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The forms and frequencies of atomic dynamics on the pico- and nanosecond timescales are accessible 
experimentally using incoherent neutron scattering. Molecular dynamics simulations cover the same 
space and time domains and neutron scattering intensities can be calculated from the simulations for 
direct comparison with experiment. To illustrate the complementarity of neutron scattering and 
molecular dynamics we examine measured and simulation-derived elastic incoherent scattering profiles 
from myoglobin and from the crystalline alanine dipeptide. Elastic incoherent scattering gives informa- 
tion on the geometry of the volume accessible to the atoms in the samples. The simulation-derived 
dipeptide elastic scattering profiles are in reasonable accord with experiment, deviations being due to 
the sampling limitations in the simulations and experimental detector normalisation procedures. The 
simulated dynamics is decomposed, revealing characteristic profiles due to rotational diffusional and 
translational vibrational motions of the methyl groups. In myoglobin, for which the timescale of the 
Simulation matches more closely that accessible to the experiment, good agreement is seen for the 
elastic incoherent structure factor. This indicates that the space sampled by the hydrogen atoms in 
the protein on the timescale <loops is well represented by the simulation. Part of the helix atom 
fluctuatiamns can be described in terms of rigid helix motions. 

KEY WORDS: Molecular dynamics, incoherent neutron scattering, peptide crystals, myoglobin, 
diffusive motions 

INTRODUCTION 

Molecular dynamics is now a standard method for the investigation of pico- and 
nanosecond motions in condensed phase chemical and biological systems [ 11 [2] .  
In proteins, measurements using several experimental techniques indicate that 
motions exist on these timescales but few data have been available that allow a 
comparison with simulations of the types of dynamics involved and their geometries. 
Information on time-dependent self-correlations of atoms can be gained from 
incoherent neutron scattering [3] [4] [ 5 ] .  Measured neutron scattering spectra 
are a sum of scattering intensities from single atoms. The spectra are recorded 
as a function of the energy transfer, w and momentum transfer, $between the 
neutrons and the sample. Neutrons are excellent dynamical probes because the 
experimentally-accessible r!nges of w and correspond to the typical timescales 
(ps ,  ns) and amplitudes (A)  of atomic motions. 
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364 J.C. SMITH AND G.R. KNELLER 

The basic quantity measured in incoherent neutron scattering is XnC( 8 w) ,  the 
incoherent dynamic structure factor. The incoherent dynamic structure factor is 
written as 

We see from Equation 1 that xnc(Qt o) is the time Fourier transform of a time 
correlation function, Fnc (g t )  which is called the incoherent intermediate scatter- 
ing function, The sum in Equation 2 is over the N atoms, a in the sample. The vector 
operators R , ( f )  denote the atomic position operators. They are replaced by 
normal position vectors if Fnc(qt f )  is calculated as a classical time correlation 
function. 

h va2. It is 
defined as the RMS fluctuation of the scattering length b,. b, defines the strength 
of the nucleus-neutron interaction and depends on the isotope of the nucleus 
and the relative orientation of the neutron spin with respect to the spin of the 
nucleus. b,,inc for hydrogen is much larger than any other (incoherent or coherent) 
scattering length. Therefore in most organic molecules, which contain typically 50% 
hydrogen atoms, incoherent scattering from these atoms dominates the measured 
intensities. In the following we take only hydrogen atoms into account and use a 
renormalized scattering length bH,,nc = 1. The subscript 'inc' is dropped since we 
deal only with incoherent scattering. 

Incoherent scattering can be classified as three types: elastic, quasielastic and 
inelastic. The inelastic scattering arises from vibrational motion in the sample. 
Quasielastic scattering manifests as a broadening of the elastic peak and indicates 
the presence of nonvibrational, diffusive motions in the sample [4]. Inelastic 
scattering and quasielastic scattering are discussed elsewhere for the dipeptide [ 111 
and proteins [ 5 ] .  In this article we examine the elastic scattering. Decomposing 
.F (a', t )  into time-independent and time-dependent parts gives 

(3) 

