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Abstract 
 
Inelastic and quasielastic neutron scattering gives the information on the dynamics of biological 
macromolecules. The combination of computer simulation with neutron scattering experiments allows 
us to characterize a wide range of dynamical phenomena in condensed phase biomolecular systems. In 
this work, the dynamic structure factors in (Q,ω)-space were calculated by using the results of 
biomolecular simulations. From the simulated inelastic neutron scattering spectra, we discuss the 
(Q,ω)-range and the resolution of a detector needed to observe function-related protein dynamics. 
Proposal of such a detector to be used in J-PARC is made. 
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Introduction 
 
As genome analysis makes progress, it becomes more and more important to understand 

mechanism of protein function. It is necessary to study not only static but also dynamic structure of 
protein for understanding of protein function.   

 
Computer simulations are essential tool for studying the protein dynamics, because they simulate 

the detailed motion of all atoms, which cannot be observed directly by experiments. The two most 
widely used methods are normal mode analysis and molecular dynamics. In normal mode analysis, it is 
assumed that the potential energy surface of protein is quadratic (harmonic approximation). In normal 
mode analysis anharmonic effects on the protein motions are not included, and it has been impractical to 
explicitly include the solvent molecules in this treatment. Neither of these restrictions applies in 
molecular dynamics simulation. In this method the classical equations of motion are numerically solved 
using the full anharmonic potential energy function. Explicit solvent molecules can be also included in 
the system. 

 
Neutron scattering experiment is also a powerful technique for studying the dynamics of complex 

systems. Inelastic and quasielastic neutron scattering gives information on the dynamics of biological 
macromolecules. The fundamental quantity measured by inelastic scattering from thermal neutron is the 
dynamic structure factor. The combination of computer simulation with neutron scattering experiments 
allows us to characterize a wide range of dynamical phenomena in condensed-phase biomolecular 
systems. 

 
In this paper, the dynamic structure factors in (Q,ω)-space were calculated by using the results of 

biomolecular simulations at a wide range of temperature from 100K to 300K. Three types of simulation, 
normal mode analysis, molecular dynamics in vacuum, and molecular dynamics in water of HEW 
Lysozyme were carried out. From comparison of these calculated dynamic structure factors, we discuss 
the (Q,ω)-range and the resolution of a detector needed to observe function-related protein dynamics. 

 
 

Calculations 
 

Neutron scattering experiments essentially measure the total dynamic structure factor S(Q,ω), in 
which Q and ω correspond to the momentum and energy transfers between incident neutron and sample, 
respectively. Because the incoherent scattering length of hydrogen is one order of magnitude larger than 
the coherent scattering length of all the other atoms in protein, in this paper we assume that coherent 
contribution is negligible, so that S(Q,ω) � Sinc(Q,ω). We compute incoherent dynamic structure factor, 
Sinc(Q,ω), as the Fourier transform of a time correlation function, the intermediate scattering function, 
Iinc(Q,t): 
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Here binc,j and rj are the incoherent atomic scattering length and position of atom j. The Iinc(Q,t) and 
Sinc(Q,ω) reported in this paper are averages of Iinc(Q,t) and Sinc(Q,ω), respectively, on the sphere |Q| = 
Q. 
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The studied protein was HEW Lysozyme (PDB code: 4lzt). Three types of simulation, normal 
mode analysis, molecular dynamics in vacuum, and molecular dynamics in water were applied to the 
molecule. These calculations were done using the force-field parameters of AMBER parm99 [1]. 

 
To elucidate the effects of solvent on the protein dynamics, we also calculate S(Q,ω) by using the 

results of Langevin mode analysis [2,3]. As a solvent effect, we introduce the friction effect and assume 
each harmonic mode to act as an independent Langevin oscillator. In this paper, we use the friction 
coefficient of 10 cm-1 for all modes, which is estimated based on the calculation in the references [2,3,4]. 
 
