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ABSTRACT: The temperature dependence of the fast internal dynamics of calcium-saturated calmodulin in
complex with a peptide corresponding to the calmodulin-binding domain of the smooth muscle myosin
light chain kinase is examined using15N and2H NMR relaxation methods. NMR relaxation studies of the
complex were carried out at 13 temperatures that span 288-346 K. The dynamics of the backbone and
over four dozen methyl-bearing side chains, distributed throughout the calmodulin molecule, were probed.
The side chains show a much more variable and often considerably larger response to temperature than
the backbone. A significant variation in the temperature dependence of the amplitude of motion of individual
side chains is seen. The amplitude of motion of some side chains is essentially temperature-independent
while many show a simple roughly linear temperature dependence. In a few cases, angular order increases
with temperature, which is interpreted as arising from interactions with neighboring residues. In addition,
a number of side chains display a nonlinear temperature dependence. The significance of these and other
results is illuminated by several simple interpretative models. Importantly, analysis of these models indicates
that changes in generalized order parameters can be robustly related to corresponding changes in residual
entropy. A simple cluster model that incorporates features of cooperative or conditional motion reproduces
many of the unusual features of the experimentally observed temperature dependence and illustrates that
side chain interactions result in a dynamically changing environment that significantly influences the
motion of internal side chains. This model also suggests that the intrinsic entropy of interacting clusters
of side chains is only modestly reduced from that of independent side chain motion. Finally, estimates of
protein heat capacity support the view that the major contribution to the heat capacity of protein solutions
largely arises from local bond vibrations and solvent interactions and not from torsional oscillations of
side chains.

The physical basis of protein structure, dynamics, and
stability continues to be a subject of intense study and
discussion. Though the taxonomy of protein structure is
becoming well understood, a similar depth of understanding
of the existence and character of internal protein motion
remains to be achieved. The importance of understanding
the nature of protein dynamics is manyfold. For example,
in the classical view of the thermodynamics of protein folding
and stability, it is argued that the penalty of going from an
unfolded state of high entropy to a folded state of low
residual entropy is largely overcome by the entropic gain
derived from the release of water-solvating hydrophobic
groups in the unfolded state. Recent investigations appear
to require refinement of this view. The conformational

entropy of the unfolded state has recently been reassessed
and suggested to be much smaller than previously imagined
(1-3). In addition, the view provided by NMR1 spectroscopy
suggests that the residual entropy of the folded state may be
large (4, 5), which further diminishes the entropic penalty
that a protein must pay to fold, in effect narrowing the top
and broadening the bottom of the energy landscape funnel
(6). Fundamental questions about the role of protein dynam-
ics in protein function also clearly remain. Though the view
of Pauling (7) that the catalytic power of an enzyme arises
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from its greater affinity for the transition state than for the
ground state substrate has been well supported and is now a
fundamental principle of enzymology, a supplementary view
is that enzymes position reactants to allow thermal motions
to carry them efficiently along the reaction coordinate (8,
9). Petsko and co-workers have provided strong evidence
that protein motion strongly influences catalytic activity in
ribonuclease (10). Other examples include a role for protein
fluctuations in promoting hydrogen tunneling during catalysis
by alcohol dehydrogenase (11, 12) and in modulating
intraprotein electron transfer (13). These observations raise
further questions. Are the general thermally activated random
motions of the protein harnessed for catalysis or are “special”
fluctuations employed? What are the time scales of kineti-
cally relevant motion?

Initial experimental insights into the character of protein
internal motion largely employed local optical probes,
unresolved hydrogen exchange, and one-dimensional NMR
techniques that, though limited, revealed a startling complex-
ity and richness in the internal motion of proteins (14-18).
These views have been increasingly supplemented with both
crystallographic (e.g., refs10 and 19) and NMR-based
insights. Over the past decade NMR spectroscopy has
emerged as a powerful tool for the characterization of protein
dynamics in a comprehensive site-resolved manner (20, 21).
Many 15N relaxation based studies of backbone dynamics
have been reported and generally indicate that the main chain
largely acts as a rigid scaffold (20, 21). The current view
provided by13C and2H NMR relaxation methods suggests
that protein hydrophobic cores are quite dynamic and,
importantly, heterogeneously so (6). The handful of studies
of the subnanosecond time scale motion of methyl-bearing
side chains reveals a remarkably rich range of motional
amplitudes (22). A recent surprise is the apparent clustering
of methyl-bearing side chains into three general classes of
dynamical disorder (22).

The structural and stereochemical determinants of this rich
dynamical behavior are largely unknown. In this regard, the
relationships between structure and dynamics could poten-
tially be illuminated by the temperature dependence of the
dynamics. Variation of temperature provides, in principle,
access to the energetics of the motional modes contributing
to the NMR relaxation phenomena. With this in mind, we
have undertaken a comprehensive study of the temperature
dependence of the fast main chain and methyl-bearing side
chain dynamics of calcium-saturated calmodulin (CaM) in
complex with a peptide model for the smooth muscle myosin
light chain kinase calmodulin-binding domain (smMLCKp).
A synoptic analysis of this study has been reported previously
and indicated the aforementioned trimodal distribution of
angular disorder in calmodulin and that the temperature
dependence of this distribution appeared to provide a simple
explanation for the so-called glass transition observed in
proteins at 200 K (22). Here we focus on the details of the
dynamics revealed by the temperature dependence of nitrogen-
15 and deuterium relaxation in CaM complexed to the
smMLCKp domain. To aid in the interpretation of the
temperature dependence, we also examine the behavior of
several simple physical models, including one that incorpo-
rates cooperative or coupled motion with neighboring side
chains.

MATERIALS AND METHODS

Samples.Chicken calmodulin was expressed and purified
as described previously (23). For the2H relaxation NMR
sample,Escherichia coliBL21(DE3) cells were grown on
minimal media containing 50% H2O and 50% D2O and using
15NH4Cl and D-glucose (U-13C6, 99%) as the sole nitrogen
and carbon sources, respectively. For the15N relaxation
sample, cells were grown on 100% H2O minimal media
containing15NH4Cl and unlabeled glucose.

