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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 usifiN and?H NMR relaxation methods. NMR relaxation studies of the
complex were carried out at 13 temperatures that spar-288 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 entropy of the unfolded state has recently been reassessed
stability continues to be a subject of intense study and and suggested to be much smaller than previously imagined
discussion. Though the taxonomy of protein structure is (1—3). In addition, the view provided by NMRspectroscopy
becoming well understood, a similar depth of understanding suggests that the residual entropy of the folded state may be
of the existence and character of internal protein motion large @, 5), which further diminishes the entropic penalty
remains to be achieved. The importance of understandingthat a protein must pay to fold, in effect narrowing the top
the nature of protein dynamics is manyfold. For example, and broadening the bottom of the energy landscape funnel
in the classical view of the thermodynamics of protein folding (6). Fundamental questions about the role of protein dynam-
and stability, it is argued that the penalty of going from an ics in protein function also clearly remain. Though the view
unfolded state of high entropy to a folded state of low of Pauling {) that the catalytic power of an enzyme arises
residual entropy is largely overcome by the entropic gain
derived from the release of water-solvating hydrophobic — . ) ) )
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from its greater affinity for the transition state than for the MATERIALS AND METHODS
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 coordina8e (
9). Petsko and co-workers have provided strong evidence
that protein motion strongly influences catalytic activity in
ribonuclease0). Other examples include a role for protein
fluctuations in promoting hydrogen tunneling during catalysis
by alcohol dehydrogenasell, 12) and in modulating

intraprotein electron transfeL ). These observations raise A Peptide from the chicken smooth muscle myosin light
further questions. Are the general thermally activated random chain kinase (SMMLCKp, GSARRKWQKTGHAVRAIGRLS)

motions of the protein harnessed for catalysis or are “special” &S subcloned into a pET32 vector (Novagen Inc.) behind

fluctuations employed? What are the time scales of kineti- a 17 promo_ter as a thioredoxin fusion _proteln W'th_a
cally relevant motion? C-terminal His tag followed by the thrombin cleavage site

. ) . ) . and the smMLCKp sequence. This construct was transformed
Initial experimental insights into the character of protein jnio E. coli BL21(DE3) cells and grown on rich media at 37
internal motion largely employed local qpticall probes, oc yntil an ODyo of 0.6-0.7 was reached, at which point
unres.olved hydrogen ex_ch_ange, and one-d|me_nS|onaI NMRisopropylﬁ-D-thiogalactopyranoside was added to 1 mM to
techniques that, though limited, revealed a startling complex- jnduce overexpression of fusion protein. Aft8 h of
ity and richness in the internal motion of proteirisi{ 18). induction, cells were harvested and loaded onto a 10 mL
These views have been increasingly supplemented with bothyi_nTA agarose column (Qiagen Inc.) equilibrated in
crystallographic (e.g., ref40 and 19) and NMR-based binding buffer (20 mM Tris-HCI, pH 7.9, 0.5 M NaCl, 5
insights. Over the past decade NMR spectroscopy hasmp imidazole). The column of bound thioredoxismML-
emerged as a powerful tool for the characterization of protein ckp fusion protein was washed with 60 mM imidazole,
dynamics in a comprehensive site-resolved mar@@rl).  eluted with 0.5 M imidazole, and dialyzed into thrombin
Many *N relaxation based studies of backbone dynamics cleavage buffer (20 mM Tris-HCI, pH 8.4, 150 mM NaCl,
have been reported and generally indicate that the main chairp 5 mM Cacj). The fusion protein was cleaved with20
largely acts as a rigid scaffold(, 21). The current view  nm thrombin for approximatgl 2 h atroom temperature in
provided by*3C and?H NMR relaxation methods suggests a 10-15 mL reaction volume. Cleavage products were stored
that protein hydrophobic cores are quite dynamic and, at —20 °C until purification by high-pressure liquid chro-
importantly, heterogeneously s6)(The handful of studies  matography using a C-8 reversed-phase column.
of the subnanosecond time scale motion of methyl-bearing Tp¢ CaMsmMLCKp complexes (fofsN and2H relax-
side chains reveals a remarkably rich range of motional 44jon samples) were formed by titrating? mM unlabeled
amplitudes 22). A recent surprise is the apparent clustering peptide into 0.3 mM CaM in buffer conditions 4-fold dilute
of methyl-bearing side chains into three general classes ofg|ative to the final NMR conditions of the intact complex.
dynamical disorder2?). All titrations were monitored by HSQC spectra to confirm

The structural and stereochemical determinants of this rich that the complex was in slow exchange on the NMR time
dynamical behavior are largely unknown. In this regard, the scale and to ensure a CadnMLCKp stoichiometry of
relationships between structure and dynamics could poten-1:1.0-1:1.1. The final solution conditions in 93%:7%®::
tially be illuminated by the temperature dependence of the DO were 1.2 mM complex, 2020 mM imidazoled,, pH
dynamics. Variation of temperature provides, in principle, 6.5, 100 mM KCI, 6 mM total CaG| and 0.02% Nap! For
access to the energetics of the motional modes contributingthe 50% randomly fractionally deuterated (and uniforfi,
to the NMR relaxation phenomena. With this in mind, we °N enriched) CaM sample, deuterated bis-Tris (CIL Inc.)
have undertaken a comprehensive study of the temperaturevas substituted for imidazole.
dependence of the fast main chain and methyl-bearing side NMR SpectroscopiNMR data were collected using Varian
chain dynamics of calcium-saturated calmodulin (CaM) in Unity Inova spectrometers equipped with triple-resonance
complex with a peptide model for the smooth muscle myosin probes and-axis pulsed-field gradients. AN pulses were
light chain kinase calmodulin-binding domain (smMLCKp). applied at 7.1 kHz, except for acquisition decoupling which
A synoptic analysis of this study has been reported previouslywas applied at +2 kHz. High-power and acquisition
and indicated the aforementioned trimodal distribution of decoupling®3C pulses were delivered at 20 and 2 kHz,
angular disorder in calmodulin and that the temperature respectively. High-power and decouplidfl pulses were
dependence of this distribution appeared to provide a simpledelivered at 2.4 and 0.8 kHz, respectivéfjN and**C pulses
explanation for the so-called glass transition observed in were found to be invariant with temperature, althodgb
proteins at 200 KZ2). Here we focus on the details of the pulse widths increased slightly at temperatures ovet@0
dynamics revealed by the temperature dependence of nitrogenFor each temperature, on each spectrometer, temperature
15 and deuterium relaxation in CaM complexed to the calibrations were made with methanol up to°€8and with
smMLCKp domain. To aid in the interpretation of the ethylene glycol at higher temperatures.
temperature dependence, we also examine the behavior of N T;, T,, and{*H}—">N NOE experiments24) were
several simple physical models, including one that incorpo- acquired with our normal modifications: two high- power,
rates cooperative or coupled motion with neighboring side initial H saturation pulses were inserted at the beginning of
chains. the T relaxation delayZ5); *H decoupling/saturation during

