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ABSTRACT  Structural and dynamic
properties of bovine pancreatic trypsin inhibi-
tor (BPTI) in aqueous solution are investigated
using two molecular dynamics (MD) simula-
tions: one of 1.4 ns length and one of 0.8 ns
length in which atom-atom distance bounds de-
rived from NMR spectroscopy are included in
the potential energy function to make the tra-
jectory satisfy these experimental data more
closely. The simulated properties of BPTI are
compared with crystal and solution structures
of BPTI, and found to be in agreement with the
available experimental data. The best agree-
ment with experiment was obtained when
atom-atom distance restraints were applied in
a time-averaged manner in the simulation. The
polypeptide segments found to be most flexible
in the MD simulations coincide closely with
those showing differences between the crystal
and solution structures of BPTIL.
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INTRODUCTION

With computers becoming increasingly powerful,
simulation of dynamic processes is a rapidly grow-
ing area of research. The simulation of molecular
dynamics has the attractive feature that motions on
the atomic level can be monitored and analyzed in
atomic detail. Experimentally, X-ray diffraction
techniques yield a detailed atomic picture of a mo-
lecular system in single crystals, but it contains no
information on the time scales of the atomic mo-
tions. NMR yields a detailed atomic resolution pic-
ture of molecules in solution, which can also include
time scales of a wide range of dynamic processes, but
its use is limited to systems with molecular weights
smaller than about 30,000 Da.® Other spectroscopic
techniques allow for the measurement of some re-
laxation times, but they cannot provide atomic
spatial resolution. In view of these limitations of ex-
perimental measuring techniques, computer simu-
lation methods are an alternative for obtaining a
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dynamic picture of biomolecular motion, and for
complementing experimental data.

A necessary condition for the use of computer sim-
ulation techniques to study molecular motion is that
the molecular model and the interatomic interaction
function, V,, ., are sufficiently reliable to predict
various properties of the molecular system of inter-
est. A second necessary condition is that the simu-
lation spans the time scale of the motions that de-
termine the properties of interest. These two
conditions limit the applicability of molecular dy-
namics (MD) computer simulation techniques to bi-
omolecular systems considerably.

If the molecular model and atomic interaction
function V_,, . were perfect, and a simulation could
be carried on infinitely long, the generated trajec-
tory would exactly represent the real molecular sys-
tem: the structural and dynamic properties derived
from such a trajectory would give a complete and
correct picture of the molecular system, without re-
course to experimental data. In practice, neither
condition is fulfilled. Atomic interaction functions
are not infinitely accurate due to various approxi-
mations made in the derivation of V., for exam-
ple, with respect to electronic degrees of freedom,
quantum-mechanical effects, many-body interac-
tions, etc. Furthermore, a computer simulation can-
not be carried out for infinitely many steps: gener-
ally, a MD simulation of a molecular system does
not extend beyond the nanosecond time scale, which
is not sufficiently long to sample the entire range of
motions of a protein in solution.

One way to improve the reliability of a molecular
simulation is to incorporate experimental informa-
tion on the specific molecular system of interest in
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the simulation. This can be done by adding to the
standard physical potential energy function V.
an extra term V. which restrains or influences
the motion such that the generated trajectory yields
average properties in accordance with the experi-
mental information on the specific molecular sys-
tem. For example, when distance (upper) bounds
r;"" have been derived from nuclear Overhauser ef-
fect (NOE) cross-peak intensities originating from
nuclei i and j, the function?

1
kdr 2

Z —1lp ub
2 " NOE pairs (i)

[max(0, (rj?) 74 — riP

68
can be used to make the trajectory satisfy the NOE
data. The function max delivers the largest of its two
arguments, and the distance between atoms i and j
is denoted by r;. The distance dependence of the
dipolar interaction leads to the value p=6 for the
exponent in (1). However, if the averaging period 74,
in the time average (), corresponds to a short time
scale, as is usually the case in biomolecular simula-
tions, the influence of angular fluctuations should
be neglected,® which leads to a value of p=3.

Generally speaking, a MD simulation of a protein
may serve different purposes.*® First, the simulated
molecular properties may be compared to measured
ones in order to validate the atomic interaction func-
tion V.. and computational procedure used in the
simulation. Second, a MD simulation in which re-
straints, such as in (1), representing measured data
are used, may be used to generate a trajectory of
protein structures that satisfies the measured data.
Third, such a MD trajectory may be used to analyze
molecular or atomic properties that are inaccessible
to measurement, from which analysis insight into
protein properties may be obtained. The analysis of
the MD simulations of the small protein bovine pan-
creatic trypsin inhibitor (BPTI) presented below
aims at serving all of these purposes: (1) test of the
force field used (GROMOSS®), (2) generation of a tra-
jectory of BPTI conformations that is compatible
with the NOE data available for this protein,” and
(3) analysis of a number of dynamic and structural
properties of BPTI using the generated trajectories.

