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ABSTRACT Proton nuclear magnetic resonance relaxation investigations of water dynamics in hydrated protein
powders have the serious drawback that protein-water intermolecular dipolar interactions make the unambiguous
interpretation of the results difficult. To circumvent this difficulty, deuteron spin-lattice and spin-spin relaxation times
in lysozyme powder hydrated with deuterium oxide were measured as a function of temperature and at two frequencies.
Although the deuteron relaxation results are compatible with a water molecule dynamics model based on either a

bimodal distribution of correlation times or anisotropic motion, a comparison of the present results with proton data
suggests than an anisotropic motion model is more likely to provide a reasonable description of the water molecule
motion. An analysis based on an anisotropic motion model that uses two correlation times to characterize the motion
shows that most of the water molecules rotate about their twofold axis of symmetry at a rate that is only -100 times
smaller than the rate of isotropic diffusion in the bulk liquid. The reorientation of the twofold axis of symmetry itself is
characterized by a correlation time of 10-7 S.

INTRODUCTION

The dynamics of water at the protein-water interface in
hydrated protein powders has been widely studied (1-11)
using pulsed nuclear magnetic resonance (NMR) relaxa-
tion techniques. Such studies commonly use proton reso-
nance, which has a major drawback. The observed proton
relaxation rates cannot be used directly to deduce dynami-
cal information about the water because of contributions
from the communication or cross-relaxation between pro-
tein and water protons. The proton spin-lattice relaxation
rates measured (R, = T1 ) are a function of the water-
protein cross-relaxation rate, as well as the spin-lattice
relaxation rates of the water protons (Rlw) and the protein
protons (R1p). An additional complication is that Rlw is
itself expected (6) to be a composite of the intrinsic water
spin-lattice relaxation rate (Rlwi) and an intermolecular
spin-lattice relaxation rate contributed by the interface. In
addition, the water proton spin-spin relaxation rate R2W can
also be influenced by water-protein cross-relaxation effects
(4). It is necessary to extract the intrinsic rates Rlwi and
R2wi from the experimental results in order to obtain
information about the water dynamics. These complica-
tions often leave the interpretation ambiguous.
An attractive alternative for studying water dynamics is

to use deuterated water and observe the deuteron reso-
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nance. The deuteron relaxes by means of intramolecular
quadrupolar interactions, and the intermolecular effects
that complicate the proton experiment are negligible. In
this paper, the results of such a deuteron experiment are
reported.

It has recently been demonstrated (3, 8, 10) that in wet
hen egg white lysozyme (HEWL) samples, the water
protons and protein protons are coupled so as to share their
coupling to the lattice. For the cross-relaxation mechanism
to couple the protein and water protons in this way, the
correlation time 7b characterizing the motion of the water
proton-protein proton vector must satisfy w'rb >> 1 (4),
where w is the resonance frequency used. However, it has
also been proposed (7) that near room temperature, the
water molecules in hydrated lysozyme move only about
two orders of magnitude more slowly than in the bulk
liquid at the same temperature. Therefore, the correlation
time Tc(w) characterizing the motion of the water molecule
interproton vector must have magnitude rc(w)- 101- s.
For a resonance frequency of 30 MHz, this gives wrc(w) <
1. This means that whereas the water molecule motion
giving rise to Rlwi is in the extreme motional narrowing
regime, the motion of the intermolecular water proton-
protein proton vector giving rise to the coupling across the
interface is not.

This all indicates that the description of the water
dynamics requires more than one correlation time. The
above proposal (7) is of fundamental importance to under-
standing water dynamics in hydrated proteins. To elu-
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cidate this proposal, we have investigated the temperature
dependence of the deuteron T, and T2 in wet HEWL
hydrated with D20.

EXPERIMENTAL

Grade 1 HEWL and 99.8% D20 were obtained from Sigma Chemical
Co., St. Louis, MO. Paramagnetic impurities were removed from the
HEWL as described elsewhere (3, 8).

