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a b s t r a c t

Spin–lattice relaxation rates of protein and water protons in dry and hydrated immobilized bovine serum
albumin were measured in the range of 1H Larmor frequency from 10 kHz to 30 MHz at temperatures
from 154 to 302 K. The water proton spin–lattice relaxation reports on that of protein protons, which
causes the characteristic power law dependence on the magnetic field strength. Isotope substitution of
deuterium for hydrogen in water and studies at different temperatures expose three classes of water mol-
ecule dynamics that contribute to the spin–lattice relaxation dispersion profile. At 185 K, a water 1H
relaxation contribution derives from reorientation of protein-bound molecules that are dynamically
uncoupled from the protein backbone and is characterized by a Lorentzian function. Bound-water-mol-
ecule motions that can be dynamically uncoupled or coupled to the protein fluctuations make dominant
contributions at higher temperatures as well. Surface water translational diffusion that is magnetically
two-dimensional makes relaxation contributions at frequencies above 10 MHz. It is shown using isotope
substitution that the exponent of the power law of the water signal in hydrated immobilized protein
systems is the same as that for protons in lyophilized proteins over four orders of magnitude in the
Larmor frequency, which implies that changes in the protein structure associated with hydration do
not affect the 1H spin relaxation.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The motions of water in or on biological macromolecules are of
fundamental importance because the dynamics modulate intra-
and inter-molecular energetics as well as macromolecular struc-
ture [1–4]. Although enormous progress has been made in charac-
terizing the dynamics of water–protein systems, understanding
remains incomplete. Nuclear magnetic relaxation dispersion
(MRD), the measurement of nuclear spin–lattice relaxation-rate
constants as a function of magnetic field strength, offers valuable
information on molecular dynamics and structure. Nuclear spin
relaxation is not spontaneous, but derives from coupling of the nu-
clear spins to the magnetic noise in the system, which in turn
arises from molecular motion. The magnetic field dependence of
the spin–lattice relaxation rate, i.e., the 1H MRD profile, then pro-
vides a quantitative statistical characterization of the molecular
dynamics that drive the spin relaxation; usually this is a map of
the frequency dependence for the intra- and inter-molecular mag-
netic dipolar couplings.

Previous MRD studies of dry proteins have shown that the
relaxation is described by a power law in the Larmor frequency,
ll rights reserved.
1
T1
¼ Ax�b, where A and b are constants [5–10]. The physical origin

of the power law has been related to a spin–fracton relaxation
mechanism [6,11–15]. The essential dynamical picture behind this
relaxation mechanism is similar to those employed in vibrational
network models for protein dynamics [16–18]. The propagation
of structural fluctuations in the protein which modulate 1H dipolar
couplings that drive spin relaxation are characterized by a reduced
dimensionality because of the limited or non-uniform connectivity
in the folded protein structure [6,7,19]. The exponent, b, in the
power law is related by the relaxation theory to a spectral dimen-
sion, ds, which characterizes the vibrational density of states and
the dimensionality of the disturbance propagation, and a fractal
dimension, df, which describes the distribution of mass in space
[6]. For dry proteins b = 0.76 ± 0.04 [5,6,10,15,20,21]. In the rota-
tionally immobilized systems, spin–spin couplings are efficient
and a common spin temperature is established rapidly. As a conse-
quence, motions that relax one group efficiently relax the whole 1H
spin population, which is observed as a single broad resonance
line. Recent MRD studies of dry proteins and polypeptides over
wide temperature ranges revealed the nature of the side-chain
contributions to the 1H spin relaxation [21,22]. At high and low
frequencies, the field dependence is a power law because the
main-chain fluctuations also modulate the side-chain couplings.
A displacement of the high and low frequency power laws is
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caused by the side-chain motions, which create a transition when
the side-chain frequency approximates the proton Larmor fre-
quency. The effects of the side-chain dynamics move into the
experimental frequency range only at low temperatures using cur-
rently convenient magnetic fields [21,22]. The present experiments
focus on relaxation contributions of protein-bound water dynam-
ics, which in some cases look like a side-chain contribution in that
the water motions may be coupled to the backbone dynamics. For
other water molecules, the local motions are uncoupled from the
backbone dynamics, which makes a relaxation contribution that
may be distinguished from the coupled case based on the shape
of the MRD profile.

