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ABSTRACT: The conserved calmodulin (CaM) isoform SCaM-1 and the divergent SCaM-4 from soybean
bind to many of the same target enzymes, but differentially activate or competitively inhibit them. Class
1 target enzymes are activated by both calcium (Ca2+)-bound SCaM-1 (Ca2+-SCaM-1) and Ca2+-bound
SCaM-4 (Ca2+-SCaM-4), while class 2 enzymes are activated by Ca2+-SCaM-1 but competitively inhibited
by Ca2+-SCaM-4, and class 3 enzymes are activated by Ca2+-SCaM-4 but competitively inhibited by
Ca2+-SCaM-1. To determine whether these differences can be attributed to unique interactions with the
CaM-binding domains (CaMBD) of these enzymes, we have studied the binding of each protein to peptides
derived from the CaMBD of a representative target enzyme from each of these three classes. Using a
combination of NMR spectroscopy and isothermal titration calorimetry, we demonstrate that the N- and
C-domains of either Ca2+-SCaM bind to each peptide to form structurally compact complexes driven by
the burial of hydrophobic surfaces. Interestingly, the interactions with the CaMBD peptides from classes
1 and 2 are similar for the two proteins; however, binding to the peptide from class 3 is structurally and
thermodynamically distinct for Ca2+-SCaM-1 and -4. We also demonstrate that both calcium-free SCaM-1
(apo-SCaM-1) and calcium-free SCaM-4 (apo-SCaM-4) bind to the CaMBD from cyclic nucleotide
phosphodiesterase, and that the interactions are similar to each other and to the interactions with apo-
mammalian CaM. Therefore, the apo-SCaMs are also capable of binding to the same target enzymes,
which could provide an additional mechanism for CaM-dependent signaling in plants.

Calmodulin (CaM1) is an essential regulatory calcium
(Ca2+)-binding protein in both animals and plants (1, 2). The
X-ray crystal and solution NMR structures of mammalian
CaM (mCaM) show it to be a predominantlyR-helical
protein with distinct N- and C-terminal globular domains
connected by a flexible central linker (3-5). Ca2+ binding
to mCaM causes interdomain conformational rearrangements,
resulting in the exposure of a hydrophobic patch on the
surface of each domain. These hydrophobic patches, which

are especially rich in Met residues, are the primary surface
for interaction with 15-30 amino acid long sequences in
target proteins. Studies with synthetic peptides derived from
these CaM-binding domains (CaMBDs) have proven to be
excellent models for the types of interactions that can occur
with intact target enzymes (6-8). The classical binding mode
revealed by these studies involves the N- and C-domains of
Ca2+-bound mCaM (Ca2+-mCaM) wrapping around a pre-
dominantly R-helical target peptide sequence to form a
compact globular structure. However, in recent years several
novel modes of binding to target enzymes and CaMBD
peptides have been described where Ca2+-mCaM binds in
unique compact or even extended conformations (9-12).
There have also been numerous reports describing interac-
tions between Ca2+-free mCaM (apo-mCaM) and various
target proteins and peptides (13, 14).

In contrast to the single CaM isoform found in mammals,
plants contain numerous different CaM isoforms, many of
which have different capacities to activate target enzymes
(15, 16). For example, soybean contains five CaM genes
(SCaM1-5), three of which,SCaM-1-3, code for conserved
CaMs with more than 90% sequence identity to mCaM, and
two of which, SCaM-4and -5, code for more divergent
isoforms with about 78% sequence identity (16). Enzyme
activation studies with the SCaM-1 and -4 proteins have
indicated that three different classes of target enzymes exist
(17, 18). Class 1 enzymes are those that are activated by
both Ca2+-bound SCaM-1 (Ca2+-SCaM-1) and Ca2+-bound
SCaM-4 (Ca2+-SCaM-4), class 2 enzymes are only activated

† This work was supported by an operating grant from the Natural
Sciences and Engineering Research Council of Canada (NSERC).
H.J.V. is a Senior Scientist award holder from the Alberta Heritage
Foundation for Medical Research (AHFMR), while A.P.Y. holds both
AHFMR and NSERC studentship awards. The isothermal titration
microcalorimeter was purchased through a grant from the Alberta
Science and Research Authority (ASRA) to the Alberta Network of
Proteomics Innovation. The Bio-NMR center at the University of
Calgary was recently expanded through generous grants from the
Canada Foundation for Innovation, ASRA, and AHFMR, and is
maintained through funds provided by the Canadian Institutes for Health
Research (CIHR) and the University of Calgary.

* To whom correspondence should be addressed. Phone (403) 220-
6006. Fax: (403) 289-9311. E-mail: vogel@ucalgary.ca.

1 Abbreviations: CaM, calmodulin; Ca2+, calcium ion; CaMBD,
calmodulin-binding domain; mCaM, mammalian calmodulin; SCaM,
soybean calmodulin; NOS, nitric oxide synthase; NMR, nuclear
magnetic resonance; ITC, isothermal titration calorimetry; CaMKIIp,
calmodulin-dependent protein kinase II peptide; smMLCKp, smooth
muscle myosin light-chain kinase peptide; cNOSp, cerebellar nitric
oxide synthase peptide; PDEp, cyclic nucleotide phosphodiesterase
peptide; HSQC, heteronuclear single-quantum coherence; TEMPOL,
4-hydroxyl-2,2,6,6-tetramethylpiperidinyl-1-oxy; PFG, pulsed field
gradient;Rh, hydrodynamic radius; yCaM, yeast calmodulin.