Deuterated HEWL was prepared by dissolving 0.5 g of the purified
HEWL in 10 ml of D20. After 8 h, the sample was lyophilized and the
powder so obtained was dissolved in 10 ml of fresh D20. After a further 8
h, the sample was again lyophilized and the powder was stored in an
air-tight container at - 50C. With this procedure, the labile hydrogens
removable from HEWL by deuteration are expected to be exchanged. All
glassware, including the thin-walled 7.5-mm-o.d. NMR sample tube used
for the measurements, was cleaned to remove metal impurities (8).
The wet deuterated HEWL sample was prepared as follows. About 50

mg of the deuterated HEWL powder was placed in a preweighed sample
tube. The sample was dried by placing it under vacuum (_10-3 Torr) for
12 h. It was then weighed to determine the dry HEWL weight. The
vacuum chamber holding the sample was then connected to a second
chamber containing D20 for 20 min before the sample tube was flame-
sealed. The sample was found to contain 0.22 g(D20)/g(HEWL +
D20).

Deuteron T, and T2 measurements were performed at 5 MHz and 30.6
MHz using a pulsed NMR spectrometer built in this laboratory. A
Nalorac Cryogenics Corp. (Concord, CA) superconducting magnet (30.6
MHz) and a Varian Associates, Inc. (Palo Alto, CA) HA60 magnet (5
MHz) were used. T, was measured using the inversion recovery pulse
sequence (1800-r-900) with typically 20 different values of T. T2 was
obtained from the shape of the free induction decay (FID). At selected
temperatures and at 30.6 MHz, T2 was also measured with the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence (12, 13) using a spacing
between the 1800 pulses of 200 ,us. The 900 pulse length was 9.5 Ps. Data
acquisition, averaging, and analysis were performed with a desk-top
computer (9836, Hewlett-Packard Co., Palo Alto, CA) interfaced to a
transient waveform recorder (912, Datalab, Mitcham, Surrey, England).

T, was measured at 20 different points on the FID using a narrow time
window at each point. All recovery curves were found to be exponential
and no dependence of T, on window position was found. The values of T,
reported here are averages over all windows. All T2 decay curves were
exponential. Sample temperature was controlled using a standard nitro-
gen gas flow cryostat and measured by a thermocouple in close proximity
to the sample.

RESULTS AND DISCUSSION

The temperature dependence (219-309 K) of water deu-
teron T, and T2 at 5 MHz and at 30.6 MHz in wet
deuterated HEWL is shown in Fig. 1. The deuteron
relaxation rates have negligible contributions from inter-
molecular processes, so that the data (Fig. 1) are taken as
the intrinsic deuteron relaxation times, Tlwi and T2W;.

Several interesting features in the data (Fig. 1) are
noticeable. Consider the T2 data. Two distinct regions are
apparent, with a transition occurring at -277 K. Each of
these regions separately is seen to obey Arrhenius behavior;
the correlation time (T) characterizing the motion is given
by:

r = ro exp (Ea/RT), (1)

where R is the universal gas constant, Ea is an apparent
activation energy, and To is a pre-exponential factor. With
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FIGURE 1. Water deuteron T1 and T2 in HEWL hydrated with D20
plotted as a function of 1000/T. The dashed line was calculated from
Eq. 2 (see text for details). The dotted line represents values of C1 '. The
arrow indicates the temperature at which an apparent transition in the T2
data occurs.

increasing temperature, Ea for the T2 plot suddenly
decreases from -4.5 kcal/mol for data below 277 K
to -1.0 kcal/mol for data above 277 K (Fig. 1). The most
striking feature of the T2 data is the fact that this transition
does not appear to be smooth, but rather is somewhat
abrupt and seems to occur at a well-defined temperature.

Although the temperature at which the apparent transi-
tion is observed is roughly the same as the melting point of
D20 ice, it does not appear that the transition can be due to
the freezing of a free D20 fraction. At a sufficiently high
hydration level, free D20 would be associated with the
HEWL molecule. However, the hydration level of this
sample (22%) is well below that required for monolayer
coverage (33%), so that there should be no component of
free D20 associated with the lysozyme molecule. The other
possibility is that a certain amount of free D20 not
associated with the HEWL in any way was present on the
inside walls of the sample tube. This is not reasonable,
however, since any such fraction would have T, and T2
such that it would be readily apparent as a separate
component in the data. Thus, the change that occurs in the
system at -277 K is not directly associated with the
freezing of a free D20 fraction.
The transverse relaxation times measured using the

