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ABSTRACT The methionine residues in the calcium (Ca2þ) regulatory protein calmodulin (CaM) are structurally and function-
ally important. They are buried within the N- and C-domains of apo-CaM but become solvent-exposed in Ca2þ-CaM, where they
interact with numerous target proteins. Previous structural studies have shown that methionine substitutions to the noncoded
amino acids selenomethionine, ethionine, or norleucine, or mutation to leucine do not impact the main chain structure of
CaM. Here we used differential scanning calorimetry to show that these substitutions enhance the stability of both domains,
with the largest increase in melting temperature (19–26�C) achieved with leucine or norleucine in the apo-C-domain. Nuclear
magnetic resonance spectroscopy experiments also revealed the loss of a slow conformational exchange process in the Leu-
substituted apo-C-domain. In addition, isothermal titration calorimetry experiments revealed considerable changes in the
enthalpy and entropy of target binding to apo-CaM and Ca2þ-CaM, but the free energy of binding was largely unaffected due
to enthalpy-entropy compensation. Collectively, these results demonstrate that noncoded and coded methionine substitutions
can be accommodated in CaM because of the structural plasticity of the protein. However, adjustments in side-chain packing
and dynamics lead to significant differences in protein stability and the thermodynamics of target binding.
INTRODUCTION

The incorporation of noncoded amino acids into proteins is

an emerging tool for investigating protein structure and func-

tion (1–3). Applications include the use of selenomethionine

(SeMet) for x-ray structure determination (4), modified

aromatic amino acids as spectroscopic probes (5), and

proteins containing Pro analogs (such as thiaproline) as vehi-

cles for drug delivery (6). Since many noncoded amino acids

differ from their natural homologs by only a single atom or

functional group, they can also be useful for studying

atom-level contributions to protein folding or target interac-

tions. Although the majority of these proteins maintain an

identical three-dimensional structure and activity compared

to the wild-type protein, they often have altered stabilities

(6–8), indicating that noncoded substitutions impact protein

flexibility and side-chain packing.

The Met residues in the small Ca2þ binding protein

calmodulin (CaM) are interesting targets for modification

by noncoded substitution or mutation. In the absence of

Ca2þ, each of the two globular domains of CaM forms

a compact ‘‘closed’’ structure with the hydrophobic residues,

including four Met residues from the N-domain (M36, M51,

M71, and M72) and C-domain (M109, M124, M144, and

M145) sequestered from the solvent (Fig. 1). Ca2þ binding

to the four helix-loop-helix ‘‘EF-hand’’ motifs of CaM

induces conformational changes that ‘‘open’’ the N- and

C-domains, and exposes distinct hydrophobic target-protein

binding patches, with the Met residues forming nearly 50%

of the hydrophobic surface area of each patch (9,10). The
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‘‘central linker’’ connecting the N- and C-domains is highly

flexible and contains an additional Met residue, M76, that

remains solvent-exposed in both Ca2þ-free CaM (apo-CaM)

and Ca2þ-bound CaM (Ca2þ-CaM) (11). The flexibility of

the central linker, combined with the structural plasticity of

the Met side chains in the hydrophobic patches, enables

CaM to interact with more than 100 different target proteins

in a sequence-independent manner, requiring only a combina-

tion of hydrophobic and basic residues in the binding region

(9,12). Target protein binding by Ca2þ-CaM in vivo can

regulate important processes such as muscle contraction

and neurotransmission, as well as cell growth, proliferation,

and movement (13). In addition, the unique structural and

surface features of apo-CaM enable Ca2þ-independent

binding of CaM to a different subset of proteins, some of

which have been implicated in the targeting or localization

of CaM, whereas others require apo-CaM for activity

(10,14,15).

To examine the effect of noncoded and coded Met substi-

tutions on the structure and target interactions of CaM, we

previously generated and studied CaM proteins with all

nine Met residues substituted with selenomethionine (Se-

Met-CaM), norleucine (Nle-CaM), or ethionine (Eth-CaM),

as well as a quadruple C-terminal M109/M124/M144/

M145/Leu4 mutant (CT-CaM) and a CT-CaM variant,

with the remaining five N-terminal Met residues substituted

with SeMet (SeMet-CT-CaM) (16–21). Spectroscopic and

biochemical studies revealed that none of these substitutions

significantly impact the main chain structure of Ca2þ-CaM or

the Ca2þ-dependent conformational changes in the protein,

and they have relatively small effects on Ca2þ-CaM’s affinity

for target proteins and peptides (16–21). However, since the
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FIGURE 1 CaM structures and target interactions. (A)

Apo-CaM (PDB:1DMO), (B) Ca2þ-CaM (PDB:1CLL),

(C) apo-CaM in complex with the SK channel CaM

binding domain peptide (PDB:1QX7), (D) Ca2þ-CaM in

complex with the smMLCKp peptide (PDB:1CDL), and

(E) 90� y-axis rotation of panel D. In each panel CaM is

shown in ivory ribbon representation, the Met side chains

are shown as navy blue space-fill representation, Ca2þ ions

are represented by red spheres, and the bound target

peptides are shown in yellow ribbon representation. CaM

is oriented with the N- and C-domains on the top and the

bottom, respectively, in each panel. Note that electron

density was observed only for apo-CaM residues 5–72,

81–89, 97–101, and 116–146 in panel C.
SeMet, Eth, Nle, and Leu substitutions each influence side-

chain properties such as structure, flexibility, polarity, and

polarizability (17,22), they are expected to alter side-chain

packing. This in turn should be reflected in distinct N- and

C-domain stabilities and unique thermodynamic signatures

for ligand binding to the various Met-substituted proteins.

To directly examine these thermodynamic effects, we studied

the stability and target interactions of the Met-substituted

CaMs using high-sensitivity differential scanning calorimetry

(DSC) and isothermal titration calorimetry (ITC), respec-

tively. The data show that the Met substitutions result in

a general, and in some cases dramatic increase in the stability

of the N- and C-domains, and lead to significant changes in the

thermodynamics of ligand binding.

