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ABSTRACT A simple method is described
to perform docking of subtrates to proteins or
probes to receptor molecules by a modification
of molecnlar dynamies simulations. The
method consists of a separation of the center-
of-mass motion of the substrate from its inter-
nal and rotational motions, and a separate cou-
pling to different thermal baths for both types
of motion of the substrate and for the motion of
the receptor. Thus the temperatures and the
time constants of coupling to the baths can be
arbitrarily varied for these three types of mo-
tion, allowing either a frozen or a flexible recep-
tor and allowing control of search rate without
disturbance of internal structure. In addition,
an extra repulsive term between substrate and
protein was applied to smooth the interaction.
The method was applied to a model substrate
docking onto a model surface, and to the dock-
ing of phosphocholine onto immunoglabulin
McPC603,.in both cases with a frozen receptor.
Using translational temperatures of the sub-
strate in the range of 13001700 K and room
temperature for the internal degrees of freedom
of the subsirate, an efficient nontrapping ex-
ploratory search (“‘helicopter view) is obtained
which visits the correct binding sites. Low en-
ergy conformations can then be further inves-
tigated by separate search or by dynamic sim-
ulated annealing. In both cases the correct
minima were identified. The possibility to work
with flexible receptors is discussed.

& 1994 Wiley-Liss, Inc.

Key words: molecular dynamies, docking,
computer simulation, substrate
- docking, immunoglobulin, rational

drug design

INTRODUCTION

Modern structural biochémistry based ‘on high-
resolution X-ray diffraction provides detailed in-
formation on drug-receptor complexes. This infor-
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mation enables us to visualize and understand
interactions between macromolecules and ligands,
and suggest ligand modifications to improve its
binding affinity.

Prug design based on crystal structures relies at
present largely on chemical intuition, aided by com-
puter graphies. Thus one may suggest small changes
to the ligand, but it is extremely difficult to design
new chemical structures. More detailed computa-
tional techniques to predict binding energies—and
free energies—are available for a pgiven receptor—
probe complex, The basi¢ problem that remains to be
adequately sclved is the docking problem: the dester-
mination of the thermodymamically most favorable
modes of binding between areceptor of known struc-
ture and a given, flexible or rigid, probe. The gen:
eral docking problem shares two major difficulties
with the protein folding problem: the (in)accuracy of
the molecular force field and the search for & global
free energy minimum in a very high-dimensional
space,

In the case of a rigid probe and a rigid receptor,
the docking problem essentially reduces to a six-di-
mensional search over translational and rotational
degrees of freedom in some selected region argund
the binding site. Many different approaches have
been employed, using scoring or penalty functions
involving steric complementarity and distance ge-
ometry as well as pair petential functions, often in
connection with Monte Carlo (MC) znd simulated
annealing techniques.’-®

The mgnual docking methods currently in wide-
spread use®*! oply explore a limited subset of con-
formations because of their need for intensive user
Interaction. Automated methods, using exhaustive
search'®~!® or distance geometry methods,'® allow
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the exploration of a large area of conformational
spare, but require the use of simplified energetics
models. The subject matter has been reviewed by
Wodak et al.'” and Rashin."®

Although some results are promising; we wish to

‘emphasize that the development of general auto-

matic docking methods is still in an early stage. In
this article we investigate some madifications of dy-
namic simulations that allow a probe molecule to
perform an efficient positional and conformational
search on a rigid receptor surface, while preventing
the molecule from being trapped in one of its loeal
energy minima. The method, described in the next
section. consists of a dynamic simulation in which
the center of mass motion is handled separately
from the internal motion of the probe molecule, and
both types of motion are separately coupled to their
own thermal baths. In addition, extra repulsive
terms are added to provide a smoothing. of the hard
contacts, We apply the method both to a simple
model system and to the binding of phesphocholine
to an immunoglobulin (McPC803), which has been
studied earlier by Goodsell and Olson’ by Monte
Carlo and simulated annealing technigues using af-
finity potentials on a grid."® Lee et al.*® have re-
cently calculated the free energies of binding of
phosphorylcholine analogs to McPC803.

THE METHOD OF MOLECULAR
DYNAMICS DOCKING

We consider a large receptor surface, such as part
of a protein, and a smaller probe molecule, that we
wish to dock onto the surface by a dynamic tech-
nique, That is, we shall perform molecular dynamies
simulations on the systemasa whole, but shall ma-
nipulate the temperature of various dynamic sub-
systems separately in order to allow fast search
(high temperature) in some degrees of freedom while
cooling those degrees of freedom that we do not wish
ta change. As subsystems we consider the transla-
tion of the probe, the internal motion in the probe,
and the motion in the receptor.

