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The calculation of binding affinities for flexible ligands has hitherto required the availability of reliable
molecular mechanics parameters for the ligands, a restriction that can in principle be lifted by using a mixed
guantum mechanics/molecular mechanics (QM/MM) representation in which the ligand is treated quantum
mechanically. The feasibility of this approach is evaluated here, combining QM/MM with the Peisson

Boltzmann/surface area model of continuum solvation and testing the method on a set of 47 benzamidine

derivatives binding to trypsin. The experimental range of the absolute binding ene®y(—3.9 to—7.6

kcal/mol) is reproduced well, with a root-mean-square (RMS) error of 1.2 kcal/mol. When QM/MM is applied
without reoptimization to the very different ligands of FK506 binding protein the RMS error is only 0.7
kcal/mol. The results show that QM/MM is a promising new avenue for automated docking and scoring of
flexible ligands. Suggestions are made for further improvements in accuracy.

Introduction binding free energies have been suggestedD methods are

. e . generally restricted to the calculation of the relative binding
. Proteln/hgand.recognmon IS aqomplex process, the determin- free energies of similar ligands. In addition, their very high
ing factors of Wh'(?h are not quant_|tat|vely understood. However, computational cost limits their applicability in virtual screening
steady progress is being made in the development of methOdSand drug desigff:15
for quickly and accurately calculating protein/ligand binding . ' . . . .

affinities. Available methods differ in how the structures of the Continuum approaches have been investigated with growing

complexes are predicted (the “docking” problem) as well as in Interest fas ? meang l\(ngg'dg'gg thtﬁ %apcbet;/_veen em[ilrclco?l
how the free energy is calculated from the predicted strudture, S¢OMNg functions an -based methods. Lontinuum methoads

As ever, a tradeoff between accuracy and computational approximate the solvent as a polarizable continuum, thus

. . C . - . including solvent effects at reasonable computational ost.
expense is unavoidable. Empirical scoring functions designed,, .., . . A e
e i g : Within the continuum framework, the electrostatic contribution
for fast estimation of binding affinities for high-throughput

X . . . to the solvation free energy can be determined by solving the
virtual screening often neglect conformational flexibility of the PoissorBoltzmann (PB) equation. The combination of PB with
protein, entropic effects, and (de)solvation during the binding q : .

; S . - a surface area (SA) dependent term for the hydrophobic effect
process. Typically, binding free energies calculated with these . . .

o . yields the total solvation free energy. Several studies have
methods have average deviations from experiment of 2 kcal/al lied PB/SA methods to protein/ligand binding. most of which
mol or more, with correlation coefficients of approximately P P 9 9.

- ' . used MD simulations with an explicit solvent model to generate
4—6
0.5%4°% At the other end of the accuracy range are techniques

) . . : "~ a conformational ensemble of the bound stété? This
based on molecular dynamics (MD) simulations in explicit approach has also been found to vield high accuracy. with a
solvent that make use of free energy perturbation (FEP), PP y 9 Y

. i . . X root-mean-square deviation (RMSD) ofl kcal/mol1®-21 In
thermodynamic integration (T1), and linear interaction energy recent work, the PB/SA continuum method was tested for the
(LIE) methods’® Given sufficient sampling, MD methods ’

. . ! . . — . binding of six small,C,-symmetric benzamidine-like ligands
calculate energetics of protein/ligand interactions with high . :
- - . to trypsin. The resulting RMSD between the calculated and
accuracy, including all entropic and solvent effects as well as

L L o experimental values was 0.55 kcal/mdIn other recent work,
receptor flexibility. In recent applications, the deviations between ) .
. L . the PB/SA approach was extended to de novo ligand design
calculated and experimental binding free energies are less than

1 kcal/mol, confirming the accuracy of FEP and related with cyclin-dependent kinase 2 as an example tatith

19 : . its moderate computational expense, satisfying reliability, and
methods™ Although formulations for calculating absolute broad applicability, PB/SA has become a useful tool in protein/

ligand binding studies.
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of parameters for each new ligand, (ii) including quantum effects and to assess the robustness of the QM/MM-PB/SA approach
such as ligand polarization upon binding, and (iii) describing with respect to the docking protocols.
the largest part of the system classically, thus allowing fast The model system used in the present work is trypsin inhibited

calculations and sufficient sampling. by benzamidinium derivatives. Trypsin is selective for lysine
Both PB/SA and FEP/TI require a force field, which has and arginine due to binding of these side chains in the “P1”
typically been of the molecular mechanics (MM) typ@ For ~ Pocket of the enzym#:**Benzamidine-like ligands are a well-

nonpeptidic inhibitors, the diversity of parameters needed for a Studied class of noncovalent trypsin inhibitors that mimic
detailed description leads to using general force fields such as@rginine and lysine by forming a salt bridge to Asp189 at the
MMFF or GAFF2526 A interesting alternative to using generic  0ottom of the P1 pockét:*! Figure 1 shows examples of the
force fields is using a quantum mechanical (QM) representation 47 trypsin inhibitors used as ligands in the present work. These
of the ligand. Combined quantum mechanical/molecular me- 1l9@nds were chosen because they exhibit an unambiguous

chanical (QM/MM) methods have been developed for protein protonation_pattern inl the unbound state and because they can
calculations and are now widely used for the analysis of °€ docked in only a limited number of ways. One subset (set

enzymatic reaction%. In the context of protein/ligand binding nO)_ co_r_np_rises six m0|ecq|¢5 dfz-symm_etry that exhit_)it low
affinity calculations, QM techniques have so far been routinely variability in the way they fit into the binding pocket. This subset

applied only to geometry optimization of the unbound ligand \fNai’ used 'r(‘j prewoufsf Wodﬁ@' Thetr:ergalnklng 41 fmole(;ules ¢
and the calculation of ligand atomic charges. Electrostatic eature one degree of freedom in the docked conformation (se

protein/ligand interactions have been calculated using the partial.nl)' which is due either to their asymmeti@J or to a single
internal rotational degree of freedom.