MATERIALS AND METHODS

Proteins and peptides

All CaM proteins (wt-CaM, SeMet-CaM, Eth-CaM, Nle-CaM, CT-CaM,

and SeMet-CT-CaM) were expressed in Escherichia coli and purified to

homogeneity (>95%) with the use of phenyl-Sepharose affinity chromatog-

raphy as previously described (19–21). The amino acid sequences of

wt-CaM and the mutant CT-CaM protein are directly encoded by their

genomic sequences, resulting in proteins having 100% incorporation of

Met or Leu at each respective position. Incorporation of SeMet, Eth, or

Nle involves protein expression from the wt-CaM or CT-CaM genomic

sequences in the Met auxotrophic E. coli strain DL-41 (21), and results in

<100% substitution levels. SeMet incorporation was determined by nuclear

magnetic resonance (NMR) spectroscopy and amino acid analysis to be

~85% for SeMet-CaM and ~95% for SeMet-CT-CaM, and incorporation

was random with each protein (18,21). Nle and Eth were also randomly

incorporated into CaM at levels of ~85% in each case as determined by

amino acid analysis, matrix-assisted laser desorption ionization (MALDI)

mass spectrometry, and electrospray ionization mass spectrometry (19)

(Fig. 2).
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The smMLCKp peptide (Ac-ARRKWQKTGHAVRAIGRLSS-NH2) and

NtMKP1b peptide (Ac-NGWSRLRRKFSSGIMK-NH2) were each

commercially synthesized and shown to be >95% pure by high-pressure

liquid chromatography and MALDI mass spectrometry. ANS (8-anilino-1-

naphalenesulfonate) was purchased from Sigma (St. Louis, MO). Protein,

peptide, and ANS concentrations were determined using the predicted molar

extinction coefficients of e276 ¼ 2900 M�1 cm�1 for each CaM protein,

e280 ¼ 5690 M�1 cm�1 for the smMLCKp or NtMKP1b peptides, and

e350 ¼ 5000 M�1 cm�1 for ANS.

Differential scanning calorimetry

All DSC experiments were performed on a VP-DSC microcalorimeter

(MicroCal, Northampton, MA). Samples were prepared by dissolving lyoph-

ilized protein in 20 mM HEPES, 100 mM KCl, pH 7.5 (hereafter referred to

as HK-buffer) to a concentration of ~300 mM, and samples were dialyzed in

HK-buffer overnight at room temperature. Postdialysis protein samples were

diluted to 180 mM (3 mg/mL) with the dialysis buffer and supplemented with

either 2.5 mM EDTA þ 2.5 mM EGTA for apo-CaM samples, or 2 mM

CaCl2 for Ca2þ-CaM samples using concentrated stock solutions of 0.5 M

EDTA, 0.5 M EGTA, or 1 M CaCl2. To obtain optimal baseline reproduc-

ibility, all DSC experiments were performed in ‘‘continuous scanning

mode’’; the first buffer-buffer scan was discarded because of a different

thermal history, as described in the MicroCal VP-DSC user’s manual.

Each heating scan consisted of a 15-min prescan thermostat period at

10�C, and a 10–125�C heating scan (90�/h) with a filter period of 16 s,

and passive thermal compensation between the sample and reference cells.

The samples were passively cooled, and the cells were refilled between

30�C and 15�C during the cooling period. As previously reported for wt-

CaM (23), we found that the thermal denaturation of the apo-CaM proteins

was essentially reversible (>95%) if the proteins were heated just to the

end of their thermal transitions and immediately cooled. However, when

apo-CaM or Ca2þ-CaM proteins were heated to 125�C, which was routinely

done to obtain sufficient post-transition baselines for data fitting, the thermal

transitions were not fully reversible. Data analysis was performed using Mi-

croCal Origin software, with the partial specific volume for each protein

assumed to be 0.720 cm3g�1 (24). For the apo-CaM proteins, an instrument

baseline was subtracted from the experimental data and then pre- and post-

transition baseline segments were manually defined and connected using
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the ‘‘progress baseline’’ function. The denaturation data for each apo-CaM

protein were best described by two unfolding transitions corresponding to

denaturation of the N- and C-domains of the protein. Data for the Ca2þ-

CaM proteins were analyzed similarly to the apo-CaM data, except that

the post-transition baselines were beyond the high temperature limit of the

calorimeter (>125�C) and were estimated during analysis. Repeat analysis

of the Ca2þ-CaM protein data using different post-transition baselines

gave good reproducibility in the determination of Tm (�1.0�C), but the

FIGURE 2 Noncoded amino acid substitution in CaM. Electrospray ioni-

zation mass spectra of (A) wt-CaM, (B) Nle-CaM, and (C) Eth-CaM show

the level and distribution of Nle or Eth incorporation in place of the nine

Met residues of the wild-type CaM protein. Nle is 18 Da smaller than

Met, and the Nle-CaM spectrum (panel B) shows a series of protein masses

that decrease as the number of incorporated Nle residues increases. Peaks

can be clearly seen for species containing from three to nine Nle substitu-

tions, with the most abundant species at 16,542 Da representing CaM

with all nine of its Met residues replaced with Nle. The extra peak at

16,525 represents a loss of NH3 from the þ9 Nle species. On the other

hand, Eth is 14 Da larger than Met, and the Eth-CaM spectrum (panel C)

shows a series of protein masses that increase with increasing incorporation

levels of Eth. The þ7 through þ9 species are the most abundant, with the

fully Eth-substituted protein seen at 16,832 Da. Samples were analyzed

using a VG Quattro (Micromass, Manchester, UK) ESI triple quadrupole

mass spectrometer.
DHd values for the Ca2þ-CaM proteins could not be accurately determined

due to the strong dependence of this parameter on the baseline position.

NMR spectroscopy

1H, 15N heteronuclear single quantum coherence (HSQC) and NMR relaxa-

tion experiments were performed at 30�C on a Bruker (Fallanden,

Switzerland) AVANCE 500 MHz NMR spectrometer equipped with

a triple-resonance inverse cryoprobe with single-axis z-gradient. The samples

consisted of 0.8 mM 15N-wt-CaM or 15N-CT-CaM in 100 mM KCl, 2 mM

EDTA, 10% D2O, 0.5 mM DSS, and 0.03% NaN3. 15N T2 values were ob-

tained using Carr-Purcell-Meiboom-Gill (CPMG) experiments with 180�

pulse train delay times of 1 ms or 5 ms, and T1r values were obtained by

applying a 2.5 kHz spin-locking pulse during the relaxation delay time as

previously described (25). Backbone resonance assignments for apo-wt-

CaM were obtained using standard triple-resonance NMR spectroscopy

experiments (HNCACB, HN(CA)CO, HN(CO)CACB, and HNCO) recorded

on a Bruker AVANCE 700 MHz NMR spectrometer under the solution

conditions described above, using samples of uniformly 13C- and 15N-labeled

wt-CaM. NMR data were processed using NMRPipe/NMRDraw (26) and

analyzed using NMRView software (27).

Steady-state fluorescence spectroscopy

Steady-state ANS fluorescence emission spectra were recorded on a Varian

(Palo Alto, CA) Cary Eclipse spectrofluorimeter at 25�C. The samples con-

sisted of 20 mM CaM protein and 60 mM ANS in HK-buffer containing

2 mM CaCl2 for Ca2þ-CaM samples or 1 mM EDTA þ 1 mM EGTA for

apo-CaM samples. ANS was selectively excited at 370 nm using an excita-

tion slit width of 5 nm, and steady-state fluorescence emission spectra were

recorded from 400 to 600 nm using an emission slit width of 5 nm, and

averaged over five scans.