 
Results and Discussion 
 

Dynamic Structure Factors at Room Temperature 
 

 
 
Figure 1: 2D contour plots of dynamic structure factors in (Q,ω)-space, calculated by using the results of molecular 
simulations at 300K, (a) molecular dynamics in water, and (b) normal mode analysis. Solid lines and dotted lines 
show the relation between Q and ω. These lines correspond to the experiment in which incident neutron wave 
vector is 1.5 Å-1 and scattering angle is 135º. 
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Figure 2: Dynamic structure factors, 
S(2θ,ω), as a function of angular 
frequency, ω, at a fixed angle 
2θ=135º, calculated by using the 
results of molecular simulations at 
300K, molecular dynamics in water 
(thick solid line), normal mode 
analysis (dotted line), and Langevin 
mode analysis (broken line). 
Incident neutron wave vector is 1.5 
[Å-1]. (a) Plot including high 
frequency region (0 < ω < 300 cm-1); 
(b) Close-up of low frequency 
region (0 < ω < 100 cm-1) 
 
 
 
 
 
 

 
 

In Figure 1, the dynamic structure factors obtained from the molecular dynamics simulation in 
water and normal mode analysis at 300K are shown with 2-dimensional contour plots in (Q,ω)-space. To 
analyze more in detail, Figure 2 shows the sectioned drawing of the dynamics structure factors along the 
thick black curves in Figure 1. These lines correspond to the experiment in which incident neutron wave 
vector is 1.5 Å-1 and scattering angle is 135º. The shapes of the two dynamic structure factors in 
(Q,ω)-space, one obtained from molecular dynamics simulation in water and the other obtained from 
normal mode analysis, are in good agreement in high frequency region (> 100 cm-1), but considerably 
different in low frequency region (< 100 cm-1).  
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In normal mode analysis, the conformational energy surface of protein is assumed to be a 

multi-dimensional parabola. However, real energy surface is not parabolic. It is known that many 
conformational substates exist on the protein energy surface, and that jumping among different 
conformational substates is crucial for protein function [5]. The effects of solvent on the collective 
motion of protein are also thought to be important for protein function. Our results show that 
anharmonicity and solvent effects on the protein dynamics are observed in low frequency regions (< 100 
cm-1) of spectra by inelastic neutron scattering experiments. 
 

In Figure 2, the dynamic structure factor obtained from Langevin mode analysis at 300K is also 
shown. At room temperature, the shapes of two dynamic structure factors, one by molecular dynamics in 
water and another by Langevin mode, are in good agreement in the frequency range higher than 10 cm-1 
(Figure 2). It means the friction effect of solvent explain well the difference between the shapes of two 
dynamic structure factors, one by molecular dynamics in water and the other by normal mode, in the 
frequency range from 10 cm-1 to 100 cm-1. The difference in the frequency regions lower than 10 cm-1 
may be caused by the effect of anharmonicity. 
 
 

Dynamic Structure Factors at Cryogenic Temperature 
 
Figure 3 shows the dynamic structure factors from the molecular dynamics simulation in water and 

normal mode analysis at 100K. The calculated results at cryogenic temperatures are rather different 
from those at room temperature. The so-called boson peak [6], a peak at low frequency regions (15 cm-1 
to 35 cm-1), is observed only in the result of molecular dynamics in water (Figure 3). Figure 4 shows the 
comparison of the dynamic structure factors obtained from four molecular simulations by the cross 
section, in the same way as analysis at 300K. Peaks are observed at around 5 cm-1 in the cases of both 
normal mode and molecular dynamics in vacuum. A single peak is seen at 0 cm-1 in the result of 
Langevin mode. 

 
 

 
 
Figure 3: 2D contour plots of dynamic structure factors in (Q,ω)-space, calculated by using the results of molecular 
simulations at 100K, (a) molecular dynamics in water, and (b) normal mode analysis. Solid line and dotted line 
show the relation between Q and ω. These lines correspond to the experiment in which incident neutron wave 
vector is 1.5 Å-1 and scattering angle is 135º. 
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Figure 4: Dynamic structure factors, 
S(2θ,ω), as a function of frequency, 
ω, at a fixed angle 2θ=135º, 
calculated by using the results of 
molecular simulations at 100K. The 
results of molecular dynamics in 
water (thick solid line), molecular 
dynamics in vacuum (thin solid line), 
normal mode analysis (dotted line), 
and Langevin mode analysis (broken 
line) are shown. Incident neutron 
wave vector is 1.5 [Å-1].  
 

