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Abstract: The boson peak is a broad peak found in the low-frequency region of inelastic neutron and
Raman scattering spectra in many glassy materials, including biopolymers below ~200 K. Here, we give
a novel insight into the origins of the protein boson peak, which may also be valid for materials other than
proteins. Molecular simulation reveals that the structured water molecules around a protein molecule increase
the number of local minima in the protein energy landscape, which plays a key role in the origin of the
boson peak. The peak appears when the protein dynamics are trapped within a local energy minimum at
cryogenic temperatures. This trapping causes very low frequency collective motions to shift to higher
frequencies. We demonstrate that the characteristic frequency of such systems shifts higher as the
temperature decreases also in model one-dimensional energy surfaces with multiple minima.

Introduction

viewpoints. For instance, it has been suggested for silica glasses

Neutron scattering spectra of systems that obey the Debyethat the peak is related to acoustic-like Iocalizeq vibrafiam
squared frequency law should be constant against frequency inf@ OPtic-like rotational motior? In the case of fragile polymers,
the lowest frequency range. The boson peak is characterizedne V|brat|or’rr_elaxat_|on_crossover |s_propost_ed as the origin of
by an excess spectral density of states as compared to the Debyte Peaks® In simple liquids, the peak is explained by the mode-

frequency law. It is found in the low-frequency region {140

coupling theoryt* The protein boson peak is claimed to be the

cm™?) of inelastic neutron and Raman scattering spectra in many "eSult of accordion-like excitations of-helices angB-sheet®

glassy materials, such as glass-forming liquigelymers? and
biological macromolecules 2 at cryogenic temperatures below

or of similar localized motion in the molecule. In contrast, it is
also suggested that the peak originates from protein motions

~200 K. A peak corresponding to the boson peak has also beerfXtended over the entire protein molectl®espite both

found in simulation studies of hydrated protefi8.As the

experiment&’8 and theoreticdl'® efforts, the origin of the

temperature increases, the boson peak shifts to lower frequencyProtéin boson peak has not yet been fully understood.

and becomes buried in the quasi-elastic contributions. The boson Another temperature-dependent phenomenon which has re-
peak is observed in such a wide range of glassy materials cently attracted much attention is a dynamical transition in
including biopolymers, that attempts to clarify its origin have proteins similar to the glass transition. This glasslike transition
been pursued in fields ranging from physics to biology. The IS observed as an abrupt increase in atomic fluctuations at a
origin of the peak has been understood from a variety of temperature above-200 K and is accompanied by the disap-
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pearance of the boson petikhe glasslike transition of proteins
has been detected by a variety of experimental techniques, such
as X-ray crystallographi Méssbauer spectroscopy,and
incoherent neutron scatterifdd® It is suggested that below the
transition temperature, a protein molecule is trapped in one of
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the conformational substates, and its conformation undergoesThis is an idealized case where neither anharmonicity nor solvent
almost harmonic motions within the basin of the potential effects are considered. In LMA, viscosity is introduced to NMA,
surface. Above the transition temperature, anharmonic motionsand thus protein motions are expressed as a linear combination
are observed, owing to the onset of jumping among different of independent Langevin oscillators on the harmonic energy
substates, which endows a diffusive character to the conforma-surface?l=23 In contrast to the above two models, molecular
tional dynamics. The transition is strongly suppressed in dry dynamics simulations (MDV, MDGB, and MDW) deal with
proteinst and hence solvent molecules are implicated in the not only vibrational motion but also anharmonic motion of the
activation of the diffusive anharmonic motions. Such diffusive protein?3 In MDGB, solvent is treated as a dielectric continuum
anharmonic motions were shown to be crucial to the function instead of explicit water molecules. In our study, MDW gives
of a protein ribonuclease . Collective motions are often  the most realistic results, including both anharmonicity and
inferred to be important for protein functidf,and a small solvent effects. In this article, we discuss the relation between
number of anharmonic collective motions are considered to the protein energy landscape and the origin of protein boson
dominate the total fluctuatiorf8.In addition, large-amplitude  peak by comparing the results of these simulations.
collective motions characterized by a time scale>0f0.5 ps
are found to be significantly affected by solvéht2® To find
functionally relevant motions and to gain insight into the protein  Simulation Procedure.In MDV, MDGB, and MDW, the calculation
energy landscape, it is useful to determine collective motions procedure is as follows. After a 150 ps equilibration period, 1 ns MDV,
from molecular simulation results by principal component MDGB, and MDW were carried out at 300 K. The 1 ns trajectory was
analysis (PCAJ° divided into five 200 ps trajectories. From the five structures obtained
Herein, we will show that the protein boson peak originates for €very 200 ps simulation over the 1 ns, MDV, MDGB, and MDW
from a hydration-related multiple minima energy landscape, were performed at 100 K.. Incrgasmg the temperature from 100.K, we
which is also believed to be the origin of the glasslike transition PErformed subsequent simulations at 150, 200, and 250 K using the

