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Introduction

Cooperativity, defined in a very broad sense byrtwalulation of an interaction in the
presence of another in the same system, is encednb@ virtually all levels of biochemical
complexity. Examples range from metal chelatiorotigh protein folding to communication
between cells rendering cooperativity a powerfulyved Nature to accelerate or regulate
specific biological processesThis phenomenon can be brought about by two ndisti
mechanisms: either by structural reorganizationnuftee formation of the first interaction,
generally referred to as allostery, or by pre-oigation of several binding motifs, when after

the first binding event the subsequent steps bedoirsanolecular and thus usually enhanced.

The term allostery is most often used for bindifigigands to proteins at interaction sites
far from the sites used by their natural substratsvever, there is also evidence in the
literature of orthosteric modulation (i.e., liganaading at the same site or binding region as
the primary substrate). An allosteric modulatoriogls conformational changes in the protein
that enhance or inhibit binding at the primary.sithe mechanism of orthosteric modulation
is not yet fully understood, though it is suggedteat cooperativity in this case may not only
manifest through structural reorganization of thezyene but also through pushing and
reorienting of the substrate by the effector liganda more productive conformatfon
alteration in solvation of the binding site effector induced change in the primary substsate’
redox potential or through indirect steric effects the reactive properties of potentially

present cofactors or prosthetic groups of the em2ym

If cooperativity plays a role in the catalytic adly of the enzyme under investigation,
kinetics of the catalyzed reaction may differ quaively from the usual Michaelis-Menten
profile. Examples of atypical kinetics include aattvation detected as a sigmoidal
dependence of the reaction rate on substrate ctatien, heteroactivation, substrate
inhibition and non-competitive inhibiti8A° Pharmaceutically relevant systems that
frequently show such atypical kinetics include cjtmmes P458*2(CYPs), among which a
few isoforms (CYP3A4, CYP2D6, CYP2C9, CYP1A2, etaje responsible for the
metabolism of the majority of marketed drtlysFurther such proteins are UDP-
glucuronosyltransferasés® (UGTs) and glutathione S-transferdSd&STs) also involved in
the metabolism of drugs and ATP-binding casset@qptransporters ?°that are responsible
for the translocation of various substances adiusscell membrane. Representatives of this

family are associated with multi-drug resistancetumor cells and efflux of xenobiotics



typically in the blood-brain barrier. In these gyas evidence has been brought forward by
site-directed mutagenesis experimé&htd deuterium isotope effect experiméftdNMR Ty
paramagnetic relaxation studi#d?’ and the solution of protein-ligand complex struesuby
X-ray crystallograph$?? that the binding of the substrate and effector poumds happen at
the same site or at sites close to each other.nRgqaublished structures of CYP3A4 with
two ketoconazole molecules bodhdand mouse P-glycoprotein with two cyclic peptide
inhibitors bound" provided remarkable advances in the field. Honptraooperativity in
metabolism results in increased clearance of dfpggile heterotropic cooperativity may lie
in the background of drug-drug interactions mediaby the aforementioned enzymis
vivo**®. Computational prediction of cooperative bindirfdigands could have great impact
on lead optimization as it would help to sort ouiglcandidates with poor pharmacokinetic

parameters and reduce the number and cost of exgreis required in testing them.

The second mechanism leading to cooperativity B-goganizing binding motifs to
enhance binding affinity. The introduction of newné€tional groups in a molecule has both an
enthalpic contribution to the affinity and an empimone, since only a smaller fraction of the
translational, rotational and conformational spaeeds to be sampled upon binding. The
chemical space relevant in drug design can be mfieently probed using fragments than
by screening druglike molecules and hits can therewolved into leads in several ways.
These include growing by substitution at one oremaositions to exploit additional possible
protein-ligand interactions and linking two fragneehbinding to different but close regions of
the protein with a suitable linker that lets thegiments retain their original binding
conformation®’. The linking approach has also been implementesitinby using fragments
with reactive functional groups that give drugligempounds inside the binding site with

good complementarity to the protein surface.

An efficient method to identify fragments suitabdte linking has been described, in
which a fragment hit from a first screen is addethe protein in high concentration so that it
occupies the primary binding site and a secondssiteen is performed to obtain proximally
bound fragments. A subnanomolar inhibitor of B¢fXand a low micromolar inhibitor of
HSP9G® are published examples of the successful appicatf this approach. A similar
method — in theory — could be implemented in a adapnal setup as well. Molecular
docking could be used to identify first-site hiterh a virtual fragment library then docking

another library into the obtained protein-liganangexes would result in hits binding to the



second site. Finding a suitable linker and finaltcking the resulting compound as a whole

to the receptor would then give advanced hits.

Given the two related areas of metabolic activatind fragment based approaches where
cooperative ligand binding plays an important neke set out to investigate this phenomenon
in a more general context by means of a computatiapproach. In the present study we
aimed at exploring the possibilities of multiple lewular docking in reproducing cooperative
binding conformations of ligands. A set of 115 Xr@ystal structures was collected from the
RCSB Protein Data Bank (PDB) containing at leasi twan-cofactor type ligands in close
proximity to each other believed to be a resultcobperative binding. The commercial
docking software Glide was used to perform segakmocking of the ligands to their
respective structures in a self-docking setup dmedperformance of the method was then
analyzed. There has been debate about the acanfracgring functions for fragment binding
modes though a recent study on 190 protein-fragmentplexe®’ showed that Glide is
adequate for fragment docking even in cross-docldatups. Thus the pharmaceutically
relevant subset of cytochrome P450 enzymes andtgegustructures from fragment screens
were further investigated.

Literature overview

Proteins exhibiting cooperative binding

The appearance of orthosteric cooperativity reguine binding of two or more ligands in
a single binding site of the protein. Since spea#nzymes usually accommodate only one
copy of their substrate in an active site spediffadesigned for that ligand it is not surprising
that orthosteric binding is most often observegliomiscuous proteins with larger binding
sites. While there is a limited, though large numifeendogenous compounds enzymes need
to recognize, xenobiotics can comprise virtually atvuctural feature. Thus proteins involved
in the manipulation of these compounds, e.g. mditalemzymes and transporters, tend to
have large and aspecific binding sites prone thosteric binding of multiple ligands.
Metabolism of xenobiotics usually involves two pésisin phase | polar groups are
introduced into the mostly lipophilic molecules byidation, reduction or hydrolysis and in

phase Il they are conjugated with polar endogerougpounds (glucuronic acid, glutathione,
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amino acids, sulfate or acetyl groups). The resgltwater soluble products are finally

excreted.

Enzymes belonging to the cytochrome P450 superyaroihtain a heme prosthetic group
anchored by a cysteine residue coordinated to tbe atom and are involved in the
transformation of both endogenous and xenobiotropmunds in bacteria, fungi, plants and
animal$*™® Eukaryotic CYPs are membrane bound thus theistalfization has only
recently been accomplished. In humans 57 isoforars loe found responsible for the
biosynthesis of steroids and the phase | metabolgnfatty acids and xenobiotics.
Mammalian CYP families are characterized by > 4@¥6no acid identity and designated by
Arabic numerals, subfamilies share > 55 % amind a&t@ntity and are designated by capital

letters, while individual isoforms are indicated dryother numeral.

The catalytic cycle of CYP enzymes was elucidateded on experiments with the
bacterial camphor monooxigenase (CYPcam or CYPM¥hen a substrate molecule (RH)
displaces the water coordinated to the iron atoserees of two one-electron reduction steps
by NADPH-P450 reductase,,@oordination to the heme, protonation and watenieation
steps are initiated resulting in the formation lvé tatalytically active ferryl-oxo species. It
formally contains Fe(IV) and has a radical catiocharacter on the porphyrin moiety, which
makes it a powerful electron acceptor. It can alsstan electron even from saturated
hydrocarbons and form an iron-hydroxo species anallkyl radical through a FeO---H---R
transition state. The alkyl radical then also bitalthe oxygen forming an alcohol (ROH) as a
product coordinated to the iron. If the carbon iwed in the hydrogen abstraction reaction is
bound to a heteroatom, the product is spontanectlslved after dissociation from the
binding site resulting formally in heteroatom deddition. If the electron is abstracted from
an unsaturated compound, the rebinding of the ahdésults in an epoxide coordinated to the
iron, which may rearrange nonenzymatically to a nghefor aromatic compounds.
FurthermoreN- or S-oxidation and several other metabolic reactionsevedso observed with
CYPs. The isoforms CYP3A4, CYP2D6, CYP2C9, CYP2@h8l CYP1A2 are responsible
for the metabolism of ~70 % of marketed drugs. Begntative metabolic reactions mediated
by CYP3A4 are shown in Figure 1.
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Figure 1. Representative metabolic reactions mediated by32MPRa) the catalytically active ferryl-oxo species

of cytochromes P450 b) testosteroreHydroxylation c) carbamazepine-10,11-epoxidatidrhaloperidolN-

dealkylation.

UDP-glucuronosyltransferases (UGTs) and glutathi®reansferases (GSTs) are phase Il
metabolic enzymes catalyzing the conjugation ofogedous substrates and xenobiotics with

the carbohydrate glucuronic acid and the tripepgidéathione, respectively*®

Conjugation

happens at a hydroxyl, thiol, amino or carboxylugroof the substrate, either originally
present or introduced in phase | metabolism. Endoge substrates of UGTs include
bilirubin, steroid horomones, fatty acids, biledscand retinoids. Direct glucuronidation is the
primary metabolic pathway for ~15 % of marketedgdrthough it is encountered frequently
as a secondary metabolic mechanism. GSTs are dineadymes present mostly in the
cytosol. Glutathione serves also as an antioxidack may react with xenobiotics to some
extent even without the catalytic activity of GSizgmes. Though kinetic profiles indicative
of cooperative binding have been reported for lerthyme families, the mechanisms of their

activities so far remain poorly understood.
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Figure 2. The structure of glucuronide (left) and glutatléaonjugates (right).



ATP-binding cassette (ABC) transporters are ondghef most ancient enzyme family
found in all species responsible mainly for thdueffof various substances through the cell
membrane but also involved in translation and DEpair”?°. They are large (~60-220 kDa)
proteins consisting of two transmembrane domaindY generally of 6-6a-helices with
variable architecture and two highly conserved ghgemic nucleotide binding domains
(NBD). The helices form a chamber in the membrgmenantracellularly in the resting state
of the protein. The substrate enters this chamtman fthe inner leaflet of the lipid bilayer
inducing a conformational change in the NBDs, whiotreases their affinity for ATP. The
binding of two ATP molecules then brings aboutfibrenation of a closed NBD dimer, which
in turn induces conformational changes in the TMDBe chamber opens in the opposite
direction and the binding affinity of the substralecreases resulting in its ejection to the
extracellular space. Finally hydrolysis of ATP ametkase of Pand ADP restores the starting
configuration of the transporter (see Figure 3).nialian P-glycoprotein (ABCB1) is the
best characterized of all ABC transporters, though oalyair of low-resolution crystal
structures is yet available due to difficultieschystallization. It is a major constituent in the
defense mechanism against xenobiotics in the bbwaoh barrier and its overexpression in
cancer cells leads to resistance to a variety eindtherapeutic drugs. Its substrates are
mostly lipophilic and either cationic or neutral tbatherwise structurally very diverse.
Promiscuity of this enzyme and observed multiplesttate binding can again be attributed to

the large and mostly hydrophobic active site.
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Figure 3. Mechanism of substrate transport by P-glycoprot8umbstrate is colored magenta, ATP yellow and
active site residues cyan. Horizontal lines indicidie lipid bilayer of the cell membrane. Figuregaproduced

from ref. 31.



Kinetic models of cooperative binding

Classic kinetic treatment of enzymatic reactionsives the utilization of the Michaelis-
Menten model. This model assumes a reversible mgnditep of a single substratg) (
molecule to the enzymée) and an irreversible product formation step whb product P)

rapidly dissociating from the binding site:

Using the steady-state approximation for the cotmagon of the enzyme-substrate complex
and assuming that the total enzyme concentraties dmt change in the course of the
reaction one gets the well-known formula relatiing trate of product formation to the

concentration of the substrate:

d[P] [S] _ Umax[S]

—— =v =kyE =
dt 2[ ]TOT k_1k+ kz + [S] KM + [S]
1

wherevnax is the maximal reaction rate at saturating sutesttancentrations andy is the
Michaelis constant. This model thus describes atbhglic dependence of the rate of product

formation on the concentration of the substrate.

The first modification to the Michaelis-Menten moder describing multiple substrate
binding was proposed by Hill in 1910 in an attengpéxplain the sigmoidal binding curves of
O, to hemoglobif’. The Hill model assumes infinite cooperativityween multiple binding
events, i.e. the simultaneous binding of all ligamd the enzyme. The rate formula derived
from this assumption is suitable for the analydipmcesses exhibiting a high degree of

cooperativity:

v = vmax [S]n
K' + [S]

wheren is the Hill coefficient, which is less than or adjin the limiting case of infinite
cooperativity) to the number of binding sites didis the apparent dissociation constant of
ES. The Hill model is still used in radioligand drbgiding and drug-transport measurements
of ABC transporters withvnax there representing the maximal transport rate aximal

binding instead of maximal product formation rakowever, this formula did not give



satisfactory fits to kinetic curves of metaboliterrhation in CYP and UGT mediated
metabolic reactions and it could not account fotetwropic effects, therefore a more
sophisticated two-site mechanistic model was ddribg Korzekwa et al. in 1998. This
model was later extend®&tf and the generalized version is presently usetlities analyzing
CYP and UGT mediated metabolism kinetics.