3101Biochemistry2005,44, 3101-3111

10.1021/bi047770y CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/02/2005



by Ca2+-SCaM-1, and class 3 proteins are only activated by
Ca2+-SCaM-4. However, for the class 2 and 3 enzymes the
SCaM that is incapable of stimulating the activity retains
the ability to bind to the enzyme and thus acts as a
competitive inhibitor. Studies using mCaM point mutants
have shown that SCaM-1’s inability to activate the class 3
enzyme nitric oxide synthase (NOS) is due to the M144V
point mutation to a predicted CaMBD-coordinating residue
(19). In contrast the K30E and G40D mutations occur in
regions of the SCaM-4 protein that are not directly involved
in coordinating the CaMBD, yet they can disrupt its ability
to activate some class 2 enzymes (20, 21). Since it remains
unclear exactly how binding and activation are affected at
the structural level, we have used nuclear magnetic resonance
(NMR) spectroscopy and isothermal titration calorimetry
(ITC) to study the interactions of Ca2+-SCaM-1 and -4 with
peptides derived from the CaMBDs of a representative target
enzyme from each of the three classes. Our studies provide
both a structural and a thermodynamic description of these
interactions with a particular emphasis on the binding
interface of each SCaM-peptide complex. Peptides derived
from the CaMBD of CaM-dependent protein kinase II
(CaMKIIp), smooth muscle myosin light-chain kinase (sm-
MLCKp), and cerebellar NOS (cNOSp) were used as
representatives from classes 1-3, respectively. Additionally,
since there is relatively little known about the structure or
function of Ca2+-free (apo) plant CaM isoforms, we have
studied the interactions of apo-SCaM-1 and -4 with the
CaMBD peptide from cyclic nucleotide phosphodiesterase
(PDEp). This is a well-known apo-mCaM-binding peptide
which binds to the C-domain of apo-mCaM, retaining the
elongated structure of the protein (22, 23).

MATERIALS AND METHODS

Protein Purification and Peptide Synthesis.A pET-3d
expression vector housing either the chimeric SCaM-1 or
SCaM-4 genes was cloned intoEscherichia coliexpression
strain BL21 DE3, and the unlabeled proteins, [13C]methyl-
methionine ([13C]Met)-labeled proteins, and mammalian
CaM were expressed and purified as described previously
(16, 24). Protein concentrations were determined by using
the molar extinction coefficientsε276(SCaM-1)) 1450 and
ε276(SCaM-4) 2900), or by using the Bio-Rad protein assay
kit.

The smMLCKp (Ac-ARRKWQKTGHAVRAIGRLSS-
NH2), cNOSp (KRRAIGFKKLAEAVKFSAKLMGQ), Ca-
MKIIp (LKKFNARRKLKGAILTTMLATRNFS-NH 2), and
PDEp (Ac-QTEKMWQRLKGILRCLVKQL-NH2) were each
synthesized commercially. Peptide purity was confirmed to
be more than 95% by high-pressure liquid chromatography
and matrix-assisted laser desorption ionization mass spec-
trometry. The concentrations of smMLCKp and PDEp were
determined using their predicted molar extinction coefficients
ε280 ) 5690. Due to the presence of counterions and salts in
the lyophilized product, the spectrophotometrically deter-
mined concentration of these and nearly all other peptides
used in our laboratory are typically∼30% less than what is
expected on the basis of the weight of the peptide. Therefore,
since cNOSp and CaMKIIp do not contain any Trp or Tyr
residues, their concentrations were determined by weighing
the lyophilized peptide in a defined volume and multiplying
by a correction factor of 0.7.

Nuclear Magnetic Resonance Spectroscopy.All 1H, 13C
heteronuclear single-quantum coherence (HSQC) NMR
spectra were acquired at 298 K on a Bruker Avance 500
MHz NMR spectrometer equipped with a triple-resonance
inverse Cyroprobe with a single-axisz-gradient. Studies were
performed in 100 mM KCl, 10 mMd10-DTT, 99.9% D2O,
pD 7.5( 0.1 (not corrected for isotope effects), and either
4 mM EDTA for apo-SCaM samples or 4 mM CaCl2 for
Ca2+-SCaM samples. Titrations with 4-hydroxyl-2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPOL) (Sigma) were per-
formed using 400µM samples of [13C]Met-SCaM-1 or -4
titrated with a freshly prepared concentrated stock solution
of TEMPOL in 100 mM KCl, 99.9% D2O, pD 7.5( 0.1
(not corrected for isotope effects). For peptide binding
studies, samples of 500-600 µM [13C]Met-SCaM-1 or -4
were titrated with concentrated stock solutions of smMLCKp,
cNOSp, CaMKIIp, or PDEp, each in the same solution
conditions as described above. After each peptide was titrated
to 1.1 molar equivalents, each sample was used for pulsed
field gradient (PFG) diffusion NMR spectroscopy studies as
described below. Then a1H, 13C HSQC spectrum was re-
recorded to ensure sample integrity, and the samples were
subsequently each titrated with TEMPOL as done with the
peptide-free proteins. All spectra were recorded with a real
data spectral size of 2048× 64 points, sweep widths of
6009.6 and 500 Hz, and carrier frequencies of 500.13235
and 125.7596 MHz for the1H and13C dimensions, respec-
tively, with four scans per experiment. Quadrature detection
in theF1 dimension was obtained using echo/antiecho time-
proportional phase incrementation. Calculations of solvent-
accessible surface area were performed using GetArea 1.1
(25).

The PFG diffusion NMR spectra were all acquired on a
700 MHz Bruker shielded magnet equipped with a1H, X,
13C probe with triple-axis gradients using acquisition and
processing parameters similar to those of our previous
experiments (22), except that 32 transients were acquired at
each gradient strength for all samples. Spectra were acquired
using the [13C]Met-SCaM-peptide samples described above,
as well as with 500µM samples of peptide-free apo- and
Ca2+-[13C]Met-SCaM-1 and -4, or 500µM samples of
unlabeled mCaM.

