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Homology Model Adjustment and Ligand Screening with a
Pseudoreceptor of the Human Histamine H, Receptor
Yusuf Tanrikulu,”? Ewgenij Proschak,™ Tim Werner,” Tim Geppert,”” Nickolay Todoroff,™

Alexander Klenner,” Tim Kottke,™ Kerstin Sander,” Erich Schneider,’ Roland Seifert,'
Holger Stark,” Timothy Clark,” and Gisbert Schneider*®!

A computer-assisted method for the generation of pseudore-
ceptor models is presented together with two practical appli-
cations. From a three-dimensional alignment of known hista-
mine H, receptor ligands, a pseudoreceptor model of the puta-
tive ligand binding site was constructed and used for virtual
screening of a large collection of commercially available com-
pounds. Two bioactive chemotypes were retrieved, demon-
strating the general applicability of the approach. The pseudo-
receptor model was also used to find the putative ligand bind-
ing pocket within the transmembrane receptor domain. For
each frame of a molecular dynamics simulation of a homology-

Introduction

Ligand- and receptor-based in silico methods are complemen-
tary concepts in pharmaceutical drug research and develop-
ment.[" Both provide methodologically distinct and worthwhile
approaches to hit and lead identification. Whereas receptor-
based methods rely on a three-dimensional (3D) model of the
ligand-binding pocket, ligand-based techniques can be applied
in the absence of a known or modeled receptor protein struc-
ture. The idea of pseudoreceptor modeling is to link both do-
mains of virtual screening.”” Herein, we present a new interpre-
tation and implementation of the pseudoreceptor concept
along with practical applications.

The absence of 3D receptor information poses a particular
challenge in drug design projects targeting G protein coupled
receptors (GPCRs). A limited number of membrane protein
crystal structures permits restricted use of receptor-based pro-
grams.® As there are only limited advances in structure deter-
mination methods,” receptor information is usually gained
through homology modeling®™ based on sequence similarity
assessment and subsequent structural alignment of related
protein family members.® Several 3D quantitative structure—
activity relationship (QSAR) techniques were introduced repre-
senting hybrid systems,”” which correlate ligand topologies or
physicochemical properties with activities to direct toward pu-
tatively interesting (often activity rising) regions of ligand bind-
ing pockets.® Pseudoreceptor modeling is another 3D QSAR
branch pioneered more than two decades ago.”” Pseudorecep-
tor models are based on the construction of virtual binding
pockets around one or more reference ligands by capturing
their shape and/or important interaction points.
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based H, receptor model, we automatically extracted potential
ligand binding pockets and used their compatibility with the
pseudoreceptor as a selection criterion. The best-matching
pocket fits perfectly with existing mutation data and previously
published hypotheses suggesting Glu182°“ as the preferred
binding partner of a positively charged moiety of H, receptor
ligands. This new pseudoreceptor approach has demonstrated
its suitability for both structure-based prioritization of protein
receptor models, and ligand-based virtual screening with the
aim to perform scaffold hopping.

Herein, we present the development of an automated pseu-
doreceptor construction algorithm (PRPS, pseudoreceptor
point similarity) and its applications. First, we describe the
model construction algorithm. Secondly, we demonstrate how
to transfer ligand information into a homology-based receptor
model by PRPS. As an example we chose the identification of a
putative histamine H, receptor (H,R) antagonist binding
pocket from a molecular dynamics (MD) simulation of a H,R
homology model. In the final part, a preliminary prospective
screening for new H,R ligands is presented, which illustrates
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the applicability of the PRPS descriptor for hit retrieval by virtu-
al screening.

Results and Discussion
Pseudoreceptor construction method

The basis of pseudoreceptor construction is the knowledge of
at least one active reference ligand. If a ligand ensemble is
used, the molecular structures must be provided as a 3D align-
ment. The main idea of our automated pseudoreceptor con-
struction package PRPS is to project pseudoatoms around
ligand interaction sites (potential pharmacophore points, PPP).
Pseudoatoms delineate putative receptor atom positions. They
are positioned according to hydrogen bond constraints found
in a crystal survey of the Protein Data Bank (PDB).'” PRPS
pseudoreceptor generation consists of four steps: 1) grid as-
sembly, 2) deletion of invalid points, 3) identification of PPPs,
and 4) pseudoatom projection. The procedural method is to
pinpoint putative receptor atom positions by selecting valid
grid points as pseudoatoms. The set of all pseudoatoms com-
poses the final pseudoreceptor model:

1. First, a cubic grid is assembled around the reference ligands
with a 5 A margin in each direction and 0.5 A grid spacing.

