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ABSTRACT Quasielastic neutron and light-scattering techniques along with molecular dynamics simulations were employed
to study the influence of hydration on the internal dynamics of lysozyme. We identified three major relaxation processes that
contribute to the observed dynamics in the picosecond to nanosecond time range: 1), fluctuations of methyl groups; 2), fast
picosecond relaxation; and 3), a slow relaxation process. A low-temperature onset of anharmonicity at T ; 100 K is ascribed
to methyl-group dynamics that is not sensitive to hydration level. The increase of hydration level seems to first increase the fast
relaxation process and then activate the slow relaxation process at h; 0.2. The quasielastic scattering intensity associated with
the slow process increases sharply with an increase of hydration to above h ; 0.2. Activation of the slow process is responsible
for the dynamical transition at T ; 200 K. The dependence of the slow process on hydration correlates with the hydration
dependence of the enzymatic activity of lysozyme, whereas the dependence of the fast process seems to correlate with the
hydration dependence of hydrogen exchange of lysozyme.

INTRODUCTION

A microscopic understanding of protein dynamics, i.e.,

motions of residues and secondary structures, is crucial for

our understanding of protein function. Despite significant ef-

forts in experimental and computational biophysics, many

details of molecular motions in proteins remain poorly un-

derstood even on a qualitative level. Many relaxation pro-

cesses (stochastic fluctuations between conformational states

and substates) in biomolecules have been identified using

NMR, Mössbauer spectroscopy, neutron scattering, and mo-

lecular dynamics simulations (1–6). However, their role in

protein function is not yet clear and the most important pro-

cesses that control biochemical activity of proteins have not

been identified.

Protein dynamics are a function of temperature and hy-

dration level and are strongly affected by the viscosity of the

solvent (7–19). A simple quantity to characterize protein

dynamics is the mean-squared atomic displacement Ær2æ. It
has been shown that Ær2æ varies linearly with temperature,

Ær2æ } T, up to;300–350 K in dry proteins and up to;180–

230 K in hydrated proteins (1,11,18,20). Linear variations of

Ær2æ with temperature correspond to harmonic motions of

atoms and residues. However, above T ; 180–230 K strong

anharmonic behavior of Ær2æ is observed in hydrated pro-

teins, DNA, and RNA (8,9,14,17–19,21,22). This onset of

anharmonicity appears as a sharp change in the temperature

dependence of Ær2æ and is called the dynamical transition.

These variations of Ær2æ have been observed in neutron

scattering, x-ray diffraction and Mössbauer spectroscopic

experiments and predicted by computer simulations for all

hydrated proteins, DNA, and RNA studied to date

(6,8,11,14,22–25). The onset of biological activity in pro-

teins coincides with the dynamical transition temperature TD
; 200–230 K (8,14,17–19), although a number of excep-

tions have been reported (26–28). The role of dynamics in

enzymatic activity has been reviewed by Daniel et al. (1).

They note that different protein functions may have different

dynamical dependencies. In addition, the dependence of en-

zyme activity on conformational dynamics is likely to be

very dependent on the enzyme and its catalytic mechanism.

The microscopic nature of the dynamic transition in

proteins remains unclear, although the importance of solvent

translational motion for the dynamic transition seems to be

well established (24,29). Some authors have suggested that

proteins are more flexible above TD (30). However, not all

regions of the protein undergo the dynamic transition (31)

and the idea of molten surface state has also been proposed

(32–34). Activation of a slow process that appears in the

nanosecond time window at temperatures above TD has been

observed (8,20,25,35). Analysis of molecular dynamics (MD)

simulations of proteins under analogous conditions has pro-

vided microscopic information as to the origins of the dy-

namical changes activated above TD. Tournier and Smith

(25), using an MD simulation of myoglobin and normal-

mode analysis, concluded that motions of secondary struc-

tures that are activated above TD are responsible for the

qualitative change in dynamics at the higher temperatures.

The main contribution to Ær2æ at temperatures above TD has

also been ascribed to the motion of side-chain groups and

loop structures in previous experimental studies (3,8). Thus,

we still have no clear picture of the dynamic transition and

the qualitative change in dynamics above TD.
A change in the hydration level significantly affects

the dynamics and activities of proteins. For example, the

reported enzymatic activity of lysozyme has a step-like
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dependence on hydration level. The enzymatic activity is

essentially nonmeasurable at hydration levels h, 0.2 (h ¼ g

water/g protein). As the hydration level is increased, the

onset of enzymatic activity of lysozyme occurs at h ; 0.2,

then increases sharply between h ; 0.2 and h ; 0.5, and

weakly at h . 0.5, asymptotically approaching the level of

activity in a dilute solution (5). This dependence of lysozyme

activity on hydration differs from the dependence of hy-

drogen exchange rate on hydration (36). However, the in-

crease in activity with hydration does agree with electron

paramagnetic resonance spectroscopy that characterizes the

rotation of a probe molecule close to the protein surface (5).

Recently, lysozyme-water interactions have been studied by

sorption calorimetry, where the requirement of water to

induce a glass transition in the protein was reverified and a

phase diagram of the water-lysozyme system over a broad

temperature and hydration was presented (37). Many neu-

tron scattering and Mössbauer spectroscopic measurements

of proteins, DNA, and RNA have shown a significant change

of their dynamics with hydration (6–9,20–22). This change

has been interpreted as a change of the number of atoms

involved in the motions rather than a change of the type of

motion, and also as a change in the flexibility of the protein

structure. Recently, the importance of a low-temperature on-

set of anharmonicity was emphasized in Roh et al. (38). This

anharmonicity is independent of hydration and is ascribed

primarily to activation of methyl-group dynamics (38).

The main goal of this article is the detailed analysis of the

dynamics of lysozyme as a function of hydration and tem-

perature in a broad pico- to nanosecond time window. We

employed neutron and light-scattering spectroscopy and MD

simulations to cover a broad frequency range from ;240

MHz (1 meV) to ;5 THz (20 meV), thus covering a time

range of ;4 ns–;0.1 ps. Three major relaxation processes

were identified in the dynamics of lysozyme: 1), fluctuations

of methyl group; 2), fast picosecond atomic fluctuations; and

3), a slow relaxation process. The relaxation processes have

different dependencies on hydration: methyl-group rotation

is essentially independent of hydration level; the fast process

increases strongly at low hydration levels, h , 0.2, whereas

the slow relaxation process is activated only at sufficient

hydration levels, h . 0.2. The dependence of the slow

process on hydration resembles the hydration dependence of

the enzymatic activity of lysozyme, whereas the dependence

of the fast process correlates with the hydration dependence

of hydrogen exchange.

MATERIALS AND METHODS

Sample preparation

Samples for neutron-scattering measurements

Hen egg white lysozyme (Sigma-Aldrich, St. Louis, MO) was dialyzed to

remove salts and lyophilized. The protein powder was dissolved in D2O to

replace exchangeable hydrogen atoms in lysozyme molecules with deute-

rium atoms, and filtered to remove possible aggregates by a glass filter

(pore size 0.2 mm). After lyophilization, hydration was achieved by iso-

piestic equilibration of the deuterium-exchanged protein with saturated

solutions of LiCl, NaCl, and K2SO4 in D2O which resulted in hydration

levels of h ; 0.05, 0.18, and 0.30, respectively. Samples with h ; 0.45,

0.50, and 0.80 were prepared by adding D2O to the 0.30 h sample and

equilibrating the powders for at least 12 h. The mass of the samples was

measured before and after neutron-scattering experiments and no loss of

water was detected. The hydration levels were determined after performing

neutron-scattering measurements from the observed mass change on drying

samples by thermogravimetric analysis.