SamplesChicken calmodulin was expressed and purified
as described previousl2®). For the?H relaxation NMR
sample,Escherichia coliBL21(DE3) cells were grown on
minimal media containing 50%4@ and 50% RO and using
5NH,4CI and p-glucose (URCg, 99%) as the sole nitrogen
and carbon sources, respectively. For thd relaxation
sample, cells were grown on 100%,® minimal media
containing™NH,Cl and unlabeled glucose.
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T, was accomplished with hard 12pulses spaced every 5 8Jcc and 3Jcy coupling constant measurements for were
ms; and the second half of tHe CPMG was removed to  carried out at 600 MHz using standard two-dimensional
give a block duration of~8 ms. The two experiments methods 27, 28).
comprising the NOE were acquired in an interleaved fashion. Relaxation Data Analysi®kelaxation decays froftN T;,
T, and T, experiments were typically acquired with nine N T, I,C,, I,.C,D,, and LC,Dy experiments were obtained
relaxation time points with three additional “duplicate” time from maximal peak intensities and fitted to single exponen-
points, which were used to assess peak intensity uncertaintiestials using two-parameter nonlinear least-squares routines
For Ty, relaxation curves were typically sampled outto425  (29). The{*H} —**N NOE was calculated as the ratio of peak
times the value of the expectdd, and sample times were  intensities, INC¥/I"®". Pure 2H longitudinal and transverse
adjusted for each temperature. Agyrelaxation curves were  relaxation rate constants were extracted as the difference of
sampled out to~120 ms; sampling of significantly longer  1.C, from I.C,D, and LC.Dy rate constants, respectiveBg.
times results in the onset of sample heating. Both >N and?H relaxation data were fitted to the original
15\ relaxation data sets were collected at 11.7 T for 22, LiPari—Szabo model-free paramete8) using an in-house
35, 47, and 60C; the 73°C data set was collected at 14.1 Fort.ran programa9, 31). Errpr bar?' were estimated on the
T. For all experiments, thé’N carrier was placed at 118 basis of .150 1l;/|onte qulo S|mulla!t_|ons.
ppm, and the indirect nitrogen acquisition times ranged from Analysis Of_ N r_elaxatlon was |n|t|ated_ at each temperature
85 to 100 ms;!sN spectral widths were 31 ppriH by charactenzat_lon of ov_erall _tumbllng. Residues were
acquisition times were typically 64 ms. For experiments, exg:lude_d from th|_s process i th.e'r.NOES were less than 0.65
recycle delay times ranged from 1.3 s at’Z2to 1.8 s at 73 or if their To/T, ratios deviated significantly from the average

°C, and 8-16 scans/fid were recorded. FBs experiments, T,/T, ratio at a given temperature using the criterion of

recycle delay times were typically 1.5 s at the three lowest Tjandra et al. 82). The latter test is useful for identifying

temperatures and 2.2 s at the two highest temperatures an&eSiOIueS exhibiting additional line broadening due to chemi-
8—16 scans/fid weré recorded. For NOE experimetits ’ 7 cal exchange processes on the microsecond to millisecond

. o . time scale. Using software (R2R1_diffusion) provided by
|rrad|atlon was ap_plled fpr 55 4.5, 4.0, 4.0, and 4.0 s at Prof. Art Palmer, th@:/T, ratios from the subset of residues
22—73°C, respectively, yielding matched total recycle delay

times in the corresponding reference experiments of 5.7, 5.0 remaining were used along with the structural coordinates

. ’ lecules “A” and “E” from the structure of Meador et al.
5.0, 5.0, and 5.0 s. These delay times were set to-hE5 [mo - - . )
times the averag&N T; value aty each temperature. (33); PDB code 1cdl] to fit an axially symmetric rotational