Isothermal Titration Calorimetry.ITC experiments were
performed on a MicroCal VP-ITC microcalorimeter. In each
experiment 3-4 µL injections of a concentrated peptide
solution were added into a 1.43 mL sample cell containing
12-20 µM SCaM-1 or -4 or mCaM at temperatures ranging
from 10 to 30°C. For studies of Ca2+-dependent peptide
binding, lyophilized SCaM-1 or -4 was dissolved in 20 mM
HEPES, 100 mM KCl, 10 mM DTT, pH 7.3, and incubated
at room temperature overnight to ensure that no SCaM
dimers were present through disulfide bonding of Cys26.
Immediately prior to ITC analysis, DTT was removed from
each SCaM sample by desalting into 20 mM HEPES, 100
mM KCl, pH 7.3, using an Econo-Pac 10DG column
(BioRad). These samples were then diluted with the same
buffer, and CaCl2 was added to a final concentration of 2
mM using a 1 Mstock solution. Since smMLCKp, cNOSp,
nor CaMKIIp contains any Cys residues, each peptide was
simply dissolved in 20 mM HEPES, 100 mM KCl, 2 mM
CaCl2, pH 7.3. For titrations of apo-SCaM-1 or -4 or mCaM
with PDEp, lyophilized protein and peptide were each

3102 Biochemistry, Vol. 44, No. 8, 2005 Yamniuk and Vogel



dissolved in 20 mM HEPES, 100 mM KCl, 1 mMâ-mer-
captoethanol (âME), pH 7.3, and dialyzed in the same buffer
for 3 days at 4°C. These samples were then diluted with
the dialysis buffer, and EDTA was added to both protein
and peptide to a final concentration of 2 mM, before the
ITC experiments were performed at 25°C. The heat of
dilution/mixing was determined in separate control experi-
ments or by taking the average heat of injection after
saturation as is commonly done (26), and these values were
subtracted in each case. Data were analyzed using MicroCal
Origin software to obtain values of stoichiometry (N),
association constant (Ka), and enthalpy change (∆H), while
the Gibbs free energy (∆G), entropy (∆S), and heat capacity
(∆Cp) changes were calculated using eqs 1 and 2.

RESULTS

SolVent Exposure of Hydrophobic Patches.To determine
if Ca2+ binding to SCaM-1 and -4 causes exposure of Met-
rich hydrophobic binding patches similar to those of mCaM,
apo- and Ca2+-[13C]Met-SCaM-1 and -4 were titrated with
the soluble paramagnetic probe TEMPOL and the effects
on the Met methyl resonances were monitored. The para-
magnetic nitroxide of TEMPOL is known to increase the
relaxation rate of residues that are exposed to the solvent,
which broadens their peaks in the NMR spectrum, while
buried residues remain unaffected. The highly nonpolar

property of TEMPOL makes it an excellent probe for
hydrophobic surfaces in proteins, while charged surfaces are
less affected. This is best observed with Ca2+-mCaM, where
all eight Met’s included in the hydrophobic binding patches
are very sensitive to TEMPOL-induced broadening, whereas
the solvent-exposed M76 in the central linker is unaffected
presumably because the neighboring charged side chains
repel the very nonpolar TEMPOL molecule (27). A similar
approach has also been used to study hydrophobic surfaces
in several other proteins (28, 29).

The 1H, 13C HSQC spectrum of apo-[13C]Met-SCaM-1
consists of eight well-defined peaks with narrow line widths
arising from the eight Met’s in the protein, Table 1, Figure
1A. The spectrum of apo-[13C]Met-SCaM-4 consists of
approximately seven major peaks from the seven Met’s of
SCaM-4 in chemical exchange with several minor peaks,
indicating that apo-SCaM-4 is either flexible or aggregating
or a combination of both, Figure 1D. The spectra of both
Ca2+-[13C]Met-SCaM-1 and Ca2+-[13C]Met-SCaM-4 (Figure
1G,J) consist of the expected eight and seven peaks,
respectively, which like those of apo-SCaM-1 have line
widths characteristic of monomeric globular proteins. The
subsequent titrations with TEMPOL induced essentially no
peak shifting in any of the spectra, indicating that TEMPOL
does not alter the conformation of either protein. Increasing
amounts of TEMPOL also did not significantly affect the
Met methyl resonances of either apo-[13C]Met-SCaM-1 or
apo-[13C]Met-SCaM-4, indicating that the Met’s of each apo-
SCaM are predominantly shielded from the solvent like those
of apo-mCaM, Figure 1B,C,E,F. This result also suggests

Table 1: Methionine Residues in CaM Isoforms

M36 M51 M71 M72 M76 M109 M124 M144 M145 M146

mCaM x x x x x x x x x
SCaM-1 x x x x x x x x
SCaM-4 x x x x x x x

FIGURE 1: 1H, 13C HSQC NMR spectra of apo- and Ca2+-[13C]Met-SCaM-1 or -4 in the presence of 0 (A, D, G, J), 2.0 (B, E, H, K), and
4.0 (C, F, I, L) molar equivalents of TEMPOL.

∆G ) ∆H - T∆S (1)

∆Cp ) d∆H/dT (2)
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that the chemical shift degeneracy and exchange behavior
observed with apo-SCaM-4 are more likely due to aggrega-
tion than from the protein adopting a flexible partially
unfolded conformation, since the latter would in all likelihood
involve at least temporary exposure of some Met side chains.
Moreover, exposed hydrophobic surfaces were not detected
for either apo-SCaM using fluorescence spectroscopy of the
hydrophobic fluorescent probe 8-anilino-1-naphthalene-
sulfonate (ANS) (unpublished observations), confirming that
both apoproteins are folded.

