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ABSTRACT. Calmodulin is a central mediator of calcium-dependent signal transduction pathways and
regulates the activity of a large number of diverse targets. Calcium-dependent interactions of calmodulin
with regulated proteins are of generally high affinity but of quite variable thermodynamic origins. Here
we investigate the influence of the binding of the calmodulin-binding domain of calmodulin kinase | on
the fast internal dynamics of calcium-saturated calmodulin. NMR relaxation was used to probe motion
on the backbone (viewed through the backbone amide NH group) and the side chains (viewed through
methyl groups). The distribution of the amplitudes of side chain dynamics is trimodal. The microscopic
details of side chain motion are compared with those of a thermodynamically and structurally similar
complex of calmodulin with the calmodulin-binding domain of the smooth muscle myosin light chain
kinase. While there are no significant differences in backbone dynamics and no net change in methyl-
bearing side chain dynamics, a large redistribution of the amplitude of methyl dynamics is observed between
the two complexes. The variation in dynamics was largely localized to the heterogeneously dynamic
target-binding interface, suggesting that differential dynamics of the binding surface plays a functional
role in the high-affinity binding interactions of calmodulin. These results begin to reveal a fundamental
role for residual protein entropy in molecular recognition by calmodulin.

Changes in calcium concentration act as a ubiquitous modulin-binding domains are typically £25 amino acids
intracellular signal that controls many different cellular in length and usually adopt am-helical conformation in
processes such as secretion, muscle contraction, apoptosigomplex with CaM 2). There is little sequence identity
learning, memory, fertilization, and cell proliferatiot, ). between targets, but most contain two bulky hydrophobic
In eukaryotes, calmodulin is a central mediator of”Ca  groups that serve as anchor points for the interaction with
signaling and interacts with a very large number of protein CaM (5). The interaction between CaM and the target protein
targets {, 2). Free calcium-saturated calmodulin (CdM) can be modeled by a peptide derived from the binding region
consists of two globular domains connected by a solvent- of the intact target protein®).
exposeda-helix (3) that is flexible in solution 4). Cal- With few exceptions, available structures of Cabarget
complexes exhibit very similar tertiary structures, with a
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! Abbreviations: CaM, calcium-saturated recombinant chicken calm- (nanomolar) binding affinities, this binding energy has a wide
odulin; CaMKIp, peptide corresponding to the CaM kinase | calmodu- range of thermodynamic origins7) Isothermal titration

lin-binding domain with an ARRKWQKTGHAVRAIGRLSS sequence; : i ;
smMLCKp, peptide corresponding 1o the smooth muscle myosin light calorimetry was used to demonstrate that similar free energies

chain kinase calmodulin-binding domain with a GSARRKWQKT-  Of binding could be driven by enthalpy with (e.g., the binding
GHAVRAIGRLS sequence; HSQC, heteronuclear single-quantum of the smMLCKp domain) or without (e.g., the binding of
correlation spectroscopy; NMR, nuclear magnetic resonance; NOE, the ¢cNOS domain) a large unfavorable change in entropy or

{*H} —*N nuclear Overhauser effec@y?, Lipari—Szabo model-free . . .
squared generalized order parameter for the amidéi Mond vector; driven by entropy with an unfavorable change in enthalpy

Oux, Lipari—Szabo model-free squared generalized order parameter (€.9., the binding of melittin) 7).

for the methyl group symmetry axidy, longitudinal or spir-lattice We have shown using NMR relaxation methods that CaM
relaxation time constant,, transverse or spiaspin relaxation time has a significant residual conformational entropy that is
constant;zm, correlation time for isotropic macromolecular tumbling; . L . - .
Te, Lipari—Szabo model-free effective correlation time for internal manifested in side chain motion occurring on the subnano-