Its small size (58 residues), high stability and
ready availability make BPTI suitable for testing
new experimental and theoretical methods. Three
different crystal structure forms have been deter-
mined from X-ray and neutron diffraction,®'° and
were compared by Wlodawer et al.’%!! Many struc-
tural and dynamic properties were analysed by
means of NMR spectroscopy.” 2717 The first simula-
tion of BPTI in vacuo was done for 20 ps by McCam-
mon et al.’® The first simulations of BPTI in a Len-
nard—Jones fluid® for 25 psec, in water® for 20 ps,
and in the crystalline state?! for 20 ps were really
not sufficiently long to allow for a reliable descrip-
tion of structural and dynamic properties. Levitt

Viestr =

and Sharon®? and Daggett and Levitt?® reported
simulations of BPTI in water of 210 and 550 ps
lengths, respectively. In the latter study, simula-
tions were performed at different temperatures in
order to investigate the thermal unfolding of BPTI
in atomic detail. The focus of the present BPTI study
is different. First, the 800 and 1400 ps MD simula-
tions of BPTI in water are used to validate the GRO-
MOS force field by comparison with NMR and X-ray
data. Second, the effect of different ways to account
for experimental NOE information in a MD simula-
tion by the application of instantaneous (1;, = 0) or
time-averaged (rq, > 0) atom-atom distance re-
straints (1) is evaluated. Third, structural and dy-
namic features of BPTI are analyzed.

We will present the time dependence of some glo-
bal properties such as the potential energy, Len-
nard—Jones and Coulomb energies, the radius of
gyration, and average atomic positional displace-
ments, which are generally used to judge the quality
of equilibration and stability of a simulation. We
will further analyze backbone dihedral angle tran-
sitions, and average the coordinates of BPTI over
time intervals between the observed transitions.
These averaged conformations will then be com-
pared to each other and to the X-ray and NMR struc-
tures. It is not our aim to characterize the conforma-
tions of BPTI completely, because that would
require an analysis of the side chain dihedral angle
transitions as well, which is beyond the scope of this
study. Averaging the coordinates over periods dur-
ing which the backbone dihedral angles do not show
large changes will provide meaningful representa-
tive structures that are more suited for comparisons
than an arbitrarily picked conformation at a single
time point or a structure which is an average over
the complete simulation. The comparison between
simulated and X-ray crystal structures will focus on
those regions for which the three crystal structures
differ from each other, in order to investigate
whether structural variation in different crystal
structures is a reliable indication of increased mo-
bility in solution as well. A detailed comparison of the
NMR solution structure with the crystal structures
has been given by Berndt et al.” A variety of other
data from the BPTI simulations presented here have
already been analyzed and published elsewhere: hy-
dration properties,?* dielectric properties,2® and the
translational and rotational diffusion properties.?®

COMPUTATIONAL METHODS

The simulations were performed using the GRO-
MOS force field.® Nonpolar hydrogen atoms were in-
cluded with the carbon atoms (united atom ap-
proach), and polar hydrogen atoms were treated
explicitly. In accordance with the experimental con-
ditions chosen?”-28 for the NMR investigations of the
hydration of BPTI in aqueous solution, we applied a
simulation temperature of 277 K and used proto-
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nated residues Arg* and Lys™. We also chose the
acidic residues Glu and Asp to be charged, because
of experimental evidence®® that even Asp (pK, =~
3.2) is at least 50% deprotonated at pH 3.5. The total
charge of BPTI is then +6 e. For the water mole-
cules the SPC/E model®® was used. At 300 K it yields
a diffusion constant that is close to the experimental
value, and it also yields a resolved second peak in
the O-O radial distribution function which indicates
good structural properties.

As starting structure, we used a conformer from a
preliminary distance geometry calculation” based
on NMR data using the program DIANA. A least-
squares fit of all backbone atoms of this NMR con-
former to those of the crystal structure II° using con-
formation A of the two possible conformations of
Glu-7 and Met-52 was performed (rmsd = 0.136
nm). Then, the coordinates of the four internal wa-
ter molecules of the X-ray structure (W111, W112,
W113, W122 from the Brookhaven data bank entry
5PTI) were added as water molecules W1, W2, W3,
W4 to the distance geometry structure. Fifty steps of
energy minimization with the steepest descent
method were applied. The resulting structure was
placed in a truncated octahedron of equilibrated
SPC/E water. A distance of 0.85 nm between the
protein and the square planes of the box edges and a
minimum distance of 0.23 nm between the nonhy-
drogen protein atoms and the closest oxygen atoms
of water molecules was maintained. The resulting
box, with a volume of 79 nm3, contained 2371 water
molecules and a total of 7681 atoms. This molecular
system was used as starting point for two separate
MD simulations, referred to in the following with
the symbols A and B.