In contrast to those of the apo-SCaMs, the majority of
Met methyl groups in the Ca2+-bound SCaMs are signifi-
cantly broadened in the presence of 2 and even more
broadened in the presence of 4 molar equivalents of
TEMPOL, Figure 1H,I,K,L. This result is consistent with
the transition of the Met’s from a more buried to a solvent-
exposed state upon Ca2+ binding. However, two peaks in
the Ca2+-SCaM-1 spectrum and 1 peak in the Ca2+-SCaM-4
spectrum were not significantly affected by TEMPOL. One
of the Ca2+-SCaM-1 peaks was assigned as M76, since it
has a chemical shift nearly identical to that of M76 of Ca2+-
mCaM, and like Ca2+-mCaM, Ca2+-SCaM-1 undergoes no
Ca2+-induced chemical shift changes (results not shown). The
other unaffected peak was predicted to arise from M146 of
either protein, which is not found in mCaM and is a residue
which faces away from the hydophobic patches surrounded
by charged side chains in the crystal structure of the protein
(3). We confirmed that this peak does correspond to M146
since the peak is missing from a similar HSQC spectrum of
a SCaM-4 M146L point mutant (results not shown). There-
fore, overall these results suggest that, like that of mCaM,
Ca2+ binding induces conformational changes which expose
Met-rich hydrophobic binding patches on the surface of both
SCaM-1 and SCaM-4 which can be probed with TEMPOL.

NMR Studies of Ca2+-SCaM-Peptide Interactions.We
have previously demonstrated that since six out of the seven
Met’s of SCaM-4 are conserved in SCaM-1, we can compare
the peptide-bound1H, 13C HSQC NMR spectra of the [13C]-
Met-labeled proteins to determine if the structure at the
binding interface and thus overall structure of each SCaM-
peptide complex are similar (24). Here a similar approach
has been used to study the complexes of Ca2+-SCaM-1 or
-4 with smMLCKp, cNOSp, and CaMKIIp. Additionally,
TEMPOL was added to samples of each Ca2+-SCaM-
peptide complex to determine if the exposed Met methyl
groups become buried upon peptide binding.

Titration of smMLCKp, cNOSp, or CaMKIIp into samples
of Ca2+-[13C]Met-SCaM-1 or -4 caused distinct shifts in all
of the Met methyl resonances for both proteins, indicating
that both domains are involved in binding to each peptide;
compare Figures 1 and 2. During each titration we observed
the peaks from the complex in slow chemical exchange with
the peaks from the unbound proteins, indicative of a high-
affinity interaction, a result confirmed by our subsequent ITC
studies. In their complexes with smMLCKp we found very
similar chemical shifts for the Met methyl groups of both
Ca2+-SCaM-1 and -4, suggesting that the binding interfaces
were structurally similar in each Ca2+-SCaM-smMLCKp
complex, Figure 2A,C. The addition of TEMPOL had little
effect on the peak line widths in either spectrum, indicating
that the Met’s of each protein become buried and therefore
the hydrophobic patches must be involved in binding the
peptide, Figure 2B,D.

In contrast to those of smMLCKp, the Met methyl peak
chemical shifts for Ca2+-SCaM-1 or -4 bound to cNOSp were
considerably different from each other, indicating that the
interactions at each binding interface were unique, Figure
2E,G. Nevertheless, TEMPOL again had only very minor

FIGURE 2: 1H, 13C HSQC NMR spectra of Ca2+-[13C]Met-SCaM-1 or -4 in complex with smMLCKp, cNOSp, and CaMKIIp, as well as
each complex in the presence of 4.0 molar equivalents of TEMPOL.
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effects on the peak line widths, indicating that the Met
residues become buried and thus the hydrophobic patches
from both domains are also involved in binding to this
peptide, Figure 2F,H. Notably, the most distinctly shifted
peaks in the Ca2+-[13C]Met-SCaM-4-cNOSp spectra (13C,
∼15.8 ppm;1H, ∼0.6 ppm) have chemical shifts nearly
identical to those of Met144 of mCaM in complex with
cNOSp under similar conditions (30), suggesting that they
likely also correspond to Met144 of SCaM-4. The large
chemical shift change for this Met methyl group indicates
that it is in a unique and probably structurally important
chemical environment, which is consistent with a Met at this
position being essential for activation of the NOS enzyme
(19).

Because the CaMKII enzyme is activated by both Ca2+-
SCaM-1 and Ca2+-SCaM-4, we expected to find similar Met
methyl group chemical shifts for each protein in complex
with this peptide. As expected, we did observe similar
chemical shifts in both spectra, Figure 2I,K. However, we
found that the addition of TEMPOL caused the complete
broadening of two peaks in each spectrum, demonstrating
that two Met’s are solvent accessible in each Ca2+-SCaM-
CaMKIIp complex and thus that the hydrophobic patches
might be partially exposed, Figure 2J,L. These two peaks
likely correspond to M51 and either M72 or M145, which
have Cε solvent-accessible surface areas of 14.5, 5.8, and
6.2 Å2, respectively, in the crystal structure of the Ca2+-
mCaM-CaMKIIp complex (31). This is in contrast to the
other two common Met’s in the hydrophobic patches, M109
and M124, which are each completely shielded from the
solvent in this complex. It is important to note that the two
TEMPOL-broadened peaks have very similar chemical shifts
in each spectrum, indicating that they likely represent the
same two Met’s in SCaM-1 and -4, and this emphasizes the
structural similarity of the binding interfaces of these two
complexes.