A peptide from the chicken smooth muscle myosin light
chain kinase (smMLCKp, GSARRKWQKTGHAVRAIGRLS)
was subcloned into a pET32 vector (Novagen Inc.) behind
a T7 promoter as a thioredoxin fusion protein with a
C-terminal His tag followed by the thrombin cleavage site
and the smMLCKp sequence. This construct was transformed
into E. coli BL21(DE3) cells and grown on rich media at 37
°C until an OD600 of 0.6-0.7 was reached, at which point
isopropylâ-D-thiogalactopyranoside was added to 1 mM to
induce overexpression of fusion protein. After 3 h of
induction, cells were harvested and loaded onto a 10 mL
Ni-NTA agarose column (Qiagen Inc.) equilibrated in
binding buffer (20 mM Tris-HCl, pH 7.9, 0.5 M NaCl, 5
mM imidazole). The column of bound thioredoxin-smML-
CKp fusion protein was washed with 60 mM imidazole,
eluted with 0.5 M imidazole, and dialyzed into thrombin
cleavage buffer (20 mM Tris-HCl, pH 8.4, 150 mM NaCl,
2.5 mM CaCl2). The fusion protein was cleaved with∼20
nM thrombin for approximately 2 h atroom temperature in
a 10-15 mL reaction volume. Cleavage products were stored
at -20 °C until purification by high-pressure liquid chro-
matography using a C-8 reversed-phase column.

The CaM‚smMLCKp complexes (for15N and 2H relax-
ation samples) were formed by titrating∼2 mM unlabeled
peptide into 0.3 mM CaM in buffer conditions 4-fold dilute
relative to the final NMR conditions of the intact complex.
All titrations were monitored by HSQC spectra to confirm
that the complex was in slow exchange on the NMR time
scale and to ensure a CaM‚smMLCKp stoichiometry of
1:1.0-1:1.1. The final solution conditions in 93%:7% H2O:
D2O were 1.2 mM complex, 10-20 mM imidazole-d4, pH
6.5, 100 mM KCl, 6 mM total CaCl2, and 0.02% NaN3. For
the 50% randomly fractionally deuterated (and uniformly13C,
15N enriched) CaM sample, deuterated bis-Tris (CIL Inc.)
was substituted for imidazole.

NMR Spectroscopy.NMR data were collected using Varian
Unity Inova spectrometers equipped with triple-resonance
probes andz-axis pulsed-field gradients. All15N pulses were
applied at 7.1 kHz, except for acquisition decoupling which
was applied at 1-2 kHz. High-power and acquisition
decoupling13C pulses were delivered at 20 and 2 kHz,
respectively. High-power and decoupling2H pulses were
delivered at 2.4 and 0.8 kHz, respectively.15N and13C pulses
were found to be invariant with temperature, although13C
pulse widths increased slightly at temperatures over 60°C.
For each temperature, on each spectrometer, temperature
calibrations were made with methanol up to 35°C and with
ethylene glycol at higher temperatures.

15N T1, T2, and {1H}-15N NOE experiments (24) were
acquired with our normal modifications: two high- power,
initial 1H saturation pulses were inserted at the beginning of
theT1 relaxation delay (25); 1H decoupling/saturation during
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T1 was accomplished with hard 120° pulses spaced every 5
ms; and the second half of theT2 CPMG was removed to
give a block duration of∼8 ms. The two experiments
comprising the NOE were acquired in an interleaved fashion.
T1 and T2 experiments were typically acquired with nine
relaxation time points with three additional “duplicate” time
points, which were used to assess peak intensity uncertainties.
ForT1, relaxation curves were typically sampled out to 1.5-2
times the value of the expectedT1, and sample times were
adjusted for each temperature. ForT2, relaxation curves were
sampled out to∼120 ms; sampling of significantly longer
times results in the onset of sample heating.

15N relaxation data sets were collected at 11.7 T for 22,
35, 47, and 60°C; the 73°C data set was collected at 14.1
T. For all experiments, the15N carrier was placed at 118
ppm, and the indirect nitrogen acquisition times ranged from
85 to 100 ms;15N spectral widths were 31 ppm.1H
acquisition times were typically 64 ms. ForT1 experiments,
recycle delay times ranged from 1.3 s at 22°C to 1.8 s at 73
°C, and 8-16 scans/fid were recorded. ForT2 experiments,
recycle delay times were typically 1.5 s at the three lowest
temperatures and 2.2 s at the two highest temperatures, and
8-16 scans/fid were recorded. For NOE experiments,1H
irradiation was applied for 5.5, 4.5, 4.0, 4.0, and 4.0 s at
22-73 °C, respectively, yielding matched total recycle delay
times in the corresponding reference experiments of 5.7, 5.0,
5.0, 5.0, and 5.0 s. These delay times were set to be 5-10
times the average15N T1 value at each temperature.

2H relaxation rates of side chain methyl CH2D isotopomers
were monitored using the trio of multiple coherence relax-
ation experiments of Kay and co-workers (26): IzCz, IzCzDz,
and IzCzDy. These three experiments were carried out at 14.1
T at 15, 22, 28, 35, 38, 41, 44, 47, 50, 53, 60, 67, and 73
°C, for a total of 39 relaxation experiments over an 11 month
period. The order of acquisition at various temperatures was
shuffled in order to prevent irreversible changes in the sample
being misinterpreted as a temperature dependence, although
the experimental trio was always acquired sequentially in
one session. Additional data sets were collected at 17.6 T at
15, 22, 35, and 47°C; these extra data were necessary for
reducing error bars of fitted model-free parameters at 15 and
22 °C, and at 35 and 47°C the data at an additional field
showed that obtainedS2

axis parameters were not dependent
on the magnetic field strength at which the2H relaxation
data were acquired. The13C carrier was placed at 18.1 ppm,
and for the indirect13C dimension, the spectral width was
19.6 ppm, and 83 complex points were acquired (for 14.1
T). Typically, 16, 32, and 32 scans/fid were recorded for
IzCz, IzCzDz, and IzCzDy. Typical recycle delays were 1.8-
2.2 s. For each experiment, nine time points were collected
with three duplicate points. For example, at 47°C, relaxation
delays were as follows (asterisks denoting duplicate mea-
surements): IzCz at 12.1*, 22.3, 33.5, 44.7*, 55.9, 67.1, 78.3,
89.6*, and 101.1 ms; IzCzDz at 4.15*, 10.9, 19.6, 30.0*, 41.8,
54.8, 68.9, 84.1, and 100.4 ms; IzCzDy at 0.7, 2.1*, 3.8, 5.9*,
8.3, 10.9, 13.7, 16.8*, and 20.0 ms. The sampling of
multispin coherence relaxation was adjusted for each tem-
perature to ensure optimal curves for nonlinear least-squares
fitting. The 2H spin lock in IzCzDy was calibrated at∼1.1-
1.2 kHz (at 14.1 T) and was restricted to durations shorter
than 30 ms.

