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ABSTRACT

The human histamine H, receptor (H,R) is an important, well
characterized target for the development of antagonists to treat
allergic conditions. Many neuropsychiatric drugs are known to
potently antagonize the H,R, thereby producing some of their
side effects. In contrast, the tolerability and potential therapeu-
tic utility of H;R agonism is currently unclear. We have used a
cell-based functional assay to evaluate known therapeutics and
reference drugs for H;R agonist activity. Our initial functional
screen identified three ergot-based compounds possessing
heretofore-unknown H;R agonist activity. 8R-lisuride demon-
strated potent agonist activity in various assays including re-
ceptor selection and amplification technology, inositol phos-

phate accumulation, and activation of nuclear factor-«B with
pEC,, values of 8.1, 7.9, and 7.9, respectively, and with varying
degrees of efficacy. Based on these assays, 8R-lisuride is the
most potent stereospecific partial agonist for the human H;R
yet reported. Investigation of the residues involved in histamine
and lisuride binding, using H,R mutants and molecular model-
ing, have revealed that although these ligands are structurally
different, the lisuride-binding pocket in the H,R closely corre-
sponds to the histamine-binding pocket. The discovery of a
potent stereospecific partial H;R agonist provides a valuable
tool to further characterize this important therapeutic target in
vitro.

Histamine is a well characterized proinflammatory medi-
ator of allergic responses (Majno and Palade, 1961; Assa-
nasen and Naclerio, 2002). The Ga,/,,-coupled histamine H,
receptor (Gutowski et al., 1991; Leopoldt et al., 1997), one of
four known human histamine receptor subtypes, is expressed
in a variety of cells and tissues, where it mediates many of
the histamine-induced symptoms of allergic reactions. Phar-
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macological blockade of peripheral H, receptors effectively
attenuates these actions, resulting in clinical efficacy against
allergic reactions (Simons and Simons, 2002). Consequently,
H,-receptor antagonists have become one of the most widely
prescribed drug families in Western countries (Woosley,
1996).

In contrast to the well defined clinical utility of H;R an-
tagonism, the therapeutic value of H;R agonism remains
unclear. Betahistine, N“methyl-2-(pyridine-2-yl) ethyl-1-
amine (N*-methyl-PEA), a H;-receptor agonist with micro-
molar potency that also exhibits H-receptor antagonist prop-
erties (Arrang et al., 1985), has been used in the treatment of
Méniere’s disease, but the therapeutic action has not been
clearly linked to its H;R agonism. Activation of H;-receptors
may play a specific role in seizures (Scherkl et al., 1991,
Yokoyama et al., 1994), where H;R agonists may act as

ABBREVIATIONS: PEA, 2-(pyridine-2-yl) ethyl-1-amine; H,R, histamine n receptor, where n is 1 to 4; R-SAT, receptor selection and amplification
technology; NF-«B, nuclear factor-«B; HBSS, Hanks’ balanced salt solution; 8R-lisuride, (R)-(+)-N'-[(8a)-9,10-didehydro-6-methylergolin-8-yl]-
N,N-diethylurea hydrogen maleate; 8S-lisuride, (S)-(—)-N'-[(8a)-(—)-9,10-didehydro-6-methylergolin-8-yl]-N,N-diethylurea; 8R-terguride, (R)-(+)-
terguride; 8S-terguride, (S)-(—)-terguride maleate; LY-53,857, 6-methyl-1-[1-methylethyl]-ergoline-83-carboxylic acid 2-hydroxy-1-methylpropyl
ester maleate; LSD, lysergic acid diethylamide; Org 3770, (*)-1,2,3,4,10,14b-hexahydro-2-methylpyrazino-[2,1-a]pyrido[2,3-c][2]benzazepine;
PCR, polymerase chain reaction; DMEM, Dulbecco’s modified Eagle’s medium; CRC, contractile response curves; APT, aminopotentidine; MD,

molecular dynamics.

538
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anticonvulsants (Tuomisto and Tacke, 1986; Yokoyama et al.,
1992), whereas H;R antagonists may induce (Schwartz and
Patterson, 1978; Yokoyama et al., 1993) or exacerbate (Ii-
numa et al., 1993) seizures. In addition, there is increasing
evidence of H;R involvement in arousal, cognition, and mem-
ory (Malmberg-Aiello et al., 2000; Malmberg-Aiello et al.,
1998; Tashiro et al., 2002). Although histamine H;-receptor
agonists have attracted attention as pharmacological tools
during the last years, highly potent and specific H; receptor
agonists have been lacking. Testing of compounds for H;R
activity has usually been performed on isolated tissue prep-
arations, such as the ileum or aorta from the guinea pig
(Zingel et al., 1995), despite pronounced species-dependent
pharmacological characteristics (see Seifert et al., 2003).
These efforts have yielded the specific H;R agonists PEA
(Walter et al., 1941), the substituted 2-phenylhistamines,
such as 2-(3-trifluoromethylphenyl)histamine (Zingel et al.,
1995), and recently the more active histaprodifens (Elz et al.,
2000b) (see Fig. 1), none of which have yielded viable thera-
peutics.

