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Abstract: We have used2H-nmr to study backbone dynamics of the2H-labeled, slowly exchanging
amide sites of fully hydrated, crystalline hen egg white lysozyme. Order parameters are determined
from the residual quadrupole coupling and values increase fromS2 5 0.85 at 290 K toS2 5 0.94
at 200 K. Dynamical rates are determined from spin–lattice relaxation at three nmr frequencies
(38.8, 61.5, and 76.7 MHz). The approach used here is thus distinct from solution nmr studies where
dynamical amplitudes and rates are both determined from relaxation measurements. At tempera-
tures below 250 K, relaxation is independent of the nmr frequency indicating that backbone motions
are fast compared to the nmr frequencies. However, as the temperature is increased above 250 K,
relaxation is significantly more efficient at the lowest frequency, which shows, in addition, the
presence of motions that are slow compared to the nmr frequencies. Using the values ofS2

determined from the residual quadrupole coupling and a model-free relaxation formalism that
allows for fast and slow internal motions, we conclude that these slow motions have correlation
times in the range of 0.1 to 1.0ms and are effectively frozen out at 250 K where fast motions of the
amide planes with; 15 ps effective correlation times and 9° rms amplitudes dominate relaxation.
The fast internal motions increase slightly in amplitude as the temperature rises toward 290 K, but
the correlation time, as is also observed in solution nmr studies of RNase H, is approximately
constant. These findings are consistent with hypotheses of dynamic glass transitions in hydrated
proteins arising from temperature-dependent damping of harmonic modes of motion above the
transition point. © 2000 John Wiley & Sons, Inc. Biopoly 53: 9–18, 2000
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INTRODUCTION

The internal dynamics of proteins are of fundamental
interest. Correlations of function with dynamics are
hypothesized to include the role of fluctuations in
facilitating enzyme–substrate engagement,1–3 enzy-
matic activity,4–7 the gating of channels or cavities,8

and the modulation of protein–protein interac-
tions.1,9,10For example, a direct experimental linkage
between function and atomic fluctuations has been
observed in ribonuclease A.11 The ability of the en-
zyme to bind inhibitor is strongly curtailed at temper-
atures below the protein’s glass transition (; 200 K)
where backbone dynamics are substantially reduced
in amplitude. We report here a study of internal dy-
namics of the exchangeable amides of the globular
protein hen egg white lysozyme (HEWL) in hydrated
crystalline form using solid-state2H-nmr spectros-
copy. We report the time scale and amplitude of these
motions derived from a combination ofT1 relaxation
and lineshape measurements as a function of temper-
ature at three different field strengths. Experiments on
crystals of several globular proteins, employing neu-
tron and x-ray scattering and Mo¨ssbauer spectroscopy
(of heme proteins), have revealed a biphasic behavior
in the temperature dependence of their internal con-
formational flexibility as measured by Debye–Waller
or Lamb–Mössbauer factors.12–15 The inflection in
these factors is commonly regarded as evidence of a
dynamic “glass transition.” Here we use solid-state
nmr in a complementary way to provide both a quan-
titative characterization of the frequency spectrum of
backbone fluctuations among the slowly exchanging
sites of HEWL, and a measure of amplitudes of these
fluctuations over a range of temperatures potentially
spanning this transition. The amplitudes of all dynam-
ical processes with rates greater than 106 s21 are
determined directly from the2H-nmr lineshape and
rates for these processes, in the range of 106–1012 s21,
are determined by relaxation (T1) studies at three nmr
frequencies (38.8, 61.5, and 76.7 MHz).

While the approach used here for studying internal
dynamics does not examine individual sites within the
protein backbone, it has several advantageous features
when compared with other methods—e.g., solution-
state nmr relaxation and molecular dynamics (MD)
simulations—that are widely used to study protein
dynamics. Molecular dynamics trajectories indicate
that the backbone atoms of globular proteins do exe-
cute fast motions with rates of the order of 1011 s21.