) . . i diffusion tensor for the complex3g). Isotropic tm values

?H relaxation rates of side chain methyl gbisotopomers  yyere determined using the same subset of residues to perform
were monitored using the trio of multiple coherence relax- g global grid search ofy, fitting O? andz. locally at each
ation experiments of Kay and co-workes): 1,C,, 1,C,D,, site for each trialr, value @1).
and LC.D,. These three experiments were carried outat 14.1  Analysis of?H relaxation data was carried out as described
T at 15, 22, 28, 35, 38, 41, 44, 47, 50, 53, 60, 67, and 73 previously @9) and is only briefly recounted here. Piite
°C, for a total of 39 relaxation experiments over an 11 month relaxation rates (see above) from one or two field strengths
period. The order of acquisition at various temperatures was(14.1 T, or 14.1 and 17.6 T) were fitted using the simple
shuffled in order to prevent irreversible changes in the sample model-free spectral density employing an isotrogiclt is
being misinterpreted as a temperature dependence, althouglvorth noting that the effect of anisotropic rotational diffusion
the experimental trio was always acquired sequentially in on2H relaxation should be damped in the case of metHyl
one session. Additional data sets were collected at 17.6 T atrelaxation relative to amid&N relaxation; reorientation of
15, 22, 35, and 47C; these extra data were necessary for the principal axis of the electric field gradient tensor resulting
reducing error bars of fitted model-free parameters at 15 andfrom rapid methyl rotation (or three-site jumping) averages
22 °C, and at 35 and 47C the data at an additional field the relaxation rates corresponding to the various orientations
showed that obtaine.s parameters were not dependent of the C—D vector relative to the principal diffusion tensor
on the magnetic field strength at which tPid relaxation axis. Oqié values were obtained subsequently by division
data were acquired. THEC carrier was placed at 18.1 ppm, by 0.111, which assumes tetrahedral methyl geom&gy; (
and for the indirect3C dimension, the spectral width was Interpretatve Models.In an attempt to provide physical
19.6 ppm, and 83 complex points were acquired (for 14.1 insight into the basic features of the side chain and main
T). Typically, 16, 32, and 32 scans/fid were recorded for chain dynamics revealed by the NMR relaxation studies
1.C,, I,.CD,, and LC,Dy. Typical recycle delays were 18 described here, we evaluated the generalized order parameters
2.2 s. For each experiment, nine time points were collected arising from motion in several simple azimuthally symmetric
with three duplicate points. For example, at°€7 relaxation potential well models where the energy depends only on the
delays were as follows (asterisks denoting duplicate mea-angled with respect to the symmetry axis. The generalized
surements): C,at 12.1*, 22.3, 33.5, 44.7*,55.9, 67.1, 78.3, order parameter was calculated to high precision by numer-
89.6*, and 101.1 ms;C.D, at 4.15% 10.9, 19.6, 30.0*,41.8, ical integration of the angular partition function of the model
54.8, 68.9, 84.1, and 100.4 mgCjDy at 0.7, 2.1%, 3.8, 5.9*% of interest followed by evaluation of the mean squared cosine
8.3, 10.9, 13.7, 16.8*, and 20.0 ms. The sampling of angular correlation, which in turn defines the generalized
multispin coherence relaxation was adjusted for each tem-order parameter3Q):
perature to ensure optimal curves for nonlinear least-squares
fitting. The 2H spin lock in LC,Dy was calibrated at-1.1— o= 3/2@o§ o 1/2
1.2 kHz (at 14.1 T) and was restricted to durations shorter
than 30 ms. The potentials considered were an infinite square well (SQ)
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of width 6., quadratic (U2), quartic (U4), sixth power (U6), =

and a stepped square well (ST) where=lD for 6 < 6sand 220

U = U for 6 > 6s elsewhere. The power law and square g:

well potentials are described by a single parameter, the force © - -

constant or the well width, respectively. The square well | ° o e o

potential would correspond to the often used “free diffusion |*d < .

in a cone” model. The step potential has two parameters, |< o

the well width and step heighfs, and U, respectively. e,
In an effort to examine the effects of rotamer intercon- o T &

o %
o
14.0 10.0
13¢ (ppm)

18.0

[}
22.0

version (i.e., barrier crossing) on the interpretation of order
parameters obtained from methyl groups, a potential energy
function of the formU(0) = E; — E; cosf — E; cos 3, . . . . .
where 0 is the involved torsion angle, was utilized in a 20 1.6 12 08 04
manner similar to that described above for the simple 1H(ppm)
effective potentials.

To investigate cooperative or correlated motion, four
groups representing side chains arranged in a cluster| 73°c
restricted to a plane were examined. Each griolip= 1, ..., az
4) can undergo angular motion over a restricted raggts() o
in a potential that consists of two components.

(i) One component is an intrinsic invariant potential ©
that depends only on that group’s anglg, This potential °
provides a general restoring force exactly as in the simple .00 808,
potential models above. We chose a step potential (#th o & 5_°
= 30°) since this provides the greatest dynamic rang8& of °
with T. .

(ii) The other is a nearest-neighbor overlap potential. The 2_; 1_; 1_'2 o_'8 o_l.,
interaction of each pair of neighborsandj (wherei—j = 1
1-2, 2-3, 3-4, or 4-1) is given as an overlap penalty of H (ppm)

Uj if their angular displacement from each otherfs+ 6;) FIGURE 1: 13C HSQC spectra of the calcium-saturated calmodulin
< 6. smMLCKp complex at 22 and 73C.

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 functiqid,

0., 03, 0,) is obtained and thus the order parameters and
any required average properties.

26.0

18.0 14.0 10.0
13¢ (ppm)

22.0

26.0

strengths used. All relaxation rates were interpreted within
the model-free formalism, yielding a generalized order
parameter describing restriction of motio®?, and an
effective correlation time for the internal motion, (30).

The relaxation data have been deposited in the BMRB under
accession number 4970.