Samples for light-scattering measurements

Lyophilized lysozyme was used as purchased without further purification.

Eight different hydration levels were prepared. LiCl, MgCl2�6H2O,

Mg(NO3)2�6H2O, NaCl, and K2SO4 saturated aqueous solutions were

used to produce lysozyme samples with 0.03, 0.10, 0.15, 0.20, and 0.35 h,

respectively. Samples with 0.50, 0.75, and 0.85 h were obtained by addition

of the appropriate amounts of water into the samples with 0.35 h. The
hydration levels were determined by thermogravimetric analysis as de-

scribed above. Samples were prepared with a thickness of ;0.5–1 mm by

sealing the powder between sapphire windows, which contributed a neg-

ligible intensity to the light-scattering spectra in the frequency range of

interest (n , 3 THz).

Neutron-scattering measurements

The incoherent neutron-scattering cross section of the hydrogen atom is

much larger than that of any other atoms (e.g.,;40 times larger than that of

a deuterium atom). As a result, incoherent scattering of nonexchangeable

hydrogen atoms of lysozyme dominates the neutron-scattering spectra of all

our samples (it varies from ;90% of the total scattering in the dry sample,

h ; 0.03, down to ;73% of the total scattering in the wet lysozyme at

h ; 0.8). Thus, neutron-scattering spectra of all samples used in these

studies mainly reflect motions of nonexchangeable hydrogen atoms in

lysozyme. Details of neutron-scattering experiments of proteins can be found

in various review articles (2,7,39). The neutron-scattering measurements

were performed at the Center for Neutron Research at the National Institute

of Standards and Technology. Total neutron scattering from the samples

was ;10%; thus, multiple scattering was negligible, especially in the high-

momentum transfer (Q) region.

Two spectrometers, the high-flux backscattering spectrometer (HFBS)

NG2 and the disk-chopper time-of-flight spectrometer (TOF) NG4, were

employed to cover a sufficiently broad energy range (;1 meV (240 MHz) to

;100 meV (24 THz)) for analysis of the complex relaxation spectra of

proteins. Elastic scans with energy resolution dE; 1 meV (240 MHz) were

carried out on HFBS upon cooling from 300 K down to 10 K at a cooling

rate of 0.7 K/min to estimate mean-squared displacement Ær2æ. The

quasielastic scattering spectra in the energy range DE ¼ 636 meV (9

GHz) and scattering wave vector range 0.25 Å�1 , Q , 1.75 Å�1 were

measured at T ¼ 295 K using the same spectrometer. Neutron scattering

spectra at higher energies were measured at T ¼ 295 K using TOF with l ¼
8 Å (corresponding energy resolution dE ; 25 meV (6 GHz) and elastic

Q-range 0.08 Å�1, Q, 1.46 Å�1). Neutron-scattering data were corrected

for background scattering and scattering from the sample cell and analyzed

using DAVE software provided by National Institute of Standards and

Technology (40). The spectra were normalized by the mass of lysozyme in

each sample.

No correction for multiple scattering has been applied. It is known that

multiple scattering significantly affects quasielastic scattering (QES) spectra

at low Q. The first-order incoherent scattering increases with Q, whereas

multiple scattering is essentially Q-independent. As a result, a contribution

from multiple scattering is usually only significant at low Q and is negligi-

ble at higher Q. Multiple scattering corrections are not a trivial task and
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complicate the analysis. To eliminate contributions due to multiple scat-

tering in the analysis of QES spectra, we only considered intensities for

Q. 0.5 Å�1. This was not necessary in the analysis of the elastic intensities,

and thus a broader Q-range was utilized.

Light-scattering measurements

Depolarized light-scattering spectra were measured at T ¼ 295 K in back-

scattering geometry using a Raman spectrometer (triple-monochromator

T64000, Jobin Yvon, Longjumeau, France) and a six-pass tandem Fabry-

Perot interferometer (Sandercock model). A frequency range from;25 GHz

(;0.1 meV) up to ;25 THz (;10 meV) was covered by these

spectrometers. An Ar21 laser with l ¼ 514.5 nm and ;25 mW power

on the sample was used as the excitation source.

The spectra had a small contribution due to fluorescence that was cor-

rected as described previously (12). The spectra were normalized at the high-

frequency region above ;3 THz, where vibrational modes do not show a

significant dependence on hydration. The contribution of water to the light-

scattering spectra in the frequency range of interest was negligible at the

hydration levels studied (see, e.g., Caliskan et al. (12)) due to the weak

optical polarizability of water. Thus, the light-scattering spectra at the

hydration levels measured were dominated by the internal dynamics of the

protein.

Molecular dynamics simulation

The initial structure used for molecular dynamics simulations of hydrated

lysozyme was taken from coordinates from the protein data bank file 6LYZ

(41). Two lysozyme molecules with a random relative orientation were

placed in a periodic box (32 Å3 53 Å3 41 Å) and solvated in TIP3P water

(42). The CHARMM-22 force field (43) was used as incorporated in the

program NAMD (44). The hydrated lysozyme system was equilibrated at

300 K for 1 ns in the NVT ensemble. Configurations at lower temperatures

were generated by cooling the equilibrated 300 K configuration at�0.1 K/ps

to each of the desired lower temperatures, where the systems were equil-

ibrated for 1 ns under NVE conditions. An additional 10 ns of trajectories

were collected at each temperature for further study. Before analysis, each

configuration time step was corrected for center of mass and rotational

motion. Effective rotational correlation times were calculated using the

Lipari-Szabo formalism (45). Mean-square displacements were calculated in

the same manner as done in the neutron data reduction, i.e., from Iel(Q,t)

using an identical resolution function and Q range. This method has been

shown to provide quantitative Ær2æ for hydrated protein powders that are in

agreement with experiment (46).

RESULTS

The mean-squared atomic displacement was calculated using

the Gaussian approximation:

Ær2ðTÞæ ¼ �3Q
�2
ln½IelðQ; TÞ=IelðQ; 10KÞ�; (1)

where Iel(Q,T) is the elastic incoherent neutron scattering

intensity measured at a particular Q and T. This approxima-

tion works in the limit Q/0 as shown in Fig. 1. Thus, the

lowestQ-range, 0.35 Å�1,Q, 1.00 Å�1 (0.1 Å�2,Q2,

1 Å�2) was used. Ær2(T)æ reflects a variety of hydrogen

atomic motions (vibrations, rotations, diffusive motions,

etc.) in lysozyme on a timescale faster than ;1 ns (defined

by the resolution of HFBS). Ær2(T)æ shows the characteristic
dynamic transition at TD ; 200–220 K, but only in samples

with h . 0.2 (Fig. 2 A). More interesting, however, is the

existence of a low-temperature onset of anharmonicity at

T;100 K that appears in Ær2(T)æ of all the samples regardless

of the hydration level (Fig. 3 A). This observation clearly

contradicts the conventional view (8,11,15,18,21,26,27,47–

50) that Ær2(T)æ in proteins exhibits only harmonic dynamics

below TD.
The Ær2æ obtained from MD simulations agrees well with

the experimental results for the wet sample in the entire

temperature range (Fig. 2 B). Thus, at least on average, the

model and simulation methodology accurately represents the

temperature dependence of the dynamics of nonexchange-

able hydrogen atoms in a hydrated lysozyme powder.