3JCC and 3JCN coupling constant measurements for were
carried out at 600 MHz using standard two-dimensional
methods (27, 28).

Relaxation Data Analysis.Relaxation decays from15N T1,
15N T2, IzCz, IzCzDz, and IzCzDy experiments were obtained
from maximal peak intensities and fitted to single exponen-
tials using two-parameter nonlinear least-squares routines
(29). The{1H}-15N NOE was calculated as the ratio of peak
intensities, INOE/Iref. Pure 2H longitudinal and transverse
relaxation rate constants were extracted as the difference of
IzCz from IzCzDz and IzCzDy rate constants, respectively (26).

Both 15N and2H relaxation data were fitted to the original
Lipari-Szabo model-free parameters (30) using an in-house
Fortran program (29, 31). Error bars were estimated on the
basis of 150 Monte Carlo simulations.

Analysis of15N relaxation was initiated at each temperature
by characterization of overall tumbling. Residues were
excluded from this process if their NOEs were less than 0.65
or if their T1/T2 ratios deviated significantly from the average
T1/T2 ratio at a given temperature using the criterion of
Tjandra et al. (32). The latter test is useful for identifying
residues exhibiting additional line broadening due to chemi-
cal exchange processes on the microsecond to millisecond
time scale. Using software (R2R1_diffusion) provided by
Prof. Art Palmer, theT1/T2 ratios from the subset of residues
remaining were used along with the structural coordinates
[molecules “A” and “E” from the structure of Meador et al.
(33); PDB code 1cdl] to fit an axially symmetric rotational
diffusion tensor for the complex (34). Isotropic τm values
were determined using the same subset of residues to perform
a global grid search ofτm, fitting O2 andτe locally at each
site for each trialτm value (31).

Analysis of2H relaxation data was carried out as described
previously (29) and is only briefly recounted here. Pure2H
relaxation rates (see above) from one or two field strengths
(14.1 T, or 14.1 and 17.6 T) were fitted using the simple
model-free spectral density employing an isotropicτm. It is
worth noting that the effect of anisotropic rotational diffusion
on 2H relaxation should be damped in the case of methyl2H
relaxation relative to amide15N relaxation; reorientation of
the principal axis of the electric field gradient tensor resulting
from rapid methyl rotation (or three-site jumping) averages
the relaxation rates corresponding to the various orientations
of the C-D vector relative to the principal diffusion tensor
axis. Oaxis

2 values were obtained subsequently by division
by 0.111, which assumes tetrahedral methyl geometry (30).

InterpretatiVe Models.In an attempt to provide physical
insight into the basic features of the side chain and main
chain dynamics revealed by the NMR relaxation studies
described here, we evaluated the generalized order parameters
arising from motion in several simple azimuthally symmetric
potential well models where the energy depends only on the
angleθ with respect to the symmetry axis. The generalized
order parameter was calculated to high precision by numer-
ical integration of the angular partition function of the model
of interest followed by evaluation of the mean squared cosine
angular correlation, which in turn defines the generalized
order parameter (30):

The potentials considered were an infinite square well (SQ)

O ) 3/2〈cos2 θ〉 - 1/2
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of width θc, quadratic (U2), quartic (U4), sixth power (U6),
and a stepped square well (ST) where U) 0 for θ < θs and
U ) Us for θ > θs elsewhere. The power law and square
well potentials are described by a single parameter, the force
constantK or the well width, respectively. The square well
potential would correspond to the often used “free diffusion
in a cone” model. The step potential has two parameters,
the well width and step height,θs, and Us, respectively.

In an effort to examine the effects of rotamer intercon-
version (i.e., barrier crossing) on the interpretation of order
parameters obtained from methyl groups, a potential energy
function of the formU(θ) ) E0 - E1 cos θ - E2 cos 3θ,
where θ is the involved torsion angle, was utilized in a
manner similar to that described above for the simple
effective potentials.

To investigate cooperative or correlated motion, four
groups representing side chains arranged in a cluster
restricted to a plane were examined. Each groupi (i ) 1, ...,
4) can undergo angular motion over a restricted range ((45°)
in a potential that consists of two components.

(i) One component is an intrinsic invariant potentialUi

that depends only on that group’s angle,θi. This potential
provides a general restoring force exactly as in the simple
potential models above. We chose a step potential (withθs

) 30°) since this provides the greatest dynamic range ofS
with T.

(ii) The other is a nearest-neighbor overlap potential. The
interaction of each pair of neighborsi and j (where i-j )
1-2, 2-3, 3-4, or 4-1) is given as an overlap penalty of
Uij if their angular displacement from each other is (θj - θi)
< θij.

Precise numerical integration of the angular partition
function was performed by systematic evaluation of the total
energy for all combinations of the four angles. From the
partition function the joint angular probability functionp(θ1,
θ2, θ3, θ4) is obtained and thus the order parameters and
any required average properties.

RESULTS

Temperature Range of Relaxation Experiments.The CaM‚
smMLCKp complex was examined over a range of temper-
atures from 15 to 73°C. Methyl chemical shifts patterns are
unchanged, indicating that the complex structure is stable
across the full temperature range examined (Figure 1). Values
of ∆H, ∆G, and∆Cp obtained from calorimetric studies of
a nearly identical complex (35) also predict that dissociation
of the bound target domain will occur at well over 100°C.

The picosecond to nanosecond dynamics of CaM in
complex with smMLCKp were probed along the main chain
and in methyl-bearing side chains, using15N and methyl2H
relaxation methods, respectively.15N relaxation was moni-
tored at five temperatures (22, 35, 47, 60, and 73°C) using
standardT1, T2, and {1H}-15N NOE experiments (24) at
either 11.7 or 14.1 T.2H methyl relaxation was monitored
at 13 temperatures (15, 22, 28, 35, 38, 41, 44, 47, 50, 53,
60, 67, and 73°C) using 1H-13C resolved2H relaxation
experiments: IzCz, IzCzDz, IzCzDy (see Materials and Meth-
ods). All 2H relaxation data sets were collected at 14.1 T,
although for a few temperatures additional sets were collected
at 17.6 T. Data collected at two fields confirmed that obtained
order parameters were not dependent upon the magnetic field

strengths used. All relaxation rates were interpreted within
the model-free formalism, yielding a generalized order
parameter describing restriction of motion,O2, and an
effective correlation time for the internal motion,τe (30).
The relaxation data have been deposited in the BMRB under
accession number 4970.