2. As each grid point may be selected as a putative receptor
atom, invalid points (with distance less than the van der
Waals (vdW) radius of the next ligand atom) are deleted,
based on vdW potentials.™

3. Ligand atoms, which are capable of forming hydrogen
bridges, are identified as anchor atoms according to the
procedure introduced by Mills and Dean.!"”

4. Grid points with valid hydrogen bonding constraints are de-
clared as pseudoatoms with a pharmacophoric feature that
is complementary to the respective anchor atom.

Two pseudoatom projection algorithms were implemented
to find pseudoatoms opposing hydrogen bonding substruc-
tures of the reference ligand(s) (Table 1).

A linear geometry is found in, for example, hydroxy groups.
In this case, a so called “linear” algorithm is used to find pseu-
doatoms within valid constraints (Figure 1a). Based on the
straight line from atom A to atom B, a region for validly posi-
tioned grid points is defined according to annotated distance
and angle ranges (fmin M'max AN @iy Prmax)-

Table 1. Overview of identified hydrogen bond geometries and their cor-
responding pseudoatom projecting algorithms (“linear” or “planar”).
Geometry Example Geometry Algorithm
-~ ~OH linear linear
S PN planar with 3 atoms planar
O
)\ )J\ planar with 4 atoms planar
N .
™ I tetrahedral linear
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Figure 1. a) Schematic of the “linear” algorithm. Each grid point in the gray
region around atom B has a valid interaction distance and angle. b) Sche-
matic of the “planar” algorithm. Grid points in the shaded regions are de-
clared as pseudoatoms.

Planar hydrogen bond geometries are found, for example, in
carbonyl groups, where valid regions for pseudoatoms are
positioned in the directions of the lone-pairs, which are in a
plane with the sp2 hybridized carbon atom. An additional
angle ¢ is required to define valid pseudoatom regions (Fig-
ure 1b). When planar hydrogen bond geometries are based on
only three ligand atoms, for example, an ether group, a virtual
atom A is generated temporarily between the two connecting
atoms.

The last case is observed in hydrogen bonds, where the in-
teracting ligand atom has three neighboring atoms (tetrahe-
dral geometry). Analogous to the first case, pseudoatom re-
gions are identified by the “linear” algorithm after generation
of a virtual atom centering the three neighbors to establish a
straight line to the interacting ligand atom.

Substructures and pharmacophoric features

Ligand atoms that are capable of participating in hydrogen
bonds were identified by a substructure search using molecu-
lar query language (MQL)."” Table S1 in the Supporting Infor-
mation denotes all ligand substructures, the employed projec-
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tion algorithm, the pharmacophore type of the anchor atoms,
and distance/angle constraints for defining valid pseudoatom
regions around each anchor atom. As an extension to the hy-
drogen bond geometries, PRPS also employs aromatic pseu-
doatoms above and beneath benzene rings at a distance be-
tween 3.5 and 4.5 A"?

Weighted pseudoreceptors

When pseudoreceptors are constructed around an aligned
ligand ensemble, a pseudoatom weighting scheme is used,
which computes a contribution weight w;, for each pseudo-
atom. It reflects the relative importance of the pseudoatom ex-
pressed as the quotient of the number of molecules u, which
generated the respective pseudoatom, and the total number
of reference ligands v [Eq. (1)]. Pseudoatoms accessed by all
reference ligands have a weight of 1.0, and pseudoatoms
found by only one reference ligand have a weight of 1/v.

(M

u
Wpp = —
PA v

Correlation vector representation and screening

To use pseudoreceptors for rapid, alignment-free similarity
searching, for example, in virtual screening applications, PRPS
models were translated into a correlation vector representa-
tion.">" A pseudoreceptor-derived correlation vector encodes
the distance-based frequency of pseudoatom features present
in the model. Three such pharmacophoric features (hydrogen
bond acceptor, hydrogen bond donor, & stacking [“aromatic”])
were considered, resulting in six possible pseudoatom pairs
(acceptor-acceptor, acceptor-donor, acceptor-aromatic,

X Y
Freg,(X,Y) = Z Z Slw,w;
i )

Virtual screening with pseudoreceptors was performed by
ranking screening compounds according to their Euclidean dis-
tances to the pseudoreceptor correlation vector.