Isothermal titration calorimetry

All ITC experiments were performed on a MicroCal VP-ITC microcalorim-

eter. ANS-binding experiments consisted of sequential injection of 5 mM

ANS into 50 mM CaM protein in HK-buffer plus either 5 mM CaCl2 for

Ca2þ-CaM samples or 2 mM EDTA þ 2 mM EGTA for apo-CaM samples.

Peptide-binding experiments involved sequential injection of 0.4–0.5 mM

smMLCKp peptide into 18–20 mM CaM in HK-buffer plus 2 mM CaCl2,

or 0.6–0.65 mM NtMKP1b peptide into 30 mM CaM protein in HK-buffer

plus 2 mM EDTA and 2 mM EGTA. The heat of dilution/mixing was esti-

mated from separate control experiments or by using the average heat of

injection after saturation, and these values were subtracted before curve

fitting. All data (except for the Ca2þ-Eth-CaM�smMLCKp titration data)

were analyzed using the ‘‘one set of sites’’ model supplied in the MicroCal

Origin software to determine the apparent stoichiometry (N), association

constant (Ka), and enthalpy change (DH) associated with binding. When

appropriate, the Gibbs free energy (DG), entropy (TDS), and heat capacity

(DCp) changes were calculated using standard thermodynamic equations

(DG ¼ �RT lnKa), (DG ¼ DH � TDS), and (DCp ¼ dDH/dT). ITC data

for titrations of Ca2þ-Eth-CaM with the smMLCKp peptide did not fit

well with the ‘‘one set of sites’’ model, but were adequately described by

the ‘‘two sets of sites’’ model supplied in the MicroCal Origin software.

RESULTS

Thermal stability of Met-substituted CaM proteins

Previous DSC studies with wild-type CaM (wt-CaM) have

shown that the N-domain is more stable (i.e., has a higher

transition midpoint temperature, Tm) and has a substantially

larger calorimetric enthalpy of denaturation (DHd) than the
Biophysical Journal 96(4) 1495–1507
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C-domain in the presence and absence of Ca2þ (23,24).

Although the Tm for each domain can shift dramatically in

response to different solution conditions, mutation, or

ligand-binding, the large disparity in DHd is always main-

tained, enabling the two calorimetric unfolding transitions

to be specifically assigned to the N- and C-domains of the

protein (23,24,28,29).

Our DSC data agreed well with previous studies, revealing

an asymmetrical unfolding profile for apo-wt-CaM with Tm

values of 48�C for the C-domain and 60�C for the N-domain

(Fig. 3 A; Table 1). The melting curves for each Met-

substituted apo-CaM protein were also best described by

two distinct transitions for the N- and C-domains, but the

Tm for each domain was considerably different for each

protein (Fig. 3, left column; Table 1). SeMet or Eth substitu-

tions at all nine Met positions increased the Tm of each

domain by 4–7�C, with the N-domain retaining a higher Tm

than the C-domain in each case. In contrast, the Tm of the

C-domain of apo-CT-CaM increased by 19�C, and the Tm

of the unmodified N-domain decreased by 5�C, resulting in

the N-domain unfolding before the C-domain in apo-CT-

CaM. SeMet substitution at the remaining five N-terminal

Met positions in CT-CaM increased the Tm of the N-domain

by 5�C, but had essentially no effect on the C-domain in

comparison to apo-CT-CaM. Met/Nle substitutions also

dramatically increased the Tm of the C-domain (þ26�C);

however, the Tm of the apo-Nle-CaM N-domain was 2�C
lower than that of the wild-type N-domain. Therefore, the

DSC data show that the order of temperature-induced domain

unfolding for the Leu- and Nle-substituted apo-CaM proteins

(N-domain unfolds before C-domain), is reversed in compar-

ison to apo-wt-CaM (N-domain unfolds before C-domain),

a result that was also confirmed by NMR and fluorescence

spectroscopy (see Fig. S1 in the Supporting Material).

As with wt-CaM (23,24), Ca2þ binding dramatically

increases the thermal stability of each Met-substituted CaM

protein such that the melting curves are incomplete at the

high temperature limit of the microcalorimeter (125�C)

(Fig. 3, right column). Consequently, it was possible to

obtain reasonable estimates of the Tm (�1.0�C) but not the

DHd for the Ca2þ-bound N- and C-domains (see Materials

and Methods; Table 1). For each Ca2þ-CaM protein, the

smaller endothermic transition was found at lower tempera-

tures followed by the larger endothermic peak, indicating

that the C-domain unfolds before the N-domain in each

case. Incorporation of SeMet resulted in an increase in the

Tm of both domains by 4–5�C, whereas the Tm increased

by 7–8�C with Eth. Incorporation of Nle increased the Tm

of the Ca2þ-N-domain by more than 12�C and the Ca2þ-C-

domain by 4�C. Interestingly, the Tm of the Leu-substituted

C-domain of Ca2þ-CT-CaM was 8�C lower than Ca2þ-wt-

CaM, and the Tm of the unmodified N-domain was increased

by 11�C with respect to the wild-type domain. Incorporation

of SeMet further increased the Tm of the N-domain in Ca2þ-

SeMet-CT-CaM and increased the Tm of the C-domain by
Biophysical Journal 96(4) 1495–1507
7�C in comparison to Ca2þ-CT-CaM. The changes in Tm

of unmodified CaM domains are attributed to altered interac-

tions between the two domains during the unfolding process,

as described in detail in the Discussion section.

Leu substitutions eliminate slow conformational
exchange in the apo-C-domain

In addition to having different stabilities, the N- and

C-domains of apo-wt-CaM exhibit different conformational

exchange behaviors, with the apo-N-domain having a rela-

tively rigid structure, and the apo-C-domain undergoing

exchange between major (>90%) and minor (<10%) confor-

mations on the timescale of several hundred microseconds

(25). This exchange is clearly visible in the weak signal inten-

sity of many C-domain resonances in the 1H, 15N HSQC

NMR spectrum of apo-15N-wt-CaM (Fig. 4, A and C, and

Fig. S2) (30). Conformational exchange in the apo-C-domain

can also be observed by comparing NMR-obtained 15N T1r

data with T2 data, or by comparing 15N T2 data obtained using

different pulse train delays (tcp) for the backbone amide reso-

nances (25,31). In these experiments the larger T1r/T2 ratios or

larger DR2 values (where DR2 ¼ R2(tcp ¼ 5 ms) � R2(tcp ¼
1 ms), and R2 ¼ 1/T2) identify many residues throughout

the apo-C-domain of wt-CaM with signals that are influenced

by slow conformational exchange, whereas T1r/T2 ratios close

to one and smaller DR2 values demonstrate a lack of such

exchange in the apo-N-domain (Fig. 4, E and F).

