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Abstract

We review some recent experiments and calculations on aspects of the structure and dynamics of proteins and
related systems. The use of quantum chemical techniques to determine geometries and energies of supramolecular
complexes of biological interest is illustrated, and the concomitant development of empirical energy functions for use
in protein simulations outlined. We describe how simulations of crystalline peptides and amino-acids using an
empirical force field can be combined with appropriate coherent and incoherent inelastic neutron scattering
experiments to elucidate the characteristics of lattice vibrations and diffusive atomic motions in the crystals. The
application of molecular dynamics simulations to the interpretation of incoherent neutron scattering experiments on
proteins is examined and the resulting ideas on the general characteristics of protein motions discussed in terms of

their functional implications.
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1. Introduction

Rapidly increasing available computer power
has encouraged the development of numerical
calculations in investigations of the chemical
properties underlying protein function. In this
approach quantum chemical calculations are per-
formed on small molecules and complexes of
interest and the results mapped onto empirical
potential energy functions. The empirical energy
functions are used to simulate the structure and
dynamics of larger-scale systems including macro-
molecules. This approach provides a means of
continuous transfer of information derived from

ab initio molecular orbital theory to investigations
into protein structure and dynamics.

Although the computational methods used are
becoming more and more reliable there is room
for substantial improvement. The empirical po-
tential functions and simulation methodologies
are imperfect. Moreover, computer power limita-
tions restrict the volume of the configurational
space of the system under investigation that can
be sampled. Therefore, most researchers rely on
input of experimental data to check and correct
the computational results. Conversely, the simu-
lations can often be used in the interpretation of
experimental data on complex systems, and can
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provide a stepping stone from which experimen-
tal data can be analysed in terms of simplified
descriptions and analytical theory.

In this article we discuss examples of the above
approach to protein investigation. We illustrate
the use of quantum chemical calculations in char-
acterising the geometries and energies of
supramolecular complexes of biological interest.
The development of force fields for the simula-
tion of biological macromolecules is discussed.
Simulations of vibrational and diffusive motions
of biomolecules in the crystalline state are de-
scribed and compared to corresponding neutron
scattering work. Finally, neutron scattering and
theoretical work on vibrations and diffusive mo-
tion in proteins is examined and the relevance of
collective and random motions to protein func-
tion discussed.

2. Born—-Oppenheimer potential surfaces from ab
initio quantum chemistry

Much information on the equilibrium geome-
tries, conformational energetics and interactions
of simple organic molecules can be gained from
experiments such as gas-phase electron diffrac-
tion, X-ray crystallography and microwave spec-
troscopy. This information can be used to con-
struct potential energy functions that are then
transferred to larger molecules.

However, for many small molecules and
supramolecular complexes of biological relevance
geometries and energies are not accessible from
experiments. To obtain this information quantum
chemical calculations can be used. In these calcu-
lations the electrons are considered explicitly and
the Schrodinger equation is solved numerically in
the Born-Oppenheimer approximation for a
given nuclear configuration. In the Born-Op-
penheimer approximation the nuclear kinetic en-
ergy is neglected; this corresponds to the case
where the electrons readjust infinitesimally
quickly to a change in nuclear configurations, a
valid approximation in most cases of biological
interest. The results of the quantum chemical
calculations are the electronic wavefunction and
the energy of the system. Repeating the optimiza-

tion for different nuclear configurations allows
the construction of a Born—Oppenheimer poten-
tial energy surface for the system, i.e. the energy
as a function of the nuclear coordinates. Using ab
initio molecular orbital methods it is possible,
with a sufficiently large basis set and appropriate
electron correlation corrections, to reliably deter-
mine Born—-Oppenheimer energy surfaces for sys-
tems with a few heavy atoms [1].