Molecular dynamics simulation of the H,R

We calculated a H,R homology model based on the {3,-adre-
nergic receptor template,™ as its transmembrane domain se-
quence identity is higher (28 %) than the second putative tem-
plate (18 %), the crystal structure of rhodopsin."®

The sequence alignment of the f,-adrenergic receptor with
H,R is shown in Figure 2. The seven transmembrane helices of
the 390-residue amino acid sequence of H,R were aligned
without gaps. The most conserved amino acids in the helices,
such as the D(E)RY and the NpxxY sequence, and both cys-
teines, which form a disulfide-bridge, are aligned to their com-
plementary amino acid. The amino acid sequence was truncat-
ed in the intracellular loop 3 between amino acid 214°7° (5.76
according to the Ballesteros-Weinstein numbering system)!”
and 289%%". Ten amino acids were deleted at the N terminus
and 15 amino acids at the Cterminus. The homology model
was built using MODELLER 9v3."®"¥ The model was checked
by PROCHECK? and WHATIF?" The Ramachandran plot (fig-
ure S1 in the Supporting Information) shows that 99.3% of the
residues in the model are in favored regions. The average
model score of the WHATIF Coarse Packing Quality Control test
was —0.5, and only four amino acid residues have a WHATIF
score below —5, all of which are found in intracellular loops.

This H,R homology model was placed into a palmitoyl
oleoyl phosphatidylcholine (POPC) lipid bilayer,”? so that the

donor-donor, donor-aromatic, aromatic-aromatic). Pseudo-  eighth a helix was parallel to the membrane surface. Lipids
atom pairs with a distance up
to 15A (in 1 A steps) were an-
notated in the correlation hH,R SLSTRVTLAF FMSLVAFAIM LGNALVILAF VVDKNLRHRS SYFFLNLAIS [FFVGVISIP
vector. This resulted in a 90-di- B,-hAR DEVWVVGMGI VMSLIVLAIV FGNVLVITAI AKFERLQTVT NYFITSLACA DLVMGLAVVP
mensional vector, giving the fre- bRH ...QFSMLAA YMFLLIMLGF P]l‘.:ELTLYVT VQHKKLRTPL NYILLN AVAZ‘SLGFMVFGGFT
quency Freq of pseudoatom hH.R LYIPHTLFE. WDFGKEILVF WLTTBYLLCT ASVYNIVLIS YDRYLSVISNA VSYRTQHTG.
Lo B,-hAR  FGAAHILMKM WTFGNFW EF WTSIPVLCVT ASIETLCVIA VORYFAITSP FKYQSLL..T
pairs with features X and Y at bRH TTLYTSLHGY FVFGPTGINL EGFFATLGGE IALWSLVVLA IERYVVVCKP MSN..FRFG.
distance d [Eq. (2)], where the 3.50
hH,R VLKIVTLMVA VWVLAFLVNG PMILVSESWK ..... pecll EiscEE . EPGFF SEWY
Kronecker delta ‘5 computes to B,-hAR  KNKARVIILM VWIVSGLTSF LPIQMHWYRA THQEAINCYA EETCC..... .. .DFFTNQA
1, whenever a pair of the pseu- bRH ENHAIMGVAF TWVMALACAA PPLVGWSRY. ....IPEG,. MQCSCGIDYY TPHEETNNES
; . . 4,58
doatoms i and j exists at dis hH,4R ILAITSFLEF VIFVILVAYF NHNIYWSLWK RDHLSRCQSH QREHVELLRA RRLAKSLAIL
tance d. B,-hAR  YAIASSIVEF YVFLVIMVFV YSRVFQEAKR QL. ....... ... .KFCOLKE HKALKTLGII
bRH FVIYMFYVHF IIPLIVIFFC YGQUVFTVKE AE........ .. SATTQKAE KEVTRMVIIM
$.50
X Y
. hH,R LGVFAVCWAP YSLFTIVUSF YSSATGPKSV WYRIAFWLQW FNSFVNFPLLY PLCHKRFQKA
_ ij 4
Freqqs(X,Y) = Z Z of (2) B,-hAR  MGTFTLCWLF FFIVNIVHVI QDN..LIRKE VYILLNWIGY VNSGFNFLIY CRSP.DFRIA
o bRH VIAFLICWLE YAGVAFYIFT HQ.GSDFGPI FMTIPAFFAK TSAVYNPVIY IMMNKQFRNC
6.50 7.50
In the case of a pseudorecep- hH,R FLKIFCI
- P P B,-hAR  FQELLCL
tor model with weighted pseu- bRH MVTTLCC

