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Low-frequency Vibrational Anomalies in B-Lactoglobulin: Contribution of Different
Hydrogen Classes Revealed by Inelastic Neutron Scattering
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The low-frequency dynamics of the globular protgiactoglobulin has been investigated by inelastic neutron
scattering, on both dry and,D-hydrated samples. Both the dynamic structure factor and the density of
states display an excess of vibrational modes with respect to the Debye level, with such an excess being
reminiscent of the so-called boson peak. To establish which protein structural elements give origin to the
anomalous peak, the samples were submitted to suitable H/D exchange procedures, which allowed us to
highlight the following points: (i) in the dry samples, nonexchangeable, internal, hydrogens display a peak
at 3 meV; (ii) exchangeable, mainly external, hydrogens provide a further peak, which is shifted to lower
frequencies and displays a stronger intensity per atom; (iii) in the hydrated samples, no frequency difference
between the peaks of external and internal hydrogens is found, meanwhile the stronger scattering intensity
due to external hydrogens is still observed. These results are discussed in the framework of a model ascribing
the anomalous bump to interactions of acoustic phonons with density fluctuations domains and the effect of
hydration on the protein dynamics is revisited.

Introduction share many physical properti#s22 Besides the boson peak,
Conformational changes of proteins, an essential requirement\g:h;\?irc])rrg?]sirpnt;erreltgsaggr?mggg:gzgegrf"g tzzac:’cézsre%i%ug?;
to their function, are known to be driven by molecular motions : 'on proc ’

dynamical (glass) transition witnessed by the temperature

and influenced by the dynamics of hydration water. Therefore, dependence of the atom mean-sauare displacements: in proteins
the study and understanding of protein dynamical behavior is P o ) a p ;N p '
such transition having been suggested to be slaved to the

of extreme interest. In biological molecules, particularly im- - X
9 ' P y solvent}-822 The origin of such analogy has been ascribed to

portant dynamical contributions arise from picosecond motions, the fact that both svstems are characterized by a complex ener
with corresponding energies of about 810 meV, and this 15y oy P 9y
dynamical regime is often referred tolag-frequencyange? hypersurface, with a huge number of nearly_ isoenergetic valleys,

: and can thus assume many conformational substatés.

Because of its typically accessible energy and momentum biomolecules, a rise of temperature in hydrated samples allows
transfers, inelastic thermal neutron scattering is probably the the svstem to, explore an ir?creasin nu%ber of Sucf?substates

most powerful experimental technique for studying such low- yE . P g n . ’
frequency modes. thus triggering the onset of large ampllt_ude motions, related to
Within this dynamical range, a puzzling feature is still th%occurrgncetﬁf tge so-calle(li( d:/hnamltcal tr?nsmon.d by thi
attracting great interest. The low-temperature dynamic structure . oncerming the boson peax, Ine Interest aroused by this
vibrational bump is due to the fact that it represents an

factor of proteins, as obtained by inelastic neutron scattering | Sl lained f mod ith {1
and Raman spectroscopy, shows the presence of a |argeanomaous, sStll unexplain€d, excess of modes with respect o
the Debye-like behavior of harmonic systems. In terms of

vibrational peak centered at about-2 meV1310 Upon e . . .
increasing the temperature, such a peak becomes less distin?—”bra’[Ional density of stateg(w), which can be derived from

guishable because of the rise of a quasielastic broad bdnd incoherent inelastic neutron scattering spectra, the boson peak

. 5 :
which is suggested to be connected to an overdamping of thedPpPears as an overshoot in tlge‘”)/c.”. function. : Several
inelastic bump-12 Such a bump is also known to be affected attempts have been made at explaining the origin of such
by the hydration degree of the molecule: with increasing anomalous bump. Indeed, its connection with a disordered nature
hydration level, the peak shifts to higher frequencies and its and/or complexity of the system is quite well accepted. Among
intensity is depressed®Moreover, a recent neutron scattering the proposed models, lattices of atoms connected by a random

experiment® has proven the existence of the same bump in the elfaf,tlc;t’fletv:]ork ha\(e beten t.sulggheéﬁek%)? or the |r|é\é(élzvgrtrrl]ent
protein hydration water also, suggesting a dynamical coupling of SOt anharmonic potentia's has been Invoked: er
between biomolecules and their hydration shell. authors_ proposed_lnteractlons betw_een sound waves and_ de_nsny
Actually, the same spectral feature, with a similar temperature fluctuations domains to be responsible for a phonon localization
’ ' t the boson peak frequengy2®

dependence, was first observed as a general characteristic of*
glassy materials, where it is often referred tdbason peak1° Models developed for amorphous systems have been extended