An example of the ab initio approach is recent
work [2] on a complex of direct biological inter-
est, that between water and the Schiff base moi-
ety in the light-driven bacterial proton pump pro-
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Fig. 1. MP2/6-31G** fully-optimised geometries of model
Schiff-base complexes with water. Calculations were per-
formed using the GAUSSIAN program [41). From Ref. [2].
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tein, bacteriorhodopsin. A characterization of
Water—Schiff base interactions is prerequisite to
a complete understanding of the mechanism of
the bacteriorhodopsin photocycle. Two stable, ge-
ometry-optimized hydrogen-bonded Schiff-base :
water complexes were found in the calculations
and are illustrated in Fig. 1. In one of the com-
plexes the water molecule hydrogen bonds to the
NH group of the protonated Schiff base (complex
A). On the opposite side of the molecule the
water molecule hydrogen bonds to a CH group
(complex B). The latter is an example of a C-
H...O hydrogen bond, less common than other
types of hydrogen bond. The interaction energies
for the two complexes were found to be = —18
kcal /mol for complex A and = —13 kcal /mol
for complex B. These interaction energies are
large compared to typical values derived from ab
initio calculations on neutral, hydrogen-bonded
complexes, although the N-H...O interaction is
in the same range as other cation—-water hydro-
gen bonded species. The calculations indicate
that the net positive charge on the protonated
Schiff base is delocalized over the NH and the
adjacent CH group. This may explain why the
C-H...O interaction energy is large. When the
optimized complexes were transferred into the
three-dimensional structure of bacteriorhodopsin
[3] it was found that they could be accommodated
by the protein and that additional hydrogen bonds
form between the water molecules and the side-
chains of the protein.

2.1. Empirical potential energy functions

The information gained from quantum chemi-
cal calculations can be combined with experimen-
tal data on small molecules to construct an empir-
ical potential energy function for simulations of
larger, condensed phase systems [4—-6]. An exam-
ple of such an energy function is that in the
CHARMM program used by our laboratory [7].
This has the following form:
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The force field includes bonded interactions,
comprising bond stretches, bond angle bends, and
dihedral angle contributions, and nonbonded in-
teractions between pairs (i, j) of atoms. In Eq. (1)
b, 8, ¢ and w are the bonded lengths, angles,
dihedrals and improper torsions at any given con-
figuration and b, 6, ¢, are reference values for
these propertics; the associated force constants
are ky, kg, k4 and k. For the intrinsic torsions
n is the symmetry number of the rotor (e.g., 3 for
a methyl group) and & is the phase angle. The
improper dihedral contributions are used to rep-
resent out-of-plane deformations of the sp,
groups.

The nonbonded interactions are included for
atoms on different molecules and for atoms on
the same molecule separated by three or more
bonds. The nonbonded interactions between pairs
of atoms i, j consist of a van der Waals term,
with well-depth and van der Waals radius, and an
electrostatic interaction between partial charges
4;» 4;- The dielectric constant, e = €¢,. There is
no explicit term for hydrogen bonding in Eq. (1).
This is because in most cases the quantum chemi-
cal potential energy surfaces for hydrogen bond-
ing interactions can be well modelled with a
combination of the van der Waals and electro-
static terms in Eq. (1).

2.2. Conformational search techniques

Once a potential energy function is derived it
can be put to many uses. One of these is in the
determination of stable structures for biopoly-
mers. A major problem in structure determina-
tion is that the potential energy function pos-
sesses multiple minima, and that it is presently
impossible to exhaustively search the different
minima of a peptide longer than five or six
amino-acid residues. Therefore, computational
methods that search intelligently part of the ac-
cessible conformational space have been devised.
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A new method for the conformational search of
biomolecules has recently been developed [8].
The method grows the peptide chains atom-by-
atom or group-by-group using a Monte Carlo
algorithm, replicating and deleting them accord-
ing to their partial energies. The result of the
calculation is a collection of configurations with
energies obeying a Boltzmann distribution. An
potential stumbling block for such a method is
that the partial chains might not be able to find
long-range interactions, such as hydrogen bonds,
because these low-energy interactions are rela-
tively far away in the sequence. As a test of the
method it was applied to heptaalanine [8]. The
results showed that the low-energy conformers
indeed contained a full complement of hydrogen
bonds. This is encouraging for future research
using this type of chain-growth method.

3. Dynamics of small biomolecules in the crys-
talline state

Empirical potential energy functions can be
used for simulations of systems containing a few
thousands of atoms, such as a solvated protein.
An important use of simulations is to provide a
sampling of the phase space accessible to the
system under study. This enables experimentally
accessible statistical mechanical quantities to be
computed as averages over the simulation. Both
molecular dynamics and Monte Carlo simulations
have been used in this respect. Molecular dynam-
ics can also be used to compute time-dependent,
dynamical quantities as an average over the simu-
lation timeframes.