We have used radioligand binding and multiple functional
assays to further explore the clinical pharmacology of the
human H;R. Interestingly, a broad functional screen has
identified lisuride (Fig. 1), a drug used for the treatment of
Parkinson’s disease, as a potent stereospecific H;R agonist.
Lisuride potently activated the cell based functional assay
R-SAT, phosphatidylinositol hydrolysis, and an NF-«B—
driven reporter-gene assay with varying degrees of efficacy
and consequently demonstrated antagonistic actions in cal-
cium mobilization and guinea pig ileum contraction experi-
ments, consistent with its potent partial agonist properties at
the histamine H; receptor. Finally, molecular modeling and
radioligand binding and functional studies using structurally
related compounds suggest that lisuride, although structur-
ally dissimilar to histamine, interacts with the human H;R
via a ligand-binding pocket that closely resembles the hista-
mine-binding pocket.
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Materials and Methods

Materials. Cell culture media, penicillin, bovine calf serum, High-
Fidelity Platinum Taq DNA Polymerase, and streptomycin were
obtained from Invitrogen (Carlsbad, CA), fetal calf serum from Inte-
gro (Zaandam, The Netherlands), G-418 disulfide from Calbiochem
(Amsterdam, The Netherlands), Hanks’ buffered saline solution
(HBSS) from Invitrogen, Eagle’s minimal essential medium from
Cambrex Bio Science Verviers S.p.r.l. (Verviers, Belgium), and Cyto-
SF; from Kemp Laboratories (Frederick, MD). [PH]Mepyramine (20
Ci/mmol), [N“methyl-*H]histamine (82 Ci/mmol), [*H]histamine
(12.4 Ci/mmol), and [myo-2-3H]inositol (21 Ci/mmol) were purchased
from PerkinElmer Life and Analytical Sciences (Zaventem, Bel-
gium). pNF-«B-Luc was obtained from Stratagene (La Jolla, CA), pSI
from Promega (Madison, WI), the TOPO 2.1 vector from Invitrogen,
and Superfect from QIAGEN (Dusseldorf, Germany).

The sources of many of the drugs used in this study have been
reported previously (Wellendorph et al., 2002). In addition, dihydro-
ergotamine mesylate, methysergide maleate, methylergonovine mal-
eate (Methergine), and dihydroergocristine mesylate were purchased
from Tocris (Avonmouth, UK). Lysergol (97%) and D-lysergic acid
hydrate (95%) were purchased from Acros Organics (Geel, Belgium).
5'a)-2-Bromo-12'-hydroxy-2'-(1-methylethyl)-5'-(2-methylpropyl)er-
gotaman-3’',6’,18trione mesylate, ketotifen fumarate, (R)-(+)-N'-
[(8)-9,10-didehydro-6-methylergolin-8-yl]-N,N-diethylurea hydro-
gen maleate (8R-lisuride), (S)-(—)-N'-[(8a)-(—)-9,10-didehydro-6-
methylergolin-8-yl]-N,N-diethylurea (8S-lisuride), (R)-(+)-terguride
(8R-terguride), and (S)-(—)-terguride maleate (8S-terguride) were
purchased from ICN Biomedicals, Inc. (Zoetermeer, The Nether-
lands). Aminopotentidine, ATP disodium salt, bovine serum albu-
min, chicken egg albumin, chloroquine diphosphate, cholera toxin,
DEAE-dextran (chloride form), cimetidine, doxepin hydrochloride,
histamine (2-[4-imidazolyl]lethylamine hydrochloride), pyrilamine
maleate, N-CBZ-[(8B)-1,6-dimethylergolin-8-yl]-methylamine,
LY-53,857, lysergic acid diethylamide (LSD), 8B-[(methylthio)m-
ethyl]-6-propylergoline mesylate (>98%), polyethylenimine, probe-
necid, (S)-(a)-fluoromethylhistidine, tripelennamine hydrochloride,
triprolidine hydrochloride, and Tween 20 were purchased from Sig-
ma/RBI (Natick, MA). p-Luciferin was obtained from Duchefa Bio-
chemie BV (Haarlem, The Netherlands), Fluo-4 acetoxymethyl ester

ious H;R ligands. Structures are
shown for the agonists histamine
(A), PEA (B), 2-(3-trifluoromethyl-
phenyDhistamine (C), and histap-
rodifen (D), the H,R inverse ago-
nist mepyramine (E), and the
ergoline skeleton (F) (Mantegani
et al., 1999), 8R-lisuride (G), and
8R-terguride (H). 8R-Lisuride has
two stereogenic centers (5R and
8R, indicated with asterisks in
structure G). 8R-Terguride has
three stereogenic centers (5R, 8R,
and 10R, indicated with asterisks
in structure H). Both lisuride and
terguride have a basic nitrogen
that is capable of inversion. The
N-configuration shown in struc-
tures E and F yields the best inter-
action energies in the hH; R model.