Indeed, the strong analogy between proteins and glasses is welllo biomolecules. Furthermore, attempts to attribute the peak

known and relies on the fact that these two classes of Systemsvibrations to specific protein structural elements (such as side

chains, backbones-helices, ang-sheets) are being made. The

* To whom correspondence should be addressed. E-mail: cannistr@ €XPerimental peak dependence on the protein hydration level
unitus.it. led some authors to address librations of solvent-exposed side
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TABLE 1: Protein Hydrogen Classes inffLG carried out in a chamber under vacuum in the presence of a
number of saturated KCIl and heavy water solution, achieving a final
proton class chemical bond protons hydration level oth = 0.4 g of D;O per gram of protein. These
nonexchangeable GH 1068 two samples will be called in the_seqLIBle-hydrath and
fast-exchangeable OH, SH, MNbhe 94 D,O-hydrated deuterated, respectively. The hydration state
slow-exchangeable Nflige 146 of the four samples was carefully checked, both before and after

the neutron scattering experiment, and was found to be

chains as the main responsible for the scattering exXc€ss. unchanged.
the other hand, a recent molecular dynamics (MD) simulation In a SLG molecule, hydrogen atoms are about 50% of the
screening suggested that significant contributions should arisetotal amount. Because the hydrogen cross-section is about 1
from the protein backbor®@ Moreover, some new experimental  order of magnitude larger than the cross-sections of deuterium
results indicated that exchangeable and nonexchangeable hyand of the other protein atoms, in a neutron scattering experi-
drogen atoms, located on different regions of the protein and ment, almost only hydrogens will be visible. Therefore, the
differently exposed to the solvent, can give different contribu- comparison between deuterated and nondeuterated samples will
tions to the low-frequency spectral anom&yTaken together,  discriminate between scattering contributions arising from
such findings suggest that a deeper experimental assessment gfxchangeable and nonexchangeable protons. Moreover, as the
the role played by the various protein structural elements would coherent part of the hydrogen cross-section is exceedingly small
be extremely valuable for understanding the origin of the with respect to the totah{2%), the scattering will be mainly
anomalous peak. incoherent. Actually, for a more accurate evaluation of the

In this paper, we report the results of an inelastic neutron coherent contribution, all protein atoms should be taken into
scattering experiment we carried out on both dry an®D account. From the stoichiometry of our samples and from
hydrated samples ¢f-lactoglobulin. To discriminate between tabulated values of the neutron scattering lengthse can
the dynamics of exchangeable hydrogen atoms, essentiallytheoretically estimate that the coherent contribution will be not
located on solvent-exposed residues, and nonexchangeabléarger than 16-15% of the total cross-section.
hydrogen atoms, mainly situated in the protein interior, we  In aninelastic neutron scattering experiment on an isotropic
submitted our samples to appropriate H/D exchange proceduressample, the measured quantity is the dynamic structure factor
Our experimental results provide novel information about the S(d.@), whereq is the modulus of the momentum transfer and
contributions to the anomalous bump arising from external and @ is the energy transfer, both in units ©f In the one-phonon
internal protein residues. These findings are discussed in the@pproximation, the incoherent dynamic structure factor at a given
framework of the phonon localization modéland the effect ~ temperaturél can be written as the sum of three terms:
of hydration on the protein dynamics is revisited.

Sqw) = e " EISRg)s(w) +

Materials and Methods [1 — EISHO)]Se(@w)} + Syec(dw) (1)

