






with a low rmsd, and this is certainly the case for PDB code
1DWB, where, as shown in Figure 2, the relative population of
systems with an rmsd of 2.0 Å or less increases from 8% with
the Gasteiger charges, dips through 3% with the AMBER
charges, rises to 14% with a QM ligand, to 23% with a QM
polarized ligand, to 29% with the introduction of MM polariza-
tion in the receptor, and then to 43% when the polarization
algorithm is converged. Other PDB codes showed mixed results,
with changes in rmsd commensurate with the results tabulated.

Given the well-documented deficiencies in docking programs
in general, such as limited sampling, lack of explicit solvation,
rigidity of target, etc., arising from the need for computational
speed, there is no guarantee that an improvement in one aspect
of the methodology will increase the association between a lower
energy and a lower rmsd. In this respect, the clustering of docked

poses as implemented in AutoDock is useful, as an increase in
the size of the largest cluster tends to be associated with an
improvement in rmsd.63,64 It is difficult to see why this is true
but the corollary is easier to illustrate in that if the ligand-protein
complementarity is poorly represented, then the ligand is likely
to dock to multiple locations besides the correct one, as there
is no reason the poses should be centered on the native binding
site. Thus, Figure 3a shows the location of the lowest energy
poses in each of the 8 clusters in the docking of 1-imidazole to
cytochrome c peroxidase (1AET) with Gasteiger charges. The
lowest energy representative of the largest cluster, which is blue,
has an rmsd of 3.0 Å. A smaller cluster, in green, has a

Figure 1. Lowest energy docked poses for the PDB code 2ACS, using
default Gasteiger charges (red), AMBER protein charges and Gasteiger
ligand charges (orange), AMBER protein charges and in vacuo
potential-derived ligand charges (yellow), AMBER protein charges and
QM/MM potential-derived ligand charges (light blue), MM polarized
protein charges and QM ligand charges after one iteration of the MM
polarization algorithm (dark blue), and converged MM polarized charges
(purple), compared to the crystallographic ligand structure (green). The
residues within the 5.5 Å of the MM region are shown in a stick fashion,
and the remainder of the protein is shown as ribbons.

Figure 2. Boltzmann-weighted docking results for the PDB code
1DWB. Following the introduction of AMBER charges for the receptor,
the relative population of the dockings with rmsd under 2 Å steadily
increases as the electrostatics are improved. The improvement follows
the color of the rainbow: original Gasteiger charges (red), AMBER
charges (orange), QM ligand charges (yellow), polarized ligand charges
(green), polarized enzyme charges (blue), converged polarized enzyme
charges (violet).

Figure 3. (a) Lowest energy binding modes in each of the clusters
obtained after clustering 100 independent dockings of 1-methylimid-
azole to cytochrome c peroxidase (PDB code 1AET), in which the
default Gasteiger charges were used. The binding mode from the largest
cluster is blue and has a crystallographic rmsd of 3.0 Å, whereas the
structure from the cluster with lowest crystallographic rmsd (0.2 Å) is
red. Other clusters, some of which appear superimposed, are purple.
(b) Close-up of the binding site showing the lowest energy docked
conformations in each of the largest clusters from two docking
experiments of 1-methylimidazole to cytochrome c peroxidase (PDB
code 1AET). The experiment using the default Gasteiger charges is
shown in blue whereas that using the converged MM polarized charges
is shown in red; the crystallographic binding mode of 1-methylimidazole
is also shown (in green). When the polarized charges are introduced,
the binding mode with the lower rmsd is identified more often (in 89
out of 100 dockings).
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representative with rmsd of 0.2 Å. Figure 3b shows the lowest
energy pose in each of the largest clusters produced by the
docking runs on 1AET with both the original and the converged
charges compared to the crystal structure ligand, and it can be
seen that, as a result of the modification to the charges, the
population of the cluster with rmsd 3.0 Å has decreased, such
that the cluster with rmsd 0.2 Å is now the largest cluster.

Thus, Table 2 shows the crystallographic rmsd of the lowest
energy pose in the largest cluster, and here the general
conclusion is that whenever an improvement in the physics
results in an increased cluster size then there is also a decrease
in the rmsd. For example, for the docking of benzamidine to
thrombin (PDB code 1DWB), the original rmsd was 9.8 Å, with
a cluster size of 14 but when the 1DWB enzyme is polarized
in response to the ligand as described in the Methods above
(fifth docking experiment), the rmsd drops to 0.4 Å and the
cluster size increases to 59. Similar improvements are seen for
PDB codes 1AET (cytochrome c peroxidase/1-methylimidazole)
and 9AAT (aspartate aminotransferase/4′-deoxy-4′-aminopyrid-
oxal-5′-phosphate), whereas PDB codes 1DOG (glucoamylase
II-(471)/1-deoxynojirimycin), 1TNI (trypsin/4-phenylbutyl-
amine) and 1PPH (trypsin/m-amidinophenyl-3-alanine) maintain
consistently good RMSDs with reasonable clustering. For 1ETT
(ε-thrombin/p-amidinophenyl-3-alanine) and 1LGR (glutamine
synthetase/adenosine monophosphate) the initial results are good
(the rmsd is 0.5 and 1.0 Å with cluster sizes of 64 and 60,
respectively). The indication that the rmsd does not improve
on inclusion of polarization as expected, comes from the smaller
cluster sizes of 14 and 4, respectively (final column). The only
ambiguous result is for the docking of citric acid to aldose
reductase (PDB code 2ACS); the original rmsd was 6.4 Å, with
a cluster size of 11 but when the 2ACS enzyme is polarized in
response to the ligand as described in the Methods above (fifth
docking experiment), the rmsd drops to 2.0 Å and the cluster
size returns to 11 (having gone through a maximum of 28 for
intermediate calculations).

