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Neutron scattering evidence of a boson peak in protein hydration water
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Measurement of the low temperature neutron excess of scatteringdshyirated plastocyanin relative to
D,O-hydrated protein allowed us to reveal the presence of an inelastic peak at about 3.5 meV. This excess of
vibrational modes, elsewhere termed “boson peak,” is due to the dynamical behavior of the water molecules
belonging to the HO-hydration shell surrounding the protein. The relevance of the boson peak to the dynami-
cal coupling between the solvent and the protein, and hence to the protein functionality is addressed.
[S1063-651X99)50809-X]

PACS numbd(s): 87.15.He, 66.10:x

Recently, a molecular dynamic@MD) simulation ap- trometer IN5(ILL, Grenoble, France A neutron incident
proach has allowed us to show the existence of an excess wfavelength of\=4.5 A, corresponding to an elastic resolu-
low frequency vibrational modes over the estimated Debyeion of approximately 15@eV has been used; the dynamical
level in the density of states of hydration water around plasstructure factor has been measured in a wide energy range
tocyanin (PO [1], a copper containing protein involved in between—2.5 meV (energy loss and about RgT (energy
the photosynthetic process. Such a vibrational anomaly wagain), and an exchanged wave-vector range from 0.2 to 2.4
traced back to the so-called boson peak, a sort of signature &f *.
the disordered, amorphous state, whose origin, still amply An amount of 200—250 mg of the sample has been held in
debated2-8], might be connected to the low temperaturea flat aluminum cell with internal spacing of 1.5 mm, placed
thermal anomalies in glasses. The presence of such a loat an angle of 135° to the incident beam. Spectra have been
frequency peak, generally located in the 0.1-5 meV rangeaccumulated for 10—12 h at each temperature. The initial
has been detected by neutron scattering and Raman spectrasta reduction has been performed using standard ILL pro-
copy in a large variety of glassy systefizs9], such as poly- grams that correct for incident flux, cell scattering, and
mers, glass-forming liquids, and protein macromoleculeshielding using an angle-dependent slab correction. To com-
[10,11. However, no experimental evidence of this type hagpensate for detector efficiency, the data have been normal-
been provided for the protein hydration water shell whosedzed with a Vanadium spectrum. An average transmission of
thermodynamical and dynamical properties have been su®6% has been obtained; therefore, multiple scattering correc-
gested to be consistent with those of an amorphous stat®ns have not been applied. Poplar R@olecular weight
[12-14. Indeed, the knowledge of the structural and dy-10500 Dalton was obtained by chromatographic purifica-
namical properties of hydration water is of the utmost rel-tion from E. Coli cells where the PC gene had been cloned,
evance to the understanding of the protein functionalityaccording to procedures reported in REZ1]. Controlled
which, on the other hand, crucially depends on the presendeydration of lyophilized PC in both © and HO has been
of at least a minimum amount of solvent wafé5,16. In carried out in a chamber under vacuum in the presence of a
this respect, it is believed that about 0.38 g gfoHper g of  saturated KCI solutions. The degree of hydration has been
protein are sufficient to cover the entire protein surface andietermined by weighing. We have investigated PC hydrated
to fully activate the protein functionalitf15,16]. Actually,  with H,O and DO at a hydration level at 0.38 g of solvent
the peculiar dynamical behavior of the hydrogen bond netper g of protein; therefore, a bulk phase is not present, avoid-
work of water at the protein interface is able to modulate thang exchange between phases and ice formation.
protein dynamics probably through the solvent-exposed lat- Figure 1a) shows the dynamical structure factor,
eral chaingd17] and is believed to provide the required flex- S"¢*P29(2¢, 1), at a fixed scattering angle §288°) of the
ibility for the sampling of the protein conformational sub- PC sample partially hydrated with,D at three different
strateq12,18. These are local minima in the protein-solvent temperatures. These spectra are generally dominated by the
system potential energy and appear to be of biological relstrong incoherent contribution arising from the protein pro-
evance 19,20. tons which, being uniformly distributed within the whole

The present paper reports neutron spectroscopic evidenggacromolecule, monitor the overall protein dynani2g].
of a low frequency excess of inelastic scattering in the dy-Due to the much smaller neutron scattering cross section of
namical structure factor of the PC hydration water. The neudeuterium with respect to hydrogen, the contribution to the
tron spectra of PC samples hydrated witfCDand HO have  incoherent scattering of the deuterated solvent is practically
been collected at three different temperatufe0, 220, and negligible[22].