B-lactoglobulir??=35> (SLG) is a S-barrel globular protein, _ _
which can be extracted from milk whey and is composed by a Where 2% T is the Debye-Waller factor, EISHg) is the
sequence of 162 amino acids, corresponding to a moIecuIare|aSt'_C incoherent scattering fur_lct|cxﬁ§w)_|s the Dirac delta_
weight of 18155 Da. Its chemical composition ig@l130dN 206 function, Soe(q,w) is the quas!elastlc .|ncoh(.ere.nt dynamic
O25:%. Our LG powders were obtained by Sigma Aldrich. Structure factor, andSNEL(q,w) is the |nelas_t|c incoherent
The 1308 protein protons can be classified in nonexchangeable dynamic structure factd¥. The first term takes into account for
fast-exchangeable, and slow-exchangeable, according to theithe elastic response of the system. In the Gaussian approxima-
chemical bond to the protein seque¥c® (see Table 1). tion, yvhlch holds for Iowq-values,EISF(q) can be consldered
Exchangeable hydrogens turn out to be 20% of the total amount@S d independent. The second term gives information about
and are mainly located{90%) on the outer shells of the protein  diffusive, nonvibrational motions and appears as a broadening
structure. To single out contributions to the boson peak arising f the elastic peak. The last term describes the vibrational
from the different classes of protein hydrogen atoms, we Pehavior of the studied system and, assuming that only
prepared four samples by the following different procedures. incoherent scattering is visible, can be explicitly written
The first sample was prepared by simply dehydrating 301 mg
of protein as commercially obtained. The sample was first Spel (@) :e,zw(q,nq_zn(w,'D () @)
lyophilized and then desiccated under vacuum in the presence NeL (9 8M @ 9
of P,Os for 2 days, achieving a final hydration level lower than
h = 0.05 g of water per gram of protein. Such sample contains whereM is the mass of the scattering uni{w, T) is the Bose
both exchangeable and nonexchangeable protons and, in théactor andg(w) is the density of vibrational states. In a real
following, will be referred to as thelry one. In the second  experiment, eq 1 is understood to be convoluted with the energy
sample, all exchangeable protons are wanted to be substitutedesolution function of the instrument. $neL(g,w) is measured,
with deuterium atoms. Therefore, 368 mgAfG powder was g(w) can be obtained by means of eq 2, provided that the factor
first dissolved in 15 mL of RO for 1 week and then lyophilized.  W(q, T) can be estimated. With this respect, under quite general
These two steps were repeated three times, to achieve a completeonditions, the following expression holds:
proton exchange. Finally, the exchanged protein was desiccated
under vacuum with s for 2 days, achieving a final hydration
level lower thanh = 0.05 g of water per gram of protein. We
will refer to this second sample as tley deuterated one.
The last two samples were obtained by hydrating wit®Dwo which can be used to derive the Deby&aller factor. Here,
further dry and dry deuterated powders, prepared by the the quantityli?(T)Ois to be thought of as an average atomic
previously described procedure. The hydration process wasmean-square displacement.

2W(a, T) = ST ©)
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The neutron scattering experiment was performed with the
high-flux time-of-flight spectrometer IN6 at Institut Laue-
Langevin (ILL) in Grenoble. An incident wavelength of 5.1 A
was chosen, achieving an elastic energy resolution qQfeid,
aqgrange from 0.2 to 2.0 Al and an accessible energy transfer
ranging from—1.9 meV to XgT. The four samples were placed
in standard slab-shaped aluminum cells, whose dimensions were
30 x 50 x 0.5 mn?. The cells were placed into the neutron
flux with an angle of 13% with respect to the incident beam.
Spectra were collected at three temperatures for each sample,
T =100, 220, and 300 K, for a period of time of about&h,
depending on the temperature. Each spectrum was measured at
89 different scattering angles, in the range 1360 < 113.5. ® [meV]

Moreover, spectra from the empty can and from & cadmium gig e 1. Dynamic structure factor of the dry sample, as function of
absorber were collected at 300 K, to take into account for the energy and afj = 1.9 A-1, measured &af = 100, 220, and 300 K from
various scattering contributions due to sample environment. A bottom to top. The 220 and 300 K spectra have been rescaled by the
vanadium standard scan was performed in order to measure thdose factor at the common temperature of 100lkset. Dynamic
resolution function and to take into account for the different Structure factor of the dry sample,@t= 1.9 A"t andT = 100 K. The
detector efficiencies. After having checked and removed those Pilogarithmic scale emphasizes the elastic peak, which is compared
detectors which showed a too high electronic noise, the dataWIth the resol_ut|on function (full line), obtained by the measurement

- ’ ““*?on the vanadium standard.
reduction was performed using standard ILL programs, which
correct spectra for incident flux, cell and environment scattering, from the normalized spectra at 100 K. The computatiog(af
electronic noise, detector efficiency, and self-absorption. More- has been performed through the equation
over, for each spectrum, detectors were binned into five groups
of scattering angles, to attain a better statistics. Because all
samples have transmissions of about 92%, multiple scattering
and multiphonon corrections were not applied. The obtained
cross-sections, depending on the scattering argjen on the
energy transfew, were then calculated as functions@fnd
w, with a standard interpolation procedure which takes into
account for the kinematic constraints involving 26, andw.