To each atom belongs an incoherent scattering length 

f i g  t )  = ~ ~ i j ' )  + Y (g t ) ,  

EISF(Q') = lim I - -  F(& t ) ,  (4) 

where EISF stands for Elastic Incoherent Structure Factor. We have 

~ ( q t ~ )  = EISF(~~ ' )G(U)  +Y'(+).  ( 5 )  
As is evident from Equation 5 the EISF describes the elastic scattering with zero 
energy transfer ( w  = 0).  It follows from the definition of the EISF in Equation 4 
that 

Using Equation 6 the EISF(ij') can be calculated from molecular dynamics trajec- 
tories as a static time average, enabling a direct comparison between experiment and 
simulation. 
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INTERNAL MOTIONS IN BIOMOLECULES 365 

The EISF is determined by the volume explored by the hydrogen atoms. This can 
be seen by introducing the van Hove selfcorrelation function Ys(<t) [6]: 

X ( < t ) d 3 r  is the probability of finding an (hydrogen) atom in a volume element 
d3r around the position Fa t  time t, given that it was at F‘= 0 at t = 0. From the 
definiti.on in Equation 7 it follows that 

i.e. tht: EISF is the spatial Fourier transform of the long time limit of Ws(<t). 
For systems like liquids, in which the motions of the atoms are unconstrained, 
the long time limit of g(<t)  approaches 1/ V ,  where V is the infinite volume of 
the accessible space, and the EISF vanishes. The EISF is finite only for systems 
in which the atomic motions are confined to some part of the configurational space. 

In previous protein work quasielastic and inelastic (vibrational) scattering profiles 
were measured, calculated from simulations and compared [5] [7] (81 [9] (101. 
Here we analyse the geometries of the hydrogen motions in the crystalline alanine 
dipeptide and in myoglobin. In the alanine dipeptide, (CH,-CONH-C, H(C, H3)- 
CONH-CH,) the neutrons probe essentially the dynamics of the three methyl 
groups in the molecule. The side-chain methyl has an intrinsic (gas-phase) barrier 
of -3 kcals/mol whereas the N-ter and C-ter methyls have much smaller intrinsic 
barriers, -0 kcals/mol [ l l ] .  We loosely refer to these as the ‘hindered’ and ‘free’ 
methyls. These terms refer to the intrinsic barrier; in the crystal an effective 
rotational barrier will exist for all methyls due to the influence of nonbonded 
interactions. 

The 300 K dynamics of myoglobin contains vibrational and diffusive components 
[5] [8]. The diffusive motions may be essential to the correct functioning of globular 
proteins [ 121. Incoherent neutron scattering experiments have demonstrated that 
at least some of the diffusive motions occur on a picosecond-nanosecond timescale 
[7] [ 131; Moessbauer spectroscopy suggests that slower motions may also be involved 
[14]. A detailed characterization of the nature of the diffusive motions has not yet 
been made. A model for the hydrogen motions based on jumps on an asymmetric 
two-state potential was initially suggested 1131 and an analysis based on mode- 
coupling theory has also been reported [ 151. Molecular dynamics simulations of 
myoglobin reproduce reasonably well the temperature-dependence of the measured 
incoherent neutron scattering spectra [5] [8] [ 161. 

In the work presented here we compare experimental and simulated elastic 
incoherent structure factors for the alanine dipeptide and myoglobin. Differences 
are rationalised in terms of the way the experimental data was reduced or sampling 
limitations in the simulations-some significant differences are seen in the dipeptide 
case. The dipeptide trajectories are decomposed so as to identify simple dynamical 
characteristics contributing t o  the observed scattering. For the dipeptide we separate 
contributions to the scattering due to the rotational and translational dynamics 
of the methyl groups. The EISF(q) derived from the 100ps myoglobin trajectory 
is in excellent agreement with experiment. We examine the contribution of rigid- 
helix motions to the full molecular dynamics trajectory. 
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366 J.C. SMITH AND G.R. KNELLER 

The combined neutron-simulation approach is a means to define the essential 
characteristics of the internal dynamics of biomolecules. In the dynamically hetero- 
geneous systems studied here direct interpretation of the experimental data with 
simple analytical models can be difficult and dangerous. Molecular dynamics can 
make a reliable connection between experiment and theory; certain types of motion 
present as components of the simulated trajectories but obscured in the experi- 
mental profiles can be identified, abstracted and mapped onto analytical descrip- 
tions such as those of harmonic or damped harmonic vibrations, jump diffusion 
or continuous diffusion along geometric paths. Conversely, the comparison between 
experiment and simulation can provide insights into how to improve the simulation 
methodology and potential functions and into how data reduction and collection 
procedures can influence the experimental scattering profiles. 