RESULTS Determination of Correlation Times for Molecular Reori-
_ _ entation. To interpret relaxation data in terms of internal
Temperature Range of Relaxation Experimefite CaM motion, the effects of overall tumbling must be factored out

smMLCKp complex was examined over a range of temper- by determination of the overall correlation tims, (30). This
atures from 15 to 73C. Methyl chemical shifts patterns are  was accomplished in the standard manner (see Materials and
unchanged, indicating that the complex structure is stable Methods) at each of the five temperatures at whigk
across the full temperature range examined (Figure 1). Valuesrelaxation data were collected. We have previously reported
of AH, AG, andAC, obtained from calorimetric studies of  evidence from multiple field relaxation measurements that
a nearly identical complex3) also predict that dissociation 15N Ty, T,, and NOE data can have small but significant
of the bound target domain will occur at well over 100. inconsistencies with respect to determinationzgf when

The picosecond to nanosecond dynamics of CaM in Tis included in the model-free fits,, becomes inflated by
complex with smMLCKp were probed along the main chain 5—10% relative to fits using onlyf; and NOE data36, 37).

and in methyl-bearing side chains, usiily and methyPH BecauseT, data are necessary for determining values
relaxation methods, respectivelyN relaxation was moni- longer than~6 ns @6), T, had to be employed for most of
tored at five temperatures (22, 35, 47, 60, andCBusing the temperatures in the present study. Thus, for self-
standardTy, T,, and{*H} 1N NOE experiments24) at consistency across the temperature range, we have included

either 11.7 or 14.1 T°H methyl relaxation was monitored T, data for all fits. However, to test the generality of the
at 13 temperatures (15, 22, 28, 35, 38, 41, 44, 47, 50, 53,previous results;, was determined using onll; and NOE

60, 67, and 73°C) using*H—13C resolved?H relaxation data from 11.7 and 14.1 T at 73C. Whereas thery
experiments: L, 1,CD,, I,CDy (see Materials and Meth-  determined usind, was 4.15 ns, the,, determined fronT;
ods). All 2H relaxation data sets were collected at 14.1 T, and NOE data was 3.85 ns, approximately 7% shorter,
although for a few temperatures additional sets were collectedconsistent with previous observations. As expected, the
at 17.6 T. Data collected at two fields confirmed that obtained isotropic 7, values decrease as a function of increasing
order parameters were not dependent upon the magnetic fieldemperature (Figure 2a). Ideally, isotropic rotational diffusion
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14 14 and a C-terminal domain calmodulin mutad0), although
a b in the case of RNase H the effect was more pronounced than
1219 12 1 the present case. It should be noted that becauséNHme

broadening is smallRex < 2 s, it is possible that the 19

1 10 T, values (out of 91) identified as containiRg, contributions
g, ° z . are shortened due to rotational anisotropy at@241). Such
o o a small degree of anisotropy, however, would not affect the
6 . 6] extracted order parameters significantly, which is the main
° goal of the present study.
44 ] 4 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
Temperature (K) Viscosity/T (wPasiK) to 60°C, O? values steadily decrease by-1.5x 103K™1
FiGURe 2: Characterization of molecular reorientation of the on the average. Residues in helices have marginally larger
calcium-saturated calmodutirsmMLCKp complex. Isotropic mo- temperature dependence than those in the ghelteets. For
lecular reorientation times were determined from analysi&Mf most amides, an apparent minimunOhis observed at-60

relaxation data of backbone amide NH of calmodulin in the complex : s .
and are plotted against temperature (panel a) and against the raticfjlnd is followed by a slightise in order parameter at higher

of the viscosity of pure water and the absolute temperature (paneltémperatures. This small but apparently significant positive
b). The solid line in panel b is the best fit of the equatigi= ag temperature dependence in the-5® °C range is unex-
+ ay(y/T). pected, and its physical origin is unclear. Various attempts
were made to interpret this in terms of basic chemical
should follow the StokesEinstein relation and vary Iinearly parameters of the system. For examp|e, use of a |ong-ef| N
with respect toy/T. Under the assumption that the temper- hond length at 73°C, possible from thermally excited
ature dependence of the protein solution viscosity is pro- vibrations, cannot explain the increaseA since use of a
portional to the temperature dependence of the viscosity of jonger bond length yields even higher order parameters.
H2O, the rotational diffusion of the CafdmMLCKp com-  |ncreased HD exchange rates can, in some situations, result
plex is well described by a simple linear relationship= in an underestimated (less negative) heteronuclear NOE that
0.997) (Figure 2b). The diffusion tensors from the four in turn results in a higher order paramet4g)( In addition,
temperatures ranging from 22 to 6@ are essentially  yse of an underestimated breadth of the amide nitrogen
identical; the averag®,/Dp is 1.12+ 0.03 and averagé chemical shift tensor does result in a compensatory inflation
and ¢ values are 1.46+ 0.13 and 2.95+ 0.11 rad,  of the fittedO? values for a given set of relaxation parameters
respectively. At 73°C, rotational diffusion becomes best [see Schneider et al.4®)]. Therefore, a temperature-
described as “oblate” rather than “prolatd/Dy is 0.85  dependent increase in the breadth of the amide nitrogen
and ¢ and ¢ values are 1.21 and 1.37 rad. This result is chemical shift tensor would result in an overestimation in
simply due to the numerical ambiguity of the anisotropic fitted O? values with increasing temperature if a constant
tumbling equations under nearly isotropic tumbling condi- CSA tensor breadth is used, as is the case here. However,
tions 38). Although the diffusion tensors at all five tem-  as outlined below, a physical (i.e., motional) mechanism
peratures show small degrees of anisotropy (018//Dp < could also give rise to this temperature dependence.
12), th|S haS Very I|tt|e effect on eXtraCt@a VaIUeS relatiVe The dynamics of the amide NH of residues not involved
to use of an isotropi¢y,. Morever, use of the individually iy regular secondary structure have a relatively more variable
determined anisotropic diffusion tensors does not change thetemperature dependence (Figure 3). There are 24 residues
appearance of the order parameter temperature profiles nofn ca+-binding loops (6 per EF hand) that are not in regular
does it alter any of the conclusions reached. For thesesecondary structure, and there are 14 residues in loops that
reasons, isotropic rotational correlation times were used atgre neither in secondary structure nor irfGhinding loops.
all temperatures. The fitted temperature dependence wassome of the more mobile loop residues in the latter class
interpolated to obtaimy values for any temperature. The could not be characterized at higher temperatures; for those
values used were 14.92 ns (16), 11.81 ns (22C), 9.91  amides not involved in hydrogen bonding, the increase in
ns (28°C), 8.26 ns (35°C), 7.69 ns (38C), 7.19 ns (41  temperature severely reduced their peak intensities due to
°C), 6.74 ns (44C), 6.33 ns (47C), 5.97 ns (50C), 5.64  increased rates dH exchange with solvent. Accordingly,
ns (53°C), 5.00 ns (60°C), 4.47 ns (67°C), and 4.10 ns  mych of the large-amplitude loop dynamics could not be
(73°C). followed, although in many case©#dT values could be
Temperature Dependence of Backbone Dynamicsde obtained from two low-temperature points. On the average,
backbone dynamics were probed on the picosecond toloop residues involved with Ca binding have order
nanosecond time scale at five temperatures, based on the@arameters-~0.05 lower than residues in helices or sheets.
analysis of'>N Ty, T,, and{*H}—'>N NOE experiments. = However, their temperature dependency as a group mirrors
Evidence for microsecond to millisecond time scale motion, that of helices and sheets. Loop residues not involved with
indicated by a deviation of the field dependence of The C&" binding have the lowest backbor@? values, nearly
was barely detectable at the lowest temperaturé€ @2and 0.10 lower than residues in regular secondary structure. These
was completely absent above 42. This general trend was  residues as a group have the greatest temperature dependence,
also observed in the pioneering study of the temperaturealthough this average feature is largely due to residues 115
dependence of the backbone dynamics of ribonuclea88)H ( and 116, which have @/dT values of~—5 x 1073 K1,
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parameters obtained for calcium-saturated calmodulin in complex parameters of calmodulin in complex with the smMLCKp peptide.