CPMG sequence (271-309 K) agree with those obtained
from the FID (Fig. 1). This agreement shows that effects
on the FID caused by macroscopic heterogeneity of the
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sample (14) are negligible, and furthermore that the
change in Ea of the T2 data as the temperature is raised
above -277 K is not the result of inhomogeneity in the
magnetic field.
The smaller value of Ea of the T2 plot above 277 K could

be the result of the addition of a contribution to R2 above
277 K from a deuteron fraction that had a relatively short
T2 and that did not contribute to the observed transverse
relaxation below 277 K. However, since no shift in T2 value
was observed at 277 K, the process that comes into play
above this temperature must have a temperature depen-
dence that is the opposite of that of T2. We propose that as
the temperature is raised above 277 K, an exchange
process is suddenly switched on that mixes deuterons
between a phase a with T2A observed below 277 K and a
phase b in which deuterons have very short T2b, such that
they are not observed directly in our experiment.
No shift in T2 is observed at the transition temperature

of 277 K. This implies that immediately above this point, a
very slow exchange regime is applicable. In addition, the
FID amplitude (corrected for the Boltzman factor)
throughout the high-temperature regime was found to be
independent of temperature within the limits of experimen-
tal uncertainty. These observations suggest that slow
exchange between phases a and b occurs over the tempera-
ture range 277-307 K. Then the observed transverse
relaxation rate for phase a (1 / T') is approximately given
by (15):

1 +Ca, (2)
2a T2a

where Ca is the exchange rate for water molecules out of
phase a.

Expression 2 was applied to the data (Fig. 1). The
dashed line is the calculated T7a corresponding to the Ca'
values shown in the figure as a dotted line. In this
calculation, T2a values were obtained by projecting the T2
plot below 277 K to higher temperatures. Ca values were
found by matching the calculated and observed T', at the
highest temperature attained in the experiment and assum-
ing that the temperature dependence of Ca is Arrhenius in
nature with Ea = 8 kcal/mol (the approximate energy
required to break two hydrogen bonds). The calculated line
adequately describes the T2 temperature behavior in this
region (Fig. 1).
The deduction that deuterons in phase b have very short

T2 implies that their T, is relatively long (see reference 16).
Deuterons on a water molecule whose dynamics are in the
rigid lattice regime would have such properties. The num-
ber of such water molecules hydrated onto a HEWL
molecule must be very small compared with the number
constituting a monolayer. This is known from the fact that,
within experimental error, all deuterons in the sample are
being observed. It can now be understood why no effect on
the T, is caused by the proposed exchange. The exchange
times would be short compared with T, for most of the data

above 277 K, so that the observed relaxation rate RI is the
sum of the spin-lattice relaxation rates of the a and b
phases (Rla and Rlb) weighted according to their size
fractions. Since both Rlb and the size of phase b are much
smaller than the corresponding values for phase a, essen-
tially RIa is observed throughout the complete temperature
range studied (Fig. 1).
At this time, it is understood neither why the exchange

mechanism proposed switches on nor why it does so at
approximately the melting point of D2O ice (-277 K).
However, one might speculate that a water-lysozyme
cooperative mechanism is involved.

Values of T2Wi below -277 K and the values of TIw, (Fig.
1) appear to be unaffected by the exchange process
discussed above. This prompts us to consider these data as
constituting the phase a data set. For the following discus-
sion, the relaxation times of this major phase will be
referred to simply as T, and T2.
At both frequencies, T, decreases with decreasing tem-

perature (Fig. 1). This would suggest that the relaxation is
on the high-temperature side of the T, minimum and that
the correlation time r characterizing the reorientation of
the electric field gradient at the site of the nucleus satisfies
wT << 1. This condition must be applicable to some of the
water molecules, or at least to a component of their
dynamics. However, the facts that (a) in this temperature
range T»>> T2, (b) T, (5 MHz) # T1 (30.6 MHz) at the
high-temperature end of the data, and that (c) T7 (5 MHz)
has an Ea different from that of T, (30.6 MHz) clearly
indicate that the water molecule dynamics are complicated
and that water molecule motions with wr > 1 are probably
also present in this system. At least qualitatively, a, b, and c
could be the result of (i) a distribution of correlation times
being required to characterize the water molecule
dynamics (17), or (ii) the motion being anisotropic
(10, 18). If a distribution of correlation times is applicable,
then observations b and c would require that the distribu-
tion be bimodal in nature.