Fig. 1 illustrates magnetic relaxation dispersion profiles for dry
and hydrated bovine serum albumin at 302 K. The hydrated pro-
tein system is a valuable model of a more complex counterpart
such as a tissue where the physical and chemical diversity of the
components make detailed analysis problematic. A distinct and
critical feature of the water 1H relaxation dispersion profile of
the heterogeneous water–protein system (Fig. 1) is that, analogous
to the dry protein system, it is described by a power law in
magnetic field strength or 1H Larmor frequency. The efficient
magnetization transfer or cross relaxation between protein and
water–proton spins is responsible for this effect and has been
widely studied [2,8,23–26]. The cross relaxation affects the re-
sponse of both the water- and protein-spin populations. The usual
model presumes that there are relatively few water molecules that
are bound to the protein for times of hundreds of nanoseconds to
several microseconds and is supported by solution phase MRD
measurements that count the number of such molecules [27].
These unique molecules affect the relaxation rate of the whole
water population through protein–water-proton and water–
water-proton dipolar interactions coupled with proton and water
molecule exchange from bound to bulk environments. In earlier
work, the changes in the MRD profile on hydration were attributed
to changes in the power law exponent given by b ¼ 3� 2 dS

df
� dS

[6,15]. The change in b was ascribed to structural changes in the
protein upon hydration that affected the special distribution of
protons, and therefore, df [6]. In this paper we reexamine this
intriguing issue and show that the water content dependence of
the power law exponent is not supported by more complete data
sets that span a larger range of temperature and frequency. Fur-
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Fig. 1. The proton spin–lattice relaxation-rate constants as a function of magnetic
field strength plotted as the proton Larmor frequency for dry (stars) and hydrated to
0.32 g H2O/g protein (open circles) bovine serum albumin at 302 K. The peaks in the
relaxation profiles of all samples between 0.5 and 5 MHz are due to 14N–1H level
crossing [45].
ther, studies at low temperature reveal bound-water-molecule
motions that are independent of the protein-backbone fluctuations
and characterized by a Lorentzian relaxation dispersion profile.
2. Experimental

Bovine serum albumin (BSA) obtained from Sigma Chemical
Company (St. Louis, MO) was dialyzed against at least five changes
of deionized water. The protein was lyophilized using a mechanical
vacuum at 298 K. Solvated samples were prepared by adding the
desired mass of solvent, such as deionized water or deuterium
oxide (99.9 atom % D, Cambridge Isotope Laboratories, Inc., Ando-
ver, MA) to a known mass of protein. Hydrated protein samples
were allowed to equilibrate for at least 3 days at 310 K. The
amount of moisture in hydrated BSA samples was additionally
checked by a Karl Fischer titrator (Aquatest 8, Photovolt Instru-
ments, Inc., Indianapolis, IN). The hydrated protein samples used
in this study were prepared to contain 0.32 g water per 1.0 g of
protein. It has been shown that as the level of hydration of small
globular proteins increases above 0.38 g water/g protein, the pro-
tein can be considered fully hydrated in a sense that further addi-
tion of water does not change its spectroscopic or thermodynamic
properties as compared to fully hydrated (1.0 g water/0.1 g pro-
tein) protein gels [3,4,28–30]. Since, to first approximation, the
number of water molecules in direct contact with the protein at
any given time is proportional to the surface area of the protein,
which correlates with molecular weight, the larger proteins are be-
lieved to be fully hydrated at slightly lower water levels [31].