Determination of Correlation Times for Molecular Reori-
entation.To interpret relaxation data in terms of internal
motion, the effects of overall tumbling must be factored out
by determination of the overall correlation time,τm (30). This
was accomplished in the standard manner (see Materials and
Methods) at each of the five temperatures at which15N
relaxation data were collected. We have previously reported
evidence from multiple field relaxation measurements that
15N T1, T2, and NOE data can have small but significant
inconsistencies with respect to determination ofτm; when
T2 is included in the model-free fits,τm becomes inflated by
5-10% relative to fits using onlyT1 and NOE data (36, 37).
BecauseT2 data are necessary for determiningτm values
longer than∼6 ns (36), T2 had to be employed for most of
the temperatures in the present study. Thus, for self-
consistency across the temperature range, we have included
T2 data for all fits. However, to test the generality of the
previous results,τm was determined using onlyT1 and NOE
data from 11.7 and 14.1 T at 73°C. Whereas theτm

determined usingT2 was 4.15 ns, theτm determined fromT1

and NOE data was 3.85 ns, approximately 7% shorter,
consistent with previous observations. As expected, the
isotropic τm values decrease as a function of increasing
temperature (Figure 2a). Ideally, isotropic rotational diffusion

FIGURE 1: 13C HSQC spectra of the calcium-saturated calmodulin-
smMLCKp complex at 22 and 73°C.
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should follow the Stokes-Einstein relation and vary linearly
with respect toη/T. Under the assumption that the temper-
ature dependence of the protein solution viscosity is pro-
portional to the temperature dependence of the viscosity of
H2O, the rotational diffusion of the CaM‚smMLCKp com-
plex is well described by a simple linear relationship (r2 )
0.997) (Figure 2b). The diffusion tensors from the four
temperatures ranging from 22 to 60°C are essentially
identical; the averageD|/D⊥ is 1.12( 0.03 and averageθ
and φ values are 1.46( 0.13 and 2.95( 0.11 rad,
respectively. At 73°C, rotational diffusion becomes best
described as “oblate” rather than “prolate”;D|/D⊥ is 0.85
and θ and φ values are 1.21 and 1.37 rad. This result is
simply due to the numerical ambiguity of the anisotropic
tumbling equations under nearly isotropic tumbling condi-
tions (38). Although the diffusion tensors at all five tem-
peratures show small degrees of anisotropy (0.8< D|/D⊥ <
1.2), this has very little effect on extractedO2 values relative
to use of an isotropicτm. Morever, use of the individually
determined anisotropic diffusion tensors does not change the
appearance of the order parameter temperature profiles nor
does it alter any of the conclusions reached. For these
reasons, isotropic rotational correlation times were used at
all temperatures. The fitted temperature dependence was
interpolated to obtainτm values for any temperature. Theτm

values used were 14.92 ns (15°C), 11.81 ns (22°C), 9.91
ns (28°C), 8.26 ns (35°C), 7.69 ns (38°C), 7.19 ns (41
°C), 6.74 ns (44°C), 6.33 ns (47°C), 5.97 ns (50°C), 5.64
ns (53°C), 5.00 ns (60°C), 4.47 ns (67°C), and 4.10 ns
(73 °C).

Temperature Dependence of Backbone Dynamics.Amide
backbone dynamics were probed on the picosecond to
nanosecond time scale at five temperatures, based on the
analysis of15N T1, T2, and {1H}-15N NOE experiments.
Evidence for microsecond to millisecond time scale motion,
indicated by a deviation of the field dependence of theT2,
was barely detectable at the lowest temperature (22°C) and
was completely absent above 47°C. This general trend was
also observed in the pioneering study of the temperature
dependence of the backbone dynamics of ribonuclease H (39)

and a C-terminal domain calmodulin mutant (40), although
in the case of RNase H the effect was more pronounced than
the present case. It should be noted that because the15N line
broadening is small (Rex < 2 s-1), it is possible that the 19
T2 values (out of 91) identified as containingRex contributions
are shortened due to rotational anisotropy at 22°C (41). Such
a small degree of anisotropy, however, would not affect the
extracted order parameters significantly, which is the main
goal of the present study.

Overall, the majority of backbone amides are relatively
rigid at low temperatures and exhibit a slight negative
temperature dependence of their corresponding generalized
order parameters; as the temperature is increased from 22
to 60°C, O2 values steadily decrease by∼-1.5× 10-3 K-1

on the average. Residues in helices have marginally larger
temperature dependence than those in the shortâ sheets. For
most amides, an apparent minimum inO2 is observed at∼60
and is followed by a slightrise in order parameter at higher
temperatures. This small but apparently significant positive
temperature dependence in the 50-70 °C range is unex-
pected, and its physical origin is unclear. Various attempts
were made to interpret this in terms of basic chemical
parameters of the system. For example, use of a longer N-H
bond length at 73°C, possible from thermally excited
vibrations, cannot explain the increase inO2 since use of a
longer bond length yields even higher order parameters.
Increased H-D exchange rates can, in some situations, result
in an underestimated (less negative) heteronuclear NOE that
in turn results in a higher order parameter (42). In addition,
use of an underestimated breadth of the amide nitrogen
chemical shift tensor does result in a compensatory inflation
of the fittedO2 values for a given set of relaxation parameters
[see Schneider et al. (43)]. Therefore, a temperature-
dependent increase in the breadth of the amide nitrogen
chemical shift tensor would result in an overestimation in
fitted O2 values with increasing temperature if a constant
CSA tensor breadth is used, as is the case here. However,
as outlined below, a physical (i.e., motional) mechanism
could also give rise to this temperature dependence.

The dynamics of the amide NH of residues not involved
in regular secondary structure have a relatively more variable
temperature dependence (Figure 3). There are 24 residues
in Ca2+-binding loops (6 per EF hand) that are not in regular
secondary structure, and there are 14 residues in loops that
are neither in secondary structure nor in Ca2+-binding loops.
Some of the more mobile loop residues in the latter class
could not be characterized at higher temperatures; for those
amides not involved in hydrogen bonding, the increase in
temperature severely reduced their peak intensities due to
increased rates of1H exchange with solvent. Accordingly,
much of the large-amplitude loop dynamics could not be
followed, although in many cases dO2/dT values could be
obtained from two low-temperature points. On the average,
loop residues involved with Ca2+ binding have order
parameters∼0.05 lower than residues in helices or sheets.
However, their temperature dependency as a group mirrors
that of helices and sheets. Loop residues not involved with
Ca2+ binding have the lowest backboneO2 values, nearly
0.10 lower than residues in regular secondary structure. These
residues as a group have the greatest temperature dependence,
although this average feature is largely due to residues 115
and 116, which have dO2/dT values of∼-5 × 10-3 K-1.