with the smMLCKp domain. Panel a shows representative examplespanel a, the methyD,,i parameters determined for tffemethyl
of amide NH ina helices: Q8 @), F16 ), G33 (¥), T70 (v),

E87 @), R106

representative examples of hydrogen-bonded amide NHB in

sheets: T27@),

(), E123 @), and Q143 ¢). Panel b shows
163 (O), 1100 (), and V136 ¢). Panel ¢ shows
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Ficure 4. Temperature dependence of side chain me@yk?

groups of alanines: A10€), A15 (O), A46 (¥), A73 (V), A88
(m), A102 @), A103 (#), A128 (), and A147 4). Panel b, the
methyl O parameters determined for themethyl groups of
threonines: T26@), T29 (©), T34 (v), T70 (v), T79 @), T110

representative examples of amide NH of residues in calcium-binding (), and T146 #). Panel c, the methyD.,;2 parameters determined
sites that are not involved jf sheet hydrogen bonding: K2®j,
T26 (O), A57 (¥), D64 (v), N97 @), D129 (0), and N137 #). In

most cases, the error bars are less than the height of the symbols/136-R (¢), V1424R (a), and V142yS (a). In many cases the

used.

for they-methyl groups of valines: V35R (®),V35+S (O),V55-
YR (¥),V55+'S (v),V108+R (W),V108+S (), and V121yR (#),-

error bars are less than the height of the symbols used. See Figure
5 for similar data for isoleucine, leucine, and methionine residues.

The order parameters of residues 21 and 94 decrease by 0.09,

with almost no curvature at the higher temperatures. Ala-57 absolute value and variation with temperature (Figure 4). A

also resides in position 2 of a &abinding loop but has a

lower O? of ~0.65. It also has a temperature dependence in order parameter at the temperature extrema (see Figure 4

more like the helical and sheet residues.
Methyl-Bearing Side Chain Dynamic$4ethyl group

dynamics were probed usirfi-based relaxation methods

(26). Longitudinal and transvers# relaxation rates were

monitored from JC,D, and LC,D, three-spin coherences,
respectively; puréH rates were obtained from subtraction
of corresponding referenced, two-spin coherences (see

number of methyl groups display relatively large changes

and below). Discounting for the moment the data obtained
at 15 and 73C, 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 dependenciesQ{g/dT), or o. A
number of the alanine methyl groups display an apparent
increase in the amplitude of their dynamics as the temperature

Materials and Methods). The temperature profiles of methyl falls below 28°C (Figure 4). This is unexpected. Above 28

O parameters exhibit substantial variability in both

°C, the thermal response is roughly linear, having an average
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Table 1: Thermal Coefficients of the Amplitude of Main Chain and Intepretatie Models of Motionin an effort to gain insight

Methyl-Bearing Side Chain Dynamics of Calcium-Saturated into the physical origins of the observed dependence of main
Calmodulin in Complex with the smMLCKp Domain chain and side chain dynamics on temperature, we have
nod o (K1) x 10° r2 carried out an analysis of motion under the influence of
amide N-H (On)° 83 15109  —089% 001 severgl simple pote_ntlal energy functions. Four models were
alanineCHz (Owd)" 9 —124+12 —057+0.40 examined, all of which have azimuthally symmetric potential
9 -1.7+0.1 —0.66+0.29 energy functions dependent upon a single geometric param-
threonineyCH, ((gagiSZ)d 7 —39+£11  -0.974+0.01 eter. The temperature dependence of the generalized order
;’Sﬂ:gﬁéﬁg}éag?&xigﬁ 12 :%fi i; :8;3% 8213 parameter corresponding to motion under each potential
isoleucinedCHs (Oxid) 8 —24+409 —0.82+0.24 energy function was numerically evaluated (see Materials
leucinedCHsz (Oaxid)? 7 -3.34+13 —-0.91+0.07 and Methods). The infinite square well potential (SQ), which
methioninecCH; (Oai?)® 7 —3.8£2.0  —0.97+0.02 represents the often employed free diffusion in a cone model,