For a distribution of X values, the relaxation rates RI and
R2 are given by (17):

RI = T = f P(r) F,(Qr)dr (3)

and

R2 = f P(T) F2(T)dT,

where
37r2 T4r

Fl.)=-(QCC)2I ±
10 1I +w22 1 + 4W'2T2

3=20 (QC) (+ I 2r)
F2(T) = -i (QCC)' 3, 1I+ W2T2 + 14W2T2

(4)

(5)

(6)

P(r) is the distribution function and QCC is the deuteron
quadrupole coupling constant (QCC = 230 kHz for bulk
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water [ 19]). It is known that QCC for water absorbed onto
zeolites is indistinguishable from the bulk water value (20).
To calculate R, and R2, this is assumed to be true in wet
HEWL as well. In addition, the simplest form of bimodal
distribution, one for which the distribution function is the
sum of two delta functions, was assumed. Then Eqs. 3 and
4 reduce to:

1= f + (1 -fs) F,,2(rF )2
T,2

(7)

where f, and (1- f,) are the fractional populations of
deuterons characterized by the two different correlation
times, Td and 4d, respectively. The correlation times are

assumed to vary with temperature according to the Arrhe-
nius activation law (Eq. 1). Preliminary applications of Eq.
7 to the data (Fig. 1) indicated that the rate R2 is
essentially controlled by a small fraction (fs) of deuterons
undergoing much slower reorientations with characteristic
time 4d relative to the major fraction (1 - f,) of deuterons
having correlation time 4d. This means that, for practical
purposes, R2 is given by the first term on the right-hand
side of Eq. 7. Applying this term to the T2 data, in
conjunction with Eqs. 1 and 6, it was found that E -
(4.5 ± 0.1) kcal/mol and 4rs - (3.9 x 10s12/f) s (for
0.001 <fs < 1).

With the above information, Eq. 7 was fitted simulta-
neously to the T, and T2 data [TI [30.6 MHz], T, [5
MHz], and T2 [30.6 MHz, 5 MHz for T < 277 K]] using a
curve-fitting routine (21) with adjustable parameters fs,
Tdf, and Edf. The dashed line in Fig. 2 represents the "best
fit" with the fitted parameters given in the figure caption.
Although calculated T, values show some deviation from
the data toward higher temperatures, in general, a reason-
able correspondence between calculated relaxation times
and experimental data exists (Fig. 2). It is important to
note that if either or both peaks of the bimodal distribution
were allowed to have a finite width, any discrepancy
between calculated and experimental results would
increase further. In summary, the application of a bimodal
distribution model to the data suggests that, at room
temperature (293 K), --6% of the deuterons in the wet
HEWL sample have 4d _10-7 S and 94% have rd _10-10 S.
To investigate the applicability of an anisotropic motion

model to the water dynamics in wet HEWL, the details of
the anisotropy involved need to be known. To this end, we
adopt the model discussed by Shirley and Bryant (10).
Water molecules are bound to the HEWL molecule
through hydrogen bonds. Two different positions that a
water molecule can assume when forming such hydrogen
bonds are as follows: (1) the twofold symmetry axis of the
water molecule may be colinear with the hydrogen bond, or
(2) one of the two deuteron-oxygen bonds of the water
molecule may be colinear with the hydrogen bond. It is
assumed that the water molecule undergoes relatively fast
rotation (characterized by _r ) about the hydrogen bond

axis, which in turn reorients more slowly (characteristic
time Ts). Then, letting the fraction of water molecules in
position 1 and in position 2 bef, and (1- f,), respectively,
the relaxation rates RI and R2 can be expressed (10, 18) in
terms of an anisotropic motion model as follows:

R1,2 =-
T

1,2

=-f[A,F,,2(,a) + B,F,,2(r,) + C,F,,2(r2)]

+ 2 [A2F,2(rS) ± B2F,2(T,) + C2F,,2(T2)]

+ 2 [A3F12(ra) + B3F,2(Tr) + C3F,,2(r2)], (8)

where, for i - 1, 2, 3:

Ai = I/4(3 COs2 i- 1)2;

B-= 3 sin2 0i cos2 0,;

C; = 3/4sin4 1i.