To study possible differences due to the sole dynamical
behavior and not to the different number of scatterers between . )
as a function of energy and at fixed momentum trangfer

the measured samples, the dynamic structure factors must bel 9 A-1 measured at 100. 220 and 300 K. The 220 and 300 K
norma}llzgd to the same scattering unit. When the eﬁgct unders;.)ectra, have been rescaied b;/ the Bose .factor at the common
|nvest|gat|(_)n IS as sma]l as in the pre;sent gaxsZC(A)),argl|able temperature of 100 K. As described in the Materials and
normalization is very dllfflcult to obtain by simply rescaling each Methods section, each spectrum can be considered as the sum
measureql cross-section to .th? mass of .the sample. Indegdof three contributions, an elastic, a quasielastic, and an inelastic
;ystematlc errors can be easily mtroduced. if the sample qenS'tycomponent. The elastic component is not a delta function, as
IS not homogeneous all over the cell or if the sample is pot expected from eq 1, but has a well-defined width becausé of
u?é?é?d¥eb?:]h:dncl)orﬁgl]iiegel:jtrﬂgn?ilcj:x.st-:l:](lzjti,reasfailtfrrsna\}\l\é?e the finite instrumental energy resolution. Such an effect is
proc CL T y ) emphasized by the bilogarithmic scale of the inset, where the
(.)bt.alne'd by d|v!d|ng eaph corrected cr.oss.-sect|on by thedow- elastic peak of thel00 K spectrum is compared with the
limit of its ezl\zz(sU% peakifiternal normalizatiop. In particular, resolution function (full line), obtained by the measurement of
= e ¢t i i . ! . .
!sitrli?&re ?actor iflesﬂf) Si?r?te;h%elt?f;fopaarrtig the ?iﬁ}mlc the vanadium standard. Upon increasing the temperature, the
ql 9 €a s, 9 mSod elastic intensity decreases (not shown), due to the rigélef

be written (T)Oin the Debye-Waller factor (see eq 3). Such a decrease is
compensated for by both an increasing quasielastic scattering,
which appears as a further broadening of the elastic peak and
an increasing inelastic scattering. Concerning the inelastic region
of the spectrum, at 100 K, it is characterized by a well-defined
maximum centered at about 2.7 meV. At 220 K, the maximum
is less pronounced, due to its overlapping with the quasielastic
scattering, and at 300 K, it is almost completely submerged. In
the Debye approximation and at such low frequencies, the
were found to conform to eq 4 (witBISHq) = const) to & vyijprational density of states is expected to be proportional to
very good extent. Furthermore, even over the wiplange, w?, which should be canceled out by the two factof®, T) ~
oscillations inEISHq) due to coherent scattering were found T/ and 14 (see eq 2), resulting in a constde, (q,») as

to be smaller than 5%, a value aCtUa”y lower than the theoretical a function of the energy. Therefore, the bump appearing at 100
estimate reported above. From the fitting procedure, the averagex represents an anomalous excess of scattering with respect to

198", &) [arb. u]

Sg=

6 8

10 12

where the DebyeWaller factor has been estimated by the
previously described fitting procedure.

Results and Discussion
Figure 1 shows the dynamic structure factor of the dry sample,

In S(a) = In EISRa) - ST e? @)

At low g values, where the Gaussian approximation holds (i.e.,
EISHq) is g-independent), a linear fit of I8(q) vs ¢? provides
the quantityEISHq = 0), the lowq limit needed for normalizing
the measured spectra. Fpvalues lower than 0.7 A, our data

mean-square displacemené(T)is also obtained and can be
used to estimate the Deby&Valler factor.

Under the assumption that only vibrational motions are active
at low temperature, the density of statge) has been derived

the Debye level. To better characterize such bump,qits
dependence is plotted in Figure 2. As predicted by eq 2, once
normalized by the DebyeWaller factor, the bump intensity
increases with the square momentum transfer (see inset) thus
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Figure 2. Dynamic structure factor of the dry sample at 100 K, for Figuré 3. Low-frequency vibrational density of states for the dry
different values of the momentum transfar= 0.77, 1.02, 1.24, 1 5’7 sample. The full line, having slope 2 on a bilogarithmic scale, represents
and 1.90 A from bottom to top. Because of kinematic constraints, at 1€ Debye levelinset. Low-frequency vibrational density of states
lower g values only lower energy transfers can be reacheskt. At normalized by the Debye-like behaviar.

the anomalous peak energy (3 meV), the low-temperature (100 K)
dynamic structure factor of the dry sample, divided by the Debye
Waller factor, is plotted as function @f. The full line is a linear fit of

the experimental data.

minimummean-free path would be determined by the domains
diameterD, also referred to as the characteristic correlation
length of the system, which can be estimated through the