300 K) at the cold neutron multichopper time-of-flight spec-  The spectra of Fig. (8 (and the following onescan be
generally interpreted in terms of three main components, i.e.,
the elastic, the quasielastic, and the inelastic ones, whose

* Author to whom correspondence should be addressed. Electronielative intensity depends on the temperat[28—24. By
address: cannistraro@pg.infn.it restricting our analysis to the inelastic region, we note the
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0.05 . - - - . . . whose structure and functional role are very similar to those
= 004“ PC +D,0 A of PC, and has been attributed to global, collective, and
= 0045 T damped vibrations involving protein domains and secondary
=) \ structure elements.
£ 003r 4 1 The dynamical structure facto8”¢*"2°(26,v), of PC
T - hydrated with normal water, is shown in Fig(bl for the
= 0.02 same three temperatures and scattering angle of those of Fig.
£ 1(a). Again, the low temperature curves show, in the inelas-
»n 00 tic region, a peak located approximately at about 3 meV,
0.00 over which the quasielastic contribution superimposes at 300

K. It should be kept in mind that, now, both the protein and

the hydration water solvent protons contribute to the dynami-
cal structure factor. Therefore, if we carefully normalize

010 - SPCeP0(26,v) andS7"H29(26,v) to the number of unitary
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hydrogen scatterers, the difference
—~ 0.08l PC+H,0 B |
2 SH0(26, v) = SPCTHO(29, 1) — SPCPO(20,0) (1)
S 006} \m 1
g *‘u& provides information about the dynamics of the water mol-
~ 0.04 L “haa ] ecules belonging to the hydration shell around PC. To prop-
2 R TR erly normalize our data we have followed the procedure re-
& 0.02r °""\°>°\::‘*:A.‘ rhpann. ] ported in Ref. [26]. We have considered that each
%) ...,...rl-v-"""'l"--"-...__F____:__::_::f:ff: H,O-hydrated PC macromolecule contains 558 nonex-
00 =8 10 12 14 changeable protein protons, about 48 solvent-exposed, fast
exchanging protein protons, about 100 buried protein protons
() hv(meV) with a long exchanging time, and 455,@ solvent protons.
The D,O-hydrated PC sample contains 558 nonexchangeable
T ' ' o ' protein protons and 50 protein protons with a long exchang-
g 0.06 -l H,O hydration shell C ing time (under the assumption that about 50% of slow ex-
= \ changeable protons have actually exchanged with deuterium
P solvent, according to Ref.26]). For normalization of the
5 004 A 1 data, we have used the energy integia(26,v)hdv in the
= “\ﬁ whole investigated energy range. The dynamical structure
Z OOZ-L H\*‘h—« | factor, S72°(26,v) of Eq. (1), calculated as described, is
N \4—r‘w‘"""~°\...\:j.*«“ﬂ‘ shown in Fig. 1c), for the three analyzed temperatures. Sur-
A l \.~.....,u““‘“L“‘A prisingly enough, a broad peak, centered at about 3.5 meV, is
0.00 LEmamEm ey e g raseeeet.d well visible at 100 and 220 K, whereas it appears to be
0 2 4 6 g 10 12 14 masked by the quasielastic contribution at 300 K.
(©) hv (meV) More rigorously, we should take into account that