FIGURE 2: Characterization of molecular reorientation of the
calcium-saturated calmodulin-smMLCKp complex. Isotropic mo-
lecular reorientation times were determined from analysis of15N
relaxation data of backbone amide NH of calmodulin in the complex
and are plotted against temperature (panel a) and against the ratio
of the viscosity of pure water and the absolute temperature (panel
b). The solid line in panel b is the best fit of the equationτm ) a0
+ a1(η/T).
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The order parameters of residues 21 and 94 decrease by 0.09,
with almost no curvature at the higher temperatures. Ala-57
also resides in position 2 of a Ca2+-binding loop but has a
lower O2 of ∼0.65. It also has a temperature dependence
more like the helical and sheet residues.

Methyl-Bearing Side Chain Dynamics.Methyl group
dynamics were probed using2H-based relaxation methods
(26). Longitudinal and transverse2H relaxation rates were
monitored from IzCzDz and IzCzDy three-spin coherences,
respectively; pure2H rates were obtained from subtraction
of corresponding reference IzCz two-spin coherences (see
Materials and Methods). The temperature profiles of methyl
Oaxis

2 parameters exhibit substantial variability in both

absolute value and variation with temperature (Figure 4). A
number of methyl groups display relatively large changes
in order parameter at the temperature extrema (see Figure 4
and below). Discounting for the moment the data obtained
at 15 and 73°C, one can compare the average response of
residue type to changes in temperature in the range of 22-
67 °C (Table 1). On average, different methyl types have
different temperature dependencies, (dOaxis

2/dT), or σ. A
number of the alanine methyl groups display an apparent
increase in the amplitude of their dynamics as the temperature
falls below 28°C (Figure 4). This is unexpected. Above 28
°C, the thermal response is roughly linear, having an average

FIGURE 3: Temperature dependence of backbone amideONH
2

parameters obtained for calcium-saturated calmodulin in complex
with the smMLCKp domain. Panel a shows representative examples
of amide NH inR helices: Q8 (b), F16 (O), G33 (1), T70 (3),
E87 (9), R106 (0), E123 ([), and Q143 (]). Panel b shows
representative examples of hydrogen-bonded amide NH inâ
sheets: T27 (b), I63 (O), I100 (1), and V136 (3). Panel c shows
representative examples of amide NH of residues in calcium-binding
sites that are not involved inâ sheet hydrogen bonding: K21 (b),
T26 (O), A57 (1), D64 (3), N97 (9), D129 (0), and N137 ([). In
most cases, the error bars are less than the height of the symbols
used.

FIGURE 4: Temperature dependence of side chain methylOaxis
2

parameters of calmodulin in complex with the smMLCKp peptide.
Panel a, the methylOaxis

2 parameters determined for theâ-methyl
groups of alanines: A10 (b), A15 (O), A46 (1), A73 (3), A88
(9), A102 (0), A103 ([), A128 (]), and A147 (2). Panel b, the
methyl Oaxis

2 parameters determined for theγ-methyl groups of
threonines: T26 (b), T29 (O), T34 (1), T70 (3), T79 (9), T110
(0), and T146 ([). Panel c, the methylOaxis

2 parameters determined
for theγ-methyl groups of valines: V35-γR (b),V35-γS (O),V55-
γR (1),V55-γS (3),V108-γR (9),V108-γS (0), and V121-γR ([),-
V136-γR (]), V142-γR (2), and V142-γS (4). In many cases the
error bars are less than the height of the symbols used. See Figure
5 for similar data for isoleucine, leucine, and methionine residues.
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σ of ∼-1.8 × 10-3 K-1, similar to the backbone. It is
interesting that the number of bonds a methyl group is
removed from the backbone does not necessarily dictate the
corresponding dOaxis

2/dT. For example, valine methyls have
a relatively flat response to temperature with an averageσ
of ∼-1.8 × 10-3 K-1. Furthermore, isoleucineγ- and
δ-methyls have equivalent average thermal coefficients.
Threonines have the largestσ of ∼-3.9 × 10-3 K-1,
although this may be a result of most of the threonines having
high solvent accessibility in this protein complex. Methion-
ines have the most variable and, interestingly, the most linear
response to changes in temperature (Figure 4). The ampli-
tudes of motion of some methionine methyl groups are
relatively temperature insensitive (e.g., Met-76,σ ∼ -1.1
× 10-3 K-1) while others have among the largest thermal
coefficients in the protein (e.g., Met-71,σ ∼ -6.3 × 10-3

K-1). In this vein, there would appear to be a rough
correlation between the linearity of the temperature depen-
dence of the amplitude of dynamics of a given amino acid
side chain type, in the 28-67 °C range, and the number of
bonds that the methyl group is from the backbone (Table
1).

The majority of methyl sites show a largely linear
temperature dependence ofOaxis

2 upon temperature. In
contrast, the order parameters of some methyls decrease very
little with temperature, and in the case of V108, the side
chain apparentlylosesflexibility (i.e., increasingOaxis

2) with
temperature. One group of methyls shows temperature
profiles with a plateau in the 15-35 °C range (see Figures
4 and 5). These profiles exhibit a transition at∼35 °C at
which theOaxis

2 values begin to decline as the temperature
is increased. This group is comprised mainly ofâ-branched
residues, althoughâ-branched residues are not restricted to
this class. Another group of methyls have decreasingOaxis

2

values as the temperature decreases in the 15-30 °C range
and thus exhibit a slightly “bowed” temperature profile. This
group is dominated by isoleucineγ- and alanineâ-methyls.
Above 30°C, the profiles are linear with temperature. Other
apparent transitions in the amplitude of motion of some side
chains are observed at the higher temperatures. For example,
the initiation of a transition at 70°C is clearly seen for T70γ

asOaxis
2 values drop dramatically (Figure 4).

IntepretatiVe Models of Motion.In an effort to gain insight
into the physical origins of the observed dependence of main
chain and side chain dynamics on temperature, we have
carried out an analysis of motion under the influence of
several simple potential energy functions. Four models were
examined, all of which have azimuthally symmetric potential
energy functions dependent upon a single geometric param-
eter. The temperature dependence of the generalized order
parameter corresponding to motion under each potential
energy function was numerically evaluated (see Materials
and Methods). The infinite square well potential (SQ), which
represents the often employed free diffusion in a cone model,
was found, as is expected, to result in a temperature-
independentorder parameter (Figure 6). The other simple
models show close to a linear decrease inO2 with increasing
temperature. Increasing the power of theU-type potentials
decreases theirT dependence, as they become more flat-
bottomed, i.e., more square well-like (Figure 6). The step
potential (ST), the most anharmonic of the simple models
studied, gives the greatest temperature dependence, which
is again close to linear. We also considered truncated, or
flat-bottomedU-type potentials, to mimic a cage-like motion
of a protein group through a small angular displacement.
The results (not shown) are qualitatively similar to the
corresponding nontruncatedU potential but with a reduced
temperature dependence.

