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Abstract

We present the magnetic field dependence of the proton spin-lattice relaxation rate 1/T1 in variously hydrated proteins an
confined proteins in heavily hydrated gels where theprotein molecular rotation has been immobilized. 1/T1 increases as
power law in the Larmor frequency at low magnetic field strengths. The linear temperature dependence of the prote
1/T1 demonstrates that relaxation results from a direct spin-phonon process instead of a Raman process above 2
propose a theory that involves a simple characterization of the spatial distribution of the protons coupled with localized
along and transverse to the polypeptide chain which accounts quantitatively for experiments.To cite this article: J.-P. Korb,
R.G. Bryant, C. R. Physique 5 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Dépendance en champ magnétique de la relaxation spin-réseau du proton de protéines confinées.Nous présenton
les dépendances en champ magnétique des vitesses de relaxation spin-réseau 1/T1 des protons de protéines plus ou mo
hydratées ainsi que confinées dans des gels organiques réticulés pour bloquer la rotation. La relaxation 1/T1 augmente en loi de
puissance à basse fréquence et varie linéairement avec la température. Ceci est cohérent avec un processus direct d
spin-réseau plutôt que Raman au dessus de 273 K. Pour interpréter nos résultats nous proposons une théorie dép
fois de la distribution des protons dans la structure et de la localisation des fluctuations parallèlement et transversale
chaînes peptidiques.Pour citer cet article : J.-P. Korb, R.G. Bryant, C. R. Physique 5 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Proton spin-lattice relaxation rate measurements in chain molecules provide useful information for process con
characterization of materials. For instance, there is considerable current effort to understand how structural fluctu
proteins and other macromolecules provide access to functional conformations or provide energetic couplings that
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1631-0705/$ – see front matter 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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concerted and crucial changes in location or concentration as in muscle contraction or active transport [1–3]. The d
spectrum of a folded polymeric structure is complex and characterization requires examination over many decades in
or time. High resolution NMR is usually restricted to dynamical characterization in the time range of ns or shorter; h
the nuclear magnetic spin-lattice relaxation dispersion (NMRD) provides a powerful approach to this class of problems bec
variations of the experiment may probeintra and intermolecular dynamics from the range ofmilliseconds to picoseconds [4].

We report proton magnetic relaxation dispersion measurements of 1/T1 on lyophilized proteins (lysozyme and BSA) a
various temperatures. The magnetic field dependence of proton proteins 1/T1 in such dry proteins may be represented b
power law: 1/T1 = Aω−b whereb is usually found to be 0.78. We also observe a linear temperature dependence of 1/T1 in
a large range of low frequencies. These data confirm our model previously published [5,6] and outlined in the first pa
theoretical section. According to this model, the power law may derive from localized structural fluctuations along the b
of the peptide chain that modulate the proton–dipole–dipole couplings. The theory provides aquantitative evaluation of bot
A andb from first principles based on a direct spin-phonon process that is made dramatically more efficient becaus
restricted propagation in the chain molecule. The relaxation dispersion profile characterizes the low frequency distri
vibrational states in the folded protein system.

We also report proton magnetic relaxation dispersion measurements (NMRD) of 1/T1 on proteins progressively hydrate
and rotationally immobilized proteins confined in cross-linked organic gels. The experiments have been repeated a
temperatures and pH values. The spectroscopic price of immobilization is loss of the high resolution spectra usually a
with proton NMR spectroscopy; however, the magnetic relaxation dispersion measurements provide a valuable charac
of the intramolecular protein dynamics at frequencies well below the rotational frequency of the protein in solutio
method allows studying such a dynamics in native condition andin a very large range of time scales. Although, the situation is
more complex in dynamically and molecularly heterogeneous systems such as biological tissues, the functional dep
observed in the protein cases are basically reproduced in the more complex cases [7–9]. In the high frequency ran
experiments on more or less hydrated proteins, the magnetic field dependencesof protons are still represented by a power l
1/T1 = Bω−b , where an expression forB is found andb is usually decreasing from 0.8 to 0.6, when increasing the de
of hydration. However, a cross over to a frequency independent value appears at low frequency. The value of suc
decreases with hydration.