The equilibration of the BPTI/water system was
done in four stages. In order to maintain the origi-
nal, energy-refined distance geometry NMR struc-
ture of BPTI, we applied a harmonic atom position-
restraining potential energy term to the BPTI
atoms, using the starting structure as reference
structure. During 93 steps of energy minimization
with the steepest descent method of the full periodic
box, the force constant of the position-restraining
potential energy term was 9000 kJ mol™' nm™2.
Next, three stages of equilibration used the molec-
ular dynamics method with decreasing position-re-
straining force constant and with increasing tem-
perature. The initial atomic velocities were taken
from a Maxwell-Boltzmann distribution at 100 K.
In all simulations, the temperatures of the protein
and the solvent were separately coupled to a tem-
perature bath.3! The pressure was kept constant by
coupling to a pressure bath®! at 1.0 bar. Bonds were
kept rigid using the SHAKE method?? with a rela-
tive tolerance of 10 %. A cut-off radius of 0.8 nm for
the nonbonded interactions was applied. The Cou-
lomb interactions up to 1.2 nm were only calculated
every 10 time steps of 0.002 ps each, when the pair

list was updated. During the first 2 ps at 100 K, the
constants for coupling to the temperature and pres-
sure baths were 0.01 and 0.05 ps, respectively, and
the position-restraining force constant was reduced
to 900 kJ mol~! nm~2. For the next 2 ps, the tem-
perature was increased to 200 K and the position-
restraining force constant decreased to 90 kJ mol !
nm ™ 2 In the third and final stage we simulated for
6 ps at 277 K without any position restraining. The
constants for coupling to the temperature and pres-
sure baths were now increased to 0.1 and 0.5 ps,
respectively. At this point the time origin was reset
to 0, and throughout the following 1.4-ns simula-
tion, which is denoted A, the parameters of this final
equilibration stage were maintained. For analysis,
the coordinates were stored every 0.1 ps.

For the simulation B with the inclusion of 642
NOE derived atom—atom distance restraints,” the
final 6-ps equilibration stage of simulation A was
repeated, but this time using conventional [t4, = 0
in (1)] atom—atom distance restraining.33 The poten-
tial energy term was quadratic for distance viola-
tions smaller than 0.3 nm, as in (1), and linear be-
yond that value.®* The force constant was k4, =
4000 kJ mol ™! nm 2. The geometric definition of the
pseudoatoms®® and hydrogen atoms involved in the
distance restraints is given in refs. 6 and 36. Again
the time origin was reset at 0 at the end of the 6 ps
equilibration stage, and the same parameters were
used for the simulation of the first 200 ps. Then, the
simulation was continued by applying time averag-
ing [t4, > 0 in (1)] to the distance restraints®37 for
the subsequent 300 ps. When changing to time av-
eraging, the instantaneous distances were used as
average distances and the potential energy term
Vohys Was quadratic for all violations. The relax-
ation time 7,4, for the exponential memory function
weighting the distances of previous steps was set to
10 ps. After a total simulation period of 500 ps, the
distance restraints potential energy term (1) was
switched off (k4. = 0) for the last 300 ps.

We use the crystal structure form II° for compar-
ison with simulated structures. The coordinates of
conformation A were chosen for Glu-7 and Met-52.
For comparisons with the NMR structures, one of
the final, energy-minimized conformers selected to
represent the solution structure” was used.

RESULTS AND DISCUSSION
Time Dependence of Global
Molecular Properties

A number of properties can be used to decide
whether a MD simulation has properly equilibrated.
They include a levelling off and stability of the po-
tential energy, the radius of gyration and the rmsd
of all or a subset of the atomic positions relative to a
reference structure. Figure 1 shows the total poten-
tial energy and the Lennard—Jones energy for the
protein-solvent interaction of simulation A (no dis-
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Fig. 1. Total potential energy (a) and protein—solvent Lennard—Jones energy (b) (in kJ mol~")
as a function of time (in ns) of simulation A (without application of distance restraining).

tance restraining). The total potential energy (Fig.
1a) is rather constant. Components of the total en-
ergy may show a different behaviour as a function of
time. Figure 1b shows that the Lennard—Jones in-
teraction energy between the protein and the sol-
vent exhibits a significant drop around 150-170 ps,
from —1300 to —1500 kJ mol . In simulation B this
energy remains quite stable for the first 450 ps.
There is a similar drop of this energy between 400
and 550 ps, of approximately 250 kJ mol~?, during
the application of time-averaged distance restraints
and after the omission of distance restraints (not
shown). The Coulomb energies for protein-protein
interactions (Fig. 2a) and protein—solvent interac-
tions (Fig. 2b) of simulation B not only show much
larger rms fluctuations than those for the Lennard—
Jones interactions (not shown for simulation B), but
there is also a pronounced oscillatory behaviour
characterized by different time scales: fast energy
exchange within 10 ps superimposed on slower ex-
change over about 150 ps.

For simulation A the radius of gyration, deter-
mined from 10-ps averages of the trajectory, oscil-
lates with a period of about 100 ps about its mean
value of rg = 1.15 nm (Fig. 3). Throughout simula-
tion B the radius of gyration steadily increases but
remains within the range found for simulation A.