Because the potential energy function defines the prob-
ability of occupancy of each potential state, the entropy of
each model can be parametrically related to the correspond-
ing generalized order parameter (5). This therefore provides
experimental access to site-resolved information about
protein residual entropy and, through its temperature depen-
dence, the corresponding heat capacity. The relationship of
the relative entropy for each model, obtained from the
angular partition function by evaluating〈p(θ) ln p(θ)〉, to
the corresponding order parameter is revealed by a variation
of temperature (Figure 7). Interestingly, while the absolute
value of entropy at a given value of order parameter varies
between the different models, the curves are close to parallel.
This characteristic was noted previously for the simple
harmonic model (5) and proved to be extremely useful in
the estimation ofchangesin conformational entropy involved
in the association of calmodulin with a target domain (44).
However, the large differences in absolute entropies across
the various models indicate that it is much less reliable to
estimate entropy changes if the character of the motion
changes significantly in moving from one state to another.
For example, in the unfolded state, a side chain or backbone
element is likely to undergo a significantly different type of
motion than when it is the compact folded state. Finally,
except for the infinite square well potential, all of the
potentials examined have a highly nonlinear dependence of
the entropy at high values ofO2. This suggests that small
changes of dynamics at relatively rigid sites can indeed
correspond to large changes in entropy, emphasizing the need
to consider backbone dynamics in detail.

The potentially large angular excursions of methyl groups
having low generalized order parameters bring into consid-
eration the possibility of barrier crossing from one rotomeric
state to another. Motion involving barrier crossing would
be qualitatively distinct from motion within a simple potential
energy well. This type of motion is likely to contribute to

Table 1: Thermal Coefficients of the Amplitude of Main Chain and
Methyl-Bearing Side Chain Dynamics of Calcium-Saturated
Calmodulin in Complex with the smMLCKp Domaina

no.b σ (K-1) × 103 r2

amide N-H (ONH
2)c 83 -1.5( 0.9 -0.89( 0.01

alanineâCH3 (Oaxis
2)d 9 -1.2( 1.2 -0.57( 0.40

9 -1.7( 0.1 -0.66( 0.29e

threonineγCH3 (Oaxis
2)d 7 -3.9( 1.1 -0.97( 0.01

valineγCH3 (Oaxis
2)d 10 -1.8( 1.7 -0.47( 0.73

isoleucineγCH3 (Oaxis
2)d 6 -2.4( 1.2 -0.87( 0.19

isoleucineδCH3 (Oaxis
2)d 8 -2.4( 0.9 -0.82( 0.24

leucineδCH3 (Oaxis
2)d 7 -3.3( 1.3 -0.91( 0.07

methionineεCH3 (Oaxis
2)d 7 -3.8( 2.0 -0.97( 0.02

a Temperature coefficients dO2/dT or σ for the indicated group are
derived from linear regression of all data available, except as noted.
The Pearson coefficient of correlation (r2) and its standard deviation
are shown to describe the degree of linearity of the response to
temperature.b Number of sites for which reliable data at a minimum
three temperatures was available.c Excluding the 73°C data set; see
text. d Excluding the 15 and 73°C data sets; see text.e Excluding the
15, 20, and 73°C data sets; see text.
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the high amplitude (lowest order parameter) class of motion.
Indeed, a methyl group symmetry axis freely diffusing about
a torsion angle within(60° of its equilibrium position has
a Oaxis

2 of ∼0.4. Larger amplitudes of motion would likely
stray into the next rotomer “well”. To further investigate the
effects of such interconversion on obtained generalized order
parameters, we have utilized the potential energy functions
illustrated in Figure 8. Here we consider interconversion
between three rotomers separated by 10-0 kT. Strictly
speaking, the barrier separating the states should be low
enough to allow interconversion on the time scale sensed

by the relaxation methods employed here, i.e., on the
subnanosecond time scale. This is required to satisfy the
separation of time scales required by the Lipari-Szabo
formalism and is supported by the obtained effective cor-
relation times for motion of the symmetry axes. As illustrated
in Figure 9, the generalized order parameter is reduced and
the entropy increased by the presence of even small popula-
tions of minor rotomers.

Measurement ofJ coupling constants across involvedø1

or ø2 torsion angles failed to reveal the presence of extensive

FIGURE 5: Temperature dependence of side chain methylOaxis
2 parameters of calmodulin in complex with the smMLCKp peptide. Panel

a, the methylOaxis
2 parameters determined for isoleucineγ-methyls: I27 (b), I52 (O), I63 (1), I85 (3), I125 (9), and I130 (0). Panel b,

the methylOaxis
2 parameters determined for isoleucineδ-methyls: I9 (b), I27 (O), I52 (1), I63 (3), I85 (9), I100 (0), I125 ([), and I130

(]). Panel c, the methylOaxis
2 parameters determined for leucineδ-methyls: L18δS (b), L39δR (O), L39δS (1), L69δR (3), L105δR (9),

L112δS (0), and L116δR ([). Panel d, the methylOaxis
2 parameters determined for methionineδ-methyls: M71 (b), M72 (O), M76 (1),

M109 (3), M124 (9), M144 (0), and M145 ([). In many cases the error bars are less than the height of the symbols used. See Figure 4
for similar data for alanine, threonine, and valine residues.

FIGURE 6: Temperature dependence of theO2 parameter for a site
moving in an infinite square well (SQ), quadratic (U2), quartic (U4),
sixth power (U6), or stepped square well (ST) potential. The models
have been parametrized to give anO2 parameter value of 0.65 at a
temperature of 15°C.

FIGURE 7: Parametric relationship between theO2 parameter and
corresponding relative entropy of a site moving in an infinite square
well (SQ), quadratic (U2), quartic (U4), sixth power (U6), or
stepped square well (ST) potential. Also shown is the parametric
relationship for the two- and three-well model for rotomer inter-
conversion (see Figure 8).
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averaging at either 25 or 60°C (not shown). These results
are similar to those obtained for free calcium-saturated
calmodulin (45). However, exchange between a dominant
rotomer and one or two minor rotomers (<10%) clearly
might escape detection by this approach.