However, given present technology, MD trajectories
are limited to a few nanoseconds for protein systems
of ; 1500 atoms in explicit solvent,9,16,17 and rates
below 109 s21 can only be inferred qualitatively from
ensembles of dynamics. Even these limited trajecto-
ries do, however, generally provide accurate predic-
tions of local amide order parameters, even for rela-
tively rare large amplitude jumps, though some care
must be exercised in choosing sampling times.18 Nor-
mal mode analysis, a variation on molecular dynam-
ics, can also provide good predictions of order param-
eters and can even describe low frequency collective
motions qualitatively19–21; however, quantitative pre-
diction of correlation times longer than; 10211 s is
again computationally out of range.

There are several complications in the solution nmr
approach to studying internal motions in proteins by
relaxation. The internal motions of interest are super-
imposed on the overall protein tumbling, which is the
dominant effect in determiningT1 and other “labora-
tory frame” relaxation parameters like nuclear Over-
hauser effects (NOEs) since the tumbling and nmr
frequencies are comparable (108–109 s21). For exam-
ple, internal dynamical processes occurring at rates
slow compared to overall tumbling have no effect on
the solution nmrT1.22 This insensitivity to slow in-
ternal motions is potentially overcome by rotating
frame experiments that, in effect, substitute the nuta-
tion frequency (103–105 s21) for the nmr frequency.
These experiments are only recently implemented and
present additional technical difficulties.23 A final
problem with the interpretation of solution15N (or
13C) relaxation data is the correct NOH (or COH)
bond length. Since the relaxation time varies with the
sixth power of this distance, an error by as little as
0.02 Å has a very significant effect on the order
parameters and correlation times derived from relax-
ation data.

In solid-state spectroscopy no significant overall
motion of the molecules occurs on the nmr time scale
and relaxation is induced byinternal motions alone.
Further, with the full anisotropic effects of the cou-
pling tensors manifested in the resonance line shapes,
the principal frequencies of the spectral patterns give
a direct means of determining the order parameter,
independent of relaxation measurements, that does
not exist in solution spectroscopy.24 Since dynamical
averaging of the quadrupole coupling tensor results
from the presence of motions with rates greater than
the quadrupole coupling frequency (the order of 2
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3 105 s21 for deuterium), it is possible to extract
information on markedly slower time scales of motion
with the solid-state lab frame relaxation experiments
than with their solution analogues. Finally, if internal
backbone motions in proteins are essentially fast with
rates greater than 109 s21, as indicated by MD simu-
lations and solution nmr measurements, then the spin–
lattice relaxation of amide sites in a crystalline protein
would be independent of the nmr field strength since
overall reorientation is absent. Heretofore, few studies
of the field-dependence of spin–lattice relaxation have
been undertaken for globular proteins in either the
solution or solid states. Cole and Torchia observed
evidence of field-dependence to15N relaxation in
crystalline ribonuclease.25 However, the differences
in T1 at each of several sites that they measured at two
field strengths were comparable to experimental er-
rors. More recently, field-dependence in the relaxation
of the membrane-bound peptide gramicidin also has
indicated the presence of slow motions.8 The solid-
state techniques used by these authors and by us in
this study complement the newly developed solution
R1r-R1 constant relaxation time method of Akke and
Palmer.23

MATERIALS AND METHODS

All exchangeable groups in hen egg white lysozyme (Sigma
Chem. Co.) were labeled with deuterium by mild thermal
denaturation for 30 min at 48°C in2H2O at pH 5 4.5.
Subsequently, the protein was renatured by slow cooling to
room temperature, lyophilized to dryness, and recrystallized
from protiated solvent at pH 4.5 yielding monoclinic crys-
tals. Previous studies of triclinic and tetragonal crystals of
lysozyme have shown that negligible exchange occurs for
most amides within these crystals after even as long as 25
days at either pH 4.2 or 7.5.26

2H-nmr experiments were carried out at three Larmor
frequencies—38.8, 61.5, and 76.7 MHz—on homebuilt
spectrometers. On each instrument, the carrier frequency

was set at the exact resonance of liquid D2O (to within
digital resolution) so as to guarantee that powder patterns
would be symmetric about the carrier. Longitudinal relax-
ation times were measured using an inversion-recovery
scheme employing a 908x1808y908x composite inversion
pulse27,28 and solid-echo detection. Spectra for line-shape
analysis were acquired with the solid-echo pulse sequence.