1 1 1

Tj Ta Tf

1 1 4

T2 Ta Ta

For the D20 molecule, 0, 52.50, 02 = 750, and 03 00.
In the temperature range of interest (see Fig. 2) the rate
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FIGURE 2 Water deuteron T, and T2 as in Fig. 1, except that only the
data for the major phase is shown. The dashed line was calculated using
the bimodal distribution model (Eq. 7) with fitted parameters Eaf =
(3.2 + 0.1) kcal/mol, rd = (6.9 + 0.1) x lo-"3 s, andfL = 0.062 + 0.002.
The solid line was calculated using the anisotropic motion model (Eq. 8)
with fitted parameters Eaf = (3.3 + 0.1) kcal/mol, rodf (2.9 ± 0.1) x

10-13 S, andf, = 0.89 ± 0.01. A larger range of 1000/T values is used here
compared with that in Fig. 1 so that the T, minimum caused by the slow
motion is visible.
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1/T2, given by Eq. 8, is essentially controlled by f, and
F2(AT). Then, in a manner similar to the case of the
bimodal distribution model discussed above, we find that
Ea= (4.5 ± 0.1) kcal/moland ra 6.4 x 10-12/(1.005 -
fI) s. The relation for Os holds for 0.1 <fl < 0.99. With this
information, Eq. 8 was fitted simultaneously to the T, and
T2 data (Fig. 2) with adjustable parametersf,, ra , and Eaf.
The resulting fit is shown in Fig. 2 (solid line) with the
fitted parameters given in the figure caption. According to
this model, all of the water molecules in the sample are
hydrogen-bonded to the HEWL molecules; of these water
molecules, -90% are in position 1 and 10% are in position
2. At room temperature, the rotation of the water molecule
about a hydrogen bond direction is characterized by
T a-1010 s. At the same temperature, the reorientation of

this "fast rotation axis" proceeds more slowly with a
characteristic time ra _10-7 S.
The quality of the fits of the bimodal distribution model

and the anisotropic motion model to the data appear to be
similar (Fig. 2). Although the two models have certain
features in common (e.g., slow and fast motion mode), they
are very different physically. Therefore, it is important to
determine which model provides a better description of the
water molecule dynamics in wet HEWL.

Confidence that a particular model is applicable would
be gained if only that model correctly predicts water proton
relaxation rates in an H20-HEWL sample. However, it
must be kept in mind that such predicted rates are to be
compared with the intrinsic water proton rates Rlwi and
R2wi rather than the observed relaxation rates. In a recent
study of cross-relaxation effects in wet HEWL at 40 MHz
(22), it was shown that at room temperature the water-
HEWL cross-relaxation rate had a value of - 100 s'-i. This
is approximately one-sixth of the observed proton rate R2W
but >10 times as large as the observed rate R,W (8). Similar
results were found in wet HEWL at 57.5 MHz (10). As a
consequence, it is expected that in this system, cross-
relaxation effects do not dominate R2W and the observed
rate can be taken as an approximate value for R2wi. The
proton relaxation rates for the two models discussed above
can be calculated using Eqs. 7 and 8, where the factor rr2
(QCC)2 has been replaced with y4h2/r6. The quantitites r,
h, and -y are the water molecule interproton distance,
Planck's constant divided by 27r, and the nuclear gyromag-
netic ratio (= 2.675 x 104 G-' s-' for protons), respec-
tively. Using the parameters given in the legend to Fig. 2,
along with r = 1.58 A, 01 = 900, 02 = 37.5°, 03 = 37.50,
wl2-x = 40 MHz, and T = 293 K, we find that for the
bimodal distribution model Tdf(1 H) = 120 ms and
T('H) = 6 ms. For the anisotropic motion model, we find
Ta('H) = 77 ms and Ta('H) = 1.5 ms. In an H20-HEWL
sample having a similar water content as that of the wet
HEWL sample used here, the observed T2 of the water
protons at the same temperature and 38 MHz has a value
of (1.8 + 0.1) ms (8). The fact that the observed T2 is very

different from Td('H) but nearly the same as Ta(1H)
strongly suggests that the anisotropic motion model is
applicable here.