METHODS 

Details of the dipeptide experiments and simulations [ l l ]  and of the myoglobin 
simulations [19] [20] are presented elsewhere and will therefore be only outlined here. 

The dipeptide neutron scattering experiments were performed on polycrystalline 
samples of the alanine dipeptide on the backscattering spectrometer IN13 at the 
Institut Laue-Langevin, Grenoble. The myoglobin experimental data, measured on 
IN13 and on a time-of-flight spectrometer, IN6 were taken from the literature [13]. 

The simulations were performed in the microcanonical ensemble using the 
program CHARMM [17]. The alanine dipeptide was simulated including the full 
crystal environment using periodic boundary conditions. The primary box was chosen 
to be that of two unit cells, consisting of of 16 dipeptide molecules i.e., 352 atoms. 
Simulations were performed at 50K, l 0 0 K  and 3 0 0 K  for 20ps. Myoglobin was 
simulated without explicit solvent for 100 ps. The simulation and three-dimensional 
structure of the protein were stable. 

The simulation analysis was performed with the program package nMOLDYN 
[18]. The EISF was calculated from the atomic trajectories using Eq. 6. The trajec- 
tories were further analysed in terms of rigid body motions by fitting rigid reference 
structures to each trajectory frame (methyl groups for the dipeptide and helices for 
myoglobin) using a general method for the optimal superposition of molecular 
structures [21]. 

RESULTS 

We focus our analysis on the elastic incoherent structure factors. In certain respects 
the information contained in the EISF is similar to that obtained for heavy atoms 
from X-ray crystallographic temperature factors. Information is lost compared to 
the X-ray case insofar as the EISF is an average over the atoms in the system. 
However, several important advantages exist. The neutron EISFs are single particle 
properties and do not contain a complicating static disorder contribution due to 
coherent scattering. Direct comparison with molecular dynamics is thus justifiable. 
In addition, there is no need to assume any particular type of dynamics (e.g., 
isotropic, harmonic) to interpret the results. Finally, as will be illustrated, the 
EISFs $re very sensitive quantities and mean-square fluctuation differences of 
-0.01 A’ can be distinguished. 
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ElSF / elastic scans 
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t -2.0 

0 5 10 15 20 25 

q2 1ri-21 

Figure 1 Log of the elastic intensity versus q2  for the alanine dipeptide in crystalline form from the 
IN13 experiment (squares), the simulations (solid lines) and using the correction formula (Equation 11). 
The values of p. the population factor are 0 at 50 K, 0.15 at 100 K and-0.35 at 300 K. The corresponding 
values foir the subtracted vibrational RMS displacements are 0.130 A at 50K. 0.133 A at l00K and 
0.140 A at 300 K. For more details see reference [ I I ] .  

Methyl group dynamics in the afanine dipeptide 

To determine the significance of the measured and simulated EISF(q) curves one 
must consider a number of different influences such as those due to the instrumental 
resolution and data reduction and to the simulation methodology. Any decrease 
of the experimental EISFs with q from their normalised maximum value indicates 
the presence of hydrogen atom motions in the sample on the timescale of the 
instrumental resolution (-500ps or faster for IN13). The form of EISF(q) versus 
q is determined by the type of dynamics present. For example, a linear decrease 
of lnEISF(q) with q2 i.e., a Gaussian dependence on q, results from certain types 
of dynamics such as harmonic or damped harmonic motion (31. NonGaussian 
behaviour can be described in terms of other processes such as activated jumps 
between conformational substates [4] [ 131. 

Dipeptide simulation-derived and experimental EISF(q) 

In Figure 1 is shown the experimental g-dependence of the elastic scattering from the 
dipeptide crystal. Also shown is the EISF(q) derived from the simulations. At 300 K 
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TRANSLATIONAL ElSF OF THE METHYL GROUPS 
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Figure 2a 

in both experiment and simulation the EISF(q) is strongly nonGaussian with a 
fast-decreasing component at low q followed by a more linear region between 
6 k’ and 25 k2. Nonlinearity is also seen in the l00K data, although less 
apparent in both the simulation and experimental curves. At 50K both curves 
are almost linear, consistent with the presence of essentially vibrational motion 
at this temperature. 