charges of the unbound states, assuming negligible change in Ideally, a binding scoring function should work with proteins
the partial charges of the binding partners upon complex other thén that used to develop it. Therefore, the present

formation (see, for example, ref 23). However, ab initio studies
also indicate that charge polarization and other quantum QM/MM-PB/SA ‘approach was subsequently gmployeq tp
mechanical effects not routinely represented in MM force fields calculate the absolute free energies of three small ligands binding
can be important in protein/ligand complexation. Examples of to the FK506 binding pratein (FKBFY.The accuracy obtained

P P 9 P ) P for both systems is satisfying and suggests that the presented

Fh;ase atfe pscz);aggat!?n arld ck:arge-tt_ransff?r ef%ﬁm cat:om; QM/MM-PB/SA method is suitable for absolute binding free
interactions?® Significant polarization effects have also been energy calculations.

found in the binding of the substrate nicotinamide adenine
dinucleotide phosphate (NADPH) to dihydrofolate reducise.
The limitation of MM-based binding free energy calculations
also becomes apparent in the poor performance of scoring Setup for Trypsin. The crystal structure for the trypsin/
functions for ligand coordination to metal iofsThis was benzamidine complex with a resolution of 1.5 A (PDB code
emphasized in a very recent study in which ligand binding based 1BTY*%) was used for the calculations. Surface water molecules
on a QM-only strategy was reportéd. were removed. Buried structural water molecules (including five

Whereas FEP and Tl have been combined with QM for the in the binding site) were kept. Previous calculations showed
calculation of hydration free energisnd tautomerisation free  that the protonation state of His57 does not affect binding free
energies? this is the first time a combined QM/MM description  €Nergy results? Here, the unprotonated form was chosen.
is incorporated into free energy calculations of protein/ligand PUring geometry optimization, the five crystal water molecules
binding. The present study aims at combining a quantum located in the blndlng pocket and protein atoms WlthlnaQ|stance
mechanical treatment of the inhibitor and classical treatment of 9 A from the I|_gand cgnter were a"O\.Ned to move, while the
of the protein with our previously developed PB/SA free energy rest of the protein was fixed (185 moving atoms out of a total
calculation schenté and evaluating its reliability. QM/MM of 2220)_' _The b_|nd|ng pocl_<et was relaxed in the_ presence of
geometry optimization is followed by binding free energy benzham!dlnle usl:zllg';vlalwco;nblne?. qlléan_:_';']m mechgmcal(/jmolecular
evaluation, which involves a quantum mechanical energy melc arluca @ d )I dor(l:e e ”' € ‘:rhOt%rL':SM,\XV?ter
component accounting for ligand strain and protein/ligand molecules were modeled classicaly using the orce
electrostatic interactions including polarization effects. To field Wlth.para_meter set 19,while the ligand was treated W'th

. . . the semiempirical QM method AMY as interfaced with

compute the (de)salvation energy with PB, the par_tl_al charges CHARMM version c28'*45 AM1 has proven useful for the
:Iattti]f !%i‘gieatgglzigl d(eégrg;"}ﬁgnzy ;i?hgogg '2351 e;iCt,:ﬁe calculation of hydration and ligand binding free energies and

) . olarization effects in a number of studies, including polarizable
CHELPG module in Gaussian$3The van der Waals param- b ap

f the ligand ned with simol | b jonic solutes such as NADPH or carboxylat&3%3246Missing
retleerz ofthe ligand are assigned with simple atom-element-baseq,,y ger Waals parameters for ligands with covalently attached
ules.

chlorine and fluorine were adapted from the MAB force fféld
Recent studies have incorporated protein flexibility into the resulting in rmin(Cl) = 1.57 A, Emin(Cl) = —0.20 kcal/mol,
docking procedure. These studies showed that using only ar(F) = 1.32 A, andEmi(F) = —0.12 kcal/mol. The CHARMM
single minimum-energy structure performs poorly in comparison parameters of sulfur in cysteine were used for the sulfur in
with methods considering an ensemble of possible conforma- thiophene.
tions for a given compleX>3In the latter approach, the binding Docking to Trypsin. To account for the electrostatic screen-
free energy is then the difference of weighted averages overing by the solvent during geometry optimization of the complex,
the free energies of the conformational ensembles in bound andnonuniform charge scaling (NUCS) was employ&din this
unbound states. In the present study, a docking protocol basednethod, the solvent screening is approximated by dividing the
on energy minimizations was used that generates an ensemblartial atomic charges of the protein by scaling factors that are
of complex conformations. Results from docking to both rigid derived for the side chain and backbone of each residue. The
and flexible protein models are compared to evaluate the scaling factors are computed such that the Coulomb interaction
importance of protein flexibility in the particular model system of a given group approximates the solvated interaction. To do

Methods
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Figure 1. Structures of representative trypsin ligands (listed in Tables 1 and 2).

this, the Coulomb electrostatic interaction energies were cal- , .

o] H:C o]
o ;
culated with a dielectric constant of 4. The solvated interactions Y o K \I/
N

were calculated by approximating the solvent by a high dielectric \

(esovent= 80, ionic strength= 100 mM) and the protein interior N -~

with eprot = 4. The PoissorBoltzmann equation was solved o

using the finite difference method (grid spacirg0.25 A), as

implemented in the PBEQ module in CHARMM.During

minimization, the nonbonded interactions were smoothly brought ACPM FoPl PICA

to zero by multiplying by a cubic switching functitibetween Figure 2. Structures of the FKBP12 ligands (ACPM, FOPI, PICA).