For BSA samples prepared with D2O, 1.0 g of BSA was initially
dissolved in 20 mL of D2O and stirred at 325 K for 4 h, then trans-
ferred to a Centricon filter (Millipore; 30,000 MW cut-off) and con-
centrated to 5 mL in the centrifuge. The concentrated solution was
diluted again to 20 mL with D2O as the procedure was repeated 4
times to minimize the number of exchangeable protons remaining
on the protein. Finally, the protein was lyophilized at 337.8 K using
a drying pistol with refluxing methanol and a mechanical vacuum.

The nuclear magnetic resonance data were recorded using an
FFC-2000 fast field cycling NMR spectrometer (Stelar s.r.l., Mede,
Italy). The Stelar spectrometer provides temporal control of the
magnetic field; in the present experiments the field-switching time
used was 3 ms. Proton spins were polarized at 30 MHz and free
induction decays were recorded following a single (6.7 ls) 90�
excitation pulse applied at 15.8 MHz [32]. The relaxation fields
were varied between 1H Larmor frequency 0.01 and 30 MHz. The
spectrometer dead time was 11 ls. The NMR signal was averaged
(at least 8 scans) for at most 32 linearly spaced time sets, each of
which was adjusted at every relaxation field to optimize the sam-
pling of the decay/recovery curves. Within experimental error, all
the decay/recovery curves of longitudinal magnetization were
exponential. Temperature was varied from 154 K to 302 K using
a Stelar VTC90 variable temperature controller, which was cali-
brated using an external thermocouple inserted into a surrogate
sample at the resonance position in the probe. Based on repeated
calibrations, the temperature in all NMR experiments was con-
trolled to within 0.5 K. Samples were allowed to equilibrate for
at least 20 min at each temperature before data acquisition.
3. Results and discussion

The proton transverse magnetization decay of dry protein can
be described well by a single Gaussian with a decay time on the or-
der of 10 ls, but for hydrated protein powders the transverse mag-
netization decay is multi-component [33]. The rapid transverse
decay is characteristic of solid protein. The slow transverse decay
includes contributions from water- and protein-side-chain protons
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Fig. 3. The proton spin–lattice relaxation-rate constants as a function of magnetic
field strength plotted as the proton Larmor frequency for bovine serum albumin
hydrated to 0.32 g H2O/g protein at 185 K (triangles). The solid line is the best fit to
Eq. (1) with b = 0.84. The second moment, M2 = 1.14 � 1010 s�2, was measured as

described in [33] and the dipolar coupling strength was calculated as xD ¼
ffiffiffiffiffiffiffiffiffi
20M2
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The difference between experimental data points and the fit are depicted as open
circles. The dashed line is the best fit to 1

T1
¼ BðJðxÞ þ 4Jð2xÞÞ, where the reduced

spectral density J(x) is a Lorentzian function with correlation time for stochastic
jumps sc = 92 ns. B is the scaled dipolar coupling strength of the intra-molecular
interaction of water protons that are separated by 1.58 Å and was found to equal
4.57 � 108 s�2, which implies that the scaling factor, NH2O

NTotal
, equals to 4.2 � 10�2. Here

NH2O is the number of non-frozen water protons and NTotal is the total number of
protons in the system. Within experimental error, the scaling factor is consistent
with the fraction of liquid component of the transverse magnetization decay at
185 K (5% of total magnetization [33]).
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which are sufficiently mobile that the dipolar couplings are at least
partially averaged by motion. When the temperature of the hy-
drated protein sample is reduced, the fraction of slowly decaying
or ‘‘liquid” components of the xy-magnetization decreases until
the sample crosses the so-called glass transition temperature
[33–39] below which all observed protons become magnetically
equivalent and only a single rapid transverse magnetization decay
is observed. Previous study has shown that water in a hydrated
sample of BSA forms what is magnetically a solid around the pro-
tein at approximately 170 K [33].