. insl® Gaini detailed und di £ h . structure obtained at the end of the previous temperature simulation.
In proteins:® Gaining a detalled understanding of the protein Each simulation below 250 K consisted of a 100 ps equilibration period

energy landscape is essential not only for determining the origins 5q 4 200 ps production period. Physical quantities at each temperature
of the boson peak and glasslike transition but also for elucidating in this paper were calculated as the average of the results from five
the physicochemical mechanisms involved in protein function. trajectories.

The multiple minima nature of the protein energy landscape is  Hen egg-white lysozyme comprises 1960 atoms in our simulations.
caused not only by the inherent nature of protein itself but also In MDW, 8 chloride ions and 7303 water molecules are included in
by rearrangement of the atom packing topology between thethe simulated system, and the AMBER parm99 potential energy
protein and water molecules, accompanied by Iarge-amplituder“CtiO"?G and TIP3P water modilare employed. No potential energy
collective motions of the protei#f:25 Solvent molecules are  Cutoff is used in NMA, MDV, and MDGB. In MDW, a pequic
known to affect protein dynamics mainly by two mechanisms. poundary condition W'.th a box size of 59.8 67.5x 73.7 R is

The first is the enhanced anharmonicity, typically emergence imposed, and the particle-mesh Ewald method is used (the Lennard-

f hvdrati lated ltiol - i dab Thi Jones interactions and the real space Ewald sum are smoothly switched
Orhydration-related multiple minima as mentioned above. This to zero at 10 A). In MDW, the relative dielectric constant is 1.0. In

aspect of pr‘?te'” dynamlc§ F:an be captured well theoretically \;py ang NMA, a relative dielectric constant proportional to the
by the Jumping Among Minima (JAM) modél.The second gistance between atoms is used. The system is weakly coupled to a
mechanism is the viscosity effect, for example, manifested by heat bath by Berendsen’s metRddith a relaxation time of 0.2 ps in
damping of vibrational motions. order to maintain constant temperature in MDV, MDGB, and MDW.

To study the origin of the protein boson peak, we perform In MDW, Berendsen’s method is also used to keep the pressure constant
molecular simulations using the atomistic force-field model at 1 bar with a relaxation time of 0.2 ps. MDV, MDGB, and MDW
(AMBER parm99)¢ Inelastic neutron scattering spectra, that are performed wi.th an integration time step .of_ 0.5 f_s. In this paper,
is, the incoherent dynamic structure factors, are calculated fromMolecular dynamics simulation and energy minimization for NMA are
the results of simulations. Thus, the relation between atomic performed bylusmg th? molecular simulation programs AMBER 7
fluctuations and neutron scattering spectra is examined. Fiveand PRE.STG’ reSpecnve'y'. . .