6 and 12 A. The cutoff and NUCS scheme were used only compare the influence of different docking approaches, docking

during geometry optimization to approximate solvent screening was also carried out with a rigid protein with a procedure

for structure generation. For scoring, unscaled partial chargesidentical to that described above except that all protein atoms

and no cutoff were used (see below). were kept fixed during minimization. In the rigid protein case,
A conformational ensemble of protein/ligand structures was a single complex conformation of lowest potential energy was

obtained using the following docking procedure. The ligand in kept.

its cationic state was placed in the P1 pocket with its benza- Docking to FKBP. The three FKBP ligands, ACPM, FOPI,

midinium group located where benzamidine is found in the and PICA, are shown in Figure 2. Ensembles for the structure

crystal structure. Then, the ligand was moved using a combina- of the FKBP/ligand complexes were taken from the complexes

tion of £1.5 A translations and:30° rotations along three  that have been previously obtained in ref 40 by MCSS (multiple

orthogonal axes. Structures with steric clashes between thecopy simultaneous searct).The ensembles consisted of 3

ligand and protein were discarded. The remaining conformations (ACPM), 8 (FOPI), and 16 (PICA) conformations, all satisfying

of the complex (up to 70) were energy-minimized. Those with the experimental nuclear Overhauser effect (NOE) constréints.

a potential energy lower than 25 kcal/mol above the lowest Missing hydrogens on the ligands were placed with the SYBYL

energy were kept. Structures with energies deviating from each6.8 packagé! The complexes were then geometry-optimized

other by<0.002 kcal/mol were grouped together, and only one using a distance-dependent dielectric permittivity= r) in

representative was kept. For the unbound states of trypsin andcombination with a dielectric constant of 4 and keeping all

the ligands, a single conformation was chosen, obtained by protein atoms fixed (to be consistent with the MCSS protocol

energy minimization using MM or QM, respectively. To thatwas used in ref 40). The FKBP ligands have internal degrees
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of freedom, such that an ensemble of ligand structures in the van der Waals Energy y(P/L) and Eqw(P). The van der
unbound state was generated by energy minimization startingWaals energy accounts for shape complementarity between the
from the bound conformations. The unbound protein was kept protein and the ligand and for steric interactions in the protein.
in the same conformation as in the complex. The van der Waals terms are calculated directly after geometry
QM/MM-PB/SA Formalism. The free energy is computed optimization using the Lennard-Jones formula as implemented
separately for the ligand L, the protein P, and the ligand/protein in CHARMM. The van der Waals contributions within the
complex C. For each conformationf the species X {P,L,G ligand are implicitly included irEqum(L).
the free energyG(X;) is decomposed here empirically as a sum  Coulomb Energy E.u(P). The electrostatic interactions within
of terms, (i) intramolecular energi&s,;, (ii) the solvation free the protein in the bound and unbound states are calculated with
energyGsol, and (iii) an ideal-gas correctidBgeqr This assumes  Coulomb’s law using standard CHARMM atomic partial
that the free energy is decomposable, i.e., that the contributingcharges. To be consistent with the solvation energy, it is
effects are additive. Although the terms are in principle important to use the same dielectric constant as is used for the
nonadditive in that the free energy components are coupled, protein interior when computing the solvation term (see below)
decomposition has proven useful in free energy analsis. and to use no cutoff. ThuEcou(P) was calculated with a single
The decomposition is now detailed for L, P, and C. energy call using; = 4 and no cutoff, without reoptimizing
Unbound Ligand Free Energy(G). As the ligand is treated  the geometry. Electrostatic interactions within the ligand and
quantum mechanicallyEin(L) = Eoqm(L). For the trypsin the electrostatic protein/ligand interactions are included in
ligands, only a single conformation of the unbound ligand is Egqm(L).
used, i.e., the subscriptan be dropped. The ligand free energy Quantum Energy &u(L). The semiempirical AM1 method

is then written as was chosen for the ligand, as a compromise between speed and
accuracy. AM1 has been used successfully in a number of QM/
G(L,) = EQM(Liu) + G (L) + Gigeaf L) (1) MM studies on enzymatic reactiotisand in a recent QM-only

study of ligand binding? The treatment of the interactions

where the superscript u indicates the unbound conformation of between the QM and MM regions has been described previ-

the ligand. ously#5 In the unbound stat&gm(LY) corresponds to the internal
Unbound Protein Free Energy G(For the unbound protein, ~ €nergy of the ligandEi(L"). In the bound stateEqu(L")

a single conformation is uset(P) consists of three terms ~ contains in addition the electrostatic protein/ligand interaction.