The dramatically enhanced stability of the Leu- and Nle-

substituted apo-C-domains suggests that these aliphatic

substitutions might also influence conformational exchange

in this domain. Since the mutant CT-CaM protein is

amenable to uniform 15N-labeling, we produced apo-15N-

CT-CaM and subjected the protein to a similar set of NMR

experiments as described above for apo-15N-wt-CaM. The

near-perfect HSQC signal overlap for the N-domain residues

of apo-CT-CaM and apo-wt-CaM support our previous

conclusion that the C-terminal Met/Leu mutations do not

influence the structure of the folded N-domain of CaM

(20). As expected, the four Met/Leu mutations induced

chemical shift changes throughout the C-domain, but overall

these shifts were small enough to assign and analyze ~70%

of the nonoverlapped backbone signals in this region based

on the spectrum of apo-wt-CaM (Fig. S2). As shown in

Fig. 4, the Met/Leu mutations dramatically improved the

signal intensities for the C-domain residues of apo-CT-

CaM and resulted in T1r/T2 ratios and DR2 values similar

to those for the N-domain. These NMR data indicate that

the Met/Leu mutations greatly reduce the slow conforma-

tional exchange behavior in the C-domain of apo-CaM.

Thermodynamics of ANS binding
to Met-substituted CaM proteins

To investigate the influence of the Met substitutions on the

thermodynamics of ligand binding to CaM, we first studied
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the interaction with the small hydrophobic and fluorescent

molecule ANS, which is commonly used to probe exposed

hydrophobic protein surfaces. ITC and steady-state fluores-

cence spectroscopy experiments revealed no ANS binding

to any of the apo-CaM proteins, presumably due to a lack

of hydrophobic surface area and an electrostatic repulsion

FIGURE 3 Temperature-induced denaturation of Met-

substituted CaM proteins as monitored using DSC. The left

column shows the temperature dependence of the excess heat

capacity (solid line) and deconvolution into individual transi-

tions for the N-domain (dotted line labeled ‘‘N’’) and C-

domain (dotted line labeled ‘‘C’’) for (A) apo-wt-CaM, (C)

apo-SeMet-CaM, (E) apo-Eth-CaM, (G) apo-Nle-CaM, (I)

apo-CT-CaM, and (K) apo-SeMet-CT-CaM. The right column

shows the temperature dependence of the absolute heat

capacity for (B) Ca2þ-wt-CaM, (D) Ca2þ-SeMet-CaM, (F)

Ca2þ-Eth-CaM, (H) Ca2þ-Nle-CaM, (J) Ca2þ-CT-CaM,

and (L) Ca2þ-SeMet-CT-CaM, with the labels ‘‘N’’ and ‘‘C’’

corresponding to the unfolding of the N- and C-domains,

respectively.
Biophysical Journal 96(4) 1495–1507
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TABLE 1 Thermodynamic parameters for the temperature-induced denaturation of CaM proteins as determined by DSC

N-domain C-domain

Protein Tm (�C)* DHd (kJ/mol) y Tm (�C) DHd (kJ/mol)

apo-wt-CaM 59.5 � 0.1 177 � 3.2 48.3 � 0.2 84 � 3.2

apo-SeMet-CaM 66.2 � 0.1 169 � 2.7 54.7 � 0.1 102 � 2.7

apo-Eth-CaM 64.3 � 0.3 142 � 6.2 52.7 � 0.3 103 � 6.2

apo-Nle-CaMz 57.5 � 0.4 160 � 20 74.6 � 0.9 86 � 9

apo-CT-CaM 54.7 � 0.1 173 � 2.2 67.1 � 0.1 124 � 2.2

apo-SeMet-CT-CaM 59.9 � 0.1 166 � 4.4 69.2 � 0.1 123 � 4.4

Ca2þ-wt-CaM 113 � 1.0 93 � 1.0

Ca2þ-SeMet-CaM 118 � 1.0 97 � 1.0

Ca2þ-Eth-CaM 121 � 1.0 100 � 1.0

Ca2þ-Nle-CaM >125 � 1.0 97 � 1.0

Ca2þ-CT-CaM 124 � 1.0 85 � 1.0

Ca2þ-SeMet-CT-CaM >125 � 1.0 92 � 1.0

*Tm is the transition midpoint temperature.
yDHd is the calorimetric enthalpy of denaturation.
zValues represent the average and standard deviation (SD) of four independent measurements. All other Ka error estimates are derived from curve-fitting

uncertainties.
between the negatively charged sulfonate of ANS and the

acidic surfaces of the apo-N- and -C-domains. In contrast,

there were dramatic fluorescence enhancements, as well as

large exothermic signals generated in ITC titrations of each

Ca2þ-CaM protein with ANS, indicating that there is an en-

thalpically favorable interaction between ANS and the

exposed hydrophobic patches of each protein (Fig. 5,

Table 2). The gradual and incomplete saturation of each

ANS-binding isotherm indicates that ANS binds with rela-

tively low affinity to each protein, with c-values (c ¼ Ka

[CaM]) well below the range of 1–1000, which is necessary

for complete thermodynamic characterization by ITC (32).

Consequently, the simplest best fit for each ITC data set

was obtained using a ‘‘one set of sites’’ model, with the

apparent association constant (Ka) values representing the

overall low-affinity interaction with multiple ANS mole-

cules. The apparent Ka values determined in this manner

were very reproducible, as shown in replica experiments

with Ca2þ-wt-CaM (Ka ¼ 4.1 � 0.1 � 103 M�1 at 25�C),

and the Ka values decreased by a small amount with

increasing temperature (Table 2). Although the enthalpy of

binding (DH) could not be accurately determined because

of the low c-value, it was clear that the magnitude of the

exothermic signals were only slightly smaller at lower

temperatures (Fig. 5 B), implying that the change in heat

capacity (DCp ¼ dDH/dT) associated with the binding of

ANS to Ca2þ-wt-CaM is small and negative.

Each of the Met substitutions clearly influenced the

enthalpy of ANS binding to CaM, as evidenced by the large

difference in heat released with each protein (Fig. 5 C). The

fluorescence properties of ANS were also distinct when

bound to each protein, with considerably larger fluorescence

enhancements observed for the Nle- and Leu-substituted

proteins, and somewhat smaller enhancements observed

with Ca2þ-SeMet-CaM and Ca2þ-Eth-CaM (Table 2). Of

interest, these changes were accompanied by only small
Biophysical Journal 96(4) 1495–1507
differences in ANS affinity among the Ca2þ-CaM proteins,

with all Ka values in the range of 3.2–7.1 � 103 M�1.