doatoms, a weighted frequency
was calculated by multiplication
of pseudoatom weights w; and
w; [Eq. (3)].
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Figure 2. Sequence alignment of the human histamine H, receptor (hH,R) and the [3,-adrenergic receptor (3,-
hAR). For comparison, the sequence of bovine rhodopsin (bRH) is shown as well. Transmembrane domains are in-
dicated by red boxes. Conserved residues are in red letters. Position 50 in each transmembrane domain is marked
in yellow, disulfide bridging residues are shown in blue, and residues Glu182°* and Asp94*3? are in green.
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were deleted within a distance of 0.8 A from the protein and a
TIP3P water model box was built around the protein-mem-
brane complex.”® This resulted in a system containing 10558
water molecules and 183 lipid molecules. Altogether, the simu-
lation contained 60976 atoms.

The MD simulation was performed using NAMD2.624 with
the CHARMM27 force field.”®*' An integration step size of 2 fs
was used; the vdW potential was smoothly decreased to zero
between 8 and 12 A. Electrostatic interactions were treated by
the Particle mesh Ewald method.” The net charge was neu-
tralized with six chlorine counterions. As an NPT ensemble was
used, the number of atoms, pressure, and temperature were
kept constant. The pressure was set to 1.01325 bar (1 atm), ap-
plying a modified Nosé-Hoover method,””’ and the system
was coupled to a temperature bath at 310 K.

A cubic prism cell was used with an average phospholipid
density of 0.784+0.02 nm? and an average bilayer thickness of
3.314+0.29 nm, which was assembled by the VMD Membrane
Plugin 1.1 without additional equilibration. The thickness of
the water slab was 2.5nm at the top, and 2.0 nm at the
bottom of the system.

The MD simulation was split into four phases: 1) energy min-
imization, 2) heating, 3) equilibration, and 4) production. The
first phase was split into two minimization sections, were the
Ca atoms were fixed during the first 2000 steps and harmoni-
cally restrained in the second minimization part (2000 steps).
In the heating phase, the temperature was increased from 0 to
310 K over 12 ps. The motion of the Ca atoms in the heating
and equilibration phase was still limited by harmonic con-
straints. After equilibration for 9 ps, the system was simulated
without any constraints for 1 ns in the production phase.

Pseudoreceptor model of H,R

We developed a pseudoreceptor model of the idealized H,R
ligand binding site based on five potent ligands compiled
from published and patent information (Figure 3). Compounds
1-4 were aligned to an energy-minimized 3D conformation of
JNJ7777120 using the software MOE v2007.09 (Chemical Com-
puting Group, Montreal, QC (Canada) http://www.chemcomp.
com). The constructed PRPS pseudoreceptor represents a puta-
tive consensus ligand binding mode (Figure 4).

From each frame of the H,R MD simulation, pocket-forming
amino acid coordinates were extracted as defined by Shin
etal® and Jongejan etal® Binding pockets of each MD
frame were prioritized according to their match with the pseu-
doreceptor. Only pseudoatoms with a weight >50% were con-
sidered. In this way, we selected a potential binding pocket
constellation that is capable of binding most of the reference
ligands (Figure 5).

Figure 5a shows the resultant H,R binding pocket, which
suits best the pseudoreceptor. This perspective shows the
pocket formed by the seven transmembrane domains viewed
from the extracellular matrix. The H,R pseudoreceptor’s orien-
tation is shown beside the pocket-forming amino acids. White
spheres indicate those amino acid positions which fit the pseu-
doatom coordinates and pharmacophoric feature type precise-
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Figure 3. Reference ligands for H,R pseudoreceptor generation: JNJ7777120
(K=4nm),* 1 (K=25nm),* 2 (K=4nm),2” 3 (K=1nm), and 4

(K;=1 nm).B" R: aromatic, D: hydrogen bond donor, A: hydrogen bond ac-
ceptor.