These experimental data confirm a previously published theory [5,6] outlined in the second part of the theoretical
Basically this theory couplesthe liquid and solid spin population responses and accounts quantitatively for the observ
magnetic field dependence of proton spin-lattice relaxation in immobilized and hydratedprotein systems. Two parameters a
extracted from a comparison with the experimental data: (i) the fractal dimensionalitydf of the spatial proton distribution in
the macromolecular matrix that is found to decrease continuously with hydration; (ii) the spin exchange rate constants
the macromolecule protons and the water protons, which is simply related to the number of long-lived water molecule
well as to the number of labile protons and their exchange lifetimes. This shows that the protein structure adjusts to h
from the lyophilized state to the fully hydrated state in small increment steps.

This two-parameter model is easily generalized to more complex systems, such as tissues, because all ro
immobilized molecules that contribute are linear polymers with relatively few cross-links. It is also central to a funda
understanding of the factors that control signal intensity and information content in magnetic resonance images (MRI).

2. Experiments

The 1H NMR spectrum of a rotationally immobilized protein, whether it is in a lyophilized powder or a heavily hydrate
gel is broad and all sharp features are lost in the linewidth, which is typically approximately 25–30 kHz [10]. Howev
well known that when proteins are hydrated, even though the systems remains solid and the proteins do not rotate,
spin-lattice relaxation rate of the water and the protein protons are coupled. In fact, the magnetic field dependence of the s
is mapped onto the solvent protons. The protein protons are strongly coupled by dipole–dipole interactions betwee
and the linewidth is homogeneous; irradiation in any portion of the line saturates the whole line, which is an importa
for magnetic transfer contrast imaging in diagnostic medicine. The protein protons in a folded protein structure form
dimensional network where the connections derive from the strong dipolar coupling. Spin communication or spin diff
efficient and generally there is no gradient of spin temperature within the protein proton spin system at room tempera
Stated differently, the strong connectivity of the proton spin system provides a globally sensitive system that may be
interrogate the dynamics of the molecule.

The magnetic field dependence of the proton spin-lattice relaxation rate, 1/T1, or the nuclear magnetic relaxation dispersi
NMRD, provides a direct characterization of the noise spectrum that causes modulation of the magnetic energies of th
Fig. 1 shows typical proton relaxation dispersion data for two lyophilized proteins, bovine serum albumin (BSA) and lysozyme,
obtained using a fast field cycling spectrometer fromStelar Instruments, Mede, Italy. The lyophilization procedure is describe
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increasing
has been
Fig. 1. The proton spin-lattice relaxation rate recorded as a
function of the magnetic field strength plotted as the proton
Larmor frequency for samples of dry lysozyme and BSA.
The solid line presents the best fit of the data with Eqs. (3),
(4) andb = 0.78. This value of b leads to a valuedf = 3
from Eq. (4), which indicates a uniform distribution of
protons. The peaks at 2.8, 2.4 and 0.8 MHz in the relaxation
rate profile are caused by proton relaxation coupling to the
amide nitrogen when the14N energies match the proton
Zeeman levels.

Fig. 2. The proton spin-lattice relaxation rate recorded as
a function of the magnetic field strength plotted as the
proton Larmor frequency for lysozyme samples hydrated
to various degrees (%). The solid lines are the best fits to
the data using Eq. (5) withRP given by Eqs. (7b) and (4).
The two parameters adjusted areRWP andb. The value
df is obtained fromb according to Eq. (4).

Fig. 3. The proton spin-lattice relaxation rate recorded
as a function of the magnetic field strength plotted as
the proton Larmor frequency for samples of cross-linked
lysozyme andBSA. The solid lines are fits to the data
using Eq. (5) withRP given by Eqs. (7(b)) and (4). The
two parameters adjusted areRWP and b = 0.6 giving
df = 2.51.

Fig. 4. Temperature dependence of the proton spin-lattice re-
laxation rates of hydrated lysozyme at two different frequen-
cies.

in [7]. For the protons in both systems, the relaxation rate is a power law with the Larmor frequency: 1/T1 ∝ Aω−b
0 with

b = 0.78. Fig. 2 shows the magnetic field dependence of the proton spin-lattice relaxation rate 1/T1 in variously hydrated
proteins. A plateau appears in the field dependence at low field strengths, the absolute value of which decreases with
levels of hydration. We present also the case of lysozyme confined in heavily hydrated gels where the rotation
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immobilized by cross-linking with glutaraldehyde (Fig. 3). The data for cross-linked BSA are similar (Fig. 3). The
temperature dependence of the protein proton spin lattice relaxation rate constant 1/T1 shown in Fig. 4 demonstrates th
proton-spin relaxation results from a direct spin-phonon process rather than a Raman process at temperatures ab
that is proportional to the square of temperature [12]. The absence of significant pH dependence in the proton relaxa
obtained in serum albumin gels implies that the effective magnetization transfer rate between water and the prote
dominated by proton transfer processes, which would be strongly pH dependent.