Thermodynamic Characterization of Ca2+-SCaM-Peptide
Interactions. To determine the thermodynamics of each
peptide binding to Ca2+-SCaM-1 or -4, ITC studies were
performed. Titrations of smMLCKp into Ca2+-SCaM-1 or
-4 each produced a sigmoidal binding curve with a stoichi-
ometry near 1 and affinity near 106-107 M-1, indicating that
a high-affinity 1:1 complex was formed with each protein,
Figure 3A,B, Table 2. At all temperatures the curves retained
a similar sigmoidal shape, and thus, they were each fit to a
single-site binding model to obtain the thermodynamic
parameters for the interaction. Like the interactions of
smMLCKp with Ca2+-mCaM (32), binding of smMLCKp
to the Ca2+-SCaMs proceeds with large negative changes in
both∆H andT∆S, indicating that the interactions are driven
by favorable enthalpy but are entropically unfavorable. At
lower temperatures the interaction becomes less exothermic,
resulting in less negative∆H values and smaller heat signals
for binding to each protein. However, the changes in∆H
are offset by equal but opposite changes in-T∆S (Figure
4A) such that the Gibbs free energy (∆G) remains relatively
constant over our experimental temperature range. This type
of enthalpy-entropy compensation has also been previously
observed with the SCaMs (24), mCaM (32, 33), and other
proteins (34) binding to various target molecules. The
linearity in the relationships between∆H or T∆S and
temperature indicates that the same binding event occurs at

each temperature, which allows the∆Cp for the interaction
to be calculated. Importantly the∆Cp of a binding event is
proportional to the change in solvent-accessible hydrophobic
surface area from the free to bound state (35). For smMLCKp
binding to Ca2+-SCaM-1 the∆Cp is -3.5 kJ/mol K, while
for binding to Ca2+-SCaM-4 it is -3.7 kJ/mol K. The
negative sign for each∆Cp indicates that the hydrophobic
surface area is buried upon the formation of each complex,
while the similarities in the∆Cp values suggest that a
comparable amount of hydrophobic surface area becomes
buried in each case. This is pictorially represented in the
parallel linear regression of the data for each protein in Figure

FIGURE 3: Raw calorimetric data for the titration of smMLCKp
(A, B), cNOSp (C, D), or CaMKIIp (E, F) into Ca2+-SCaM-1 or
-4 at 30°C (top panels). Derived binding isotherm for each titration
performed at 10°C (9), 15 °C (b), 20 °C (2), 25 °C (1), and 30
°C ([) (bottom panels).
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4A. Therefore, our ITC results are consistent with our NMR
data, suggesting that the interactions of both Ca2+-SCaM-1
and Ca2+-SCaM-4 with smMLCKp are highly alike.

Like those of smMLCKp, the binding curves for cNOSp
titrated into both Ca2+-SCaM-1 and Ca2+-SCaM-4 were
sigmoidal at all temperatures with a stoichiometry near 1,
and a comparable affinity, Figure 3C,D. Therefore, these
curves were also each fit to a single-site binding model. As
seen in Table 2, the∆H of cNOSp binding to either protein
is considerably smaller than with smMLCKp, while theT∆S
values are positive. This indicates that binding of cNOSp is
predominantly driven by favorable entropic factors. Entropy-
mediated binding has also been observed for several CaMBD
peptides including cNOSp binding to Ca2+-mCaM (33). As
with smMLCKp, ∆H becomes more positive at lower
temperatures, but with cNOSp the interaction actually
switches from exothermic at higher temperatures to endo-
thermic at lower temperatures, a result also found with
cNOSp binding to Ca2+-mCaM (33). Nevertheless, the
changes in∆H andT∆Swith temperature again offset, giving
relatively constant∆G values, and the linearity in these
relationships with respect to temperature allows the∆Cp to
be calculated, Figure 4B. Importantly, the∆Cp values were
considerably different for binding to Ca2+-SCaM-1,-2.3 kJ/
mol K, and Ca2+-SCaM-4,-3.5 kJ/mol K, indicating that

the structure of the binding interface is different in each
complex, consistent with our NMR results. This is also
obvious from the nonparallel linear regression of the∆H
and -T∆S data for each protein in Figure 4B. The larger
∆Cp for cNOSp binding to Ca2+-SCaM-4 suggests that a
more extensive hydrophobic interaction surface is formed
in this complex than with Ca2+-SCaM-1, which likely
contributes to Ca2+-SCaM-1’s inability to activate the cNOS
enzyme. We also note that each peptide that we have studied
by ITC, except cNOSp, has a larger∆H of binding to Ca2+-
SCaM-1 than Ca2+-SCaM-4 including CATPp (24), smML-
CKp, and CaMKIIp (see below), emphasizing that fewer
interactions are formed between Ca2+-SCaM-1 and cNOSp.

On the basis of our NMR results and previous enzyme
activation studies, we expected to find similar thermodynamic
behavior for our control peptide CaMKIIp binding to both
Ca2+-SCaM-1 and Ca2+-SCaM-4. As expected, at 30°C the
peptide bound to both proteins with a similar affinity and a
stoichiometry near 1, and the data were thus fit to a single-
site binding model, Figure 3E,F, Table 2. Like that of
smMLCKp and cNOSp, the∆H of binding to both proteins
became more positive at lower temperatures; however,
unexpectedly, the curves also became distinctly biphasic,
indicating that more than one interaction was occurring
during the titration of CaMKIIp into either protein, Figure

Table 2: Thermodynamics of Ca2+-SCaM-Peptide Interactions Measured by ITC

temp
(°C)

interaction
no. N

Ka

(M-1)
∆H

(kJ/mol)
T∆S

(kJ/mol)
∆G

(kJ/mol)

SCaM-1
smMLCKp 30 1.0( 0.0 (3.9( 0.7)× 106 -116( 2 -77 -38

25 1.0( 0.0 (4.3( 0.7)× 106 -92 ( 1 -54 -38
20 1.0( 0.0 (3.0( 0.4)× 107 -77 ( 0 -35 -42
15 1.1( 0.0 (1.1( 0.3)× 107 -59 ( 1 -20 -39
10 1.0( 0.0 (2.3( 0.4)× 106 -44 ( 1 -10 -35

cNOSp 30 0.9( 0.0 (9.6( 0.8)× 106 -21 ( 0 19 -41
25 1.1( 0.0 (5.1( 1.0)× 106 -8 ( 0 31 -38
20 1.0( 0.0 4( 0
15 1.0( 0.0 (3.4( 1.7)× 107 13 ( 0 54 -42
10 1.0( 0.0 (3.4( 0.8)× 107 26 ( 0 67 -41