Examples of protein simulations will be given
later. However, much useful information can be
obtained by investigating condensed-phase sys-
tems consisting of peptides and amino-acids. The
structurally well-characterized crystalline state is
particularly useful in this respect. In the following
discussion we briefly examine two molecular crys-
tals exhibiting markedly different dynamical be-
haviour — zwitterionic L-alanine and the alanine
dipeptide. L-alanine forms crystals with strong
hydrogen-bond mediated electrostatic interac-
tions that result in the existence of well-defined,

vibrating lattice modes. Crystals of the alanine
dipeptide are more anharmonic and exhibit diffu-
sive rotational motions of the methyl groups.

Combination of neutron scattering and molecu-
lar dynamics simulation. In all dynamical studies
neutron scattering and computer simulations were
combined. The experimental quantity of interest
is the dynamic structure factor [9]. Two types of
scattering, coherent and incoherent, can be inves-
tigated. S_,(¢,), the coherent dynamic structure
factor, is written as

s LA 2
coh(q’w) 2t re coh(q’t)’ ( )

1
Fcoh(q’ t) = N2 Z Z bcoh,abcoh,ﬂ
a B

X<e—iq'Ra(0) eiq~RB(t)>‘ (3)

We see from Eq. (2) that S (¢, o) is the time
Fourier transform of the coherent intermediate
scattering function, £ (g, t). The sum in Eq. (2)
is over the N atoms, « in the sample. The atomic
positions are specified by their time-dependent
position vector operators R (¢). b.y, is the co-
herent scattering length of atom «. Clearly, the
coherent scattering contains a component due to
pair correlations between different particles in
the sample.

In a similar fashion, the incoherent dynamic
structure factor, S;,.(¢, w), can be expressed in
terms of single particle correlations:

1 oo )
Sinc(q’w)=ﬂfg ds e_lml inc(q’t)’ (4)

1 ; .
Finc(q, t) = —IV Zbiznc,a<eﬂq'R“(0) elq~Ra(t)>. (5)

Whether a sample scatters predominantly coher-
ently or incoherently depends on the isotopic
distribution. b, for hydrogen is sufficiently large
that hydrogen incoherent scattering dominates
the measured profiles from nondeuterated pro-
teins. Incoherent scattering can be classified as
three types: elastic, quasielastic and inelastic. The
inelastic scattering arises from vibrational motion
in the sample. Quasielastic scattering is manifest
as a broadening of the elastic peak and indicates
the presence of nonvibrational, diffusive motions.
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Fig. 2. Crystal geometry of zwitterionic L-alanine projected on
the (a, b) plane. Hydrogen bonds are represented as dashed
lines. From Ref. [10].

The elastic scattering gives information on the
geometry of the motions involved and the associ-
ated atomic mean square displacements in the
long time limit.

3.1. Lattice vibrations in L-alanine

Zwitterionic L-alanine, CO;-CH(CH;)-NH}
is an excellent system for investigating non-
bonded interactions in biological molecules. A
diagram of the crystal structure in the a, b plane
is shown in Fig. 2. All the available protons of the
ammonium groups are used to form hydrogen
bonds with the carboxyl oxygens. One of these
hydrogens links the alanine molecules together to
form chains parallel to the ¢ axis of the crystal.
The other two hydrogen bonds link columns of
molecules in a three-dimensional network. The
hydrogen bonds are anisotropic, running mostly
along the b direction in the a,b projection.

The hydrogen-bonded crystal possesses well-
defined lattice vibrations. The study of lattice
vibrations (phonons) is standard in solid state
physics but has not yet been fully exploited in
biology. These intermolecular vibrations are low

frequency, on the picosecond timescale, and are
strongly influenced by the nonbonded interac-
tions. A characterization of lattice vibrations in
zwitterionic amino-acid crystals promises to pro-
vide particularly useful information on short and
long range electrostatic interactions in proteins.
A detailed description of the dynamical be-
haviour of a harmonic crystal requires the deter-
mination of the dependence of the frequency, w
of the lattice modes on their wavevector, ¢, i.e.
their phonon dispersion relations. To determine
these relations measurements of the coherent
one-phonon inelastic scattering of neutrons by
the crystal modes can be made. In recent work
[10] dispersion relations in a deuterated L-alanine
crystal were measured using a triple-axis neutron
spectrometer at the Saclay reactor and the results
compared with corresponding theoretical curves
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Fig. 3. Phonon dispersion curves for perdeuterated crystalline
zwitterionic L-alanine determined by coherent inelastic neu-
tron spectroscopy. The curves are along the a* and b*
directions. The full circles, X symbols and open square sym-
bols correspond to neutron data points obtained with the a*,
b* plane as the scattering plane and represent modes ob-
served in predominantly transverse, purely longitudinal and
mixed configurations, respectively, corresponding to measure-
ments made around the (330) reciprocal lattice point. The
open circles are data points obtained around the (220) recip-
rocal lattice point in a mostly transverse configuration. The
minuses at g = 0 are Raman scattering results [11]. Solid lines
indicate the most probable connectivity of the dispersion
curves and dashed lines indicate branch anticrossing. From
Ref. [10].
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calculated using a harmonic approximation to the
empirical energy function in Eq. (1).