. . . . Inelastic Neutron Scattering Spectra.Neutron scattering experi-

types of simulation, normal-mode analysis (NMA), Langevin

. S ments essentially measure the total dynamic structure fa&{Qre),
mode analysis (LMA), molecular dynamics in vacuum (MDV), in which Q andw correspond to the momentum and energy transfers

molecular dynamics simulation with the generalized Born pegween incident neutron and sample, respectively. Because the
modef” (MDGB), and molecular dynamics in water (MDW)  incoherent scattering length of hydrogen is 1 order of magnitude larger
are applied to hen egg-white lysozyme (PDB code: 4lzt). A than the coherent scattering length of all the other atoms in the protein,
boson peak has been observed in neutron scattering experimentse assume in this study that their coherent contribution is negligible,
of this protein38 In NMA, the conformational energy surface that is, Q) ~ Sn(Qw). We calculate the incoherent dynamic
of the protein is assumed to be a multidimensional parabola. structure factorS.(Q.w), as the Fourier transform of a time correlation

Methods

(19) Berendsen, H. J. C.; Hayward,&urr. Opin. Struct. Biol200Q 10, 165~ (28) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. Chem. Phys1983

169. 79, 926-935.
(20) Kitao, A.; Go, N.Curr. Opin. Struct. Biol.1999 9, 164-169. (29) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A;
(21) Kitao, A.; Hirata, F.; Go, NChem. Phys1991, 158 447—-472. Haak, J. RJ. Chem. Phys1984 81, 3684-3690.
(22) Hayward, S.; Kitao, A.; Hirata, F.; Go, N. Mol. Biol. 1993 234, 1207 (30) Case, D. A; Peariman, D. A.; Caldwell, T. E.; Cheatham, T. E., IIl; Wang,

1217. J.; Ross, W. S.; Simmerling, T. A.; Darden, T. A.; Merz, K. M.; Stanton,
(23) Kitao, A.; Hayward, S.; Go, NProteins1998 33, 496-517. R. V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Tsui, V.; Gohlke, H.;
(24) Kitao, A.; Hirata, F.; Go, NJ. Phys. Chem1993 97, 10223-10230. Radmer, R. J.; Duan, Y.; Pitera, J.; Massova, |.; Seibel, G. L.; Singh, U.
(25) Kitao, A.; Hirata, F.; Go, NJ. Phys. Chem1993 97, 10231+-10235. C.; Weiner, P. K.; Kollman, P. AAMBERTY University of California: San
(26) Wang, J.; Cieplak, P.; Kollman, P. A. Comput. Chen200Q 21, 1049- Francisco, 2002.

1074. (31) Morikami, K.; Nakai, T.; Kidera, A.; Saito, M.; Nakamura, Gomput.
(27) Tsui, V.; Case, D. ABiopolymers2001, 56, 275-291. Chem.1992 16, 243-248.