CaMKIIp 30 I 1.0( 0.0 (8.5( 1.6)× 106 -96 ( 1 -55 -40
II

25 I 1.1( 0.0 (1.4( 0.4)× 107 -65 ( 1 -24 -41
II

20 I 1.0( 0.1 (6.7( 3.7)× 107 -30 ( 6 14 -44
II 0.3 ( 0.6 (3.0( 0.0)× 107 -68 ( 18 -24 -44

15 I 0.8( 0.0 (1.1( 1.0)× 109 -13 ( 1 37 -50
II 0.4 ( 0.0 (2.4( 1.1)× 107 -36 ( 4 4 -41

10 I 0.9( 0.0 (5.2( 3.7)× 108 10 ( 1 57 -47
II 0.3 ( 0.0 (1.1( 0.5)× 107 -41 ( 7 -3 -38

SCaM-4
smMLCKp 30 0.9( 0.0 (1.1( 0.1)× 107 -87 ( 1 -46 -41

25 0.9( 0.0 (1.5( 0.1)× 107 -72 ( 0 -31 -41
20 1.0( 0.0 (9.1( 1.2)× 106 -48 ( 0 -9 -39
15 1.1( 0.0 (7.3( 1.5)× 106 -31 ( 0 6 -38
10 1.2( 0.0 (1.9( 1.6)× 107 -13 ( 0 26 -39

cNOSp 30 0.9( 0.0 (1.9( 0.4)× 107 -37 ( 0 6 -42
25 0.9( 0.0 (2.8( 1.0)× 107 -13 ( 0 29 -43
20 0.9( 0.0 -1 ( 0
15 0.9( 0.0 (1.7( 0.8)× 107 18 ( 0 58 -40
10 0.9( 0.0 (2.7( 0.5)× 107 36 ( 0 76 -40

CaMKIIp 30 I 0.9( 0.0 (9.6( 1.3)× 106 -38 ( 0 2 -41
II

25 I 1.4( 0.0 (7.2( 2.5)× 106 -16 ( 0 23 -39
II

20 I 0.9( 0.0 (2.2( 1.2)× 108 2 ( 0 49 -47
II 0.9 ( 0.0 (3.4( 1.1)× 106 -12 ( 1 23 -35

15 I 0.9( 0.0 (1.0( 0.5)× 108 15 ( 0 60 -44
II 0.6 ( 0.0 (3.9( 1.5)× 106 -13 ( 2 22 -35

10 I 0.9( 0.0 (6.6( 8.5)× 107 31 ( 1 73 -42
II 0.4 ( 0.1 (2.7( 2.8)× 106 -18 ( 11 17 -34
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3E,F (bottom panels). At 25°C the data were still best fit
by a single-site binding model; however, at 20, 15, and 10
°C this second binding event was much more evident, and
the data for both proteins were best fit to a model which
assumed that there were two independent binding events.
Although the origin of this second binding event is uncertain,
its temperature dependence, exothermic nature, variable low
stoichiometry, and appearance late in the titration curve
suggest that it is likely due to nonspecific aggregation of
the Ca2+-SCaM-CaMKIIp complexes. Furthermore, in other
experiments we observed a mild turbidity in solutions of
Ca2+-SCaM-1 or -4 upon addition of CaMKIIp near 15-20
°C which disappeared upon warming of the sample to 37
°C (results not shown). Nevertheless, we cannot entirely rule
out the possibility that a concentration-dependent confor-
mational rearrangement or some other specific secondary
interaction occurs. Whatever the case may be, unfortunately
the temperature dependence of binding makes a∆Cp calcula-
tion invalid in the case of CaMKIIp since the best fit values
do not represent the same process at each temperature.
Therefore, linear regression of the data in Figure 4C was
not performed. However, we note that the binding behaviors
are qualitatively similar for the two proteins, which is
consistent with CaMKII being a class 1 enzyme, capable of
being activated by both Ca2+-SCaM-1 and Ca2+-SCaM-4.
We also note that although the best fit values defining the
curves at 20, 15, and 10°C are provided in Table 2, they
likely do not accurately represent the actual binding mech-
anism especially if aggregation is the source of the second
stage of the curve. Nevertheless, overall the data do show
that binding of CaMKIIp to either protein becomes less
enthalpically favorable and more entropically favorable at
lower temperatures, consistent with the burial of the hydro-
phobic surface area, which is a common feature of all Ca2+-
SCaM- and Ca2+-mCaM-target peptide interactions.

Apo-SCaM-PDEp Interactions.The unique spectral fea-
tures that we observed for apo-[13C]Met-SCaM-4 motivated
our interest in the apo-SCaMs. Therefore, we studied the

possible interactions between apo-SCaM-1 or -4 and the well-
known apo-mCaM-binding peptide PDEp by both NMR
spectroscopy and ITC. Unlike the Ca2+-dependent interac-
tions with smMLCKp, cNOSp, and CaMKIIp, essentially
no shifting of any of the Met methyl resonances was observed
during titrations of PDEp into either apo-[13C]Met-SCaM-1
or apo-[13C]Met-SCaM-4, Figure 5. Instead some peaks from
each spectrum were broadened by chemical exchange, while
others were mostly unaffected. This result is consistent with
PDEp binding weakly to only one domain of either apo-
SCaM. The broadened peaks for apo-SCaM-4 include M146
as identified using the M146L mutant described earlier,
indicating that PDEp binds to the C-domain like for apo-
mCaM (23). It also shows that, despite the tendency for apo-
SCaM-4 to aggregate in vitro, the protein retains the ability
to bind to PDEp.