g Fig. 1. Chemical structures of var-
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from Molecular Probes (Leiden, The Netherlands), glycerol from
Riedel-de-Haén (Seelze, Germany), and Triton X-100 from Fluka
(Zwijndrecht, The Netherlands). PEA, clobenpropit, and thioperam-
ide were taken from our own stock. Gifts of acrivastine (The Well-
come Foundation Ltd, United Kingdom), astemizole (Janssen Phar-
maceutica NV, Beerse, Belgium), cyproheptadine hydrochloride
(MSD, Haarlem, The Netherlands), d-chlorpheniramine maleate (A.
Beld, Nijmegen, The Netherlands), diphenhydramine hydrochloride
(Brocades, The Netherlands), levocabastine (Janssen Pharmaceu-
tica), loratadine (Schering Plough, Bloomfield, NJ), mianserin hy-
drochloride and mirtazapine (Org 3770; Organon NV, The Nether-
lands), pcDEF; (Dr. J. Langer, Robert Wood Johnson Medical School,
Piscataway, NdJ), ranitidine dihydrochloride (Glaxo, UK), and of the
c¢DNAs encoding the human histamine H;R [Dr. H. Fukui, Univer-
sity of Tokushima, Tokushima, Japan (Fukui et al., 1994)], the
human histamine H, receptor [Dr. I. Gantz, University of Michigan
Medical Center, Ann Arbor, MI (Gantz et al., 1991)], the mutant
human histamine H,Rs [H; Trp'°®Ala, H; Asp'®“Ala, H, Lys'®Ala,
H, Thr'®*Ala, and H, Asn'%®Ala (Moguilevsky et al., 1995, 1998)
(UCB Pharma, Braine-'Alleud, Belgium)], and the S-KN-MC cell
lines stably expressing the human H; and H, receptors [Dr. T.
Lovenberg, Robert Wood Johnson Pharmaceutical Research Insti-
tute, San Diego, CA (Lovenberg et al., 1999; Liu et al., 2001)] are
greatly appreciated.

Molecular Cloning. The human H, receptor was cloned by PCR
using the following oligodeoxynucleotides primers: 5’-gct act aag tgg
cca cte atc acc caa gte-3’ and 5'-caa cac aca gge ctg cgg ccg cta ttt cct
tg-3). PCR conditions employed 100 ng (~125 pmol) of each primer,
250 uM dNTPs, 80 ng of human genomic DNA, 2 mM MgSO,, 1X
High Fidelity buffer (Invitrogen) and 1.75 units of High-Fidelity
Platinum TagDNA Polymerase. PCR reactions conditions were: 94°C
for 5 min; 30 cycles of 94°C for 30 s, 60°C for 35 s, and 72°C for 1 min,
35 s; followed by a final 10-min extension at 72°C. The resultant PCR
product was subcloned into the TOPO 2.1 vector according to the
manufacturer’s protocols and subsequently subcloned into the mam-
malian expression vector pSI (Promega, Madison, WI) for R-SAT
based functional studies. All receptor constructs were fully sequence-
verified by dideoxy chain termination methods. The sequence of the
human H,; receptor used in this study corresponds to GenBank
accession number D14436. All plasmid DNA used for transfections
was prepared using resin-based mega-prep purifications following
the manufacturer’s protocols (QIAGEN Inc.).

Cell Culture and Transfection. NIH-3T3 and HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 2 mM L-glutamine, 1% penicillin and streptomycin, and
10% bovine calf serum and maintained at 37°C in a humidified 5%
CO4/95% air atmosphere. African green monkey kidney COS-7 cells
were maintained at 37°C in a humidified 5% CO4/95% air atmo-
sphere in DMEM containing 2 mM L-glutamine, 50 IU/ml penicillin,
50 ug/ml streptomycin, and 5% (v/v) fetal calf serum. SK-NM-C cells
expressing human Hj (445-amino acid isoform) (Lovenberg et al.,
1999) or human H, (Liu et al., 2001) receptors were maintained in
Eagle’s minimal essential medium supplemented with 10% fetal calf
serum, 50 IU/ml penicillin, nonessential amino acids solution, 2 mM
L-glutamine, 50 pug/ml streptomycin, and 50 ug/ml sodium pyruvate
under the selection of 600 pg/ml G-418 disulfide.

NIH-3T3 cells were transiently transfected using the Superfect
transfection reagent following the manufacturer’s protocols. COS-7
cells were transiently transfected using the DEAE-dextran method
as described previously (Bakker et al., 2001). The total amount of
DNA transfected was maintained constant by addition of pcDEF;.

Receptor Selection and Amplification Technology Assays.
R-SAT assays were performed as described previously (Weiner et al.,
2001). Briefly, on day 1, NIH-3T3 cells were plated into 96-well cell
culture plates at a density of 7500 cells/well. On day 2, cells were
transfected with 10 to 25 ng/well of H;R DNA, and 20 ng/well of
plasmid DNA encoding B-galactosidase. On day 3, the medium was
replaced with DMEM supplemented with 1% penicillin and strepto-

myecin, 2% Cyto-SF;, and varying drug concentrations. After 5 days
of cell culture, medium was removed, and the cells were incubated in
phosphate-buffered saline containing 3.5 mM O-nitrophenyl-B-D-ga-
lactopyranoside and 0.5% Nonidet P-40 detergent. The 96-well plates
were incubated at room temperature for up to 8 h, and the resulting
colorimetric reaction was measured by spectrophotometric analysis
at 420 nm on an automated plate reader (Biotek Instruments Inc.,
Burlington, VT). Data were analyzed by a nonlinear, least-squares
curve-fitting procedure using Prism software (GraphPad Software,
Inc., San Diego, CA). All data shown are expressed as mean * S.D.