Translational and rotational methyl components 
Before discussing the differences between the experimental and simulation-derived 
elastic scattering in Figure 1 we decompose the simulation-derived contributions 
using the rigid body analysis. In Figure 2a is shown the contribution to the elastic 
scattering from the translational motion of the free and hindered methyl groups. 
The hindered and free groups present almost identical translational elastic scatter- 
ing, Gaussian in $, arising from purely vibrational motion. In Figure2b is pre- 
sented the equivalent rotational contribution. For the free groups nonGaussian 
behaviour is clear at all tempedatures. At 300K a minimum is seen at 9 A-2 and 
a subsidiary maximum at 15 A-’. The form of the rotational curve at 300K is 
close to that of the spherical Bessel function found by analytical solution for the 
elastic scattering from certain models for methyl rotational dynamics [4]. Further 
examination shows that the 300K rotational curve is not consistent with a 3-site 
jump model, for which the minimum occurs at lower q values, but rather with a 
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INTERNAL MOTIONS IN BIOMOLECULES 369 

ROTATIONAL EISF O F  THE METHYL GROUPS 

LL 

W 
c 

cn 
- 

-2.0 - 
- Free methyl groups 
--- Hindered methyl groups 

-2.5 I I 1 I I J 
0 5 10 15 20 25 

q2 6 - 2 1  

Figure ;! Decomposition of the simulation-derived alanine dipeptide EISF(q). a) translational 
component b) rotational component. 

jump model with multiples of 3 sites or continuous diffusion on a circle. This is 
in accord with the qualitative behaviour of the angular rotational time series for 
the frele methyls [l 11 (not shown). The hindered groups in Figure 2b have a relatively 
weak q-dependence with some nonlinearity. This reflects the fact that jump-diffusive 
hinder'ed methyl rotational dynamics is not fully developed in the simulations. 

Determining the EISF from experiment and simulation 
It is worthwhile to discuss the effects of instrumental resolution and of insufficient 
sampling in the simulations. The EISFs from the simulations are calculated directly 
as a time average i.e., 

making the assumption that 

sTmdd . . .  lim - 1, d 7 . .  . = - 1 7  

T - m  T T m d  O 

where Tmd is the simulation length. 
In the experiment one has a different problem, that of extracting a well-sampled 
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1 
EISF in the frequency domain. All processes that are slower than T,,, = __ , 

Avr,, 
where AvreS is the instrumental resolution, are recorded as elastic scattering. T,, 
should therefore not be confused with or directly equated with Tcxp. 

Low q differences between experiment and simulation 

At low q the experimentally-derived higher temperature elastic scattering is less 
intense than in the simulation. The slope of log EISF as q + 0 gives the mean-square 
displacement in the long time limit [3]. Figure 1 therefore implies that the 
simulation-derived mean-square displacements are smaller than the experimental 
values. The difference in the 300  K dipeptide experimental and simulation-derived 
EISF(q) at low q are possibly due to rotational transitions of the methyl groups 
that are resolvable by the experiment but poorly sampled in the simulation. 

High q difference between experiment and simulation 

The difference at high q is the inverse of that at low q; for all temperatures the 
experimentally-derived elastic scattering in Figure 1 is more intense than that derived 
from the simulations. The fact that, at high q, log EISF is close to linear in the 
simulations and experiments, together with the fact that log EISF,,, < log EISF,,,, 
suggests that the simulation-derived vibrational amplitudes are larger than those 
contributing to the experimental elastic scans. The difference in the vibrational 
dynamics not evidently explicable at first sight, especially when the 50 K scattering 
is considered. At 50 K the difference between simulation and experiment is quite 
considerable and yet the simulated vibrations should not suffer from the sampling 
problem. Moreover, the modification of the vibrational amplitudes due to quantum- 
mechanical effects is small. 