indicating both its vibrational and incoherent nature. With regard €guation
to this latter point in particular, in the previous section, we have
estimated a coherent contribution of about-1%%. This value
is referred to the total cross-section, namely, the cross-section
integrated over all possiblgandw values. When referring to
a limited @,w) region, the coherent contribution can actually where vy is the boson peak frequency and is the sound
be much lower. Indeed, thg? behavior displayed by the peak velocity.
witnesses that, at such energies and within the explpradge, If such model is extended to proteifi®*2the characteristic
negligible coherent scattering is actually present. length scale of the vibrations involved in the observed scattering
The same anomalous bump, with similar temperature behaviorexcess can be estimated, provided the sound velocity in
andq dependence, has also been observed in other préteihis.  biological systems is known. Even if an accurate measurement
Indeed, it is reminiscent of the so-called boson peak, which is is not easily attainable, reasonable valuesifoof about 3000
a well-known feature of glassy systems. In these materials, thism/s have been suggest&hnd accordingly, ainimummean-
extraintensity is often pointed out as a broad maximum in the free pathD of about 40 A can be derived. Such a length scale
g(w)/w? function11.14.15.1840Fewer times, possibly due to low is comparable with thggLG dimensions 40 A). Recalling
statistics, the density of stategw) has been experimentally that the estimated phonon mean-free path is nfiaimum
determined for biological systemg! The good quality of the  allowed, such finding suggests that the involved vibrations might
collected data allowed us to obtain the vibrational density of propagate through more than one molecule, rather than being
states, according to the Materials and Methods section. Theconfined within a single one. Indeed, both our dry and hydrated
possibility of derivingg(w) from the measure®q,w) relies samples consist in powders, where the macromolecules are in
on the assumption that at low temperature, besides the elasticlose contact between them. Such hypothesis should be con-
peak, scattering processes are mainly due to vibrational motions,sidered also in connection with the results of a recent MD
whereas diffusion gives only little contributions. At higher simulation study} whose authors claim that, among other
temperatures, the rising quasielastic scattering indicates thatrequirements, interactions between more molecules must be
diffusion is no more negligible; thereforg(w) can be computed  included to correctly reproduce the proteins anomalous bump.
for the 100 K spectrum only. The density of vibrational states  The interpretation of the vibrational excess of modes in terms
of the dry sample is shown in Figure 3 on a bilogarithmic plot. of localized phonon propagation can also qualitatively account
In such a scale, the Debye levél(?) is proportional to a line for the hydration dependence of the peak maximum. The effect
with slope 2 (full line); therefore, the higher slope of the of hydration on the protein scattering excess is shown in Figure
experimentaf(w) at low frequency indicates that the scattering 4, where the measured dynamic structure factors of the dry and
bump is due to an excess of vibrational states with respect to D,O-hydrated samples at 100 K are plotted together. The peak
the Debye level. Such an excess is even better emphasized irof the hydrated protein is shifted toward higher frequencies and
the g(w)/w? function, which is plotted in the inset and displays displays a depressed intensity, with this result being in agreement
a neat maximum at about 2.7 meV. with what has been observed in other biological molectieés.
Concerning the origin of the boson peak in glasses, interac- For a small globular protein, it has been shown that hydrated
tions of acoustic modes with density fluctuations have been samples are characterized by higher sound velocities than dry
suggested as a possible explanafiori? In particular, in the ones® In the framework of the previously discussed model, a
disordered glass structure, the existence of limited density higher vs leads to higher vibrational frequencies, which is
fluctuations domains, within which short- and medium-range consistent with the observed behavior. Actually, the ratio
order is maintained, has been hypothes#Zelh this picture, between the observed peak frequencies of the d&:{ meV)
the vibrational anomaly has been ascribed to phonon scatteringand hydrated+3.3 meV) samples is larger than expected from
by such “clusters”: phonons localization at the boson peak the values of the sound velocities in dryZ260 m/s) and wet
frequencies would occur when their mean-free path becomes(~3300 m/s) protein$® However, such a discrepancy could be
comparable to the size of the domains. In particular, the due to either the uncertainty in the determinationvgr a

(5)

Ol

Vo=
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Figure 4. Dynamic structure factors as functions of energyqat 0 2 4 6 [me,?/.] o 1214
1.9 At and T = 100 K, of the dry (full circles) and ED-hydrated @
(open circles) samples. Figure 5. Dynamic structure factors as functions of energyqat

. . ) . . - 1.9 AlandT = 100 K, of the dry (full circles) and dry deuterated
concomitant increase of the protein effective diameter in (open circles) samples and of the@hydrated (full squares) anc,O-
hydrated samples. hydrated deuterated (open squares) samples. The spectra of the two

