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ABSTRACT Comparisons of the crystal
structures of thermolysin and the thermolysin-
like protease produced by B. cereus have re-
cently led to the hypothesis that neutral pro-
teases undergo a hinge-bending motion. We
have investigated this hypothesis by analyzing
molecular dynamics simulations of thermolysin
in vacuum and water, using the essential dy-
namics method. This method is able to extract
large concerted atomic motions of biological
importance from a molecular dynamics tra-
jectory. The analysis of the thermolysin tra-
jectories indeed revealed a large rigid body
hinge-bending motion of the N-terminal and
C-terminal domains, similar to the motion hy-
pothesized from the crystal structure compari-
sons. In addition, it appeared that the essential
dynamics properties derived from the vacuum
simulation were similar to those derived from
the solvent simulation. ' 1995 Wiley-Liss, Inc.
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INTRODUCTION

Thermolysin (TLN} is a thermostable member of a
group of homologous Bacilius metalloendopepti-
dases or “neutral proteases” (NPs)." Crystal strue-
tures are available for TLN*" and for the NP pro-
duced by B. cereus (NP-cer).*® NPs contain 300-319
residues, divided in an N-terminal (mainly (-sheet)
and a C-terminal (mainly «-helical) domain, con-
nected by a central «-helix (residues 134-157 in
TLN numbering).” ® The active site, containing a
catalytically essential zinc, is located in a cleft be-
tween the N- and C-terminal domains, on the con-
necting o-helix.

Comparison of the TLN and NP-cer crystal struc-
tures led to the hypothesis that NPs exhibit a hinge-
bending motion, with residues near position 134 act-
ing as hinge residues.™® This hinge-bending motion
supposedly opens and closes the NP active site by a
concerted rigid body motion of the N-terminal and
C-terminal domains. The hinge-bending hypothesis
was further supported by the analysis of the struc-
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tures of thermolysin and a thermolabile mutant at
the end of a molecular dynamics (MD) simulation.”
Comparison of these structures showed a hinge-
bending displacement similar to that observed in
the comparison of the thermolysin and NP-cer crys-
tal structures.”® Unfortunately, comparing static
structures can lead only to the conclusion that there
is a hinge-bending displacement. The existence of a
hinge-bending motion, that is, opening and closing
of the active site, can be proven only by methods
which analyze protein dynamics, To analyze possible
hinge-bending motions, we have performed the es-
sential dynamics analysis® on two simulations of
TLN. The essential dynamics method is able to ex-
tract large concerted atomic motions from an MD
trajectory, as has, for example, been demonstrated
for lysozyme.” Here, we present the results of the
application of the essential dynamics method to a
TLN solvent simulation. Subsequently, we have per-
formed the same analysis of a TLN wvacuum
simulation. The comparison of the essential dynam-
ics properties of both simulations appeared to be a
useful method to investigate whether the simula-
tions in solvent and vacuum have common essential
motions.

MATERIALS AND METHODS

The TLN solvent MD run with periodic boundary
conditions has been described elsewhere.” In short,
this run was performed with the GROMOS program
suite” and was based on the thermolysin crystal
structure.””* All functional ions (four calciums and
one zinc) and crystal water molecules were included.
The protein was placed in a box filled with water
molecules from a liquid configuration.'” This system
(27,646 atoms) was equilibrated for 35 ps, followed
by a 90 ps data generation run. In addition, a TLN
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vacuum run was performed with identical parame-
ters (including crystallographic water molecules).
However, periodic boundary conditions and pressure
coupling were not applied and the GROMOS re-
duced charges force field” was used. The lengths of
the equilibration period and data generation run
were chosen the same as for the solvent simulation
for the purpose of comparison.

The essential dynamics method (described else-
where by Amadei et al.”) allows identification of the
essential degrees of freedom in a protein from an
MD trajectory. These essential degrees of freedom
are large concerted atomic motions. First, all trans-
lational motion in a protein MD trajectory 1s re-
moved by translation of the center of mass in each
frame. Rotational motion 15 then removed by a least-
squares fitting procedure. Subsequently, a covari-
ance matrix is constructed from the resulting trajec-
tory. Here we have used a C_ trajectory to construct
the covariance matrix. C,_ atoms have been shown to
contain all information for a reasonable description
of the protein large concerted motions.” The covari-
ance matrix is defined by