However, there was a distinct correlation between the Ka

values, the magnitude of the exothermic signals, and the

fluorescence enhancements, each increasing in the order of

Eth < SeMet < Met < Nle < Leu as the substituted residues

(Table 2).

Thermodynamics of smMLCKp peptide binding
to Met-substituted Ca2þ-CaM proteins

The complex of Ca2þ-CaM with the CaM-binding domain

(CaMBD) of smooth muscle myosin light chain kinase

(smMLCKp peptide) is a model system for the canonical

‘‘wrap around’’ binding mode involving peptide interactions

with both the N- and C-domain hydrophobic patches of Ca2þ-

CaM (33,34) (see Fig. 1, D and E). ITC experiments showed

that smMLCKp peptide binding to each Met-substituted

protein is of high affinity, with an exothermic, sigmoidal-

shaped binding isotherm that saturates near a 1:1 stoichio-

metric ratio (Fig. 6, A and B). With the exception of Ca2þ-

Eth-CaM (discussed below), the ITC data for each protein

were best described by a ‘‘one set of sites’’ binding model

with Ka values of 107–108 M�1. Because these high Ka values

are near the upper accuracy limit of the ITC technique

(c-value: 200–5000), the experimental uncertainty in Ka is

relatively large for the smMLCKp peptide measurements

(e.g., Ka ¼ 3.6 � 2.6 � 107 M�1 for Ca2þ-Nle-CaM at

25�C; Table 3). However, since the overall range of Ka values

in Table 3 corresponds to a small variation in the DG (�39.2

to �45.5 kJ/mol), and because DH is accurately determined

in situations of strong binding, we were able to obtain good

estimates for the entropy (TDS) and the DCp for smMLCKp

peptide binding to the Ca2þ-CaM proteins (34,35).

Titration curves for Ca2þ-Eth-CaM were also exothermic

but were not perfectly sigmoidal, and they were better fitted
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FIGURE 4 NMR investigation of slow conformational exchange in

apo-wt-CaM and apo-CT-CaM. Panels A and C show selected regions

of the 1H, 15N HSQC NMR spectrum of apo-15N-wt-CaM, and panels

B and D show the same regions of the apo-15N-CT-CaM spectrum. (E)

Ratio of the 15N T1r and T2 values plotted versus amino acid residue

for apo-wt-CaM (�) and apo-CT-CaM (B). (F) DR2 values (where

DR2¼ R2(tcp¼ 5 ms) – R2(tcp¼ 1 ms), and R2¼ 1/T2), plotted versus

amino acid residue for apo-wt-CaM (�) and apo-CT-CaM (B).
to models that assumed the presence of two or more binding

events, each with similar affinity to the other CaM proteins

(Ka values 107–108 M�1) but with different DH values

(Fig. 6 B). Considering that Eth incorporation into CaM is

random but incomplete (see Materials and Methods and

Fig. 2), the ITC data suggest that there are detectable thermo-

dynamic differences in smMLCKp peptide binding to some

of the partially substituted Eth-CaM subpopulations. Since

these thermodynamic differences could not be accurately

resolved in the ITC data, only the DH for the initial binding

event is reported for Ca2þ-Eth-CaM (Table 3).

SmMLCKp peptide binding to each Ca2þ-CaM protein

was associated with large negative changes in DH and TDS
at 25�C, and both DH and TDS become more positive at

lower temperatures, which is typical for Ca2þ-CaM-peptide
interactions (35,36) (Table 3). Of interest, the thermody-

namic parameters showed a distinct correlation with side-

chain structure, with DH and TDS differing by no more

than 8 kJ/mol for proteins with the geometrically similar

Met, SeMet, and Nle residues, but DH and TDS were

10–20 kJ/mol smaller in magnitude at all temperatures for

proteins with the longer Eth or shorter Leu residues. Despite

these thermodynamic differences, a plot of DH versus TDS
for all of the smMLCKp experiments yields a straight line

(R ¼ 0.99) with a slope equal to unity (1.02 � 0.03)

(Fig. 6 E). This distinct enthalpy-entropy compensation is

evidence that the mechanism of smMLCKp peptide binding

is the same with each Ca2þ-CaM protein at all temperatures.

The DCp values were all large and negative (DCp ¼ �3.4

to �3.9 kJ/mol K), consistent with a substantial burial of
Biophysical Journal 96(4) 1495–1507
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FIGURE 5 ANS binding to Met-substituted CaM

proteins as monitored using ITC. (A) Baseline-corrected

raw calorimetric data for the sequential injection of

5 mM ANS into 50 mM Ca2þ-wt-CaM at 25�C. (B) Inte-

grated heat signals (corrected for heat of dilution effects)

are plotted as a function of molar ratio for ANS titrations

of apo-wt-CaM at 25�C (7), or Ca2þ-wt-CaM at 20�C
(6), 25�C (B), or 30�C (,). (C) Integrated heat signals

plotted as a function of molar ratio for ANS titrations of

Ca2þ-wt-CaM (B), Ca2þ-SeMet-CaM (;), Ca2þ-Eth-

CaM (+), Ca2þ-Nle-CaM (A), Ca2þ-CT-CaM (-), and

Ca2þ-SeMet-CT-CaM (:), each performed at 25�C. The

solid lines through the data represent the best fit using

the ‘‘one set of sites’’ model supplied in the MicroCal

Origin software. The data for Ca2þ-wt-CaM at 25�C in

panels B and C are shown as the average, with SD error

bars derived from three independent titrations.
hydrophobic surface area in each complex. Since each

domain of Ca2þ-CaM contributes ~�1.6 kJ/mol to the

DCp of binding (35), these DCp values provide further

evidence that each protein binds the peptide using both the

N- and C-domains.

Thermodynamics of NtMKP1b peptide binding
to Met-substituted apo-CaM proteins

We recently showed that the CaMBD of Nicotiana tabacum
(tobacco) mitogen-activated protein kinase phosphatase

(NtMKP1) binds to the C-domain of several CaM isoforms

in the absence of Ca2þ in a manner resembling the complex

of apo-wt-CaM with the CaMBD of the small conductance

Ca2þ-activated potassium channel (Fig. 1 C) (37,38). A

peptide derived from this region (NtMKP1b) also bound to

each Met-substituted apo-CaM protein in an exothermic,

stoichiometric manner, similar to that previously reported

with apo-wt-CaM (Fig. 6, C and D). The affinity for the

NtMKP1b peptide was salt-dependent, with 100 mM KCl

weakening the interaction with both apo-wt-CaM and apo-

CT-CaM by more than 10-fold. Consequently, NtMKP1b

peptide binding to the apo-CaM proteins was examined
Biophysical Journal 96(4) 1495–1507
primarily in the absence of salt, where the c-value is in the

optimal range for ITC (c-value: 14–45; Table 3).