This mechanistic model comprises two similar bigdisites, both of which can
accommodate either a substrate or a modifi€r fiolecule and these binding steps are all
reversible. It is assumed that only the substratenétabolized and product is irreversibly
formed from the substrate regardless of which Inigdsite it occupies and whether the
modifier is also bound to the enzyme. A set of paiers are introduced to account for
cooperativity. These are scaling factors of thesalisation constants and product formation
rate coefficients of doubly versus singly ligatddustures. The model is described by the
following scheme:

EM+ P E+P ES+P
oo
oKy aKg BKp
SEM SE SES —> SE+P
A
Ks Ks aKg
KM KS Kp
EM E ES —/m> E+P
A A A
GKM KM 6KM
GKM d(s VKP
MEM ME MES —— ME+ P

whereKs andKy, are the dissociation constants of the enzyme-+atbsand enzyme-modifier
complexes respectivel¥p is the rate coefficient of product formatianjs the scaling factor
of the dissociation constant of the second boumdpomnd in the homotropic cagg,is the
scaling factor of the rate of product formationthe homotropic case, whil@ andy are
similar scaling factors for heterotropic bindingsAynificant advantage of the model over the
Hill formula is that it allows the simultaneous ff the data covering the full range of
modifier concentrations, while a different Hill dbeient was formerly obtained for each

specific concentration. Also this mechanistic modah be arbitrarily simplified or refined



depending on the features of the observed kinetiges and the number and precision of
available data points. Using the same approximatemin the Michaelis-Menten model the
formula obtained for the reaction rate is:

[S1 BISI? | vISIIM]
v Ks * aKs* * OKsKy

Umax 4 4 2181, [S12 , 2[SI[M] , 2[M] , [M]?
R SR +2 2
Ks " aks®  OKsKy ~ Ku  aky®

When considering only homotropic effects concertradf the modifier is set to zero and
the formula reduces to a quadratic fractional esgio; in §. The Michaelis-Menten
equation is then a special case with= 3 = 1. Within the scope of this kinetic model
autoactivation is characterized either by incredsading affinity of the second substrate (the
dissociation constant is decreased by the scakatpfa < 1) or by increased product
formation rate from the double occupancy compleal{sg factor3 > 1). These effects result
in sigmoidal dependence of the reaction rate orstsae concentration. Whgh< 1/2 the
formula describes the case of substrate inhibitramch is detected in kinetic measurements
as a decrease in the rate of product formation arggecific concentration of the substrate is
surpassed. When the binding affinity of the secsuldstrate and the product formation rate
from the SEScomplex change in opposite directions there i atichance of observing
autoactivation if3 > 1/2 anda < 3/2 but when the parameters do not fall in eithés thnge
or that of substrate inhibition the resulting cucan be virtually undistinguishable from a
hyperbolic one. Thus in theory it is possible tmadtiple substrate molecules are bound to the
enzyme Yyet the observed kinetic profile suggesiglisibinding.

Sigmoidicity is not always obvious on first insgeat of the data as it is relevant only at
the low end of substrate concentrations therefomdid=Hofstee and clearance plots are
commonly used as diagnostic indicators of coopezabinding. Eadie-Hofstee plots are
obtained by plotting the product formation rate ingaclearance, which results in a linear
graph for the Michaelis-Menten model but the grégals a curvature when either type of
cooperative binding is present. Clearance is thm® raf the reaction rate and substrate
concentration inn vitro experiments. A clearance plot is a semi-logarithpiot of clearance
against substrate concentration, which is a momncdty decreasing function for single
substrate binding or substrate inhibition but psses a maximum when autoactivation is
encountered. Representative plots are shown iré&urhe most notable shortcoming of the

Hill model is its lack of ability to reproduce tHew substrate concentration part of the
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measured clearance profiles since the graph olotdioen the Hill equation approaches zero
at this range of concentrations. Thus if sufficidata points are available the inspection of
these three diagrams allow the assignment of atdaikinetic model to the reaction.
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Figure 4. Theoretical and experimental kinetic curves foomerative binding. a) Reaction rate plots for the
Michaelis-Menten model with., = 1, Ky = 1 (blue), the Hill model with,o = 2,K’ = 1,n = 2 (yellow), the
mechanistic model of autoactivation with,, = 1,Ks = 1,a = 0.5, = 2 (purple) and the mechanistic model of
substrate inhibition with,.x = 1,Ks=1,a = 1, = 0.01 (green). b) Eadie-Hofstee plots for theesamodels. ¢)
Clearance plots for the same models. d) Experirheaestion rate plot of CYP3A4 mediated testoster@pr
hydroxylation. e) Experimental Eadie-Hofstee plbtlee same reaction. f) Experimental clearance pfdhe

same reaction. Figures d), e) and f) are reprodfroearef. 9.

Heterotropic cooperative effects are only accoufbedn the mechanistic kinetic model.
Modifiers can be either activators when the ratepobduct formation increases with
increasing concentrations of the modifier or intals8 when the reaction rate decreases with
increasing modifier concentrations. Heteroactivatinanifests in a scaling factor gf> 1,
which means that product formation is enhanced wiath substrate and modifier are bound
to the enzyme, while inhibition is indicated by & 1 value. In addition two different cases
within inhibition can be distinguished based onyhiie of thed parameter. A factor @ < 1
indicates cooperative inhibition i.e. increasingibitory effect with increasing concentrations
of the modifier because the enzyme-substrate-itdrilgomplex is more stable than the
enzyme-substrate complex but the product formatide from the former is lower than from
the latter. The other case with opposite effecigimmating from the relative stabilities of the
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complexes and relative product formation rategrisied partial inhibitiony(< 1, > 1) since
complete inhibition is not achieved even at satogatconcentrations of the modifier.

Representative plots for these cases and fitsgererental data are shown in figure 5.
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Figure 5. Theoretical and experimental kinetic profiles fi@terotropic cooperative bindings =Ky =a = =
1 for all theoretical plots. a) Cooperative inhitit withy = 0.1,6 = 0.1 b) Partial inhibition witly = 0.1,6 = 10

c) Heteroactivation witty = 10,5 = 1 d) Experimental reaction rate plot of CYP3A4diated phenanthrene
9,10-epoxidation activated by 7,8-benzoflavoneuFaedl) is reproduced from ref. 41.

The two-site model predicts that close to satugatmodifier concentrations even
substrates otherwise exhibiting sigmoidal kinetiofies revert to producing hyperbolic
product formation rate plots. The reason for thithat at high modifier concentrations at least
one of the binding sites is always occupied byrioglifier and thus the system formally acts
as an enzyme with a single site. However, therergperted cases of substrates retaining
sigmoidal kinetic profiles even at high concentrasi of a modifier. This phenomenon can
only be explained by assuming the existence of niwa@ two binding sites. The two-site
mechanistic model is therefore augmented by a thitel in several publications, which is
usually assumed to bind only the modifier but thaeptial for generalization remains.
Examples of substrates and modifiers of CYP3A4 bwdism exhibiting homotropic and
heterotropic cooperativity are collected in Table 1
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kinetic profile with CYP3A4 examples

hyperbolic midazolam, felodipine
autoactivation testosterone, diazepam
substrate inhibition nifedipine

heterotropic activation with S showing
hyperbolic kinetics

partial inhibition with S showing
hyperbolic kinetics

cooperative inhibition with S showing
hyperbolic kinetics

heterotropic activation with S showing
sigmoidal kinetics

partial inhibition with S showing
sigmoidal kinetics

cooperative inhibition with S showing
sigmoidal kinetics

quinidine effect on felodipine and simvastatin
nifedipine effect on felodipine
haloperidol effect on felodipine and quinidine
testosterone effect on diazepam
haloperidol effect on testosterone

quinidine and diazepam effect on testosterone

Table 1. Examples of different kinetic profiles observeddifP3A4 mediated metabolic reactions: diazepam 3-
hydroxylation, felodipine aromatization, halopefiddealkylation, midazolam 1’-hydroxylation, nifedlie
aromatization, quinidine $-hydroxylation, simvastatin 3'-hydroxylation, testerone B-hydroxylation. Data

taken from ref. 42.

Cooperativity in fragment based drug discovery

Fragment based methods have recently gained attemtidrug discovery and become
recognized as alternatives to more widely usedidentification methods such as high
throughput screening (HTS) and traditional medicichemistry®. Fragments are low
molecular weight polar compounds (typically < 28m3Da) that comprise only a few
structural features. These molecules bind with floaféinity to receptors, frequently in the
micromolar to millimolar instead of nanomolar randggowever, it is assumed that ligand
efficiencies (binding free energy divided by thenhber of heavy atoms) are comparable or
even higher than for druglike compounds. Because¢heflow binding affinity sensitive
biophysical methods are typically needed to ddigaling events and the recent development
in such technologies made fragment based approarhesable to practical use. Techniques
employed in fragment screens are NMR spectroscofyay crystallography, surface
plasmon resonance (SPR), mass spectrometry (MS)ismtdermal titration calorimetry
(ITC). The importance of using fragments insteaddafglike compounds is that chemical
space can be more efficiently sampled with thene fitmmber of potential fragments has been
estimated 10 while the number of druglike molecules is consideto be around £& Thus a

fragment screen probing several thousands of migleatovers a much higher fraction of
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possible structures than a traditional HTS expeninwéith even hundreds of thousands of
molecules. Further advantages of these methodtharkigher speed, lower cost and lower
susceptibility to errors due to ligand solubilifyjwo main approaches are used in fragment to
lead optimization. In the growing approach new gsoware introduced into the single
fragment hit to exploit additional protein-liganttéractions. A requirement for success is that
the fragment does not change its binding mode duha optimization procedure. The linking
approach on the other hand relies on the identidicaof two adjacently bound hits and a
higher affinity compound is obtained by introduciagsuitable linker between the two

fragments either preparatively or in situ.

An example of the successful application of the&ifig method is the novel HSP90
inhibitor identified by Abbott Laboratories wheiteetcooperative nature of binding was also
assesséll In the first step of the procedure a fragmentalifp of 11,520 compounds with
average molecular weight of 225 Da was screenemhstghie N-terminal domain of HSP9O0.
Hits were identified by changes in chemical shiftactive site leucine, valine, and isoleucine
methyl groups in two-dimensiondH/**C heteronuclear single quantum correlation (2D
HSQC) NMR experiments. A complementary fluoresceresenance energy transfer (FRET)
assay was also performed. A series of aminotriazind a series of aminopyrimidine
compounds were found to bind efficiently, a triftamethyl substituent bearing representative
of the latter group exhibiting the highest ligarficeency and a dissociation constant of 20
MM. A second-site screen was performed by 2D NMRthe presence of saturating
concentrations of this compound using a librar @60 compounds with average molecular
weight of 150 Da. The most potent hit was 3-(aniirethylene)-dihydrofuran-2-one binding
to the protein with a dissociation constant of 189 in the presence and > 5 mM in the
absence of the first-site ligand. This indicatetrang cooperativity in the binding of the two
ligands. In order to guide the linking strategy teary complex structure of the protein with
the two hits was solved. A perpendicular orientatiath ate1 stacking interaction between
the ligands was observed, which indicated the rfeeda linker able to bend 180°. A
methylsulfonamide moiety was suggested to be daitlly this purpose and the generated
compound yielded a 10-fold improvement in potenghative to the first-site hit. The X-ray
structure of HSP90 with the obtained ligand conéidhthat the orientations of the two parts of
the ligand were the same as in the ternary complerough estimation employed by the
authors suggested that for an optimal linker aodisgion constant of 30 nM could have been
expected and the suboptimal result was attribudebd limited number of linkers evaluated.
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Figure 6. The linking strategy applied in the fragment baisénibitor design of HSP90.

Determination of orthostericity

Today high-resolution X-ray crystallography is theost reliable source of structural
information on protein-ligand complexes. It proddeinambiguous evidence for the
orthosteric or allosteric nature of multiple ligabthding, though the relevance of higher
stoichiometry complexes has to be confirmed byfiemint experimental method to rule out
the possibility of binding as a crystallizationiatt. Difficulties in the crystallization of
proteins exhibiting cooperative binding have lomgigd insight into the structural features of
this phenomenon. However, the emergence of sewartiply ligated complex structures in
the past ten years shows that these difficulties skowly overcom@>3'"%"" The primary
information obtained from X-ray crystallographytie electron density map of the unit cell of
the crystal and a model of the protein has to bk, bthich conforms to the observed electron
densities. The unit cell may contain more than co@es of the macromolecule or the protein
may have symmetry equivalent elements (e.g. in holgomers) that produce
crystallographic symmetry in the crystal. Thereftire biological assembly has to be assigned
independently of the unit cell. Observed averagetedn densities of the ligands may be
lower than those of the macromolecule if the ligaadnot bound to all of the protein
molecules contained in the crystal. This may bectme for low affinity ligands even in co-
crystallization experiments but is usually relevanthe complex crystal is prepared by
soaking the protein crystal in the ligand solutiokfter model building and structure

refinement the atomic coordinates in the unit aalll B-factors are obtained. The B-factor is
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proportional to the square of the average atonspldcement due to vibration for a perfect
crystal but may be increased by disorders in tlystal or lower occupancy of the atoms.
There are a variety of indicators used for desaglihe quality of the solved structure. The
most common of them is undoubtedly the resolutwmich is the minimal distance between
crystal planes from which reflections could be obed. A resolution lower than 1 A
indicates atomic resolution, rotamers of side chaire usually correct under 2 A, the protein
fold is usually correct under 3 A and individuabmiic coordinates are meaningless above 4
A. The error of atomic coordinates is not equathe resolution, though correlates with it.
They can be determined exactly in small molecwstatlography but can only be estimated
for macromolecules by the use of Luzzati plots. rdge coordinate errors for a well-refined
structure are 0.2-0.3 A. Another frequently usedidator of quality is the R-factor, which is
the ratio of the difference between measured afwlileded structure factors to the measured
structure factors. A value lower than 0.2 is coesd to be optimal. Recently also the free R-
factor is reported for new structures, which iscakdted in the same way but using only a
small set of randomly chosen intensities that ateused during refinement. There should not
be a difference greater than 0.05 between R aRd Rhe completeness and redundancy of

the data set also provide information about thdityuaf the measurement.

NMR based structure determination using Nuclear ribumgser Effect Spectroscopy
(NOESY) may also be used to obtain information atiba relative position and orientation
of the ligands. This method has been used in fragi@sed drug discovey’”® Since NOE
signals can usually be detected between protondantiter than 5-6 A from each other,
interligand dipolar couplings are usually not obeer Rather, the structure of the complex is
obtained by docking the ligands to the binding sgeng protein-ligand intermolecular NOE

signals as constraints.