Fig. 2 compares the relaxation dispersion profile of dry BSA to
that of hydrated BSA at 154 K where water protons were replaced
by deuterons. The hydrated sample was prepared using BSA in
which labile protons were exchanged for deuterons to minimize
the effect of liquid-phase protons. This preparation allows observa-
tion of all non-exchangeable protein protons when the system is
hydrated with D2O. Within experimental error, the data sets over-
lap. As can be seen from Fig. 2, the magnetic relaxation dispersions
at low temperature differ from that observed at 302 K [22]. The dif-
ference is in the high field portion of the relaxation dispersion pro-
file, which at low temperatures, preserving the power law, is
displaced to higher relaxation rates relative to the extrapolation
of the low field profile. This phenomenon was previously described
in [21,22], where it is shown that the increase in the relaxation
rates is due to fast motion of covalently bound protein-side-chain
groups. Motion of phenyl rings was observed at low frequencies
and elevated temperatures for polyphenylalanine while motions
of methyl groups dominate at high frequency and low tempera-
tures [22]. Even though the motion of side-chain methyl groups
is present at all temperatures, it is sufficiently slow only below
180 K for dry BSA to enter the observation window and offset the
relaxation-rate constant to larger values at the highest frequencies
as shown in Fig. 2 for BSA at 154 K; nevertheless, the power law in
the Larmor frequency is preserved [21,22]. The dashed in Fig. 2 was
simulated using Eq. (1) that summarizes the spin–fracton relaxa-
tion mechanism for rotationally immobilized protein protons [6]
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Fig. 2. The proton spin–lattice relaxation-rate constants as a function of magnetic
field strength plotted as the proton Larmor frequency for dry bovine serum albumin
at 154 K (stars) and 302 (squares) as well as for deuterated bovine serum albumin
hydrated to 0.32 g 2H2O/g protein (circles) at 154 K. The dashed line is the best fit to
Eq. (1) with b = 0.76, M2 = 7.98 � 109 s�2 and dipolar coupling strength
xD = 0.01 MHz. The solid line is the best fit to Eq. (2) obtained with the parameters:

b = 0.78; correlation time for methyl-group jumps, sCH3 = 35 ns; and C
NCH3

NH
¼ 8 (see

Ref. [21]). The second moment, M2 = 1.01 � 1010 s�2, was measured as described in

[33] and the dipolar coupling strength was calculated as xD ¼
ffiffiffiffiffiffiffiffiffi
20M2
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and employing the non-linear Levenburg–Marquardt least-squares
procedure:

1
T1D-chain

¼ 3pkBTdS

�M2

�h
Xb�2
== 1þ 1

2b

� �
x�b: ð1Þ

Here x ¼ x0 þxD, x0 is the precession frequency associated with
the applied magnetic field, xD is the frequency associated with
the local proton dipolar field, T is the absolute temperature, kB is
Boltzmann constant, �M2 is the proton second moment that charac-
terizes the strength of the dipolar coupling and is measured directly
from the time decay of the free precession signal [33], and �hX== is
the energy for the vibrational transition parallel with the polypep-
tide backbone that is approximated by the amide (II) transitions.
The parameters obtained from this fit are listed in the figure legend.
The solid line in Fig. 2 is a best fit to Eq. (2), which assumes a strong
dynamical coupling of the protein-side-chain groups and protein-
backbone motions [21]:

1
T1
¼ 1

T1D-chain
þ 3pkBTdSsb

f ðTÞ �M2C
NCH3

NH

�
Xb�2
==

�h
1þ 1

2b

� �
cos½b arctanðxsCH3 ðTÞÞ�

cosðb p
2Þð1þx2s2

CH3
ðTÞÞb=2 ; ð2Þ

where NCH3 is the number of rapidly moving proton spins in a pro-
tein, NH is number of rigid protein protons, C is a numerical constant
that arises due to the structural and dynamical differences of the
protons that surround the reference spin, sCH3 is a correlation time
for the motion of side-chain groups. It is interesting to note that the
hydration glass formed by D2O affects the 1H spin relaxation very
little even though the side-chain orientations are different in the
dry compared to the hydrated protein [33].
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At 185 K a small 1H transverse component (�5% of total magne-
tization) demonstrates that some protons are sufficiently mobile
that local dipole–dipole coupling is partially averaged by motion.
Fig. 3 illustrates spin–lattice relaxation-rate constants for a hy-
drated BSA sample as a function of proton Larmor frequency ob-
tained by observing the rapidly decaying transverse
magnetization at 185 K. The solid line in Fig. 3 was calculated as
the best fit using a Levenburg–Marquardt algorithm applied to
Eq. (1). There is a small but significant disagreement between the
fit and the data in the range 0.2–7 MHz at 185 K that is most appar-
ent when the fitted curve is subtracted from the experimental data.
The difference is shown in Fig. 3 and fitted to a Lorentzian function
(dashed line) with a correlation time of 92 ns. The Lorentzian shape
is expected when relaxation is dominated by the rotationally cor-
related dipolar coupling [40]. At this temperature the frequency
of side-chain group motions is just above the observation fre-
quency window; in addition, these coupled side-chain motions
do not create a Lorentzian MRD contribution [21]. If water- and
protein-proton motions are independent and dynamically uncou-
pled, the relaxation equation may be written as a sum of terms,
one from the backbone dynamics and one from the water reorien-
tation described by a Lorentzian function. This approach describes
the magnetic field dependence of the longitudinal relaxation-rate
constant shown in Fig. 3. This case is distinct from that where
water molecules form one or more long-lived hydrogen bonds with
the protein that may couple the water spins for time long enough
to sense the characteristics of the protein-backbone fluctuations. In
the dynamically coupled case, the water relaxation would make a
contribution similar to that of methyl side-chain groups [21,22].
Because the Lorentzian function adequately describes the excess
relaxation contribution in Fig. 3, we identify it with non-frozen
water molecules that are situated within the regions where they
interact most weakly with the protein, such as hydrophobic pock-
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Fig. 4. The proton spin–lattice relaxation-rate constants as a function of magnetic
field strength plotted as the proton Larmor frequency for dry bovine serum albumin
at 302 K (stars) and bovine serum albumin hydrated to 0.32 g H2O/g protein at
154 K (open circles). The dashed line is the best fit to Eq. (1) with b = 0.76 and
dipolar coupling strength xD = 0.01 MHz. The second moment, M2 = 7.98 � 109 s�2,
was measured as described in [33]. The solid line is the best fit to a sum of the solid
protein-backbone relaxation contribution summarized in Eq. (1) with b = 0.783 and
the contribution of the stochastic motion of water BðJðxÞ þ 4JðxÞÞ, where J(x) is a
Lorentzian function. The second moment for the hydrated sample was
M2 = 1.74 � 1010 s�2 [33] and the dipolar coupling strength was calculated as
xD ¼

ffiffiffiffiffiffiffiffiffi
20M2
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. The dotted line illustrates the solid protein contribution (Eq. (1))

without the Lorentzian term for BSA/H2O sample at 154 K.
ets where there is no strong hydrogen bond to tie the water reori-
entation to the protein fluctuations. If these molecules were
dynamically coupled to the backbone, the Lorentzian fit would fail.

Hydration of the protein to the same level with 1H2O instead of
2H2O changes the MRD profile at 154 K in two significant ways as
shown in Fig. 4. First, the 1H relaxation-rate constants are higher
for the BSA/H2O sample; at 10 kHz the rate exceeds 2000 s�1. The
MRD profile of dry BSA at 302 K is shown in Fig. 4 for comparison.
Not only are the relaxation rates for the hydrated sample collected
at the lower temperature larger, but also the two MRD profiles are
not parallel. Second, in the log–log presentation, the relaxation
profile of the H2O sample is a straight line and the offset to higher
rates induced by methyl rotational jumps is not resolved. These
differences derive from the dynamics and magnetic coupling of
the water protons to the protein spin system.