corresponding to the bonded (valence) interactidhgy(P), Both unbound and bourtgow(L) are computed with a dielectric
Coulombic interactionsEcou(P), and van der Waals interactions, ~constant of = 1. For consistency with the electrostatic solvation
Evaw(P). Thus term, Equ(L") is taken from a single energy call without
employing a nonbonded cutoff (this must be set explicitly in
G(P) = E,o(P") + Ecoy(P") + Eq(P") + G (P*) + CHARMM for AM1) and with the partial atomic charges of

the protein divided by the dielectric constantassigned to the

GieaP) (2) protein interior (heree; = 4). The latter allows the P/L
electrostatic interactions to be approximated, which would have

Complex Free Energy G(C G(C)) is the sum of the energy  been obtained by setting= ¢;. A minor inconsistency remains
terms corresponding to the protein P and ligand L in the bound for the electrostatics of the ligand, where the Coulomb term of

state and of the protein/ligand interactions (P/L) the quantum Hamiltonian is computed with= 1, but the
interactions within the ligand are screened by the solvation term
G(C) = Ea(P)) + EouP) + Eyqu(PD) + 0, qu(PIILY) + with ¢ = . Note that in the protein/ligand complex the

electronic polarization of the ligand is explicitly calculated in
the QM/MM procedure, and accordingly no internal dielectric

) o o is needed for the ligand. However, for the solvation of the ligand,
The superscript b indicates that the bound conformation is used.the polarization of the ligand by the solvent is computed

The protein/ligand electrostatic interactions are computed using classically by using an internal dielectric of 4 for the ligand.
quantum mechanics (AM1) and are contained Bgu(L), The polarization of the ligand in solution and in the protein
while the van der Waals interaction&.w(P/L)) are com-  complex are thus not calculated with identical procedures.
puted classicallya is an empirical scaling factor introduced to  However, this should not introduce large errors for the small
balance the van der Waals energy relative to the electrostaticsligands considered here. A possible alternative would be to use
(since the van der Waals parameters of the ligand were nota self-consistent reaction field instead of the classical Poisson
determined self-consistently with other ligand properties)s Boltzmann procedure for the solvation of the ligand. This will
obtained by fitting the calculatelG° (eq 7, see below) to the  be the subject of later studies. However, the associated error is
experimental results and is the only fitting parameter used here.expected to be small for small ligands. The electron density of
o was separately calculated for the flexible and rigid protein the ligand is polarized in response to charges in the environment.
approaches, since the relative magnitude of the van der WaalsThus, polarization effects are implicitly included.
and electrostatic energy contributions and thus the imbalance Sobation Free Energy G,(X). The solvation energy is split
between the van der Waals and electrostatic energies depenehto a polar contributiorEsew,X) and a nonpolar contribution
on the docking protocol. The energy terms in egs3lare Esolv,ndX). Esoiv,fX) is the electrostatic contribution to the
calculated as follows. solvation free energy and is calculated for each conformation
Valence Energy E(P). The valence energy accounts for of solute X as the change in the total electrostatic energies
bonded strain in the protein and is calculated with the standard petween the solvated and desolvated states
CHARMM force field as the sum of the bond stretching, angle
bending, torsion angle, out-of-plane bending, and Yigsadley Esow,p(x) = E,(X,s0lv) — E,(X,desolv) 4)
terms?2 The bonded strain of the ligand is implicitly included
in Eom(L). Eq(X) was computed using the linearized Poiss@&oltzmann

EQM(Lib) + Gsol\xci) + GideaI(Ci) (3)
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equation that relates the charge dengify), to the electrostatic =~ determined according to
potential, ®(r), in a medium with nonuniform dielectric
permittivity, e(r) g CXIRT
= —om 9

Ve(r)VO(r) — ' ®(r) = —4ap(r) (5) Z & G)IRT

wherex' is the Debye-Huckel screening constant, which is a \yhere R is the universal gas constar, is the absolute
function of the ionic strength. A numerical solution of eq 5 using temperature, and the indgxruns over all conformations. A

a finite difference scheme was calculated with the program simjlar formulation has been used in a recent study using the
UHBD.%*%% A focusing approach with a final grid spacing of = |inear interaction energy (LIE) approaéhNote that using the
0.25 A was used. lonic strengths of 100 and 0 mM were used gefinition of the Gibbs free energy in statistical thermodynamics,
for Eei(X,solv) andEe(X,desolv), respectively. Fdfe(X,s0lv), G(X) = —RTIn ¥; e SX)RT computed over the ensemble of
€(r) = 80 in the solvent regions andr) = ¢ in the solute )| states X, would not be appropriate here for two reasons.
regions were employed. The value used dowas consistent  First our docking protocol does not statistically sample the
with that used foEcou(P) andEqw(L), i.e., & = 4. FOrEe(X,  conformational space of the complex. Second, entropy contribu-
desolv), (r) = & everywhere. The required partial atomic tjons are estimated in the PB/SA scheme from the ideal-gas
charges of the ligand were determined by ab initio electrostatic \jiprational free energy instead of being calculated from a
surface potential (ESP) calculations (HF/6-31G*//HF/3-21G* gtatistical ensemble of states.