The rms displacements of the C* atoms and of all
atoms calculated as 10-ps averages relative to the
starting structure are shown for both simulations in
Figure 4a and relative to the crystal structure II° in
Figure 4b. For simulation A the displacement of at-
oms relative to the starting structures shows, apart
from the usual initial deviation, sudden increase at
t=150 and =400 ps for all atoms and at =170 ps for
the C* atoms. The graphs obtained from simulation

B display significant steps at =300 psec for all at-
oms and at {=500 ps for the C* atoms. The latter
coincides with the removal of the distance re-
straints. In simulation A the protein can move
freely within the accessible configurational space
defined by the force field, whereas this space is par-
tially restricted by inclusion of the distance-re-
straining force field term in simulation B. This is
illustrated by the significantly smaller rms displace-
ments during the first 500 ps of simulation B, when
distance restraints are still applied. The displace-
ment of all atoms relative to the starting structure is
about 25% smaller and for the C* atoms it is about
halved in simulation B. Relative to the crystal struc-
ture (Fig. 4b), this effect is less pronounced. In all
cases except for the all-atom displacement relative
to the starting structure, the curves converge to sim-
ilar values for simulations A and B. Moreover, the
average displacement values from the comparison to
two different (NMR, X-ray) reference structures dif-
fer only by about 0.05 nm. This means that in the
simulations one or more conformational regions are
accessed that are approximately equally “far away”
from single structure representations derived from
X-ray diffraction and from NMR spectroscopy. This
clearly indicates molecular flexibility and requires
a more detailed analysis of the conformational re-
gions accessible to the protein. Figures 1a, 2, and 4
show that the potential energy, the radius of gyra-
tion and the r.m.s. atomic positional deviation from
two reference (NMR, X-ray) structures have more or
less equilibrated after approximately 200—400 ps.
We note that such an equilibration period is long
compared with the complete simulation period of

MD simulations of proteins in solution published so
far.22,23,38—40
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Fig. 2. Coulomb energies (in kJ mol~") for the protein—protein (a) and the protein—solvent (b)
interactions as function of time (in ns) for simulation B with instantaneous (0-200 ps), time-
averaged (200—500 ps), and omission of (500—800 ps) distance restraints.
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Fig. 3. Variation of 10-psec averages of the radius of gyration rg (in nm) of BPTI with time (in
ns) for simulation A (®) and simulation B () with instantaneous (0—200 ps), time-averaged (200—
500 ps), and omission of (500—800 ps) distance restraints.

Characterization of Conformations

In order to characterize changes occurring within
the BPTI structure, we calculated averages of the ¢
and § dihedral angles over different parts of the tra-
jectories, which were characterized by different ¢, &
angle values. The trajectories show many ¢, s dihe-
dral angle changes. However, only when a dihedral

angle resides in a specified potential energy mini-
mum for a certain minimal time span would we like
to consider this as a distinct conformation. The
longer-lived conformations can be detected as fol-
lows. Whenever two distinct dihedral angle con-
formers both contribute substantially to a trajectory
average, the rms dihedral angle fluctuation will be
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Fig. 4. Variation with time of the rms displacement of atom positions (in nm) averaged over
10-ps subtrajectories relative to (a) the starting structure and (b) the crystal structure II. The filled
symbols represent the results obtained from simulation A, the open symbols those from simulation
B with instantaneous (0-200 ps), time-averaged (200—500 ps), and omission of (500—800 ps)
distance restraints. Circles denote the mean atomic displacement for C* atoms (also used for the
least-squares fit of structures), and triangles for all atoms.

large. We took fluctuations larger than 30° as indic-
ative for the occurrence of backbone angle transi-
tions and analyzed them further. We found that only
¢ and ¢ angles of consecutive residues flip together
at a given time (i.e., a rotation of the plane of the
peptide bond takes place). The residue pairs Leu-6-{s
Glu-7-¢, and Arg-17-¢ Ile-18-¢ (Fig. 5a) undergo
such transitions in both simulations A and B. In
addition, we find transitions in simulation A for
Gly-37-¢ Cys-38-¢ and in simulation B for Pro-13-{s
Cys-14-¢ (Fig. 5b). Some other backbone angles ex-
hibit a slow drift of 30—50° over 500 ps, or show
large fluctuations around a mean value with short
life-times of just a few picoseconds in either extreme.
These are not considered to be characteristic for de-
fining conformations but will be accounted for in the
description of mean angle values and rms fluctua-
tions. Using the six backbone angles of each simu-
lation which lead to conformational transitions as
defined here, we define four periods within the tra-
jectory of simulation A and three periods within
simulation B with small variations in backbone an-
gles for which an average conformation can be de-

fined. Conformation Al is averaged over 50—100 ps
of simulation A, A2 over 400—800 ps, A3 over 900—
1050 ps, and A4 over 1100-1400 ps, respectively.
Similarly, conformations B1, B2, and B3 are aver-
aged over 100-200, 300-500, and 610—-750 ps of
simulation B.

The average ¢ and  angles of all conformations
and of the X-ray and the NMR structure are dis-
played in Figure 6 and the rms fluctuations about
the averages in Figure 7. Apart from those pairs of
residues mentioned above and the N- and C-termi-
nal residues the dihedral backbone angles differ lit-
tle among the 9 structures. The largest deviations of
dihedral angles are found between the X-ray and the
NMR conformer selected for the present compari-
sons, but, interestingly, just for angles that are ei-
ther identical with or next to the dihedrals that dis-
tinguish conformations in either of the simulations
(Table I): the dihedral angles of Pro-13-§;, Ala-16-¢,
Gly-36-y, Gly-37-¢, and Cys-55-¢ differ by 60° or
more.