3. Theory

3.1. Proton spin lattice relaxation rate Rp in a direct process for a dry protein

Crudely, the power law observed in Fig. 1, withb = 0.78, provides an indication of the power spectrum of the fluctuati
i.e., the noise, present in the protein. Kimmich and coworkers found a similarb value for other proteins and polypeptid
systems [13]. They show that such an exponent,b, is not a function of the side chain, and suggested that the back
dynamics drive the relaxation process [13]. However, they did not offer a detailed theory for the protein systems
We have addressed this question in detail based on a quantitative model that accounts for the power law dependence [5,6].

Here, we just outlined the essence of the proposed theoreticaldevelopment for the protein-proton relaxation rateRp . First,
due to the temperature dependence shown in Fig. 4, the theory is built on an extension of models of relaxation caused
spin-phonon interactions, not indirect or Raman process [12]. Two factors make the spin-phonon coupling efficient in
frequency range probed here: (i) the motions that drive relaxation are associated with the backbone of the polypeptide
that the propagation of the disturbance is not in three dimensions, but largely restricted to one. In consequence, the v
density of states is dramatically enhanced in the low frequency range compared with usual 3D cases [14]: (ii) the disturbanc
localized and the spatial extent is related to the frequency of the fluctuation. The spin displacement is expanded on a
basis of planar waves of different wavelengths, the propagation of which is spatially bounded. In fact, scaling argume
that the product of the volume of localization,Vα , for a given frequencyωα and the number of modes,Nα , outside this volume
Vα , is a constant [15] which results in anomalous dispersion relations:

VαNα = �
df
α

ωα∫
0

σ(ω)dω = �
df
α ω

ds
α = Cte, (1)

whereσ(ω) ∝ ωds−1 is the density of vibrational states,ds ∼ 4/3 is the spectral dimension that characterizes the anoma
propagation of the disturbance [16,17],�α is the radius of localization associated with the planar waves of frequencyωα .
It follows from Eq. (1) that the radii of localization at the two extremes of our frequency range (ωmin = 2π × 10−2 MHz,
ωmax= 2π × 102 MHz) follow the scaling relation:

�max

�min
=

(
ωmax

ωmin

)ds/df

≈ 50. (2)

In consequence, the effective size of the space explored changes from essentially the limit of the bond lengths�min to distances
of the order of the approximate size of the protein molecule�max; i.e., from of order 1 to of order 50 Å.

The theory presumes that localized displacements modulate theproton dipolar couplings, and the effects are then transmit
to the whole proton network by rapid spin diffusion. The proton distribution in space is characterized by a fractal dimensdf ,
which may be also computed from the x-ray crystal structure [14,18] and characterizes the proton-proton magnetic con
which is different from the connectivity that propagates the disturbance that drives relaxation(ds) [16,17]. A theoretical
development presented recently [5], considered explicitly the time fluctuations induced by localized longitudinal motions of
the protein backbone. This model gives for the proton spin-lattice relaxation rateRp induced by a direct spin-phonon proce
the following analytical expression of the formRp = Aω−b , whereA andb are given by:

R
longitudinal
p = 27πβ

20
ds

(
kBT

h̄

){(
1+ 1

2b

)(
h̄ωdip

�Ev‖

)2( h̄ω0

�Ev‖

)−b}
(3)

with

b = 3− 2ds

df
− ds . (4)

Here,df is the fractal dimensionality of the proton distribution in space,β is a numerical factor(β > 1) associated with the
effective size of the proton dipolar couplingωdip [5]. �Ev‖ is the energy of the highest vibrational modes relevant of the sy
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Fig. 5. Variation of the exponentb, given by Eq. (4), with
the fractal dimension df characterizing the distribution of
protein protons andds = 4/3.