Figure 4. a) Ligand alignment and b) generated pseudoatoms, which form
the c) H,R pseudoreceptor. Panel d) presents a schematic of pseudoatom
clusters projected by more than half of the reference ligands. Acceptor and
donor pseudoatoms are shown in red and blue. Aromatic pseudoatoms are
depicted as green spheres. The size of the spheres [in panels b) and ¢)] cor-
relates with their relative importance [pseudoatom weight, wp,; Eq. (1)].
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Ser179543

Phe183547
Trp329848

Ser333652

Tyrg5335

Cys98238 Asp94332

GIn360742
Ser179543

Phe183547

Trp329648
Tyr332651
Ser333852

Figure 5. a) View from the extracellular matrix into the H,R binding pocket
showing the amino acid arrangement which fits best to the H,R pseudore-
ceptor; Roman numerals in yellow circles indicate the transmembrane helix
number. b) The potential orientation of the reference ligand JNJ7777120,
and c) a 2D schematic of potential interactions; potential hydrogen bonds
are drawn as dashed lines and aromatic interactions as dotted lines.

ly. Figure 5b shows the resultant orientation of the reference li-
gands. For the sake of clarity, only JNJ7777120 is depicted (see
Figure 5¢ for a 2D schematic view), although all reference li-
gands are able to bind to the selected residue constellation. In
the model arrangement, the basic moiety of the exemplarily
shown reference ligand (methylpiperazine N-4 in JNJ7777120)
seems to be able to interact with Glu182>*. Additional hydro-
gen bonds may exist from the amide oxygen to Cys98** and
from the indole nitrogen to GIn360”*2. Aromatic interactions to
Trp329%*8 and Phel183°** might stabilize the conformation of
helix VI, which has been postulated as a “receptor activity
switch”.?

During the MD simulations a preferred H,R pocket amino
acid constellation was found by PRPS. The suggested binding
mode coincides with the hypotheses of Johart et al.*¥ and Kiss
etal., who postulated an interaction of the ligand’s basic
center to Glu182°, Contrary to Jongejan et al.,*® our adjusted
model does not show free volume around Asp94>*% The ob-
served complete loss of activity of JNJ7777120 in the Asp94Ala

ChemMedChem 0000, 00, 1-9
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receptor mutant® can still be explained as a consequence of
indirect effects resulting in a distortion of the ligand pocket
geometry. In our MD simulations we also found pocket con-
stellations supporting the conclusion of Jongejan et al., but we
did not attempt to select a pocket for JNJ7777120 alone. In-
stead, we formulated a common binding hypothesis for several
known antagonists and identified a plausible binding site,
which is capable of interacting with all reference ligands. How-
ever, a definite binding mode should not be deduced from our
model for JNJ7777120 or any other ligand.

PRPS revealed a promiscuous ligand binding pocket in H,R
by transferring multiple ligand information from a pseudore-
ceptor model, assuming a common binding mode for all refer-
ence ligands. It goes without saying that binding modes of ag-
onists and antagonists might vary in H,R, and the initial ligand
alignment could be an artifact. Keeping this obvious caveat in
mind, the adjusted receptor model is now ready for use by
more sophisticated but more time-consuming receptor-based
methods, for example, automated docking and in situ ligand
de novo design.™

It is important to realize that automated docking of
JNJ7777120 into the unrefined homology model and the
pocket model selected by PRPS both resulted in plausible
ligand-receptor complexes with favorable docking scores (fig-
ure S2, Supporting Information). This indicates that automated
ligand docking into a GPCR homology model easily produces a
seemingly meaningful result, which might correspond to an er-
roneous ligand pose. PRPS-based prioritization of a particular
protein model obtained by MD simulation offers an opportuni-
ty for receptor model selection and might thus indirectly help
improve virtual screening by automated ligand docking. We
consider this application as the main potential benefit of PRPS.