 
 

Figure 5 shows the temperature dependence of dynamic structure factor calculated by using the 
results of molecular dynamics simulations in water. This figure reproduces well the temperature 
dependence of dynamic structure factors observed in glassy materials with experiments [6]. The boson 
peak disappears at temperature higher than around 200K, because quasi-elastic peak is dominant at these 
temperatures. This quasi-elastic peak appears owing to the onset of jumping among different 
conformational substates. Temperature dependence of protein dynamics, a dynamical transition similar 
to glass transition, is one of the important issues to be focused on. It is characterized by an abrupt 
increase in atomic fluctuations above around 200K. Below this transition temperature, some protein 
loses their biological activity [5]. Our results suggest two factors are important for considering the origin 
of protein boson peak; one is the solvent effects on protein energy surface, and the other is the protein 
motions represented by jumping among minima (JAM) model [4]. 

From detailed analysis of simulation results, we conclude the origin of the protein boson peak as 
follows. The effects of solvent on the protein dynamics can be classified into two features; one is the 
friction effect, as introduced in Langevin mode. Another is the change of the potential energy surface in 
solution [7]. Because of the rearrangement of intermolecular atom packing topology between protein 
and water molecules, fine structures appear in the conformational energy surface along the direction of 
collective motions of protein. At room temperature, these fine structures have little effect on the 
magnitude of protein fluctuation, because energy barriers are relatively low and jumping among 
different conformational substates take place frequently. However, at cryogenic temperature, the protein 
dynamics are confined in one minimum of these fine structures. This is the reason why protein boson 
peak can be observed only in the analysis of molecular dynamics in water. 
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Figure 5: Temperature dependence 
of dynamic structure factors, 
S(2θ,ω), as a function of frequency, 
ω, at a fixed angle 2θ=135º, 
calculated by using the results of 
molecular dynamics in water at a 
wide range of temperature from 
100K to 300K. Incident neutron 
wave vector is 1.5 [Å-1]. 

 
Neutron Inelastic Scattering Spectrometer for Protein Dynamics Analysis 
 

Finally we discuss neutron inelastic scattering spectrometer for protein dynamics analysis. Our 
results showed that anharmonicity of protein energy landscape and solvents effect on the protein 
dynamics can be detected in low frequency regions lower than 80 cm-1. These dynamical properties are 
known to be important for protein functions. The dynamic structure factors presented here were 
calculated by assuming the resolution of the neutron scattering instruments as 1 cm-1. This suggests that 
it is important to develop the instruments that offer high resolution (< 1 cm-1) in low frequency regions 
(< 80 cm-1). At present high intensity proton accelerator facilities, so-called J-PARC [8], are under 
construction. They will provide 1 MW intense pulsed spallation neutron source. The high intensity 
pulsed neutron source will give us an excellent opportunity to study structure and dynamics of biological 
systems. Proposal of the inelastic neutron scattering spectrometer to be used in J-PARC is made based 
on our results. 
 
 
References 
 
[1] J. Wang, P. Cieplak and P.A. Kollman, J. Comput. Chem. 21 (2000) 1049.  
[2] S. Hayward, A. Kitao, F. Hirata, N. Go, J. Mol. Biol. 234 (1993) 1207. 
[3] A. Kitao, F. Hirata, N. Go, Chem. Phys. 158 (1991) 447. 
[4] A. Kitao, S. Hayward, N. Go. Proteins, 33 (1998) 496. 
[5] B.F. Rasmussen, A.M. Stock, D. Ringe, G.A. Petsko, Nature (London) 357 (1992) 423. 
[6] J. Jaeckle, in Amorphous Solids: Low Temperature Poperties, Springer, Berlin, 1981. 
[7] A. Kitao, F. Hirata, N. Go, J. Phys. Chem. 97 (1993) 10231. 
[8] http://j-parc.jp/index.html 


	Sommaire: 