The following procedure was used to determineT1 val-
ues from the inversion-recovery data. Spectral intensity was
taken as the integrated intensity between the two most
clearly defined principal values of the powder patterns (nxx

andnyy). Negligible anisotropy was observed in the relax-
ation, i.e., all frequencies in the pattern relaxed at the same
rate. This intensity vs time data was fit to the standard
three-parameter fitting function,I (t) 5 A[1 2 B exp(2t/
T1)]. To verify consistency ofT1 measurements across the
three spectrometers,T1 values were determined on each for
a standard sample, crystallineDL-leucine (d10). Due to very
rapid internal rotation, the methyl group2H T1 is known to
be field independent for this sample. From 288 to 304 K, it
was found that theT1 measurement at 61.5 MHz varied
linearly with interpolated values of 29 ms at 291 K and 33
ms at 297 K. These correspond extremely well to the values
of 29 6 0.6 and 34.76 0.5 ms measured on the 38.8 and
76.7 MHz spectrometers at 291 and 297 K respectively.
This indicates that systematic errors in theT1 measure-
ments, arising from differences in the spectrometers, are
negligible compared to the protein relaxation times reported
here (T1 . 300 ms).

Residual principal frequencies of the powder patterns
(Table I) were determined from “single-sided” spectra ob-
tained with a cosine Fourier transform of the echo signal.
The nxx was measured from the peak frequency in the
absorption spectrum, and the dominant shoulder,nyy was
determined from the peak frequency in the dispersion
signal.

RESULTS

In Figure 1 is shown a temperature profile of the
amide2H lineshape of lysozyme. The extracted values

Table I Magnitudes of Residual Principal Quadrupolar Coupling Elements^nii&, and Order ParametersS for the
Slowly Exchanging Amide Groups of Crystalline HEWLa

T (K) nxx (kHz) nyy (kHz) nzz (kHz) S S2 urms (°)

290 60.5 84.9 145.4 0.92 0.85 13
270 61.5 84.9 146.4 0.93 0.86 12
255 61.5 87.9 149.4 0.95 0.90 10
240 62.5 87.9 150.4 0.96 0.91 9
220 61.5 89.8 151.3 0.96 0.92 9
200 63.5 88.9 152.4 0.97 0.94 8

a For comparison with other experiments, values ofS2 andurms 5 ^u2&1/2 are also tabulated. Experimental uncertainties in the principal
frequencies are estimated to be; 1 kHz (twice the digital resolution of 0.49 kHz). The corresponding uncertainties inS and S2 due to
experimental uncertainties innzz are .01 and .02, respectively.
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for the residual principal components of the amide
quadrupolar coupling tensor—determined from the
powder patterns as described in Materials and Meth-
ods—and their variation with temperature over the
range of 200–290 K are tabulated in Table I.nxx, nyy,
and nzz have their largest values at the lowest tem-
perature, showing that dynamical averaging of the
coupling tensor is present and increases with increas-
ing temperature. The componentnyy, which lies per-
pendicular to the peptide plane,29 increases by 5%
between 200 and 290 K showing that, on average, the
amplitude of amide group dynamics is small. Below
200 K, relaxation times are sufficiently long as to
make acquisition of undistorted spectra difficult.
Based on earlier findings,nzz is parallel to the NOH
bond.29

For the small amplitude dynamics observed here,
the mean-square amplitude^u2& and motional order
parameterS readily may be related to the residual
quadrupole coupling,̂nQ& 5 4 ^nzz&/3, by30

S5 1 2
3

2
^u2& 5

^nQ&

nQ
(1)

wherenQ is the coupling for a static amide deuteron.
In strongly H-bonded glycyl and glutamyl residuesnQ

is 209–210 kHz.29 We assume that it varies negligibly
among the strongly H-bonded amide groups of
HEWL and use the value ofnQ 5 210 kHz to
calculate the order parameters and mean square am-
plitudes. The variations ofu andS2 with temperature
are plotted in Figure 2.