motion. second time scale]. This residual entropy is redistributed
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and reduced upon binding of the smMLCKp pepti@®. (  their y chemical shifts are identical. Assignments for these
Using a simple interpretive mode®)( the changes in the sites are those of Yuan et al. 4. NMR data were processed
dynamics of methyl-bearing amino acid side chains were with Felix and assigned with Spark{y§).
thought to correspond to a change in conformational entropy 5N longitudinal (T;) and transverseTg) relaxation time
that was large enough to influence the overall binding constants and thg'H}—!°N nuclear Overhauser enhance-
affinity. This raises a fundamental question: Have proteins ment (NOE) were measured using experiments employing
evolved to use conformational entropy to adjust or fine-tune two-dimensional HSQC pulse sequenc&d)( Twelve time
the free energy of binding of ligands? If so, how is this points ranging from 0.020 to 0.58 3, and from 7.8 to
achieved microscopically? 124 ms T,) were collected, three of which were duplicate.
In this work, we have characterized the backbone and sideCross-peak intensities were used to quantify relaxation, and
chain dynamics of the complex between CaM and a peptidethe uncertainties of these intensities were estimated from
corresponding to the calmodulin-binding domain of the either duplicate measurements or the root-mean-square noise
CaMKIp. We compare these dynamics to those of the €aM level of the spectrum base level. The relaxation parameters
smMLCKp complex and free CaM. We find that there are were measured at 11.7 and 16.4 T.
significant rearrangements of side chain order parameters The dynamics of the side chain methyl groups in the
with, however, no net change in average dynamics (entropy) protein complexes were investigated by measuring longitu-
between the two CaM complexes. The peptide-binding dinal (I.C,D,) and transverse {.,D,) relaxation rates of the
interface of CaM undergoes dynamic modulation which may 2H nucleus in*3CH,D isotopomersZ0). Contributions from
explain, in part, how this small protein can bind tightly to relaxation mechanisms other than quadrupolar interactions
such a diverse set of targets. were eliminated by correcting these rates for the decay of
the |,C, coherence. A total of 11 time points (two of which
MATERIALS AND METHODS were duplicate), ranging from 2.6 to 840 mgD,), from
SamplesChicken calmodulin was expressed and purified 0.9 to 26 ms (C,Dy), and from 8 to 220 ms {C,), were
as previously described (). For the?H relaxation sample,  collected 2H relaxation experiments were carried out at 11.7
Escherichia coliBL21(DES) cells were grown on min- and 16.4 T.
imal medium containing 55% D and 45% HO containing Relaxation Data AnalysisDetermination of dynamic
15NH,Cl andp-glucose (UXCs, 99%) as the sole nitrogen  parameters was accomplished by fitting the relaxation rates
and carbon sources, respectively. For the backbone and sideo the simple model-free spectral density functi@a) (with
chain assignment sample, cells were grown on 1008 H an in-house exhaustive grid search algorit2®).(The global

minimal medium containing®NH,Cl andp-glucose (UCs, rotational correlation timegy,, was first determined using
99%). For the'*N relaxation sample, cells were grown on 15N relaxation data of well-ordered residues assuming
100% HO minimal medium containing®NH,Cl and unla-  isotropic rotational diffusion. Residues were excluded if the
beled glucose. NOE value was less than 0.65 or thel, product was more

A peptide corresponding to the calmodulin-binding domain than one standard deviation from the mea&3)( Subse-
of the CaM kinase | enzyme (ARRKWQKTGHAVRAI-  quently, squared generalized order parameters and internal
GRLSS) was synthesized using solid phase methods andcorrelation timesze, were fitted for all spectrally resolved
purified by reverse phase HPLC. Peptide purity was deter- residues. A chemical shift anisotropy tensor breadth of 170
mined by mass spectrometry. Peptide concentration wasppm (4) and an effective NH bond distance of 1.04 A
determined spectrophotometrically using a theoretical extinc- (25) were employed. Methyl squared generalized order
tion coefficient at 280 nm of 5690 crh M~ CaM— parametersQa.ys, are reported after accounting for motion
CaMKIp complexes were formed by titration ef1 mM about the methyl symmetry axi©%0.111. A quadrupolar
peptide in 20uL aliquots into 250uM CaM under buffer coupling constant of 167 kHz was used in the calculations
conditions diluted 4-fold with respect to those of the intact (26). The reliability of determined model-free parameters was
complex (1). The titrated sample was lyophilized and estimated with 150 Monte Carlo simulations. The statistical
rehydrated with the appropriate volume of a 92%8% significance ofOa,y¢® parameter distributions was estimated
D,O mixture. The CaM:CaMKIp stoichometery was 1:1.1. using extensive randomizatio27).
Final NMR sample conditions were 1 mM complex, 20 mM Distance CalculationsDistances to a molecular surface
imidazole (pH 6.5), 100 mM KCI, 6 mM Cagland 0.02%  were calculated with GRASR28). To determine the depth