Effects of Conditional Motion.In an effort to illuminate
the possible origins of various features of the observed
temperature dependence of side chain motion in the calm-
odulin complex, we constructed a minimal model that could
be treated exactly and capture the essential features of protein
side chain motion in a tightly packed environment having
extensive steric interactions and coupling with neighboring
side chains. In short, this is used to represent a more general
dynamically changing environment for a group rather than
some invariant effective potential. This model is character-
ized by four intrinsic potential step barriers,Usi, and four
pairs of steric interaction parameters,Uij-θij. Physically, the
model can be thought of as describing the restricted range
of angular motions intrinsic to each side chain because of
covalent and backbone interactions, plus interactions with

neighboring side chains, where larger values ofUsi, Uij, and
θij correspond respectively to a stiffer side chain, a harder
neighbor interaction, and a looser packing with the neighbor,
respectively.

A sterically interacting cluster model was examined in a
variety of scenarios for side chain interaction, and the
temperature dependence of the order parameters was ob-
tained. The principle scenarios can be described as follows:
(i) four noninteracting side chains (control); (ii) four equally
stiff interacting side chains (symmetric case).

A series of nonsymmetric cases were obtained by sys-
tematic alteration of one parameter in case ii: (iii) one stiff
side chain, three floppy side chains; (iv) one floppy side
chain, three stiff side chains; (v) one loose neighbor
interaction, three tight neighbor interactions; (vi) one tight
neighbor interaction, three loose neighbor interactions; (vii)
one hard neighbor interaction, three soft neighbor interac-
tions; (viii) one soft neighbor interaction, three hard neighbor
interactions; (ix) one stiff side chain (Usi ) 1 kcal) with
loose neighbor interactions (Uij ) 5 kcal, θij ) 0), three
floppy side chains (Usi ) 0) making tight interactions with
each other (Uij ) 5 kcal,θij ) 20 for i-j ) 3-4 and 4-1).

Cases i-viii gave very similar results to the single group
step potential model: monotonic, almost linear, decreasing
O2 with increasing temperature, with the expected variation
among side chains, i.e., a higherO2 for the stiffer side chain
in case iii, the groups making the tight or hard interaction is
cases vi, vii, etc. Case ix, corresponding to a more hetero-
geneous cluster interaction, gave a more interesting result
(Figure 10). The central floppy side chain (4) shows an
increase inO2 with increasingT, while the stiff side chain
(2) shows a decrease inO2, and the intervening side chains
(1 and 3) show almost no temperature dependence. The
perhaps surprising increase inO2 can be rationalized in
physical terms as follows. Each side chain is constrained to
move in some “configurationally averaged” space provided
by its two neighbors. The side chain itself will tend to explore
a larger volume, as the temperature is increased. However
the “dynamic volume” occupied by its neighbors will tend
also to increase as their excursions increase, sterically
constraining the side chain. The net effect on the order
parameter results from the competition between these two
effects. In most scenarios, the first factor wins out, with the
concomitant decrease in order parameter, since many of the

FIGURE 8: Potential energy functions used to simulate the effects
of rotomer interconversion on generalized order parameters for
attached methyl groups. The potential is defined byU(θ) ) b0 +
b1 cosθ + b2 cos 3θ. The constantb1 was set to 8 kT. The constant
b2 ) ∆Uwell/1.5 andb0 ) b1 + b2. ∆Uwell was varied from 0 to 8
kT in steps of 0.5 kT to give the family of curves shown. This
function defines three wells, two of which are degenerate.∆Uwell
defines the energy gap between the two degenerate wells and the
third well. The lowermost curve corresponds to∆Uwell of zero.

FIGURE 9: Dependence of the generalized order parameter and
entropy on rotomer averaging. The curves were constructed using
the potential energy function described in Figure 8 as a function
of ∆Uwell. Shown is the fractional occupancy of the major rotomer
(b), the value ofO2 (O), and the difference in entropy from the
high ∆Uwell limit (1).

FIGURE 10: Temperature dependence ofO2 parameters of sites
attached to the four interacting side chains of the cluster model.
Side chains 1 and 3 have the same temperature dependence (O);
side chain 2 (1) and side chain 4 (3) have negative and positive
temperature dependencies, respectively.
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large excursions made by the neighbors are in the direction
away from the side chain. Neighboring side chain motions
tend to be positively correlated by their steric interaction.
However, in case ix for the central floppy neighbor, the
dynamic volume available to it is gradually decreased at
higher temperatures because the stiff side chain opposite it
starts to undergo larger excursions, “pushing” on the floppy
intervening groups 1 and 3. This results in the increase in
O2 with temperature. In more formal terms, there is a
negative correlation introduced between side chain 4’s
motion and side chain 2 (and, concomitantly, between 4 and
1/3) (Table 2). Case ix is the only one where negative angular
correlation coefficients are seen between any side chains. It
is also the only one where anyincreasein O2 is seen. Finally,
simulations of case ix indicate that the entropy of this cluster
model is ∼60% of that of the four side chains moving
independently within their individual energy potentials.

Estimates of Protein Heat Capacity.Notwithstanding the
issue of conditional motion, if we assume that the mean order
parameter provides a good estimate of the net backbone
entropy per residue, a range of 1.3-3.8 cal mol-1 K-1

residue-1 for the contribution of the backbone to the heat
capacity of the folded protein is obtained using the relation-
ship

The mean methyl order parameter corresponds to an average
from a range of side chain sizes, from small (Ala) to large
(Met), and if these mean values are taken as representative
of the motional order of all side chains, methyl and
nonmethyl bearing, we estimate that the contribution to the
protein heat capacityreflected in the NMR order parameters
is in the range of 2.8-5.6 cal mol-1 K-1 residue-1. These
estimates of the protein heat capacity are significantly smaller
than the estimates of 8 cal mol-1 K-1 residue-1 by Yang et
al. (46) for an SH3 domain, largely because experimentally
we have about the same change inO2 over a much wider
temperature range (51 versus 15 K). This reflects the fact
that the calmodulin complex is much more stable. The lower
end of the estimated range of protein heat capacity is also
relatively small compared to the total system heat capacity
typical of folded proteins with comparable stabilities (47,
48). These and other results (49) are consistent with the view
suggested by molecular dynamics simulations (e.g., ref50)
that the majority of protein heat capacity arises from local
bond vibrations, which are not directly sensed by the NMR
measures used here.