While the residual principal components sample
only theamplitudeof peptide dynamics, so long as the
dynamics are faster thannQ, the relaxation timeT1

depends on both the amplitude and the rate(s) of
amide reorientation. Moreover, given dynamics of
similar amplitude, processes with rates comparable to
the nmr frequency are efficient in affecting relaxation
while processes either substantially slower or faster
are less important.T1 values measured at the three
nmr frequencies—38.8, 61.5, and 76.7 MHz—and
their variation with temperature are shown in Figure
3. At all fields and temperatures, relaxation is ob-
served to be monoexponential, indicating that homo-
geneous relaxation behavior is being detected. This
was confirmed by collecting data with very long re-
laxation delays (; 20-fold greater thanT1) in the
inversion-recovery experiments. Owing to the differ-
ent experimental arrangements used to collect the data
at three different spectrometer frequencies, this data is
interpolated to a common set of temperatures as

FIGURE 1 Temperature profile of the lineshape of hen egg white lysozyme acquired at 38.8 MHz
by transforming the trailing half of the solid-echo signal. Each spectrum is the average of multiple
acquisitions with a constant recycle-dealy time of 3 sec. At the lower temperatures S/N degrades as
a result of the lengthening of theT1 relaxation time.
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shown in Table II. Two important qualitative features
are apparent from Figure 3 and Table II: (a) Relax-
ation times decrease substantially as the temperature
is raised. (b) Though absent at 250 K, there is marked
frequency dependence at the highest temperature, 290
K. For example, the difference between theT1s mea-
sured at 76.7 MHz (6616 35 ms) and 38.8 MHz (420
6 20 ms) is large compared to the standard deviations
in the measurements that, as noted above, are ex-
pected to be larger than systematic errors due to the
different experimental arrangements. Relaxation is
most efficient at the lowest spectrometer frequency.

DISCUSSION

The relatively greater efficiency of relaxation at lower
fields above 250 K, together with enhanced efficiency
at higher temperatures for any given field, indicates
that at least some amide groups experience reorienta-

tion at a slow rate (below the lowest nmr frequency)
and that this motion is damped out at low tempera-
tures. Further, these data also suggest that the faster
motions may not be appropriately described as being
associated with thermally activated diffusion pro-
cesses, for such would predictlessefficient relaxation
at higher temperature on the fast side of theT1 min-
imum.

To discuss more completely the main results, we
consider a simple model for amide dynamics that
assumes the presence of two motions occurring on
different time scales. Both solution15N-nmr experi-
ments and molecular dynamics simulations of pro-
teins such as RNase H and interleukin-1b31–35 indi-
cate that almost all amide groups undergo small am-
plitude motion with order parameters of the order of
0.8 or greater and correlation times in the range of
10–100 ps. Such motions are fast compared to avail-
able nmr frequencies (v , 109 Hz), and would result
in frequency-independentT1 relaxation times. Yet

FIGURE 2 Plot of S2 values (upper graph), derived from the lineshapes as described in the text,
vs. temperature. Plot ofUrms (lower graph), derived from values ofS2 as described in the text, vs.
temperature. As temperature decreases from 290°K, the backbone fluctuation amplitudes decrease
in an approximately linear fashion.
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previously a mechanistic model with two internal
motions on differing time scales had been introduced
to describe solution15N-nmr relaxation that could not
be explained quantitatively by superimposing fast in-
ternal motions, with asingle effective correlation
time, on the slow overall diffusive motion of the
macromolecule (rotational correlation timetr

; 1028 s).31 In this extended model-free formalism,
correlation timetf and order parameterSf are ascribed
to the subset of relatively fast internal modes of mo-
tion, while tS andSS are analogous parameters for a
subset of slower internal motions. It is assumed that
the fast and slow motions are uncorrelated to each
other and to the overall molecular tumbling. Order
parametersSF andSS have the usual range of varia-
tion22 with the additional constraint thatS2 5 SF

2SS
2,

whereS is the total measured order parameter. Using
such a correlation function in the limit of a protein
fixed in a crystal lattice (tr 3 `), we obtain the
following T1 expression for the case of quadrupolar
relaxation.