Characterization of the thermodynamics of PDEp binding
to apo-SCaM-1 and -4 was performed by ITC at 25°C.

FIGURE 4: Temperature dependence of the enthalpy (∆H) or entropy (-T∆S) for Ca2+-SCaM-1 or -4 binding to (A) smMLCKp, (B)
cNOSp, and (C) CaMKIIp. In each figure the symbols are as follows:∆H(Ca2+-SCaM-1-peptide) (9), -T∆S(Ca2+-SCaM-1-peptide)
(2), ∆H(Ca2+-SCaM-4-peptide) (b), and-T∆S(Ca2+-SCaM-4-peptide) (1). The linear regression of the data is shown in (A) and (B),
whereas the points in (C) are connected by individual lines (see the text for an explanation). Note that the slope of the∆H versus temperature
curve is equal to the∆Cp of binding in (A) and (B).

FIGURE 5: 1H, 13C HSQC NMR spectra of (A) apo-[13C]Met-SCaM-
1 and (B) apo-[13C]Met-SCaM-4 in the absence and presence of
1.1 molar equivalents of PDEp.
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Additionally, the binding of PDEp to apo-mCaM was studied
to determine if it was thermodynamically similar to that of
the SCaMs. As seen in Figure 6, PDEp binding to each
apoprotein produced positive heat signals, indicating that the
interactions were endothermic and therefore must be driven
by favorable entropy. However, the gradual slope of each
binding isotherm indicates that each interaction is relatively
weak and is outside the range accurately measured by ITC.
Therefore, the data cannot be fit using floating parameters
to produce accurate values ofN, ∆H, or Ka. Nevertheless, it
is possible to make several qualitative conclusions based on
these data. For example, the enthalpy of binding to apo-
SCaM-4 was considerably lower than that for apo-SCaM-1
or apo-mCaM, which were similar to each other. With apo-
SCaM-4 there was also a brief increase in the endothermic
signal at the beginning of the titration with a stoichiometry
near 0.2, which is likely due to nonspecific interactions or
possibly peptide-induced changes in apo-SCaM-4 aggregates.
However, the remaining portion of the data for apo-SCaM-4
had a slope similar to those for apo-SCaM-1 and apo-mCaM,
suggesting that each interaction was of similar affinity,
consistent with homologous interactions between PDEp and
apo-SCaM-1 or -4 or -mCaM.

Global Structure of SCaM-Peptide Complexes.To de-
termine if a structural compaction occurs upon Ca2+-SCaM-1
or -4 binding to smMLCKp, cNOSp, and CaMKIIp similar
to the interactions of Ca2+-mCaM with these peptides, pulsed
field gradient (PFG) diffusion NMR spectroscopy was
employed. Additionally, the complexes of mCaM with these
peptides were studied under similar conditions, as well as
those of the apo-SCaMs and apo-mCaM in the presence and
absence of PDEp.

The hydrodynamic radii of each Ca2+-bound protein were
similar to the value reported previously for Ca2+-mCaM
using small angle X-ray scattering (36), which is consistent
with elongated dumbbell-shaped structures, Table 3. How-
ever, a decrease inRh was observed for each protein bound
to each peptide, indicative of a structural collapse similar to
that observed in the crystal structures of Ca2+-mCaM bound

to smMLCKp, CaMKIIp, and the cNOSp homologue eNOS
peptide (31, 37, 38). This collapse includes the Ca2+-SCaM-
1-cNOSp complex, indicating that the overall mode of
binding is retained despite the dissimilar interactions at the
protein-peptide interface.

The averageRh values for apo-mCaM as well as apo-
SCaM-1 were moderately smaller than those of the Ca2+-
loaded proteins, a result which has also been observed with
mCaM using other techniques (36, 39). However, theRh for
apo-SCaM-4 was significantly larger (28.0( 1.3 Å),
confirming that apo-SCaM-4 aggregates under these condi-
tions. When PDEp was present at stoichiometric amounts
in the samples of each apoprotein, theRh increased by∼2-3
Å, consistent with binding to only one domain to form a
slightly more elongated structure, Table 3. Importantly, the
error estimates also increased considerably for the apo-
SCaM-PDEp complexes likely because the low-affinity
interactions are accompanied by fast on and off rates.
Furthermore, theRh increase observed with apo-SCaM-4
indicates that the aggregates do not completely dissociate
upon PDEp binding.

DISCUSSION

In this study we have used both NMR spectroscopy and
ITC to test the possibility that the differential enzymatic
regulation of target enzymes demonstrated by Ca2+-SCaM-1
and -4 is due to different interactions with the CaMBDs of
these enzymes. Like that of mCaM, we have demonstrated

FIGURE 6: Raw ITC calorimetric data (top panels) and derived binding isotherm (bottom panels) for the titration of PDEp into (A) apo-
SCaM-1, (B) apo-SCaM-4, and (C) apo-mCaM at 25°C.