Prospective screening for H,R ligands

To probe the validity of the PRPS H,R pseudoreceptor, we vir-
tually screened a large compound library (562851 molecules).
One heuristic 3D conformation was generated for each screen-
ing compound by CORINA v3.2 (Molecular Networks GmbH,
Erlangen  (Germany) http://www.molecular-networks.com).
Acids were de-protonated and bases protonated using the
software MOE v2007.09. This step is crucial as otherwise posi-
tive charges and implicit pharmacophoric features are not cor-
rectly identified in some substructures (for example, methylpi-
perazine). After encoding each screening compound into the
appropriate molecular descriptor and ranking according to its
Euclidean distance to the H,R pseudoreceptor, we manually se-
lected ten compounds from the first 0.05 percentile (281 mole-
cules) of the ranked compound list. This selection was done to
guarantee scaffold diversity among the selected candidates
and avoid obvious hits (Figure 6).

Compounds were tested in a H,R displacement assay
(Table 2), where 5 and 6 exhibited a pK;>4 (K,~30 um). Nota-
bly, both compounds belong to different chemotypes, which
demonstrates the potential applicability of the PRPS method
to scaffold hopping.®”! The remaining molecules were consid-
ered inactive (pK; < 4).

[36]

www.chemmedchem.org
These are not the final page numbers! 77


www.chemmedchem.org

70 N\ s
—
N— NH N
‘ N HN
N\\NN 5 2 (¢] 6
\ /"% HQ HaN N
A R
HN 7 0 8
NH
N
i 0
s cx
H,N
9 NH 2 10
H
CI—@—\ N— Ny /
s 7 g
1 NH; 042 NH2
0

Figure 6. Compounds from pseudoreceptor-based virtual screening (one
compound could not be delivered; details can be obtained from the com-
pound providers; see Supporting Information table S2).

Table 2. Experimental H,R affinity of ordered compounds.
Compd Supplier collection Affinity at hH,R: pK®
5 Specs 4.5
6 Specs 4.5
7 Specs <4
8 Asinex Gold <4
9 Asinex Gold <4
10 Asinex Gold <4
1 Asinex Gold <4
12 Asinex Gold <4
13 Asinex Gold <4
[a] Measurements were performed in at least two independent measure-
ments; data are given as average values.

Conclusions

As a result of the availability of only a few reference protein
structures, GPCR homology models are prone to modeling
errors. MD simulations can be used to adapt and relax the ini-
tial models,®® but fail to provide a single “best” ligand-recep-
tor complex for virtual screening. Our deterministic pseudore-
ceptor concept PRPS transfers multiple ligand information into
a receptor model to identify and prioritize a ligand binding
pocket from a MD simulation of a H,R homology model. This
may establish new ways to select suitable target receptor
models for use in receptor-based methods during drug design
projects, where 3D target information is not available.

Docking of a known ligand into the receptor model taken
from the initial and the selected frame of the MD simulation
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suggested potential binding poses. Notably, these poses differ
strikingly for the initial and the selected protein model (fig-
ure S2, Supporting Information), which demonstrates that 1) al-
though the PRPS algorithm does not yet explicitly consider hy-
drophobic interaction sites, it is applicable to finding potential
ligand-binding pockets, and 2) PRPS complements automated
docking approaches by prioritizing receptor models from a MD
trajectory.

Retrieval of two new H,R ligands by pseudoreceptor-based
virtual screening demonstrated the general applicability of the
PRPS descriptor in virtual screening (see Supporting Informa-
tion for additional retrospective results, figure S3, table S3).
The descriptor proved to encode biologically relevant pharma-
cophoric features in the PRPS model and provides an addition-
al technique for finding new hits and leads in the early phases
of drug discovery projects. Irrespective of such applications,
we expect the main benefit from PRPS to be its combination
with fast receptor-based virtual compound screening, as dem-
onstrated herein for the H,R model.