1

T1
5

3

40
vQ

2 @J~v0! 1 4J~2v0!# (2a)

with

J~v! 5 ~1 2 SF
2!

tF

1 1 v2tF
2 1 SF

2~1 2 SS
2!

tS

1 1 v2tS
2

(2b)

When the system is simultaneously in the extreme
narrowing limit with regard to the fast internal motion
and the slow diffusion limit with respect to the slower
internal motion, Eq. (2b) simplifies to

J~v! 5 ~1 2 SF
2!tF 1 SF

2~1 2 SS
2!

1

v2tS
(3)

In Figure 4,T1 calculated from Eqs. (2a) and (2b), is
plotted as a function of the slow correlation timetS,
given a typical value for the fast motion correlation
time, tF 5 15 ps, and selected values ofSF

2 andSS
2.

It is seen that the inclusion of slow motions decreases
T1 values compared to those generated by fast mo-
tions alone and imposes nmr frequency dependence to
T1 for a limited range of correlation times, 1025s
. tS . 1028 s. In this regime relaxation is more

Table II Temperature Dependence of HEWL Amide Deuteron Longitudinal Relaxation
Times T1 at NMR Frequencies of 38.8, 61.5, and 76.7 MHza

T (K) T1 @ 38.8 MHz (ms) T1 @ 61.5 MHz (ms) T1 @ 76.7 MHz (ms)

250 9886 60 9816 32 9946 32
260 7986 55 8956 29 8746 42
270 6596 32 7686 25 7676 42
290 4206 20 6276 23 6616 35

a T1 values and standard deviations were interpolated to a set of common temperatures using the data shown
in Figure 1.

FIGURE 3 Experimental T1 values versus temperature at three nmr frequencies, 38.8 MHz (E),
61.5 MHz (3) and 76.7 MHz (h). Below 250°K relaxation is field-independent, but gradually
becomes field-dependent above this point. The estimated error in the measurements is66% at each
spectrometer frequency.
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efficient at lower nmr frequencies. WhentF becomes
sufficiently long,.1025 s, the slow motion no longer
affects relaxation and theT1 is that due to the fast
motion alone. Note that fortS of the order of the
reciprocal of the nmr frequency relaxation rates are
very sensitive to the value ofSS

2 as anticipated by Eq.
(3). In this regime, for (12 SS

2) as small as; 0.01,
the second term of Eq. (3) dominates over the first but,
as slow motion becomes still more spatially restricted
(SS

2 ; 1), this term becomes negligible; relaxation
then is controlled by the faster process. Note that
motions outside of this range can be examined in
solution nmr using rotating frame (fortS $ 1025 s)23

or T1, T2, and NOE experiments (tS # 1028 s).
To fit this model to the relaxation data at any given

temperature (Figure 3), we constrain the overall order
parameterS2 5 SF

2SS
2 to the corresponding value

measured from the residual quadrupole coupling (Fig-
ure 2). Thus, the two correlation times andSF

2 (or SS
2)

are chosen to fit best theT1s measured at three fre-
quencies. For temperatures from 260 to 290 K, a
range of parameter values, listed in Table III, are
consistent with the data, i.e., unique values for the
three independent parameters are not determined.
However, closer examination of the data makes it
possible to narrow considerably the range of plausible
results. The absence of measurable field-dependence

of theT1 at 250 K indicates a lower limit of 0.99 for
SS

2, i.e., the slow motions are largely frozen out.
Assuming this, tF and SF

2 then are determined
uniquely at this temperature. Then, with the physi-
cally reasonable assumption thatSF