Alternative interpretations of the peak hydration dependence dry samples are to be referred to the right axis, which is upward-shifted
address the anomalous bump to vibrations of specific protein for clarity.
structural elements. Early MD simulations suggested that

protein-water interactions depress low-frequency matiean analysis) and higher scattering intensity. A similar exchange-

based experiment was performed with dry myogldbit in
that case, no significant difference was actually observed and
¢ an identical dynamical behavior of external and internal atomic
roups was deduced. The discrepancy with the results presented
erewith can be attributed to a possibly higher statistics achieved
with the present experiment, or to a different exchange
procedure, or to a peculiar behavior GEG with respect to
myoglobin. On the other hand, a more recent experiment on
plastocyanin revealed exchangeable hydrogen atoms to have
lower vibrational energies than nonexchangeable &hés,
agreement with our present findings.
We now come to compare the spectra of th@®Ehydrated

to the number and strength of proteiwater hydrogen bonds:

with increasing water content, the increasing number o
hydrogen bonds is expected to strengthen the force constant
of the system, leading to higher vibrational frequencies and
lower mobility. According to this hypothesis, and to the

observation of the anomalous bump in denatured myoglobin
and in mixtures of hydrated amino acids, an interpretation in
terms of water-coupled librations of solvent-exposed polar side-
chains was suggest&don the other hand, a MD simulation

study of myoglobin indicated that the scattering excess is mainly

due to lateral chains located in the protein inner redfon. d DO-hvdrated d d | 0 .
Meanwhile, a recent novel analysis of MD simulation data @"d DO-hydrated deuterated samples. Once again, nonex-

suggested that the main contribution arises from the protein Changeable protein hydrogens, contained in th@-hydrated
backbone® deuterated sample, show the anomalous excess of scattering,

f and the further contribution of exchangeable protein hydrogens,
in the corresponding fD-hydrated sample, appears with a

stronger scattering intensity. However, at variance with what
¢was found for the dry samples, no peak frequency difference is

In light of these conflicting results, a clearer assessment o
which protein structural elements give origin to the anomalous
peak vibrations is highly desirable. With this respect, the H/D
exchange procedure can be helpful. Indeed, a NMR study o o
the SLG structure indicates that regions highly protected from apparent in this case. . . . .
the exchange are those located in the internal core of the protein, FOF & more detailed analysis of the differences in the scattering

On the contrary, the majority~90%) of exchangeable hydro- intensity, we can refer, for instance, to the two desiccated
gens is located on solvent-exposed side-ch#inEhus, the samples. The spectrum of the dry sam@gq,w) can be

isotopic hydrogen exchange could help in discriminating the considered as a weighted average of the two dynamic structure
dynamical behavior of surface and internal residues. factors of exchangeable and nonexchangeable hydrogen atoms:

The low-temperature spectra of the dry and dry deuterated N N
samples, together with those of the@hydrated and BD- I ___ne
hydrated deuterated samples, are compared in Figure 5. In this (@) Ne + Npe SQ)+ Ne + Npe Sdaw) (©)
figure, the spectra of the two dry samples are to be referred to
the right axis, which is upward-shifted for clearness. The dry where the subscripte and ne stand for exchangeable and
deuterated sample, which contains only nonexchangeable hy-nonexchangeable, respectively, wherdasdicates the number
drogens, exchangeable ones being replaced by deuterium atomsf hydrogen atoms of the relevant type. Notice that the three
displays a well defined scattering excess at 3 meV. The dry dynamic structure factors in eq 6 are all referred to a single
sample, which, in addition to the previous ones, contains also hydrogen atomS,{q,w) is provided by the measured spectrum
exchangeable hydrogens, shows a bump which is shifted towardof the dry deuterated samp8q(q,w). As the peak irsy(q,w)-
lower frequencies and displays a higher intensity per atom. Suchappears more intense than3g(q,w) = Si«(q,w), the peak in
an intensity difference is significant because, as described in S(g,w) must be even stronger, resulting in a greater density of
the Materials and Methods section, the two spectra were states at the energies of interest. Therefore, we can conclude
independently normalized to the same scattering unit. From athat both surface and internal hydrogens give significant
comparison with the previous spectrum, it can be inferred that contributions to the scattering excess, but surface hydrogens
exchangeable hydrogens are responsible for an additional excesare characterized by a higher number of accessible vibrational
characterized by lower frequencies (see below for a detailed states, which could be related to a larger mobility of the outer
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TABLE 2: Spectral Characteristics of the Two Hydrogen
Classes, in Both Dry and DO-Hydrated Samples, Resulting
from the Fitting Procedure (See Text}

hydration o o
state H type (meV) (meV)

dry exchangeable 2201 1.2+ 0.1
nonexchangeable 3601 3.8+ 0.1
D,O-hydrated exchangeable 3204 6.0+ 0.4
nonexchangeable 3401 3.9+ 0.1

‘i 3.020.1 meV % 00'2 4 6 8 10 12

o [meV]

198", @) [arb. u]

—

i 22401 mev

Sg =

. 2 wo and o represent respectively the center and line width of the
-~ S l Lorentzian function employed to model the vibrational peaks.