Eqs. (1) and (2) show that the relaxation-rate constant is a lin-
ear function of temperature. Between 154 and 302 K the relaxation
rate should increase by a factor of 2, but hydration disrupts this
temperature dependence. At 154 K, which is below the ‘‘glass”
transition, a single rapid transverse magnetization decay is ob-
served [33]. At this temperature all water protons are immobilized
effectively filling surface irregularities created by the protein sec-
ondary and tertiary structures, thus adding water-proton spins
that are magnetically indistinguishable from protein-proton spins
to the sum in the 1H second moment [40]. This increased number
of solid protons increases the 1H second moment of the hydrated
sample approximately 5-fold from room temperature to 154 K
[33]. Because the relaxation rate is directly proportional to the sec-
ond moment as shown by Eqs. (1) and (2), the change in the second
moment dominates the effects of the temperature change and the
relaxation rate increases.

There is no evidence that hydration should stop methyl-group
reorientation or eliminate this contribution to relaxation; never-
theless, a methyl offset is not apparent in Fig. 4. For this BSA/H2O
sample, the total rigid proton-spin population, NH, is much larger
below the ‘‘glass” transition temperature than that of dry or
BSA/D2O samples and includes the water protons as well as the
protein protons. Since the magnitude of the methyl-proton relaxa-
tion contribution is proportional to the population fraction

NCH3
NH

and
the number of methyl groups, NCH3, is independent of hydration
while the total number of protons, NH, increases substantially with
hydration, the methyl groups are less efficient in the relaxing
whole solid proton population of the BSA/H2O system at low tem-
peratures. BSA has approximately 4400 protons, 939 of which are
methyl protons. At the hydration level of 0.32 g BSA per 1 g of
water, around 2500 of H2O protons are added to the system. This
translates into more than 70% increase of rigid proton population
as temperature is lowered below the glass transition. Thus, the in-
crease in the relaxation rates due to methyl dynamics is less pro-
nounced and on the order of the uncertainty. Indeed, Shirley and
Bryant [41] observed that, at 57.5 MHz, water protons constitute
a relaxation sink for the protein protons in a hydrated lysozyme
sample at high temperatures, while at low temperature the water
protons add to the relaxation load of the methyl protons and the
relaxation is less efficient than that in the dry case.

The solid line in Fig. 4 is the best fit to the relaxation equation
that consists of two contributions: one from the protein dynamics
described by Eq. (1) and a Lorentzian term attributed to stochastic
rotational jumps of non-bonded water identified in the discussion
of Fig. 3. Because the lowest relaxation frequency was 10 kHz and
the rates at low frequencies for this sample were quite high, it was
not possible to sample the Lorentzian contribution completely en-
ough to define the correlation time uniquely. The dotted line in
Fig. 4 shows just the term for protein-backbone dynamics, neglect-
ing the Lorentzian contribution and clearly falls below the data at
low field strengths. This curve also illustrates that an increase in
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Fig. 5. The proton spin–lattice relaxation-rate constants as a function of magnetic
field strength plotted as the proton Larmor frequency for fast (stars) and slowly
(open circles) decaying portion of the free induction decay of bovine serum albumin
hydrated to 0.32 g H2O/g protein at 302 K. The solid line is the best fit to the Eq. (3)
with the protein relaxation contribution summarized in Eq. (1) with b = 0.79 and
the water contribution that consists of three terms as described in the text. The
correlation time for surface diffusion was fixed at 15 ps. The second moment,
M2 = 4.56 � 109 s�2, was measured as described in [33] and the dipolar coupling
strength was calculated as xD ¼

ffiffiffiffiffiffiffiffiffi
20M2
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q
. The additional parameters of this fit were

the magnetization transfer rate, the constant factors of water surface diffusion and
water rotational jumps, and the correlation time for water rotational jumps. For the
model of heterogeneous water–protein system, fits that include five variable
parameters are not unique. However, the precise value of four not listed parameters
do not impact the discussion presented in this manuscript. The correlation time for
water rotational jumps was model dependent as discussed in text and found to be
50 ± 30 ns. The dashed power-law line is drawn to guide the eye.
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the proton second moment at 154 K translates to an increase in lo-
cal proton dipolar coupling and a more pronounced low field pla-
teau. The solid line includes the Lorentzian contribution with a
correlation time of 5 ls; this value is larger than that at 185 K as
expected but it is quite uncertain as noted above. Nevertheless,
the exponent of the power law, b, is equal to 0.78 ± 0.04 and inde-
pendent of the correlation time for the Lorentzian function.