NaNs. of burial, the solvent accessible protein surface was calculated
NMR SpectroscopyAll NMR data were collected at 35 by rolling a sphere with a radius of 1.4 A over the van der
°C on Varian Inova spectrometers operatingtatLarmor Waals surface of the protein. Depth of burial was determined

frequencies of 600 and 500 MHz. Sequential assignmentsfor individual sites by finding the shortest distance to this
of the backbonéH, 3C,, 13Cs, and 1N resonances were surface. Distances to the bound peptide were determined by
obtained from gradient-enhanced CBCA(CO)NH and calculating the molecular surface for the peptide and
HNCACB spectra 12). 13C and'H resonances of the side determining the shortest distance to that surface.

chain methyl groups were assigned using C(CO)NB) ( Isothermal Titration Calorimetry The thermodynamic
and three-dimensional HCGH OCSY (14) experiments. parameters governing the association of CaMKIp or smML-
Stereospecific assignments for valine and leucine methyl CKp with CaM were determined by isothermal titration
groups were obtained using the traéé&C]glucose labeling calorimetry. Measurements were performed with a VP-ITC
strategy 15). Methionine methyl resonances were assigned apparatus (Microcal) thermostatically regulated at°85
using a two-dimensional HMBC experimeniis). Although Data were analyzed with Origin (version 5). CaM was
the e carbons for Met72- and Met145¢ are well-resolved, dialyzed extensively against buffer containing 5 mM imi-
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dazole, 100 mM.KCI, 2 mM Cagland 9102%, (Whv) Na&l' Ficure 3: NMR-derived backbone NH bond vector model-free
(PH 6.5). LyOPh'“_ZEd peptide was solubilized in the_resul_tlng squared generalized order paramet&@g.) for CaM in complex
dialysate and adjusted to the pH of the CaM solution with a with CaMKIp determined with relaxation data obtained at 500 and
1 M NaOH solution made with dialysate. Concentrations of 600 MHz (H). The error bars, defined by Monte Carlo simulations,
protein and peptide were determined spectrophotometrically. 3¢ too small to be resolved from the measured value in most cases.
. - "Non-proline residues with no entry were not determined due to
The peptide concentrations were 13 (CaMKIp) andub spectral overlap.
(SmMMLCKp) in a 1.34 mL cell volume, and-@8 uL of 235

uM CaM was sequentially injected into the peptide solution __ g 3 k3/mol. The change in system enthalpy for the CaM
until no further heat effects were observed. The heat of the CaMKIp complex is—119.0+ 0.4 kd/mol, and thus, the

_re.acti_on was obtain_ed by intgg_rating the peak.after ?aChchange in system entropy is 62:60.9 kJ/mol. The heat of
injection of CaM using the Origin software provided with binding for targets by CaM with similar affinity can vary

the instrument. The peaks at the end of the titration were significantly. For example, thaH for binding equals-68
assumed to represent the heat of dilution of CaM, whichwas gnq 62 kJ/mol at 25°C for SMMLCKp and melittin,

subtracted from the data before fitting. Isotherms were regpectively 7). In this light, the thermodynamic parameters
an_alyzed using the one-site binding model provided with 5. remarkably similar for smMLCKp and CaMKlp, both
Origin. of which are derived from kinase-binding domains.
Backbone Dynamicshe dynamics of main chain NH
RESULTS AND DISCUSSION bond vectors of calmodulin for the CaMCaMKIp complex

