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Recent Advances in Structure-Based Ligand Design Using
Molecular Dynamics and Monte Carlo Methods
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Computer based methods have become increasingly useful
and powerful in aiding in ligand design, whether the detailed
three dimensional structure of the target protein is unknown or
known. If such a structure is unknown, methods to do 2D
and 3D similarity searching on large databases, given lead
compounds, allow a rapid analysis of which compounds might
be of potential use to target certain receptors (1). 3D-QSAR
methods such as COMFA (2) also enable one to explore in
quantitative terms pharmacophoric hypotheses in such
examples.

However, thanks mainly to advances in molecular biology
and methods to crystallize proteins, even in some cases mem-
brane proteins, there are more and more cases where there is
a three dimensional structure of a target for ligand design that
is known. The successes of pharmaceutical companies like
Agouron and Vertex has been founded on an effective use of
this information in an area of pharmaceutical relevance, but
even with the receptor structure in hand, ligand design is still
a challenging and interesting exercise.

How can one use computational methods to start ligand
design de novo when a receptor structure is known? If the
structure contains a bound ligand or substrate, this information
is used to delineate where the binding site is. However, the
challenge is often to design a completely novel ligand. With
the advent of combinatorial chemistry, there are ever more
possibilities to consider in this regard (3).

The challenge here is to consider as many possible ligands
as possible, find their optimum geometry(ies) in the binding
site and “score” their likelihood of binding tightly to the site.
The first methodology to do this in a practical way has been
the DOCK approach of Kuntz and co-workers (4-6). This meth-
odology involves creating an image of the binding site in terms
of sphere distances and then screening large databases
(>100,000) ligands to find which of these ligands can poten-
tially interact well with the site. By using a database such as
the Available Chemicals Directory (ACD), one can immediately
buy and test the most promising DOCK hits and thus, not
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embark on long and involved synthetic chemistry based on
uncertain models.

This DOCK approach has been successful in finding novel
micromolar inhibitors for a variety of targets and some have
been taken into the nanomolar range. Nonetheless, to find an
algorithm that is efficient in dealing with so many ligands, one
must limit the conformational searching of the ligands and use
a simple method to “score” their likely binding strength to the
site. There are a variety of methods to improve the conforma-
tional searching of ligands, including those that consider differ-
ent ligand conformations “on the fly” and those that use multiple
conformations in the databases, which will increase their sizes
by 10-100 fold. One is also seeking methods to rank ligand
binding more accurately. More complex scoring functions and
methodologies by Bohm (7), Jain (8), and Marshall et al. (9)
seem to have promise in this regard. There have been many
other exciting approaches to DOCKing also developed, includ-
ing those that use genetic algorithm-based approaches. These
may not be as fast as DOCK, but are likely more accurate (7,
10-16). But the challenge can be summarized thus: Docking
and scoring, how can one make them more efficient and accurate
in selecting tight binding ligands?

Our own view can be summarized in Fig. 1, which lists
some of the computational methodologies for ligand design.
One starts with DOCK, which, as noted above, is capable of
considering ~ 100000 ligands in a practical amount of computer
time. At the bottom of the list is the most accurate and rigorous
approach——{ree energy perturbation/thermodynamic integration
calculations (17)—which generally can only be done for 2
ligands at a time.

It is likely that the best strategy for computer assisted
structure based ligand design is a divide and conquer one, where
one uses a series of filters to consider possible ligands. Using
organic chemical intuition is key also, because, even though
one can buy compounds from the Available Chemical Directory
that DOCK has suggested will bind, even if they bind, it may
be too difficult to make analogs and make them into practical
pharmaceuticals. Issues such as bioavailability and metabolism
should be considered as early as possible.