Reporter-Gene Assay. COS-7 cells transiently cotransfected
with pNFk B-Luc (125 pg/1 X 107 cells) and either pcDEF; or
pcDEF;hH; (25 ug/1 X 107 cells) were seeded in 96-well blackplates
(Costar, Cambridge, MA) in serum-free culture medium and incu-
bated with drugs. After 48 h, cells were assayed for luminescence by
aspiration of the medium and the addition of 25 ul/well luciferase
assay reagent [0.83 mM ATP, 0.83 mM D-luciferin, 18.7 mM MgClL,,
0.78 uM Na,H,P,0,, 38.9 mM Tris, pH 7.8, 0.39% (v/v) glycerol,
0.03% (v/v) Triton X-100, and 2.6 uM dithiothreitol]. After 30 min,
luminescence was measured for 3 s/well in a Victor? multilabel
counter (PerkinElmer Life and Analytical Sciences). All data shown
are expressed as mean = S.D.

[®H]Inositol Phosphate Formation. Transiently transfected
COS-7 cells were seeded in 24-well plates; 24 h after transfection,
they were labeled overnight in inositol-free culture medium supple-
mented with 1 wCi/ml [myo-2->H]inositol. Subsequently, the medium
was aspirated and cells were incubated with drugs for 1 h at 37°C in
DMEM containing 25 mM HEPES, pH 7.4, and 20 mM LiCl. Incu-
bations were stopped by aspiration of the culture medium and the
addition of ice-cold 10 mM formic acid. After 90-min incubation at
4°C, [®Hlinositol phosphates were isolated by anion exchange chro-
matography and counted by liquid scintillation counting. All data
shown are expressed as mean * S.D.

Measurement of [Ca®*]; by Fluorescence Microplate
Reader. Hela cells endogenously expressing the human histamine
H, receptor were used for the measurement of changes in intracel-
lular calcium concentrations. Hela cells were loaded for 15 min at
room temperature with 4 uM fluo-4 acetoxymethyl ester in HBSS
containing 20 mM HEPES and 2.5 mM probenecid. Cells were
washed three times with HBSS containing 20 mM HEPES and 2.5
mM probenecid, plated at approximately 50.000 cells/well of a 96-
well plate (180 pl/well), and transferred to a Novostar (BMG
Labtechnologies Inc., Offenburg, Germany) after a 1-h incubation at
37°C. Fluorescence was measured at room temperature for 50 s after
the addition of 20 ul of a ligand solution (bringing total volume to 200
wl). Changes in calcium concentrations ([Ca%*];) were calculated
using the following formula: [Ca?*]; = Kp(F — F J/(Fpax — F),
where K, is the dissociation constant with which Fluo-4 binds Ca®*
(345 nM; Molecular Probes, Eugene, OR), F,.... is the fluorescence at
maximum Ca2" concentrations as determined by the addition of 25
wul of 5% (v/v) Triton X-100 in HBSS to the stimulated cells, and F;,
is the fluorescence at minimum free Ca®?* concentration as deter-
mined by the addition of 25 ul of 0.1 M EGTA in HBSS.

H, Receptor Mediated Contraction of Guinea Pig Ileum.
Male guinea pigs (350-450 g) were killed by a blow to the head and
their ilea were rapidly removed and washed in carbogenated Krebs
buffer (117.5 mM NaCl, 5.6 mM KCl, 1.18 mM MgSO, 2.5 mM CaCl,,
1.28 mM NaH,PO,, 25 mM NaHCO;, and 5.5 mM D-glucose). Ilea
were cut in segements (1-1.5 cm) which were mounted longitudinally
under 0.5 g of tension on a Hugo Sachs Hebel-Messovorsatz TL-2/
HF-modem (Hugo Sach Electronik, Hugstetten, Germany) in a 20-ml
tissue bath containing Krebs buffer at 37°C, which was continuously
aerated with 95% 0,/5% CO,. After equilibration for at least 40 min
with replacement of fresh Krebs buffer every 10 min, cumulative
dose-contractile response curves (CRC) were recorded using half-log
increments of histamine. At least two equal CRC of histamine were
made, and the last CRC was considered the reference curve. The
contractile response produced by histamine was reevaluated after
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the addition (including a 30-min equilibration period) of 8R-lisuride.
Every CRC was followed by an adequate washing using Krebs buffer.