2 should decrease
with increased temperature (SF

2 is related to rms dis-
placements of atomic coordinates, which increase
with temperature even in the absence of activation
barriers), the lower limits of the parameter ranges for
tF, tS, andSF

2 listed in Table III can be chosen. Thus,
in the temperature range of 240–290 K,SF

2 decreases
from 0.91 to 0.87, corresponding to rms amplitudes of
9°–12°, as determined from Eq. (1). The correlation
time tF is nearly constant or decreases slightly with
reduced temperature. Conversely, the correlation time
for the slow motion satisfies the usual expectation for
a diffusive process in thattS increases as the temper-
ature is lowered, i.e., a slowing of that motion takes
place. The apparent absence of these slow motions
below 250 K, as judged byT1, indicates that their
order parameter is large, i.e., the mean square ampli-
tude is quite small, less than a few degrees.

We now compare these results with those obtained
by solution nmr. The amide order parameters mea-
sured here for HEWL,S2 5 0.85 andSF

2 ; 0.87 at
290 K compare well with mean solution nmr values of
SF

2 for the great majority of sites in several proteins, as

FIGURE 4 CalculatedT1 values vs.2log(ts) for the two correlation time model. The fast
correlation time is fixed at 15 ps.Ss

2 andSF
2 are constrained so that their product is 0.85. In both

figures, the lower, middle, and upper traces correspond to spectrometer frequencies of 38.8, 61.5 and
76.7 MHz, respectively. In the absence of slow motions (Ss

2 5 1), T1 5 780 ms for all three
spectrometer frequencies.
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determined from relaxation data (T1, T2, and NOE);
e.g., 0.866 0.02 for staphylococcal nuclease at 298
K,36 0.82 6 .05 for interleukin-1b at 309 K,31 and
0.8796 0.002 for RNase H at 285–310 K.34,35Com-
parable values have been determined from solution
studies for the majority of residues of HEWL as
well.37 The relative simplicity of the measurement of
the residual2H quadrupole coupling (a first-order
property) thus supports the validity of the relaxation
approach (a second-order effect) used in solution nmr
which depends critically on the choice (1.02 Å) for
the equilibrium NOH bond length. The2H solid-state
experiment does have one disadvantage in not being
suited to identifying the minority population of sites
that do have order parameters dramatically lower than
the more typical values of; 0.8. Such minority
populations of sites, generally confined to loop re-
gions, with lower than average order parameters, have
been found in a few proteins including lysozyme,37

thioredoxin,38 and interleukin-8.39 These would not
be discerned in a nonspecific labeling experiment.

The correlation time for fast amide motion deter-
mined here,tF ; 15 ps, is also in good agreement
with those measured by solution nmr.31,35 That tF

does not lengthen when the temperature is lowered
from 290 to 240 K and probably decreases somewhat,
extends recent solution nmr studies of RNase H that
were limited to a narrower temperature range (285–
310 K). It would thus appear that the dominant, fast
motion of the amide groups is not thermally activated
librational diffusion. Previously it has been suggested
that the torsional motion of amide groups in solid
polypeptides is due to overdamped oscillatory
modes.29,40 For such a process,tF has the following
form29:

tF 5
l

2vT
2 (4)

HerevT andl are the torsional oscillator frequency
and damping constant, respectively. Available evi-
dence indicates that oscillator damping in proteins
decreases with decreasing temperature with the larg-
est change at the conformational glass transition, near
200 K, as demarcated by the biphasic character of
Debye–Waller factors as a function of temperature in
scattering studies of hydrated protein crystals. Below
the transition, backbone flexibility becomes quasihar-
monic. The temperature dependence of the apparent
tF observed here is complementary to this descrip-
tion, even as there is no evident discontinuity in the
average backbone order parameter from our measure-
ments.