It is not surprising to find most of the transitions
and the largest structural differences for residues of
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Fig. 5. Variation of backbone dihedral angles (in degrees) with time (in ns). The angles Arg-

17-y (solid) and lle-18-¢ (dotted) of simulation A
Cys-14-¢ (dotted) of simulation B in (b).

the “flexible top” of BPTI, spanning residues 12-16
and 36-38. However, several transitions involve
residues that are at the ends of regions with well
defined secondary structure, i.e., the 3,,-helix span-
ning residues 3—6, the antiparallel B-sheet involv-
ing residues 18—24 and 29-35, and an a-helix of
residues 47-56. Residues at the ends of secondary
structure elements sometimes show even larger
flexibility than those which do not participate in
secondary structures at all. Figures 7a and b display
the rms fluctuations for the backbone dihedral an-
gles of conformations from simulation A. Besides
the chain termini there are four regions with a
larger dihedral angle mobility: 3—6, 14-18, 24-30,
and 36-38. For the conformations from simulation
B (Fig. 7c and d) large fluctuations are observed
only for the two regions 6—7 and 36—38. These dif-
ferences between dihedral angle fluctuations from
simulation A and from simulation B are partly re-
flected in the plots for the rms positional fluctua-
tions of the a- and y-carbon atoms (Figs. 8 and 9).

are given in (a), the angles Pro-13-ys (solid) and

Local maxima in the plots for simulation A can also
be found for simulation B, but the size of the fluc-
tuations is generally smaller in the partially re-
strained simulation B. There exists only qualitative
agreement between the positional fluctuations ob-
tained from the simulations and those calculated
from the crystallographic B-factors (bold line) ac-
cording to Eq. (2):

((Ar)2>1/2 [3B/(81T2)]1/2 (2)

The agreement with the crystallographic B-factors
is slightly better for the sidechain atoms than for the
backbone atoms. This may be explained by the
shorter time scales of the side chain motions which
allow for better sampling within the averaging
period. We note that averaging periods of a few
hundred picoseconds are too short to sample
accurately the relatively rare transitions of back-
bone angles.

Table IT summarizes various properties calculated
from the coordinates of crystal structure form II, XR,
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amino acid sequence

Fig. 7. The root mean square fluctuations of the backbone dihedral angles (in degrees) for the
various conformations from the simulations A and B. The fluctuation of the ¢ angles in (a) and the
J angles in (b) are averaged over the subtrajectories A1-A4 of simulation A; the fluctuations of the
¢ and i angles over the subtrajectories B1-B3 of simulation B are given in (c) and (d).

the distance geometry refined NMR structure, NMR,
and the conformations A1-A4 and B1-B3 obtained
from positional averaging over the corresponding
parts of the trajectory. The solvent accessible surface
area F, the number of hydrogen bonds involved in the
anti-parallel B-sheet, Ng; ,onas(s), in the a-helix, Ny
bonds(i,i+4), and in the 3;4-helix, Ny ponasc,i+3) and
the assignment of residues to any of the secondary
structures were calculated from the subtrajectory-
averaged coordinates using the analysis program
DSSP.*! The radius of gyration rg, dihedral angle
fluctuations, and distance restraint information
were calculated directly from the subtrajectories.
The significantly smaller dihedral angle and po-
sitional fluctuations for A1 and B1 partially arise
from averaging over relatively short subtrajectories
and the immediate penalization of distance-bound
violations. However, the mobility within the subtra-
jectory B2, while time-averaging of distance re-
straints is applied, is of the same order as that found
within simulation A (without distance restraining).
Yet, the average distance restraint violation (dr-

viol), the total number of distance violations N,
and the number of distance violations larger than
0.1 nm, N;,(>0.1), are almost equal for conforma-
tions B1, B2, and the NMR structure. This shows
that the use of time averaging of distance restraints
allows for an appropriate description of protein mo-
bility? while fulfilling atom—atom distance bounds.
Since the radius of gyration, rg, is quite variable
(Fig. 3), the solvent accessible surface area, F, may
be a better quantity to judge the compactness and
stability of the tertiary fold as well as the correla-
tion with NOE violations. The surface area of con-
formations with many and large NOE violations is
about 2—-3 nm? larger than that of conformations
with fewer and smaller NOE violations. The regions
with defined secondary structure are relatively sta-
ble as can be seen from the number of hydrogen
bonds involved therein and from the range of resi-
dues in these structures. However, the ends of the
3;10-helix and the B-strands are somewhat disor-
dered, as was already discussed above in the context
of the backbone angle transitions.