Table 3: Hydrodynamic Radii (Rh) (Å) for SCaM-1- and
SCaM-4-Target Peptide Complexes Determined by PFG Diffusion
NMR Spectroscopy

SCaM-1 SCaM-4 mCaM

no peptide Ca2+ 23.3( 1.6 23.6( 1.6 22.1( 1.0
smMLCKp Ca2+ 19.4( 0.9 18.2( 1.0 19.2( 0.6
cNOSp Ca2+ 21.3( 1.5 21.0( 1.4 18.7( 2.0
CaMKIIp Ca2+ 20.2( 0.7 17.4( 1.5 19.5( 1.9
no peptide apo 22.0( 1.3 28.0( 1.3 20.3( 1.1
PDEp apo 25.1( 3.9 29.7( 5.9 22.6( 2.7
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that Ca2+ binding to the apo-SCaMs acts as a conformational
switch which results in the exposure of a Met-rich hydro-
phobic binding patch on the surface of both domains that
are involved in target peptide interactions. In particular, the
Met residues of these hydrophobic binding patches are
directly involved in coordinating the peptides smMLCKp,
cNOSp, and CaMKIIp, and most of these Mets become
shielded from solvent by the interaction. The overall mode
of binding is similar to the canonical Ca2+-mCaM-peptide
binding mode where both domains of the Ca2+-SCaMs
collapse around each target peptide to form a compact
globular structure. ITC studies also demonstrated that both
Ca2+-SCaM-1 and Ca2+-SCaM-4 bind to each peptide with
similar affinity in the range of 106-107 M-1, suggesting that
they could compete for target enzymes if coexpressed in vivo.
However, there has as yet been no evidence to suggest that
SCaM-1 and -4 are coexpressed in the same cells, and we
note that their affinities for the intact target enzymes could
actually differ from those of the isolated CaMBDs.

During the course of our studies on SCaM-peptide
interactions it became obvious that, despite their sequence
divergence, both SCaM-1 and -4 seem to be structurally very
similar to mCaM. Although this is important, it should not
be very surprising since even CaM from the yeastSaccha-
romyces cereVisiae(yCaM), which has only∼60% sequence
identity to mCaM, also adopts a similar secondary structure
arrangement consisting of two pairs of helix-loop-helix
motifs connected by a central linker (40). Our PFG diffusion
results show that both Ca2+-SCaMs are extended in solution
like Ca2+-mCaM, but unlike Ca2+-yCaM, which adopts a
collapsed structure likely due to interactions between the
hydrophobic patches of the N- and C-domains (41, 42). This
is important to point out because the interaction between the
two domains of Ca2+-yCaM is suggested to be responsible
for the reduced ability of the protein to activate some target
enzymes (41, 43, 44). Our TEMPOL titrations also suggested
that the Met residues of each Ca2+-bound SCaM were
exposed to solvent and not buried as would be expected if
the two hydrophobic patches were interacting with each
other.

Like the interactions of Ca2+-SCaM-1 and -4 with CATPp,
our results showed that both proteins bind to either CaMKIIp
or smMLCKp in a structurally similar manner. For CaMKIIp
this was expected since both proteins can activate the enzyme
equally well. However, for smMLCKp this result is important
because it confirms that the inability of Ca2+-SCaM-4 to
activate the smMLCK enzyme is not due to dissimilar
interactions with its CaMBD. Instead, our results support
the finding that the K30E and G40D point mutations in
predicted non-CaMBD-coordinating residues in the first EF-
hand of SCaM-4 are responsible for its failure to activate
smMLCK (21). On the basis of the structure of Ca2+-mCaM
bound to smMLCKp, it was proposed that these two residues
face away from the CaMBD, forming a surface which could
potentially interact with distal regions of the smMLCK
enzyme. Interestingly, these same two point mutations are
also responsible for Ca2+-SCaM-4’s inability to activate NAD
kinase (20), suggesting that similar interactions might be a
common requirement for activation of several CaM-regulated
protein kinases. However, it remains to be determined
whether similar mutations contribute to the failure of Ca2+-

SCaM-4 to activate other non-kinase enzymes such as
calcineurin or erythrocyte Ca2+-ATPase.

In contrast to that of the other peptides, our data
demonstrate that the structural recognition of cNOSp is
distinct for Ca2+-SCaM-1 and -4. Although each structure
is collapsed with a similar binding mode involving interaction
of the Met residues from each domain with the peptide, the
chemical environments of the Met residues of each protein
are different, suggesting that there are unique packing
interactions between the side chains of either protein and
cNOSp. The smaller∆Cp and∆H of cNOSp binding to Ca2+-
SCaM-1 suggests that the interface between Ca2+-SCaM-1
and cNOSp is also less extensive and involves fewer
hydrophobic interactions. Taken together with the results of
Johnson and co-workers (19), it seems likely that the shorter
Val144 side chain alters the interaction of Ca2+-SCaM-1 with
the CaMBD of cNOS, and this results in an inability to
activate the enzyme. The fact that the M144V mutation does
not affect binding or activation of other enzymes emphasizes
the plasticity of CaM’s hydrophobic binding patches. No-
tably, several other plant species contain a CaM isoform with
a M144V mutation including carrot, rice, pea, wheat, and
apple, among others, suggesting that it might have a common
function in many plant species. However, to our knowledge
the activation of plant-specific NOS enzymes by SCaM-1
and -4 has not yet been studied, and we note that the only
NOS isoform currently identified in plants has little sequence
homology to animal NOS enzymes (45).

Another possible mechanism that could allow for dif-
ferential target enzyme regulation by plant CaM isoforms is
through interactions with the apoproteins. To our knowledge
this possibility has not yet been investigated, yet one study
used gel overlay assays to show that both apo-SCaM-1 and
apo-SCaM-4 do bind to some proteins in the presence of
Ca2+ chelators (17). Many proteins require apo-mCaM for
enzymatic activity, while others have been implicated in CaM
storage, and recently even shown to regulate the affinity of
CaM for Ca2+ (46). Our results demonstrate that PDEp binds
to the C-domain of both apo-SCaM-1 and apo-SCaM-4, with
affinity similar to that of its interactions with apo-mCaM.
Binding was also entropically driven, similar to some apo-
mCaM-peptide interactions (47, 48), and theRh of each
complex increased in comparison to those of the free
apoproteins, consistent with an interaction with only one
domain. Therefore, apo-SCaM-1 and -4 also have the
potential to bind to the same target enzymes, which could
provide an additional regulatory mechanism for CaM-
dependent signaling in plants.
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