It is well known that coupling of ‘‘liquid” and ‘‘solid” popula-
tions in hydrated protein systems results in bi-exponential decay
of the longitudinal magnetization described by solutions of a sys-
tem of two coupled differential equations [8,23,42]. In principle,
the roots of the coupled equations may be detected by observing
either the protein- or the water-spin population. In the present
study, a short 90� pulse was applied to the whole spin system so
that initial reduced magnetizations of water protons and protein
protons were equal. With these initial conditions, and in the limit-
ing case where the rate of magnetization transfer between two
populations is much larger than water- or protein-proton relaxa-
tion rates, that is, in the limit of efficient coupling, one of the
pre-exponential coefficients of the solution of the differential
equation system for both liquid and solid components becomes
small, so that the longitudinal magnetization for these components
has a single exponential character and the relaxation-rate con-
stants may be extracted from either magnetization. This situation
obtains generally at high field strengths. In the opposite limit,
where the protein-proton relaxation-rate constant is much larger
than the water-proton relaxation rate and magnetization transfer
rate, i.e., at very low frequencies, z-magnetization of water protons
again exhibits a mono-exponential character because one pre-
exponential factor is small and the observed rate is limited by
the magnetization transfer rate. At the same time the bi-exponen-
tial character of the solid-protein-proton magnetization is pre-
served, which makes analysis of the protein-proton decay a
subject to the difficulties of multi-exponential analysis.

Water and protein relaxation-rate constants can be measured
separately by exploiting differences in the transverse decay rates
of these components. In the present study, the water relaxation-
rate constant was determined by analyzing the transverse magne-
tization as a function of the relaxation field evolution time with
66 ls acquisition delay following the 90� sampling pulse at the res-
onance field. The solid-protein relaxation rate was found by sub-
tracting the fit of the water transverse magnetization obtained at
long times from the total transverse magnetization during the first
12 ls of the free induction decay and then analyzing the difference
as a function of time in the relaxation field. The details of the trans-
verse magnetization fit procedures have been described previously
[33]. Fig. 5 illustrates protein and water relaxation-rate constants
at 302 K and it is clear that there are systematic differences be-
tween the liquid and solid component analysis at low fields. This
difference is critical to understand because it suggests an apparent
failure of the coupled relaxation model that accounts for so much
data well. The elevated values for the solid component rate con-
stants at low fields are caused by the difficulty of separating the
fast and slow components of the longitudinal magnetization decay
as noted above for the protein. Therefore, these values are more
subject to a systematic error associated with sums of exponentials
than the water proton decays. Thus, only the water component was
analyzed in the present work. The solid line in Fig. 5 is the best fit
to the equation [26]:

1
T1
¼ 1

2
1

TW
þ 1

TP
þ 1

TWP
1þ 1

F

� �
� 1

TP
� 1

TW
� 1

TWP
1� 1

F

� �� �2

þ 4
FT2

WP

 !1=2
0
@

1
A
ð3Þ

where 1
TWP

is the magnetization transfer rate, F is the ratio of the
equilibrium transverse magnetization of protein protons to that of
water protons, 1
TP

is the protein-proton relaxation rate, described
by spin–fracton theory (Eq. (1)) with exponent b = 0.783 and 1

TW
is

the relaxation rate for water. The relaxation-rate constant 1
TW

is usu-
ally assumed to be field independent, but there are several contri-
butions that are important at high field strengths.