58 R.M. BRUNNE ET AL.

TABLE I. Dihedral Angle Values*

Angle XR NMR Al A2 A3 A4 B1 B2 B3

Leu-6-y -8 +17 —26 +79 +95 +96 +22 +29 =31
Glu-7-¢ =179 -85 =72 —158 -172 -176 —-92 —100 -50
Pro-13-¢ -3 +59 —42 —36 -32 -32 +69 —42 —-34
Cys-14-¢ -85 —132 —49 =57 -63 -59 —143 -53 —58
Lys-15-¢ +22 +69 +98 +86 +106 +95 +74 +81 +100
Ala-16-¢ =76 —148 —138 —137 —153 —149 —146 —148 —164
Arg-17-¢ +86 +106 +68 +87 -21 +96 +90 +92 -59
Ile-18-¢ —109 —-124 -97 -115 —48 —124 -115 -118 +21
Gly-36-{¢ -8 -93 —58 -96 —100 —86 —49 -4 —125
Gly-37-¢ +105 +177 +127 +156 +154 +172 +129 +157 -162
Gly-37-¢ -7 —42 +15 +39 +46 —168 +4 -1 +17
Cys-38-¢ —146 —-110 —-137 —138 -135 +60 —130 —131 —123
Cys-55-¢ -15 =77 —37 —-37 —31 —52 —55 =50 —42

*Dihedral angle values (in degrees) for the crystal structure II (XR), the energy-refined distance geometry NMR conformer selected
for the present comparisons (NMR), and the conformations averaged over the trajectory parts of the MD simulation A without any
distance restraining (A1-A4) and of the MD simulation B with instantaneous (B1), then time-averaged (B2), and finally without (B3)
distance restraining. The {, ¢ dihedral angle pairs that show transitions of more than 60° in the simulations or show a deviation of

more than 60° from the XR or NMR conformers are listed.

<« Ara)2>1/2

amino acid sequence

Fig. 8. Positional root mean square fluctuations (in nm) of the C* atoms as calculated from the
subtrajectories A1-A4 of simulation A (a) and from B1-B3 of simulation B (b). The positional
fluctuations as obtained from the crystallographic B-factors of crystal structure 1l using Eq. (2) are

included for comparison (bold line).

Comparison of the Backbone Conformations
in the Crystalline State, in Solution and From
Molecular Dynamics Simulations

We compared the 9 selected structures with each
other on the basis of dihedral angle differences (Ta-
ble III) for residues 3—56 and positional rms devia-
tions (Table IV) for residues 1-56. Any pair of aver-
age structures picked from the same simulation has
very similar values for these quantities, especially if
they are taken from consecutive parts of the same
trajectory. Simulations A and B started from almost

identical structures (only the last stage in the equil-
ibration procedure was different) directly derived
from NMR data. Therefore, it is not surprising that
Al, B1, and NMR resemble each other quite well.
The structures B2 and B1 are closest to both of the
experimental structures, XR and NMR. The good
agreement with NMR could be expected since the
NMR restraints were used in simulation B. The
good agreement with the crystal structure II by the
same structures is surprising. Although the two ex-
perimental structures are similar with respect to the
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Fig.9. Positional root mean square fluctuations (in nm) of all y carbon atoms as calculated from
the subtrajectories A1-A4 of simulation A (a) and from B1-B3 of simulation B (b). The positional
fluctuations as obtained from the crystallographic B-factors of crystal structure Il using Eq. (2) are

included for comparison (e).

positional rms deviation values, they certainly are
not indistinguishable from each other, and they
have larger average backbone angle differences and
positional rms deviations between each other than
to either of the simulation structures B1 and B2.

In general, we find that the structure of BPTI is
maintained throughout simulations A and B. Even
if additional distance information is not included in
the simulations, the fit of the simulated structures
to the solution and the crystal structures remains
almost as good as the fit between the experimental
structures themselves. Regions of the protein that
are intrinsically more flexible, such as side chains
on the protein surface and the N- and C-termini, will
tend to explore a greater region of conformation
space if they are not restrained by additional infor-
mation. The increased mobility in these regions does
not destroy the secondary or tertiary structure but
accounts for the possibility of conformational varia-
tions that can cause differences between different
crystal structures and solution structures.

Comparison of Conformational Mobility in the
Solid State, in Solution and From Molecular
Dynamics Simulations

Thorough comparisons of the structures of the
three available crystal forms, and between these-
crystal structures and the NMR solution structure
have been presented previously.”°~** The overlap of
the backbone atoms of the crystal structures is very
good. Only the backbone atoms around Lys-15 and

Lys-26 show deviations larger than 0.1 nm. In crys-
tal structure II° the sidechains of Glu-7 and Met-52
were found to have two different conformations
each, and in crystal structure III'° two conforma-
tions were found for Arg-39 and Asp-50. The overall
agreement of the average NMR structure with the
three crystal structures is very good, with a rms de-
viation” of the backbone atoms of 0.124 nm for res-
idues 2-56. Significant deviations could be located
for residues 25—-26 and 46—48.