In addition to X-ray crystallography and NOESY & fether methods assessing multiple
ligand binding have been described, which do not om the full determination of the
complex structure. Site-directed mutagenesis exparis had been performed by Halpert and
co-workers on CYP3A4 before an X-ray structurehs protein became availabté® They
identified active site amino acids to mutate emplgyhomology modeling and used the
metabolic reactions of testosterone, progesteroneaphthoflavone and 7-benzyloxy-4-
(trifluoromethyl)coumarin to compare the activitieg the wild-type enzyme and mutants.
Many of the mutants displayed either a minor eff@etmetabolism or decreased reaction
rates but the L210F (i.e. leucine 210 mutated tenglalanine), L211F, F213W, D214E, and
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I301F mutants displayed increased rates of metabdibrmation while homotropic

cooperativity present in the wild-type enzyme degred in these mutants. These findings
implicated that the larger amino acids partiallgway the binding site of the effector but not
that of the metabolized substrate. Based on thiéiquus of these amino acids in the homology

model the effector site was inferred to lie adjaderthe primary binding site.

Deuterium isotope effect experiments that utilizensetrical and selectively labeled
substrates were used to study substrate dynamicYm2A6 by Harrelson et &f. The
(ka/ko)obs. for the oxidation of these types of substrateleces the rate of reorientation of the
labeled and unlabeled sites on the substrate. Faidly reorienting substrate this ratio is the
intrinsic isotope effect (~11.5 fak-xylenes), while for slow reorientation it is 1. Wever, if
there is an alternative non-labeled metabolic sitehe substrate, metabolic switching may
also affect theku/kp)obs. ratio. If a second molecule of the substrate bindthe active site
both the reorientation rate and the metabolic $wig may change in a concentration-
dependent manner due to steric crowding. Usimgylenea-?Hs the kaq/kp)obs. did not
change with concentration but a decrease inrtmeethylbenzylalcohol : 2,4-dimethylphenol
product ratio was observed, which implicated a el@ee in reorientation rate and multiple

substrate binding in the active site.

The presence of the paramagnetic iron center in SCYErmits the use of NMR
Paramagnetic Relaxation Enhancement (PRE) for #termiination of distances between
ligand protons and the iron atom. PRE is a compigang technique to NOESY providing
information on long-range distances typically u@®A. It is based on the phenomenon of
reduction of spin-lattice relaxation timeg) in the vicinity of unpaired electrons quantified
by the Solomon-Bloembergen equation. The dependehcelaxation rates on internuclear
distances is sixth order thus measured valuesargue averages, rather describe the closest
approach of a given proton to the heme iron. Pagaeis T, values are measured with a
simple inversion-recovery pulse sequence relatve ieference diamagnetic system (sodium-
dithionite-reduced carbon monoxide complex of CYRgjditionally dissociation constants
of protein-ligand complexes need to be taken fronetic measurements. Ligand proton —
heme iron distances were determined using this adeth ternary complexes of CYP2C9-
flurbiprofen-dapsorfe  CYP3A4-midazolanu-naphthoflavon®,  CYP3A4-midazolam-
testosteron®@ and CYP3A4-acetaminophen-caffeiheValues ranging from 3 to 10 A for
both ligands in all complexes indicate their clesento the heme iron, which can be realized
only if the ligands are in close proximity to eaxther as well.
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Fluorescent resonance energy transfer (FRET) carsdx to measure distances up to 100
A in proteins using suitably selected fluorescabiels and/or substrates. In these experiments
the donor chromophore is excited, which transferergy to the acceptor chromophore
through nonradiative dipole-dipole coupling and ¢éimeission of the latter is measured. FRET
efficiency depends on the distance and relativensakion of the two dipoles and the spectral
overlap between the donor emission and the accapgmrption spectrum. It is measured as 1
minus the ratio of quantum yields of the donorhe presence and absence of the acceptor.
Dependence on the distance is sixth order as in. ARBugh this method has not been
directly used to measure distances between twadgaound to a single protein, the distance
of P-glycoprotein bound Hoechst 33342 from an amefuorophore covalently attached to a
cysteine residue in the nucleotide binding domaas wetermined as ~38 A and the same
distance for the dye LDS-751 as ~25"R? It was also shown in kinetic experiments that
LDS-751 activates the transport of Hoechst 3334Rgiven the large size of these ligands it
is likely that they bind to P-glycoprotein in clogeximity.

In silico prediction of cooperative binding

So far only a few attempts have been made to gredmperative ligand binding using
computational methods. However, such methods wbaldaluable in drug development to
minimize failure rates originating from poor phawukinetics and drug-drug interactions,
which reduce a patient’'s compliance and increaserigk of medication errors. Since these
problems are only revealed during clinical triajgedicting them in earlier phases of
development would also reduce the number and iserdhe safety ofin vivo tests.
Furthermore computational methods could help ptedie modifications needed for
eliminating such poor pharmacokinetic parametergstvf the molecular modeling studies
dealing with cooperative binding address activabbi€YP enzymes. Egnell et al. generated
pharmacophore models for CYP2C9 and CYP3A4 hetévadion’*® Shaik and co-workers
performed MD and QM/MM simulations on a CYP3A4 cdexp’ and molecular docking
has also been employed to model cooperative binidirthese isofornf$*°. These models
were built on compounds of limited diversity, systdic large-scale validation of

computational methods predicting cooperative bigdias not been published to date.

A pharmacophore model is an abstract descriptiostefic and electronic features a

ligand must possess in order to ensure optimatdat®ns with the receptor. These features
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are typically hydrophobic and aromatic centers,rbgdn bond acceptors, hydrogen bond
donors, cations and anions. Their optimal spati@rgement and orientation is also included
in the model. The pharmacophore model for actigatdrCYP2C9 mediated 7-methoxy-4-
(trifluoromethyl)coumarin demethylatidhwas generated using 36 heteroactivators obtained
from a high-throughput screen on 1504 structurdilyerse compounds. The experimental
parameter used for building the model was the aunagon yielding 150% of control
reaction rate. The pharmacophore shown in Figwes generated with the Catalyst software
and validated using bootstrap and leave-many-othads. The model contained a hydrogen
bond acceptor, an aromatic ring and two hydrophakiaters. It was not used to identify
novel heteroactivators of the examined metabolactten but 65% of known inhibitors of
CYP2C9 were categorized as activators by it, suggeshat activatorand inhibitors of the
enzyme share some common structural features. fiaemacophore model for activators of
CYP3A4 mediated carbamazepine epoxidéfiomas generated using 6 heteroactivators
obtained from literature sources. Model buildingswaerformed in the same way as for
CYP2C9 and it contained two hydrogen bond accepseqsarated by two hydrophobic
centers. The pharmacophore was tested on 12 othigatars for which kinetic data were
available in literature and 9 were correctly ideed. However, the small number of

compounds used renders the relevance of the madstignable.

Figure 7. CYP2C9 heteroactivation pharmacophore. The grpkare represents a hydrogen bond acceptor, the
orange sphere represents an aromatic ring andspheres represent hydrophobic features. Angles622°, b
=24.4°, ¢c=67.7°,d = 24.0°, e = 15.9°. Distanees 11.6 A, v=11.8 A, w=3.0 A, x = 10.9 A7y10.3 A, z

= 4.8 A. Figure is reproduced from ref. 45.
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Molecular dynamics simulations were performed om incomplexed CYP3A4 and its
complexes with one or two diazepam substrates bsikSkt al’ The active diazepam
molecule was docked in the binding site of the egystal structure using biological data as
constraints with the PatchDock software. The efflecsubstrate was docked without
constraints and the solution with the lowest predidindingenergy was used as a starting
structure for the MD run. Force field parametenstfe@ ferryl-oxo heme and diazepam were
derived from quantum mechanical computations aodrporated into the CHARMMZ27 force
field. 6 ns trajectories were obtained for the unptexed and singly ligated structures while
12 ns trajectories for the ternary complex. Theultssindicated that the presence of the
effector substrate brings about side chain recatent particularly that of Phe213 and Phe304
but only minor long-range effects. The effectorbgiaes the environment of these residues
preventing them from hindering the proper orieotatiof the active substrate. Random
snapshots were thereafter taken from the trajest@mnd subjected to QM/MM minimizatfon
using the B3LYP density functional and LACVP base$ with effective core potential on the
iron and 6-31G basis set for other atoms in the @Nllon. Single point calculations were
performed with the 6-31G* basis set for atoms othan iron. The QM region contained the
ferryl-oxo heme together with the coordinating suitom and the diazepam molecules. The
results of these computations showed a decreasaliaor and an increase in heme spin
densities and a slight shortening of the-F& bond. This was explained by the strengthening
of the N—H---S hydrogen bonds formed by lle443 and Gly444henproximal side of the
heme. Thus it was found that even minor long-raeffects may play a role in the

cooperativity between multiple substrates.

Early attempts of using molecular docking to revealictural features of cooperative
binding were made in the reports of crystal strreguof CYP2C9 complexed with
flurbiprofen and warfarin. In both cases the bingdsite seemed to be only partially occupied
by the co-crystallized ligands. Therefore the piyggaal flurbiprofen heteroactivator dapsone
was docked to the obtained complex structure ugintgDock’. The solution displaying the
lowest predicted bindingenergy was selected but its validity was not comdid
experimentally. The binding mode of dapsone suggeshat it might serve to limit the
motion of flurbiprofen and displace water moleculeshe proximity of the heme. In the case
of the warfarin complex a second warfarin moleaul@ fluconazole molecule were modeled

into the remaining cavity of the active $fte
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Docking by Glide was performed to predict hetervators of CYP2C9 mediated
flurbiprofen 4’-hydroxylation by Locuson et & The crystal structure of the ternary complex
is not available thus the receptor used in doclkiag acquired from an equilibrated molecular
dynamics trajectory that included both flurbiprofemd dapsone. Both ligands were removed
from the binding site before docking and the methas validated using 19 compounds
containing 6 activators. Inhibitors either tendedave higher GlideScores than activators or
their docking poses were far from the location apsbne. Based on these two observations
using a GlideScore cutoff of -6.13 and a spati&rfi prediction of activation resulted in two
false positives and one false negative from the det In the next step 77420 compounds
from the ZINC database of Sigma-Aldrich chemicaksrevdocked rigidly into the receptor
containing flurbiprofen but not dapsone. The 18866 pounds remaining were docked into
the empty receptor structure and 5 were found éxgobetter GlideScore than dapsone. The
top ten scoring compounds were testeditro and the one shown in Figure 8 was found to be
nearly as effective as dapsone in activating fluddfien hydroxylation. This result, though
focusing on a single metabolic reaction and dockamly the effector compound to the
binding site shows that docking may be used inpfregiction of cooperative binding of

ligands.

Figure 8. The structure of dapsone (left) and the new CYPa&®&ator identified by Locuson et al. (right).

Finally Kapelyukh et al. used GOLD to estimate thenber of 7-benzyloxyquinoline
molecules able to bind in the active site of CYP3AWsing a set of 8 CYP3A4 inhibitors of
differing sizes they found Hill coefficients for benzyloxyquinoline debenzylation ranging
from 1.0 to 3.7 in kinetic measurements. Sings lower than the number of binding site and
substrate inhibition was still observed in the pree of bromocriptine, which produced the
greatest coefficient, it was reasoned by the asttiat at least 5 substrate molecules can bind
in the active site. A sequential docking protocalswised in which the pose with the lowest
predicted bindingenergy was selected in every step and merged hhptotein structure.
Though the crystal structure of CYP3A4 complexedhvwketoconazole had already been

solved, the authors used the two apo structureélseoprotein in the docking experiments. In
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both cases five copies of the substrate were regpdd provide reasonable binding energies
although their orientationa these sites differed substantially and an Xstmycture verifying
the relevance of either result was not obtained.

Molecular docking by Glide

Molecular docking is a computational method usedptedict the preferred binding
orientation and binding affinity of one molecule evhit forms a stable complex with
another’™* Modeled interactions are typically those betwgenteins and small ligand
molecules, hence docking plays an important roleaional drug design. Since they are
primarily used in the virtual screening of largemgmund libraries against one or a few
receptor molecules, these methods must be veryifastg a compromise between accuracy
and speed. However, more resource intensive methads also been described for the
purposes of more accurate prediction of bindingindiiés. Many different ways of
implementation of the problem have already beeneldged and continuous efforts are
directed towards improving these algorithms.

The protein structure used in docking is most ofibtained from high resolution X-ray
crystallographic experiments, sometimes from hompplonodeling and rarely structures
determined by NMR are also used. Virtually any $smadlecules can be used as ligands but
usually compounds from company libraries or vendimiabases are screened. A significant
advantage of virtual methods, however, is the @gbibb screen also physically unavailable
molecules resulting e.g. from structure-activityatenships. The problem to be solved is
actually a conformational search of the ligand ctrite in the reduced conformational space
imposed by the receptor and the ranking of theinbtapotential binding conformations. The
performance of docking methods therefore dependshensearching algorithm and the
scoring function utilized. Conformational searclyagithms are based on systematic or
stochastic torsional searches about rotatable bondlecular dynamics simulation or genetic
algorithms to generate conformations either prelary to the actual docking run or on-the-
fly. More accurate so-called induced-fit methodsogberform conformational search on the
receptor, however, given the large number of degodereedom receptor flexibility is not
routinely accounted for. Scoring functions takeaadidate binding pose as input and return a
likelihood value of the pose representing the tiuneling conformation, which not necessarily

but preferably correlates with the binding free rgge Unfortunately the accuracy of the
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calculation of exact binding free energy is, toedaimited even with computationally

intensive methods. Common scoring functions are ttased on molecular mechanics force
fields or on optimized empirical terms such as bpthiobic contacts, hydrogen bonds, frozen
rotatable bonds, etc. or on a hybrid of the twoer€hare also knowledge-based scoring
functions utilizing statistical potentials obtainé@m the analysis of intermolecular close

contacts in 3D databases of protein-ligand comglexe

Glide (Grid-based Ligand Docking with Energetics)a high-speed flexible docking
software from Schrédinger utilizing pre-computedh der Waals and electrostatic grids of the
receptors and a highly efficient series of hierax@h filters for ligand conformational
selectioi® "% Before docking both the protein and the liganel mquired to pass through a
preparation procedure, which means the generafianchemically correct three dimensional
structure for both. This may involve convertingnr@D to 3D, adding atoms missing in the
database files, defining the correct topology anwlifg the possible tautomeric and
protonation states at physiological pH (these sepsdescribed in the Methods section).
Schrédinger offers comprehensive structure prejosrajpplications both for proteins (Protein
Preparation Wizard) and for ligands (LigPrep) amcbmmends their use in combination with

Glide to achieve the best results.