H,R Binding Studies. Cells used for radioligand binding-studies
were harvested 48h after transfection and homogenized in ice-cold
H;-binding buffer (50 mM Na,/K*-phosphate buffer, pH 7.4). The
cell homogenates were incubated for 30 min at 25°C in a total volume
of 400 wul of H,-binding buffer with 1 nM [*H]mepyramine. The
nonspecific binding was determined in the presence of 1 uM mian-
serin. The incubations were stopped by rapid dilution with 3 ml of
ice-cold H;-binding buffer. The bound radioactivity was separated by
filtration through Whatman GF/C filters that had been treated with
0.3% polyethylenimine. Filters were washed twice with 3 ml of
buffer, and radioactivity retained on the filters was measured by
liquid scintillation counting. All binding data were evaluated by a
nonlinear, least-squares curve-fitting procedure using Graphpad
Prism. Protein concentrations were determined according to the
method of Bradford (1976), using bovine serum albumin as a stan-
dard. All data shown are expressed as mean = S.D.

H,R Binding Studies. The affinity of 8R-lisuride for the human
H, receptor was determined by [**’I]aminopotentidine (**°I-APT)
displacement studies using cell homogenates of COS-7 cells tran-
siently transfected with ¢DNA encoding the human H, receptor
(pcDNA3-H,) as described previously (Leurs et al., 1994). Cell ho-
mogenates were incubated for 90 min at 30°C in a total volume of 400
wul 50 mM Na,/K*-phosphate buffer containing gelatin (0.1%; pH 7.4
at 30°C) with approximately 0.5 nM 2°I-APT. The incubations were
stopped by rapid dilution with ice-cold H, wash buffer (20 mM
Na,/K*-phosphate buffer supplemented with 0.1% chicken egg albu-
min, pH 7.4 at 4°C), filtered through Whatman GF/C filters that
were washed three times with H, wash buffer. Radioactivity re-
tained on the filters was measured and binding data were evaluated
using a Ky, value of 2°I-APT for the human H,, receptor of 0.43 nM.

H;R Binding Studies. The affinity of 8R-lisuride for the human
H, receptor was determined by [N*-methyl-*H]histamine displace-
ment studies using cell homogenates of SK-NM-C cells stably ex-
pressing the H; receptor (445-amino acid isoform) (Lovenberg et al.,
1999) that were incubated for 40 min at 25°C in a total volume of 400
ul of 50 mM Na,PO,, pH 7.4 at 25°C, with approximately 1 nM
[N*-methyl->H]histamine. The incubations were stopped by rapid
dilution with ice-cold H; wash buffer (25 mM Tris-HCI, 145 mM
NaCl, pH 7.4 at 4°C), filtered through Whatman GF/C filters that
were washed three times with H; wash buffer. Radioactivity re-
tained on the filters was measured and binding data were evaluated
using a Ky, value of [N*methyl-*H]histamine for the human Hj
receptor of 2.85 nM.

H,R Binding Studies. The affinity of 8R-lisuride for the human
H, receptor was determined by [*H]histamine displacement studies
using cell homogenates of SK-NM-C cells stably expressing the H,
receptor (Liu et al., 2001) that were incubated for 60 min at 37°C in
a total volume of 400 ul of 50 mM Tris-HCI, pH 7.4 at 37°C, with
approximately 10 nM [*H]histamine. The incubations were stopped
by rapid dilution with ice-cold 50 mM Tris-HCI, pH 7.4 at 4°C,
filtered through Whatman GF/C filters that were washed three times
with 50 mM Tris-HCl, pH 7.4 at 4°C. Radioactivity retained on the
filters was measured and binding data were evaluated using a Ky,
value of [*H]histamine for the human H, receptor of 7.69 nM.

Molecular Modeling. The chemical structures of 8R- and 8S-
lisuride and 8R-terguride were built from their crystal structures in
the Cambridge Structural Database (CSD entries WEVTUM, FEP-
QIA, PIKMEB). The configurations R and S indicate the stereochem-
istry at stereogenic center at atom 8, but there are additional ste-
reogenic centers in these alkaloid derivatives (see Fig. 1). For
example, the absolute configuration at carbon atom 5 of these com-
pounds is R, as observed in crystal structures of lisuride, terguride
and their close analogs LSD and ergotamine (CSD entries LSDIBZ,
YOTSAB, HICCUR, and LIJNIB) (Husak et al., 1998). Concerning
the chirality of carbon atom 10, both the 10R- and 10S-configuration
of terguride can be found in the CSD (entries FEPQIA and PIKMEB,
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respectively). The S and R designations represent the absolute con-
figuration of the stereogenic center at atom 8 (see Fig. 1 and Fig. 7).
Diverse ring conformations of 8R-lisuride (21 conformers) and 8R-
terguride (39 conformers) were generated using the Confort confor-
mation analysis tool in Sybyl. Relative energies of these conforma-
tions were calculated after minimization with the Tripos force field
and Gasteiger Hiickel partial charges.