aTemperature coefficients@¥dT or ¢ for the indicated group are ~ was found, as is expected, to result in a temperature-
derived from linear regression of all data available, except as noted. independenbrder parameter (Figure 6). The other simple
The Pearson coeffici_ent of correlatior?)(a_nd its_ standard deviation models show close to a linear decreas®3with increasing
are shown to describe the degree of linearity of the response to . .
temperature® Number of sites for which reliable data at a minimum temperature. Increasing the power of tieype potentials
three temperatures was availafl€xcluding the 73°C data set; see ~ decreases theif dependence, as they become more flat-
text. 9 Excluding the 15 and 73C data sets; see textExcluding the bottomed, i.e., more square well-like (Figure 6). The step
15, 20, and 73C data sets; see text. potential (ST), the most anharmonic of the simple models

studied, gives the greatest temperature dependence, which

o of ~—1.8 x 1073 K1, similar to the backbone. It is is again close to linear. We also considered truncated, or
interesting that the number of bonds a methyl group is flat-bottomedU-type potentials, to mimic a cage-like motion
removed from the backbone does not necessarily dictate theof a protein group through a small angular displacement.
corresponding @..&/dT. For example, valine methyls have The results (not shown) are qualitatively similar to the
a relatively flat response to temperature with an average corresponding nontruncatéd potential but with a reduced
of ~—1.8 x 107 K~L Furthermore, isoleucine- and temperature dependence.
o-methyls have equivalent average thermal coefficients. Because the potential energy function defines the prob-
Threonines have the largest of ~—3.9 x 102 K4, ability of occupancy of each potential state, the entropy of
although this may be a result of most of the threonines having each model can be parametrically related to the correspond-
high solvent accessibility in this protein complex. Methion- ing generalized order parameté&j.(This therefore provides
ines have the most variable and, interestingly, the most linearexperimental access to site-resolved information about
response to changes in temperature (Figure 4). The ampli-protein residual entropy and, through its temperature depen-
tudes of motion of some methionine methyl groups are dence, the corresponding heat capacity. The relationship of

relatively temperature insensitive (e.g., Met-96;~ —1.1 the relative entropy for each model, obtained from the
x 1072 K71 while others have among the largest thermal angular partition function by evaluating() In p(6)0) to
coefficients in the protein (e.g., Met-7&,~ —6.3 x 1073 the corresponding order parameter is revealed by a variation

K=1). In this vein, there would appear to be a rough of temperature (Figure 7). Interestingly, while the absolute
correlation between the linearity of the temperature depen-value of entropy at a given value of order parameter varies
dence of the amplitude of dynamics of a given amino acid between the different models, the curves are close to parallel.
side chain type, in the 2867 °C range, and the number of This characteristic was noted previously for the simple
bonds that the methyl group is from the backbone (Table harmonic model%) and proved to be extremely useful in
1). the estimation o€hangesn conformational entropy involved
The majority of methyl sites show a largely linear in the association of calmodulin with a target domadd)(
temperature dependence @f<Z upon temperature. In  However, the large differences in absolute entropies across
contrast, the order parameters of some methyls decrease verthe various models indicate that it is much less reliable to
little with temperature, and in the case of V108, the side estimate entropy changes if the character of the motion
chain apparentljosesflexibility (i.e., increasingOax) with changes significantly in moving from one state to another.
temperature. One group of methyls shows temperatureFor example, in the unfolded state, a side chain or backbone
profiles with a plateau in the 1535 °C range (see Figures element is likely to undergo a significantly different type of
4 and 5). These profiles exhibit a transition-a85 °C at motion than when it is the compact folded state. Finally,
which the O,y values begin to decline as the temperature except for the infinite square well potential, all of the
is increased. This group is comprised mainhfSebranched potentials examined have a highly nonlinear dependence of
residues, althougfi-branched residues are not restricted to the entropy at high values @?. This suggests that small
this class. Another group of methyls have decrea€ng? changes of dynamics at relatively rigid sites can indeed
values as the temperature decreases in the305C range correspond to large changes in entropy, emphasizing the need
and thus exhibit a slightly “bowed” temperature profile. This to consider backbone dynamics in detail.
group is dominated by isoleucine and alaningg-methyls. The potentially large angular excursions of methyl groups
Above 30°C, the profiles are linear with temperature. Other having low generalized order parameters bring into consid-
apparent transitions in the amplitude of motion of some side eration the possibility of barrier crossing from one rotomeric
chains are observed at the higher temperatures. For examplestate to another. Motion involving barrier crossing would
the initiation of a transition at 7€C is clearly seen for T70 be qualitatively distinct from motion within a simple potential
as Oi¢ values drop dramatically (Figure 4). energy well. This type of motion is likely to contribute to
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Ficure 6: Temperature dependence of th&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 @hparameter value of 0.65 at a
temperature of 15C.