The kinetic energy of a system with respect to the
lahoratory frame is given by Ep. = 142 Y.l
where v; is the velocity with respect to the labora-
tory frame. In a coordinate system with originin the
center of mass (c.0.m. frame), the velocities are

Uei = U -V

where V = T mudM is the velocity of the ciom. in
the laboratery frame (M is the total massh. The total
momentum X;mu, ; in the c.o.m. frame is zero.

The kinetic energy in the laboratory frame can be
expressed as
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Let us call these two energies internal energy and

c.0.m, energy, Tespectively. For an isolated molecule
these two energies are completely uncoupled, as the
motion of the center of mass can be changed only by
external forces.

When the molecule (let's say substrate) interacts
with another molecule treceptor), the force of the
substrate due to the receptor affects both internal
and c.0.m. energies of the substrate and effectively
produces a coupling between them and, of course,
between substrate and receptor. As a consequence.
there is an energy flow between these three pools of
kinetic and potential energies,

Let us now imagine a substrate approaching a re-

ceptor with a certain velocity. What happens 1s that

it gets trapped and the kinetic energy of the c.o.m. 15
converted into internal energy of both substrate and
receptor, For a molecule with several internal de-
grees of freedom there is a very low probability of a
back conversion of energy. In this respect the exter-
nal force, due to the receptor, acts as a friction force
on the substrate.

In order to permit a large exploration of .the re-
ceptor surface we have coupled the internal kinetic
energy and the c.o.m. kinetic energy to two different
baths with different coupling times. The coupling is
effected by a first-order response function to a given
bath temperature, according to the method of Ber-
endsén et al.?* This method provides a smooth cou-
pling to a thermal bath with an exponential decay of
the kinetic energy towards a prescribed value. It is
one of the possible ways to impose constraints on the
temperatire of (parts of) @ system of particles. The
extended systern methods of Nosé®*®® and Hoover®*
are less useful in this case, because they involve a
second-order response with possible oseillatory be-
havior.2® The extended system methods have the ad-
vantape that they provide a proper canonical ensem-
ble, but this property is not relevant in our case.

The-time constant for the exchange of energy be-
tween the c.o.m. motion and the internal motion de-
pends on the external forces and cannot be fixed a
priori. We consider the receptor as rigid and hence
couple its motion strongly to a bath of very low tem-
perature in the present application. If we express
the kinetic energies in temperature units we have
an internal temperature of the substrate T, and a
temperature of the c.om. of the substrate 10

Whether trapping in a local minimum occurs de-
pends on the bath temperatures and coupling con-
stants. Trapping is often caused by detailed local
minima produced by fine-grained hard contacts.
Therefore we also add an additional repulsive force
at a larger radius than the atomic repulsions to
smooth the repulsive surface. This is one method of
smoothing (with the disadvantage that it makes the
substrate “thicker” and may prevent it from enter-
inga narraw cleft], which may be replaced by other
methods, such as a soft core repulsion.®

The advantages of this procedure are that
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1. It permits an extensive exploration of the re-
ceptor surface.

2. It ig possible to freeze the internal motion of

the substrate and perform the so called “rigid dock-
ing.”

3. It is possible to give high energy to the center
of mass, so that it can climb over high barriers,
while maintaining the molecule at room tempera-
ture and avoiding unreasonable internal structural
thanges.

In principle the same procedure should be applied
to the three rotational degrees of freedom around
the center of mass, but trial experiments have
taught us that this does not give any additional ad-
vantages.

COMPUTATIONAL PROCEDURE

The programs for the molecular dynamics simula-
tions were taken from the GROMOS87 library®” and
were adapted to perform separate scaling of temper-
ature for receptor, c.o.m. of substrate, and internal
degrees of freedom of the substrate. The tempera-
ture rescaling was obtained by coupling the systems
to external baths.?! The potential energy function in
GROMOS87, describing the interactions between
atoms in crystals, has been used. The parameters
describing the van der Waals interactions in the
model system were those used for carbons: € = 0,406
kd/mol and ¢ = 0.336 nm. The dielectric permittiv-
ity was ¢ = 1 The time step was 0.002 psec. The
bond lengths of the substrates were kept rigid by
application of the SHAKE method.?® The receptor
atoms were constrained in their starting position by
a harmonic force with a force constant & = 4000 kJ
mol ' mm ™% No intramolecular interactions in the
receptor were calculated and the temperature of the
receptor was kept at T = 10 K, An extra half-har-
monic repulsive term in the interatomic potential
function was used:

ifr=nrg

Vir 1‘; %
Fl=—pir— %
2 i rO

with & = 1000 kJ mol™ nm™'. Its purpose is to
avoid too short contacts between substrate and. re-

ceptar {i.e,, to smooth the potential surface) and to.

prevent the protein and substrate from bumping
into one another due to the high temperature of the
latter.