In Fig. (3) are shown measurements of posi-
tions on the ¢, v surface (r=w/2m) of the
acoustic and lowest-frequency optic modes prop-
agating along the a* and b* directions. Also
shown are lines representing the most probable
paths for the dispersion curves v(q). From the
linear portion close to g =0 of the acoustic
branches one can deduce the velocity of sound of
the corresponding modes. The longitudinal speeds
of sound along the &* and b* direction are 3.6
km /s and 4.6 km /s respectively. The b* velocity
is much faster than that commonly obtained for
organic compounds (= 3.5 km/s). This may be
related to the geometry of the hydrogen bonds as
depicted in Fig. 2. The interchain hydrogen bonds
are anisotropic and run mostly along the b direc-
tion. Consequently, the interchain interactions in
L-alanine are expected to be strong along the b
axis and to result in a fast longitudinal sound
velocity in this direction.

The phonon dispersion curves calculated using
the empirical potential energy function in the
harmonic approximation are shown in Fig. 4; this
can be directly compared with its experimental
counterpart, Fig. 3. In most cases there is good
agreement between the forms of the measured
and calculated curves. In some cases the calcu-
lated frequencies are somewhat too high. This is
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Fig. 4. Theoretical phonon dispersion curves obtained from
normal model analyses of the L-alanine crystal. The diagram
is directly comparable with Fig. 3. From Ref. [10].

most apparent with the two lowest optical curves,
the calculated zero-g frequencies of which are
around 65 cm™! at zero wavevector whereas ex-
perimentally they are around 45 cm ™. Along the
b* direction all the lines have approximately the
same form in the experimental and calculated
curves. In the a* direction the dispersion curves
are somewhat more complicated; several maxima
and minima and crossings are seen. Some anti-
crossing effects, indicated by the dashed lines in
Fig. 3, were observed in the experiments and in
the calculations. Anticrossing effects occur when
phonon branches belonging to the same irrepro-
ducible representation exchange their eigenvec-
tors at different values of g.

3.2. Methyl group rotational dynamics in crystals of
the alanine dipeptide

The rotational dynamics of methyl groups in
molecular crystals serve as examples where non-
bonded interactions influence librational oscilla-
tions and transitions between three fold degener-
ate conformers. In a recent study [12] we exam-
ined in detail the dynamics of the three methyl
groups in the alanine dipeptide, CH;—~CONH-
CH(CH ;)-CONH-CH ,.

The potential of mean force for a methyl group
rotation can be considered as having two contri-
butions; an intrinsic contribution represented by
the sinusoidal dihedral term in Eq. (1) and one
originating from intra- and inter-molecular non-
bonded interactions. The side-chain (‘hindered”)
methyl group has an intrinsic barrier of =3
kcal /mol whereas the N-terminal and C-terminal
methyl groups, both bonded to peptide groups,
have intrinsic barriers = 0 kcal /mol. Thus, for
the terminal (‘free’) methyl groups the rotational
barriers originate from only the nonbonded inter-
actions in the crystal.

In the recent work elastic and inelastic inco-
herent neutron scattering experiments and
molecular dynamics simulations were combined
to characterise the methyl group dynamics in the
crystal over a wide range of temperatures. Neu-
tron scattering spectra were calculated from the
simulations and directly compared with the ex-
perimental profiles.
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Fig. 5. Time series for methyl group dihedral angles (C axes) in crystalline alanine dipeptide from molecular dynamics simulations
of the molecule including the full crystal environment. (a) A hindered methyl; (b) a free methyl. From Ref. [12].