To appreciate the magnitude of the apparent discrepancy we note that the 
effect on the high-q EISF of a small change in the v*ibrational mean-square 
displacements is dramatic; a difference of only -0.02 A *  in the mean square 
fluctuation (5% of the 300  K vibrational mean square puctuation in Figure 1 )  corre- 
sponds to a difference of 0.5 in log EISF at  q = 5 A-’. This is a small effect at 
3 0 0 K  and implies that the EISF curves are highly sensitive. 

Matching experimental and simulation data 

One can summarize the above considerations formally in the following ‘correction 
formula’ for the EISF, designed to approximately correct for over- and under- 
estimation of motions in the simulations: 

EISF, ( Q )  EISF (4) = EISF,,, ( q )  * 
EISF- (4) 

EISF, (4) is the EISF due to rotational motion to be added to the simclation 
trajectory and EISF- (4) the EISF due to the vibrational motion to be subtracted 
from the simulation; 

(12) EISF+(q) = 1 - P ( l  - 4 ( q ) ) ,  
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INTERNAL MOTIONS IN BIOMOLECULES 37 1 

EISF- (4) = e-9'('2. (13) 

In Equation 12 p is the fraction of methyl groups not showing rotational transitions 
in the simulation that are seen in the experiment. A,(q) is the EISF of the addi- 
tional rotational motion. For a rotational jump model this is typically a linear com- 
bination of zeroth-order spherical Bessel functions depending on the jump model 
assumed [4]; which model is taken is not important since only the general behaviour 
counts here. In Equation 13 (u3  denotes the vibrational mean-square fluctuation 
to be wbtracted. In Figure 1 the dashed lines show the corrected EISF using the 
simple model described above. The parameters p and (u3  are given in the figure 
caption. p increases with T whereas (u3  remains constant. 

That. (u3  is small and constant with Timmediately suggests some small systematic 
difference in the vibrational contribution. Indeed, a strong candidate for this can 
be finally identified in the experimental data reduction procedure. To calibrate the 
neutron detectors it was necessary to normalise all the measured scattering to that 
at 22 k:. This removes the decay of the EISF due to the 22 K vibrations, leading to 
an underestimation of the experimental vibrational mean square fluctuations at 
higher temperatures. Whereas this effect becomes small at 300 K, it leads to a signifi- 
cant discrepancy at 50 K. Thus it appears that the high q difference between experi- 
ment and theory can be mostly attributed to the experimental detector normalisation 
proceclure. 

Myogl'obin 

In Figure 3 a comparison is made between the measured and simulated elastic scatter- 
ing for myoglobin. In both experiment and simulation a non-Gaussian form is seen 
for the elastic scattering. The calculated EISF is in excellent agreement with experi- 
ment. In a previous analysis from a 125 ps trajectory it was demonstrated that, due 
to heterogeneity in the hydrogen atom mean square displacements, the observed 
elastic scattering can be non-Gaussian even when the contributions from individual 
hydrogens are Gaussian [8]. However, quantitative agreement with agreement with 
experiment was not achieved. In the present case, the absence of the Gaussian 
approximation (Equation 6 was used directly to calculate the EISF) results in 
improved, quantitative agreement with experiment, as seen in Figure 3. The low q 
behaviour indicates that the mean square displacements are still slightly under- 
estimated in the simulation; the low q 300 K scattering matches that experimentally 
obtained at 277 K. This can be attributed to the fact that the hydrogen motions con- 
tributing to the experimental profile are not quite completely sampled in the simula- 
tion. However, the overall agreement between experiment and simulation indicates 
that the amplitudes of the vibrational and diffusive motions of myoglobin are well 
represented in the simulations over the accessible timescale, 0-100 ps. 

As the amplitudes of the simulated dynamics are in good agreement with experi- 
ment it will be of interest to try to identify from the simulations the nature of 
the diffusive motions concerned. The question therefore arises as to whether the 
full atomic trajectories can be simply described. How to do this is not trivial. 
We have employed the rigid-body analysis method to to fit rigid helices to each 
to the simulation timeframes [20]. The residue-dependence of the main chain atom 
fluctuations derived from the rigid helix trajectories is shown in Figure 4 together 
with the full trajectory results. The RMS atomic fluctuation averaged over all the 
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EISF / elastic scans 
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Figure 3 Log of the elastic intensity versus q 2  for myoglobin. The experimental values are taken from 
reference [I31 at T = 202 K (triangles, tip up). T = 242 K (circles), T = 272 K (squares), T = 320 K 
(triangles, tip down). The 300 K simulation-derived EISF(q) is 21 given as a solid line and the rigid-helix 
contribution as a dashed line. 
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Figure 4 
full trajectory (thin line) and the rigid-helix trajectory (thick line) of myoglobin. 