The first step in a docking experiment is the réaegrid generation. Van der Waals and
electrostatic potentials are evaluated on the aestiof a cubic grid using the OPLS-2005
force field, which is parametrized for metals btheswise differs little from the OPLS-2001
force field. The hard 6-12 Lennard-Jones poteigiaked for the calculation of van der Waals
interaction energies and the Coulomb formula isluee electrostatics but with the net ionic
charge on formally charged groups reduced apprdarignay 50%. The grid spacing far from
the protein surface is 3.2 A but it is refined pessively using cubes with edges of 1.6, 0.8
and finally 0.4 A closest to the receptor surfdeeld values at a general point in space are
obtained from trilinear interpolation formulas. Thegin and the spatial extension of the grid
are defined by the user usually as the centroid ledand with known binding orientation or
as the centroid of the residues forming the binditgy During this procedure the dimensions
of an inner and an outer boundary box have to beisgd. The potential fields are evaluated
inside the outer box in which all ligand atoms minstcontained, while the inner box serves
to limit the possible placement of the ligand ceittr An example of the box dimensions used

in this study is shown in Figure 9.
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Figure 9. Inner (green) and outer (magenta) grid boundary ihoGlide for the structure with PDB ID 2gfo
(ribbons). The grid is centered on the centroitheftwo ligands (space-filling), the edge of theenbox is 14 A

and the edge of the outer box is 36 A.

Docking starts by an extensive conformational deafche ligand. It is first divided into
a core region and a number of rotamer groups. Eg#emer group is connected to the core by
a single rotatable bond and does not contain amg modatable bonds itself thus the core is
obtained by truncating each terminus of the ligaatdthe last rotatable bond. Core
conformations are generated by sampling torsionsutalcore rotatable bonds, different
conformations of 5- and 6-membered rings and ineeref asymmetric pyramidal nitrogen
centers. This results in a set of at most 662 corgdormations to which rotamer end groups
are later attached in all possible permutationsooformations and they are then passed to the

series of hierarchical filters (see Figure 10).

The placement of the ligand to the binding siteifdy choosing site-points on an
equally spaced 2 A grid in the inner box which eanve as positions for the ligand center.
This is done by the comparison of the histograntained by binning the distances from the
given site point to the protein surface and théadises from the ligand center to the ligand
surface. The ligand center is defined to be thepwiit of the line connecting the two most
widely separated atoms in the core region (thentigdiameter). If there is a good enough
match between the histograms, the ligand centgtaced at the site point and the ligand

diameter is fitted in the binding site.
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The ligand is then rotated about its diameter apskiple hydrogen bonds and ligand-
metal interactions are scored. If the score is gaumligh all other interaction types are scored
as well using a so-called greedy scoring methods fiteans that the actual contribution of an
atom to the total score is not the one calculatedttiat specific position rather the best
possible score it could get by moving +1 A in thexand z directions. This method is applied
to compensate for the rough grid used for the phere of the ligand center. After this the
ligand is translated as a rigid body at most +InAhie three directions and the pose with the
best interaction score is passed on to the ndgt.filUp to this point a discretized version of
ChemScore is used, while the resulting 100-400 peses are subjected to force field

minimization on the pre-computed electrostatic &al der Waals grids.

Minimization begins with a pre-minimization step emoothed grids and ends with a
full-scale annealing method on the original gridmpling translations, rotations and torsional
motions of the ligand molecule. Finally torsions durther sampled by a Monte Carlo
procedure. The resulting poses are ranked usingEtnedel scoring function and the
predefined number of top poses is saved. The spuséds are re-scored and also re-ranked
using the GlideScore scoring function. Thus Emasleked for pose selection and GlideScore
is used for predicting the binding affinity of tlselected poses. Both scoring functions are
developed by Schrddinger, they are available ekaisin Glide and no exact details on
them were published so far. GlideScore is knowrtdntain van der Waals and Coulomb
energy terms, rewards for hydrophobic interactiand for polar but non-hydrogen-bonding
groups in a hydrophobic environment, a hydrogendban term handling neutral-neutral,
neutral-charged and charged-charged hydrogen bdiffésently, a metal binding term and
penalties for freezing rotatable bonds and inadegsalvation of functional groups not
involved in close contacts. Solvation in Glide isdeled by placing explicit water molecules
in the vicinity of the docked ligand. Emodel conwthese same terms plus contribution from
the ligand-receptor molecular mechanics interactarergy and ligand strain is also

incorporated in it.
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Glide “Funnel”
Ligand conformations

'

Stage 1. Site-point search

Stage 2: Step 2a. Diameter test

Step 2b. Subset test

Step 2c. Greedy score

Step 2d. Refinement

Stage 3. Grid minimization

Stage 4. Final scoring

'

Top hits

Figure 10.Visual representation of the hierarchical filtapgplied by Glide. Figure is reproduced from thed&li

User Manual.

Glide provides an extra precision (XP) docking mémtethe minimization of the number
of false positive hits and higher correlation betweexperimental and predicted binding
affinities. The XP procedure performs a refinementthe poses obtained from a single
precision (SP) docking run with less forgiving sagrmethods. An anchor fragment of the
docked ligand, typically one or a few rings, iséaakrom the best-scoring SP poses and the
rest of the molecule is grown bond by bond frons mchor. The generated large ensemble of
poses is subjected to a more comprehensive scbramgin the SP mode with improved terms
in the GlideScore scoring function. Instead of fipiic pair terms multi-center enclosure
terms are calculated for apolar groups. The scoohdpydrogen bonds, the detection of

cationqtandreTt stacking interactions and the modeling of solvaaee also improved.

Comparison to other docking tools

There is a variety of docking software availablel amost of them differ greatly in the
details of their implementatidhi®. One aspect to consider is how they treat thedigéuring
docking. While Glide removes only terminal rotangeoups from the ligands, DOCK, FlexX
and HammerHead use an incremental build-up strategy example FlexX severs all
noncyclic bonds of the ligands and all of the resglbase fragments are used as starting
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points for the docking procedure. The correct r&tamstate of each group added is chosen
by evaluating a specific scoring function for th@gment. On the other hand individual ligand
conformations are treated in their entirety by €&§®LD, ICM-Dock, FRED, Surflex and

AutoDock, a free open source docking program.

Softwares also differ in their implementation oktkearch strategy. Glide along with
those that use the incremental build-up approatis ait an exhaustive enumeration of ligand
conformations. FRED also uses a pre-generateddigamformer library of at most 200
members and docks every conformer using soft Gaudsinctions to represent the ligand
surface. This error-tolerant scoring compensateshi® low number of generated conformers
and a more detailed follow-up scoring is employ&durflex uses an interesting search
algorithm. First it generates an ideal ligand fog teceptor, a so-called protomol from N-H,
C=0 and C atom fragments, then aligns every cordtion of the ligand to it and finds the
ones with maximal molecular similarity, which argther refined. The remaining programs
mentioned above employ stochastic search algoritH@sl-Dock uses pseudo-Brownian
sampling, GOLD uses a genetic algorithm while Autob provides a Lamarckian and a
traditional genetic algorithm and Monte Carlo siatatl annealing as well (best performance
is reported for the Lamarckian algorithm). The denealgorithm of GOLD assigns
chromosomes to each receptor-ligand complex thatago information about the ligand
conformation and position, rotatable hydroxyl angireo groups of serine, threonine, tyrosine
and lysine residues in the binding site as welydrogen bonds and lipophilic interactions.
Genetic operators are applied to the chromosomesch step and the fitness is computed
using a scoring function after decoding the chramnwes to the 3D ligand pose. It is worth
noting that GOLD and FlexX attempt to account fatev molecules not displaced by the
ligand. They evaluate possible locations for waterlecules in the binding site prior to
docking and either retain or remove these watersingluthe docking run. Minor
improvements in performance have been reportetddtr programs upon the implementation

of water treatment.

Given the considerable number of docking applicetido choose from, one needs a
means of comparing their accuracy in binding modedigtion and performance in virtual
screening. The first question is most often adeéwdsy comparing the root mean square
deviations (RMSDs) between corresponding atomidtipos of the experimental and the
predicted binding modes. A docking run is usualymhed successful if the top scoring pose

has an RMSD lower than 2 A. This definition mirraypical screening applications, which
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save only &ingle pose and it is thus comparable across diffetocking programs. The case
when the top scoring poses have higher RMSDs Ietr siaved poses have RMSDs < 2 A is
termed scoring failure, since a more accurate sgofunction may improve overall
performance. However, when none of the generatesbspdiave RMSD < 2 A, then

improvement cannot be achieved by rescoring. Tése ¢s termed sampling failure.

Performance of docking softwares in virtual scregnsituations is usually evaluated
carrying out enrichment studies. In these studigst af ligands containing both known active
and decoy compounds is docked to a receptor targkthe ability of the program to separate
the two groups is assessed. There are severakmased for this aim: enrichment factors or
curves, receiver operating characteristic (ROCyeslor curves and the area under the ROC
curve (AUC). The enrichment factor is the fractmfirecovered actives in the first n% of the
ranked list of compounds, usually the top 1-10%. éxmichment curve is the plot of the
enrichment factor at n% against n. The ROC valuasfraction of recovered actives after
n% of the decoys are recovered and the ROC cumye iplot of the ROC value at n% against
n. The advantage of the latter over enrichment cuirsethat they are independent of the
proportion of actives in the test set. In the cdatfmn of the test set it is recommended that
decoys follow the same distribution of formal chegrgnolecular weight, logP and ligand
surface area as actives because scores may oerkeitdt these parameters. The DUD
(Directory of Useful Decoys) set is a publicly dabile data set used frequently in enrichment
studies. It consists of 40 protein targets eachn witset of moleculeknown to be active
against the protein target and 36 decoysémh active ligand.

One of the most extensive comparisons of dockiognams is that by Warren et al. from
GlaxoSmithKliné®. In this study 10 docking tools (Dock4, DockltekK, Flo, FRED, Glide,
GOLD, LigFit, MOE and MVP) were compared in setugsembling the ones frequently used
in pharmaceutical research. The aim of the auth@as to standardize the evaluation of the
softwares to the highest extent and reduce the dmggnating from different extents of
expertise in the usage of the programs. It thusi:ié@ be noted that the protein and ligand
preparation steps were performed using differenthots and force fields that are
recommended by Schrédinger in connection with uslhde. The test set included 8 protein
targets of 7 protein types with a total of 130&fhds being the members of 2 to 5 congeneric
series per protein with affinities spanning at tea®rders of magnitude. The affinities were
required to have been measured in a consisteny émsaat. Also 136 crystal structures of

these protein-ligand complexes were available. ¢beparison was performed assessing
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three aspects of performance: binding mode prediatising RMSDs, virtual screening for
lead identification using enrichment curves ancksardering by affinity for lead optimization
using the correlation coefficients between measaretpredicted binding affinities.

The most important message of this publicatiomat ho single program performed well
across all protein targets but there was at leastppogram able to predict the correct binding
modes of 40% of the ligands for each target. On@LG and Glide provided poses with
RMSD < 2 A for some ligands of each target, otlodtvgares failed to dock all ligands of at
least one target. GOLD was able to reproduce 70%eoexperimental binding modes while
Glide reproduced only 45% of the examined complexctures. The ratios of well-docked
top ranking poses are 43% and 34% for these pragragspectively. In virtual screening
setups MVP provided the best overall performandd Wv¥% average enrichment in the top
10% of the docking score ordered ligand lists, Kldgllowing with 33% and Glide with
29%. There were 4 targets where Glide exhibited kigrichment rates, while for the other 4
targets (2 of them metalloenzymes) these were caabf@gto the random distribution of
actives in the ligand set. Finally, no strong clatien between measured and predicted
binding affinities was observed for any softwaretanget protein. Even though in this study
Glide did not prove to be outstanding, it providedsonable results both in pose reproduction
and virtual screening. However, the reason for thé/ have been the not ideal preparation

methods and the small number of protein targets.

Another study by Kontoyianni at el. evaluated thdity of 5 docking tools (DOCK,
FlexX, Glide, GOLD and LigandFit) to reproduce erpental binding modes against a set
of 69 protein-ligand complexes from the PDB belowgio 14 protein famili€s. In this work
all docking solutions were inspectedually and evaluated on the basis of the RMSDhef
docked ligands. The solutions were classified isuljective manner as close (capturing
important interactions), active site (mainly rightit a few ligand groups misoriented) or
inaccurate. Here again observed success rateshigrest for GOLD and Glide. 68% and
57% of the docked poses with the lowest RMSDs antib@a®0 saved poses were respectively
classified as close ones but Glide provided sigaifily lower ranks for these best poses.
Glide ranked the pose with the lowest RMSD top5#62wvhile GOLD in 14% of the cases. It
was also observed that GOLD failed mostly for hythabic binding sites while Glide was
less discriminatory in regard to the nature ofgib&rity of the sites. A study by Cummings et
al. using a somewhat more restricted test set okd®vn ligands of 5 protein targets

comparing 4 docking tools (DOCK, DockVision, Glidead GOLD) in virtual screening
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setups also found that Glide gave the most comsidevel of success, though GOLD

achieved greater success with some tatgets

A more recent work by Cross et al. compared 6 dackrograms (DOCK, FlexX, Glide,
ICM-Dock, PhDOCK and Surflex) including a newer sien of Glide (v4.5) both assessing
binding mode prediction using RMSDs and virtuakseiing using ROC curv¥s The test set
for the former comprised 68 diverse, high-resoluti-ray complexes representing recent
pharmaceutical interests while for the latter tHéDset was used. The bias originating from
different extents of expertise with the softwareasweduced by using default settings
everywhere. ICM-Dock and Glide were found to previthe lowest mean and median
RMSDs and also the lowest standard deviations ef RMSD values in binding mode
prediction. They also showed very similar RMSD mlisttions (see Figure 11) with about
80% of the experimental binding modes reproduceti RMSD < 2 A regardless of ranking
and 70% reproduced as top ranked poses. Thesedigiso indicated a major improvement
over earlier versions of the programs. In virtuakegning setups the high throughput version
of Glide was used, which uses a smaller extenbofarmational sampling but even so Glide
yielded the highest mean AUC value 0.72 for allpd@tein targets. The second highest value
0.66 was obtained for Surflex. Also the ROC valae®.5, 1, 2, 5 and 10% of the recovered
decoys were highest for Glide followed by DOCK a@M-Dock (see Figure 11 for an

example ROC curve).