FIGURE 7: Parametric relationship between tbé 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-

. . . i Fi 8).
the high amplitude (lowest order parameter) class of motion. conversion (see Figure 8)

Indeed, a methyl group symmetry axis freely diffusing about by the relaxation methods employed here, i.e., on the
a torsion angle withink60° of its equilibrium position has  subnanosecond time scale. This is required to satisfy the
a Oguié of ~0.4. Larger amplitudes of motion would likely separation of time scales required by the Lip&izabo
stray into the next rotomer “well”. To further investigate the formalism and is supported by the obtained effective cor-
effects of such interconversion on obtained generalized orderrelation times for motion of the symmetry axes. As illustrated
parameters, we have utilized the potential energy functionsin Figure 9, the generalized order parameter is reduced and
illustrated in Figure 8. Here we consider interconversion the entropy increased by the presence of even small popula-
between three rotomers separated by-QOKT. Strictly tions of minor rotomers.

speaking, the barrier separating the states should be low Measurement of coupling constants across involved
enough to allow interconversion on the time scale sensedor y, torsion angles failed to reveal the presence of extensive
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: attached to the four interacting side chains of the cluster model.
Rotation Angle (deg) Side chains 1 and 3 have the same temperature depende)ce (
FiGURE 8: Potential energy functions used to simulate the effects side chain 2 ¥) and side chain 4Y) have negative and positive
of rotomer interconversion on generalized order parameters for temperature dependencies, respectively.
attached methyl groups. The potential is definedd§y) = by +

b, = AUye/1.5 andby = by + by. AUye was varied from 0 to 8 . : : ;
kgl' in stggls of 0.5 k(')l' to aive ?he fawr%"ily of curves shown. This i correspond respectively to a siffer side chain, a harder

function defines three wells, two of which are degenerAtdyq neighbor interaction, and a looser packing with the neighbor,

defines the energy gap between the two degenerate wells and thgespectively.

third well. The lowermost curve correspondsAt)ye of zero. A sterically interacting cluster model was examined in a
12 12 variety of scenarios for side chain interaction, and the

= temperature dependence of the order parameters was ob-

Qo P10 = tained. The principle scenarios can be described as follows:
5 08 0.8 § (i) four noninteracting side chains (control); (ii) four equally
S o 0.6 ‘E stiff interacting side chains (symmetric case).
=R 0.4 W A series of nonsymmetric cases were obtained by sys-
g_ 0.2 0.2 _g tematic alteratlon of one parameter in case ii: (i) one s_tlff
o ) 8 side chain, three floppy side chains; (iv) one floppy side

0.0 o o chain, three stiff side chains; (v) one loose neighbor

interaction, three tight neighbor interactions; (vi) one tight
0.0 1.0 2.0 30 40 50 6.0 7.0 neighbor interaction, three loose neighbor interactions; (vii)
AU,y (KT) one hard neighbor interaction, three soft neighbor interac-

we

) tions; (viii) one soft neighbor interaction, three hard neighbor
Ficure 9: Dependence of the generalized order parameter and

. . “interactions; (ix) one stiff side chairJ§ = 1 kcal) with
entropy on rotomer averaging. The curves were constructed using, iahbor | iondJf — 5 keal 6 = O). th
the potential energy function described in Figure 8 as a function oose n_elg or_ Interaction ( - _Ca ) _)' t re_e
of AUyer. Shown is the fractional occupancy of the major rotomer floppy side chainss = 0) making tight interactions with
(@), the value ofO? (O), and the difference in entropy from the each otherly; = 5 kcal, 6 = 20 fori—j = 3—4 and 4-1).
high AUy limit (). Cases+viii gave very similar results to the single group
) ] step potential model: monotonic, almost linear, decreasing

averaging at either 25 or 6T (not shown). These results 2 it increasing temperature, with the expected variation
are similar to those obtained for free calcium-saturated among side chains, i.e., a high®# for the stiffer side chain
calmodulin ¢5). However, exchange between a dominant j, case jii, the groups making the tight or hard interaction is
rotomer and one or two minor rotomers X0%) clearly  ¢ases vi, vii, etc. Case ix, corresponding to a more hetero-
might escape detection by this approach. geneous cluster interaction, gave a more interesting result

Effects of Conditional Motionin an effort to illuminate (Figure 10). The central floppy side chain (4) shows an
the possible origins of various features of the observed increase inO? with increasingT, while the stiff side chain
temperature dependence of side chain motion in the calm-(2) shows a decrease @, and the intervening side chains
odulin complex, we constructed a minimal model that could (1 and 3) show almost no temperature dependence. The
be treated exactly and capture the essential features of proteiperhaps surprising increase ®? can be rationalized in
side chain motion in a tightly packed environment having physical terms as follows. Each side chain is constrained to
extensive steric interactions and coupling with neighboring move in some “configurationally averaged” space provided
side chains. In short, this is used to represent a more generaby its two neighbors. The side chain itself will tend to explore
dynamically changing environment for a group rather than a larger volume, as the temperature is increased. However
some invariant effective potential. This model is character- the “dynamic volume” occupied by its neighbors will tend
ized by four intrinsic potential step barrieflds, and four also to increase as their excursions increase, sterically
pairs of steric interaction parametelds,—6;. Physically, the constraining the side chain. The net effect on the order
model can be thought of as describing the restricted rangeparameter results from the competition between these two
of angular motions intrinsic to each side chain because of effects. In most scenarios, the first factor wins out, with the
covalent and backbone interactions, plus interactions with concomitant decrease in order parameter, since many of the
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largely highly ordered and relatively unresponsive to changes

Table 2: Analysis of the Simple Cluster Model :
in temperature. The weak temperature dependen€gf

Amplitude of Side Chain Motion

side chain 1 > 3 4 is largely linear except for an apparent upward inflection
o (0) 22.926 20.101 22.926 32.026 (decrease in amplitude) at many sites at the high end of the
Correlation Coeff between Side Chain Motions temperature range examined. In a density of states view, the
side chain 1 2 3 4 smooth increase in amplitude of motion to a limiting value,
1 1.000 0.540 0.178 —0.508 before the subsequent reversal above®60 may simply
g 8??‘3 é-ggg 2-338 :8-28213 correspond to a saturation of the group of modes of motion
4 0508  -0561  -0.508 1.000 available in this temperature range. The following decrease