for trypsin ligands and HF/6-31G*//HF/6-31G* for FKBP12 For further insight into the contribution of each energy term
ligands), using the module CHELPG in the Gaussian94 softwarey the binding free energy, the change in any tefmis

package® ) o ) calculated as the Boltzmann-weighted average according to
When the QM/MM term for the ligand/protein interactions

are combined with the purely classical electrostatic solvation Nc N

term, some contributions to the binding free energy are neglectedAEj = fiEj(Ci) — fiEj(Li) — EJ-(P) = [Ej(C)D—

or not treated here in a fully consistent way, such as changes in = =

the polarization of the ligand by the solvent, or the classical [HEJ-(L)D— Ej(P) (10)

estimate of the ligand desolvation with a charge distribution
that differs from what would be obtained with the AM1 method whereNc¢ is the number of Comp]ex conformations aNdthe

used in the QM/MM part. However, these approximations are number of unbound ligand conformatiorisis the Boltzmann

not inherent to the QM/MM-PB/SA approach and could be factor, computed from the free energi@éC;) of the complex

addressed in future implementations. (eq 9) for the first sum and from the free energies of the ligand
Esoiv,ndX) accounts for the unfavorable cavity formation and  G(L;) for the second sum. In the case of a single ligand

favorable van der Waals interactions between solute atoms andxonformation (i.e., for the trypsin ligandsy,, fiE;(Li) sim-

the solvent. Both these effects are assumed to depend Iinearlyp”ﬁeS to Ej(L). After all of the above equations are combined,

on the solvent-accessible surface aaand the term is thus  he empirical binding free energy then becomes

written as

e ndX) = YA 6 G = AEn(P)+ CABq(PIL) + AEqy(L) +

solvn AGsolv + AGideal (11)
wherey is an empirical coefficient that has been estimated to
be 25 cal/(mol/&),5758the value used here. The surface area
of the solutes was computed with the program CODiSkhich
uses the Connolly algorithi® (probe radius 1.4 A).

Ideal-Gas Contributions (ga. This arises from the change

in translational, rotational, and vibrational degrees of freedom
in the system upon binding, in particular, the creation of six
additional vibrational modes in the complex. The importance
of including Gigearin calculations of absolute and relative binding
free energies was shown in ref 23, in which the method used
for calculatingGigeal is described. The vibrational contribution
depends on the normal-mode frequencies, which were obtaine
here from normal-mode analyses.

For all calculations, i.e., docking, energy minimizations,
and evaluation of binding free energies, CHARMM scripts
have been developed. They are easy to modify for any
protein of interest and are available for download at
http://www.iwr.uni-heidelberg.de/groups/biocompf/fischer.

Measurement of the Binding ConstantsThe experimental
dissociation constant&y, for the trypsin/ligand complexes were
measured spectrophotometrically, as described in ref 23. The
experimental binding free energy is given A@Gping = RTIn
Kg¢. The binding constants for the FKBP12/ligand complexes
£re taken from ref 40.

Binding Free Energy. The standard binding free energy is Results
the difference Trypsin: Flexible Protein Approach. Docking resulted in
up to seven different conformations per protein/ligand complex,
AG® = G(C) — G(L) — G(P) 7 structurally deviating from each other by a root-mean-square

(RMS) coordinate difference over all protein and ligand atoms
For multiple conformations of the species X, the free energy is of 0.1-1.5 A depending on the ligand. The s¢-symmetric

determined as the Boltzmann ensemble average ligands (set nO) form 2.0 different complexes on average,
whereas the remaining 41 ligands (set nl1) form 3.6 on average,
G(X) = ZfiG(Xi) ®) reflecting the larger conformational variability of the latter
: group. As an illustration, two conformations found fgroxo-

pyridine-2-carboxamidine (ligan@332 set nl) are shown in
where f; is the Boltzmann factor corresponding to thté Figure 3. When thé&l-oxo group is directed away from Ser195,
conformation ands(X;) is its corresponding free energfy.is the catalytic triad (Ser195, His57, Asp102) exhibits the same
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Figure 3. Overlap of two representative structureNsbxo-pyridine-2-carboxamidine (ligar@B32 bound to trypsin, showing an intact catalytic
triad (cyan) or a ligangtSer195 hydrogen bond (yellow), respectively.

TABLE 1: Energy Terms in kcal/mol for Binding to Flexible Trypsin @

set  ligand  AGey  AGuc  AEaw(PILP  AEx(Pf  AEu(l)  AGsowvp  AGsawmp  AGy AG,

no 4063  -632  —6.42 —22.47 6.67 6.58 -9.19 ~5.96 16.50 1.45
4695 ~ -473  —7.03 ~23.08 8.72 5.18 ~8.89 ~5.62 16.49 0.17

ni 0218  -691  —458 ~19.58 9.61 371 ~9.96 ~5.46 16.89 0.22
4280  -585  —6.66 -22.73 10.00 4.89 -9.44 ~5.67 1690  —0.60
4328  -507  -562 ~27.31 9.95 9.69 ~9.99 ~7.38 18.11 131
4898  -4.82  —653 ~23.20 9.60 3.98 -8.74 ~5.62 16.91 0.55
6304  -588  —8.09 ~26.73 7.06 9.27 ~11.38 ~6.87 17.93 2.64
6376 ~ —501  —561 —23.69 8.53 7.93 -9.85 ~5.98 17.22 0.24
6532  —5.14  —3.14 —31.12 10.13 8.96 -5.91 —9.82 19.54 5.08
6545  —567  —7.86 —29.70 8.01 7.65 ~7.19 —8.48 18.82 3.03

aEach term is Boltzmann-weighted according to eq 10. Only ligands with extreme energy contributions are shown here (see Table S1 for all
ligands).? AE,qw(P/L) is scaled by = 0.84.¢ AEn(P) = AEwaw(P) + AEcou(P) + AEva(P).