8706 J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005



Origin of the Protein Boson Peak ARTICLES

temperatures below 200 K. At 300 K (Figure 1a), the overall
shapes of the incoherent dynamic structure fac&€3w), agree
with one another at frequencies higher than 70 tbut differ
at lower frequencies. These results indicate that anharmonicity
and solvent effects on protein dynamics can be detected at
frequencies lower than~70 cntl. This frequency range
corresponds to a time scale ®f0.5 ps for the large-amplitude
collective motions, which are significantly affected by soh@nt
At this temperature, only the LMA result is in good agreement
with that of MDW at frequencies higher than 8 th Thus,
the harmonic model with viscosity can reprod&e,w) over
a wide frequency range higher than 8 dmThe differences in
the frequency range lower than 8 chis considered to arise
from the anharmonicity of protein energy surface. The calculated
results at 100 K (Figure 1b) are significantly different from those
at 300 K. The so-called boson peak, a broad peak at around 20
cmL, is only observed in the MDW result. However, peaks
are observed at around 5 chin both NMA and MDV,
corresponding to the lowest frequency normal mode. In this
respect, MDV behaves very similarly to NMA at 100 K. The
shapes o§Q,w) calculated by MDGB are essentially the same
as those by MDV at both 300 and 100 K. Thus, the GB model
does not take account of either the viscosity effect or the multiple
0 20 40 60 80 energy minima effect caused by solvent. The effect of viscosity
Frequency (cm ) can be observed in the LMA results. In Figure 1b, we see that,
5{5”&2 nlc (a(%ng b) Eyggrgrrls)tﬂ;?tgre_ fgcéo,&%?’(gglicﬁa?efduﬂ?iir?ntﬂfe When viscosity i§ introduceq, the peak.at around 5%cimNMA
resCLIts o?l}i]uoleculéur simulations at (a) 300 and kb) 100 K. The rgsults of disappears e.m.d instead a Slngle_ peak IS Ob.se.rved ‘fﬂb Eren
NMA (-« ), LMA (- - -), MDV (=), MDGB (- - - - -), and MDW (thick when examining a range of friction coefficients in LMA, no
line) are shown. In LMA, we use a friction coefficient of 20 chfor all peak is observed at a finite low frequency. Therefore, the protein
modes. 2Tlr1|2s3 value is estimated based on calculated values from thephoson peak at around 20 chcannot be explained by the effect
Iggiﬁ‘f; a fu(ﬁltl)‘?,"(’ff’?{:;ﬂfnﬂ;pﬁ)”ﬂegcf gg Sz?%m{'ft Stgg‘.‘gifﬁcm of viscosity alone. Figure 1c shows the temperature dependence
calculated using the results of MDW over the temperature range of 100 Of the incoherent dynamic structure factors calculated using the
300 K. results of MDW over the temperature range of +300 K.
This figure reproduces the temperature dependen&Q@#v)
observed in inelastic neutron scattering experiments of proteins
1 e _ quite well346
Sne(Qw) = P ji ., dtexpiot)l, (Qt) 1) The behavior of water confined by biological macromolecules
at cryogenic temperatures has been reported to differ from that
lin(Qt) = zbﬁm@xp(—iQ-rJ(O)) expf{Q-r;(1))0 2) of bulk water33 In neutron scattering experiments of solvated
I proteins at cryogenic temperatures, the system has been shown
) . . to be in a metastable state after flash-cooling to 77 K. Water
Here, bicj andr; are the incoherent atomic scattering length and L .
position of atom, respectively. The functionk.«(Q,t) and Sw(Q.v) near the protelps in the flash-cqoled systems does not crystallize,
reported in this paper are the respective averagésd®,t) and Snc- as the dynamics of the protein and water are thought to be
(Q) on the spheréQ| = Q. The intermediate scattering functions ~ Strongly coupled. The temperature control in the present
are calculated from a 200 ps MD trajectory or are analytically calculated calculations was designed to simulate flash-cooling. To confirm
in NMA and LMA. In the case of MD, the incoherent dynamic structure  that the water in MDW was not in a solid state even at cryogenic
factors shown in this paper are averaged over five different trajectories. temperatures, we calculated the average number of water
The functionSa(Q,w) is rescaled by the factor exjp/2kT) to satisfy molecules hydrogen bonded with each water molecule. Two
the detailed balance condition. Such quasi-classical approximation hasyater molecules were determined as being hydrogen bonded
been _ofter21 used in neutron scattering experiments for almost-classicalon|y if their inter-oxygen distance was less than 3.5 A and their
T e s O -0 ancle was larger than 150The average values ot
) ' 100, 150, 200, and 250 K were 1.74, 1.73, 1.72, and 1.69,

are not dominant in the frequency range of the boson pe&R ¢cni?) vel d | v diff f h | f
or lower. To simulate actual experimental resolutions, the inelastic respectively, and were not largely different from the value o

neutron scattering spectra are broadened by convoluting a GaussiatVater at 300 K, which is 1.63. Thus, the water was not
resolution function (width= 1 cnr?). crystallized and was, in fact, in a supercooled liquid state even

at cryogenic temperatures. The water model employed here was

TIP3P28 The TIP3P model has been widely used to investigate
For the simulation results, we first note that the broad peak the dynamical properties of solvated proteins at cryogenic

around 20 cm? is observed only in the solvated protein at low temperaturéd and to obtain the corresponding neutron scattering