Quantitative agreement with experiment was achieved by

calculating the Ær2æ from S(Q,0) after correcting for the finite

resolution of the HFBS using a representative sampling time

(.10 ns). Additionally, the agreement with experiment was

also aided by adequate temporal sampling of the single-

particle correlation function inherent in the incoherent in-

termediate scattering function, I(Q,t), used to obtain S(Q,n).
The quasielastic spectra obtained from the HFBS mea-

surements for protein samples of various hydration levels

were presented and discussed in our previous publication

(38). Surprisingly, a strong QES contribution was observed

in the dry sample (38). These observations suggest that a sig-

nificant relaxation process is present in the dry protein at

T ¼ 295 K, i.e., below the dynamical transition temperature

of the low-hydration sample. The QES intensity remained

essentially unchanged when the hydration level was raised to

h ; 0.18, but then it increased significantly with h at higher

hydration levels (38).

Neutron and light-scattering spectra measured at higher

frequencies were dominated by two contributing factors

(Fig. 4): 1), QES due to various relaxation processes at

frequencies below n ; 200 GHz; and 2), the boson peak at

FIGURE 1 Ln(Iel(Q,T)/Iel(Q,10 K)) of dry lysozyme versus Q2. The

dashed lines represent linear fits using the broadQ range (up toQ2; 3 Å�2),

whereas the solid lines represent linear fits in the narrower Q range up to

Q2 ; 1 Å�2.
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n ; 1 THz that is usually assigned to collective vibrations of

protein atoms (9,51,52). The QES contribution increases

monotonically with hydration level and overshadows the

boson peak at higher h. The QES intensity at higher frequen-

cies increases with hydration at low levels, h , 0.2 (Fig. 4).

This differs from the QES behavior observed at lower fre-

quencies. Moreover, the dependence of the QES intensity on

hydration level appears to be stronger in the light-scattering

spectra than in the neutron-scattering spectra (Fig. 4).

DISCUSSION

Low-temperature onset of anharmonicity and
methyl-group dynamics

One of the most intriguing observations is the existence of

the low-temperature onset of anharmonicity that appears in

all the samples, regardless of the hydration level (Fig. 3).

A survey of neutron-scattering data from the literature shows

that the changes in Ær2æ at T; 100 K is apparent in the spectra

of a number of proteins (8,48,53,54), but its microscopic

nature has not been discussed in detail. Cordone et al. (54)

attributed the observed increase in Ær2æ at T ; 100 K to

quantum effects for zero-point vibrations with characteristic

energy nvib ; 210 cm�1 (;6 THz). It is possible to interpret

our data (Fig. 3) with a similar value of nvib. However, there

are no strong vibrational modes in this frequency range (Fig.

4). The boson peak observed at n ; 1 THz (;20–30 cm�1)

dominates the neutron-scattering spectra of proteins and the

corresponding quantum effects are only relevant atmuch lower

temperatures. Thus, the low-temperature onset of anhar-

monic dynamics observed in the behavior of Ær2æ cannot

be ascribed to a quantum mechanical vibrational contribu-

tion.

This conclusion agrees with the results of previously pub-

lished MD simulations of an isolated, essentially dehydrated

FIGURE 2 Temperature variations of mean-squared atomic displacement,

Ær2(T)æ. (A) Experimental data at different hydration levels: 0.05 (dry),

0.18, 0.30, and 0.45 h. Crystallization of D2O prevented accurate

measurements of Ær2(T)æ in samples at h . 0.45. (B) Simulations for wet

lysozyme (0.43 h).

FIGURE 3 Low-temperature behavior of Ær2(T)æ. (A) Experimental data

showing the onset of anharmonicity at T ; 120 K. (B) Simulations for wet

lysozyme (0.43 h), contributions of methyl and nonmethyl atoms are

presented separately. The lines are the extrapolation of low-temperature

harmonic behavior.
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molecule of bovine pancreatic trypsin inhibitor (55). Using

normal-mode analysis to characterize the temperature de-

pendence of the dynamics, the authors noted an onset of

anharmonicity in Ær2æ at T ; 100 K. They showed that it

cannot be ascribed to quantum effects because no signifi-

cant difference has been observed between classical and

quantum mechanical calculations at T . 100 K. However,

they did not discuss the microscopic nature of the observed

anharmonicity and only indicated that hydrogen atoms are

not all equally involved in the observed increase in Ær2æ. A
strong QES contribution observed in the spectra of the dry

protein at T ¼ 295 K (Fig. 3) indicates that at least some

relaxation modes are activated even at a low hydration level.

In (38) we proposed that activation of methyl-group

rotational dynamics is primarily responsible for the low-

temperature onset of anharmonicity because 26% of all non-

exchangeable H-atoms in lysozyme are on methyl groups.

Earlier NMR studies have demonstrated that methyl-group

rotational dynamics in proteins and polypeptides is activated

at low temperatures independent of hydration level (56–58).

Also, earlier neutron-scattering studies of proteins and poly-

peptides indicate a significant contribution from methyl-

group dynamics (59,60). Moreover, detailed NMR studies

suggest that methyl-group rotations contribute ;80% of the

total proton relaxation in dry lysozyme, with the remaining

proton relaxation occurring in flexible O-H and N-H groups

(56). These particular hydrogen atoms do not exist in our

study, since they were exchanged with deuterium atoms in

our samples. Thus, a higher relative contribution of methyl-

group dynamics should be expected in our measurements.

A recent analysis of neutron-scattering data in dry myoglo-

bin has also ascribed ;80% of the observed relaxation to

methyl-group rotational dynamics (60).

A preliminary analysis of the low-frequency (HFBS) data

for dry lysozyme has been reported in (38). Here we present

a more thorough test of whether temperature, frequency, and

Q-dependence of the observed QES contribution in dry ly-

sozyme can be assigned tomethyl-group rotational dynamics.

The dynamic scattering function, S(Q,n), for methyl-group

rotation can be described by a three-site jump model that

includes a distribution of relaxation time, ti, presented by a

sum of Lorentzians Li(n,ti) (61):

SmethylðQ; nÞ ¼
1

3
½11 2j0ðQR

ffiffiffi
3

p
Þ�dðnÞ

1
2

3
½1� j0ðQR

ffiffiffi
3

p
Þ�+

i

Liðn; tiÞ: (2)

j0(x) is the zeroth-order Bessel function and R is the radius of

methyl-group rotation. The characteristic time (t) of methyl-

group rotation usually follows an Arrhenius temperature

dependence, ti ¼ t0exp(Ei/kT)/1.5, with t0 ; 2.8 3 10�14 s

(59,61). The activation energy Ei depends on the type of

amino acid residue and the local environment (62–65). The

distribution of energy barriers g(Ei) that controls methyl-

group rotation can be estimated from the temperature

variations of the elastic intensity Iel (Q,T) (61):

IelðQ; T; n; 0Þ ¼ DWðQ; TÞ
�
1� pmethyl

1 pmethyl

Z N

�N

SmethylðQ; n9ÞRðn � n9Þdn9jn¼0

�

}DWðQ; TÞ constðQÞ1
Z N

�N

Rðn � n9Þ
�

3

Z N

0

gðEiÞ
ti

11 n9
2
t
2

i

dEidn9jn¼0

�
: (3)

Here DWðQ; TÞ ¼ expð�Q2Ær2vibæ=3Þ is the Debye-Waller

factor and Ær2vibæ is the vibrational mean-squared atomic

displacement that was estimated from the slope of Ær2æ versus
T at T, 100 K (Fig. 3 A, solid line). The pmethyl is the fraction

of hydrogen atoms involved in the methyl-group rotation and

R(n) is the resolution function of the spectrometer. The latter

was approximated by a Gaussian function with full width at

half-maximum ;1.2 meV (290 MHz). Our analysis shows

(Fig. 5) that a single energy barrier cannot describe the

experimental data for Iel(Q,T)/DW(Q,T) in the dry sample.