hydrogen bonding pattern as in uncomplexed trypsin. In contrast,terms. The van der Waals energyE,qw, is found to be the
when the ligand is rotated by 18@he hydroxyl group of Serl95  main energy term favoring binding. With the most favorable
rotates to form a hydrogen bond with the oxygen atom of the van der Waals energy ef31.1 kcal/mol, ligand532achieves
N-oxo group. Both states are significantly occupidd\Gc = the highest shape complementary among the set of ligands. As
0.5 kcal/mol fi/fy ~ 2:1). Thus, the docking results suggest that expected, less favorable van der Waals contributions are found
even for benzaminidine-like ligands that are rigid more than for smaller ligands AE,qw(0218 = —19.6 kcal/mol).AE,qw

one structure may exist for the bound state. Varying starting spans a range of 11 kcal/mol, which is significantly larger than
structures of the ligands in the unbound state converged to athe maximum relative binding free energ\GI¥* = 3.7 kcal/
single energy minimum during optimization with energy dif- o1 Thys, the protein/ligand van der Waals interaction con-
ferences below 0.1 kcal/mol. Therefore, only a single Structure yiptes here to both absolute and relative binding affinities. The

was Elsed tl(') rep:}esen;[ thle Ugbt;)_ugq Iigfand state. tor th polar and nonpolar contributions to the solvation free energy
Table 1 lists the calculated binding free energies for those 3154 grive binding, withAGgow,p ranging from—11.4 to—5.9

ligands that exhibit extreme values of some of the contributing keal/mol (liaands6304 and 6532 and AG varvina from
terms (see Table S1 in the Supporting Information for the results _g g, _(5% keal/mol (Iigand§232andosollginho)ée?igands

for all trypsin _Ilgands). _The magnitude and range of the with relatively low solvent-accessible surface areas in the
calculated binding energies-8.1 to —3.1 kcal/mol) are close . T -
unbound state, such as those with pyrimidine as the aromatic

to those of the experimental values.6 to —3.9 kcal/mol). . | f bl | buti h
Given this relatively small range of binding free energies and m0|ety, POSSESS 1ess favorable nonpoiar contributions to the
solvation free energy, e.g., ligand§95and4898for both of

the large number of ligands, one does not expect to obtain a”, . Y . .
correct ranking for all ligands. Therefore, the correlation between W_h'Ch_ AGSO'”‘”‘? Is —5.6 kcal/mol. nga_n_d6532_ carrying a
tricyclic substituent at the para position, yields the most

calculated and experimental values is poor (correlation coef-

ficient = 0.20), as can be seen in Figure 4. However, the RMS favorableAGsol,np 0f —9.8 keal/mol.

error between all calculated and experimental values is low at ~ The protein intramolecular interactions are unfavorable for

1.21 kcal/mol, which is good, considering that these are absolutebinding; their averages over all ligands @®,.(P) = 0.8 kcal/

rather than relative binding energies. mol, AEcou(P) = 8.2 kcal/mol, andAE,qw(P) = 0.1 kcal/mol.
Much can be learned about the factors driving binding to Hence, binding involves an increase in the protein intramolecular

trypsin by dissecting the binding free energy into contributing energy. All these terms vary by more thAAG.o (Table 1)

exp
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T T T T T T T T two-step process of (i) conformational straining of the ligand
and (i) rigid binding of the strained ligand to the receptor. By
-2 O B the dissection oAEqu according to eq 12, further insight into
the factors governing binding can be obtainAd(L) is the
difference between the quantum mechanical energies of the
o _ ligand in the bound (strained) state (calculated without the
P o 8 protein environment) and in the unbound (relaxed) staEey-
OO@ ® 4 (L) = [Eqm(LPnoproty]— Eqm(LY). The energy of the ligand
® ] in the bound conformation but in the absence of the protein is
g — EQM(Lib,noprot). The ligands are found here moderately strained,
‘e with AEj: (L) = 2.1 kcal/mol on average. The electrostatic and
O“ 7 polarization interaction between the protein and the ligands

+t

AG,, (kcal/mol)

&
e g (Ecou(P/L)is 4.4 kcal/mol on average. This large unfavorable
-8 & %O . contribution is surprising at first glance, since the formation of
the salt bridge with Aspl189 is electrostatically favorable.
However, [(Ecou(P/L)0is dominated by the unfavorable inter-
-10 s I . l . l . l action of trypsin’s net charge 6f8 with the cationic trypsin
-10 -8 -6 4 2 inhibitors. Ecou(P/L) and AGsay,p are of opposite sign as
expected, since a large contributionAGs.iv,pis the screening
AG keal/mol) of the electrostatic interactions between the protein and the

exp (

+ FKBPI2 ligand. The lowestAEqwm is found for ligand0218 (AEqm =

A trypsin, flexible protein, n0 3.7 kca_l/mol), a cor_npact_ thiophene derivative whose sm_aII_S|ze
. . . allows it to orient itself in the narrow P1 pocket to optimize

® trypsin, flexible protein, nl the salt bridge with Asp189. In contrast, the benzamidinium

A trypsin, rigid protein, n0 moiety of ligand4328 has an ortho-substituted benzyl group