in amplitude of motion at higher temperatures has several

large excursions made by the neighbors are in the directionPOtential explanations. It is possible that at elevated tem-
away from the side chain. Neighboring side chain motions peratures _the rate of hydrogen exchange is sufficiently fast
tend to be positively correlated by their steric interaction. 0 contaminate the measurement of the heteronuclear NOE
However, in case ix for the central floppy neighbor, the (42) and result in an arnfac_tugl increase in obte}ln(_ad generaj—
dynamic volume available to it is gradually decreased at ized order parameters. Slmllarly! a systematic increase in
higher temperatures because the stiff side chain opposite itthe breadth of the CSA tensor with increasing temperature
starts to undergo larger excursions, “pushing” on the floppy pould result in an inflated f|tte(DNH2_ using a temperature-
intervening groups 1 and 3. This results in the increase in mdt_ape_n_dent anq th_erefore underestimated CSA tensor brgadth.
02 with temperature. In more formal terms, there is a A significant variation (10’s pf ppm) of.the CSA tensor \.Nlt.h
negative correlation introduced between side chain 4's témperature would be required to entirely explain deviation
motion and side chain 2 (and, concomitantly, between 4 andfrom a linear response to temperature. Information on the
1/3) (Table 2). Case ix is the only one where negative angular temperature dependence of amide nitrogen CSA tensors is
correlation coefficients are seen between any side chains. ItSParse, but this magnitude of variation seems unlikely.
is also the only one where aincreasein 02 is seen. Finally, AIternatlver, as discussed below, the decrease in motional
simulations of case ix indicate that the entropy of this cluster @mPplitude at elevated temperatures could also result from
model is ~60% of that of the four side chains moving the steric coupling of motion of the amide—¥ with
independently within their individual energy potentials. neighboring groups.

Estimates of Protein Heat Capacitjotwithstanding the The simple physical models used to explore the depen-
issue of conditional motion, if we assume that the mean orderdence ofO? on temperature seem to show that no simple
parameter provides a good estimate of the net backbone €ffective potential” model is sufficient to explain the high
entropy per residue, a range of +3.8 cal mot! K-t temperature increase ®n+%(T) or to capture the rich varle_ty
residue? for the contribution of the backbone to the heat Of observedO..(T)'s. Even though the step function

capacity of the folded protein is obtained using the relation- Potential has a relatively steep temperature dependence, it
ship is, like all of the simple models, essentially linear and fails

to show sharp transitions or reversals in sign. The failure of
C,= d9(dInT) these simple models of motion in isolation is not too
surprising since methyl groups are (usually) tightly packed
The mean methyl order parameter corresponds to an averagg, the protein and have covalent and steric interactions with
from a range of side chain sizes, from small (Ala) to Iargg neighboring groups which are themselves moving, presum-
(Met), and if these mean values are taken as representativeyply in a highly coupled way. This is also true for most amide
of the motional order of all side chains, methyl and NH. Thus the potential seen by a group is itself a dynamically
nonmethyl bearing, we estimate that the contribution to the changing factor. These conceptually intuitive features are
protein heat capacitieflected in the NMR order parameters  represented in the simple cluster model. Simulations, par-
is in the range of 2.85.6 cal mot* K™ residue™. These  {icylarly case ix, seem to suggest that the rich variety of
estimates of_the protein heat capacity are significantly smalleroaxisz(-r) behavior seen experimentally can, in principle, be
than the estimates of 8 cal méIK* residue* by Yang et explained only by including realistic features of the protein
al. (46) for an SH3 domain, largely because experimentally sjge chain interaction. Coupling of motion can result in
we have about the same changedfover a much wider  gyppression of thermal activation of motion at another site
temperature range (51 versus 15 K). This reflects the fact o, eyven an increase D (T) with increasing temperature.
that the calmodulin complex is much more stable. The lower A gifferent type of complexity can arise through the
end of the estimated range of protein heat capacity is alsogperposition of motions3(, 51). It is therefore interesting
relatively small compared to the total system heat capacity 1o note that the effective linearity of the response of the
typical of folded proteins with comparable stabilitie$7(  5mpjitude of motion to a change in temperature is most
48). These and other resuliq) are consistent with the view  5r5n0unced for the long side chains and less so for shorter
suggested by molecular dynamics simulations (e.958f  gjge chains (see Table 1). Methionine methyls generally have
that th(_e majority of protein heat_capacny arises from local e smoothest and most linear response to changes in
bond vibrations, which are not directly sensed by the NMR temperature. This rough correlation would suggest that the
measures used here. presence of multiple modes (i.e., reorientation about multiple
DISCUSSION torsio_n angles) tends to smooth out the temperature response
and, ironically, make it appear simpler. This type of model
The temperature dependence of the dynamics of the maincan, in principle, be directly tested by use of a recursive
chain is unremarkable in most respects. The backbone isprocedure, such as that used to analyze the dynamics of the
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main chain of ubiquitin 43), to extract local contributions  examined. Particularly noteworthy is the observation that the
to a particular observed order parameter. entropy of such clusters is not that different from the

The physical origin of the three statistical groupings of component side chains moving independently within their
the amplitudes of methyl-bearing side chain motion in respective energy potentials. This raises significantly the

proteins, first recognized in the calmodulin compl&2)(

confidence with which the use of parameters of local side

remains somewhat of a mystery. It has been shown thatchain dynamics can be used as measures of residual protein
proteins bearing large inflexible prosthetic groups such as entropy contained in torsional oscillations, at least as reflected

heme B2) or flavin (53) can have the high amplitude motion
of methyl-bearing amino acids essentially completely sup-

in the subnanosecond time scale motion between states.

pressed while in the other extreme a protein of de novo ACKNOWLEDGMENT

design that has otherwise nativelike properties shows com-
plete absence of the lowest amplitude motional cl&3%. (
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These few examples illustrate the variability of dynamical 5,4 Erik Zuiderweg for helpful discussion.

behavior available to proteins. In all cases thus far examined,

however, the general grouping of dynamical amplitudes REFERENCES

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
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