Assuming a Gaussian distribution of energy barriers, g(Ei) }

exp(�(E0–Ei)
2/2DE2), Eq.3 provides a good description of

the data at different Q with E0 ; 16.6 kJ/mol and DE ; 5.8

FIGURE 4 (A) High-frequency dynamic structure factor, STOF(Q,n),

summed over all Q. Samples are 0.05 (dry), 0.18, 0.30, 0.50, and 0.80 h.
(B) Light-scattering intensity, I(n). Samples are 0.03 (dry), 0.10, 0.15, 0.20,

0.35, 0.50, 0.75, and 0.85 h. All neutron- and light-scattering spectra were

obtained at T ¼ 295 K and normalized at a high-frequency region that is not

sensitive to hydration, ;2.5 THz (;10 meV).
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kJ/mol (Fig. 5). The estimated distribution of energy barriers

g(Ei) agrees well with previously published NMR data for

methyl-group rotation in dry lysozyme (56–58,65). More-

over, this distribution describes well the shape of the QES

spectra in a dry sample at T ¼ 295 K (38).

Equation 2 also provides a description of theQ-dependence
of the methyl-group spectra. It has contributions from an

elastic scattering component (the first term) and a quasie-

lastic component (the second term). One way to analyze the

data is by a decomposition of the experimental spectra as the

elastic incoherent structure factor (EISF) plus a QES com-

ponent (see, e.g., Perez et al. (7)). EISF(Q) provides in-

formation on the geometry of the atomic motion and the

fraction of hydrogen atoms involved. The usual approxima-

tion to calculate the EISF(Q) is to present the spectrum as

a sum of a d-function (elastic scattering) and a Lorentzian

(quasielastic scattering), both convoluted with the resolution

function of the spectrometer. The EISF is calculated as a ra-

tio of elastic scattering to the total elastic and quasielastic

scattering. We applied this procedure to analysis of the QES

spectra of dry sample at eachQ and obtained EISF(Q) (Fig. 6).
In the case of methyl-group rotation it should be described by

the following equation (39,59):

EISFHFBSðQÞ ¼ 1� pmethyl 1
pmethyl

3
½11 2j0ðQR

ffiffiffi
3

p
Þ�: (4)

Here the term 1 � pmethyl represents the elastic intensity

coming from nonmethyl atoms and the remaining terms

represent the elastic intensity due to methyl groups (the first

term in Eq. 2 weighted by pmethyl). The best fit of the data

to Eq. 4 was obtained with pmethyl ; 0.14 6 0.01 and R ;

1.3 6 0.2 Å (Fig. 6). Although the characteristic radius

appears to be close to the radius of a methyl group (Rmethyl ;

1 Å), pmethyl ; 0.14 is significantly lower than the fraction of

hydrogen atoms on methyl groups in lysozyme, ;0.26. It

is known that approximating the QES spectrum by a single

Lorentzian is not accurate. Our earlier analysis (Fig. 5)

shows that use of a single energy barrier (or single t) does

not describe the experimental data. Instead, a distribution of

t (distribution of Lorentzians) should be used. Use of the

distribution of relaxation times (expressed through g(Ei))

instead of a Lorentzian results in much lower values of

EISF(Q) (Fig.6) (38), because the relaxations that occur

outside of our frequency window are also taken into account.

The best fit of the data to Eq. 4 (Fig. 6) results in R ; 1.3 6

0.2 Å and pmethyl ; 0.25 6 0.03, in very good agreement

with the expected value for methyl-group rotational dynam-

ics in lysozyme. This analysis clearly shows that the tra-

ditionally used approximation of the QES spectra by a single

Lorentzian (see, e.g., Perez et al. (7)) is not accurate and can

give misleading quantitative results.

The interpretation presented above is further supported by

analysis of simulation data (Fig. 3 B). Contributions to Ær2æ
from methyl and nonmethyl hydrogen atoms are easily sep-

arated in the simulation data. Such an analysis clearly shows

that the major contribution to the low-temperature anharmo-

nicity comes from methyl-group dynamics. Although methyl

groups contain only;25% of the hydrogen atoms, they con-

tribute;65% of anharmonicity even at T¼ 200 K (Fig. 3 B).
Note that the remaining anaharmonicity arising from non-

methyl hydrogen atoms is also apparent in the data at tem-

peratures .150 K (Fig. 3 B).
MD simulations of hydrated lysozyme at T ¼ 295 K show

that the methyl-group dynamics can be described by a broad

distribution of rotational correlation times with an average

t ;75 ps (Fig. 7 A). This t corresponds to an average en-

ergy barrier ;16 kJ/mol that agrees well with the value of

E0 obtained from analysis of the neutron-scattering data. Sim-

ulations, however, can provide a microscopic explanation for

FIGURE 5 Temperature variations of elastic intensity, Iel(Q,T), in dry

sample (0.05 h) corrected for the Debye-Waller factor (s). Solid lines

represent the results of the fit using Eq. 2 with a single barrier E; 16 kJ/mol

(thin line) and a Gaussian distribution of the energy barriers with E0 ;

16.6 kJ/mol and DE ; 5.8 kJ/mol (thick line) for the methyl-group rotation.

FIGURE 6 EISF(Q) for the dry sample (0.05 h) at T ¼ 295 K obtained

using single Lorentzian approximation for QES (d) and using distribution

of energy barriers (s). Solid lines represent the fit to Eq. 4.
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the broad distribution of relaxation times and corresponding

energy barriers. The fastest methyl rotation (t ; 20–30 ps)

appears in methionine residues where there is an extremely

low barrier to rotation in the thioether fragment. The longest

t (t . 200 ps) appears in some alanine and threonine resi-

dues (Fig. 7 A). However, the characteristic t for most of

the residues depends also on their positions in the protein

(Fig. 7 B). For example, t varies from ;25–40 ps (Ala-82,

Ala-107) up to $200 ps (Ala-10, Ala-11) in Ala residues

and from ;35 ps (Thr-89) up to $200 ps (Thr-40) in Thr

residues. Thus, the broad distribution of relaxation times

observed for methyl groups is dictated by particular parent

amino acid residues containing the methyl groups and the

local environment within the protein (Fig. 7 B). This con-

clusion agrees with earlier NMR studies of polypeptides (62–

64). Detailed analysis of results of MD simulations shows

that seven methyl groups (Met-12, Leu-17 (both methyls),

Ile-55 (both methyls), Leu-56 (Cd1), and Met-105) exhibit

anharmonic dynamics at 125 K. They are buried near the

active site of the enzyme (66) and therefore, inherently, they

may experience a sterically less restricted local environment

that is required for enzymatic activity. It has been shown that

lysozyme has a long lengthscale interdomain (hinge-bending)

motion that involves residues both near the active site and

delocalized across the protein (67). A thorough analysis of the

dynamics of atoms involved in the low-temperature onset of

anharmonicity with hinge-bending motions of lysozyme is in

progress but is beyond the scope of the current work.