M, = (x;—x, o) lx;—x; 51

in which x,, are the separate x,y,z coordinates of the
C, atoms and x, are the average coordinates. The
average is taken over the whole trajectory. Upon
diagonalization of the covariance matrix, a set of
eigenvectors/eigenvalues is obtained. These eigen-
vectors represent a direction in a multidimensional
space (dimension 3N, where N is the number of C
atoms) along which a concerted motion of atems
takes place. The amplitude of each motion is indi-
cated by the corresponding eigenvalue. Construction
of a plot of eigenvector indices against eigenvalues,
where the eigenvectors are sorted by decreasing
eigenvalue (see Fig. 1), shows that there are only a
few eigenvectors with large eigenvalues. Analysis of
the motions along the other eigenvectors shows sim-
ple Gaussian fluctuations. The central hypothesis of
the essential dynamics method is that only the mo-
tions along the eigenvectors with large eigenvalues
are important for deseribing the functionally signif-
icant motions in the protein. These eigenvectors
span a plane in the multidimensional space in which
most of the motion takes place. The motions along
eigenvectors with small eigenvalues are small
Gaussian fluctuations orthogonal to this plane, The
motion along any desired eigenvector can be in-
spected by projecting all frames from the MD trajec-
tory on the eigenvector. A new trajectory is gener-
ated which, upen visual inspection, reveals large
concerted motions of atoms. In contrast to normal
mode analysis,'''? the essential dynamics method
does not assume harmonicity of the motion and can
be applied to a subset of coordinates (e.g., only C,,
atoms).

There are several essential dynamics properties
which can be compared for two trajectories. The di-
mension of the essential spaces can be compared by
caleulating the positional distributions for the mo-
tions along all eigenvectors and comparing them
with ideal Gaussian distributions derived from the
amplitude (eigenvalue) of the eigenvector motions.
This comparison yields a correlation coefficient,
which can be plotted as a function of the eigenvector
number. If the spaces in which the motions take
place are to be similar for the two simulations, sim-
ilar plots should be obtained, indicating similar
sizes of the essential spaces.

The essential dynamics analysis can be performed
on a combined trajectory (constructed by concatenat-
ing the trajectories). This method is a powerful tool
to evaluate similarities and differences between the
essential motions in different trajectories of the
same protein, If the motions are similar, then the
eigenvalues (and eigenvectors) coming from the sep-
arate trajectories and the combined trajectory
should be similar. The curves of the correlation co-
efficients between the positional distributions calcu-
lated from the eigenvector motions and ideal Gaus-
sians (described above) should also be similar,
indicating similar dimensions of the three essential
spaces (that of the two single trajectories and of the
combined trajectory). By projecting the two single
trajectories on the eigenvector set calculated from
the combined trajectory, information can be ob-
tained about differences in fluctuations and equilib-
rium structures along eigenvectors calculated from
the combined trajectory. If the average projections of
the two separate trajectories on a specific eigenvec-
tor from the eigenvector set calculated from the com-
bined trajectory are different, then this indicates
that the equilibrium structures along that direction
are different (static shift). Large differences in the
positional fluctuations around the average positions
of these projections indicate that in the trajectory
with the small positional fluctuations, the direction
defined by the eigenvector (from the combined tra-
jectory) is a near constraints (nonessential) direc-
tion, while for the other trajectory, the same direc-
tion belongs to the essential space (change in
dynamic properties). However, for most eigenvec-
tors, these changes will not be large enough to en-
able a clear distinction between an essential and a
near constraints direction.

It is known from the comparison of the TLN and
NP-cer crystal structures that the root mean
squares deviation (RMSD) on the C's after super-
position of the two N-terminal domains is small.*®
The same is true for the superposition of the C-ter-
minal domains. However, if the two complete struc-
tures are superposed, the RMSD becomes signifi-
cantly higher, which indicates that there is a
difference in the hinge-bending angle. This principle
can be used to determine the position of the hinge.
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Fig. 1. Plot of eigenvalues against corresponding eigenvector indices derived from the covariance matrix
constructed from the solvent simulation, The eigenvectors are sorled by decreasing eigenvalues.

® Structure “A” is superposed on structure “B.”
which differs in hinge bending angle using only
the first part of the N-terminal domain for the fit.

® For each residue I, the C_—C, distance {rom resi-
due Iin structure “A” to residue I in structure “B”
is caleulated.

® These distances are then sorted in a plot accord-
ing to increasing [-X distance, where X is resi-
dues at the edge of one of the domaing (here we
use Thr-26 for TLN and NP-Cer:.