Isothermal Titration Calorimetry.The thermodynamic  were measured using thr&& relaxation parameters;, To,
parameters underlying the formation of the Ca@laMKIp and NOE. Using the two-parameter LipaBzabo formalism
and CaM-smMLCKp complexes were previously investi- and an isotropic diffusion tensor, amide-INl bond vector
gated using isothermal titration calorimetry atZ5and pH squared generalized order parametég.f) and effective
7 (7). These experiments were essentially repeated here ainternal correlation timeszf) were obtained for 139 of the
pH 6.5 and 35°C, which are more optimal for NMR 145 non-proline amide sites in CaM. No amide order
spectroscopy. A typical isothermal titration calorimetry parameters were determined for residue8 lthe two proline
profile of the injection of CaM (23mxM) into a solution of residues, and residues N42, D80, D108, and K148 that had
smMLCKp or CaMKIp is shown in Figure 1. Both binding poor fits to the primary relaxation data. Fifteen sites (A10,
reactions are exothermic and uncomplicated and corresponcE14, T28, L32, V35, M36, K77, E83, G98, A102, L105,
to a 1:1 stoichiometry of binding. The free energy of complex R106, H107, M109, and D122) were found to have signifi-
formation at 35°C for the CaM-CaMKIp complex was 49.5  cant contributions from chemical exchange phenomena
+ 0.5 kJ/mol, and that for the CaivsmMLCKp complex (Figure 2). These sites were fitted with an additional chemical
was 46.6+ 0.1 kJ/mol. These results mirror those obtained exchange termRe,). Determined=e values ranged from 0.96
previously at a lower temperature and slightly higher @4 (  to 1.0 s*.

Formation of the CaMsmMLCKp complex is slightly Amide Oyn? parameters indicate that the polypeptide
more enthalpically driven than formation of the CaM  backbone at this bond vector is homogeneously rigid with
CaMKIp complex. The CaMsmMLCKp complex has a  the exception of the linker regions and C- and N-termini
favorable change in system enthalpy-6124.7+ 0.2 kJ/ (Figure 3). The distribution of backbor@y.? parameters
mol and an unfavorable change in system entropy of 78.0 can be described by a Gaussian distributi®h £ 0.98)
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40

y2, Leull261, Leull262, Leud861, and Leu6952 me-
thyls were too weak for reliable relaxation decay rates to be
determined. Determine@,y parameters for methyl-bearing
side chains range from nearly unrestrained motion (g

= 0.101 for Met76¢) to essentially completely restricted
motion within the macromolecular frame (e.Qax® = 1.0

for Ala88-3). As observed for large>10 kDa) globular
proteins, like flavodoxinZ9), there is a weak correlation in
the CaM-CaMKIp complex between the depth of burial of
a methyl group and it®,¢ value. However, there are many
CaM:smMLCKp exposed methyl groups that have highly restrained motions

=] fo=tea M (e.g., Alal038 Oui2 = 0.824) and many buried methyl

CaM:CaMK1p
301 n=138

20

occurrences

20 groups that are highly mobile (e.g., Met510,, = 0.248

and Leul861 Oy = 0.219). Generally, depth of burial is
not a good predictor of measured methyl order parameter as
exemplified by Figure 5.

0 . sann i The O.i® parameters in the CaMsmMLCKp complex

40 have a striking trimodal distributior80). We have termed
Free CaM these groupings or classes the d-, and w-classes, in

30{ n=82 accordance with the character of the motions underlying them
(see below) 31). A similar distribution of methyl order