Now we comment on why the low-temperature onset of

methyl-group dynamics was not identified in previous ana-

lyses of neutron-scattering spectra of lysozyme (3,7,11). The

data presented in Fig. 2 agree well with the results of Tsai

et al. (11) obtained using the same experimental conditions

(after taking into account the factor of 3 that the authors

did not include in the definition of Ær2æ). However, Tsai et al.
(11) interpreted the temperature variations of Ær2æ in dry and

wet samples at T , 200 K as purely harmonic/vibrational

contributions. The harmonic/vibrational contributions of

Ær2vibæ for lysozyme at ambient T has been estimated from

analysis of vibrational spectra at E . 1 meV (240 GHz) (7).

Using the range Q, 2 Å�1, the authors estimated Ær2vibæ to be
;0.17 Å2. This value is significantly smaller than the total

Ær2æ; 0.4 Å2 observed for dry lysozyme powder at T; 295

K (Fig. 2). However, extrapolation of the estimated harmonic

contribution (Fig. 3 A, solid line) to 295 K gives Ær2vibæ; 0.15

Å2, which is in good agreement with the estimated value of

;0.17 Å2 (7). The temperature dependence of ÆDx2æ in wet

lysozyme also has been analyzed by Doster and Settles (3)

using neutron-scattering data measured with the IN13

spectrometer, which has a broader energy resolution (;80

ps) and a broader Q-range (the relevant Q2 range is up to

;25 Å2) than the spectrometer employed in this work (3).

Harmonic behavior was observed up to 180 K, and

extrapolation to 300 K gives Ær2vibæ ; 0.1 Å2 (taking into

account the factor of 3 difference in the definition of ÆDx2æ

and of Ær2æ), which is smaller than the values obtained in our

work and in other publications (7,11). It is known that the

Gaussian approximation (Eq. 1) employed at higher values

ofQ underestimates Ær2æ due to non-Gaussian behavior of the
dynamic structure factor. Thus, the difference might be

related to the higher Q-range used by Doster and Settles (3)

to estimate Ær2æ (their article does not describe the Q-range
used, but it should be broader because of the higher energy

neutrons used by IN13). Taking into account the broader

resolution function used in the Doster and Settles study (3),

one would expect the onset of methyl-group rotation to

appear at T; 150 K. However, this onset may be masked by

the dynamical transition at T ; 180 K in the data presented

by Doster and Settles (3).

Thus, the presented experimental data agree well with

earlier studies of lysozyme dynamics. However, the previous

FIGURE 7 Distribution of effective rotational correlation times (t) for

methyl groups in lysozyme obtained from molecular dynamics simulations

for wet sample (0.43 h) at T ¼ 295 K, (A) presented as a histogram with

residue names marked on top, and (B) presented for each residue separately.
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studies did not notice or describe in detail the low-

temperature onset of anharmonicity. The analysis presented

here and the results of an earlier article (38) show that the tem-

perature, spectral, and Q-dependence of the low-frequency

QES contribution in dry lysozyme can be quantitatively well

described by methyl-group rotational dynamics. It is known

that methyl-group dynamics are not affected significantly by

hydration (48). Analysis of the present experimental and

simulation data (Fig. 3 B) suggests that the primary cause for

the low-temperature onset of anharmonicity observed in all

samples, regardless of hydration, is due to the onset of

methyl-group rotational dynamics. Moreover, the conven-

tional view of harmonic-like dynamics in dry proteins over

the entire temperature range studied and in hydrated proteins

at T , TD is not completely correct. At the least, methyl

groups are fluctuating between different conformational

states and provide a significant anharmonic contribution to

the neutron-scattering spectra below TD. The analysis of MD

simulations of appropriately hydrated lysozyme powder

indicates that a minor anharmonicity is contributed also by

nonmethyl nonexchangeable hydrogens at T. 125 K (Fig. 3

B). These conclusions are consistent with the recent results

that indicate a significant relaxation contribution in dry pig

liver esterase (68). Moreover, it is possible that the increase

in the QES intensity observed in dry esterase at T . 280K

can be ascribed to methyl-group rotation that reaches the

energy window (.100 meV (;24 GHz)) used in this

experiment (68).

Relaxation spectra over a broad frequency range

When analyzing relaxation processes, quasielastic neutron-

scattering spectra are often approximated by a sum of

a few Lorentzians, where the Q and T dependence of the

Lorentzian line width (G) are determined (7,9). It is known,

however, that relaxation in complex systems, including

biological macromolecules, involves a number of processes,

each of which is often better described by a strongly

stretched exponential (8,20,35,51,52). The latter means that

the decay can be approximated by the so-called Kolrausch-

Williams-Watts equation, I(Q,t) } exp(�(t/t)b) with b , 1,

or by a Cole-Davidson distribution function for the dynamic

susceptibility function in the frequency domain, x$(n) ¼
(1 � int)�b, b , 1. This function is a simple Lorentzian

when b ¼ 1, x$(n) ¼ (1 � int)�1. Thus, approximation of

a relaxation spectrum by a sum of a few Lorentzians (i.e., a

sum of a few exponential decays) is not accurate and can

provide misleading results.

An alternative way to analyze quasielastic scattering

spectra is by presenting them as the imaginary part of the

dynamic susceptibility, x$(Q,n), instead of S(Q,n). The dy-
namic susceptibility is related to S(Q,n) (its energy gain side,
usually measured in neutron scattering) through the Bose

occupation number nB(n) ¼ (exp(hn/kT) � 1)�1,

x$NSðQ; nÞ} SðQ; nÞ=nBðnÞ: (5a)

The light-scattering susceptibility is related to the measured

intensity I(n) through nB(n) 1 1 factor (because the energy

loss side of the spectra is traditionally measured in this case):

x$LSðnÞ} IðnÞ=½nBðnÞ1 1�: (5b)

The use of susceptibility spectra to represent the relaxation

processes has several advantages.

1. Trivial temperature variations are taken into account.

2. Scattering data can be directly compared to dielectric

e$(n) or mechanical G$(n) loss data.
3. Relaxation processes in the susceptibility spectrum ap-

pear as a maximum at nmax ; (2pt)�1; therefore, relax-

ation processes with well-separated t appear as separated

peaks and it is easy to distinguish slow and fast

processes.

4. The spectral shape provides information about the

stretching of the relaxation process where usually high-

and low-frequency tails of a relaxation maximum can be

approximated by a power law x$(Q,n) } nb. Values of

b ¼ 1 or –1 correspond to a single exponential relaxation

(a Lorentzian), whereas –1 , b , 1 corresponds to a

stretched relaxation process or a broad distribution of

relaxation times. In this respect, the dynamic suscepti-

bility presentation simplifies analysis of complex relax-

ation spectra.

We start our analysis by the comparison of neutron- and

light-scattering susceptibility spectra (Fig. 8). Neutron- and

light-scattering spectra appear to be similar at high hydration

levels (h $ 0.3) and show two well-separated relaxation

processes, a fast process that dominates at frequency n. 100

GHz and a slow process that dominates at lower frequencies.

The slow process has a strongly stretched high-frequency tail

that can be approximated by a power law, x$(Q,n) } n�b,

with a small exponent b ; 0.2 (Fig. 8). The tails of the slow

process disappear (or become negligible) at hydration levels

,0.2 h.
Analysis of the width of the low-frequency QES spectrum

of hydrated lysozyme reveals no particular Q-dependence
in the Q-range studied, 0.5 Å�1 , Q , 1.75 Å�1. The slow

process that is activated at higher hydration levels had

an average G ; 2.5–3 GHz (t ; 50 ps) at T ¼ 295 K,

independent of Q. This observation strongly differentiates

the slow process in proteins from the slow process (the main

structural a-relaxation) in glass-forming systems. The char-

acteristic ta in glass-forming liquids has a strong

Q-dependence (69), indicating an underlying diffusion-like

process. AQ-independent t for the slow process in lysozyme

suggests that this process is localized at a distance smaller

than r , 2p/Qmax ; 3.5 Å.