Fig. 6. (a) Schematic diagram showing that the spin-lattice
relaxation of water protons is dynamically coupled to the solid
protein protons. (b) Typical theoretical frequency dependence
of the proton spin-lattice relaxation rate Rslow for hydrated
protein. The schematic diagrams given in insert summarize the
dynamical information obtained in the high and low frequency
ranges.

parallel to the direction of the backbone, and taken as the amide (II) mode at 1560 cm−1 [18]. This vibrational energy enter
the calculation as the high frequency limit of the density of vibrational states associated with the protein system. Althou
are usually 3N modes in a solid ofN atoms, this estimate does not include the very soft contributions associated with
chain potentials, side–chain–side chain interactions, which partly have the character of intermolecular motions excep
are between different components of the same long chain.

We have displayed in Fig. 5 the variation of the exponentb of this power law with the fractal dimensiondf characterizing
the distribution of protein protons. According to Eq. (4),b varies continuously from 0 fordf = 5/3 to a maximal value o
0.78 for df = 3. It is worthwhile to note that forb = 0, the value ofdf = 5/3 that results corresponds to the dimension of
avoiding chains. According to this theory, the limiting valueb = 0.78 is clearly associated to a uniform distribution of proto
whendf approaches the Euclidean value of 3. This result observed for lyophilized proteins and various polypeptide systems
thus makes sense in that the protein or peptide system is not native or is denatured to some extent by the dehydratio
Hydration causes structural changes in the protein as it approaches a native folded structure that changes the unifor
proton distribution in space, and thusdf .

3.2. Proton spin lattice relaxation rate in a direct process for a hydrated protein

In this model, the spin-lattice relaxation of water protons is dynamically coupled to the solid protein protons (Fig. 6(a)). In
most applications of both imaging and field cycling experiments, the rapidly decaying component of the bi-exponenti
is not detected because of instrumental limitations and the slowly decaying componentRslow dominates the observations. Th
rate constant componentRslow is a function of the relaxation rate constants that characterize the coupling of each popula
the lattice as well as the rate constant for the inter-population communication as given by:

Rslow = 1

2

{
Rw + Rp + Rwp

(
1+ 1

F

)
−

[(
Rp − Rw − Rwp

(
1− 1

F

))2
+ 4R2

wp

F

]1/2}
, (5)
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whereRw andRp are the spin-lattice relaxation rate constants for the water and protein protons, respectively [7].F is the ratio
of the protein-proton to water-proton populations at equilibrium [6,7].Rw (≈ s−1) is assumed to be independent of the Larm
frequency within the frequency range studied here because the bulk water motion is very rapid, even at the surface of th
Rwp is the cross-relaxation rate constant between the proton-water and the protein-protons. A theoretical development
recently [5], considered explicitly the time fluctuations induced by localized longitudinal and librational motions of the prote
backbone. This model gives forRp two contributionsRp,longitudinalandRp,librational coming from these two motions:

Rp = Rp,longitudinal+ Rp,librational, (6)

where

R
longitudinal
p = 27πβ

20
ds

(
kBT

h̄

){(
1+ 1

2b

)(
h̄ωdip

�Ev‖

)2( h̄ω0

�Ev‖

)−b}
, (7a)

Rlibrational
p = 3πβ

10
ds

(
kBT

h̄

){(
7

2
+ 1

2b

)(
h̄ωdip

�Ev⊥

)2(
h̄ω0

�Ev⊥

)−b}
(7b)

andb is given in Eq. (4). We show in Fig. 6(b) a typical theoretical frequency dependence ofRslow for hydrated protein. We
clearly see in Fig. 6(b) two different relaxation behaviors: the power law dependence in the high frequency range and th
at low field. We saw above that the power law is due to slow fluctuations propagating along or transverse to the back
show below that the value of the limiting value of the relaxation rate observed in the plateau region is associated
exchange rate of long-lived water molecule with the water pool.

3.3. Cross-relaxation and water spin couplings in proteins

In Eq. (5),Rwp is the cross-relaxation rate constant between the proton-water and the protein-protons. We find no si
pH dependence of this effective magnetization transfer rate in the serum albumin gels. This experimental fact and the
arguments have allowed us to propose a theoretical expression forRwp .