Ideally, the first part of this plot should show a flat
line fluctuating near zero (because the fit in the
N-terminal domain is good). When it reaches the
hinge, the slope should start inereasing, indicating
that the distances between the residue 1 pairs be-
“ate the position of the hifge THe same procedure
can be repeated with superposition on the last part
of the C-terminal domains. A similar plot is ob-
tained, but with short distances between the residue
pairs in the C-terminal domain. The point where the
two plots intersect should be the hinge-bending res-
idue. The results of the application of this method on
TLN and NP-cer are shown in Figure 5,

All structure manipulations and inspection of the

(eigenvector) trajectories were performed with
WHAT IF.*

RESULTS AND DISCUSSION
Analysis of the Hinge-Bending Motions

Figure 1 shows a plot of the eigenvector index
against eigenvalues, both derived from the covari-

ance matrix constructed from the solvent simulation
trajectory, There are only a few eigenvectors with
large eigenvalues, which 1s similar to eigenvector/
eigenvalue sets obtained for lysozyme,” HPr,'* and
haloalkane dehalogenase (Linssen et al., unpub-
lished results),

The components of the first four eigenvectors are
shown in Figure 2. These eigenvectors all share a
lack of motion within coordinate numbers 400-500
(residues 133-167) and seem to produce displace-
ments of coordinates in the same regions of the pro-
tein, mainly around coordinate numbers 1, 150, 600,
and 900 (the N-terminus and residues 50, 200, 300),
The eigenvector trajectories were inspected for large
concerted atomic motions using interactive graph-
ics. In the first four eigenvectors, similar large rigid
"‘motion appeared to be comparable to the domain
displacement observed in the comparison of TLN
and NP-cer.™ Figure 3A-D displays the motion
along the first four eigenvectors. We have selected
the motion along eigenvector 3 for further analysis
of the hinge-bending motion, because this motion is
approximately periodic, that is, it shows the opening
and closing of the active site more than once, and its
amplitude is sufficiently large to measure signifi-
cant differences in interresidue distances. The twao
structures with the largest difference in total dis-
placement (at 2.6 and 23.2 ps, see below) were ex-
tracted from the trajectory along the third eigenvec-
tor. For both these structures a C_-C_ distance
matrix was calculated. These matrices were then
subtracted, yielding a C_—C,, distance difference ma-
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Fig. 2. Components of the first four eigenvectors derived from the solvent simulation (absolute values).

trix,'® which indicates the differences in all C,—C,,
distances in the two structures. The matrix (Fig. 4)
shows that there is a displacement of the N-terminal
domain relative to the C-terminal domain, similar
to the displacement observed in the comparison of
the TLN and NP-cer crystral structures.”® This in-
dicates that the motion described by eigenvector 3
(Figs. 2 and 3) is indeed a hinge-bending motion of
the N-terminal and C-terminal domains.

In a previous study essential dynamics analysis of
lvsozyme MD trajectories revealed large concerted
atomic motions.” These motions showed relatively
large displacements for residues around the active
site involved in substrate binding, whereas residues
involved in the catalysis were more rigid. Recently,
experimental evidence was presented which sup-

ports the hypothesis that the large fluctuations of

substrate-binding residues observed in the eigenvec-
tor motions of lysozyme are important for biological
activity.'® The present analysis of thermolysin
shows that there are also large fluctuations around
the active site in this enzyme (Figs. 2 and 3). We
have analyzed the third eigenvector trajectory to de-
termine the exact position of the hinge-bending res-
idues and to investigate if the catalytic residues in

thermolysin are also rigid and surrounded by fluc-
tuating regions. Figure 5 shows the distances be-
tween the same residues in two different structures
which were superposed either on residues 1-100 or
residues 217-316. The plots for the comparison of
the NP-cer and TLN crystal structure and the com-
parison of the 2.6 and 23.2 ps structures from the
third eigenvector of the TLN solvent simulation are
shown. These plots show that the hinge-bending dis-
placement is similar to the domain displacement ob-
served for the comparison of the TLN and NP-cer
structures.”” The plots resulting from the N-termi-
nal and C-terminal superposition intersect several
times in the 135-150 region, which suggests that
this is a hinge-bending region. This region is the
central o-helix in the thermolysin structure which
forms the bottom of the active site and which is rel-
atively rigid and at the center of the fluctuation
(Figs. 2-5). Glu-143, one of the residues involved in
the catalytic cycle, is part of this rigid a-helix, to-
gether with two residues that bind the active site
zinc (His-142 and His-146).'" Most residues that are
involved in substrate binding (112-115, 203, 157'7),
however, are located in the more mobile domains
(Figs. 2-51.
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B