The slow process seen in combined neutron-scattering

susceptibility spectra (Fig. 9 A) shows a broad relaxation

maximum with nmax ; 2–6 GHz (consistent with our
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estimate of the average G), corresponding to t ; 30–80 ps.

An increase in hydration level seems to increase the

amplitude of the process rather than to change nmax. An

extremely strong stretching (the exponent b ; 0.2 (Fig. 9))

seems to be a general property of the slow relaxation process

in biological macromolecules. The strongly stretching ex-

ponent has been estimated for myoglobin (b ; 0.25) (8) and

for DNA (b ; 0.3) (20). This type of spectrum corresponds

to either a very complex relaxation process or to an extremely

broad distribution of relaxation times. It is obvious that the fit

of these spectra by a single Lorentzian will not provide

reliable results. As an example, the spectra of hydrated

lysozyme measured with a resolution of 80–140 meV (20–34

GHz) have previously been fit using a single Lorentzian

function (7). The authors estimated the Lorentzian width to

be G; 70–150 meV (;17–35 GHz), which differs from our

estimates by a factor of 5–10 and, most probably, is limited

by the resolution of the spectrometer employed. Our data

(Figs. 8 and 9 A) do not show a relaxation maximum in the

frequency range 15–40 GHz. Thus, the results obtained with

the single Lorentzian fit should be considered with particular

care (this question has been discussed previously by Fitter

et al. (9,21)).

The neutron- and light-scattering spectra differ signifi-

cantly at low hydration levels (Fig. 8). It is known that methyl-

group rotation does not contribute to the light-scattering

spectra (see, e.g., Soles et al. (70)). We can estimate the

contribution of methyl-group dynamics to the high-fre-

quency neutron-scattering spectra using results from the pre-

vious section and our previous work (38). Fig. 9 B shows the

combined low- and high- frequency spectra of dry lysozyme.

The dashed line marks the contribution from methyl groups

that is estimated at lower frequency and extrapolated to

higher frequency using the distribution g(Ei) obtained as

described above (see also our previous work (38)). The high-

frequency neutron scattering spectrum after subtraction of

this contribution becomes similar to the light-scattering spec-

trum (Fig. 9 B). These results further confirm that methyl-

group rotational dynamics contribute significantly to the

neutron-scattering spectra of proteins. This contribution is es-

pecially important in the dry state, where the slow process is

suppressed.

It is difficult to analyze the spectral shape of the fast

process because it overlaps both with the slow process

and methyl-group dynamics at lower frequencies and with

the boson peak vibrations at higher frequency. The contri-

bution of the slow process is negligible in the case of the

dry protein and we can analyze the spectral shape of the low-

frequency tail of the fast process from the light-scattering

data (Fig. 8), where the contribution of methyl-group

dynamics is also negligible. The low-frequency tail of

the susceptibility spectra is well described by a power law

x$(n) } n0.55. This is far from the expected linear

dependence, x$(n) } n, for a single Lorentzian and sug-

gests either a highly stretched process or a broad dis-

tribution of relaxation times in the sample. Analysis of the

FIGURE 9 (A) Neutron-scattering susceptibility, x$HFBS(n) and x"TOF(n)
of (h; 0.05 (dry), 0.30, and 0.80) at T ¼ 295 K in a broad frequency range.

(B) Neutron- (h) and light-scattering (thin solid line) susceptibility spectra

of dry samples (h ; 0.05 and 0.03) at T ¼ 295 K. The thick solid line

shows the fit of the low-frequency spectrum using Eq. 3 (Fig. 6); the dashed

line shows estimated methyl-group contribution. High-frequency neutron-

scattering spectrum (n) after correction for the methyl-group contribution

agrees well with the light-scattering spectrum.

FIGURE 8 Neutron scattering susceptibility, x$TOF(n) (symbols), and

light-scattering susceptibility, x$LS(n) (solid lines), of samples at different

hydrations (neutron-scattering measurements: h ;0.05 (dry), 0.18, 0.30,

0.50, and 0.80; light-scattering measurements: h ;0.03 (dry), 0.20, 0.35,

0.50, and 0.85) at T ¼ 295 K. The dashed lines show the slope of high-

frequency tail of slow relaxation process (x$(n) } n �0.2) and the slope of

low-frequency tail of the fast relaxation process (x$(n) } n0.55).
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spectra also suggest that the relaxation maximum of the

fast process should be at a frequency .;100 GHz, i.e.,

t should be ;1 ps or shorter. Similar relaxation times and

spectral shapes (stretched low-frequency tail) are also char-

acteristics of fast relaxation in glass-forming and polymeric

systems (71,72). It is usually interpreted as a ‘‘rattling’’ of

molecular units in a cage formed by their neighbors (8,60).

We speculate that the fast conformational fluctuations in

proteins might be also related to a ‘‘rattling’’ of atoms of a

particular residue in a cage formed by neighboring residues

and water molecules.

Thus, the relaxation spectra of lysozyme have at least three

major contributions in the frequency range studied: a slow

process that appears in our frequency window only at hy-

dration levels h . 0.2 (Figs. 8 and 9) and at T . TD
(20,35,38); hydration-independent methyl-group rotational

dynamics that are activated at T . 100 K and are not

detectable in light-scattering spectra; and, finally, hydration-

dependent fast processes (Fig. 8). All three processes are

strongly stretched (Figs. 8 and 9).

Influence of hydration on lysozyme dynamics

An increase in the hydration level strongly increases the QES

intensity of lysozyme. However, the change in relaxation

behavior upon hydration appears to be different at low and

high frequency. A steplike increase in QES intensity is

observed between h; 0.2 and h; 0.5 for the slow dynamics

(38), whereas a monotonic increase of the QES intensity with

h is observed at high frequency (Figs. 4 and 8). The

temperature dependence of Ær2æ shown in Fig. 2, indicates

that an additional relaxation process enters the studied fre-

quency window at T above TD ; 220 K, but only at

hydration levels .0.2 h (Fig. 2). This is consistent with an

increase in the QES intensity at low frequency that also

appears only at h. 0.2 (38). Thus, the sharp change in Ær2æ is
associated with the slow relaxation process that enters the

accessible frequency window at T ; 200–220 K. This

conclusion agrees with earlier observations for myoglobin

(8) and DNA (20) and the results of light scattering in

lysozyme (35).