The three-dimensional model of the human histamine H;R was
constructed based on the crystal structure of rhodopsin (Palczewski
et al., 2000; PDB code 1F88.pdb) using the homology-modeling pro-
gram Modeler 4.0. Molecular dynamics simulations were performed
with AMBER 5.0 (Cornell et al., 1995). Point charges of histamine,
lisuride, and terguride in the protonated state were calculated with
GAMESS U.S. (Schmidt et al., 1993) and the RESP program follow-
ing the method of Bayly et al. (1993). Molecular dynamics simulation
runs at constant temperature (300 K) lasted 100 ps using a step size
of 1 fs. A distance restraint of 3 A with a force constant of 50 keal -
mol 'A~2 was applied between the protonated nitrogens of the ago-
nists and the carboxylate group of Asp!®’. Similar restraints were
applied to the backbone H-bonds in the transmembrane domains of
the receptor model.

Results

Evaluation of H,R Agonist Activity of Various
Therapeutics Using R-SAT

We screened a library of clinically relevant therapeutic
drugs for functional activity at the human H;R using R-SAT
(R. A. Bakker, M. W. Goodman, T. T. Smith, E. S. Burstein,
U. Hacksell, H. Timmerman, R. Leurs, M. R. Brann, and D.
M. Weiner, manuscript in preparation). H;R mediated re-
sponses in R-SAT reflect, in part, G,-mediated signaling cas-
cades, as evidenced by augmentation of basal receptor activ-
ity by cotransfections of the Gea, subunit (Weiner et al,,
2001). As depicted in Fig. 2. three compounds, lisuride, ter-
guride, and methylergonovine maleate displayed reasonable
potency as H;R agonists. The dopamine/serotonin receptor
agonist 8R-lisuride behaved as a full H;R agonist, with an
observed EC;, of 8 nM, which is 4- to 6-fold more potent than
histamine itself. The structurally related compound 8R-ter-
guride behaved as a partial agonist with an EC;, of 363 nM
(e = 0.49 * 0.07). The serotonergic reference compound
methylergonovine maleate also behaved as a weak partial
H;R agonist, with an EC;, of 457 nM (« = 0.57 * 0.04; Fig.
1). The serotonin/dopamine drugs methysergide and quinpi-
role possess very weak agonist activity at human H;Rs, with
potencies greater than 10 uM (data not shown).

Detailed Analysis of the H,R Agonist Properties of
Various Ergolines

H,R Agonist Properties of 8R-Lisuride. The intriguing
finding that 8R-lisuride displayed potent H;R agonist activ-
ity stimulated us to further characterize this compound. We
determined the effects of lisuride in the NF-«B reporter-gene
and inositol phosphate accumulation assays using COS-7
cells transiently expressing the human H;R, as well as the
affinity of 8R-lisuride for the H;R using radioligand binding
techniques. In agreement with our findings using R-SAT,
8R-lisuride displays high affinity for the human H,R (pK; =
7.9 = 0.1, Table 1) and stimulates NF-«B and inositol phos-
phate accumulation with high potency [pEC;, = 7.6 = 0.1
(e = 0.63 = 0.03) and pEC5, = 7.9 = 0.1 (o = 0.46 = 0.01),
respectively]. The agonist effects of 8R-lisuride are blocked
by the inverse H;R agonist mepyramine in R-SAT assays
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(data not shown), inositol phosphate accumulation assays
(Fig. 3), and NF-kB reporter-gene assays (Fig. 4). Yet, in
contrast to the R-SAT assay, 8R-lisuride behaves as a high-
affinity partial H;R agonist in these assays (see also Table 1).
Consequently, 8R-lisuride is able to partially inhibit hista-
mine-induced accumulation of [*H]inositol phosphates (Fig.
3).

We have previously reported the competitive antagonism
of histamine-induced [*HJinositol trisphosphate accumula-
tion and NF-«B activation by mepyramine (Bakker et al.,
2001). Mepyramine was also found to competitively inhibit
8R-lisuride—induced H;R responses in the NF-«B reporter-
gene assay (Fig. 4A). Schild plot analysis of the competitive
antagonism by mepyramine of the 8R-lisuride-induced hu-
man H;R mediated NF-«B activity yielded a pA, value for
mepyramine of 8.1 (slope = 0.95 + 0.1, r? = 0.92; Fig. 4B),
which is in agreement with the pA, value of 8.0 (slope =
0.94 = 0.1, v = 0.93) for mepyramine antagonizing hista-
mine-induced NF-kB activation (Bakker et al., 2001) (see also
Fig. 4, C and D).

Stereospecific H,R-Agonist Properties of Lisuride.
8S-Lisuride, which differs from 8R-lisuride in the orientation

110+
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40 - 8 7 6 5 -4
Log [drug]

Fig. 2. Pharmacology of the human histamine H;R observed in R-SAT.
Functional agonist responses observed for histamine (M), methysergide
(@), methylergonovine maleate (A), 8R-lisuride ((J), and 8R-terguride (V)
at the human H;R as determined by R-SAT. Data are reported as a
percentage of the total response determined by the full agonist histamine.
Data are from representative nine-point concentration response curves
performed in duplicate, which yielded the average potencies and intrinsic
activities as reported in the text.

of the substituent at position 8 (see Fig. 1), also behaves as a
partial H;R agonist in these assays albeit with a much lower
potency [pEC;, = 6.3 = 0.1 (a = 0.58 = 0.03) and pEC;, =
6.5 = 0.1 (a« = 0.17 = 0.02) in the NF-«B and inositol phos-
phate accumulation assay, respectively], and also possesses a
lower affinity for the H;R (pK; = 6.3 = 0.1, Table 1; see also
Fig. 5). Therefore, lisuride displays a significant degree of
stereospecificity toward the H;R in favor of 8R-lisuride, hav-
ing almost 2 log orders of magnitude higher affinity for the
H;R than its S-diastereoisomer.