20 parameters is seen in the Cal@aMKIp complex and is fit
well to a sum of three Gaussian distributions (Figure 6)
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fFlGURE 4: Eéistributio?s ?jf b%ckbone NHtét;ong ;/ec:ﬁr néoo'i/tlel- Fits of the histogram of th®,¢® parameters in the CaM
ree square eneralized order parame or the Calvi- i ictri i A 2(i
CaMK(Iq_p com_&ex, the_CaM-smlvFI)LC_:K comﬁSIex and free CaM Srggmbcép Coang)l?)g( gl}{ﬁ dlstrlbutlor&_s cen_tg&fﬂ a[(%sélg)]eeit
determined with relaxation data obtained at 500 and 600 MH ( ~99, U.o/, and 0. /g wi CorreSpon '_ng widthg © L '
0.068, and 0.058, respectively (Figure 6). Fits of the
histogram of theO,.? parameters in the CaMCaMK1p

centered at 0.97% 0.004 with a distribution width of 0.026  complex give distributions centere®4(i)] at 0.40, 0.62,
+ 0.002 (Figure 4). The average value for amiog.? and 0.82 with corresponding widths; of 0.14, 0.028, and
parameters for free CaM is 0.8910.086 @). The average  0.10, respectively. Extensive randomizati@i)(suggests that
difference in order parameters between free CaM and thethe obtained fitted parameters have associatedlues of
CaM—CaMKIp complexes indicates that the backbone <1076 with respect to a random distribution. Though the
becomes slightly more rigid<0.034+ 0.017) upon forma-  centers of each distribution remain roughly the same in the
tion of the complex at the 78 amides measured in both statestwo complexes, the widths of the J- and-classes are
The formation of the CaMCaMKIp complex results in a  significantly larger in the CaMCaMK1p complex. The
slight overall stiffening of the backbone. relative population across the three classes is redistributed

The average difference By? values between the CaM slightly: the a-class has a higher occupancy in the CaM
CaMKIp and CaM-smMLCKp complexes is, within ex-  CaMK1p complex (45% vs 32%). The J- andclasses are
perimental error, zero{0.004+ 0.018) for the 102 amides  both slightly lower in the CaM-CaMK1p complex (28%
measured in both complexes (Figure 4). The largest differ- vs 35% and 28% vs 34%, respectively).
ences inOn1? between the two complexes occur at residues  The bin size for this analysis was determined from a well-
74 and 77, where CaMKIp is more dynamic than the GaM  established formula for optimal bin widtB2). The optimal
smMLCKp complex by~0.1. In the carboxy-terminal EF-  bin width was determined independently for theal, and
hand at residues 115 and 116, the CalaMKIp complex w-bands on a data set that combined the observations for
is more rigid by~0.1 than the CaMsmMLCKp complex. both of the CaM complexes. The average optimal bin width
Overall, the measured amide dynamics emphasize thefor the three classes was 0.05. Repeating this analysis for
similarity of the response of the backbone between com- just the CaM-smMLCKp data set results in an average
plexes. optimal bin width of 0.087. The result of having slightly

Side Chain Dynamic§-he amplitude of side chain motion  smaller than optimal bins will result in larger errors in the
was probed using deuterium relaxation in methyl-bearing Gaussian fits, whereas a larger than optimal bin size can serve
amino acids. Side chain methyl symmetry axis squared to mask features of the distribution. Thus, a bin size of 0.05
generalized order paramete3.() were determined for 66  was used for analysis.
of the 79 methyl groups in the CaMCaMKIp complex. Although the distinctive grouping of order parameters seen
Relaxation data for five threoning2 and for Ala46 and  in the calmodulin complexes is often obscured in other
Ala73 p-methyl groups could not be measured due to proteins 83), the motional origin of these classes is clear.
resonance overlap. Peak intensities for the lled0pVal35- In the case of calmodulin, two fundamental types of motion

0
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Ficure 5: Stereoview of the distribution of methyl side chain dynamics in the €&MKIp complex. Methyl groups are represented by
spheres and are color-coded with respect toQlg? value. This figure is based on the complex of the structure determined by Clapperton
et al. [PDB entry 1IMXE 41)]. Drawn with MolMol (42).