Analysis of the EISF(Q) of the slow relaxation process can

provide information on the type of the relevant motions. It is

obvious from the previous section that the EISF(Q) of the
hydrated sample has at least three components: 1), the slow

process; 2), methyl-group rotational dynamics; and 3), the

fast process. The fast process has a negligible contribution at

lower frequency (n, 10 GHz (;50meV)). Thus only the first

two components make a significant contribution to the low-

frequency neutron-scattering spectra. Assuming that the con-

tribution from methyl-group hydrogen atoms and the slow

relaxation process are additive, we can write the EISF(Q) as

EISFhydratedðQÞ ¼ pslowEISFslowðQÞ1 pmethylEISFmethylðQÞ
1 1� pslow � pmethyl: (6)

According to our previous analysis, the contribution from

methyl-group hydrogen atoms dominates the spectrum of

the dry sample (38). So, as a rough approximation we can

rewrite Eq. 4 as

EISFdryðQÞ ¼ ð1� pmethylÞ1 pmethylEISFmethylðQÞ: (7)

Combining Eqs. 6 and 7 provides an expression that can

be used to estimate the EISF(Q) of the slow relaxation

process:

EISFhydrated;slowðQÞ ¼ ð1� pslowÞ1 pslowEISFslowðQÞ
¼ EISFhydratedðQÞ � EISFdryðQÞ1 1: (8)

This is a crude approximation, but it might be appropriate

for a qualitative model-independent analysis of our exper-

imental data. As we discussed in the first section of the

Discussion, traditional calculations of EISF(Q) from the

measured QES spectra usually assume a single Lorentzian

function. This approximation does not provide an accurate

estimate of the relaxation times, nor does it provide a correct

representation of the mobile fraction of hydrogen atoms in-

volved in the relevant process (for example, see our estimates

of pmethyl given in the first section of the Discussion). Due

to the poor statistics of our neutron-scattering spectra, a fit

of the QES spectra measured at each Q without prior

knowledge of the shape of the relaxation spectrum is not

reliable. Thus, in many cases, an approximation by a single

Lorentzian might be the only choice for qualitative analysis

of EISF(Q). Thus, we use the single Lorentzian approxima-

tion for a qualitative analysis of geometry of the slow process

and its variation with hydration level. As a first step, we fit

the spectra of the dry sample to obtain EISFdry(Q), and then

we fit the spectra of hydrated samples to obtain EISFhydrated

(Q). EISFhydrated,slow(Q) is calculated at different hydration

levels using Eq. 8.

The resulting EISFhydrated,slow(Q) (Fig. 10) at different

hydration levels have been fit to the two-site jump model

(39)

EISFðQÞ ¼ 1� pslow 1
pslow

2
½11 2j0ðQdÞ�; (9)

to a three-site jump model (Eq. 4), as well as to a model

describing freely diffusive motions in a sphere (73):

EISFðQÞ ¼ 1� pslow 1 pslow

3j1ðQaÞ
Qa

� �2

: (10)

Here pslow is the mobile fraction of hydrogen atoms

involved in the slow relaxation process in our experimental

timescale of;20 ps to 1 ns, d is a jump distance and a is the
radius of the sphere in which the hydrogen atoms move. The

results for two- and three-site jump models are indistin-

guishable over our limited Q-range and it seems that the

diffusion in a sphere model provides a slightly better fit of
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the data at higher Q (Fig. 10). We note, however, that the

Q-range studied is not sufficient to identify which model

best describes the slow relaxation process.

The dependence of the fit parameters on hydration is

presented in Fig. 11. It appears that both jump distance d and
the sphere radius a, have a value of ;3 Å (Fig. 11 A), i.e.,
they differ significantly from the jump distance characteristic

of methyl-group hydrogens, Rmethyl

ffiffiffi
3

p
; 1.78 Å (59,61).

The estimated value agrees with our earlier estimate based on

the Q-independence of the characteristic t of the slow

relaxation process. The characteristic lengthscale of the slow

relaxation process appears to be essentially independent of

hydration level. The mobile fraction of the hydrogen atoms

involved in the slow process, pslow, shows a particular de-

pendence on hydration: it remains low at h, 0.2, it increases

strongly between h ; 0.2 and h ; 0.5 and then increases

slightly at h . 0.5 (Fig. 11 B). The results suggest that an

increase in hydration leads to an increase in the number of

flexible regions rather than to an increase in the amplitude of

the particular motion. This conclusion is independent of the

model used to fit the EISF(Q) data. Moreover, the variation

of pslow with hydration essentially reflects the variations

of the model-independent parameter, the integrated QES

intensity (Fig. 11 B). It is important to note that the values of

pslow do not reflect the actual number of hydrogen atoms

involved in the slow relaxation process. It is a significant

underestimate of the number of hydrogen atoms because of

the use of the single Lorentzian approximation in the

calculations of EISFslow(Q) for the strongly stretched process
(Fig. 9). This is similar to the results of our analysis of the

methyl-group dynamics (Fig. 6 and first section of Discus-

sion). We emphasize that the analysis of the same data

without correction for methyl-group rotational dynamics

(Eq. 8) will result in a smooth increase in the lengthscale of

the motion with an increase in hydration level. Thus, the

correction for the methyl-group dynamics is crucial in the

analysis of neutron-scattering spectra of proteins.

Now we turn to the analysis of the fast process and its

dependence on hydration. We don’t expect that the analysis

of EISF(Q) of the fast process can provide any reliable

information. Its spectral shape is not known and cannot

be modeled as a single Lorentzian function. Moreover, it

overlaps with both the methyl-group dynamics and the slow

relaxation process at low frequency and with the boson peak

vibrations at high frequency. Therefore, it is difficult to

obtain microscopic information on the fast process from the

experimental data. Because of these limitations we decided

to restrict our analysis to variations of the integrated intensity

of the fast process with hydration. We start analyzing the

light-scattering spectra because there is no contribution from

methyl-group dynamics. To analyze the relaxation spectra at

higher hydration levels, the light-scattering susceptibility

spectra in the frequency range of interest can be represented

by a sum of two contributions:

FIGURE 10 EISFhydrated,slow(Q) of hydrated samples (for definition, see

text, Eq. 8) at h; 0.18 (s); 0.30 (:); 0.50 (=); 0.80 (¤) at T ¼ 295 K. The

dashed lines present fit to the two-site (Eq. 9) and three-site (Eq. 4) jump

models (fits are indistinguishable at this Q-range) and the solid lines present

fits to freely diffusive motions in a sphere model (Eq. 10).

FIGURE 11 (A) Amplitude of motions (jump distance d and radius of

sphere a) involved in slow relaxation process at different hydration levels

obtained from the fit to two-site jump model (:) and to freely diffusive

motions in a sphere model (n). The dashed line shows the jump distance

expected for methyl groups. (B) Variation of mobile fraction of hydrogen

atoms involved in the slow relaxation process, Pslow, with hydration

obtained from the fit to two-site jumpmodel (:, outside labels) and to freely

diffusive motions in a sphere model (h, inside labels). QES intensity

integrated in the frequency range from 2 to 8 GHz (s) is presented for a

comparison.
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x$ðnÞ ¼ x$slowðnÞ1 x$fastðnÞ � Cpslown
�0:2

1 x$fastðnÞ:
(11)

Here, the high-frequency tail of the slow relaxation pro-

cess was approximated using a power law with an intensity

proportional to the mobile fraction of atoms involved in the

slow relaxation process. The constant, C, is assumed to be

independent of hydration. To estimate the fast process, we

subtracted the contribution of the slow relaxation process

from the light-scattering spectra (Fig.12 A). The resulting

spectra of the fast process show a strong increase in intensity

with hydration at low h and no significant dependence on

hydration at h . 0.15. Fig. 13 shows the hydration de-

pendence of the fast process intensity integrated over the

frequency range 50–100 GHz.