Evaluation of 8R-Lisuride in Assay Systems Using
Endogenously Expressed H;Rs. We examined the effects
of the partial H;R agonist 8R-lisuride on the H;R mediated
increase in intracellular Ca®* ([Ca®"],) using HeLa cells en-
dogenously expressing human H;Rs (Simons and Simons,
2002). Stimulation of HeLa cells with histamine (10 uM; Fig.
6A) gives a robust increase in [Ca®"],, whereas the same
concentration of 8R-lisuride is without a measurable agonis-
tic effect. Mepyramine (10 uM) was able to completely inhibit
the histamine-induced effects. 8R-Lisuride (10 wM) also in-
hibits the histamine induced changes in [Ca®"]; (Fig. 6B).
The inhibition of the histamine-induced effects by 8R-li-
suride, however, is not complete. These effects may be attrib-
utable to a lack of equilibrium of histamine and 8R-lisuride
with H,Rs within the short duration of rapid transient effects
of histamine on intracellular calcium. 8R-Lisuride did not
affect the ATP (10 uM)-induced increase in [Ca®*]; (Fig. 6C),
indicating that the inhibitory effect of 8R-lisuride on hista-
mine induced responses is not caused by interference with
calcium signaling.

We also evaluated the effects of lisuride on the contraction
of guinea pig ileum. When tested alone, neither 8R- nor
8S-lisuride induced contraction of the guinea pig ileum. How-
ever, the spontaneous motility of the ileum was increased at
high concentrations concomitant with a small increase in
basic tonus (5—-10% of the maximal histamine induced con-
traction). When tested in the presence of histamine, preincu-
bation with 8R-lisuride resulted in a clear rightward shift of
cumulative dose-contractile response induced by histamine
(see Fig. 6D). Estimation of the antagonist potency of 8R-
lisuride by Schild analysis results in a pA, value of approx-
imately 8.1 (data not shown). At high concentrations of 8R-
lisuride, histamine is no longer able to produce the full
response, indicating that 8R-lisuride may act as an noncom-
petitive antagonist under these experimental conditions.

Examination of the Affinity of 8R-Lisuride for Other
Histamine Receptors. The high affinity of 8R-lisuride for
the human histamine H; receptor prompted us to investigate
the affinity of lisuride for the other known histamine receptor
subtypes. Radioligand displacement studies using COS-7
cells transiently transfected with cDNA encoding the human
H,, receptor using '?°I-APT as a radioligand yielded a pK;
value of 8R-lisuride for the H, receptor of 6.4 = 0.1 (n = 3).
Similarly, radioligand binding studies using cell homoge-
nates of SK-NM-C cells stably expressing either the human
H, (445 amino acid isoform) or the human H, receptor using
[N“-methyl->H]histamine and [*H]histamine, respectively,
yielded pK;, values of 8R-lisuride for the human H; receptor of
5.0 £ 0.1 (n = 3) and for the human H, receptor of 5.4 = 0.1
(n = 3).

Examination of H,R Functional Activities of Li-
suride Analogs. We evaluated a set of commercially avail-
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8R-Lisuride as a Potent H,-Receptor Partial Agonist

H R agonist activity of clinically relevant drugs and several structural analogues.
The pEC50 and intrinsic activity (a) values as determined by NF-kB assays are reported and are expressed as means * S.D. of at least three separate experiments, each

performed in triplicate.
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Compound Structure R; R, Ry Ry R; PK; PEC5¢/pICsq «
8R-Lisuride A X, H H H CH, 7.9+0.1 7.9+0.1 0.59 = 0.03
8S-Lisuride A H X, H H CH, 6.3 +0.1 6.3 +0.1 0.58 = 0.03
8R-Terguride B X, H H H CH, 6.1+0.1 <5 —
8S-Terguride B H X, H H CH, 6.1+0.1 <5 —
Methysergide A X, H CH, H CH, N.D. 5.6 0.3 0.24 = 0.01
Methergine A Xq H H H CH, N.D. 5.7x0.1 0.51 = 0.07
Lysergol A Xs H H H CH, 5.6 £0.1 N.E. <0.05
D-Lysergic acid A H X, H H CH,4 57+0.1 <4 —
Mesulergine B H Xg CH, H CH, 54*0.1 5.0 £0.1 —0.56 = 0.01
Bromocriptine A Y H H Br CH,4 N.D. 5.6 = 0.1 —0.57 £ 0.25
LSD A X, H H H CH, 5.7+0.1 <5 —
Metergoline B X5 H CH, H CH, 6.4 0.1 6.0 £0.1 -0.96 = 0.09
LY-53,857 B X, H Xq H CH, 4.8 +0.1 6.1 0.2 —0.65 = 0.03
Dihydroergotamine B Z H H H H 49 +0.1 N.E. —
Dihydroergocristine B Z H H H CH,4 50=*0.1 N.E. —
Pergolide B X0 H H H (CH,),CH,4 N.D. 5.8 +0.2 —0.59 = 0.01