M
|

1
b\
|

function, that is, the intermediate scattering functib(Q,t):

Results and Discussions

(32) Sears, V. FPhys. Re. A 1985 31, 2525-2533. (33) Weik, M. Eur. Phys. J. E2003 12, 153-158.
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To analyze the protein energy surface over the important
subspace spanned by dominant collective coordinates, the
trajectories in MDV and MDW at 100, 200, and 300 K are
projected onto the plane defined by the 1st and 2nd principal
components of each 1 ns trajectory at 300 K (Figure 2). The
projections of these trajectories onto the 1st and 2nd principal
components at 300 K contribute to the total mean-square
fluctuation of atoms (MSF) by 39 and 37% in MDV and MDW,

ot
w

0.0

0L, L L L ! respectively. Those at 200 and 100 K contribute to the total
-1.0 05 00 05 1.0 MSF by 34 and 38% in MDV, and 41 and 42% in MDW,
First principal component (,&} respectively, which are not largely different from the contribu-

tions at 300 K. Similar to the results of BP33the present
results show that, at 300 K, lysozyme motion in water (MDW)
varies in two ways from that in vacuum (MDV)); first, the motion
appears to be more diffusive in MDW, and second, the size of
clusters observed for the trajectories is smaller in MDW. The
diffusive nature of the trajectories in MDW was characterized
more clearly by overdamping of the autocorrelation function
for each principal component (data not shown) as demonstrated
L L ! L previously?123 As seen in Figure 2, at cryogenic temperatures,
100 200 300 the protein motion in water is trapped in a smaller-scale cluster
Temperature (K) than in vacuum. This means that the protein dynamics are
Figure 2. (a) MD trajectories of hen egg-white lysozyme in vacuum confined to fine structures on the energy surface at low
p;OLectltéd onto the plane3 ggfreg b%/ the 1|Sf agd 2nd pfinCip?Lcompﬂnen;Stemperatures. Such fine structures have been shown to arise from
Zintqu‘laati:r?stgi%gr)(/bﬁe), 206((g)regr‘:)'?’iggt3oegal<'”(r";’3;e;re 1 e téi\c/’e the existence of structured water molecules around the protein
trajectories are plotted in the results of simulations at 100 and 200 K. The Molecule?® The temperature dependence of the amplitude of
projected trajectories are divided by the square root of the total protein MDV fluctuation along the direction of the collective coordi-
mass, and thus have dimensions of angstroms. The magnitudes of the masshgtes in each cluster is almost the same as that expected from

weighted mean-square fluctuations from the lowest frequency mode of NMA . o .
at 100 (blue), 200 (green), and 300 K (red) are also indicated by the width NMA below the glasslike transition temperature. Similar results

of the double-headed arrows. (c) Temperature dependence of the contribuere also observed along the other large-amplitude principal
tions of the first 100 principal components of 200 ps trajectories to the components (data not shown). Furthermore, in MDV below 200
total mass-weighted mean-square fluctuation of the protein. The results of R ; F—
MDV (—) and MDW (thick line) are shown. The contribution of the lowest K, the contributions of the fII’S'F 100 prmupgl components to
100 frequency modes of NMA- ¢ -) to the mean-square fluctuation is th_e total mean-square fluctuation are also in good agreement
independent of temperature. with those of the lowest 100 frequency<30 cnt1) modes of
NMA. However, those in MDW below 200 K are much smaller.
datai®3536To confirm that our findings do not depend on the These results indicate strong suppression of the collective
water model, we also carried out MDW using the TIPEP  motions in protein in MDW at cryogenic temperatures, while
model, in which water has been shown to crystallize at low the temperature dependence of the protein fluctuation in MDV
temperature®’ The simulatedQ,w) for this model was ingood  can be regarded as harmonic in this low-temperature range.