Residue-dependence of the RMS atomic fluctuations for the helix backbone atoms of the 
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INTERNAL MOTIONS IN BIOMOLECULES 373 

atoms of all the helices is 0.31 A in the rigid-helix trajectory compared to 0.53 A 
in the full trajectory. Thus about 60% of the helix atom fluctuations can be 
described by the rigid-helix dynamics. This result indicates that there is a signifi- 
cant contribution from the fluctuations of the helix atoms around the rigid helix 
configurations. In the full trajectory (Figure 4, thin line) several helices (B, F, G, H) 
exhibit the characteristic that the fluctuation magnitudes of the backbone atoms 
tend to be smaller in the central part of the helix than in the extremeties. This 
tendency is also seen in the rigid-helix trajectories and can be attributed to rotational 
rigid-body motion about one or other of the two axes passing through the centre 
of mass of the helix and perpendicular to the helix axis. Helix E shows oscillations 
in the fluctuation distribution corresponding to the helix pitch. 

The contribution of the rigid-helix motions to the measured EISFs can be assessed 
by callulating the EISF from the rigid-helix trajectory. This is shown as the dashed 
line in Figure 3. The rigid-helix EISF falls off more slowly than the full trajectory 
or experimental EISFs. This confirms that in the long and short time domains 
rigid-helix motions contribute only partially to the exploration by the hydrogen 
atoms of their accessible volume. 

CONCLUSIONS 

The properties of the neutron are such that the experimentally-accessible time 
and space domains correspond to the distances and timescales of atomic motions 
sampled in MD simulations. This together with the simplicity of the neutron-nucleus 
interaction makes incoherent neutron scattering a unique tool for the analysis of 
picosecond timescale hydrogen atom motions and enables a direct comparison 
between the simulation-derived and experimental spectra. 

The measured elastic incoherent structure factor is determined by the geometry 
of the space explored by the moving protons within the timescale determined by 
the instrumental energy resolution. It is thus useful in determining whether the 
forms and amplitudes of the hydrogen displacements are correctly represented in 
the simulations. In the work presented here we have examined the hydrogen atom 
motions present in the alanine dipeptide and in myoglobin. The simulation-derived 
and experimental EISFs are generally in good agreement, more so for myoglobin 
where the length of the simulation reduces the configurational sampling insuffi- 
ciency. For both systems the good agreement between experiment and simulation 
gives us confidence to go further and analyse the simulations in terms of different 
types of motion contributing to the atomic displacements and to the neutron spectra. 

Simulations can provide a stepping stone between experiment and analytical 
theory. This has not been necessary for some molecular systems simpler than those 
studied here in which the measured EISF(q) can be unambiguously attributed to 
dynamical behaviour described by analytical theory [4]. However, in the alanine 
dipeptide and myoglobin the dynamics is too complicated and the resulting 
experimental EISF(q)s are not readily directly interpretable. In the case of the 
dipeptide simply interpretable scattering profiles are found if one examines the 
translational and rotational components of the trajectories of the free and hindered 
methyl groups. 

In myoglobin, the diffusive motions leading to the nonGaussian EISF(q) are 
frozen in over the picosecond timescale at  low temperatures [5 ]  [13]. It may be 
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suggested that it is these motions that are necessary for the functioning of proteins 
[I21 [22]. As the amplitudes of the simulated dynamics are in good agreement with 
experiment it will be of interest to try to identify from the simulations the nature 
of the diffusive motions concerned. Rigid helix motions contribute part of the helix 
atom mean square fluctuations. A detailed analysis of the fitted rigid-body trajec- 
tories in terms of fluctuations, mean-square displacements, velocity correlation 
functions and vibrational frequency distributions has been made [ 191. Further work 
is underway with a view to obtaining an improved simple description of the atomic 
displacements that dominate the helix and side-chain dynamics. 
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