The first water contribution is from the bulk water relaxation,
which is a constant equal to 0.28 s�1 for pure water at 298 K.
When oxygenated in air, this rate constant increases to approxi-
mately 0.33 s�1 but becomes field dependent because of the trans-
lational motion of water near the paramagnetic oxygen and the
electron spin–lattice relaxation [43]. The low field dispersion is
at a proton Larmor frequency of approximately 33 MHz, while
the high field dispersion is at approximately 22 GHz and beyond
the range of presently practical magnetic fields. The second contri-
bution derives from the translational exploration of the protein
surface by water that is practically two-dimensional because of
the geometrical constraints of the surface. It has been shown for
protein solutions that this motion can be described by a logarith-
mic field dependence of the relaxation-rate constant with an
average correlation time of 15 ± 3 ps for the water–water inter-
molecular contribution [44]. The third contribution derives from
fast stochastic rotational jumps of water molecules that
experience long-lived interactions with the protein. These unique
water molecules may be bound to the protein with hydrogen
bond(s), leading to the power law in the Larmor frequency, or they
can be located in hydrophobic crevasses on the protein with no
dynamical coupling to the backbone, as noted earlier for the data
in Fig. 3. The solid line shown in Fig. 5 was computed neglecting
the oxygen field dependence and the Lorentzian contribution from
the dynamically uncoupled water molecules but including the log-
arithmic term associated with surface water diffusion and the
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dynamically coupled model represented by Eq. (2) for the protein-
bound water contribution [21]. We note that if the bound water is
modeled as a Lorentzian the fit is comparable. Although the data
at lower temperature resolves contributions from dynamically
uncoupled water molecules and it seems likely that both coupled
and uncoupled contributions are present at room temperature,
only one of these contributions was required to simulate the
experimental data set within experimental error. Some distribu-
tion of local dynamics of the coordinated water molecules seems
probable because there is a considerable distribution of structure
likely at different interaction sites; however, a single correlation
time provides an adequate fit for the experimental data set, as
shown in Fig. 5. The correlation time for the rotational stochastic
jumps of the bound water molecules were model dependent and
on average around 50 ± 30 ns. The dashed power-law line in
Fig. 5 is drawn to guide the eye. It illustrates the low field plateau,
which is predominantly due to magnetization transfer effects for
this sample at this temperature, the ‘‘bump” from the rotational
motion of bound water molecules at intermediate frequencies
and the high-frequency tail from water translational diffusion. It
is important to emphasize that the exponent of the power law
of the water signal was found to be 0.78 ± 0.06 whether jumps
due to non-hydrogen-bonded or hydrogen-bonded water proton
contribution were considered in the fit. This value for the hydrated
case is the same as that for the lyophilized protein. Consequently,
since b is associated with the spectral and fractal dimensions, this
result implies a small change, if any, in the protein structure upon
the hydration.
4. Conclusions

Measurements of the relaxation dispersion profiles of hydrated
immobilized protein systems at different temperatures reveal sev-
eral different classes of molecular dynamics that affect 1H spin–lat-
tice relaxation. An efficient magnetization transfer within a water-
immobilized protein system leads to the characteristic power law
in the Larmor frequency of the water-proton MRD profile. The
relaxation-rate constants of the water signal are limited by the
magnetization transfer rate at low frequencies (10–300 kHz),
resulting in lower values of the spin–lattice decay constants com-
pared to those of dry protein systems. At higher Larmor frequen-
cies, the contributions that derive from translational diffusion of
water near the protein surface as well as stochastic rotational mo-
tion of long-lived coordinated water protons cause an increase in
the 1H relaxation rates compared to the dry sample. Combining
these water-proton contributions with the spin–fracton relaxation
mechanism of the protein provides a satisfactory description of the
magnetic relaxation behavior of water proton spins in heteroge-
neous protein systems. The present experiments demonstrate that
the power law exponent, b, does not change with protein
hydration.
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