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Abstract

Conventional docking methods assume fixed charge
model from force field parameters. Combined quant-
um mechanics/molecular mechanics (QM/MM) me-
thod has been applied to docking as a variable
charge model and shown to exhibit improvement on
the docking accuracy over fixed-charge-based me-
thods. However, there are a number of examples for
which adoption of variable charge model fails to
reproduce the native binding mode. In particular, the
method fails more often for metal-ion-containing
proteins, metalloproteins. This class of proteins has
highly polarized binding sites at which high-coord-
inate-numbered metal ions reside. We examine the
docking results of this group of proteins and analyze
the detailed interactions involved. We deduce the
mechanism for success and failure of variable char-
ge model. It is argued that extension of QM/MM
docking method would correct the over-fitted charg-
es so as to lead to better docking accuracy for doc-
king of metalloproteins.
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Introduction

Protein docking is one of the most used molecular
modeling methods in pharmaceutical industry1-5. It
aims to find the right binding modes of drug-like
molecules to target proteins in question. In the past
decade, a number of docking approaches have been
developed to improve the docking accuracy. Most of
current docking methods utilize force-field-parame-
trized fixed electric charges for ligand atoms2,6-9. Em-
ployment of the combined quantum mechanics/mole-
cular mechanics (QM/MM) methods to correct these

charges on ligand atoms has been proven to lead to
better docking accuracy10. However, in that work,
there are some examples in which the new method
fails to improve the results of conventional docking
practice. In an attempt to understand why QM/MM
docking failed in some examples and to find a way to
improve on it, we analyze in detail a particular group
of cases, namely, metalloproteins. 

Metalloproteins play important roles in physiologi-
cal processes (hemoglobin, cytochrome oxidase, cata-
lase and superoxide dismutase), the receptor binding
of potential drugs (carbonic anhydrases, matrix metal-
loproteinases, thermolysin, leucine aminopeptidase,
phospolipase C, carboxypeptidases A and B, adeno-
sine and cytidine deaminase) and drug metabolism
(cytochromes P450 and methane monooxygenase),
just to name a few11. Docking studies involving me-
talloproteins pose serious challenge since the ligand
interactions with transition metals can be treated ap-
propriately only at the quantum mechanical level12-14.

It was originally postulated by the authors of afore-
mentioned work that QM/MM docking would aid to
improve docking accuracy in highly polarized bind-
ing sites, such as in metalloproteins. In fact, in some
cases, the new method does help improve the results
while retaining already good results by conventional
method. However, the improvement is inconsistent
over the same target proteins. Although the overall
success rate on metalloprotein targets for QM/MM
docking protocol is significantly higher than the con-
ventional docking methods, it still remains to be ex-
plained why it fails on some of the examples. There
have been other efforts to improve docking accuracy
on metalloproteins, especially zinc complexes, by
deviating from force-field-based atomic charges15,16.
The authors of these works emphasize on practicality
of the methods and therefore attempt to improve the
docking accuracy and binding affinity prediction by
reparametrization of the metal ion force field. In an-
other work, Sternberg et al. used fluctuating-atomic-
charge model of force field, which is parametrized by
semi-empirical quantum chemical method to study
zinc complexes17. We employ quantum mechanical
calculations, as opposed to different model of force
field charges or reparametrization, in an attempt to
account for the full quantum effect in the binding
sites of metalloproteins.
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Results and Discussion

We chose a set of co-crystals, which are complexes
of ligands and metalloproteins containing Fe, or Zn.
The target proteins are carbonic anhydrase II, methy-
lparaben insulin, and protocatechuate. Structure files
were downloaded from Protein Data Bank (PDB)
depository and prepared manually for docking. We
ran Glide 4.0 standard precision (SP) mode19 on ex-
amples chosen and selected only the ones for which
Glide predicts the top scoring poses to be 2.0Å or
worse for further analysis but verified if QM/MM
docking reproduces the accurate binding mode (be-
low 2.0Å), which regular Glide is able to generate
based on its Emodel scoring function. The PDB id’s
and ligands for the complexes used for analysis are
depicted in Figure 1. After running QSite20 for QM/
MM energy calculation regarding only ligand as
quantum mechanically treated region on the native
pose, we substitute atomic charge values on the
ligand file with electrostatic potential (ESP) fitted
charges. We run Glide using these charge values and
compare the result. 

Table 1 shows the RMSD values of top scoring
pose after redocking of the native ligands for regular
Glide and QM/MM docking protocol with QM/MM
charges generated at native poses (QM Dock). Among
the examples shown in Table 1, 1G46, 1G52, and
2BUR are the ones in which both Glide and QM
Dock failed to produce poses under 2Å of RMSD as

top scoring ones. For all others, QM Dock was able
to either reproduce good results of Glide or improve
poor results of Glide. We focus on examples in which
Glide failed (1G46, 1G52, 2BUR, 3PCB, 3PCC,
3PCH, 3PCN). 

Let us first take a look at 3PCC case. Figure 2
shows the native pose, top Glide SP pose, and top
QM Dock pose. The blue sphere represents Fe3++ ion.
Though in the native pose the ligand is positioned so
that the ring part is closer to Fe3++, top Glide SP pose
has carboxyl group near the iron instead. This actu-
ally seems trivial since in force field parameter, Fe3++

is given the partial charge of positive 3, and oxygens
in carboxylate group has strong negative charges.
This strong Coulombic attraction seems unavoidable
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Table 1. RMSD in Å of top scoring poses from native poses
for regular Glide and QM/MM docking protocol.