Time series of a free and a hindered methyl
group rotational angle, calculated from molecular
dynamics simulations, are shown in Fig. 5. The
hindered methyl group undergoes a forced oscil-
lation followed by jump transitions between po-
tential wells. The free methyl group undergoes
more continuous diffusion.

The different dynamical behaviours of the
methyl groups are manifest in their contributions
to the measured elastic incoherent structure fac-
tor (EISF). The g-dependence of the EISF gives
information on the geometries of the motions
concerned. S, (g, w) can be divided into a part
arising from purely elastic scattering with @ =0
and a part with o # 0.

Writing
Fin.(q,t) = EISF(q) + F.(q, 1), (6)
EISF(q) = lim Finc(q7 t) (7)
f—co
we have

Sinc(q’ w) = EISF((])(S((O) + Sgnc(q’ w)' (8)

The EISF is determined by the geometry of the
volume explored by the atom and is written as

1 .
EISF(q) =NZ|<e“’"‘u>|2. %)
The EISF depends on the Fourier transform of

the average probability distribution of the pro-
tons.

The molecular dynamics simulation-derived
scattering curves can be decomposed into contri-
butions from translational and rotational motion
of the methyl groups. The rotational contribu-
tions are shown in Fig. 6. A characteristic spheri-
cal Bessel function behaviour is visible in the 300
K free methyl EISF(g). That of the hindered
methyl is not yet fully developed in the simula-
tion.

The direct comparison with experiment of the
simulation-derived dipeptide dynamic structure

ROTATIONAL EISF OF THE METHYL GROUPS

in EISF

— Free methyl groups
——— Hindered methy! groups

-25 ' ' ' L
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q? 1A}
Fig. 6. Rotational components to the simulation-derived
EISF(q) for the alanine dipeptide. From Ref. [12].
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factor demonstrates the usefulness of the simula-
tion approach for decomposing and interpreting
contributions to observed quantitiecs. However, in
the case of the dipeptide the simulations were
not long enough to sample all the configurational
space accessible in the experiment. This sampling
problem was taken into account in comparisons
with experiment [12].

The sampling problem was not present in an-
other application, to polyacetylene, of the com-
bined molecular dynamics/neutron scattering
analysis [13]. This investigation was of the low-
frequency vibrations in the system; these are suf-
ficiently fast that they were well sampled in the
simulation. The low-frequency vibrations in crys-
talline polyacetylene are anisotropic and depend
on the conformation of the molecule, cis or trans.
It was found that molecular dynamics simulations
could be used effectively to interpret the mea-
sured vibrational density of states, and that both
the anisotropy and the conformation-dependence
of the measured scattering were well reproduced
by the simulations. The results may be of use in
understanding the role of electron—phonon cou-
pling in highly conducting Na-doped polyacety-
lene.

4. Dynamics of folded proteins

X-ray crystallography and NMR spectroscopy
furnish detailed information on the average struc-
tures of folded proteins. However, it is becoming
increasingly evident that the structural picture of
proteins must be supplemented with dynamical
information on the fluctuations of the atoms about
their average positions. Vibrational and diffusive
internal dynamics are present in proteins and
must be characterized. Although dynamical events
in folded proteins occur on a wide range of
timescales, picoseconds (ps) motions make a par-
ticularly important contribution to the internal
fluctuations of the atoms from their mean posi-
tions. These ‘low-frequency’ protein motions have
been extensively investigated using computer sim-
ulation techniques [14,15]. Incoherent neutron
scattering has been able to provide complemen-
tary experimental information on the timescales,

forms and amplitudes of the picosecond-time-
scale dynamics. Recent progress was made possi-
ble by comparing experimentally-derived spectra
with those calculated from the results of simula-
tions. A review of comparisons between incoher-
ent neutron scattering experiments and simula-
tions has been published [16].

Low-frequency vibrations in proteins. The sim-
plicity of interpretation and the existence of ana-
Iytical expressions for dynamic and thermody-
namic quantities makes the normal mode descrip-
tion of protein dynamics a good starting point for
comparison of theoretical and experimental in-
elastic neutron scattering spectra. In addition, the
relatively large amplitude of the low-frequency
internal vibrations in proteins makes it of consid-
erable interest to probe them experimentally. In-
elastic neutron scattering is well placed for such
an investigation because the intensity of the scat-
tering from a vibration depends directly on its
amplitude; the low-frequency vibrations that dom-
inate the mean-square fluctuations in the har-
monic models will also scatter neutrons intensely.