Finally, both the experiments reported here as well
as solution nmr experiments indicate that the protein
backbone is subject to motions on much slower time
scales than picoseconds, but the solid-state experi-
ments extend the regime ofdirect measurability of
these effects considerably vs solutionT1 measure-
ments and comparably to the newR1r-R1 off-reso-
nance rotating frame experiment.23 The frequency-
dependent amide relaxation times observed here,
which we attribute to motions that are slow compared
to the 2H-nmr frequency, have not been observed
previously in a globular protein. Such motions have
no effect in the solution nmr relaxation experiment
since the correlation times are long,; 300 ns or more,
compared to the rotational correlation time of the
protein. In turn, motions in the 0.5–5 ns timescale
identifiable by solution nmr potentially are observed
in the solid-state experiments used here, but would
impose, at most, very weak field dependence uponT1.
Additionally, the temperature variation of the princi-
pal frequencies of the quadrupolar powder pattern
makes it clear that the predominant geometry of back-
bone motion is well described, on average, by small
angle librations about axes connecting successiveaC
atoms that are nearly coincident with thenxx axis of
the field-gradient tensor, as had been deduced previ-
ously.29

SUMMARY

The results obtained here indicate that the dominant
motion of amide groups in a fully hydrated crystalline
protein at 290 K has a typical correlation time of 15 ns
and rms amplitude of 9°–12°. The observation that
relaxation is more efficient when measured at a lower
nmr frequency indicates the presence of additional
slow motions with reciprocal correlation times less
than the nmr frequencies, at the majority of amide
sites. A simplified model for motion on two time
scales,31 adapted to a solid protein, indicates that

Table III Correlation Times and Order Parameters
for the Fast and Slow Motions of the Strongly H-
Bonded Amide Groups of Crystalline HEWLa

T (K) tF (ps) tS (ns) SF
2 SS

2

290 15–75 100–500 0.87–0.98 0.98–0.87
270 16–95 300–2000 0.88–0.98 0.98–0.88
260 15–80 250–2000 0.89–0.98 0.99–0.90
250 15.5 — 0.90–0.91 1.0–0.99
240 14 — 0.91 1

a Fast tF and slow tS correlation times are chosen to best
describe the relaxation data (Table II), whileSF

2 and SS
2 are con-

strained to the valueS2 5 SF
2SS

2 determined from the line shape
(Table I).
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these slow motions have correlation times in the range
of 1027–1026 s with substantially smaller amplitudes
than the fast motions.

These observations are consistent with the pres-
ence of anharmonic character in the backbone modes
of the protein at temperatures above 250 K, which can
be modeled effectively as arising from damped har-
monic modes.29 Below 250 K, the field independence
of the relaxation is consistent with the onset of dimin-
ished anharmonic character to these modes. This is
consistent with observations of a conformational
“glass” transition in scattering experiments on hy-
drated crystalline proteins.8 Our experiments comple-
ment and extend these observations by characterizing
the dynamic(kinetic) aspects of conformational flex-
ibility beyond itsstatic(equilibrium) qualities as mea-
sured by scattering.41 Earlier 2H-nmr studies of the
dynamics of water of hydration in crystalline crambin
indicate a broad range of “freezing” for such water
molecules—between 250 and 180 K—with effective
correlation times reduced to; 1025 s below 180 K.11

If, as has been hypothesized, the behavior of water of
hydration of proteins has significant effect upon the
character of backbone dynamics,42 then the observa-
tion of a transition in the relaxation behavior of crys-
talline lysozyme at and below 250 K may be a direct
consequence of this. Further, that the nmr results
preclude the presence of large amplitude conforma-
tional motions about the backbone dihedral angles at
any temperature, for the great majority of sites, in
spite of the existence of an apparent dynamic transi-
tion in terms of time scale, is in agreement with
conclusions of molecular dynamics simulations of
hydrated proteins in that the transition between anhar-
monic and quasiharmonic character of backbone fluc-
tuations generally does not involve major dihedral
adjustments.43 Further insight into the mechanism of
slower modes of motion may now be possible with the
practical ability to run dynamics trajectories up to
; 10 ns.
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