An extension of this work was later performed by ®4nn including FRED in the
comparison of the softwares and employing a rigerstatistical analysis of the resoitsit
was found that Glide outperforms ICM-Dock with aolpability of only 52% while other
programs with 60-70% in a single structure repréiducdocking experiment. However, it
will outperform ICM-Dock with a probability of 65%hile other programs with 90-100% on
average in structure reproduction. This again @€ a strong dependence of software
performance on the particular protein target. Figdiwere similar for virtual screening with
Glide outperforming other programs with a probapibf 60-80% in a single screen while
with 80-100% on average. A recent study on 190efmefragment complexérevealed that
in addition to docking druglike compounds Glideagequate for fragment docking even in
cross-docking setups. Based on these reports iheatated with confidence that Glide is one

of the most reliable choices in docking experiments
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Figure 11. Cumulative RMSD distribution plot of top posescimgnate ligand docking from the study by Cross
et al. (left) and a representative ROC curve ferahdrogen receptor target in the DUD data set flrmmsame
study (right). The vertical line on the left indiea the RMSD cutoff for well-docked poses, the dia line on

the right indicates random selection of ligandguFés are reproduced from ref. 58.

Experimental section

Methods
Assembly of data set

X-ray protein-ligand complex crystal structuresdige this study were selected from the
PDB. Initial filters included a resolution of atalt 2.5 A, protein-only structures, thus
excluding DNA and RNA binding proteins and no appeae of words associated with
photosynthesis or the words MEMBRANE and IMMUNEthe HEADER entry of the pdb
files. The structures were required to have ligamatspresent in a pre-defined list of excluded
ligands. This list contained the hetID codes ofematleuterated water, common cations and
anions, common solvents and crystallization agemttuding PEGs, buffer constituents,
lipids, disulfide bond reducing agents etc., kna@enzymes and prosthetic groups, common
carbohydrates and carbohydrate-amines (e.g. NAQ)difred residues present in the
respective structure, and the unknown species UNLWINX. The number of non-excluded
ligands was then determined, those covalently tinke the protein were discarded and
pairwise minimal interatomic distances between rimaining ligands were calculated. A

graph with vertices as these ligands having edgesden ligands not farther away from each
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other than 6.0 A was defined. If its maximal cortedcsubgraph had at least two and at most
six vertices and there were no cations, anionsnagrees and prosthetic groups except for
heme in the 6.0 A neighborhood of this ligand @usthe structure was saved. The saved
structures were finally visually inspected to eliaitie cases where the structure contained

incorrectly defined connectivity or atoms not paearnzed in the OPLS-2005 force field.

This filtering of the PDB resulted in 115 structsiras of 1 November 2010. These
structures thus have good resolution and contatcfuster of at least two and at most six
ligands in close proximity to each other (see tlsribution of ligand numbers in Table 2).
They are also suitable for docking experimentsesithey do not contain structural features
not handled by the force field used by Glide. TwWadlese protein-ligand complexes (1e7c
and 3g35) had two distinct, non-symmetry equivalsités where multiple ligands were
present. The docking procedure in these cases arésrmed for both binding sites and the
total number of experiments thus increased to PDB accession codes and chain identifiers

of the structures are listed in the appendix.

site property count
all sites 117
. . same ligand 83

contains 2 ligands different ligands 11 94
contains 3 ligands 14
contains 4 ligands 7
contains 5 ligands 1
contains 6 ligands 1
contains only Lipinski compliant ligands 94

Table 2. Characteristics of the cooperative docking data se

Structure preparation

The most completely modeled biological assemblthenunit cell was retained from the
crystal structures. If the biological assembly eoméd crystal mates, only chains in the
vicinity of the docked ligands were added. In cashsre there were more identical chains in
the unit cell, the first chain containing the mpllyiligated site was selected. Further phases of
the work were automated using the Schrodinger Py#iBl available in Schrédinger Suite
2010 (version 3.8). The structures were prepareddéecking with the Protein Preparation
Wizard®® using the following default steps: assigning bonders, adding hydrogens, treating

metals, creating disulfide bonds, converting sefegtbionines, deleting far waters, assigning
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the H-bond network with water sampling and finaifynimizing the structure up to 0.3 A
RMSD with the OPLS-2005 force field. All waters addcked ligands were then deleted
from the structures before grid generation.

The docked ligands were prepared by converting thesh to 2D structures with the
ChemAxon molconvert plugfh and converting them back to 3D with the Schrédinge
LigPrep 2.4 applicatidi retaining the configuration of chiral centers. §hias done to
eliminate the conformational bias of using expentaé binding modes. Tautomers were
generated and Epik 23°° was used to generate protonation states at pH \R&n the
protein was crystallized outside of this rangeyass verified that LigPrep found no additional
protonation states on the pH of crystallizationn@won physico-chemical properties of the
ligands were calculated with the ChemAxon cxcalagjpf® and their druglikeness was
assessed by applying Lipinski’'s rule (M®/500 Da, logP< 5.0, hydrogen bond acceptor
count< 10, hydrogen bond donor counb).

Protein binding sites were characterized by usihg Schrodinger SiteMap 2.4
applicatiof’ in single binding site region evaluation mode withé A buffer around the
docked ligand cluster (default parameter). Fronséhealculations the estimated site volume,
exposure and enclosure values were inspected agpathesized they may have direct effect
on the quality of docking experiments. The expogaemeter is the ratio of the number of
so-called extension site points to the sum of pabiand extension site point numbers. A
shallow surface site allows the placement of materesion site points than a closed one, thus
lower values of this parameter mean a more buitechad the average for a tight-binding site
is given to be 0.49. Enclosure is defined by thenlber of radial rays drawn from the site
points intersecting the receptor surface withinAL@ the number of all radial rays drawn
from the site points. Here a higher value mean®eerhuried site and the average for a tight-
binding site is given to be 0.78. There were fduwictures where SiteMap did not find a site
but in order to quantify this data these complexese assigned a value of 1.0 for exposure
and 0.5 for enclosure, the values for a hypothksita with no site points on a planar protein
surface. See Figure 12 for distributions of crystahphic and calculated properties of sites

and ligands.
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Figure 12. Distribution histograms of structure (a-d) andahd (e-i) properties calculated with SiteMap (a-c),

obtained from crystallographic data (d-e) and dated with cxcalc (f-i).

Docking protocols

Docking was performed by Shcrodinger Glide®5’8 using both Single Precision (SP)
and Extra Precision (XP) algorithms. A docking fanone structure consisted of at most as
many consecutive grid generation and docking séspthe number of ligands in the docked
ligand cluster. The maximum available grid size X386 x 36 & outer and 14 x 14 x 14°A
inner box) was used and the grid was always cehi@nethe centroid of the heavy atoms of
all ligands in the cluster, thus the grid was posid the same way in each step of a run. The
first grid was generated for the receptor not coinig any of the docked ligands. In the
docking steps each protonation state and tautorhéneoligands were docked with three
different set of settings. As a default Glide ssalewn van der Waals radii of nonpolar ligand
atoms with partial charge less than 0.15 by a faofo0.8. Our three docking protocols
included SP with such scaling applied, XP with sgahnd SP with no scaling of ligand vdwW
radii (hereafter referred to as hard docking). Tinenber of poses included in post-docking
minimization and saved was always set to 30 wliteother parameters default values were
used. RMSDs between docked and experimental ligantbrmations were calculated using

only heavy atom positions.
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In the case of multiple copies of the same ligamanf the first docking step the pose
carried on to the further steps was selected &sifsi if all RMSDs between all docked poses
and all experimental binding conformations wereatgethan 2.0 A then the whole run was
terminated as it means that a satisfactory poseotdoe found for any of the remaining
ligands. For the sake of being able to examineRNSD distribution of the docked poses,
this restriction was removed for the first SP sdgbeocedure. Then if the first docked pose
(default ordering of the poses by GlideScore valas used) of any protonation state or
tautomer of the ligand had an RMSD less than 2.6 4ny of the experimental ligand
conformations, that pose was selected. If thereewasre such, the one with the least RMSD
was selected. If there were none then the secosespwmere inspected in the same way then
the third poses and if these still not had RMSDBs lilhan 2.0 A then the pose with the least
RMSD of all remaining poses was selected. Afteecelg the pose to go on with, this ligand
conformation was merged with the protein structarel a new grid was generated as
described earlier. Then the second copy of thentlgaas docked in the same way and so on
until the ligand cluster has been exhausted. by the order of docking the ligands of the
cluster did not need to be defined as is the casmwlocking ligands with unknown binding
conformations. However, when different ligands present at the site, every permutation has
to be evaluated because in such cases their biddey may not be obvious. In these cases
RMSDs have to be calculated only for the respectixperimental conformation. As only
structures containing two different ligands wereirfd, this meant two possible docking

orders, which were otherwise the same as in the @asimilar ligands.

Since GlideScore is primarily used for the compmrisf binding efficiencies of different
ligands while the Emodel value ranks the posesimithsingle docking experiméftthe
results were re-evaluated using Emodel based ogierfi poses. Furthermore a third Glide
Energy based ordering was tested as well. Firspevéormed the re-evaluation by rescoring
the saved poses with Emodel in a GlideScore ordpretbcol but next we repeated all
docking runs using the Emodel based ordering inepsslection as well. Qualitative
differences between the two pose selection metihvatls encountered in only a few cases. In
the SP protocol there was one site containing fands (3emO0) where three could be
docked with RMSDs lower than 2.0 A when poses vgetected by GlideScore but only two
were well-docked when selecting the poses by Emdetre was another site with three
ligands (1n8v) exhibiting the reverse case andetlveas one site containing two ligands
(2xuc) where well-docked poses could be found fdy @ne by GlideScore while Emodel
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afforded two well-docked ligands. All other dockinghs provided the same numbers of well-
docked ligands. In the XP protocol there were twees (1e7c, 2zeb) when the GlideScore
based method afforded only one well-docked ligahdenusing Emodel provided two. There
was one structure (1gnw) exhibiting the reverse.casthe SP hard docking protocol there
were four cases with qualitative difference. Onett@fm (2uxi) where two and one ligand
could be docked using GlideScore and Emodel rankiegpectively, and one case (2whf)
where the reverse situation was found. Finally, case (2a3b) where one and three ligands
could be docked and one case (3p2r) where threetandligands could be docked,
respectively. Qualitative differences between poseks in the re-run and re-evaluated
Emodel based method using the three categoriesdpphree and any pose were found for 8
docking steps (out of 291) in the SP, 2 dockingsia the XP and 6 docking steps in the SP
hard protocol. Since these findings mean only nmalgilifferences in statistics only the re-
evaluated results of the GlideScore ordered prbtam® reported hereafter except for case
studies. The data collected from the docking ruestlaus the RMSDs of the selected poses
and their ranks with the three different orderingtinods.

Results
Overall performance in binding mode reproduction

Our data set of 117 receptor sites contained & ¢6ta69 ligands to be docked, which
means an average of 2.3 ligands per binding sibe. fEverse order cases with different
ligands at the sites increased the number of requdocking steps to 291 in each of the three
protocols and orderings of poses. A full list of BBl values calculated between the docked
and the experimental ligand binding conformatiores wnly obtained for the SP GlideScore
ordered protocol, in other procedures values grehss 2.0 A were truncated. The average
RMSD for the selected poses in all the 291 dockieps was 2.53 A, which is greater than
the commonly used 2.0 A cutoff for well-docked posa pose within 2.0 A among the 30
poses saved could be identified in only 57% peroétihe cases but these results contain all
values of ligands docked in each steps of a doaking The lowest RMSD was 0.20 A while
the highest was 11.86 A. When these results warendgosed according to docking order an
average RMSD of 1.52 A (min: 0.20 A, max: 6.88 Aflasuccess rate of 74% was obtained
for ligands docked first. An average RMSD of 2.5{in: 0.20 A, max: 8.73 A) and success

rate of 56% was obtained for ligands docked sectm8.out of 23 cases could a third ligand
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be docked regardless of the results of the prevsteys with lower RMSD than 2.0 A. More
than three ligands could never be docked withis limit. Figure 13 shows the distribution of
these RMSD values. It can be seen that for the ligands the distribution falls off more

rapidly than for the second ones, while for thedthigands it is almost uniform.
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Figure 13.RMSD distributions of ligands docked first (datkid), second (mid blue) and third (light blue).

The effect of ligand number on docking performance

The most important performance measure in our siadynot the overall performance of
Glide in the individual docking steps rather themtner and quality of consecutive docking
steps where a well-docked ligand pose could bedolihis metrics allows the estimation of
the probability that all sequentially docked liggmukes represent true binding conformations.
Usually many ligands can be docked into a largeughagrid but the relevance of docking
more than one ligand was so far unknown. By compgathese docking runs to existing
protein-ligand complexes one can assess the li@iifor success in a sequential docking
procedure when experimental information is not laéé. To address this question we looked
at the number of consecutive docking steps wheasa with RMSD < 2.0 A could be found
at all among the 30 saved poses and its depenadenttee number of ligands present at the
binding site.
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This analysis showed differences between the SPan{PSP hard docking protocols but
no substantial differences between GlideScore basddEmodel based ranking schemes (see
Table 3 for comparison). Out of the 94 sites witl bound ligands there were 52 cases in the
SP GlideScore ordered protocol where both ligamdédcbe docked, 20 cases where only one
could be docked and 22 cases where not even #testiap resulted in an acceptable pose. Out
of the 14 sites with three bound ligands in 4 casesd all three ligands be docked, in 4 cases
two could be docked, in 2 cases only one couldduked and in 4 cases not even one ligand
could be docked. Four ligands could never be dodkethe 7 receptors containing this
number of ligands in the experimentally determisgdctures and in 2, 1, 1 and 3 cases could
three, two, one and no ligands be docked, respygtivVo the sole structure with five ligands
only two of them could be docked and no acceptpbles were found when docking to the
site containing six ligands. These figures add ain expectation value of 1.34 for the
number of successful docking steps. Based on tidstlae finding that in only 6 out of 23
cases could a third ligand be docked with a posgngaan RMSD < 2.0 A it can be
concluded that the successive docking of more tianligands is highly unlikely to give
reliable results. Even with two ligands there i$yaa chance of 55% to recover both of their

experimental binding conformations.