Experimental Section
Retrospective virtual screening

For retrospective validation of our software two pseudoreceptors
were prepared. To avoid artifacts, which may occur during the
ligand alignment procedure, we decided to use receptor-bound
conformations determined by X-ray spectroscopy of multiple dihy-
drofolate reductase (DHFR) and factor Xa (fXa) inhibitors. In the
case of DHFR, four complexes were selected to compute the pseu-
doreceptor model: 1DHF, 1DDR, 1DG5, and 1DG7.52%*? The protein
structures were superposed by minimizing the root mean square
deviation between the Ca atoms using MOE v2007.09. The result-
ing alignment of DHFR inhibitors was used for calculation of the
pseudoreceptor. The X-ray crystal structures of the fXa complexes
1EZQ, 1FOR, 1F0S,*" 1FJS,“? and 1KSN™ were prepared in the
same manner as the DHFR complexes. The COBRA 6.1 database
containing 8311 known drugs and druglike molecules,* amongst
which are 64 DHFR inhibitors and 228 fXa inhibitors, was screened
with the cross-correlation descriptor derived from the pseudore-
ceptor models. Receiver-operator curves (ROC) are shown in fig-
ure S3 in the Supporting Information.”! The curves indicate that
the descriptor derived from the pseudoreceptor is suitable for en-
richment of active compounds. Additional retrospective results are
presented in table S3 (see Supporting Information), giving the pro-
portion of retrieved actives per percentile of cyclooxygenase-2, fac-
tor Xa, angiotensin converting enzyme, PPARa/d/y, 5-lipoxygenase,
dihydrofolate reductase, and thrombin ligands.

Compound libraries

For prospective virtual screening, the commercially available com-
pound collections were pooled: Specs (v04/2008, 202681 com-
pounds, Delft (the Netherlands) http://www.specs.net); Asinex-
Gold (v11/2007, 233554 compounds); and Asinex-Platinum (v11/
2007, 126616 compounds, Moscow (Russia) http://www.asinex.
com).

ChemMedChem 0000, 00, 1-9
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Geometric hashing

Geometric hashing is an algorithm for the recognition of spatial
similarity between two or more point sets.*® It consists of three
consecutive phases: 1) buildup, 2)search, and 3) evaluation.*”!
During buildup, each triplet of pseudoatoms (with edges ranging
from 5 to 15 A) of the pseudoreceptor (query set) were enumerat-
ed. Each triplet is described by its three interpoint distances. Using
distances instead of point coordinates leads to translation and ro-
tation invariant description of the triplets. The distances were used
in full precision as hash keys including information concerning the
pharmacophoric features of each point to fill a hash table. In the
second phase, a set of pocket-forming points (of a certain frame in
the MD simulation) was used for a search in the hash table (candi-
date set). Distances and features were used in the same way as
before to generate hash table keys. Each time a distance triplet
was generated which already existed in the hash table, the respec-
tive key received a vote. Non-corresponding keys were dropped.
Keys with votes represent corresponding subsets between the
query and the candidate set. These triplets were extracted and
aligned to each other by a transformation matrix, which was used
to transform all remaining coordinates. After complete transforma-
tion a spatial proximity check was done. If points were closer than
1 A to each other, they were tagged as matching points, as they
support the overall match of the query and candidate set.

Binding assay

Prior to the experiments, cell membranes were sedimented by
10 min centrifugation at 4°C and 13000 rpm (Heraeus Biofuge
Fresco; max. speed =13000 rpm, r,,.,=8.5 cm: 16000 g) and resus-
pended in binding buffer (12.5 mm MgCl,, 1 mm EDTA, 75 mm Tris-
HCI, pH 7.4). Competition binding experiments were carried out by
incubating membranes, 35 ugwell™" (prepared from Sf9 cells ex-
pressing hH,R, co-expressed with G-protein Go,, and Gp,y, sub-
units) in a final volume of 0.2 mL containing binding buffer and
[*Hlhistamine (10 nm, 566.1 GBgqmmol ). Assays were run at least
in duplicate with seven appropriate test compound concentrations
between 1 nm and 100 pmM. Incubations were performed for 60 min
at 25°C with shaking at 250 rpm. Nonspecific binding was deter-
mined in the presence of 100 um unlabeled histamine. Bound radi-
oligand was separated from free radioligand by filtration through
GF/B filters pretreated with 0.3% (m/v) polyethyleneimine and
washed with chilled (4°C) binding buffer (3x0.5 mL). The amount
of radioactivity collected on the filter was determined by liquid
scintillation counting.
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A new pseudoreceptor modeling
method (PRPS) was applied to the re-
finement of a homology model of the
human histamine H, receptor (H,R), the
prediction of a ligand binding site, and
virtual screening. Retrieval of two new
H,R ligands demonstrates the biological
relevance of the pseudoreceptor model
and provides a means for finding new
hits and leads in the early phases of
drug discovery.
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