Similarly to the ANS and smMLCKp peptide binding

experiments, ITC experiments revealed very small effects

of the Met substitutions on the overall affinity of apo-CaM

for the NtMKP1b peptide. More specifically, the peptide

bound with <2-fold lower affinity to the Nle- and Leu-

substituted proteins, and <2-fold higher affinity to the

SeMet- and Eth-substituted proteins in comparison to apo-

wt-CaM (Table 3). However, there were substantial differ-

ences in DH and TDS of NtMKP1b peptide binding, with

both values being significantly more positive with the Nle-

and Leu-substituted proteins, comparable for apo-wt-CaM

and apo-Eth-CaM, and intermediate for apo-SeMet-CaM.

The thermodynamics of NtMKP1b peptide binding to apo-

CT-CaM and apo-SeMet-CT-CaM were almost identical,

consistent with the peptide binding exclusively to the

C-domain. As with the smMLCKp peptide, a DH versus

TDS plot yielded a linear compensatory relationship with

R ¼ 0.99, and a slope of 1.06 � 0.03, suggesting that the

mechanism of NtMKP1b peptide binding is the same for

each apo-CaM protein (Fig. 6 E).
TABLE 2 Thermodynamic and fluorescence parameters for ANS-binding to Ca2þ-CaM proteins

Protein Temperature (�C) Ka (M�1) lmax (nm) Fluorescence intensity at lmax (a.u.)

Ca2þ-wt-CaM 20 4.8 � 0.3 � 103

Ca2þ-wt-CaM 25 4.1 � 0.1 � 103* 481 166

Ca2þ-wt-CaM 30 3.7 � 0.2 � 103

Ca2þ-SeMet-CaM 25 3.7 � 0.3 � 103 485 134

Ca2þ-Eth-CaM 25 3.2 � 0.3 � 103 483 110

Ca2þ-Nle-CaM 25 5.0 � 0.3 � 103 479 285

Ca2þ-CT-CaM 25 7.1 � 0.2 � 103 474 332

Ca2þ-SeMet-CT-CaM 25 6.2 � 0.2 � 103 476 312

Apparent association constant (Ka) values were determined by ITC, and the steady-state fluorescence emission wavelength maximum (lmax) and fluorescence

intensity at lmax (in arbitrary units, a.u.) were obtained from steady-state fluorescence emission spectra.

*Value represents the average and SD of three independent measurements. All other Ka error estimates are derived from curve-fitting uncertainties.



Thermodynamic Effect of Met Substitution 1503
FIGURE 6 Peptide binding to CaM proteins as moni-

tored by ITC. Baseline-corrected raw calorimetric data

for the titration of (A) 18 mM Ca2þ-Nle-CaM with

0.4 mM smMLCKp peptide at 25�C, or (C) 30 mM apo-

CT-CaM titrated with 0.63 mM NtMKP1b peptide at

25�C. Integrated heat signals (corrected for heat of dilution

effects) are plotted as a function of molar ratio for (B)

smMLCKp peptide titrations or (D) NtMKP1b peptide

titrations of wt-CaM (�), SeMet-CaM (;), Eth-CaM

(+), Nle-CaM (A), CT-CaM (-), and SeMet-CT-CaM

(:). The solid lines through the data represent the best

fit using the ‘‘one set of sites’’ model supplied in the Micro-

Cal Origin software, except for the Ca2þ-Eth-CaM data,

which were best fitted using the ‘‘two sets of sites’’ model.

(E) Enthalpy (DH) versus entropy (TDS) plot for

smMLCKp peptide (�) binding to Ca2þ-CaM proteins, or

NtMKP1b peptide (,) binding to apo-CaM proteins.

The solid lines were obtained by linear regression.
DISCUSSION

Studies with several small globular proteins have shown that

‘‘conservative’’ Met substitutions to SeMet, Eth, Nle, Leu,

Ile, or Val generally have very minor effects on protein struc-

ture, and only a small influence on protein stability that can

be either stabilizing or destabilizing depending on the

location and number of substituted residues (7,8,39–43).

Stabilizing effects are typically attributed to the increased

hydrophobicity of the SeMet, Eth, Nle, Leu, Ile, and Val

side chains in comparison to Met, whereas destabilizing

effects are predominantly attributed to the disruption of

specific van der Waals packing interactions with neighboring

side chains.

SeMet, Eth, Nle, and Leu substitutions also had a very

small effect on the global structures of apo-CaM or Ca2þ-

CaM, as also shown in our previous work (17–21). However,

the changes in stability with CaM were typically larger than

those seen with other proteins, and nearly each substitution

type increased the Tm of the N- and C-domains of the protein
(Table 1). In general, SeMet and Eth had similar effects,

increasing the Tm of each domain by 4–8�C, whereas the

more hydrophobic Nle and Leu residues generally had larger

effects, especially in the apo-C-domain, which had an

increased Tm by as much as 26�C. With apo-CT-CaM, this

increased stability was also accompanied by a loss of confor-

mational exchange in the C-domain of the protein (Fig. 4).

The general stability enhancement of the Met-substituted

CaM proteins suggests that the side chains of CaM can reor-

ganize to largely compensate for geometric restraints and

restricted degrees of freedom introduced by the different

Met analogs. The ability to accommodate four additional

methylene groups within the interior of both the N- and

C-domains of apo-Eth-CaM is particularly noteworthy, since

larger substitutions at buried sites are almost always destabi-

lizing (44,45). X-ray crystal structures of Ca2þ-Eth-CaM and

Ca2þ-CT-CaM show how Eth and Leu can be accommo-

dated in the hydrophobic patches without influencing the

main chain structure of the protein (46). For example, the

a-carbon backbone root mean-square deviations between
Biophysical Journal 96(4) 1495–1507
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TABLE 3 Thermodynamic parameters for peptide binding to CaM proteins as determined by ITC

