme shift of the Hú3 proton arises from the
F92 residue in CaM, whereas the contribution of F5 in peptide
C20W (a lysine in M13) is negligible. This is consistent with
the difference in orientation of the tryptophan indole rings
in the CaM/C20W and CaM/M13 complexes. As opposed
to the CaM/M13 complex, the C-Ηú3 bond is directed
toward the center of the aromatic ring of F92 in the CaM/
C20W complex (Figure 9). Furthermore, aliphatic protons
of CaM residues in spatial proximity to the tryptophan exhibit
ring current shifts caused by the tryptophan indole ring which
could be confirmed by chemical shift calculations.

The ability of CaM to bind to a wide variety of target
peptides, which can differ significantly in their amino acid
sequences, appears to be related to the high abundance of
methionine residues within CaM as discussed in detail by
Osawa et al. (63). The fine adjustment of side-chain
conformations of eight out of nine methionine residues can
provide optimized interactions with the target peptides. The
methionine side chains are very flexible due to an unbranched
side chain and a long C-S bond, which enables essentially
free rotation about theø3 torsion angle. In addition, sulfur
has a larger polarizability than carbon, causing stronger van
der Waals interactions (72). A comparison of the conforma-
tions of the methionines in the binding pocket of the
C-terminal domain of CaM (Met109, Met124, Met144,
Met145) reveals large differences between the CaM/C20W
and CaM/M13 complexes. TheεCH3 group of Met109,
which is located above the plane of the aromatic ring of the
tryptophan in the CaM/M13 complex, is found close to the
R- andâ-protons of Trp4 in CaM/C20W with only a small
conformational change of the side chain. The side-chain
conformations of Met144 and Met145 show large changes,
but in both complexes theεCH3 groups are in close proximity
to the Trp4 aromatic ring. Only the side chain of Met124
shows the same conformation in both complexes with the
εCH3 group in contact with the aromatic ring of the
tryptophan. The importance of the interaction between
Met124 of CaM and the Trp residue in the binding domain
of CaMKI (Trp303) for the activation of this kinase has been

recently suggested by Chin et al. (73) on the basis of the
point mutation M124Q which led to a 60-fold increase of
the activation constant of CaM. Similarly, previous oxidation
experiments of methionine residues provided evidence that
Met124 is also important for the activation of the Ca2+ pump
by CaM (74). The described conformational differences are
in agreement with the observation that the four Met residues
of the binding pocket of the C-terminal domain reveal large
chemical shift differences between the two complexes (Figure
3C). Since the N-terminal domain is not involved in the
binding of the peptide, theεCH3 groups of the Met residues
of the N-terminal domain (Met36, Met51, Met71, Met72)
show chemical shifts in the CaM/C20W complex comparable
to those in free Ca2+-saturated CaM (Figure 3A). In contrast,
in the CaM/M13 complex the resonances are well dispersed
due to the binding of the N-terminal methionines to the M13
peptide (Figure 3B,C).

In the structure of the CaM/R20 complex residue Glu84
forms a salt bridge to Arg16 in peptide R20 (10). A similar
salt bridge to Arg16 may also occur in the CaM/M13
complex and to Lys16 in the CaM/C20W complex studied
here: The existence of the salt bridge in the CaM/M13
complex causes chemical shift changes of-0.39/-0.53/-
0.31 ppm for the amide protons of the residues Glu82, Glu83,
and Glu84 compared to those of free Ca2+-CaM. Similar
pronounced chemical shift changes (-0.31/-0.38/0.60 ppm)
observed for residues Glu82, Glu83, and Glu84 in CaM/
C20W suggest the presence of an equivalent environment.
Therefore, similar contacts may exist betweenK16 of peptide
C20W and CaM even though these residues are in a region
of CaM not defined by long-range NOEs.

Calculation of SAXS data based on the presented structure
qualitatively reproduces the experimental finding as docu-
mented previously (26). However, quantitatively, the com-
paction indicated in the experimental SAXS data is not
reproduced, even if the salt bridge (Lys16/Glu84) is taken
into account. Modeling (55-58) the heteronuclear relaxation
data (T1, T2, and heteronuclear NOE) to individual correlation
timesτc for both domains leads to comparable values (3%
difference) for the two domains in CaM/C20W (τc

N-terminal

) 9.8 ns;τc
C-terminal ) 10.1 ns). This is different from free

Ca2+-CaM for which a 12% difference in correlation times
for the two domains has been reported (6). This is consistent
with the SAXS data that show an increased compaction of
the CaM/C20W complex as compared to free Ca2+-CaM.

Biological Implications of the Structural Results.The
structure described here may help to understand why the Ca2+

pump is activated by the isolated C-terminal (and not by the
N-terminal) half of CaM. This, together with the significantly
higher affinity of peptide C20W for the C-terminal than for
the N-terminal half of CaM (75), very likely reflects the
finding that only the C-terminal half of CaM interacts with
the peptide C20W. This peculiar aspect of the interaction
may be due to (1) the lack of the second hydrophobic anchor
residue at position 17 and (2) the crucial positions of M13
residues A10 and V11 which interact with both halves of CaM
in the CaM/M13 complex (13). In the CaM/C20W complex
residue I11, equivalent to V11 in M13, interacts instead only
with the C-terminal half of CaM. Residue R10 of C20W
(which replaces A10 of M13) shows no contacts.