DISCUSSION

The temperature dependence of the dynamics of the main
chain is unremarkable in most respects. The backbone is

largely highly ordered and relatively unresponsive to changes
in temperature. The weak temperature dependence ofONH

2

is largely linear except for an apparent upward inflection
(decrease in amplitude) at many sites at the high end of the
temperature range examined. In a density of states view, the
smooth increase in amplitude of motion to a limiting value,
before the subsequent reversal above 60°C, may simply
correspond to a saturation of the group of modes of motion
available in this temperature range. The following decrease
in amplitude of motion at higher temperatures has several
potential explanations. It is possible that at elevated tem-
peratures the rate of hydrogen exchange is sufficiently fast
to contaminate the measurement of the heteronuclear NOE
(42) and result in an artifactual increase in obtained general-
ized order parameters. Similarly, a systematic increase in
the breadth of the CSA tensor with increasing temperature
could result in an inflated fittedONH

2 using a temperature-
independent and therefore underestimated CSA tensor breadth.
A significant variation (10’s of ppm) of the CSA tensor with
temperature would be required to entirely explain deviation
from a linear response to temperature. Information on the
temperature dependence of amide nitrogen CSA tensors is
sparse, but this magnitude of variation seems unlikely.
Alternatively, as discussed below, the decrease in motional
amplitude at elevated temperatures could also result from
the steric coupling of motion of the amide N-H with
neighboring groups.

The simple physical models used to explore the depen-
dence ofO2 on temperature seem to show that no simple
“effective potential” model is sufficient to explain the high
temperature increase inONH

2(T) or to capture the rich variety
of observedOaxis

2(T)’s. Even though the step function
potential has a relatively steep temperature dependence, it
is, like all of the simple models, essentially linear and fails
to show sharp transitions or reversals in sign. The failure of
these simple models of motion in isolation is not too
surprising since methyl groups are (usually) tightly packed
in the protein and have covalent and steric interactions with
neighboring groups which are themselves moving, presum-
ably in a highly coupled way. This is also true for most amide
NH. Thus the potential seen by a group is itself a dynamically
changing factor. These conceptually intuitive features are
represented in the simple cluster model. Simulations, par-
ticularly case ix, seem to suggest that the rich variety of
Oaxis

2(T) behavior seen experimentally can, in principle, be
explained only by including realistic features of the protein
side chain interaction. Coupling of motion can result in
suppression of thermal activation of motion at another site
or even an increase inOaxis

2(T) with increasing temperature.
A different type of complexity can arise through the

superposition of motions (30, 51). It is therefore interesting
to note that the effective linearity of the response of the
amplitude of motion to a change in temperature is most
pronounced for the long side chains and less so for shorter
side chains (see Table 1). Methionine methyls generally have
the smoothest and most linear response to changes in
temperature. This rough correlation would suggest that the
presence of multiple modes (i.e., reorientation about multiple
torsion angles) tends to smooth out the temperature response
and, ironically, make it appear simpler. This type of model
can, in principle, be directly tested by use of a recursive
procedure, such as that used to analyze the dynamics of the

Table 2: Analysis of the Simple Cluster Model

Amplitude of Side Chain Motion
side chain 1 2 3 4
σ (θ) 22.926 20.101 22.926 32.026

Correlation Coeff between Side Chain Motions
side chain 1 2 3 4

1 1.000 0.540 0.178 -0.508
2 0.540 1.000 0.540 -0.561
3 0.178 0.540 1.000 -0.508
4 -0.508 -0.561 -0.508 1.000

Cp ) dS/(d ln T)
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main chain of ubiquitin (43), to extract local contributions
to a particular observed order parameter.

The physical origin of the three statistical groupings of
the amplitudes of methyl-bearing side chain motion in
proteins, first recognized in the calmodulin complex (22),
remains somewhat of a mystery. It has been shown that
proteins bearing large inflexible prosthetic groups such as
heme (52) or flavin (53) can have the high amplitude motion
of methyl-bearing amino acids essentially completely sup-
pressed while in the other extreme a protein of de novo
design that has otherwise nativelike properties shows com-
plete absence of the lowest amplitude motional class (37).
These few examples illustrate the variability of dynamical
behavior available to proteins. In all cases thus far examined,
however, the general grouping of dynamical amplitudes
appears to be a common feature. It is this grouping of
motional amplitudes that could provide a simple explanation
for the abrupt change in temperature dependence at 200 K
seen, for example, in inelastic neutron scattering profiles
[e.g., Doster et al. (54)].

Two extreme situations can be imagined to give rise to
discrete classes of motion. One is that the longer amino acid
side chains can have three fundamental types of motion, each
averaging the methyl symmetry axis to different degrees (6).2

Motional averaging effects of this type have been suggested
to influence obtained amide N-H generalized order param-
eters (55, 56). Alternatively, one can imagine that there are
truly three classes of distinct motional amplitudes. For
example, as evidenced by Figure 9, variation of the barrier
for rotomer interconversion from one residue to the next
could easily introduce this behavior, and indeed, the very
low generalized order parameters seen for one class of
methyl-bearing side chains in the calmodulin complex would
seem to require crossing from one rotomer to another.
Obviously, further characterization utilizing additional probes
on individual side chains is required (6).

Residual Protein Entropy and Heat Capacity.A very
attractive feature of detailed, site-resolved information about
internal protein dynamics is the potential of gaining access
to the microscopic origins of residual protein entropy and
derived quantities such as heat capacity. The use of site-
resolved dynamics to provide an inventory of accessible
states and hence act as a local “entropy meter” is funda-
mentally limited by an inability to detect and describe
correlated motion. From the initial stages, it has been
recognized that the simple site-resolved inventory of entropy
ignores the very real possibility of correlated motion and
the fact that single probes in a side chain need not sense all
motions that are present. The latter difficulty can be dealt
with by employing several probes throughout the side chain
(57). Furthermore, the NMR-based measurements employed
here are largely insensitive to the local motions arising from
bond vibrations and hence are most useful in delineating the
character of torsional oscillations about rotatable bonds.

The issue of correlated motion is somewhat resistant to
direct resolution but has been suggested to be of modest
concern (58). The four amino acid side chain cluster model
utilized here allowed various aspects of cooperative or
conditional motion by an amino acid side chain to be

examined. Particularly noteworthy is the observation that the
entropy of such clusters is not that different from the
component side chains moving independently within their
respective energy potentials. This raises significantly the
confidence with which the use of parameters of local side
chain dynamics can be used as measures of residual protein
entropy contained in torsional oscillations, at least as reflected
in the subnanosecond time scale motion between states.
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