SH29(26,v) contains contributions from both the hydration
FIG. 1. Experimental dynamical structure fact8(26,v), asa  shell and the exchangeable PC protons, the latter being about

function of energyhv, at a fixed angle 2=88° of (a) D,O hy- 1494 of the total. Therefore, to reliably attribute the boson
drated PC{(b) H,O hydrated PC(c) PC hydration water. In all of eak observed ir8"2°(26,v) [Fig. 1(0)] to the hydration
the figures, the curves refer to the foIIc_JWing temperatures: 100 Kgpq| protons, we must check that the intensity of the corre-
(squarel 220 K (circles, and 300 K(triangles. Error bars are  gh0nding peak in the inelastic region is consistent with the
indicated and solid lines are a guide to the eye. number of protons in the J© hydration shell. To estimate

the number of hydrogen scatterers contributing to such an
presence of a broad peak, centered at about 3 meV, clearlgelastic peak, we have computed, at the lowest temperature
visible at 100 and 220 K temperatures, and possibly mergingvhere the quasielastic contribution is practically negligible,
into the broad quasielastic contribution at 300 K. Generallythe integralfS(26,v)hdv from 1.2 to 7.5 meV. We found
the frequency dependence of the dynamical structure factdghat this area is consistent with a number of hydrogen scat-
can be cast in the form-1/vn(v,T)g(v), wheren(v»,T) is  terers five times higher than that expected if only exchange-
the Bose factor and(v) is the density of states. In the able protein protons would contribute to the low frequency
Debye approximation and at low frequengy,v) turns out vibrational peak(the estimate error on the calculated area
to be proportional tor? and n(»,T) is approximated by being about 10% Such a finding strongly supports the ex-
kgT/hv; accordingly, a constant trend as a function of fre-istence of an excess of low frequency vibrational modes due
quency is expected for the dynamical structure factor. Thereto the water hydrogen from the hydration shell surrounding
fore, the observed low frequency excess of modes represern.
a deviation from the flat Debye level. As previously men- We have, moreover, derived the dynamical structure fac-
tioned, a similar excess of vibrational modes has been obtor S72°(q,») by transformingS(26, v) into a constant wave
served in many protein systems, including azufi24], vectorq (q=2.1 A1) format, using an interpolation proce-
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0.006 . . ‘ T . . shell. Indeed, the glassiness of the protein-water system is
l 08 still an open problem. A wealth of spectroscopic studies have
06 indicated that the internal flexibility of hydrated proteins
g drastically increases above 180-220 K as compared to tem-
peratures below this transition temperat@néich is likely
g \A connected to the onset of most of the biological functional-
R foTae 76 7820 22 ity). Owing to the phenomenological analogies of the dy-
0-002 _,_ " "”"&@ ae i namical behavior between proteins and glassy systems, this
- temperature has been related to the well-known dynamical
glass transitio17,19. The question concerns whether the
0~0000 2 4 6 5 10 12 1 measured dynamical transition is an inherent property of the
hv (meV) protein or whe.ther the protein dynamics is driven by the
solvent propertiegslaved to the solvertl8,19,28). In any
FIG. 2. Experimental dynamical structure fact6(g,»), as a  case, the present result constitutes additional evidence of the
function of energyhv, at a fixed wave vectag=2.1A", of PC  complexity of the protein solvent system. Actually, we have
hydration water. The same symbols as in Fig. 1 have been used. Alecently shown, by MD simulation of the PC water system,
of the spectra have been rescaled by the Bose factor to the comméRat the protein hydration water shell displays a number of
temperature of 100 K. The solid lines are a guide to the eye. Inseproperties that are typical of complex systems: namely, a
experimental dynamical structure fact@(q,v), as a function of  sublinear trend with time of the water oxygen mean square
the wave vecton, for three fixed values of the energy, 3, and 5 displacement§l14], a stretched exponential relaxation of the
meV from top to bottomat 220 K. The dashed lines indicate tfe ~ hydration layers29], and a flickering noise in the power
trend. spectrum of the solvent potential eneri@0]. All of these
. . , ) properties have been traced back to a temporal and a spatial
dure to take into account the variation @fwith v at fixed  gisorder at the protein interfadéypical of self-similar sys-
saact)terlng angle because of the neutron kinematicSemg [29,3(). Such an aspect could find a correspondence
S72(q,v) at the three temperatures is shown in Fig. 2 afteryith the current models that invoke the intervention of the
having been rescaled by the Bose factor to the common temygy|0gical disorder, or microscopic heterogeneities, in caus-
perature of .100 K. T_hls representation allows the three SP€Ghg the boson peak in glassy systems. It is believed that
Fra to superimpose |nto' a common c_:urve,.at and abovg th8ensity fluctuations on domains of medium order, due to the
inelastic peak, suggesting that in this region the vibrationgnyinsic heterogeneities of glassy systems, could be respon-
are essentially harmonic. The 3.5-meV boson peak is signifisip|e for the strong scattering of acoustic localized excita-
cantly evident at 100 K and its inelastic nature is confirmed;ons and then lead to the observed enhancement of low fre-
by the q° dependence shown in the inset of Fig. 2 at thregyyency modeq3,7,9. In this connection, a relationship
different energies. At 220 K, even if the peak is still well connecting the domain correlation length, the velocity of the
visible, some scattering fills up the low temperature mini-5coystic waves in the medium, and the frequency of the peak
mum. This additional scattering does not appear to be of §55 even been proposed. We are not able, at present, to trans-
guasielastic naturé&he elastic line is not broadenednd is pose the physical meaning of these models to our system,