0 2 4 6 8 10 12 14 :
© [meV] comparing the interior and the surface of the protein, can be

i ) ; 19 At B phenomenologically discussed in the framework of the model
Figure 6. Dynamic structure factor, a = 1.9 A" andT = 100 K, ascribing the anomalous bump to phonon localization. Referring
of the dry sample (full circles). The full line is a fit of the experimental 5 th d veloci b bl d
data. The fit function is the sum of three spectral components: an elastic \© €d ©, the same sound velocitycan be reasonably assume
line (dots), a lower-energy vibrational component due to exchangeablef(?r th? dry and dry deut.erated Samp|es- Therefore,.the higher
hydrogens (dots-dashes), and a higher-energy vibrational componentvibrational frequency of internal residues can be attributed to a
due to nonexchangeable hydrogens (dashesgt.Dynamic structure smaller correlation lengtB thus suggesting a phonon propaga-
factor, atq = 1.9 A" andT = 100 K, of the dry deuterated sample  tion confined within the inner protein shell. On the contrary,
(full circles). The full line is a fit of the experimental data. Besides the librations of surface groups would be characterized by larger
elastic line (dots), the spectrum consists of a single vibrational correlation lengths. which result to be comparable with and
component due to nonexchangeable hydrogens (dashes). - gtns, N ) P .

slightly larger than the protein dimensions. Thus, the different

protein shells with respect to the core. This latter indication is vibrational freqqencies _Of the two classes of protons seem to

in agreement with a NMR relaxation study S£G, which be con5|stent ywth the dlfferent volumes spanned by vibrations

suggests that residues in the hydrophobic core are more rigig2Ssociated with such atomic groups. It can be therefore

in contrast to the considerably higher flexibility of surface speculate_d about_ th_e fact that s_olvent-ex_pose_d side-chains, at
groups the protein-protein interface, might mediate intermolecular

We now draw attention to the frequency position of the interactions and thus be responsible for the propagation of

anomalous peak. The spectrum of the dry deuterated sampleYiPrations across more than one molecule.

due to nonexchangeable protons only, was fitted with the sum .The observed different contributions to the anomalous_peak
of a Gaussian function, which reproduces the elastic resolution Mght bear some relevance to the role of hydration water in the
function of IN6, and a Lorentzian function, which reproduces Protein dynamics. Actually, we found that both surface and

the vibrational peak, describing a broad distribution of harmonic Intérnal low-frequency motions are affected by the presence of

oscillators. As an outcome of the fitting procedure, the results the hydration shell, as, in the:D-hydrated samples, the
of which are shown in the inset of Figure 6, a vibrational vibrations of both exchangeable and nonexchangeable protons

frequencymo = 3.0 + 0.1 meV was found for the inelastic displ_a)_/ t_he peak shift toward h_igh_er frequencieg. Therefore, the
scattering contribution from the nonexchangeable group of Plasticizing effect of water, which is known to trigger the large
protons. Concerning now the dry sample, we can assume thatamp“,wde molecular motions, appears to act over the whole
its spectrum arises from the previous group of nonexchangeableProtein. rather than on its external surface onIy,7|n agreement
hydrogens and by the additional group of exchangeable hydro-W'th some recent_exp_enmental ano_| s!mulatwe resutdwithin
gens. Therefore, to fit such spectrum, in addition to the 3 mev the phonon localization model, this is further supported by the
one, we took into account for the contribution of exchangeable observatlon of theamevibrational freqL!en(;y for both types of )
hydrogens by another Lorentzian. Such an analysis revealed thaf{oMic groups. Indeed, same frequencies imply same correlation
the dry sample spectrum can be fully reproduced by two engthsD_; thus, the VIbratlons_ of surfgce and buried re3|d_ues
vibrational components, the first of which is peaked at the same S€€M to involve the same spatial domains. Therefore, at variance

frequency found for the deuterated sample @.@.1 meV) with what found in the dry protein, the connection between
whereas the second is centered at the lower frequency @f 2.2 €Xt€rnal groups and intermolecular vibrations and between
0.1 meV (see Figure 6). internal groups and intramolecular vibrations cannot be easily

The same kind of approach can be used for studying the gstablished, therefore hydrat.ed proteins appear to behave more
differences between the two,0-hydrated samples. In this case, Kely as homogeneous media.
the two Lorentzians accounting for the contributions of ex-
changeable and nonexchangeable protons are found to b
centered at frequencies which are equal within error bars: 3.2 By means of inelastic neutron scattering, we have investigated
+ 0.4 and 3.4+ 0.1 meV, respectively (the results are the low-frequency dynamics of the globular protgitactoglo-
summarized in Table 2). It should be remarked that the line bulin, on both dry and BD-hydrated samples. The measured
width o of the Lorentzian related to exchangeable hydrogens is low-temperature spectra are characterized by a scattering bump,
so large that the contribution due to this atomic group appearspeaking in the range 24 meV, which results to have a
as an almost flat extraintensity, rather than a separate and distinctibrational and incoherent nature. The derived densities of states
vibration. witness that the bump is due to an anomalous excess of