10 generalized order parameter-00.6 involves little detectable
@ o CaM:smMLCKp rotamer interconversion and therefore reflects both variation
g of the amplitude of motion within a single rotamer well and
D 61 the superposition of motion about connected torsion angles.
‘g The distribution within this class is generally expected to
8 47 reflect the variance of the amplitude of motion within rotamer
© o wells. We label these three groupings of side chain motion
as the J-p-, andw-classes.
0- Of the six methyl-bearing amino acids, most contribute
10 to all three motional classes. In the Cal@aMKIlp complex,
o o | CaM:CaMK1p threonines do not contribute to the J-class while alanine does
8 not contribute to thex-class. This behavior of alanines in
@ 6 calmodulin is similar to the case for the CaldmMLCKp
5 complex and is consistent with the motional origins of the
g 4 three classes. Alanine is directly connected to the main chain
o 5 so all of its dynamic motions must involve motions of the
polypeptide backbone. Although there are no instances of
0 alanines participating in the intermediateclass of motion
00 02 04 5 06 08 10 in CaM, alanine residues with order parameters in the-0.5
oax.r‘s 0.7 range have been observed in other moleciés (n
FIGURE 6: Distributions of methyD.,2 parameters for the CaM contrast to those of the CaMCaMKIp complex, threonines

smMLCKp and CaM-CaMKIp complexes. Black lines represent in the CaM-smMLCKp complex are more mobile and only
U“fe%trait”tehdefitrﬁottci’otnharlef?m%?jlgs(iggeditset;it?ugzr:ﬁé;Bsa;(sjratrﬁecﬂggdcontribute to the J- and-classes of motion. Calmodulin is
to reflec . H H H ; H
Gaussian distributions for CaivsmMLCKp are 0.35k 0.01, 0.57 unusual in .'ts high methionine corjter!t, and they are
+ 0.01, and 0.79t 0.01 R = 0.89). Centers of the Gaussian ePresented in all three classes of motion in both complexes.
distributions for the CaM CaMKIp complex are 0.35- 0.03, 0.61 An interesting issue is whether the dynamic response of
+ 0.01, and 0.8Gt 0.01 R = 0.73). individual side chains to the binding of different target
domains is the same. There are 53 methyl sites for which
occurring on the subnanosecond time scale are involved: Oax¢’ values could be reliably determined in both the CaM
motion within a rotamer well and motion between rotamer SMMLCKp and CaM-CaMKIp complexes. On average, the
wells of side chain torsion angle84). It has been shown CaM—CaMKIp complex is slightly (AOai[l= —0.039+
that the class of motion centered on a squared generalized.024) more rigid than the CaMsmMLCKp complex.
order parameter value 6£0.35 generally involves a con- However, the average absolute differen@a Qx| [} is 0.09,
tribution from rotameric interconversion on the nanosecond reflecting large site-to-site variability i@.® parameters
or faster time scale as it leads to a significant averaging of between the two complexes (see Figure 7). Nevertheless, the
scalar couplingJ) constants 34). In the case of alanines, Oax¢ parameters of most sites stay within the same class in
which cannot undergo rotomer conversion, extensive back-the CaM-CaMKIp and CaM-smMLCKp complexes. For
bone motion is required. Recent experimentab)(and approximately one-sixth of the sites measured, this is not
theoretical simulations3@, 37) suggest this is general. The the case (Figure 8). This is somewhat at odds with what is
distribution of motion at the other extreme is centered on a observed for comparisons between other Cadget com-
squared generalized order parameter-6f8, which repre- plexes 88).
sents highly restricted motion within a rotamer well and is  Dynamic Character of the InterfaceStructurally, the
reminiscent of the relative rigidity of the polypeptide interface between CaM and target domains is a rich mixture
backbone. The class of motion centered on a squaredof polar or ionic and hydrophobic interactions. Methionine
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Ficure 7: Differential response of calmodulin to the binding of
the CaMKIp and smMLCKp domains. Differences (Ca®mML-
CKp minus CaM-CaMKIp) in side chain methyl grou®ayxis
parameters (top) and backbone Kigy2 parameters (bottom). Red
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Ficure 10: Dependence of the difference in the metkgs
parameter in the CaMsmMLCKp and CaM-CaMKIp complexes

on the distance from the bound target domain. Negative values
correspond to sites that have larger amplitude motion in the-€aM
smMLCKp complex.

