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The in silico “scoring” of proteir-ligand interactions has been Quantum mechanics (QM), although not new to the field of
an area of intense research because of its potential impact on rationaimolecular interactions, has until now been used only to study
drug discovery and design. Because of the relentless pressure orsmaller systems because of the computational cost associated with
the pharmaceutical industry to reduce drug discovery éastsilico it. In recent work, our group has described the linear scaling divide
structure-based screening is viewed as a very attractive and costand conquer (D&C) approach in conjunction with semiempirical
effective alternative to traditional medicinal chemistry approaches. Hamiltonians that can be used to study large molecular systems at
A number of methods can “dock” a small molecule into a biological the QM level!® We have also coupled this to a Poiss@oltzmann
receptor, and these include, for example, DOCKutoDock? (PB)-based self-consistent reaction field method (SCRF) for
FlexX# and GOLD® Docking is based on the principles of molec- calculating solvation free energi&sThe use of QM allows us to
ular recognition, and these programs sample the conformationalmove away from FFs, especially when evaluating electrostatic
space of a small molecule and “pose” them in the active site of the interactions. FFs generally ignore QM effects such as polarization
protein. To a large extent, the pose generation problem is solved,and CT?! In the first study of its kind, we report the use of QM
while the prediction of the free energy of bindindGping) or for scoring protein-ligand interactions. We note that none of the
“scoring” of the poses has proven to be a major challenge. Despite previous studies have treated the complete pretiggand com-
recent developments in this area, a physically based scoring functionplexes at such high levels of theory faGying prediction. Herein,

(SF) that is robust enough to evaluate the binding of ligands to we briefly describe our method and present the results of its
proteins has been elusive. application to a set of 18 carbonic anhydrase (CA) inhibitors and

Current-generation SFs can be grouped into three categories:5 carboxypeptidase (CPA) inhibitors.
empirical scoring functions (ESF), knowledge-based potentials The 18 CA and 5 CPA complexes were downloaded from the
(KBP), and force field (FF) methods. ESFs use empirically derived Protein Data Bank (PDB¥. These inhibitors and the experimental
energetic contributions related to enthalgyH) and entropy A9 AGying are listed in the Supporting Information. Protons were added
and regression methods to fit it to a set of experimental observations.to heavy atoms of the protein using the LEAP module of AMBER
The problems with ESFs are that they can only be as discriminating 5.07% Energy minimization was performed using constraints to relax
as the overall potential function allows and they depend on the the added protons using AMBER 5.0. All heavy atoms were fixed
diversity of the training set? In KBPs, AGyiq is represented as a  at the experimental coordinates during energy minimization. The
potential of mean force calculated from frequencies of interatomic active site of the uncomplexed protein was modeled with a zinc-
contacts from a database of structut&ecently, KBPs have been bound water molecule. The interaction energy was calculated using
shown to be successful in predicting binding affinifidsowever, the following thermodynamic cycle:
the accuracy of KBPs depends on the proper definition of the _ . '
reference state and on the number of structures available to build  AGbind = AGg + AGE&?\Bem_hgand - AGgg?iem - AGlslgﬁ/nd
the potentiaf:1° FF-based methods use potentials such as AMBER, AGI = AHY — T A
CHARMM,2 OPLS!® and MMFP#4to score poses, and they have b b b

been used frequently in free-energy perturbation (FEP) methods to g_ 6
evaluate relative\Gpin.25 FF models have been extremely powerful AHp = AH; + (UR)LI
in modeling biological systems but generally use simple electrostatic A% = ASA. \ 0.5+ num(rot_bonds)

models (Coulomb potentials), which limit their ability to accurately
model electrostatic energies. However within the FF framework,  The solution-phas@&Gying Was decomposed into the gas-phase

conformational sampling has been used in*ef£and MM/PBSAS interaction energy and solvation free energy. The gas ph&p
methods. While all classes of SFs have shown success, none havés the sum ofAH? andAS(. The QM part ofAHJ was calculated
been able to accurately and broadly score pretégand interac- using DivCor* at the AME?® level asAH;[complex]— AH¢[protein]

tions. Moreover, metal-containing systems pose a challenge for these— AH;[ligand]. The dispersive part of the nonpolar interaction was
models due to the nature of the interactions between a small molec-calculated using the attractive part of the Lennard-Jones potential
ule and a metal ion in the active site. Indeed, many SFs deal with using the AMBER 96 force field! The entropic contribution to
metals by ignoring them entirely in the scoring process. For binding was described by a solvent and conformational component.
example, the log value of atom pair occurrence of zinc and other The solvent entropy, which is gained by water, on being displaced
heavy atom pairs is so low that the interaction is ignored in the from the active site by the ligand during bindfgvas estimated
KBP function PMP In the potentials that do explicitly model metal  based on the surface area burial for carbon, oxygen, nitrogen, and
ions, charge-transfer (CT) interactions between the metal ion andsulfur atoms during binding. The conformational entropy was
the ligand (which reduces the charge on the ligand) are generally evaluated from the number of degrees of freedom that was lost in
not accounted for. the small molecule and side chains in the active site during
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0 on two classes of zinc metalloenzymes, which would be difficult
to accurately model using ESFs, KBPs, or FFs because of the
presence of the metal ion. As expected, we found that there is
significant and variable metaligand CT among different families,

a phenomenon that is difficult to capture using simpler scoring
1 400 functions. Finally, by including two different families of proteins
we show that this method has the ability to perform across different
1 500 families.
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