O trypsin, rigid protein, nl that prevents the ligand from fitting deep into the P1 pocket,

Figure 4. Calculated versus experimental binding free energies. Filled yielding the. other extremeﬁCEQM(.Ame? = 9.7 kcal/mol).

symbols are used for trypsin ligands with a flexible protein (data of A 48th ligand 6535 shown in Figure 1) could not be
Table S1). Open symbols are used for trypsin ligands with a rigid adequately treated. Its calculated binding free energy differs by
protein (data of Table S2). Crosses are used for the FKBP12 ligands 4 4 kcal/mol from the experimental value. This high inaccuracy
(data of Table 3). was traced back to a particularly high increase in the quantum

and consequently cannot be neglected. Whereas the bquymeChanlcal energyNEou = 10.8 kcal/mol). This reflects an

. . o . . exaggerated amount of conformational strain in the bound ligand
candidates545induces protein internal strain upon binding, as and indicates that a correct structure for the complex could not
reflected by an increase iNE,q(P) by 3.5 kcal/mol, binding be found. Thi ts that ive ligand strai b
of other sterically less-demanding ligands has a negligible effect € found. ThiS Suggests that excessive ligana strain may be a
on Eva(P). An example of the latter is ligar@218 for which useful CI’IIteI'IOI-‘l for |dent|.fy|ng potentially poo.rly F}Iocked ligands.
E.a(P) is —0.1 kcal/mol, but which, however, leads to an ~ TTypsin: Rigid Protein Approach. The binding free ener-
increase in the protein electrostatic energfcou(P), of 10.4  dies calculated using a single complex conformation, keeping
kcal/mol. all protein atoms fixed, and after refitting the empirical scaling

Entropic and enthalpic contributions due to changes in the Parameterq = 0.61) are given in Table 2 (see Table S2 of the
translational, rotational, and vibrational degrees of freedom must Supporting Information for the results for all trypsin ligands)
be taken into account in binding free energy calculations as and are plotted versus the experimental values in Figure 4. The
indicated by the broad range AiGigea from 16.3 to 24.6 kcal/ observed RMSD of those calculated from the experimental
mol. Thus, this study confirms the importance of these terms binding free energies for the set of 47 ligands is 1.29 kcal/mol
in ligand binding.AG, is mostly positive £0.6 to 5.1 kcal/ (correlation coefficient= 0.30). Therefore, at least in the case
mol). This is due to an increase in the vibrational zero-point of the relatively rigid system of trypsin and benzamidine
energy AH,» = 4.8 kcal/mol on average) that exceeds the derivatives, the fixed protein approximation does not lead to a
increase in vibrational entropy-TAS,i, = —3.4 kcal/mol on significant loss of accuracy in the binding affinity calculations.
average). Whether the latter is due to an increase in proteinAlthough, in the flexible protein calculations, several bound
flexibility or simply the introduction of the six libration modes  conformations were found for some ligands; the inclusion of
of the bound ligand could be dissected as previously deséfibed these conformations does not clearly improve the results.

and remains to be investigated. Because in the rigid protein case the protein cannot adapt to
The quantum energy teriEqw ranges from 3.7t0 9.7 kcall  the ligands, the van der Waals energy teEpaw(P/L) is less
mol. AEqu comprises the change in ligand intramolecular fayoraple than when the protein is flexible, ranging frer21.6
energyAEim(L) and the electrostatic interaction between protein 5 —14 3 kcal/mol. A significant difference can be also found
and ligandEcou(P/L)0 for the vibrational free energy contribution, which is mostly
favorable with the protein rigidXG,i, = —3.6 to 0.9 kcal/mol),
AEgy = [EQM(Lb)D_ [Equ(L") = AE(L) + [Eco,(PIL)D in contrast to when the protein is flexible. HowevAG,, for
(12) the rigid and flexible protein correlate well with each other
(correlation coefficient= 0.8, data not shown), i.e., the size of
where[3--COdenotes the average over the conformations of the the flexible region does not significantly alter the relative
complex according eq 10. The decomposition ié(L) and vibrational free energy contributions. Contributions from in-
(Ecou(P/L)is made possible by considering the binding as a tramolecular terms, electrostatic interactions, and solvation
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TABLE 2: Energy Terms in kcal/mol for Binding to Rigid Trypsin 2

set ligand AGexp AGeaic AE,an(PIL) AEqu(L) AGsonp AGsownp AGy AG,

no 4063 —6.32 ~7.03 ~16.63 8.67 —6.43 —6.07 16.50 -3.07
4695 —4.73 —6.47 ~16.94 9.24 ~5.98 ~5.76 16.49 -3.52

ni 0218 —6.91 ~4.87 ~14.24 8.52 ~6.97 ~5.51 16.89 ~3.56
4280 —5.85 —6.48 —16.66 8.83 —6.52 —5.86 16.91 -3.18
4328 ~5.07 ~2.10 ~16.49 10.88 —6.20 ~7.25 18.11 ~1.15
4898 ~4.82 —6.43 ~16.98 8.65 ~5.80 ~5.76 16.91 —3.45
6304 ~5.88 ~7.16 ~18.95 9.07 ~5.61 ~7.05 17.83 —2.45
6376 ~5.01 —3.87 ~16.09 9.20 —5.24 —6.03 17.79 ~3.50
6532 ~5.14 ~4.17 ~18.24 8.41 ~3.87 ~9.74 18.41 0.85
6545 —5.67 -8.35 —21.42 8.45 ~5.15 ~8.50 19.27 -1.02

2 Each term is Boltzmann-weighted according to eq 10. The same ligands are shown as in Table 1 (see Table S2 for afl idandB)L)
is scaled byo. = 0.61.