The XP GlideScore ordered protocol provided lowambers of well-docked ligand
poses than the SP protocol. RMSDs are usually airoil lower than those obtained from the
SP protocol but when the rank order of the seleptesg is higher (usually if greater than 6th),
XP tends not to find that pose at all. There watly 8 docking steps (out of 291) where XP
found a pose within 2.0 A while SP did not and Bgtances of the reverse situation. Thus it
seems that XP only sorts out poses with higherescand is not able to score them better than
SP in the scenario of multiple ligands occupying@eptor site. The expectation value for the
number of successful docking steps with XP was @@ the chance to recover at least two
experimental binding conformations was 35%. The &Rl GlideScore ordered protocol
provided similar RMSDs to the default SP algoritirhere were 11 steps where the SP hard
protocol found a pose within 2.0 A while SP did matd 10 instances of the reverse situation.
The expectation value for the number of succesifaking steps was 1.37 and the chance to
recover at least two experimental binding conforamst was 57%, slightly better than with
SP.
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number number of docking runs with n successful consecutive docking steps

of ligands r;l;r:i?:sr SP XP SP hard

in site 0 1 2 3 n= O 1 2 3 n= 0 1 2 3
2 ligands 94 22 20 52 - 36 24 34 - 24 18 52 -
3 ligands 14 4 2 4 4 6 4 4 0 3 1 5 5
4 ligands 7 3 1 1 2 1 3 2 1 2 1 3 1
5 ligands 1 0 0 1 0 0 1 0 0 0 0 1 0
6 ligands 1 1 0 0 0 1 0 0 0 1 0 0 0
total 117 30 23 58 6 4 32 40 1 30 20 61 6

Table 3. Number of well-docked (RMSD < 2.0 A) ligands pénding site using different protocols depending

on the number of ligands present at the site.

The effect of docking order on docking performance

When docking multiple different ligands, it is aegtion in which order to dock them. In
this study both permutations were evaluated. Howebere were only 11 structures in our
data set containing two unique compounds, whicls ame give a firm basis for drawing far-
reaching conclusions regarding this issue. Ouheg& 11 cases there were 3 where neither
docking order provided any well-docked poses ftnegiof the ligands. In 2 cases one ligand
could be docked with an RMSD within 2.0 A in onetbé permutations, while none in the
other. 3 docking runs provided two well-docked tiga in one order and none in the other.
Finally in 3 cases both ligands could be dockedath directions but one of them was always
clearly superior to the other based on RMSDs amk rarders of the selected poses.
GlideScore and Emodel based ranking gave similanlie with the default SP protocol.
Visual inspection suggested that the better pelfaggndocking order was that docking the
inner, more buried ligand first and the ligand moreless exposed to solvent second as
expected. It was also found that if comparing the top ranked poses of the ligand with
higher average GlideScore (the worse binder) tleewaith the lower GlideScore value came
from the superior docking order in 8 out of 11 casEhis observation suggests that the
docking order scoring the worse binder better shdu¢ used when docking non-native

ligands but more data would be needed to invegtigatalidity.
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Docking performance on the druglike subset

Next it was examined whether the described methiodequential docking presents
improved performance in different subsets of thgalndata set obtained by applying several
filters. It was expected that the docking of drkglligands would be more efficient since the
GlideScore scoring function was optimized againsétof known binders of pharmaceutical
targets and decoys with drug- and lead-like strattfeature distributiorf&°° In this work
ligands were classified as druglike if they did matlate any of Lipinski’'s rules. It was also
expected that docking to shallow and open binditesg svould be more challenging since the
ligand cannot exploit as many binding interactiassn a closed binding site and the scoring
of surface bound conformations is thus more difficihe exposure and enclosure values
calculated by SiteMap were used for the classiboabf binding sites to open and closed
ones. Possible dependence of docking accuracysotut®n, relative B-factors (the ligand’s
mean B-factor divided by the whole structure’s m&afactor) and the ligands’ physico-
chemical parameters were also examined. These Veoyahowed only weak trends: average
and lowest RMSDs increased slightly with increasietptive B-factor and number of
rotatable bonds of the ligands. There were no tigatocked with RMSD < 1.0 A containing
more than 9 rotatable bonds and none with RMSD0<A containing more than 12. No
correlation between resolution and docking accura@s found in this particular set

composed only of good quality structures.

The selection of structures complexed with drugligands only resulted in a 94 member
subset of the original 117 sites. In the defaultp&focol combined with GlideScore ranking
the fraction of cases where a well-docked ligansepRMSD < 2.0 A) could be found in at
least two consecutive docking steps increased ®6f% for all structures to 62% for this
subset (for comparison of all data in this secgerm Figure 15). In addition, the cases where
the selected pose was among the three top rankisgspand also when the selected pose was
the top ranking pose itself were enumerated. Tlais done because if ligands with unknown
experimental binding conformations are docked misst desirable that the top ranking pose
represent a true binding mode. The fraction of €ag¢h the selected pose being among the
top three poses increased only slightly from 35%3836 in the druglike subset and the
fraction with the selected pose being the top maglpose from 25% to 27%. With the re-
evaluation of the results using Emodel based rankihposes in every docking step the
fractions of structures with any, top three and tapking well-docked poses increased
respectively from 55%, 38% and 29% for the wholeadset to 62%, 43% and 32% for the
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druglike subset. With re-evaluation using Glide igyebased ranking the initial 55%, 34%
and 29% increased to 62%, 37% and 32% when applliadilter. From these figures it can
be concluded that both Emodel and Glide Energyopeéd slightly better in ranking the
poses within one docking step in the SP protocahtlid GlideScore as they provided a
higher ratio of top ranked well-docked binding aanmfiations. The druglike subset exhibited

only moderate improvement over the whole data set.

The XP and SP hard protocols presented similanbehtor the druglike subset but they
gave different results earlier for the whole daga $n the XP GlideScore ordered protocol
ratios of cases with two successive docking stepls any, top three or top ranking well-
docked poses were 35%, 26% and 22% respectiveighwicreased to 40%, 30% and 26%
in the druglike subset. The smaller separation betwthese percentages than in the SP
protocol indicates that when XP finds the true bigcconformation at all, it is able to rank it
top with a higher probability. Thus the fractionstfuctures with two top ranking well-docked
poses is only moderately lower for XP than for 8Pregard of the selection of the scoring
function for pose ranking there were even small#fer@nces between GlideScore, Emodel
and Glide Energy than in the SP protocol. In theh@RI GlideScore ordered protocol ratios
of cases with two successive docking steps with &gy three or top ranking well-docked
poses were 57%, 39% and 31% respectively, whicteased to 64%, 44% and 33% in the
druglike subset. These values are somewhat hidiaer that for the default SP protocol
utilizing scaling of nonpolar ligand atom van dea&ls radii but the separation between the
percentages are very similar for the two protosnhee the scoring function is the same in
both cases. Emodel based ranking in this protocaviges slightly better ratios of well-
docked top ranked poses, while ranking by Glidergnegives similar results as GlideScore

based ranking.

Docking performance on the closed site subset

In evaluating the closedness of binding sites finstaverage values of the exposure and
enclosure parameters for a tight-binding site giwvethe SiteMap user manual were used to
categorize them. Partitioning of the binding sibgstheir exposure values at a cutoff of 0.49
classifies 56 of them as open and 61 as closedofabe 61 closed sites there were 41 (67%)
where a docking pose with RMSD lower than 2.0 Aldobe found in at least two

consecutive docking steps in the SP protocol wilideScore ranking. Out of the 56 open
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ones there were 33 (59%) where a well-docked p@senet found in two consecutive steps.
Partitioning by enclosure values at a cutoff of80classifies 46 of the binding sites as open
and 71 as closed. Here out of the 71 closed sime twere 49 (69%) where a docking pose
within 2.0 A to the experimental binding confornmatiwas found in at least two successive
steps. Out of the 46 open ones there were 31 (6#8éje a well-docked pose could not be

found in at least two consecutive steps.

The higher ratios of successful docking runs anmaoged sites and unsuccessful docking
runs among open sites and the broader distribatidhe enclosure parameter (see Figure 12)
suggested that enclosure is superior to exposudistmguishing between open and closed
sites. This observation prompted us to find annoglicutoff value of the enclosure parameter
for the classification of sites. It was conceivedtta good partitioning would sort as many
sites as possible where at least two successividrdpsteps resulted in well-docked poses
into one group and as many sites as possible whesrevas not the case into the other. Thus
for enclosure the following threshold parameter wiefined, whose maximum value

corresponds to the optimal enclosure cutoff tod#\gites into an open and a closed subset:

no.of unsuccessful runs in open sites no.of successful runs in closed sites
+

no.of open sites no.of closed sites

The value of this formula is 1 for a fully randonstdbution of successful and unsuccessful
docking runs over the range of sites sorted by #etlosure parameter and 2 for the perfect
partitioning when docking runs are successful fbclased sites and unsuccessful for all open
sites. Meaningfulness of the above formula requines both open and closed subsets have
sufficient populations for the calculation of rajavhich in this study was set as at least 15
elements per group. Two greater local maxima insdse limits were found: one occurs
when dividing between the sites possessing en@dogalues of 0.713 and 0.725 while the
other occurs if dividing between the sites with lesare 0.811 and 0.814 (see Figure 14).
Since the latter would have provided only 46 closiels instead the cutoff of 0.72 between
the former values was used in the further investiga, which classified 91 sites as closed.
Out of these there were 59 (65%) where a dockirsg path RMSD lower than 2.0 A could
be found in at least two consecutive docking st€pg. of the 26 open sites there were 21

(81%) where a well-docked pose was not found inguexessive steps.
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Figure 14. The threshold parameter with different enclosurfés for partitioning sites into an open and a
closed subset (points). Full vertical bars corresbto unsuccessful docking runs, empty bars cooraspo
successful runs and the vertical line correspoldsart enclosure value of 0.72 used in this studytlier
partitioning. Note that the enclosure axis is mo¢ar but represents only the sorted list of sitgk value labels

for every tenth site.

Next we evaluated the docking performance usingetiosure filter (> 0.72) alone and
also in combination with the druglike filter (rewufor the latter are shown in Figure 15). In
the SP protocol with GlideScore based ranking afegathe fractions of structures with any,
top three and top ranking well-docked poses ine@asspectively from 55%, 35% and 25%
for the whole data set to 65%, 46% and 30% forctbsed site subset. They further increased
to 74%, 47% and 32% when the druglikeness filtes \aso applied. Applying Emodel
ranking with the same protocol resulted in highercpntages: 65%, 48% and 36% for
structures with closed sites and 74%, 51% and 4fi%eteptors both having closed sites and
containing only druglike ligands. Glide Energy ldsmdering provided similar results to
Emodel in regard of the fraction of structures vehigre top ranking poses had RMSDs lower
than 2.0 A. However, the former afforded a narrovesige of structures where the second or

third poses were docked within this RMSD limit.

The XP protocol gave again somewhat lower percestagnd smaller separations as
compared to those of the SP protocol. GlideScoowiged the greatest number of well-
docked top ranking poses among the three ordenag®ly 42%, 36% and 29% of docking

runs with any, top three and top ranking well-datkeses for the closed site subset and 49%
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38% and 33% for closed sites containing druglikmrids. The SP hard docking protocol
yielded the highest numbers of successful dockimg i these subsets as well as it had in the
druglike subset. In combination with this proto&hodel based ranking proved to grant the
most favorable results: 67%, 54% and 41% of thekidgcruns to closed sites resulted in at
least two well-docked ligands ranked any, top thaed top poses. These figures further

increased to 75%, 56% and 46% for closed and dwudjijand containing sites, the highest

model Energy GScore Emodel Energy GScore Emodel Energy GScore Emodel Energy GScore Emodel Energy GScore Emodel Energy G
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Figure 15. Cumulative fractions of structures with at leagb tsuccessful consecutive docking steps depending
on the docking protocol including precision (SP, Xi®d SP hard) and pose ranking (GlideScore, Enemut|
Glide Energy), and the structure filter (all sturets, sites with druglike ligands and closed sitéh druglike
ligands). From bottom to top: fraction of caseswehboth of the top ranking poses had RMSD < 2(bghtest
blue), where any of the top three poses had RMSIDO<A (lightest + light blue), where any of the psshad
RMSD < 2.0 A (lightest + light + mid blue) and atfuctures in the subset (lightest + light + midark blue).

See the appendix for a larger version of the chart.

Discussion

The primary objective of this work was to evaluéte performance of a simple rigid
receptor docking methodology in the reproductiorexpperimental binding modes of ligands
in higher stoichiometry protein-ligand complexeswihich binding is supposedly orthosteric.
This phenomenon has relevance to fragment basefddisaovery in the linking strategy of
fragment evolution and to drug-drug interactions taese are frequently mediated by
metabolic enzymes or transporters that can bindiphalligands in their active site. The
performance of Glide in docking multiple ligandstkeir native binding sites was evaluated

on a set of 115 protein-ligand complexes from tB&P
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Three different docking settings were tested: defsngle (SP) and extra precision (XP)
and single precision without the scaling of van Wéaals radii of ligand atoms (SP hard).
Each of them was used in conjunction with two ragkschemes using either GlideScore or
Emodel. These two methods disagreed in the sefeofithe pose to merge with the receptor
in only those cases when there was differencedrotters of the top three poses with the two
scoring functions, as the top three poses enjoyiedity in the selection process. The finding
that the two methods gave qualitatively the samsaltéor most of the docking runs indicated
that the docking of the second ligand is not semsib small differences in the first ligand’s
binding mode, which was to be expected. It was a&sdied that pose ranks were the same
for almost all docking steps regardless whether dghwas utilized for pose selection or the
poses from the GlideScore based method were reedabk Emodel. Because of this the
ranking efficiency of the two scoring functions aaldo the Glide Energy function could be
compared in the three protocols with using only theults from the GlideScore based
method. Though excessive differences between tHerpeances of these ranking functions
were not discovered, Emodel gave somewhat highrsraf top ranked well-docked poses
than the two other candidates. The single exceptias the XP protocol over the subset with
closed binding sites and druglike ligands. Thiswshdhat Emodel is more accurate than
GlideScore SP and even GlideScore XP in rankingpthees in a single docking step. The
fractions of structures with at least two well-dedWdigands ranked top, which is the optimal
scenario when docking compounds with unknown bigdimodes, were a moderate 29% for
the SP protocol, 23% for the XP protocol and 33%tfe SP hard protocol. Thus specific
subsets of the structures were examined to fintbrai for a higher success rate of the
method. Among structures featuring sites with SapMnclosure values greater than 0.72 and
containing druglike ligands ratios of 40%, 33% d&&do were achieved in the SP, XP and SP

hard protocols respectively. These are promisisglte but could still clearly be improved.