By resuming, in the dry samples, external residues appear tovibrational modes with respect to the harmonic Debye level.
be characterized by lower vibrational frequencies with respect  Suitable H/D exchange procedures allowed us to discriminate
to internal ones, meanwhile in the hydrated samples, both kind between the dynamical behavior of exchangeable hydrogen
of atomic groups display the same vibrational frequency. atoms -mainly located in external residues- and nonexchangeable

The frequency shift, observed in the dry samples upon hydrogen atoms -situated in internal residues. In the desiccated

eConclusions
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samples we could observe that a neat peak, centered at 3meV, (15) Engberg, D.; Wischnewski, A.; Buchenau, U.jrigsson, L,

is due to internal residues, in agreement with some simulativi
results*® Surface residues provide a further peak at lower

e Sokolov A. P.; Torell, L. M.Phys. Re. B 1998 58, 9087.

(16) Frick, B.; Richter, D Sciencel995 267, 1939.
(17) Wouttke, J.; Hernandez, J.; Li, G.; Coddens, G.; Cummins, H. Z;

frequencies and with a stronger intensity per scattering unit. In Fujara, F.; Petry, W.; Sillescu, HPhys. Re. Lett. 1994 72, 3052.

the hydrated samples, no frequency difference between the

(18) Buchenau, U.; Wischnewski, A.; Richter, Bhys. Re. Lett.1996

vibrations of surface and buried residues is found, whereas the77' 4035

difference in the scattering intensity is still observed.

The discussion of these results in the framework of a phonon

(19) Hehlen, B.; Courtens, E.; Vacher, R.; Yamanaka, A.; Kataoka, K;
Inoue, K.Phys. Re. Lett. 200Q 84, 5355.
(20) Frauenfelder, H.; Parak, F.; Young, R. Bonu. Re. Biophys.

localization model suggests the involvement of intermolecular Chem.1988 17, 451.

vibrations. In particular, the higher vibrational frequency of

(21) Green, J. L.; Fan, J.; Angell, C. A. Phys. Cheni994 98, 13780.
(22) Iben, I. E. T.; Braunstein, D.; Doster, W.; Frauenfelder, H.; Hong,

internal residues is ascribed to the smaller volume, the hydro- M. K.; Johnson, J. B.; Luck, S.; Ormos, P.; Schulte, A.; Steinbach, P. J.;
phobic protein core, spanned by their associated vibrations. OnXie, A. H.; Young, R. D.Phys. Re. Lett. 1989 62, 1916.

the other hand, surface residue vibrations, which are character-

(23) Tirion, M. M. Phys. Re. Lett. 1996 77, 1905.
(24) Schirmacher, W.; Diezemann, G.; GanterP8ys. Re. Lett.1998

ized by lower frequencies and consequently larger correlation g1, 136.
lengths, are suggested to propagate across more than one (25) Taraskin, S.N.; Loh, Y. L.; Natarajan, G.; Elliott, S.Rays. Re.
molecule and to be thus connected with intermolecular interac- Létt: 2001 86, 1255.

tions.

Hydration water is found to affect the low-frequency motions
of both buried and solvent-exposed atomic groups. Therefore,

the plasticizing effect of water, which is known to trigger large

amplitude molecular motions, acts over the whole protein, rather g4, 3.

than on its external surface orfl*Moreover, in the framework

(26) Kantelhardt, J. W.; Russ, S.; Bunde, Rhys. Re. B 2001, 63,
064302.

(27) Elliott, S. R.Europhys. Lett1992 19, 201.

(28) Das, S. PPhys. Re. E 1999 59, 3870.

(29) Gaze, W.; Mayr, M. R.Phys. Re. E 200Q 61, 587.

(30) Paciaroni, A.; Bizzarri, A. R.; Cannistraro, $.Mol. Lig. 200Q

(31) Bizzarri, A. R.; Paciaroni, A.; Cannistraro, Bur. Biophys. Jin

of the phonon localization model, the finding of the same P'eSS:

frequencies for both surface and internal residues implies that ;.

(32) Papiz, M. Z.; Sawyer, L.; Eliopoulos, E. E.; North, A. C. T.; Findlay,
B. C.; Sivaprasadarao, R.; Jones, T. A.; Newcomer, M. E.; Kraulis, P. J.

the respective vibrations propagate through the same spatialNature 1986 324, 383.

domains thus suggesting a picture of hydrated proteins as

homogeneous media.
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