The rms fluctuations of the backbone dihedral an-
gles of Lys-15, Ala-25, and Lys-26 for the conforma-
tions from simulation A (Fig. 7a and b) are larger
than for most of the other regions, but transitions
into different conformations were neither found for
these angles nor for those of residues 46—-48. Also,
the positional rms fluctuations of the C* atoms (Fig.
8) are much increased in these regions. Therefore,
the variations with the sets of crystal and solution
structures may be explained purely on the basis that
larger atom movements are possible for residues in
these regions.

The y-carbon atoms of the residues with multiple
conformations in the crystal structures, Glu-7, Arg-
39, and Met-52, exhibit large positional fluctuations
(Fig. 9). The side chain dihedral angles of Arg-39
and Met-52 undergo many transitions in simulation
A, and side chain conformations which resemble the
crystal conformations are observed. The sidechain
dihedral angles of Glu-7 are very stable throughout
simulation A, and x! quickly adopts a value of ap-
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TABLE II. Comparison of Properties*

XR NMR Al A2 A3 A4 B1 B2 B3
otart, (PS) 50 400 900 1100 100 300 610
Length (ps) 50 400 150 300 100 200 140
ao(d) () 14 17 15 16 14 20 16
a(y) () 13 19 16 17 15 23 15
a(x) () 22 35 26 38 17 35 24
a(all) (° 15 25 21 24 15 27 19
{(Ar )»Y2 (nm) .047 .063 .058 .061 .049 .058 .052
((Ary)z)l/?‘ (nm) .059 086 .081 .078 .061 .076 .069
(dr-viol) (nm) .008 .001 .013 .020 .029 .035 .001 .001 .016
ol 88 72 141 165 186 193 54 66 155
N, (>0.1) 13 0 29 45 74 75 0 0 30
rg (nm) 1.12 1.12 1.14 1.15 1.15 1.16 1.14 1.15 1.17
F (nm?) 39.8 41.2 42.0 43.5 45.1 45.8 42.5 41.9 44.3
Nitbonas(@ 10 10 10 9 8 10 10 10 9
H-bonds(i,i +4) 7 6 7 7 7 7 7 7 7
H-bonds(,i +3) 3 4 2 2 2 2 3 3 2
310-Helix (res) 3-6 4-6 4-6 3-5 3-5 3-5 3-6 3-6 4-6
a-Helix (res) 48-55 48-54 48-55 48-55 48-55 48-55 48-55 48-55 48-55
B-Sheet’ (res) 18-24 18-24 18-24 18-23 19-23 18-24 18-24 18-24 19-24
(res) 35—-29 35-29 35-29 35-30 34-30 35—-29 35-29 35-29 34-29

*Comparison of properties of the crystal structure form II (XR), the energy-refined distance geometry NMR conformer selected for the
present comparisons (NMR), and conformations from the MD simulation A without any distance restraining (A1-A4) and of MD
simulation B with instantaneous (B1), then time-averaged (B2), and finally without (B3) distance restraining. o, rms fluctuation;
{(Ar)®'2, atomic positional fluctuation; (dr-viol), average distance violation; N, total number of distance violations; N, ,(>0.1),
number of distance violations larger than 0.1 nm; rg, radius of gyration; F, surface area; Ny n4s,» number of hydrogen bonds observed
in the B-sheet, the a-, and the 3,,-helix.

For all conformations there is also an antiparallel B-strand contact from residue 45 to residue 21

TABLE III. Backbone Dihedral Angle Differences*

XR NMR Al A2 A3 A4 B1 B2 B3
XR — 18.5 17.0 19.2 22.2 22.9 12.5 12.5 12.8
NMR 5 — 24.3 23.5 27.1 26.4 14.6 15.9 25.3
Al 2 5 — 12.1 14.9 17.7 154 13.0 15.9
A2 8 8 2 — 11.1 11.9 14.8 11.7 15.2
A3 9 9 4 3 — 11.9 18.9 16.5 14.9
A4 11 8 5 3 4 — 20.0 17.2 19.7
B1 3 5 2 3 7 7 — 6.9 18.1
B2 3 3 0 0 5 5 2 — 15.9
B3 10 9 5 5 3 6 7 4 —

*Backbone dihedral angle differences between the crystal structure II (XR), the energy-refined distance geometry NMR conformer
selected for the present comparisons (NMR), and average conformations from the MD simulation A without any distance restraining
(A1-A4) and from the MD simulation B with instantaneous (B1), time-averaged (B2), and finally without (B3) distance restraining.
The upper right triangle gives the average dihedral angle deviations for the ¢, angles (in degrees) of residues 3 to 56, and the lower
left triangle the number of these ¢, dihedral angles differing by more than 60°.

from tens to hundreds of picoseconds. Due to poor
statistics, it is difficult to judge if the slower oscilla-
tions (> 200 ps) resemble a realistic behavior or rep-
resent only the relaxation of very slowly equilibrat-
ing motions. To answer this question even longer
simulations need to be performed.

It took up to 300 ps for some quantities to reach a
fairly stable equilibrium value (neglecting oscilla-
tions), which is much longer than what is considered
to be sufficient for equilibration in previously re-
ported MD simulations. Especially the time behav-
ior of the Coulomb energies ought to give reason to
reconsider the validity of a free energy calculation
based on short time simulations for large systems.?®

proximately —170°, which differs from any of the
angles in the crystal structures by more than 100°.
Also the X' angle of Asp-50 is stable around 180° and
quite different from any of the crystal structure con-
formations.