Fig. 3. Representation of the first four eigenvector trajectones constructed by projecting all solvent sim-
ulation frames on the first four eigenvectors {A-D, respectively) calculated from the solvent simulation cova-
riance matrix. Twenty-five frames are displayed sampled at intervals of 3.6 ps. The arrow indicates the active

site cleft with the central w-helix.

Comparison of the Solvent and
Vacuum Simulations

We have compared the essential motions of a TLN
vacuum simulation (which included crystallo-
graphic water molecules) to those in the TLN sol-
vent simulation to investigate the reliability of such
a vacuum simulation. Figure 6 shows the eigenvec-
“wbrergerrydraeprosconrstiut e reont v twosnig e

(solvent and vacuum) trajectories and the combined

trajectory. The plot shows that the eigenvalues of

the vacuum and solvent trajectories are similar.
However, if these trajectories are concatenated and
analyzed by essential dynamics, it appears that the
eigenvalue belonging to the first eigenvector is dif-
ferent from the corresponding eigenvalues from the
single trajectories. This indicates that there is a dif-
ference in the properties of the motions described by
the essential eigenvectors coming from the two sin-
gle trajectories.

By projecting the trajectory frames on a selected
eigenvector, the total displacement along that
eigenvector and the 3D representation of this dis-
placement can be obtained (an eigenvector trajec-
tory). Figure 7 shows the total displacement along
selected eigenvectors from both the vacuum and the
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Fig. 4. ©C —C, distance difference plot'® constructed by sub-
tracting the C_—C distance matrix of the 23.2 ps struclure coming
from the third eigenvector motion of the solvent simulation from
thal of the 2.6 psec structure. The C_~C,, distance differences are
colored using a Eray scale. White, difference < 1.0 A; black,
difference = 7.0 A. A linear gray scale with 7 gray values 1s used
to depict values between these limits.
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Fig. 5. Difference in C —C, distances for corresponding resi- from the third eigenvector (N-ev and C-ev, respectively). The

dues in two superposed structures. The differences in distances
are sorted by increasing distance to Thr-26. The salid lines show
the differences in distances for the N-terminal and C-terminal su-
perposition of the 2.6 and 23.2 ps solvent simulation structures

solvent simulation. The displacements along the
eigenvectors are similar, even for the first eigenvec-
tor. The trajectories along the first four eigenvectors
from the vacuum simulation revealed hinge-bend-
ing motions similar to those observed in the solvent
simulation.

The essential space is defined by all eigenvectors
which do not have a Gaussian position distribution,
that is, are not governed by a harmonic effective
potential. To approximately define the essential
space, the correlation coefficient between an ideal
Gaussian distribution (derived from the eigenvalue
of the corresponding eigenvector) and the position
distribution of motion along each eigenvector can be
plotted against the eigenvector index.® This is
shown in Figure 8 for the vacuum, solvent, and con-
catenated trajectories. This figure shows that the
first 15 eigenvectors approximately define the es-
sential space, which means that there are only about
15 essential degrees of freedom instead of 948 for all
C, atoms. The correlation coefficient curve (result-

dashed lines show the differences in distances for the N-terminal
and C-terminal superposition of the TLN?* and NP-cer*® crystal
structures (N-cry and C-cry, respectively).

ing from the comparison between sampled and
(Gaussian positional distributions, see above) for the
combined trajectory is smoother than those of the
separate trajectories. This is caused by improvement
of the sampling by the use of a longer trajectory,
which especially leads to a more accurate definition
of the eigenvector motions with Gaussian fluctua-
tions (near constraints).