The crystal structure of the phosphocholine—im-
munoglobulin complex was taken from the Braok-
haven Protein Data Base,” It was first energy-re-
fined by 10 ps of MD simulation at T = 300 K
followed by a 10 ps annealing of the temperature
down to 10 K, The docking-simulation was per-
formed by taking into account all atoms of the re-
ceptor included in a sphere of 2.0 nm radius, cen-
tered at the c.o.m. of the substrate in the crystal
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Fig. 1. Charge distrit.ution in the receplor and in the subsirate

0 a.u + and ~ srgr:s iand for +0.1 and —0.1 and 2 lor 0.2,
respectively.

structure. A cuteff radius of 0.8 nm was used for
intermolecular interactions.

The charges in the phosphocholine were the
following: CH3 = +0.248, N = +0.008, (N}CH2
(CHZ) = +0.248, (CH2)CH2(0) = 0.000, (CH2)0
(P} = -0.300, P = +0.630, (P)O = -0.600, hy-
droxyl oxygen (PYQ(H) = —0.528 H = +0.398. The
charges of the immunoglobulin were taken from the
GROMOS87 package.

RESULTS
Application to a Model System

We have first applied the method to a very simple
model system (Fig. 1), in order to check the effects of
the different parameters and to select the hest pro-
cedure. The receptor is a plane surface obtained by
144 nonbonded atoms with Lennard—Jones parame-
ters taken from carbons and with charges of =0.1
and *0.2 a.u. The distance between atoms were
fixed at 0.6 nm' and the positions were restrained.
The substrate is a cube of 0.6 nm length, with Len-
nard—Jones parameters taken from carbons and
with charges of £0.2 a.u. on 4 atoms. This sy¥stem
presents two well-defined minima, one with the low-
est energy and the other with slightly higher energy
but with larger area. There are in addition several
local minima.

Several different simulations were performed dif-
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Fig. 2. (a) Trajectory of the center of mass o the substrale in
the x,y plane. (b) Electrostatic + van der Waals potential energy
of the substrate.

lering in the temperature of the c.o.m. (from 600 to
1200 K) and in the time constant of the coupling
with the external bath (from 0.005 to 0.5 ps). In
addition, in order to avoid too ¢lose contacts, a re-
pulsion was applied between atoms of receptor and
substrate that are closer than r,. The value of r, was
varied in the range 0.4-0.6 nm. Finally, to confine
the search to the proper regian, reflections were put
at the system boundaries.

We report the results obtained with the following
values of the parameters: 7. = 600 K, 7. = 0.01 ps,

ra = 0.5 nm, simulation time 100 psec. The resultz -

have been analysed in terms of trajectory of the
c.o.m. of the substrate and potential energy of the
substrate,

" Inspection of the trajectory of the c.o.m. in the xy
plane (Fig. 2a) shows that all the minima have been
explored. The substrate spends, as expected, more

(K}

Temperature

Fig. 3. Kinalic energy expressed as temperature: of center of
mass of the substrate. x,v, and z components and total, during 10

os.

time in the broader second minimum (nr 1 in Fig,
la) than in the deepest minimum (nr 2 in Fig. 1a)
and less time in the athers. The potential energy of
the substrate (Fig. 2b) shows several well recogniz-
able minima that correspond to the “binding sites.”
The two lowest points correspond ta the minima; af-
ter energy minimjzations from these points the val-
ues of ~60 and —87 kd/mol were found for minima
nr 1 and 2, respectively (In all quoted energy values
the added repulsive terms are not included.)

In Figure 3 the translational kinetic energy of the
c.0.m. is reported in terms of temperature over 10 ps.
The total kinetic energy is almost constant but there
is an exchange between the three components.