Protein Conditions* N Ka (M�1) DH (kJ/mol) TDS (kJ/mol) DCp (kJ/mol�K)

smMLCKp peptide

Ca2þ-wt-CaM 25.0�C 0.8 � 0.0 6.7 � 0.2 � 107 �88.9 � 0.1 �44.2

Ca2þ-wt-CaM 17.6�C 0.9 � 0.0 1.3 � 0.3 � 107 �59.7 � 0.7 �20.0 �3.6

Ca2þ-wt-CaM 10.1�C 0.8 � 0.0 4.6 � 1.1 � 107 �35.8 � 0.3 5.8

Ca2þ-SeMet-CaM 25.0�C 0.8 � 0.0 9.7 � 0.6 � 107 �92.4 � 0.2 �46.7

Ca2þ-SeMet-CaM 17.6�C 0.8 � 0.0 1.3 � 0.2 � 107 �66.8 � 0.9 �27.3 �3.4

Ca2þ-SeMet-CaM 10.2�C 0.8 � 0.0 2.5 � 0.4 � 107 �41.2 � 0.3 �1.1

Ca2þ-Eth-CaM 25.0�C �74.3 � 2.2

Ca2þ-Eth-CaM 17.6�C �49.1 � 0.7 �3.4

Ca2þ-Eth-CaM 10.2�C �23.8 � 0.3

Ca2þ-Nle-CaMy 25.0�C 0.9 � 0.1 3.6 � 2.6 � 107 �90.4 � 3.7 �47.8 � 3.3

Ca2þ-Nle-CaM 17.6�C 1.0 � 0.0 2.5 � 0.5 � 107 �57.5 � 0.5 �16.3 �3.9

Ca2þ-Nle-CaM 10.2�C 0.9 � 0.0 2.0 � 1.2 � 108 �33.2 � 0.3 11.9

Ca2þ-CT-CaM 25.0�C 0.9 � 0.0 8.4 � 0.7 � 107 �77.2 � 0.2 �32.0

Ca2þ-CT-CaM 17.6�C 1.0 � 0.0 2.3 � 0.9 � 107 �43.7 � 0.9 �2.7 �3.8

Ca2þ-CT-CaM 10.2�C 1.0 � 0.0 2.4 � 0.9 � 108 �20.6 � 0.1 24.8

Ca2þ-SeMet-CT-CaM 25.0�C 0.8 � 0.0 1.9 � 0.2 � 107 �76.8 � 0.5 �35.2

Ca2þ-SeMet-CT-CaM 17.6�C 0.9 � 0.0 1.1 � 0.2 � 107 �44.5 � 0.7 �5.2 �3.7

Ca2þ-SeMet-CT-CaM 10.2�C 0.9 � 0.0 1.9 � 1.0 � 107 �21.5 � 0.7 18.1

NtMKP1b peptide

apo-wt-CaM 0 mM KCl 1.0 � 0.0 8.0 � 0.3 � 105 �42.3 � 0.2 �8.6

apo-wt-CaM 100 mM KCl 0.9 � 0.2 1.9 � 0.3 � 104 �32.4 � 7.5 �8.0

apo-SeMet-CaM 0 mM KCl 1.0 � 0.0 1.5 � 0.1 � 106 �29.7 � 0.1 5.6

apo-Eth-CaM 0 mM KCl 0.9 � 0.0 1.5 � 0.1 � 106 �43.6 � 0.3 �8.3

apo-Nle-CaM 0 mM KCl 1.1 � 0.0 6.1 � 0.8 � 105 �12.0 � 0.2 21.1

apo-CT-CaMy 0 mM KCl 1.1 � 0.0 6.2 � 0.8 � 105 �15.7 � 0.6 17.4 � 0.9

apo-CT-CaM 100 mM KCl 0.8 � 0.2 4.3 � 1.9 � 104 �7.0 � 2.9 19.5

apo-SeMet-CT-CaM 0 mM KCl 0.9 � 0.0 4.5 � 0.3 � 105 �14.9 � 0.2 17.5

*All smMLCKp peptide experiments were performed in 100 mM KCl, and all NtMKP1b peptide experiments were performed at 25�C.
yValue represents the average and SD of three independent measurements. All other error estimates are derived from curve-fitting uncertainties.
the structures of Ca2þ-wt-CaM and Ca2þ-CT-CaM or Ca2þ-

Eth-CaM are 0.324 Å and 0.314 Å, respectively (46). The

structure of CaM has also been shown to be very tolerant

of even ‘‘nonconservative’’ Met mutations such as Met/
Gln or Met/Arg (20,47). Moreover, NMR spectroscopy

experiments have demonstrated that the side chains of

CaM are unusually dynamic in solution (48). We suggest

that this structural plasticity distinguishes CaM from other,

more rigid proteins that are only modestly stabilized or desta-

bilized by similar Met substitutions. Although this plasticity

is evident in both the N- and C-domains of apo- and Ca2þ-

CaM, we note that Nle had a much larger stabilizing effect

on the apo-C-domain in comparison to the apo-N-domain,

and we were unable to produce a quadruple M36/M51/

M71/M72/Leu4 N-domain mutant of CaM (20). This

suggests that the more rigid structure of the apo-N-domain

is less accommodating of side chains such as Nle and Leu,

which are less flexible than Met, SeMet, or Eth.

Exceptions to the general stabilizing trend of the Met

substitutions were the lower Tm values for the mutated

C-domain of Ca2þ-CT-CaM (�8�C) as well as for the

unmodified N-domain of apo-CT-CaM (�5�C). It is also

noteworthy that the unmodified N-domain of Ca2þ-CT-

CaM was stabilized by 11�C in comparison to Ca2þ-wt-

CaM (Table 1). These stability changes are attributed to
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altered interactions between the folded and unfolded

N- and C-domains of the mutant CaM protein during the un-

folding process. Bayley and co-workers have shown that even

though the folded N- and C-domains of wt-CaM behave inde-

pendently in solution, they interact with each other during the

unfolding process, and these interactions destabilize the less

stable domain and stabilize the more stable domain with

respect to the isolated domains of the protein (49,50). Since

the denaturation pathway for apo-CT-CaM is reversed (N-

domain unfolds before C-domain) in comparison to apo-wt-

CaM (C-domain unfolds before N-domain), the N-domain

of apo-CT-CaM is no longer stabilized by interactions with

the unfolded C-domain, and consequently the Tm value for

the apo-N-domain is reduced by ~5�C. An increased strength

of the interaction between the folded N-domain and unfolded

C-domain at elevated temperatures could also explain the

larger separation of Tm values for the two domains of Ca2þ-

CT-CaM in comparison to Ca2þ-wt-CaM. These strength-

ened interactions could occur, for example, through binding

of the N-domain hydrophobic patch to Leu residues in the

unfolded C-domain of Ca2þ-CT-CaM, since the wild-type

Ca2þ-N-domain shows specificity for Leu ‘‘anchor’’ residues

in target proteins but rarely binds to Met residues (9,51).

Although these interdomain interactions do not influence

the order in which the N- and C-domains denature, the
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FIGURE 7 Effect of Met substitutions on the thermody-

namics of peptide binding to CaM. DDH (black bars) or

TDDS (gray bars) values, in comparison to wt-CaM, are

shown for Met-substituted CaM proteins binding to the

smMLCKp or NtMKP1b peptides. For each protein

binding to the smMLCKp peptide, values are shown for

experiments performed at 25�C, 17.6�C, and 10.2�C
(viewed left to right).
interactions likely have an effect on the magnitude of the

observed Tm changes for the other apo- and Ca2þ-CaM

proteins as well.