The projections of the two separate trajectories on
the eigenvector set calculated from the combined
trajectory were used for further comparisons of the
solvent and vacuum trajectories. Figure 9 shows the
average projections of the separate trajectories on
the eigenvectors calculated from the combined tra-
jectory. Shifts in the average position of the eigen-
vector motions, and thus the equilibrium structures,
can be detected by comparing these curves. There is
a large shift in equilibrium structure in the direc-
tion described by the first eigenvector calculated
from the combined trajectory. Figure 10 shows the
positional root mean square fluctuations of the pro-
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Fig. 6. Eigenvalues denved from the covariance matrices of the solvent (TLNwat). vacuum (TLNvac), and

combined (TLNvac | TLNwat) trajectories.

jections of the separate trajectories on the eigenvec-
tors calculated from the combined trajectory, There
are differences for the first few eigenvectors, Al-
though there is a large shift in equilibrium strue-
ture along the first eigenvector (see Fig. 9), the fluc-
tuations along this direction in the two separate
trajectories are similar. There 1s a significant differ-
ence in fluctuation in the directions described by the
second and third eigenvectors in the two trajecto-
ries. However, the size of the fluctuations indicate
that in both trajectories, the directions described by
the second and third eigenvector (calculated from
the combined trajectory) are part of the essential
space.

CONCLUSIONS
Essential Dynamics and Comparison
of the Simulations

The essential dynamics analysis of thermolysin
has yielded results similar to those from our previ-
ous analyses of lysozyme.” Although thermolysin is
larger than lysozyme (316 against 129 residues),
there are also only a few eigenvectors tabout 10-15)
which construct the essential space (Figs. 1 and 8),
The motions along these eigenvectors show large
concerted atomic displacements, with a possible bi-
ological significance. The comparison of the vacuum
and solvent simulations seems to be difficult be-
cause of poor statistics, caused by the limited length
of the trajectories. The largest difference between
the two simulations is described by the first eigen-
vector calculated from the combined trajectories (see
Figs. 9 and 10). There is a large shift in equilibrium

structure along this direction, but the fluctuations
(in this direction) are similar. In general, however,
the essential subspaces of the vacuum and solvent
trajectories are similar as is partially demonstrated
by the fact that the 3D eigenvector trajectories show
similar motions for both simulations.

These conclusions seem to be different from our
previous observations concerning the lysozyme vac-
uum simulation.” The motions along the first few
eigenvectors of the lysozyme wvacuum simulation
were significantly different from those of the solvent
simulation, indicating that a vacuum simulation
does not properly reproduce the solvent simulation
essential dynamics properties. However, there is one
major difference between the lysozyme vacuum sim-
ulation and the thermalvsin varmm simnlatinon
Both crystal structures contain crystallographic wa-
ter molecules on the surface and in active site
clefts.?*** These water molecules were taken into
account in the thermolysin vacuum simulation, but
discarded in the lysozyme vacuum simulation. This
is a likely cause for the fact that the TLN solvent
and vacuum simulations are more similar than
those of lysozyme. The essential dynamics proper-
ties are influenced by the presence of (internal) wa-
ter molecules.

Hinge-Bending

The trajectories constructed from the first four
eigenvectors show a hinge-bending motion in both
simulations, similar to the hinge-bending displace-
ment observed in the comparison of the TLN and
NP-cer crystal structures.”>® This crystallographic
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Fig. 9. Average projections of the vacuum (TLNvac) and solvent (TLNwat) trajectories on the eigenvector

set derived from the combined trajectory.

comparison led to the hypothesis that residues
around position 135 are the hinge-bending residues.
On the basis of our analyses of the third eigenvector
trajectory, however, we propose a slightly different
mechanism. The central a-helix (residues 134157,
containing active site residues, is relatively rigid (in
agreement with the crystallographic analysis of

TLN,** which showed relatively low B-factors for
this region) and there are hinge regions near both
ends of this helix (Figs. 2-5). Most residues involved
in substrate binding are located in mobile regions. A
similar situation was observed for lysozyme.” Our
analysis, however, cannot show the hinge-bending
motion involved in the catalytic cycle of thermolysin
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Root mean square fluctuations In the projections of the vacuum (TLNvac) and solvenmt (TLNwat)

trajectories on the eigenvector set derived from the combined trajectory.

as it takes place in nature. The simulation used was
only of limited length (90 ps), whereas motions in-
volved in binding and proteolysis of the substrate
take place on a much larger timescale. However, the
essential dynamics method identifies the essential
degrees of freedom in the mechanical structure of
the protein. These degrees of freedom (the essential
eigenvectors) largely depend on the interactions be-
tween residues and regions in the protein and these
interactions are not likely to change much during a
longer simulation, It is noteworthy that a 90 ps
simulation is long enough to equilibrate the near
constraints motions (the Gaussian fluctuations), in-
dicating that the essential space will remain approx-
imately stable on a Jonger time scale.
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