In protein solutions, there are two exchange mechanisms that couple the dynamical properties of the protein to th
proton relaxation: exchange of whole water molecules, and exchange of water protons with functional groups of prote
as RNH+

3 . At near neutral pH and higher pH, Halle among others has shown that the proton exchange contribution m
large or larger than the whole water molecule exchange contribution for proteins in solution [19,20]. However, we find
dependence of the effective magnetization transfer rate in the serum albumin gels studied even though the kinetic
above should describe the proton exchange contributions accurately. Therefore, we must conclude that when the p
solid, i.e., when the rotational motion is stopped or very slow compared with the proton–proton dipole–dipole coupl
proton exchange pathway for solvent spin coupling to the protein spin relaxation is unimportant. That is, although bo
exchange and proton exchange contributions are present, when the rotational motion of the protein is stopped, the w
molecule pathway becomes completely dominant.

This observation is reasonably explained by the following chemical and physical argument. The exchange rates f
water molecules with protein sites are independent of whether the protein is freely rotating or not. This is also true
protons exchanging with labile groups like amines or RNH+

3 . In each case, we may write that the relaxation rate of the obse
water proton signal is given at low frequency by:

1

T1
=

N∑
i,sites

Pi

T1,solid+ τex,i
, (8)

where the sum runs over water molecule sites and over proton sites on the protein,Pi is the probability that a proton occupie
the ith site on the protein,τex,i is the effective exchange time. Previous work has shown thatRWP does not depend on th
strength of the magnetic field because the magnetization transfer rate is limited by the spin–spin relaxation timeT2 = 12 µs of
the solid phase [6,9]. Then we may write,

RWP = P0

N∑
i,sites

1

T2,solid+ τex,i
= P0kex, (9)

wherekex is the sum over the effective exchange contributions from each site andP0 = nF/NH is the probability for a labile
protein site exchanging with water. Heren is the number of exchanging protons at the site andNH is the number of proton
in the protein (973 for lysozyme). The effective exchange timesτex must be on the order of 1 µs or faster for whole wa
molecules. If it were not the case, we would see the low field plateau occurring at a much lower relaxation rate than
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Thus, it is now a sound conclusion that although there is a distribution of water molecule lifetimes, the distributio
about a decade between 10−6 and 10−7 s for then = 25 bound water molecules in BSA. Therefore, for whole water mole
exchange, theτex,i in Eq. (9) is 1 µs or shorter.T1,solid is the protein protonT1 which is generally not nearly that short. Thu
the exchange rate makes almost no contribution to the relaxation equation for the labile water molecules when the
immobilized except possibly at the very lowest field.

On the other hand, the proton exchange rates with protein functional groups are relatively slow. For ammonia,
resolution lines are just broadening some at pH= 3–4, so the exchange rates are in the range of 100 s−1 or slower, depending
of course of temperature. So the labile proton exchange rates have to change considerably before the exchange ra
negligible in the denominator of Eq. (9). Furthermore, the labile proton sites like RNH+

3 usually stick out in the solution an
these protons are not always very well coupled magnetically with the rest of the protein because local motions of the
site reduce the effective dipolar coupling to the rest of the protein. Thus, the cross-relaxation is not as efficient compa
the more buried water molecule sites. For a buried water molecule site, the protein-proton water-proton cross relaxat
approximately the 1/T2 for the protein proton spins when rotationally immobilized, or 1/12 µs. In solution, the cross-relaxatio
rate is not nearly as large because of rotational averaging of the dipole-dipole couplings.

The problem is less clear in the case of a lyophilized powderor a slightly hydrated powder because one cannot easily d
the pH. There is no bulk solution in this case and proton concentration is an elusive concept in the absence of a co
continuous solution phase. One can define the pH of the solutionfrom which the protein powderwas prepared by lyophilization
which defines the ionization state of the protein. What we find is that the ionization state (pH of the preparation solutio
not change the observed MRD profile significantly, therefore the ionization state of the protein over the preparation ran
values of 4–8 is unimportant as a determinant of the cross-relaxation rate.

In summary, for both the gel, where the argument is on firm ground, and in the powders, there is no significant pH
dence. There would be a strong pH dependence if proton exchange were an important mechanism for magnetizatio
from the protein to the solvent spins. Thus, the water must carry the magnetization transfer via whole molecule e
pathways.