Using two-dimensional NMR time evolution correlation
spectroscopy, where the magnetization is selectively
inverted, it was shown (22) that in the above-mentioned
H20-HEWL sample at 40 MHz and 293 K, R 'i was -45
ms. Clearly, the correspondence between R i and Ta('H)
is also better than that between R- 'i and Td('H). This
supplies further evidence for the applicability of the aniso-
tropic motion model to the water in wet HEWL.
The above arguments favoring the anisotropic motion

model over the isotropic motion model essentially are based
on the comparisons of estimated intrinsic water proton
relaxation rates for the two dynamical models with such
rates estimated in other NMR studies of wet lysozyme.
Although the estimates appear to be reasonable, the inher-
ent assumptions do not allow a determination with com-
plete certainty. However, the anisotropic motion model
also appears to be reasonable from the following consider-
ations. The hydration level of the sample is below that
required for monolayer coverage of the HEWL molecules.
Thus, it stands to reason that all of the water molecules of
hydration are associated with the HEWL molecules. Such
association would be in the form of intermolecular bonds
(probably predominantly hydrogen bonds) between a
water molecule and a HEWL molecule. It would be
expected that a water molecule resides at a hydration site
for approximately the lifetime of such a bond. While at
such a site, motion about the bond axis will be preferred
over the motion of the water molecule axis that is colinear
with the bond axis. In essence, this amounts to the water
molecule dynamics being anisotropic, which supports the
use of an anisotropic motion model.
We believe that the anisotropic motion model is more

likely to provide a reasonable description of the water
molecule motion. It is of interest to investigate some
consequences of this model.

In addition to specifying the details of water molecule
dynamics, the anisotropic motion model also provides
details about the motion of the water molecules relative to
the HEWL molecule. Therefore, it is possible to estimate
the magnitude of the water proton-HEWL proton cross-
relaxation rate k using this model. In this case, the rate k is
given by Eq. 8, where the rates 1/ T1,2 and functions F,,2(r)
are replaced by k and Fk(r), respectively. Fk(T) is given by
(4):

y4h2 ( 6T ) (9)

where r is the water proton-HEWL proton distance.
Assuming a water molecule-HEWL molecule hydrogen
bond length of 2.5 A (23), it is easily shown that for the
water molecule position 1, 01 = 19.60 and r = 2.26 A. In
general, it would be more difficult to assign a value to r for
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water molecule position 2. However, it is expected that this
distance is considerably larger than 2.26 A. Since k varies
as r-6 and only 1I 0% of the water molecules are in position
2, any contribution to k from these water molecules is
assumed to be negligible. Then, using Eq. 8 for k with the
parameters found for the anisotropic motion model (legend
to Fig. 2) and the above 01 and r, we calculate k = 44 s-' at
40 MHz and 293 K. In a two-dimensional NMR time
evolution study of proton magnetization in wet HEWL at
the same frequency and temperature, a value for k =
(98 ± 16) s-1 was deduced (22). Although the two values
of k differ by a factor of -2, the results are nevertheless
encouraging. This is because (a) the anisotropic motion
model probably provides a somewhat oversimplified
description of the complex, heterogeneous wet HEWL
system and (b) any particular water proton may in fact
interact, on the average, with more than one HEWL
proton (thus the above calculation would yield an under
estimated value of k). It should be noted that ra, which
characterizes the motion giving rise to the rate k, is
identifiable with the correlation time Tb discussed earlier.

In summary, it has been shown that deuteron relaxation
rates calculated using either a bimodal distribution model
or an anisotropic motion model are compatible with the
experimental data. However, by taking known proton
NMR results into account, it was concluded that the
motion of water molecules hydrated onto HEWL is proba-
bly anisotropic. According to the anisotropic motion mod-
el, =90% of the water molecules hydrated onto the HEWL
have their twofold symmetry axis colinear with the water
molecule-HEWL molecule hydrogen bond direction. At
room temperature, the rotation of the water molecule
about this axis proceeds at a rate that is 1I% that of the
rate of rotational diffusion in the bulk liquid and -1,000
times as large as the rate at which the fast rotation axis
reorients.
The value of Eas = (4.5 ± 0.1) kcal/mol corresponds to

the energy required to break a hydrogen bond. This
suggests that the fast rotation axis reorients whenever a
water molecule leaves a particular binding site.
More information about the details of molecular inter-

actions and dynamics at the HEWL-water interface
should be obtained from a relaxation study of '7O in wet
HEWL. This approach is being pursued in our laboratory.
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