Detailed analyses have been made of the neu-
tron scattering properties expected from har-
monic and damped harmonic models of the bovine
pancreatic trypsin inhibitor, BPTI [17-19]. Exper-
imental spectra were obtained and it was shown
that the amplitudes and frequencies of the low-
frequency (10-200 cm™!) modes calculated from
harmonic model are in good agreement with ex-
periment. However, the frequencies of the very
low-frequency modes (< 50 cm~!) were found to
be highly sensitive to the method of representa-
tion of the long-range electrostatic interactions.

At the available instrumental resolution low-
frequency (< 80 cm™!) inelastic spectra from the
various proteins measured so far (lysozyme, BPTI,
myoglobin, cytochrome C, phosphoglycerate ki-
nase, etc.) have similar forms. The lowest fre-
quency vibrations (< 15 cm~') do not appear as
inelastic scattering in the spectrum. If present,
they must be overdamped. This has particular
implications for double-lobed proteins such as
lysozyme. The characteristic lysozyme hinge-
bending motion, if vibrational, would show up as
a strong peak in the inelastic neutron scattering
spectrum. No such peak is seen [16]; even in the
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dried protein the hinge-bending mode, if present,
is overdamped.

The addition of water molecules to a dry pro-
tein can be expected to produce a change in the
internal protein dynamics. Neutron experiments
on protein powders indicate that hydration in-
creases the picosecond-timescale mean square
displacements and the quasielastic scattering from
small proteins [18-20]. This may be the result of
a water-induced increase in the rate of picosec-
ond-timescale jumps between free energy minima
(see below). An alternative model describes the
effect of hydration as the addition of low-
frequency overdamped modes to the system [18].

Optical spectroscopies also show promise for
investigations in the low-frequency regime. Re-
cently it was demonstrated that with the use of
synchrotron radiation far-infrared spectra from
lysozyme can be derived with good signal-to-noise
ratios [21]. Moreover, a hydration-dependent
change in the absorption spectrum was seen. Cor-
responding calculations to interpret in detail the
measured spectra are underway [22].

Diffusive motions at room temperature. Vibra-
tional models of isolated proteins neglect several
factors likely to be present in real proteins in
physiological conditions. One of these is the an-
harmonicity of the intramolecular potential en-
ergy surface. Intriguing data pertaining to the
anharmonicity of protein motions have been ob-
tained by determinations of the temperature-de-
pendence of mean-square displacements and
fluctuations of protein atoms. Neutron scattering
[23,24] and crystallographic studies on myoglobin
have indicated that the average mean-square dis-
placement, { R?) increases approximately linearly
with temperature below = 200 K, in accord with
harmonic models for the internal dynamics. At
higher temperatures { R?) increases more rapidly
with temperature, indicating the presence of ad-
ditional motions. The nonlinear increase in { R?)
is accompanied by the presence of quasielastic
neutron scattering indicating the presence of pi-
cosecond-timescale nonvibrational motions in the
protein. There is increasing evidence that these
additional motions are required for the function-
ing of some proteins. For example, crystallo-
graphic analyses of ribonuclease A have demon-
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Fig. 7. Log of the elastic incoherent structure factor versus g2
for myoglobin. The experimental data points are shown for
four temperatures (from Ref. [23]) and the corresponding
quantity derived from a molecular dynamics simulation of
myoglobin at 300 K is given by a solid line. From Ref. [28].

strated that inhibitor molecules will bind only at
temperatures above the dynamical transition [25].
The bacteriorhodopsin photo-cycle works only at
temperatures where the additional motions are
present [26]. Molecular dynamics simulations of a
series of cyclic peptide analogs indicate that the
marked flexibility differences between the differ-
ent peptides arise principally from differences in
the nonvibrational component of the dynamics
[27].