Glide SP QM Dock

1G46 4.85 3.59
1G52 4.50 5.33
2BUR 4.12 4.01
3MTH 5.53 0.36
3PCB 3.88 0.11
3PCC 4.09 0.16
3PCE 0.10 0.36
3PCG 0.44 0.22
3PCH 4.05 0.34
3PCJ 0.33 0.12
3PCK 0.25 0.21
3PCN 4.54 0.14

Figure 1. Structures of lig-
ands used for analysis. From
top, in PDB id: 1G46 and
1G52, 2BUR and 3PCC,
3MTH, 3PCB, 3PCH, 3PCN.
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in the force field charge configuration. QM/MM cal-
culation at native pose altered the charge configura-
tion so that the native pose entails lower electrostatic
energy as seen in Figure 3. The unusually high nega-
tive charge on the oxygen attached to the ring com-
pensates the Coulombic attraction between carboxyl
group and the iron. This quantum mechanically
corrected charge configuration obviously enables QM
Dock to find the correct pose to be the top scoring
one. The same analysis can explain other cases in
which QM Dock improves the docking accuracy dra-
matically over Glide SP (3MTH, 3PCC, 3PCH,
3PCN).
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Figure 2. Docked poses for 3PCC. Native pose (top), top
Glide SP pose (middle), and top QM Dock pose (bottom) are
depicted.

Figure 3. Partial charges on 3PCC ligand. Top picture
shows partial charges assigned by force field parameters
while bottom picture shows quantum mechanically calculat-
ed charges.



Let us now turn our attention to 3 cases in which
both Glide SP and QM Dock failed (1G46, 1G52,
2BUR). 2BUR has the same ligand as in 3PCC but
mutated protein. The mutation causes conformational
change within the binding site. Figure 4 shows the
binding sites and their proximity of 2BUR and 3PCC
complexes at their native poses. There is confor-
mational change of the residues all around but most
notably, Tyr 447 essentially flips between two confor-
mations. In 3PCC, Tyr 447 is flipped towards the iron
center, which makes the proximity around the center
less positive, whereas in 2BUR, it points away leav-
ing wide open vicinity. In case of 2BUR, the carbo-
xylate group of the ligand would be attracted towards

the iron center, even though with quantum correction
the oxygen attached to the ring has large negative
charge. The correction is not enough to align the
ligand so that the ring points toward the iron center.

In Figure 5 are the conformations of the native pose
and top QM Dock pose of 1G52. Top-scoring QM
Dock pose has rather high RMSD of 5.33Å because
of the chloride ring bending towards zinc center.
Obviously, the negative charges on chlorines would
be attracted to positive charge of zinc yielding lower
electrostatic energy. The difficulty of reproducing na-
tive pose of 1G46 can be explained in a similar man-
ner.

Conclusions

The failure of QM Dock in the above examples of
metalloproteins can be attributed to the excessive
electrostatic energies stemming from large positive
charges assigned to metal ions. In fact, it has been
pointed out by other researchers that partial charge
for zinc from force field parameter is excessive and
they have tried to correct the problem by the use of
optimized zinc parameters15,21-25. The metal centers
located in binding sites surrounded by protein resi-
dues would inevitably absorb negative charge from
the surroundings and thus alter the electrostatic po-
tential surface of the binding pocket and the protein
residues as well as their own atomic charges. Without
addressing this effect in detail, docking practice to
these target proteins would result in futility even

Effect of Quantum Mechanical Charges       73

Figure 4. Binding sites of protocatechuate 3, 4-dioxygenase
co-crystals. The difference between 2BUR (top picture) and
3PCC (bottom picture) is in conformation of Tyr 447.

Figure 5. Binding site of 1G52. The native pose is on the
left side and the top QM Dock pose is on the right. QM Dock
pose has the chloride ring bending towards the zinc center.



though occasional success can be achieved by com-
pensating scoring function in other ways. We claim
that in order to properly model the charge transfer
within binding sites of metalloproteins, one must
resort to quantum mechanical treatment although that
would mean great increase in computational cost,
which in most cases is impractical especially for
industrial virtual ligand screening environment.
Further work should be carried out in this regard.

Methods

In the earlier work of QM/MM docking, a docking
protocol coined as “Survival of the Fittest10” was im-
plemented. In that work, an initial docking with
regular force field is performed to produce a set of
poses that will feed into QM/MM one-point energy
calculations regarding only ligands as quantum me-
chanical region, which in turn were fitted to generate
a new set of atomic charges based on density func-
tional theory (DFT)18 quantum mechanical calcula-
tions. Using this new set of charges, a new generation
of docking runs is performed and in the end the best
scoring pose is selected. The key idea in this protocol
is that at a pose that is close to the native structure,
quantum mechanical calculation will produce atomic
charges that give rise to lower Coulombic energy
values at native pose. As a validation study, the au-
thors performed QM/MM calculation at the native
pose of each complex to adjust the atomic charges on
ligand atoms. This calculation would generate a set of
charges in a given binding site environment that is
theoretically the best possible one for docking. We
follow the same procedure for our examples and
submit the result for further analysis.
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