More than two ligands could be docked in only a fasges, though the grid size may
have been a limitation in this as even the largessible inner box did not include the
centroids of all ligands for some structures. gailid centroids are allowed to move out of the
grid inner box, well-docked poses are possibleind fven in these cases but the initial
conformations minimized to the well-docked pose rbayseriously underrepresented. The
highest ratios of successful docking runs are emeved with the SP hard protocol. However,
in a cross-docking experiment it cannot be antteipavhether the same behavior will be
found since the protein is not a rigid entity ahd scaling down of the ligand van der Waals
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radii is a rough approximation to take into accaamall receptor conformational changes. On
the other hand, the fact that XP gave the lowesbsand it rarely produced well-docked

poses when SP did not find one either is likelyoasequence of its sampling algorithm,
which uses specific parts of the molecules from3Reposes as starting cofetus not being

able to sample substantially different binding nettem those found by SP.

Further sources of high RMSDs when docking multiplelecules into a large binding
site may be the reward and penalty terms of theirsgdfunctions for the filling of
hydrophobic pockets by hydrophobic ligand groups;adequate solvation of groups capable
of forming hydrogen bonds. During the first dockstgp the ligand may partially occupy the
space or even important interaction points neededtHfe binding of the other ligand(s)
because those contacts are scored more favorabietitbse present in the multiply ligated
structure. The most common errors in the dockings ridentified by inspection of the top
poses and experimental binding conformations comfiar this hypothesis. In many cases the
first docked pose either occupied such specifieratdtion points of the other ligand or if it
was mostly lipophilic it appeared to maximize itact surface with the receptor. A special
case of the latter was when two planar aromatianlity were aligned parallel in the X-ray
structure and the docked poses were also paralleath other but perpendicular to the
experimental binding modes thus the two ligandetiogr filled essentially the same space.
Either way the second ligand was partially excludiexn the place it should have been
docked into, which resulted in misdocked poseslagd RMSDs in the docking steps after

the first one.

A possible remedy for this problem would be to wallithe previously docked ligands to
move when docking a new one, which would mean dnded fit approach. However, their
use is not so straightforward, since induced fipoathms are usually implemented to treat
only amino acid side chain orientations and natdiaions and rotations of hetero residues.
Furthermore a ligand might need to hop from oneratdtion point to another involving

greater displacement or passing through a highenggrbarrier than is usually allowed.
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Case Studies
Cytochromes P450

Cytochromes P450 are the most studied promiscuozgrees and their ability to bind
multiple ligands in their active site has been ubguously demonstrated by X-ray
crystallographic studies in several isofofff8#"? In vitro CYP assays are generally used to
predictin vivo pharmacokinetic properties of drug candidates. i@, determination of
binding constants is sometimes not straightforveardhese assays often show non-Michaelis-
Menten kinetic profile$'® also indicative of cooperative binding of substsatThere is an
abounding literature on cooperative binding to CX#3and CYP2C¥ but similar findings
have been published for CYP2A6 CYP1AZ2® and the bacterial CYPer{¥as well.
Heterotropic cooperativity in these isozymes may ilin the background of drug-drug
interactionsn vivo as well, though only a few studies were able taneatin vitro andin vivo
data directlj?>> Predicting drug-drug interactions or metabolitivation by computational
methods is a challenging task since metabolic eegymsually have broad substrate

specificities and heteroactivation profiles aresstdie dependent.

Though we aimed at a general investigation of mpldtiigand docking, since our data set
contained seven cytochrome P450 structures it waaigktforward to analyze the
performance of the described docking protocol fus pharmaceutically relevant enzyme
family. Two further structures were added to thgseanbly as they fulfilled all but the
resolution criterion utilized in the compilation otir data set. These were the structures of
human CYP2C8 with two bound retinoic acid residuefged to a resolution of 2.60 A and
human CYP3A4 with two bound ketoconazole molecuiih a resolution of 3.80 A. Thus a
set of six bacterial, a rabbit and two human CY®&fosns was obtained. All structure
preparation and docking methods were performedhiese structures in the same way as for
the other members of the data set. Additionallingle precision (SP) docking protocol using
Emodel based ranking of poses was performed, irctwthie top ranking pose was merged
with the receptor in every docking step (see repregive results of this method in Figure
16).

Selected crystallographic properties and dockisglte are shown for the nine structures
in Table 4. It can be seen that except for the 3jfrcture with three bound ligands of which
one is facing the solvent all other CYP sites &r@acterized by rather high enclosure values.

Hence they are categorized as closed ones accaulithgg enclosure criterion employed in
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this study (> 0.72). In connection with this calted site volumes confirm that bacterial CYP
isoforms comprise much more compact sites while mahan CYPs exhibit more spacious
ones that can accommodate compounds of various. Sihe ligands present in the bacterial
and the rabbit 2B4 isoforms fulfill Lipinski's rddor druglikeness while a logP value of 5.01
was calculated for retinoic acid and ketoconazeale & molecular weight of 531 Da. These
compounds are thus not rendered druglike but oplydsy subtle deviations from the given
limits. B-factors of the ligands are also relatwdbw except for a few cases. These

observations permitted the expectation of good mhgciesults.

In the SP and SP hard protocols with Emodel baaeking there was only one docking
step that didn’t provide any well-docked poses eweh that was the third ligand in the triple
ligand occupancy structure. The performance ofdReprotocol was inferior on this set as it
was for the whole data set, only 5 of the 9 dockungs resulted in at least two well-docked
ligands. GlideScore allowed only one further ungsstul docking step in the SP hard and XP
protocols but ranks of the poses are higher thah Bmodel in many cases. In the SP hard
protocol a total of 12 docking steps out of ther@Sulted in well-docked top ranking poses
with Emodel and only 9 with GlideScore. This cop@sds to 4 (44%) and 2 (22%) out of the
9 structures where two ligands could be dockedopsranking poses for the two scoring
functions, respectively. These results for Emod& ancouraging as the 2B4 and 2C8
isoforms were among the cases with two top rankedl-docked ligand poses and the
CYP3A4 structure was also well reproduced in th&aule SP protocol despite the large
binding site. The numbers of structures where lpatbes were among the top three are 6
(67%) for Emodel and 4 (44%) for GlideScore. Thusdems that this pharmaceutically

important enzyme family is a promising target farltiple ligand docking methods.
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RMSD RMSD RMSD

PDBID isoform res. encl. volume ligands # B-fact. Sp GS Em XP GS Em hard GS Em
legy 107 2.35 0.931 489.8 9-aminophenantrene ; ;gzg ggg éll ; (1);2 i i 8;2 1 ;
leup 107 2.10 0910 615.0 androstenedione ; 121325 8?; i 1 822 i éll ggg i 1
-(3- -1H- ) ) > 2. - - .

awf 330 158 079 e T 0 o6 7 s a0 - - sp0 - 1
2d0e 158 2.15 0.908 562.5 2-hydroxynaphthoquinone ; gigz 82(2) g i >02'?:0 ? 3_3 8;2 ‘11 112
w1 162 0o 381 faviol 1 1050 048 3 3 048 3 4 045 2 2
2z3u 245 2.40 0.905 353.3 chromopyrrolic acid ; ;:(7)3 838 1 1 8‘218 1 1 8;2 1 1
3g5n  2B4 250 0.672 633.1 1'(biphem};‘;’g?sthy')'lH' ; 23:32 8:2;1 111 1 >Ofo70 1 1 8:?;11 ; 1

3 7321 >2.00 - >2.00 - - >2.00 - -
2nnh 2C8 2,60 0.869 772.1 retinoic acid ; iiig ggg 211 114 (1)22 i 1 822 121 1
2vOm 3A4 3.80 0.808 1247.1 ketoconazole ; gizz (1)1812 119 ; >O;_,(?o ? (15 1;2 219 310

Table 4. Crystallographic and calculated data and dockirsylts of cytochrome P450 structures. res. = résal@A), encl. = enclosure calculated by SiteMaglume = site
volume calculated by SiteMap A # = ligand number, B-fact. = mean B-factor of frgand (&), RMSDs in the different protocols are given fdid@Score ranking (A).
GS =rank by GlideScore in the protocol with uslgleScore based pose selection, Em = rank by Ehiodlee protocol with using Emodel based posediigla.



The aminophenantrene ligand coordinating the heme in the legy structure was
perfectly docked as top poses in the SP and SP pratdcols with either GlideScore or
Emodel based ranking of poses. In the top posaeXP protocol the plane of the aromatic
rings was flipped though the ligand still occupegabut the same space. The second ligand
makes apolar contacts with the active site aronatit aliphatic side chains and its amino
group is not involved in any hydrogen bonds inc¢hestal structure. However, the presence of
a hydrogen bond was enforced by the scoring funstio most of the top ranked poses to the
hydroxyl group of Tyr75 or to the backbone carboofy/Phe86, which resulted in a flipped
pose, or to two backbone carbonyls of Thr290 and3B&, which resulted in a totally

different binding mode.

The proximal androstenedione in the leup strudomas a hydrogen bond with both of
its carbonyl groups. One of them is with Asn89 thi$s was lost in the docking run because
the Protein Preparation Wizard flipped the aspamgide chain when optimizing the H-bond
network. Presumably this is the reason why Glide&dailed to rank the experimental
binding mode as top since when performing the Sgkidg run with the original side chain
orientation even the top ranking pose had an RM$MD.44 A. Many misdocked poses
featured a perpendicular orientation of the anéresdione molecule to the heme probably
because of electrostatic interactions between émeehiron and one of the carbonyl groups.

The distal ligand was well-docked with all dockimgptocols and scoring functions.

In the 2whf structure the distal binding mode wamsidered more favorable by
GlideScore than the proximal one since it is anetidoy two hydrogen bonds involving
Thr239 and Asnl177. The heme iron coordinated ligarsiirrounded mostly by aliphatic side
chains and this pocket is not entirely filled, whiesulted again in poses with the plane of the
benzimidazole core rotated by 180°. Emodel, howeseored the iron coordinating pose to
the top thus rendering the well-docked pose secdfiten docking the proximal ligand after
the distal one a pose in which an interligand hgdrobond is present was favored over the
iron coordinated binding mode resulting in the highks of the second docking step. When
selecting the top poses by Emodel the distal ligamdd penetrate deeper into the active site
and it did so with its aromatic end retaining oahe of its hydrogen bonds and resulting in a
high RMSD (see Figure 16). Surprisingly no hemen iomordinating pose could be found
with the XP protocol.
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The 2d0e and 1t93 structures are of the same CMErms and also their co-crystallized
ligands are very similar thus the two binding site® nearly identical. Flaviolin and
hydroxynaphthoquinone molecules are capable of ifgrmultiple hydrogen bonds. Active
site Arg288 is involved in the anchoring of bottalnds in both structures and docked poses
but the ligands also exhibit aromatic stacking vifitt heme and each other. Interestingly this
was not preserved in the top ranking poses ofiteedocking steps instead a binding mode
with three hydrogen bonds was found for both compsu For the second docked flaviolin
molecule the stacking interaction was captured Wwatl poses involved in more hydrogen
bonds were still enforced for hydroxynaphthoquinemen at the expense of the planarity of

its rings.

The two chromopyrrolic acid residues (the natutddstrate of CYPStaP) are held very
firmly by multiple hydrogen bondsf1t and cationr interactions in the 2z3u structure. This

also resulted in well-docked top ranked poseslidadking protocols.

The 3g5n structure was one of the cases wherentiex igrid box did not contain the
centroid of all ligands, not even that of the heno@ coordinating inhibitor. In spite of this
two molecules were correctly docked in the singleciszion protocols using Emodel based
ranking (see Figure 16). As only the centroid & femi-distal ligand was contained in the
inner box this binding mode was found in the fasicking step. It makes contacts mostly
with aromatic and aliphatic side chains and thedanole is encased in a polar environment
but is not involved in specific interactions. Thien coordinating binding mode was found
second, which was well scored by Emodel but GlideScanked a cluster of uncoordinated
poses higher in which the methylene group was ipositl over the heme iron. Again, it is not
known why no iron coordinating pose was found wfite XP protocol. This docking run was
also performed with the grid centered on only th® tigands closer to the heme but
interestingly this did not reverse the order ofdfilg the two different binding modes. The
binding conformation of the third ligand, which partially exposed to the solvent with its
imidazole ring, could not be reproduced. Insteaskepcexhibiting aromatic stacking with the
iron coordinating ligand and involved in a hydrodend with the amide hydrogen of Gly99

were obtained.

The retinoic acid molecules in the 2nnh structure both involved in two strong
hydrogen bonds with the backbone amides of Glya8 Ser100 for the proximal and with
Asn204 and Arg241 for the distal ligand. These ratdons were recovered in all docked
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poses and as the ring of the substrate positioloseércto the heme is sterically confined good
ranks in the first docking step were acquired. @& ¢ther hand flipping of the ring of the
distal ligand was encountered in many poses ofsdémond docking step. This produced
RMSDs greater than 2.0 A, though the binding mistéssentially the same (see Figure 16).