reminiscent of the onset of fast dynamical processes hypothsgnsidering also the uncertainty of the acoustic velocity in
esized to occur in some glassg. At 300 K, the strong the hydration water.

increase of the elastic linewidth due to the activation of dif-  \yhat we find worthy of noting, however, is the simulta-
fusive motions could probably cover the boson peak. lteous presence of a boson peak in the protein and in the
should be mentioned, however, that such a peak was n@lyqration water, occurring at similar energies. As we have
observed in the neutron scattering of hydrated phycocyanigjready remarkefiL], this could reflect an extensive dynami-
(fully deuterategl [25] and hydrated myoglobif26]. In this ¢4 coupling between the protein and the hydration solvent.
respect, it might be argued that the observed low frequencyphe intimate contact between the solvent exposed protein
excess of scatteringig. 1(c)] might be a peculiarity of the regiques and the water molecules could give rise to a sort of
hydration water shell of PC or, alternatively, its presence injiprational coupling, possibly at the origin of the peculiar
phycocyanin and myoglobin systems results in being maskeghectral features of both the systems. The density fluctua-
by the Igrge water translational band at.6—8 meV wh|c'h IStions of the whole system, appearing of long range and col-
also typical of bulk water. At our hydration conditions, in- |active character, and of biological relevance, would prima-
deed, such a band could result in being suppressed due {0 th; arise from the fact that solvent water could “inject” its
lack of nearest ne|ghb_ors to the .hydrat|on water moleculesdynamiCS into the protein side chaif7] whose librations
_The present experimental evidence of a low frequencyaye heen shown to be strictly dependent on the hydrogen
vibrational anomaly(boson peakjust in the protein hydra- hong network restructuring dynamics occurring at the
tion water confirms our previous MD simulation results on ytein-solvent interfacél1]. The mechanisms of the dy-
the same systeifil]. Such evidence witnesses, on one handpamical coupling occurring at the protein-solvent interface,
the reliability of the force field and the overall simulation \yhich seems to be responsible for the observed vibrational

procedure employed, and, on the other, strengthens the p&{pomalies, deserves further investigation.
spective of assessing the origin of such a peak by exploiting

the atomic spatial and temporal resolution of NIZY]. We acknowledge the ILLGrenoble, Frangefor provid-
Moreover, the presence of the boson peak supports thieg the neutron research facilities. Thanks are due to Duccio
glassy character of the water belonging to the PC hydratioMedini for his help in performing the experimental runs.
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