Application to the Binding of a Substrate
to a Protein

We applied the method to the binding of phospho-
choline to the immunoglobulin McP{603, which has
been studied before.* The binding depends on both
steric and electrostatic interactions. The substrate
binds in a hydrophobic pocket, with its choline group
interacting favorably with g glutamic acid at the
base of this pocket. The phosphate end forms hydio-
gen bonds with tyrosine and arginine groups. |

Several simulations were performed. The starting
position of the receptor was obtained by translating

the X-ray coordinates in a range between 0.6 and 1.0

nm, rotating the crystallographic cosrdinates with
respect to the erystallographic x or y axis by 180°,
and rotating the two internal torsion angles by 60°.

The results obtained in two simulations will be
presented in detail and the effects of different values
of the parameters will be briefly discussed. The re-
sults will be presented in terms of the rms deviation
of the skelets, atom coordinates of the substrate
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Fig.4.  Trajectories of the center of mass af the substrale in
the x, ¥ (a) and x,z (b) planes. The cartesian axes coingide wilh the
crystallographic axes.

with respect to the energy-minimized crystal strue-
ture, the potential energy of the substrate, and the
trajectory of the c.o.m. of the substrate,

The first simulation was performed in two phases.
First phase: simulation time 10 ps, 7. = 1800 K,
.= 001ps T, = 300K, = 0.01 ps, repulsion
reference distance ry = 0.35 nm. This step was fol-
lowed by a second phase of 10 ps Jength, in which T,
was gradually lowered to 1000 K. For the starting
position the c.oim. of the substrate was translated
over 0.9 nm away from the active site, and rotated
around the y axis.

The trajectories of the'c.q.mA of the substrate in
the x, y and x, z planes are reported in Figure 4a and
b, respectively. The figure shows that the c.om. ex-
plores a surface of 0.7 and 0.8 nm? in the two planes
and that it spends most of the time in two regions (A

{nm}
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Fig. 5. '(a) Rms deviation of the skeletal atoms of the substrate
with respect to the energy refined crystal structure. (b} Electro-
static + van der Waals potential energy of the substrate. The
temperature of the c.o.m, of the substrale was 1800 K in the first
half of lhe simulation and 1000 K i the secand half.

and B) centered at A = (4.7, 6.3, —3.6) and B = (5.0,
5.9, —3.6), respectively. They correspond to two dif-
ferent minima,

The rms deviations of the skeletal atoms of the
substrate and the potential energy of the substrate
in the simulation are reported in Figure 5a and b,
respectively. Figure 5a shows that region A corre-
sponds to a minimum at a distance of 0.6 nm from
the crystal structure, while region B coincides with
the crystal structure. Figure 5b shows that both
minima have camparable depth, but it is not possi-
ble to make a guantitative comparison from this
simulation as the temperature has been changed
from 1800 to 1000 K. The average internal temper-
ature of the suhstrate was 434 K due to the coupling
with the c.o.m. temperature. The superposition of
the energy-refined crystal structure (in black) and
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Fig. 8. Superimpasition ol the energy refinad crystal struciure {dlack) al-the substrate with three confor-

mations taken in the binding site.

three different conformations taken from the B re-
gion is reported in Figure 6,

The second simulation was performed with:an in-
creased repulsion and a longer 7. simulation time
20ps. T. = 1800 K, 1, = 0.05, T}, = 300K, 7, =
0.01 ps, ry = 0.4 nm. For the starting position the
c.o.m. of the substrate was translated over 0.6 nm
and rotated around the x axis.

The trajectories of the c.o.m. of the substrate in
the x. yand &, z planes are reported in Figure 7a and
b, respectively. As in the previous simulation the
substrate spends most of the time in regions A and
B. Contrary to the previous simulation it flips be-
tween the two regions and is not trapped in'a local
minimum. The rms deviation and the potential en-
ergy of the substrate, reported in Figure 8a and b,
respectively, show that several well-defined minima
are detectable in the two regions. Region A seems to
have a somewhat lower energy,

The superimposition of the energy-minimized
erystal structure (in black) and three different con-
formations taken from the B region is reported in
Figure 9.

The potential energy of the substrate in the two
regions was minimized by the same procedure used
to refine the crystal structure, i.e., 10 ps of simula-
tion at 7, = 300 K, followed by an annealing of the
remperature in a further 10 ps. The final potential
energy and rms values in the two regions were — 640
kdimol and 0.66 nm in A and —610 kd/mol and 0.09
nm in B

Comparisen between the two simulations shows
that different values of temperature, time constant
and repulsion reference ¢'stance give different be-
havior: in the first similation the substrate is

trapped (in 20 ps), while in the second one it flips
between A and B minima. The longer time constant
T, used in the second simulation, allows the sub-
strate to explore the minima in a better way, as is
evidenced by the narrow. minima in the potential
energy profile,

Some other simulations were performed in order
to check the effects of different values of the param-
eters. The analysis of the results suggests that the
repulsion reference distance should not exceed 0.4
nm and the coupling time to the c.o.m. . should be
taken in the neighborhood of but not exceeding,
0.05 ps. The temperature of the ¢.0.m. can be varied
in a range 1300-1700 K.