A similar approximation has been used to correct for the

contribution of the slow process to the high-frequency

neutron scattering spectra (Fig. 12 B). However, the re-

maining spectra in this case include the fast process and a

contribution from methyl-group hydrogen atoms. Assuming

that the contribution from methyl-group dynamics does not

vary much with hydration, we can estimate the variations of

the fast process with hydration from the high-frequency

neutron-scattering spectra corrected for the slow relaxation

process (Fig. 12 B). Both, light- and neutron-scattering data

show a similar hydration dependence of the fast process: It

increases sharply at h, 0.2 and varies more slowly at higher

hydration levels (Fig. 13). This differs significantly from the

hydration dependence of the slow relaxation process and

suggests that the fast conformational fluctuations in the

picosecond time range are active already in the dry state and

become stronger with an increase of hydration; even much

below a monolayer coverage, h ; 0.38 (5). So, it seems that

the fast process varies strongly with hydration level during

formation of the surface water H-bonded network (reached at

h ; 0.15) and is less sensitive to water that condenses on

weakly interacting patches of the protein surface (starts at

h; 0.25) (5). It does not change much at h. 0.2, where the

contribution of the slow relaxation process starts to increase

sharply (Fig. 11 B).

Correlations between protein dynamics and
enzymatic activity

The influence of hydration on enzymatic activity of lyso-

zyme has been presented in Rupley and Careri (5,75). A

solution of lysozyme was prepared with equimolar amounts

of the hexasaccharide of N-acetylglucosamine at pH values

between 8 and 9 to minimize catalysis during preparation.

The solutions were lyophilized to give the dry enzyme-

substrate complex, which was subsequently rehydrated to the

required hydration levels, and catalytic activity has been

measured as a function of hydration level.

The observed hydration dependence of the slow relaxation

process (mobile fraction of hydrogen atoms pslow) corre-

lates well with the hydration dependence of catalytic activity

(Fig. 14 A): 1), the mobile fraction remains very small up to

h; 0.18; 2), it increases strongly between h; 0.18 and h;
0.50; and 3), a further weak increase is observed above h ;

0.50. These results suggest that the slow relaxation process

includes motions important for enzymatic activity of lyso-

zyme. Recent studies of pig liver esterase indicated the pres-

ence of enzymatic activity even in dehydrated protein (75)

and the authors of (68) suggested that the hydration-induced

anharmonic motions (the slow process in our case) are not

FIGURE 12 High-frequency x$(n), corrected for the contribution of the

slow relaxation process at T ¼ 295 K. (A) Light-scattering and (B) neutron-

scattering measurements.

FIGURE 13 Light (h) and neutron (n) QES intensity corrected for the

slow relaxation process and integrated in the frequency range from 50 to 100

GHz as a function of hydration. It reflects essentially the dependence of the

fast relaxation process on hydration.
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required for activity of this enzyme. Thus, it is possible that

the importance of the slow process for enzymatic activity

varies for different proteins.

The microscopic mechanism of this slow process remains

unclear. Tournier and Smith (25) identified a mode involving

the rigid body motion of two groups of helices that activates

above the dynamic transition in hydrated myoglobin. A

hinge-bending motion is a well-known mode in lysozyme

(67). These types of rigid-body motions, involving corre-

lated motions of secondary structures, are consistent with the

estimated lengthscale of the motion and the significant

number of hydrogen atoms observed in the slow process. A

more detailed analysis of our simulation results, to elucidate

the nature of the slow relaxation process in hydrated pro-

teins, is forthcoming.

The fast process and enzymatic activity have different

dependencies on hydration (Fig. 14). The fast process is

activated at much lower hydration levels than enzymatic

activity and is significant even in the dry protein. It is in-

teresting to note that the dependence of fast conformational

fluctuations on hydration level is similar to the hydration

dependence of hydrogen exchange (Fig. 14 B). It is possible
that the increase in flexibility promoted in the onset of

hydrogen isotope exchange is associated with activation of

the fast conformational fluctuations. Based on our analysis,

we speculate that the fast process is not directly related to

enzymatic activity but might be an important precursor for

the slow relaxation process.

The following scenario emerges. There are two significant

anharmonic contributions to the dynamics of dry protein:

methyl-group rotational dynamics and fast picosecond con-

formational fluctuations. Initially, the slow relaxation pro-

cess is strongly suppressed and the protein is rather rigid.

With an increase in hydration up to h ; 0.2 the contribution

of the fast process to protein dynamics increases sharply,

whereas the slow relaxation process remains suppressed.

When the fast process (rattling of residues in cages formed

by their neighbors) reaches a particular level at h ;0.2, it

creates a level of protein flexibility sufficient to activate the

slow relaxation process. The slow relaxation process then

increases sharply with h . 0.2. In other words, fast con-

formational fluctuations are a necessary precursor for the

motions of secondary structures. The latter become active on

our pico- and nanosecond timescale only when the fast fluc-

tuations reach a particular level. When the motion of sec-

ondary structures (the slow relaxation process) is activated,

lysozyme can become catalytically active.

CONCLUSION

We have presented a detailed analysis of the influence of

hydration on picosecond to nanosecond dynamics of lyso-

zyme. The neutron-scattering measurements and simulations

for dry and hydrated lysozyme clearly show the existence of

two onsets of anharmonicity in the Ær2æ of nonexchangeable
hydrogen atoms on this timescale: 1), the low-temperature

onset that is observed in all samples regardless of their

hydration level and is primarily ascribed to methyl-group

rotation; and 2), the well-known dynamical transition at T ;

200–220 K that is observed only in samples at hydration

.;0.2 h. Our results suggest that an analysis of incoherent

neutron-scattering spectra of proteins should explicitly in-

clude methyl-group dynamics because of their significant

contribution to QES spectra. Moreover, it might also be

useful for the analysis of results of MD simulations to

exclude the contribution from methyl groups. Our recent

analyses of MD simulations results for lysozyme encased

in glycerol or trehalose (76,77) demonstrated that removing

the contribution of methyl group hydrogen atoms in the cal-

culation of the intermediate scattering function of lysozyme

can provide microscopic insight that would otherwise be

missed.

In addition to methyl-group dynamics, two other relaxa-

tion processes have been identified: 1), fast conformational

fluctuations and 2), a slow relaxation process with larger-

scale motions, but still localized to ;3 Å. They have a

different dependence on hydration: methyl-group dynamics

seem to be rather insensitive to h, the fast fluctuations

increase rapidly at h , 0.2 and then increase only slightly

FIGURE 14 (A) Parallel comparison of hydration dependences of the

mobile fraction of hydrogen atoms involved in the slow relaxation process

(:) and enzymatic reaction rate, v0, of the lysozyme to hexasaccharide of

N-acetylglucosamine ((GlcNAc)6) (q) as estimated by Rupley and colleagues

(5,74). (B) Parallel comparison of hydration dependences of the integrated

QES intensity of the fast process (n) and hydrogen exchange rate (8) in units

of moles of exchanged H atoms/1 mol of lysozyme/24 h as estimated in

Schinkel et al. (36). (T ¼ 295 K).
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with further increase in h, whereas the slow relaxation

process does not activate until h ; 0.2, then increases

sharply between h ; 0.2 and h ; 0.5 and only slightly at

h. 0.5. Therefore, we speculate that the effect of an increase

in hydration level is to first increase the fast conformational

fluctuations and then, at h ; 0.2, the hydration water

activates the slower relaxation process.

It is important to emphasize that the observed results,

namely active methyl-group dynamics and fast process, dif-

fer from the usual view of protein dynamics. The dynamics

of dry protein includes significant anharmonic contributions,

and also the dynamics of wet proteins is not completely

harmonic below TD. The latter conclusion agrees with the

recent analysis of MD simulations (55) and experimental

studies presented in (68). The most important observation is

the correlation between the slow relaxation process and

enzymatic activity, suggesting that the activation of the slow

relaxation process might be necessary for lysozyme function.

A microscopic mechanism of the slow relaxation process re-

mains unclear, but it might be related to motions of secondary

structures.
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