In Fig. 7 is shown the elastic scattering as
derived experimentally [23] and from a 100 ps
molecular dynamics simulation of myoglobin [28].
In both experiment and simulation a nonGauss-
1an form is seen from the elastic scattering indi-
cating that the dynamics cannot be described in
terms of all the hydrogen atoms undergoing iden-
tical harmonic motion [29]. The calculated EISF
is in excellent agreement with experiment. The
gradient of log(EISF) versus g° as g — 0 gives
the average mean square displacement of the
hydrogen atoms. The low g behaviour in Fig. 7
indicates that the mean square displacements are
slightly underestimated in the 100 ps simulation;
the low g scattering matches that experimentally
obtained at 277 K. This can be attributed to the
fact that the hydrogen motions contributing to
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the experimental profile (which is sensitive to
motions faster then ~ 500 ps) are not quite com-
pletely sampled in the simulation. However, the
overall agreement indicates that the amplitudes
of the vibrational and diffusive motions of myo-
globin are well represented in the simulations
over the accessible timescale, 1-100 ps.

Two qualitatively different models for the an-
harmonic dynamics can be considered. In one the
atoms jump between potential wells in a confined
geometry. Experimental evidence for the pres-
ence of multiple minima has lead to the conclu-
sion that at low temperatures proteins are struc-
turally inhomogeneous in a fashion similar to the
glassy state [30]. In a given sample different pro-
tein molecules explore configurations associated
with different potential energy wells. The wells
have been termed ‘conformational substates’. At
300 K transitions between the substates occur.
The ‘jumps between substates’ picture has been
invoked in molecular dynamics simulation analy-
ses [31,32]. It was suggested that for most atoms
the harmonic approximation is valid whereas
some, mostly side-chain atoms spend some time
vibrating in one harmonic well before making a
conformational transition into another one [31].
In myoglobin picosecond-timescale jumps be-
tween substates were described as rigid-body he-
lix motions accompanied by loop rearrangements
[32]. That effective force constants between atoms
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dynamics simulation of myoglobin. From Ref. [36].

in helices are larger than for interhelix motions is
substantiated by normal mode analyses of small
proteins [33]. Often in protein simulations it has
been observed that secondary structural elements
exhibit smaller mean-square fluctuations than
connecting loops. An example of this is seen in
recent simulations of bacteriorhodopsin [34], as
shown in Fig. 8.

As the EISF of the simulated dynamics is in
good agreement with experiment (Fig. 7) it is of
interest to try to identify from the simulation the
nature of the nonvibrational motions concerned.
The question therefore arises as to whether the
full atomic trajectories can be simply described.
A model alternative to substate jumps describes
the 300 K dynamics as continuous diffusion of
collections of atoms in confined volumes speci-
fied by the EISF. To investigate the contribution
from this type of dynamics we have examined a
dynamical quantity closely related to the neutron
scattering — the time-dependent mean square dis-
placement {R(¢)?).

In Fig. 9 are presented curves of {R(¢)>) per
atom for the helices, loops and side chains. After
an initial fast increase, the mean square displace-
ments increase linearly with time. This is clear
indication of the presence of diffusive motion in
the molecule with an effective diffusion constant
given by the gradient of the curves. The diffusion
constant varies according to the structural ele-
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ment considered. Extending the plots to
timescales beyond 50 ps (not shown) leads to a
reduction in the gradients although the mean
square displacements do not converge in 200 ps,
consistent with the presence of characteristic re-
laxation times of the order of hundreds of ps
experimentally. Also shown as dashed lines in
Fig. 9 are rigid-body contributions. These were
obtained by fitting rigid-body reference structures
to the time frames of the simulation. Two types
of rigid-body reference structures were fitted; one
consisting of the helices (backbone plus side-
chains) and one consisting of the side-chains (with
the centroid of the rigid body structure pinioned
on the C_ atom).

It is clear from Fig. 9 that the rigid-helix
contribution to the helix atom mean square dis-
placements is small (about 30%) whereas the
side-chain displacements are well represented by
rigid-body side-chain motions. These results indi-
cate that the major part the picosecond-timescale
nonvibrational mean-square displacements arises
from collision-determined diffusive motions of the
side-chains acting as rigid bodies. Torsional jumps
of the side-chains do occur, but too rarely to
influence the (R(¢)?) on the timescales consid-
ered. Direct calculations of the neutron scatter-
ing properties of the rigid-body trajectories have
been performed and indicate that rigid side-chain
diffusion dominates the nonvibrational contribu-
tion to the measured profiles [35]. A more de-
tailed analysis of the fitted rigid-body trajectories
in terms of fluctuations, mean-square displace-
ments, velocity correlation functions and vibra-
tional frequency distributions has been published
[36].