ITC studies revealed that the Met substitutions also had

a considerable impact on the DH and TDS of ANS or peptide

binding to the CaM proteins. The DH values represent the

change in noncovalent bond energy for these interactions,

including hydrogen bonds, van der Waals interactions, and

salt bridges. These enthalpies are generally quite large (for

example, 20 kJ/mol for each hydrogen bond), and the

CaM-target complexes involve a multitude of these noncova-

lent interactions. Thus, when the binding surfaces of CaM are

modified by Met substitution, large differences in the DH of

binding are to be expected. In solution, however, many

hydrogen bonds must be broken with solvent water before

target binding. In addition, the entropic penalty associated

with bond formation (increasing order in the system) is

nearly equal to the favorable enthalpy of bonding at typical

experimental temperatures (52). Consequently, even the rela-

tively large variations in enthalpy that are observed for the

different CaM-target interactions are roughly balanced by

equal but opposite changes in entropy, resulting in very small

differences in the free energy of binding DG—a phenomenon

known as enthalpy-entropy compensation (52–54). Although

the role of solvent water on biomolecular binding energetics

remains poorly understood (55), the differences in DH and

TDS can provide some clues as to how the Met substitutions

impact side-chain packing and dynamics.

In the case of ANS binding to CaM, there was a clear corre-

lation between the exothermic signals, the fluorescence lmax

blue shifts, and the fluorescence intensity values, each of

which increased in the order of Eth < SeMet < Met < Nle

< Leu (Table 2). Since larger blue shifts (and to some extent

increased fluorescence intensity) typically indicate a reduction

in fluorophore solvent exposure, and larger enthalpy is gener-

ally associated with increased noncovalent interactions, the

data suggest that ANS binds more deeply into the hydro-

phobic patches of the Leu- and Nle-substituted proteins, and

more on the surface of the SeMet- and Eth-substituted

proteins in comparison to Ca2þ-wt-CaM. Indeed, the shorter

Leu residues widen the hydrophobic cleft between L109
and L145 (46), which is the primary ANS binding site in

the C-domain of Ca2þ-CaM (56). Nle is also somewhat

shorter than Met due to smaller C–C–C bond lengths and

bond angles in comparison to C–S–C, which would open

the hydrophobic patches of both the N- and C-domains. On

the other hand, the ~3 Å longer Eth side chains narrow the

hydrophobic patches of Ca2þ-Eth-CaM (46), which would

limit the depth of ANS binding. SeMet could have a similar,

albeit smaller, narrowing effect due to the increased size of

selenium in comparison to sulfur and the increased C–Se

bond length in comparison to the C–S bond.

The effects of the Met substitutions on the DH and TDS of

peptide binding are summarized in Fig. 7. With the smMLCKp

peptide, the changes in DH (DDH) and TDS (TDDS) were

considerably larger for the Eth- or Leu-substituted proteins,

suggesting that these structurally distinct side chains perturb

the close and specific packing interactions with the peptide

more than SeMet or Nle, whose side-chain structures are

more similar to that of Met. The heterogeneous binding ther-

modynamics with Ca2þ-Eth-CaM also indicate that incorpora-

tion of Eth has unique disruptive effects at the different Met

positions (Fig. 6 B). Binding heterogeneity was not observed

with Ca2þ-CT-CaM due to the 100% incorporation of Leu in

the C-domain of the mutant protein. The positive DDH and

TDDS values may reflect increased flexibility in the protein-

peptide complex in the case of Ca2þ-Eth-CaM (17). On the

other hand, the more rigid Leu side chains should decrease

flexibility in the hydrophobic patch of the peptide-free C-

domain, resulting in less ordering of these side chains upon

peptide binding in comparison to the Met side chains of

Ca2þ-wt-CaM. Of interest, the DDH and TDDS values for

smMLCKp peptide binding to Ca2þ-SeMet-CaM were nega-

tive at all temperatures, possibly indicating that there are

stronger London dispersion forces between the peptide and

the very polarizable Se atoms of SeMet (Fig. 7).

In contrast to the smMLCKp peptide, Eth did not signifi-

cantly affect the thermodynamics of NtMKP1b peptide

binding. This is consistent with the predicted structure of the

complex, where the peptide binds on the surface of the closed

apo-C-lobe with limited ‘‘lock and key’’ packing interactions

with the Met or Eth side chains (Fig. 1 C) (37,38). With this
Biophysical Journal 96(4) 1495–1507
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peptide we found large positive DDH and TDDS values for the

Leu- and Nle-substituted proteins. We attributed this predom-

inantly to less peptide-induced order in the C-domains of each

protein, which are already significantly more stable than apo-

wt-CaM in the absence of peptide (Table 1). Of importance,

however, the DDH and TDDS values for apo-SeMet-CaM

were also large and positive, but the C-domain was only

marginally stabilized by SeMet, suggesting that other factors,

such as solvent reorganization, also make an important contri-

bution to the thermodynamics of NtMKP1b peptide binding.

Overall, this study shows that the Met/SeMet, /Eth,

/Nle, or /Leu substitutions generally enhance the

stability of CaM, likely due to the increased hydrophobicity

of each Met analog and a minimization of steric constraint

due to the structural plasticity in the N- and C-domains.

The Met substitutions also cause changes in side-chain

packing and dynamics that are reflected in distinct DH and

TDS values for ANS or peptide binding to each protein,

but the overall target affinity is largely unchanged due to

enthalpy-entropy compensation. These results support the

general view of CaM as an especially dynamic and structur-

ally adaptable protein, and clearly show that noncoded and

coded Met substitutions can have large effects on protein

stability and the thermodynamics of ligand interactions.

Our data with apo-CT-CaM show that the natural selection

of Met rather than Leu results in dramatically lower stability

and slow conformational exchange in the apo-C-domain,

which could be functionally important because these proper-

ties result in the apo-C-domain being susceptible to oxidative

regulation of protein turnover and target interactions (57,58).

In addition, the enhanced stability of the apo-C-domain

should impact its affinity for Ca2þ, which would alter the

range of Ca2þ-stimuli to which the protein can respond

in vivo (59). Considering that the Met substitutions do not

appreciably perturb target binding affinity, the enhanced

stabilities and potentially altered Ca2þ affinities of these

Met-substituted CaMs could be utilized to engineer novel

CaM-based ‘‘cameleon’’ Ca2þ-sensors (60), or expand the

stability range and longevity of CaM-affinity columns (61)

for future research or industrial applications.

SUPPORTING MATERIAL

Two figures are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(08)03230-X.
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