agreement with the results for TIP3P shown in this paper (data To summarize, the protein boson peak is observed only in

Contribution (%)

not shown). MDW, which indicates that a feature of the dynamics existing
in MDW but not in NMA, LMA, MDV, nor MDGB is

(34) ;/itzle,(ff’ggD'; Ringe, D.; Petsko, G. A.; Karplus, Mat. Struct. Biol200Q responsible for the peak. As mentioned earlier, large-amplitude

(35) Loncharich, R. J.; Brooks, B. R. Mol. Biol. 109Q 215, 439-455.

(36) Hayward, J. A.; Smith, J. Biophys. J.2002 82, 1216-1225. (37) Matsumoto, M.; Saito, S.; Ohmine,Nature2002 416, 409-413.
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Figure 4. Model one-dimensional (a) multiply hierarchical and (b) singly hierarchical energy surfaces, and results of Brownian dynamics simulation using
these surfaces. Power spectral densities for (a) and (b) are shown in (c) and (d), respectively. Temperature dependences of mean-squar®fl(etuation
and (b) are shown in (e) and (f), respectively.

collective motions cause structural changes in the hydratedat room temperature to vibrational motion at cryogenic tem-
hydrogen bond network, producing fine local minima on the peratures. In our previous stué$the collective motions in the
energy surface. Energy barriers between such minima aresolute protein are classified into three types. In Type 1, motions
relatively low, and at room temperature, jumping among them on a multiply hierarchical energy surface account £d3.5%
can oceur easily. Such diffusive motloqs are.reﬂected at the of the total degrees of freedom. In Type 2, motions on a singly
outskirts (5-30 cnm?) of the central quasi-elastic peak. As the hierarchical energy surface account fe#.5% of the total
temperature is decreased belo®00 K, the collective motions  degrees of freedom. In Type 3, harmonic motions account for
become trapped in these fine minima, causing the diffusive the remaining 95%. The energy surfaces of Types 1 and 2 are
motions to be replaced by vibrational motions, as reflected in jjystrated in Figure 4a and b. Types 1 and 2 collective motions
the decrease of density &Q,w) at the outskirts of the peak. g9 be involved in the transition and, therefore, responsible
This phenomenon can be confirmed by spectral density calcu-¢q, yhe hoson peak. The shift in spectral density from lower to
lated as the Fourier transform of the velocity autocorrelation higher frequencies is illustrated in Figure 4c,d. Frequencies
functions at 3.00 ar_1d 100 K (Figure 3). Here, we can cllearly below~30 cnT! correspond to a time scale &f~1 ps. Types
see that motions in the frequency range bele80 cnT . ; . L

L : .. . 1 and 2 collective motions occur in this time scale at room
decrease significantly upon cooling to 100 K. Thus, the diffusive . . . .

. . .. . temperature. Although collective motions on a multiply hier-
motions at room temperature are produced by motions in this archical energy surface account for less than 0.5% of the total
frequency range, which are replaced by vibrational motions at 9y . > .

degrees of freedom, they dominate the total fluctuations,

significantly higher frequencies than 100 thh When the i h 0 : | h
o-dependence Q) is calculated from the obtained spectral  cONtributing by more than 80%. JAM motions along these
density using a one-phonon approximation, the boson peakdegrees of freedom are responsible for the glasslike transition.

shown in Figure 1c at 100 K is precisely reproduced. This This situation is illustrated in Figure 4e. Since the exigtence of
quantitatively confirms the predicted mechanism behind the fine structures on the energy surface is common in glassy
boson peak. Lubchenko and Wolynes explained the origin of Materials, we consider that our explanation should apply not
the boson peak by using a quantum model, the so-called two-0nly to proteins but also to other materials.

level systen®® Our view is similar to theirs in the sense that _ )
the existence of different energy levels is the origin of the boson  Acknowledgment. This work was supported by a Grant-in-
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