Possible Inclusion of Receptor Flexibility

A crucial issue in the docking problem is how to
work with flexible ligands and flexible receptors.
This problem has not yet béen solved and most of the
methods in widespread use cannot easily be modi-
fled to include some sort of flexibility. The present
method easily allows the inclusion of flexibility in

any part of the system, but its application must be

subjected to further study, The feasibility of intro-
ducing receptor flexibility does nat depend on the
method itself, but on the complexity of the problem.
If the docked conformation of the receptor is very
different from the undocked one, the "brute force”
simulation of the conformational change many re-
quire computational efforts far beyond the presently
available computational resources. Even in the case
of small changes in the receptor's conformation it is
necessary to work with care and with a realistic sys-
tem that includes solvent molecules, at least in the
region of the binding site. Without solvent the re-
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ceptor tends to maximize the intramolecular inter-
action'and to close the pocket of the binding site. The
fast rmotions of the ligand could cause unrealistic
local modifications of the receptor structure, which
can be limited by inclusion of (weak) position re-
straints in the receptor. Finally it has to be consid-
ered that a flexible receptor removes energy from
the ligand, which may ¢hange the required values
for the temperatures and coupling time constants.
The previous points can be. studied with the
present method that is simple enough toinclude wa-
ter. position restraints, and different temperatures
for both molecules. When available, experimental
data on the receptor structure, even if this repre-
sents very limited information, can restrict the
search at the conformational hypersurface of inter-
est and make the inclusion of receptor flexibility
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Fig. 8. {2) Rms deviation of the skelatal atoms of the substrate
wilh fespect to the anergy refined crystal structure. (b) Eleclro:
static + van der Waals potential energy of the substrate.

treatable, Another very promising but thus far un-
tested approach is restricting the conforrational
search to the low-dimensional hyperplane of “essen-
tial degrees of freedom” dervied from a correlation
analysis of atomic fluctuations.®® Experience thus
far has shown that these essential degrees of free-
dom indeed describe the conformational space in
which proteins can perform their functions, inclnd-
ing the binding of substrates, without running into
high energy barriers (Amadei and Linssen. personal
communication).

CONCLUSIONS
r

The method reported here shows that the uze of
different temperatures for the center of rnass (c.o.m.)
of the substrate, for the internal degrees of freedom
of the substrate, and for the receptor allows one to
explore the receptor surface for the determination of
possible binding sites by a simple modification of
standard molecular dynamics techniques. A docking
procedure should consist of a nontrapping (“helicop-
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Fig. 9. Supermposilion of the energy refined crystal structura (black) of the substrate with three confor-

mations taken In the binding site,

rer”) search, follewed by an investigation of the tra-
jectory. Possible binding sites can then more easily
ke identified and further explored:

The examples given refer to a frozen receptor and

to rigid and flexible substrates. The present method
permits a reasonable and controllable flexibility of
the molecules (both substrate and receptor) and, at
the sarme time, gives the substrate enough energy to
pass over high barriers. This is accomplished by a
high temperature of the c.o.m. and by a repulsion
that smoothes the energy profile.

The present results show that very short time con-
stants are required for the coupling to external
baths. both for the receptor and for the interal de-
grees of freedom of the substrate. This'is necessary
to remove the heat flow from the c.o.m. motion into
the internal degrees of freedom. The c.o.m. temper-

ature should be kept high, in the range 1300-1700"

K, and its coupling time constant should be larger
than those used for the internal motions to permit
farge [luctuations in the translational motion.

The usefulness of the extra repulsion is still to be
further investigated. The smoothing was in this case
obtained by an additional semi-harmonic repulsive
potential. Large values of the refersnce distance
uvold a deep exploration of the active site. High val-
ues af the force constant provoke a reflection and
low values cause the substrate be trapped for a long
time, It would be worthwhile to investigate the use
af other smoothing techniques such as soft core po-
tentials,

One advantage of the present method is that no
icoring funections or grid search methods are re-
quired. The method is general enough to include sol-
vent molecules and flexible receptors as well. When

experimental data on the binding site are available
they should be included in the simulation to restrain
the search and increase its efficiency.
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