4. Comparison experiments versus theory

The solid line through the data obtained for two lyophilized proteins (lysozyme and bovine serum albumin) displayed
Fig. 1 is obtained using nonlinear least squares fit of Eqs. (3) and (4) where only the parameterb was permitted to vary. Th
other parameters used are:ds = 4/3, ωdip/2π = 11 kHz, withβ = 3 as discussed previously [5]. One findsb = 0.78 for the
two lyophilized proteins andb decreasing from 0.78 to 0.6 when increasing the degree of hydration using Eqs. (4), (5),

For the proteins studied here, we find from the X-ray data [14,21]df = 2.52 for the fully hydrated crystal environme
which implies that the 3-dimensional structure of the proteindoes not provide a perfectly uniform density of protons. We h
previously noted, that when the protein is lyophilized, the experimental NMRD characterization ofdf , approaches the valu
of 3 (through the value ofb in Eq. (4) (Fig. 5), which implies that in the lyophilized state, the protein distribution is mo
uniform as the tertiary structure is collapsed by the removal of solvent. Thus, owing to Eq. (4) and Fig. 5 the value ofb in the
lyophilized cases above approachesthe limiting value of 0.78 anddf approaches the Euclidean value of 3. Such a result app
to be generalized also to amino-acid polymers [13] justifying the quasi one-dimensional dynamics along the primary s

The good agreement with the theory (continuous lines in Figs. 1–3), where an excellent fit to the data is obtain
only one adjustable parameter,b, indicates that the1H relaxation dispersion experiment provides important view of the pro
dynamics. The data require that the density of modes in the protein is not strongly attenuated by lowering the freq
usual in 3-dimensional system, but is held up drastically by the quasi-one-dimensional character of the polypepti
system. This results in a density of vibrational modes characterized by a very weak frequency dependence propo
σ(ω) ∼ ωds−1 = ω0.33. Further, the interconnectivity of the proton network monitors the dynamics of the whole protein s
simultaneously; however, the character of the relaxation events required by the theory are localized structural fluctua
have shown that such a localization gives a supplementary frequency dependence asω2ds/df [5]. The picture is closely relate
to the concept of mobile defects in proteins [22]. The increase in relaxation efficiency at low frequency results in part
the longer wavelength disturbances permitted by the lower frequency directly modulate more proton-proton couplings. It is
important to note that although we have used the language of vibrational motions, the dispersion shown in the ex
demonstrates that the motion is stochastic rather than periodic.

As shown also in Figs. 2 and 3 and 6(b), the addition of water changes the relaxation profile significantly at low fre
Several features are critical: The spin relaxation of the protein protons are coupled to the water protons, which ca
relaxation rate to be reduced in proportion to the ratio of protein spins to the water spins. The basic field dependence is p
The protein structure rearranges in the presence of water to achieve the native fold, which may change the distribution
in space and is reflected in the parameter,df . The longitudinal fluctuation modes along the peptide chain of the protein ar
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Fig. 7. The fractal dimension df of the proton distribution obtained from Fig. 2 and recorded as the ratioF between the protein-protons and t
water-protons at equilibrium. The continuous line is a logarithmic fit of the data.

sufficient to account for the relaxation. The addition of water permits transverse low frequency modes to operate, which a
second term to the relaxation equation (see Eq. (7b)) that is found to dominate the relaxation for hydrated proteins.

The absence of pH dependence observed in the relaxation dispersion demonstrates thatRwp is dominated by chemica
exchange of long lived water molecules (∼ 1 µs) embedded in the protein with the bulk water pool.

As shown in Fig. 2, the hydration reduces the value ofb from 0.78 to 0.6, which reflects reduction ofdf from 3 to 2.5
which is consistent with the fractal dimension of the proton distribution deduced from the X-ray crystal structures. W
in Fig. 7, the variation that we observe fordf with the parameterF which is the ratio of the protein-proton to water-prot
populations at equilibrium. The logarithmic dependence observed shows that the protein structure adjusts to hydration from the
lyophilized state (F ∼ 102) to the fully hydrated state (F ∼ 10−1) in small increment steps. The fact that after completion
all the hydration sites of two different proteins, the value ofdf reaches the constant value of 2.5 makes sense and prov
universality of the proposed method.

5. Conclusion

We have presented proton relaxation dispersion experiments of more or less hydrated proteins and proteins confi
by cross-linking. The data have been interpreted through a theory that accounts for experiments and depends on the
distribution of vibrational states, the localization of the disturbances along and transverse to the peptide chains, and t
distribution of protons in the protein structure. The spatial distribution of protons in the protein is characterized by a
dimensiondf that is found to decrease continuously with hydration. This gradual change with hydration shows that the
structure adjusts to hydration from the lyophilized state to thefully hydrated state in small increment steps.
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