TABLE 3: Energy Terms in kcal/mol for Binding of FKBP Ligands

ligand AGexp AGeaic AE.qw(PIL) AEqu(L) AGeop AGsovnp AGy AG,

ACPM —2.59 —3.56 -15.18 -0.87 4.44 -7.34 —2.39 17.79
FOPI —2.59 —2.76 ~11.55 —2.29 3.98 —5.40 —4.15 16.65
PICA —2.70 —3.26 ~12.98 -1.89 4.46 —5.67 —4.15 16.96

2 Each term is Boltzmann-weighted according to eq”QE,q.(P/L) is scaled byx = 0.61.
effects differ insignificantly from those found with the flexible  Boltzmann/surface area terms for ligand binding calculations
protein approach. has been evaluated. The general usefulness of a method can be

To investigate how well the hybrid QM/MM treatment tested by varying the target protein. As a first step in this

performs relative to a pure MM treatment of the protein and direction, calculations have been performed for three ligands
ligand, calculations assuming the protein as rigid were performed binding to the protein FKBP, yielding an RMSD of only 0.66
using the MAB force field” (which autogenerates MM param-  kcal/mol. One possible reason for the smaller error for the FKBP
eters for each ligand) and the modeling software MOL®&s complexes compared to the trypsin system may be due to the
previously describeé While this approach proved successful fact that the bound FKBP/ligand structures were taken from
in the prediction of binding affinities of 6 small and rigid ligands experimental results rather than obtained by docking. This would
(RMSD = 0.55 kcal/mol), it gives significantly worse results then suggest that, once reliable structures are at hand, binding
for the 47 trypsin ligands used here (RM$D1.85 kcal/mol, affinities can be predicted more accurately using the QM/MM-
o. = 0.81, data not shown). Differences in the energy contribu- PB/SA approach. Moreover, the FKBP results indicate that the
tions between the AM1/CHARMM and the MAB force field QM/MM-PB/SA setup and empirical parameters are transferable
are mainly in terms involving QM treatment (electrostatic P/L to other protein/ligand systems. The present method requires
interaction and vibrational free energy). ~30 min CPU time per ligand on a single 1.2 GHz processor.

FKBP12. While the three FKBP12 ligands have essentially Consequently, with a cluster of PCs it is possible to perform
identical binding affinities 2.7 to—2.6 kcal/mol), they differ high-throughput ligand searches for a given target.

significantly from the binding affinities of the trypsin ligands. Through the use of only the 47 trypsin ligands with their
By using the same QM/MM-PB/SA setup as for rigid trypsin, narrow range of binding affinities, the correlation of calculated
the RMSD of calculated versus experimental binding free ang experimental binding free energies is low (correlation
energies is 0.66 kcal/mol when the ligands are allowed to be coefficient= 0.20). However, augmenting the data set by the
flexible and 1.45 kcal/mol when the ligands are kept rigid. To three additional FKBP12 complexes significantly improves the
test the transferability of the binding free energy calculation to ¢qrrelation (correlation coefficient 0.56). Thus, the correlation
other protein/ligand systems, the scaling factor for the van der petween experimental and calculated binding affinities is higher
Waals protein/ligand interaction energy was not refitted. Instead, oy the QM/MM-PB/SA approach than for the empirical scoring
the value obtained for trypsin/benzamidine assuming the proteinnctions that exhibit correlation coefficientseb.5 for a much

as rigid has been used. (= 0.61). The energy contributions  roader range of binding affiniti€s® To assess the reliability
and total binding free energies corresponding to a flexible ligand 4 the structure prediction, calculations were performed with
treatment are listed in Table 3. Unlike trypsin, the FKBP ligands both flexible and rigid docking. There is a small decrease in
are neutral, such that there is no global repulsion between FKBP o RMSD on including conformational diversity, from 1.29
and the ligands. Therefore, the electrostatic contributions are4/mol (rigid) to 1.18 kcal/mol (flexible). However, the
of the opposite sign as compared to those of the trypsin ligands
and the protein/ligand electrostatic interaction is favorable
(AEgm(L) ranges from—0.9 to —2.3 kcal/mol). Accordingly,

in the absence of screening of repulsive P/L interactions, the
electrostatic contribution to the solvation free energ¥dw,p

= 4.3 kcal/mol on average) has a positive sign, reflecting the
unfavorable burying of the polar moieties.

'minimization-based docking protocol used here is still rather
crude, even when including protein flexibility.

Through the use of the present approach, the absolute binding
free energies determined for 47 trypsin inhibitors exhibit a root-
mean-square deviation from experiment of only 1.21 kcal/mol.
The level of accuracy obtained with the present method is thus
comparable to the accuracy expected for much more expensive
MD-based free energy perturbation or thermodynamic integra-
tion schemes and is similar to conventional MM-PB/SA

In the present study, the suitability of combining a quantum methods'® 2! The combined QM/MM approach clearly out-
mechanical/molecular mechanical force field with Poisson performs the less computationally expensive purely MM-based

Discussion
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approach using the MAB force field (RMSD 1.85 kcal/mol, see

Results). This level of accuracy is encouraging, since in contrast

Gréer et al.
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