CONCLUSIONS

The long-time simulations of BPTI in solution re-
vealed an often oscillatory variation of properties as
global as the protein—protein or protein—solvent
Lennard—Jones and Coulomb interaction energies.
For the radius of gyration and the average rms dis-
placement of either backbone atoms or of all atoms,
oscillations are observed with time scales ranging
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TABLE IV. Root Mean Square Deviations*

XR NMR Al A2 A3 A4 B1 B2 B3

XR — .088 117 123 126 141 074 077 127
NMR 157 — 133 145 .148 162 .083 .089 .156
Al 178 221 — .069 .091 114 .087 .089 .099
A2 189 229 141 — .079 077 .104 .105 .092
A3 211 235 178 131 — .068 114 111 120
A4 214 237 .202 135 121 — 132 131 124
B1 .150 162 .146 .163 174 198 — .038 .102
B2 141 171 149 144 .168 .188 .088 — .097
B3 211 .261 .191 .146 .194 201 .184 .152 —

*Rms deviations (in nm) between the crystal structure form II (XR), the energy-refined distance geometry NMR conformer selected
for the present comparisons (NMR), and average conformations from the MD simulation A without any distance restraining (A1-A4)
and from the MD simulation B with instantaneous (B1), time-averaged (B2), and finally without (B3) distance restraining. The upper
right triangle gives the deviations between C* atoms and the lower left triangle between all atoms for residues 1-56.

With respect to additional structural information
we find that the dynamic behavior as derived from
dihedral angle fluctuations and positional rms fluc-
tuations can also be reproduced reliably from short
time simulations. But many backbone and side
chain dihedral angles undergo transitions with a
rate of one per hundreds of picoseconds. In order to
correlate these transitions with the structural and
dynamic information obtainable by NMR spectros-
copy with its much longer time scale, the simulation
length of 1.4 ns is still much too short to provide
significant statistical information. However, the
backbone angle transitions occur in regions that are
either characterized by or indicative of increased
flexibility. They provide a clear indication that
larger flexibility must not only be accounted for by

somewhat larger variation of a dihedral angle or of

an atom position around their mean values, but also
by real dihedral angle transitions in which actual
potential energy barriers are crossed. Even a protein
as stable as BPTI may undergo these conformational
backbone transitions. However, it is also seen from
this study that backbone angle transitions do not
occur randomly, but within intrinsically flexible re-
gions and in a rather concerted manner. The simul-
taneous transition of two consecutive ¢ and ¢ angles
ensures that the disturbance of the overall backbone
fold is very minor. Of special interest is the rela-
tively poor conformational stability of residues at
the ends of regular secondary structure regions
when compared to other regions that have no de-
fined secondary structure at all. Here we find, that
the participation of residues at either end of the sec-
ondary structure regions is a dynamic process and
does not affect the overall fold of the backbone.
The molecular model, atomic interaction function,
and computational procedure that were used gener-
ate BPTI trajectories which are in agreement with
the available experimental data. The rms deviation
of the structure averaged over the subtrajectory
from 1100 to 1400 ps relative to the crystal structure
IT is 0.14 nm for the C* atoms and 0.21 nm for all
atoms, which is only slightly larger than the corre-

sponding rms deviations of 0.09 and 0.16 nm, be-
tween the NMR structure and the crystal structure
IL, i.e., 0.05 nm in terms of C* rmsd values, or 3° in
terms of backbone dihedral angles. The average
NOE distance violations are only 0.03 nm. The sec-
ondary structure elements are maintained in the
simulations. The long simulations did not give indi-
cations of deficiencies in the GROMOS force field.

By the application of atom-atom distance re-
straints derived from NOE data as a distance-re-
straining term in the potential energy function, the
quality of the obtained trajectory could be improved:
the simulated BPTI structures now are closer to
both the NMR solution structure and the X-ray crys-
tal structure than the difference between these ex-
perimental structures. The application of time-aver-
aged distance restraints with an averaging time of
Tar = 10 ps yields a slightly better representation of
the experimental information than either the NMR
solution structure or the trajectory generated with-
out time averaging: it yields less large (> 0.1 nm)
NOE violations and its structural properties are
closer to those of the well-defined X-ray crystal
structure, while the atomic mobility as observed in
nonrestrained MD simulations is maintained.

The detailed analysis of the BPTI motions at the
atomic level reveals the largest flexibility of BPTI
around those residues (12—-16, 36—38) for which the
largest structural difference between the NMR so-
lution structure and the X-ray crystal structure is
observed. A more surprising observation is that the
residues at the ends of secondary structure elements
show sometimes a larger mobility than those in
loops of the protein.

The presently described simulations of BPTI show
that sufficient agreement with the experimental
data can be obtained to allow for an interpretation of
protein dynamics on the atomic level within a pico-
second to nanosecond time scale.
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