The binding conformation of the proximal ketocorlazaolecule in the 2vOm structure
was remarkably well reproduced with all docking tpomls. Even in the second step the
acetylpiperazine moiety of the distal ligand wasiponed well in the binding site but the
posititions of the dichlorophenyl and imidazolegsnincrease the RMSDs (see Figure 16).
Important interactions of the distal ligand in teeperimental structure are thought to be
present between the ligand chlorine atoms and d@le&ldlmne amide hydrogen of Leu216 and
the aromatic ring of Phe213. The imidazole ringtlté distal ketoconazole molecule also
faces a polar environment. These interactions wepkaced by a hydrogen bond between the
backbone of Asp217 and the rotated imidazole nnany of the docked poses, hence high

ranks were obtained in the second step.
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Figure 16. Representative binding modes of ligands in cytocie P450 complexes obtained with the SP
protocol using Emodel based pose ranking. Thecldfimn shows the two ligands selected accordinthed
RMSDs as described in the Methods section, tha dglumn shows the results if the top ranking posese
selected in every docking step. The structures fimmto bottom are 2vOm, 2whf, bottom left: 3gSme(results
of the two protocols for this structure were ideal), bottom right: 2nnh (note the flipped cyclobeg ring of
the distal ligand). Heme carbon, docked ligand eartdocked ligand polar hydrogen, co-crystallizeghnd
carbon, oxygen, nitrogen, chlorine and iron atomescdlored grey, green, white, orange, red, blagk green

and cyan respectively.
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HSP90 complexes with fragments

Our data set also contained three complexes df¢hé shock protein 90-alpha (HSP90)
that were known to be the results of fragment stge&his molecular chaperon is a popular
target of fragment based drug discovery providirgpad example for a successful fragment
linking approacf. Each of these complexes contains two differegarids with low B-
factors. Binding site of the protein is quite snealld enclosure values indicate that it is also
closed. Docking results for these structures amwvehin Table 5. These results are again
encouraging since 2 of the 3 structures were rejped with the selected poses of both
ligands being among the top three using rankindgeimodel in the default SP and SP hard
protocols though only the 2gfo structure was repeed with both of the poses ranked top.
The XP protocol provided well-docked poses in bdtbcking steps only for the 2qgfo
complex. GlideScore based pose ordering gave higimies than Emodel in 2 out of the total
10 successful docking steps. The 2xdu complex omdaa magnesium ion at a distance of
6.95 A from one of the ligands, which therefore dat violate our criteria in the compilation
of the data set. This nevertheless caused neapypses of the pyrimidin-2-amine fragment to
be coordinated to the ion thus rendering the whHolgking run for this structure unsuccessful.
The binding motifs of the fragments in these stited usually comprise only one specific
interaction and misdocked poses arise mostly wheitipte hydrogen bond donors or
acceptors of the receptor are available in theibgdite and the alternative position of the
fragment does not result in steric clashes whemifay a different hydrogen bond. Examples
of docking results are shown in Figure 17.

RMSD RMSD RMSD

PDBID res. encl. volume # B-fact. sp GS Em Xp GS Em hard GS Em

2afo 168 0761 383 5 0 (b 1 1 og 1 1 031 1 1
. . >Z. - - *

3hz1 2.30 0.795 476.1 ; i:i: 82(1) g i >§88 B - 83(1) i i
. >2. - - >2 - - 22 - -

2xdu 174 0.811 4119 ; ;:.2(7) >§.88 ] igg - - >§.88 - -

Table 5. Crystallographic and calculated data and dockesylts of structures from HSP90 fragment screens.
res. = resolution (A), encl. = enclosure calculdigdSiteMap, volume = site volume calculated beBiap (&),

# = ligand number, B-fact. = mean B-factor of thgahd (&), RMSDs in the different protocols are given for
GlideScore ranking (A). GS = rank by GlideScoreha protocol with using GlideScore based pose tetec

Em = rank by Emodel in the protocol with using Erbolased pose selection.
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Figure 17. Representative binding modes of ligands in HSR8@plexes obtained with the SP protocol using
Emodel based pose ranking. Left top: 3hz1 struonitie the two ligands selected according to the#3¥Ds as
described in the Methods section, left bottom: ghee structure with the top ranking poses seleatedery
docking step, right: 2gfo structure, for which tresults of the two protocols were identical. Docligénd
carbon, docked ligand polar hydrogen, co-crys&dliigand carbon, oxygen, nitrogen and fluorineretare

colored green, white, orange, red, blue and tusgumspectively.

Conclusions

The performance of Glide was investigated by udih§ high-resolution protein-ligand
complex structures in a sequential docking setuih whree different protocols and three
different scoring functions. For one third of thénale data set structures with at least two
well-docked and top scored ligands were obtainaéaguie SP protocol without the scaling
of ligand atom van der Waals radii. The introductad the druglikeness filter for ligands and
closedness filter for binding sites both resultedigher performance and the ratio of well-
reproduced structures increased to 46% for the @@ protocol when applying both filters.

XP was found to provide lower success rates but wihigher probability of the top scoring
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poses being well-docked. Three ligands could beketbcin only a few cases. Two

pharmaceutically relevant small subsets, that @abatyomes P450 and HSP90 complexes
from fragment screens, were examined in more ddfaign higher success rates than in the
druglike and closed site subset were observedeanfaimer case and also the latter set of
structures could be reproduced with the well-dogkeses found among the three top ranked
ones. These are encouraging results consideringsthef large-scale screening applications
both in screening for drug-drug interactions andual second-site screening in a fragment
setup. Efforts, however, are worth to be undertak&ng induced fit docking approaches for

more precise information on the binding modesgsdnids in the case of cooperative binding.
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Appendix

PDB ID codes and chain identifiers of the structwrsed in the study:
structures containing 2 similar ligands:

1dog/A, le7c/A, 1eb9/AB, legy/A, leup/A, 1fm4/A, nbgAB, 1hkk/A, 1kOy/ABCD,
1159/AB, 1oni/ABC, 1pzo/A, 1qiw/A, 1rb3/AB, 1rxj/ABD, 1t93/A, 1ltcw/AB, 1ltw4/A,
1txc/AB, 1v08/AB, 1z62/A+mate, 1znd/A, 2ayw/A, 2B8BCDE, 2bju/A, 2cbo/A, 2cbt/AB,
2cmw/A, 2d0e/A, 2d41/A, 2e93/AB, 2e9a/AB, 2e9c/ABIh/D, 2ft9/A, 298r/A, 2hfp/AB,
2iei/AB, 2nss/A, 2nvd/A, 20z5/A, 2p70/A, 2uxi/ABwWbb/ABCD, 2wbd/ABCD, 2whf/A,
2whh/A, 2wrm/A, 2x0v/B, 2xuc/A, 2z3u/A, 2z4y/AB, @a/ABCD, 2zf4/AB, 3a73/A,
3b6¢c/AB, 3bc4/A+mate, 3bxs/AB, 3crd/X, 3cz0/AB, 36&B, 3dzl/AB, 3e3u/A, 3e7s/AB,
3etd/ABCDEF, 3etg/ABCDEF, 3f3t/A, 3f3u/A, 3g35/B,g36/B, 3g6m/A, 3gqt/ABCD,
3h78/AB, 3hlw/A, 3htf/A, 3huo/A, Silt/BE, 3km4/A, KbO/AB, 3krg/A, 3Ibj/E, 3Ic3/AB,
30s9/ABCD

structures containing 2 different ligands:

1me7/A+mate, 1s9g/AB+2mates, 1u30/A, 2aov/A, 2gfovg5/AB, 2wk2/A, 2xdu/A,
3hz1/A, 3iig/A, 3jun/AB

structures containing 3 ligands:

1dtl/A, 1e7c/A, 1lin/A, 1n8v/A, 2a3b/A, 2d5z/ABC2e99/AB, 2hdu/B, 2qd3/AB, 3b99/A,
3dhh/ABCE, 3ej0/A+3mates, 3g5n/D, 3p2r/AB

structures containing 4 ligands:

1wrk/AB, 2a3a/A, 2e98/AB, 2fsz/AB+2mates, 2qim/A&8%/A, 3emO0/A
structures containing 5 ligands:

3elz/A

structures containing 6 ligands:

3Isl/AD

the two structures added in the CYP case study:

2nnh/A, 2vOm/A
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Figure 15 with percentages indicated:
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Summary

In the case of proteins involved in drug metabolama transport non-Michaelis-Menten kinetic
profiles are often observed, which is indicativetlid cooperative binding of multiple drug molecules
to these enzymes. The presence of auto- and hetiedon can increas@ vivo metabolic rates and
the alteration in transport can change the didinbuof drugs among tissues in the body. These
phenomena may result in failure of drug candidatdate phases of drug development or undesirable
drug-drug interactions. Therefore early predictafrihem using computational methods would mean
an important achievement. However, only a few nedelveloped for limited diversity ligand sets can
be found in the literature, comprehensive studiethe prediction of cooperative ligand binding have
not been reported.

In this work we aimed at the modeling of coopertiinding using molecular docking not only
among metabolic enzymes but on a general test fs@radein-ligand complexes. To this ends
structures from the RCSB Protein Data Bank (PDBjwt least 2.5 A resolution and containing a
ligand cluster of 2-6 ligands in close proximity éach other were compiled with a script. The
performance of Glide, a docking program developgdbhrodinger, was evaluated on the obtained
set of 115 complexes with respect to structureodymction. A sequential docking protocol was used
throughout the work, in which either the first wdbicked pose or the pose with the least RMSD from
any experimental ligand conformation was mergech lite protein structure in each step and the
resulting complex were carried on to the furtheckiiog steps. The program was tested using three
different settings (single precision — SP, extrecigion — XP, single precision without the scalafg
ligand atom van der Waals radii — SP hard) andetliiferent scoring functions (GlideScore, Emodel,
Glide Energy).

For one third of the whole data set structures waitleast two well-docked and top scored ligands
were obtained using the SP protocol without thdirsgaof ligand atom van der Waals radii. The
introduction of the druglikeness filter for ligandsd closedness filter for binding sites both reslin
higher performance and the ratio of well-reprodusadctures increased to 46% for the SP hard
protocol when applying both filters. XP was fourdprovide lower success rates but with a higher
probability of the top scoring poses being wellkkxat. Three ligands could be docked in only a few
cases. Two pharmaceutically relevant small sub#®s,of cytochromes P450 and HSP90 complexes
from fragment screens, were examined in more défaén higher success rates than in the druglike
and closed site subset were observed in the fooamse and also two of the latter set of structures
could be reproduced with the well-docked posesdamong the three top ranked ones.

These are encouraging results considering the ut@ge-scale screening applications both in
screening for drug-drug interactions and virtuatosel-site screening in a fragment setup. Efforts,
however, are worth to be undertaken using for exanmmpuced fit docking approaches for more
precise information on the binding modes of ligaimdhe case of cooperative binding.
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Osszefoglalas

A gyégyszerek metabolizmusdban és transzportjalgezt rvev fehérjék esetén kinetikai
meéréseknél gyakran tapasztalhato a klasszikus MiicHslenten modellil eltérs viselkedés, mely
egyszerre tobb gyodgyszermolekula kooperativodését jelzi ezen enzimekhez. Auto- illetve
heteroaktivacié fellépése jelésen megnovelheti a gyogyszer szervezetbeli lebanddkssebességét,

a transzportfolyamatok megvaltozadsa pedig a szkviebeodtti disztribaciot befolyasolhatja. Ezen
jelenségek a gyogyszerfejlesztés dkésszakaszaban valo elbukast illetve nemkivanatos
gyogyszerkolcsonhatasokat eredményezhetnek, igymisxgepes modszerekkel tdréénkorai
elérejelzésiik igen fontos eredmény lenne. Mindazohaltairodalomban csak néhany, specifikus
ligandumkészletre kialakitott modell talalhato, edlepség éatfogd tanulméanyozasara szamitdogépes
modszerek felhasznalasaval nincs példa.

Munkdmban a kooperativ kiités jelenségének molekularis dokkolassal tértérodellezését
nem csak a metabolikus enzimek kdrében, hanenadtsan itztem ki. Ennek érdekében az RCSB
Fehérje Adatbazisbdl (PDB) automatizalt médon degalabb 2.5 A felbontasi fehérje szerkezeteket
kerestem ki, melyekben talalhat6 legaldbb egy gyréishoz kdzeli ligandumot tartalmazé ligandum
klaszter. A kapott 115 komplex esetén a Schrodingéal fejlesztett Glide dokkol6 program
teljesitményét vizsgaltam a ligandumok kisérletilemeghatarozott k&t konformacioi
reprodukcidjdnak szempontjabdl. A munka soran egkwencialis dokkolasi protokollt alkalmaztam,
melynek minden |épésében a legalacsonyabb sorszi&emnés vagy a kristalybeli ligandumoktol valo
legkisebb RMSD eltérés dokkolt konforméaciét egyesitettem a fehérjeszezitet, és a kapott
komplexbe torténtek a tovabbi dokkolasok. A progsarharom kulonbdz beallitassal (normal
pontossag — SP, extra pontossag — XP, ligandumsagdn skalazas nélkuli norméal pontossag —
kemény SP) és harom kullénlétzontozofiggveény (GlideScore, Emodel, Glide Enettpdznélataval
teszteltem.

Az adatkészlet egyharmadanal a kemény SP bedlitéss az Emodel pontozéfiggvény
hasznélataval sikerllt legalabb két ligandumoéktibnformaciojat el pozként reprodukélni. A
gyogyszerszérligandumokat tartalmazé és zart &aelyi komplexek altal alkotott részhalmazban az
ilyen sikeres dokkolasok aradnya hasonld bedllitéslokd6%-ra Btt. Az XP modszer ennél
alacsonyabb sikeres dokkolasi aranyt mutatott, lmonott az el$ dokkolt pdézok nagyobb
val6sziiséggel jelentettek sikeres dokkolast. Harom ligaméti konformacidjanak reprodukélasa
csak néhany esetben sikerllt. Két, a gyogyszedsitseempontjabdl lényeges kisebb részhalmazt is
megvizsgaltam, ezek a citokrom P450 metabolikusnezlkz és a HSP90 chaperon fragmensekkel
alkotott komplexei voltak. Az ébbiek esetén még magasabb sikeres dokkolasi aratatkozott, és
az utébbiaknal is sikerilt két komplex szerkezegptodukalni az etsharom dokkolt p6zok kdzott.

Ezek a virtudlis drésben alkalmazhaté modszerek pontossagéat tekibixtatd eredmeények,
mindazondltal tovabbi éfeszitések szikségesek példaul az indukalt illeszen alapuld dokkolasi
mobdszerek (IFD) ligandumokra tortgkiterjesztése altal, kooperativan &dit ligandumok kisérleti
koté konformacidinak pontosabbéeéjelzése érdekében.
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