heterogeneously dynamic, wiy, parameters ranging in
value from~1 to 0.2 (Figure 9). Interestingly, unlike the
large changes observed between the free and bound states
(8), the differences i, parameters between the CaM
smMLCKp and CaM-CaMKIp complexes are small, with
most being less than 0.2 (Figures 7 and 10). The dynamic
differences between the two complexes fall off quickly as

the boundaries of motional class colored as in the distribution shown ONeé moves from the interface (Figures 9 and 10). There is
in Figure 5. A number of methyl groups change their motional class no obvious three-dimensional correlation of the differential
between the two complexes and are labeled.

response of the dynamics of calmodulin to the binding of
the two domains (Figure 11).

side chains dominate the hydrophobic character of the CaM- Some of the more notable differences between the dynam-
binding interface, though several other methyl-bearing amino ics of the two complexes involve Ala128 and Thr79. Ala128
acids also contribute to the interface between CaM and theof CaM is much more mobile in the CaMCaMKIp complex
CaMKIp domain. Methyl groups packed at the interface are (0.405+ 0.016) than it is in the CaMsmMLCKp complex

FiGURE 11: Stereoview of the distribution of differences in metty? parameters (CaMsmMLCKp minus CaM-CaMKIp) mapped
onto the crystal structure of the CaNCaMKIp complex (PDB entry 1IMXE). Red groups are more mobile in the €EaMMLCKp complex.
Drawn with MolMol (42).
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(0.871+ 0.027) and represents a transition from the rotamer REFERENCES

interconverting J-class to the highly immobilizedclass.
This is particularly interesting since the backbone motion,
as sensed by the amide— bond, is not significantly
different at this site. Since the methyl of alanine is rigidly
related to the backbone, this observation requires a motion
that has its director aligned parallel to the amideH\bond.
Thr79 is a member of the-class in the CaMCaMKlIp
complex (0.610+ 0.014) and moves to the rotamer inter-
converting J-class in the CadsmMLCKp complex (0.355

£ 0.004). Thr79 is in the linker region between the two
globular domains of free CaM. The linker takes on defined
structure in both complexes. There may be an obvious
structural reason for the significant difference in dynamics
at this site in the two complexes. Although significantly
solvent exposed in the CaMCaMKIp complex, the hydroxyl
oxygen of Thr79 is hydrogen bonded with the NH1 group
of Arg16 of CaMKIp. In contrast, the side chain of Thr79 is
completely solvent exposed in the CaldmMLCKp com-
plex.

Role of the Conformational Entropy of CaM in Target
Binding. The ability of calmodulin to bind literally hundreds
of target domains of quite disparate sequence but with
roughly the same affinity presents a significant paradox,
especially if variation of the free energy of binding is
restricted to primarily structural (enthalpic) interactions. The
initial observation that calmodulin undergoes a significant
change in its dynamics upon binding the smMLCKp target
domain raised the possibility that calmodulin employs
conformational entropy to adjust target affinig)(Here we
have compared the CaMCaMKIp complex to the Cam
smMLCKp complex. Thermodynamically, the binding of
both the domains to CaM is enthalpically driven to almost
the same degree and results in nearly identical affinities.
Though the average dynamical response is similar, the
microscopic origins are somewhat different, particularly at
the interface between calmodulin and the bound domain.

Amino acid side chain dynamics reflect an underlying
presence of residual conformational entrofy 89, 40).
Changes in dynamics due to binding therefore illuminate
contributions of residual conformational entropy of the
protein to the total change in system entropy due to binding.
The change in methyl-bearing amino acid side chain dynam-
ics mirrors that of the entropy of binding. Model-dependent
interpretation suggests that the contribution of the protein
to the binding entropy is significan8,(34). These two results
strongly support the notion that changes in the residual
entropy of proteins can be used to adjust the free energy of
protein—protein associations. The fact that there is not a
consistent distribution of dynamics (manifesting residual
entropy) in the two complexes implies that the two com-
plexes have evolved independent solutions for modulating
the entropic component contributing to the binding affinity.
This reinforces a simple thermodynamic particle view of
the role of the protein in setting the free energy of binding
(38).
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