Discussion

Polarization is the key term that is generally omitted from
molecular mechanics studies such as molecular dynamics
simulations, Monte Carlo simulations and also docking.16,44

Though molecular dynamics simulations of enzymes usually
include a flexible enzyme, this is not usually true in docking
studies. Rather, flexibility, if it is included at all, is usually
handled via the torsional movement of polar hydrogen atoms
or soft repulsion potentials,2,8,68-70 by inclusion of a small
number of flexible side chains8,71,72 or by analysis of a small
number of snapshots on a molecular dynamics trajectory.73

These approaches all reduce the potential for steric clashes
between the ligand and the enzyme and so to some extent they
also allow for the reduction of electrostatic noncomplementa-
rities. Elsewhere we have shown that electrostatic noncomple-
mentarities can exist among well-docked structures and that they
can be alleviated by use of induced charges.45,74 This factor
contributes to the improvement in docking seen for a number
of the difficult cases presented in Tables 1 and 2. Thus, Figure
4 shows the extent of polarization (through color coding) in
the aldose reductase binding site within the enzyme (PDB code
2ACS). The biggest changes in charge are in the vicinity of the
amide group of NADP+ (nicotinamide adenosine diphosphate),
indicated by the red and green color, then on Trp 20, Tyr 48,
His 110 and Leu 300 indicated by the green color, and with
smaller changes on Val 47, Trp 79 and Trp 111, indicated by
the cyan color; such information could be useful in drug design,

as it would indicate regions where polarizing groups on the
ligand could elicit a complementary response in the target
protein. Polarization does not improve every case studied here
and this is to be expected because other effects that have been
ignored here (as is often the case in state-of-the-art docking75)
may be equally important. The neglect of hydration may have
led to the poor results achieved for at least two of the systems
tested, as mentioned above. For the purposes of this study,
protein flexibility was also neglected, and it may be that allowing
for mechanical, as well as electrostatic, flexibility in the receptor,
would lead to improved results. Moreover, addition of an extra
term could be detrimental to the balance of the force field.
Nevertheless, the scheme described here presents a staged
improvement from empirical Gasteiger charges, through potential-
derived charges to polarized charges. By exploiting the cluster-
ing within AutoDock, we see for these ligands that whenever
the clustering improves in concert with an improvement in
methodology, then the crystallographic rmsd improves. Here
we treated the ligand quantum mechanically to avoid param-
etrization issues, but elsewhere we have shown that induced
chargescanbeimplementedwithinapurelyclassicalframework.47,48

Here we also focused only on the redocking problem, but
elsewhere Friesner et al. have developed an iterative survival
of the fittest approach46 that could be used within an entirely
classical approach and so knowledge of the crystal structure is
not essential for development of this method. Moreover, the
computational cost of induced charges is low compared to the
cost of induced dipoles and because iteration and derivatives
would not necessarily be required within docking programs, the
induced charge method could be implemented with relatively
little additional computational cost,48 offering an approach to
alleviating electrostatic noncomplementarity that is more cost-
effective than implementation of protein flexibility. In some
respects, although induced dipoles are more difficult to imple-
ment in existing docking codes, they are more accurate.
However, elsewhere we have shown that compared with
quantum mechanical benchmarks at the same basis set level,
induced dipoles only become superior to induced charges at
the level of very large basis sets.76 In other words, the induced
charge approach is more in keeping with the accuracy achieved
from quantum mechanical methods unless very large basis sets
with diffuse functions are used. From this perspective, therefore,
induced charges offer the appropriate level of convenience and

Figure 4. Induced charges on key residues in the binding site of the
citrate ligand within the 2ACS structure of aldose reductase, color-
coded according to their magnitude (red and orange, high; green and
blue, low). The residues with changes in atomic charges are labeled.
The QM citrate ligand (with three carboxylate groups and one hydroxyl
group) is colored by atom type; the NADP+ (ball and stick, truncated)
is part of the MM system.

Role of Polarization in Docking J. Phys. Chem. A, Vol. 112, No. 47, 2008 12161



accuracy for including polarization in docking, and in many
other biomolecular studies.

Conclusions

We have described a method for including polarization in
docking through the use of induced charges that has the
advantage of being readily implemented into a number of
different programs, including both hybrid QM/MM programs
and docking programs. A hierarchy of improved treatments of
electrostatics ranging from Gasteiger charges through potential-
derived charges to polarization of the ligand (via hybrid QM/
MM calculations) or polarization of both the ligand and the
enzyme were compared by redocking 12 difficult protein-ligand
complexes and evaluating the results based on the rmsd of the
lowest energy structure and the rmsd of the lowest energy
structure in the largest cluster. The most striking result is that
there is always a decrease in the crystallographic rmsd whenever
an improvement in methodology results in an increase in cluster
size. This particular clustering feature of AutoDock is extremely
useful because the state-of-the-art in virtual screening is such
that absolute energies alone are not necessarily sufficiently
accurate to indicate the correct docked structure. Here the
docking involved costly QM/MM calculations and knowledge
of the experimental result but extensions of the method to a
classical framework where the result is not known a priori are
eminently possible.
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