5. Conclusions

Until recently the atomic-detail molecular bio-
physics of proteins was mostly confined to crystal
structure determinations and phenomenological
descriptions of these based on relative average
atomic positions. Whereas the protein ‘anatomi-
cal’ approach has been very fruitful in unveiling
structural relationships between proteins, a de-

scription of protein structure, dynamics and func-
tion directly in terms of the governing quantum
and statistical mechanical principles has been,
unsurprisingly, harder to achieve, The recent
rapid increase in computer power and simultane-
ous methodological improvements have rendered
approachable the self-consistent application of
theoretical chemistry continuously from the quan-
tum chemistry of small ensembles of atoms
through simulations of large, biological systems.

Much information on the physical properties
of proteins is to be gained from designing and
carrying out neutron scattering experiments on
systems amenable to computer simulation using
empirical potential energy functions. The calcula-
tion of neutron scattering intensities from the
simulation results and direct comparison with ex-
periments provides a means of unequivocally in-
terpreting the measured profiles in the cases
where sufficient agreement with experiment is
seen. When there are differences between experi-
ment and theory care is often necessary in pin-
pointing the sources of error. These can arise
from errors in the potential energy function, in
the simulation methodology or in the experimen-
tal data collection and reduction.

The simplicity of neutron—nucleus interaction
makes the combination of molecular dynamics (or
harmonic analysis) and incoherent neutron scat-
tering an excellent strategy for the determination
of the picosecond dynamics of biomolecular sys-
tems. It is now clear from comparisons of inco-
herent inelastic neutron spectra calculated from
normal mode analyses with experimental results
that global, collective, underdamped, low-
frequency vibrations do exist in proteins at all
temperatures. The vibrational motion dominates
the mean-square displacements at low tempera-
tures. At higher temperatures and in solution
additional, nonvibrational motions occur. Molec-
ular dynamics simulations reproduce well the
measured neutron scattering profiles for myo-
globin. Further analysis of the simulations sug-
gests that the mean-square displacements of
atoms in helices and associated neutron scatter-
ing quantities are not dominated by rigid-helix
motion. Rather, the nonvibrational component to
protein atom motions can be considered as diffu-
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sive dynamics of the side-chains acting as rigid
bodies on the picosecond timescale.

Coherent neutron scattering probes pair corre-
lations in biological macromolecules. Low resolu-
tion time-averaged radial density distribution
functions can be derived from solution small an-
gle scattering [37]. A combination of this tech-
nique with statistical mechanical theory to probe
the configurational distribution of a denatured
protein is reported elsewhere in this Issue [38].
The use of energy-resolved coherent inelastic
scattering to determine phonon dispersion rela-
tionships in suitable biological materials, as de-
scribed above, enhances our understanding of the
nonbonded interactions in macromolecules and
provides a challenge to theorists, who are re-
quired to reproduce detailed curves rather than
single numbers as one encounters in some other
branches of theoretical chemistry. The dispersion
curves can be considered as energy-analysed ther-
mal diffuse scattering as is seen associated with
Bragg peaks on diffraction patterns; a close asso-
ciation exists between the dispersion curves and
thermal diffuse scattering. Computer simulation
provides a means of uniting these observations
with a single model. Recently, we have been
investigating very diffuse X-ray scattering in
lysozyme crystals. A good agreement is seen be-
tween experimental diffuse scattering characteris-
tics and those derived from molecular dynamics
simulations and normal mode analyses of an iso-
lated lysozyme molecule [39]. Diffuse scattering
probes correlated displacements in proteins; this
is an aspect of protein dynamics that is comple-
mentary to the side-chain diffusive motion ac-
cessed by the quasielastic incoherent neutron
scattering discussed above.

The functional role of the various protein mo-
tions described above has still yet to be eluci-
dated. Proteins exhibit both solid-like and liquid-
like motions at physiological temperatures. Col-
lective solid-like correlated motions clearly exist
and may provide indications on accessible dynam-
ical pathways for information transfer across pro-
teins. For example, they have recently been clearly
implicated as being coupled to functional states
in photosynthetic electron transfer {40]. The pi-
cosecond-timescale diffusive motions may turn

out to be largely noise with little functional rele-
vance. However, the existence of the diffusive
motions is correlated with the presence of func-
tion in some proteins. The diffusive dynamics
results in the exploration by the protein of ex-
tended regions of its potential surface. This may
be necessary to allow the protein to sample con-
figurations appropriate for functional steps such
as ligand binding.
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