Thus, we expect that docking approaches (3-5,7,8,10-16)
will continue to become more accurate and to consider more
molecules at a time, but the main purpose of this review is
to acquaint the reader with some interesting and promising
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Structure-Based Ligand Design

~ Techniques Number of
Molecules
[ DOCK [ 100,000 |
{
[ More Complex DOCKing ] 100-1000 |
!
[ LIA (Aqvist) [ 10-20 |
{
PROFEC (Radmer) 10-20
Visualization of VDW grid; electrostatic
potenital at zero contour
1
CMC/MD (Pitera) 10
MD in Cartesian space; MC in chemical
space; Multiple molecules — Best one
!
FEP 2
Full free energy calculations

Fig. 1. Flowchart for divide and conquer strategy in structure-based
drug design showing techniques with numbers of molecules that can
be efficiently considered. One envisages starting from the top and
using the various methods as filters, concentrating the more computer
intensive techniques on the most promising molecules.

methodologies that are between docking and free energy calcu-
lations in this flowchart, viz., LIA, PROFEC and CMC/MD
(Chemical Monte Carlo/Molecular Dynamics).

The LIA method of Aqvist (18) uses molecular dynamics
simulations on potential ligands free in solution and when bound
to the active site (19-22). The average non-bonded interactions
of these ligands with their environment (either water in the free
case or protein and water in the bound case) are determined.
A separate analysis of non-bonded van der Waals and non-
bonded electrostatic interactions is done. These interaction ener-
gies converge significantly faster than the total energy even
though they probably do contain considerable statistical noise.
One then estimates the binding free energy for the ligand using
equation (1).

AG =« <AEelec> +B <AEvdw> (1)

where (AE,.) is the difference in average ligand electrostatic
interaction energy with surrounding molecules when bound and
free and (AE,q,,) is the corresponding difference in the van der
Waals energies.

There are two empirical parameters in this equation, the
electrostatic prefactor a and the van der Waals factor . A
value for a of 0.5 can be assumed from linear response theory,
although Aqvist has derived that somewhat smaller values are
appropriate if the ligand contains OH groups (23). For $, the
van der Waals coefficient, Aqvist finds a value of 0.16 and
Ornstein 1.0 (24). Wang has also found a value of 1.0 for biotin-
streptavidin. (J. Wang, unpublished)) Jorgensen has used a
related approach with Monte Carlo simulations on thrombin
inhibitors (25). Thus, the appropriate coefficient to use to best
fit the binding data may depend on the protein. What is amazing
is that equation (1) works as well as it does, since it contains
no estimate of translational/rotational entropy loss on ligand
binding or any estimate of change in intraligand energies upon
binding. Furthermore, much longer trajectories than currently
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used would be necessary if the ligands had multiple binding
modes on the protein. Nonetheless, one can imagine LIA being
a very useful filter for novel ligands, particularly in ranking
their interaction strengths or even their mode of binding in the
protein site.

Complementary to LIA is a method called PROFEC,
developed by Randy Radmer in my group (26). PROFEC can
use the same ligand free and ligand bound trajectories as LIA,
but analyzes the differences in van der Waals interaction of the
protein vs water on a free energy grid, separately considering
van der Waals and electrostatic interactions. PROFEC is com-
plementary to LIA because LIA gives a semi-quantitative esti-
mate of the absolute binding free energy of the ligand and
PROFEC gives a qualitative estimate of where on the ligand
and what type of functional groups might improve binding.

Another promising method for considering multiple
ligands in an active site is CMC/MD (27) initially described
by Tidor and further developed by Pitera at UCSF. This method
carries out MD trajectories on 1 real ligand and a number of
“ghost” ligands all present at once, either in water or in a
binding site. By using a Monte Carlo (MC) process to exchange
adummy ligand for a real one, one can quantitate the probability
of ligand binding for a series of ligands and thus, rank their
binding affinity. Solvation offsets or simply offsets in energy
to improve sampling can be used to improve the statistics of
the process. This method has been successfully applied to both
a simple tennis ball/host system (J. Pitera, unpublished) and
on HIV Reverse Transcriptase, (M. Eriksson and J. Pitera,
unpublished) with encouraging results.

The above just gives a flavor of some of the promising
technologies in structure based ligand design. Obviously, com-
binatorial methods can be added to the mix, both experimentally
and computationally. The future is bright that such methods
will continue to have ever-increasing impact on improving the
design process.
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