Since most CaM targets are not activated by the two
separate halves of CaM (18, 19), it is generally concluded

FIGURE 10: Experimental secondary chemical shifts of the tryp-
tophan indole protons of the CaM-bound peptides in CaM/C20W,
TR2C/C20W and CaM/M13. The Hú3 proton exhibits an extreme
upfield shift in the case of CaM/C20W and TR2C/C20W and a
much smaller one in the case of the CaM/M13 complex. Calculated
values (70) are shown in parentheses for CaM/C20W and CaM/
M13.
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that efficient activation requires the wrapping of CaM around
the binding domain and its locking in position by the two
hydrophobic anchoring residues mentioned above. In the
structure presented here CaM occupies instead only one half-
side of the peptide, indicating that activation, i.e., the
displacement of the autoinhibitory peptide from its binding
site in the pump, is possible without wrapping CaM around
it. Thus, it may be proposed (Figure 11) that in the binding
of the autoinhibitory peptide to the pump (Figure 11b)
residues L8 and I11 [corresponding to L1111 and I1114 in the
pump (15)], but not W4, would establish hydrophobic
contacts to the pump to become displaced by the incoming
CaM. Figure 11b shows W4 exposed to the solvent, in
analogy to its recently established topology in CaMKI in
the absence of CaM (76) (see Figure 11a). The importance
of W4 for the interaction with CaM is underlined by the
finding that replacing W4 by an alanine residue reduces the
affinity of the peptide for CaM by more than 1 order of
magnitude (24). The hydrophobic amino acids located in the
stretch Phe8-Met17 of the CaMKI peptide are expected to
bind to CaM, but they also interact with hydrophobic residues
of the ATP-binding domain (76) in the kinase. In this context
it is of interest that the ATP-binding domain in CaMKI (76)
contains a hydrophobic sequence similar to the stretch next
to the catalytic region of the Ca2+ pump (16) which is the
acceptor site for the CaM-binding domain: C537ALLGFVT544

(16).
The structure of the CaM/C20W complex may have

special significance for the function of the Ca2+ pump.
Differences in affinity of CaM have been described with
respect to the two halves of the CaM-binding domain
including various isoforms of the pump which differ in the

C-terminal half of the CaM-binding domain due to alternative
splicing (23). These variations result in different activation
profiles of the pump and lead to the fine modulation of the
pump by CaM (14, 18, 75, 77) possibly influencing the
apparent affinity of the enzyme for Ca2+ (77). As a
consequence of the fact that the Ca2+-loaded C-terminal
domain alone activates the pump, we would expect that full
CaM loaded with just two Ca2+ ions would bind and activate
the pump as well. Such a conclusion is corroborated by
experiments recently conducted on skMLCK (78). SAXS
measurements provided evidence that a complex between
skMLCK and CaM was formed already at (Ca2+)2-CaM.
Since Ca2+ binds first to the C-terminal half of CaM, those
results would imply that for CaM-target interactions binding
of Ca2+ to the C-terminal half of CaM would be sufficient.
If this interpretation is also valid for the Ca2+ pump, we could
conclude that a complex between CaM and the pump could
be formed already at substoichiometric Ca2+ concentrations.
Since, on the other hand, the C-terminal half of CaM is
sufficient for the activation of the Ca2+ pump, the pump could
be active (but at low efficiency) even at the low Ca2+

concentrations of the resting cell at which only the Ca2+

binding sites of the C-terminal half of CaM would be loaded
in a CaM-Ca2+ pump complex. This view is in line with
the observation that high-affinity binding of C20W to CaM
occurs already at a stoichiometry of 2 Ca2+/CaM at about
200 nM Ca2+ concentration (79) compatible with the free
Ca2+ concentration of a resting cell and that intact Ca2+

binding sites of the C-terminal half of CaM are essential for
the activation of the Ca2+ pump (80).

Thus the interaction between the C-terminal half of CaM
and the CaM-binding domain of the pump would be

FIGURE 11: Schematic representation illustrating the activation of CaMKI (a) and of the Ca2+ pump (b) upon binding of CaM. (a) In the
absence of CaM, the CaM-binding domain is bound to the ATP-binding domain of CaMKI, resulting in an autoinhibited state (top). In the
crystal structure obtained for this state (76) the tryptophan anchor residue is directed outward, suggesting that the initial interaction of the
C-terminal half of CaM takes place at this residue. The CaM-binding domain could then undergo a major structural change, adopting
R-helical structure, exposing the other hydrophobic residues F8, V13, and M17 to interact with the two halves of CaM, and thereby releasing
the ATP-binding domain (bottom). (b) As explained in the text a similar structural model is proposed for the autoinhibited state of the Ca2+

pump (top) on the basis of the structure of the CaM/C20W complex and the finding that the pump can be activated by the isolated C-terminal
half of CaM. After the initial interaction of the C-terminal half of CaM with W4 the hydrophobic residues L8 and I11 are displaced from the
region next to the catalytic site of the Ca2+ pump, thereby releasing the autoinhibited state (bottom). The region of the pump interacting
with the CaM-binding domain is defined in the figure as the ATP-binding domain, but it corresponds in fact to the region between the
phosphorylated aspartate (D475) and the lysine (K609), which is a component of the ATP-binding domain.
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necessary (and sufficient) to release the autoinhibited state
of the enzyme, but not for the full cooperativity typical of
the system, thus providing a snapshot of the complex trapped
in a step along its way to form the collapsed globular
structure.
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