—, could not be determined; N.E., no effect; N.D., not determined.

able ergoline derivatives for their H;R activity and affinity
(see Fig. 5 and Table 1). Testing of 8R- and 8S-terguride, the
dihydro-analogs of 8R- and 8S-lisuride, respectively, and a
variety of other derivatives revealed that 8R-lisuride is by far
the most potent H;R agonist identified in this study (Fig. 5
and Table 1). These data indicate that the molecular struc-
ture of 8R-lisuride is optimal for H;R activation compared
with the other tested compounds, which is in agreement with
binding data reported in literature for rat or guinea pig H;Rs
(Beart et al., 1986; Millan et al., 2002). Interestingly, lyser-
gol, an analog of lisuride in which the double bond is con-
served, seems to lack intrinsic H;R activity, although it
shows moderate H;R affinity (pK; = 5.6 = 0.1, Table 1).

Characterization of the Binding Pocket of Lisuride in
the H,R

Mutational Analysis of the H,R. To explore the ligand-
binding pocket of 8R-lisuride in the human H;R, we tested
the effects of 8R-lisuride on several mutant human H;Rs.
Previous mutagenesis studies following a bacteriorhodopsin-
based homology model of the H;R have been invaluable in
identification of the histamine-binding pocket in the H;R
(Moguilevsky et al., 1995). Table 2 reports the observed
changes in binding affinities, agonist, and inverse agonist
activities of selected compounds upon expression of the mu-
tant H;Rs in which Trp'°%, Asp'®?, Lys'®!, Thr'®*, or Asn'®®
has been changed into alanine (Moguilevsky et al., 1995,

1998). As expected from existing literature (Ohta et al.,
1994), H,Asp'°?Ala displays no [*Hlmepyramine binding and
failed to mediate functional responses upon stimulation with
either histamine or 8R-lisuride. Mutation of either Trp'°3,
Lys'®?!, or Asn'?® into Ala resulted in a great reduction of the
affinity and potency of both histamine and 8R-lisuride for the
H,R, potentially implicating these residues in the histamine,
8R-lisuride, and 8R-terguride binding site(s) in the H;R.

Molecular Modeling of the H;R Agonist Binding
Pocket. Because lisuride has a very rigid structure (see Fig.
7), it is very well suited for molecular modeling studies. We
generated a molecular model of the H;R that is based upon
the crystal structure of rhodopsin (Palczewski et al., 2000) to
perform molecular modeling studies for the identification of
potential interactions of histamine and lisuride with the
H,R.

Molecular dynamics simulation runs using this rhodopsin-
based model of the H;R identified several residues that are
known to be involved in the binding of histamine to the H;R,
such as Asp'®” and Asn'®® (Moguilevsky et al., 1995, 1998) as
interaction points in the histamine binding-pocket in the
H,R (Fig. 7). However, the MD simulation runs also indicate
that Ser''! and Glu'®! may be involved in the binding of
histamine to the human H;R (Fig. 7). Additional experiments
need to be performed to evaluate whether these residues are
involved in the binding of histamine to the H,R.

In MD simulation runs, the tetracyclic ring system of 8R-
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lisuride remains parallel with respect to the transmembrane
helices of the H;R in an orientation very similar to that found
for histamine. As observed for histamine, and in agreement
with our mutagenesis data (Table 2), 8R-lisuride forms a salt
bridge with Asp'®” and a hydrogen bond with Asn'®® (Table
3 and Fig. 7). In addition, 8R-lisuride can make hydrogen
bonds secondary to the orientation of the amide group in the
side chain with residues Glu'®! and Lys'” in the second
extracellular loop of the histamine H;R (Fig. 7), explaining
the relatively high potency of this compound. The modeling
results are different for 8S-lisuride. The steric bulk of the
C8-substituent of 8S-lisuride, which is pseudoaxially located,
prevents 8S-lisuride from adopting a position similar to that
of 8R-lisuride relative to the H,R. Therefore, the tetracyclic
moiety of 8S-lisuride ends up in an orientation, after MD
simulation, in which no hydrogen bonds are formed with
Glu'®! and Lys'™ (Table 3). This inability of 8S-lisuride to
form two energetically favorable hydrogen bond interaction
with the H;R provides a rationale for the significantly lower
affinity of 8S-lisuride compared with 8R-lisuride. The impor-
tance of hydrogen bonding to Lys'”® and Glu'®! is further
supported by the much lower H;R activities of close analogs
of lisuride that have the amide functionality inverted (e.g.,
methysergide and methylergonovine maleate) or the car-
bonyl group at another position (e.g., LSD and LY-53,875)
(Table 1).

Discussion

Although a large variety of H;R antagonists have been
developed based on the role of the H;R in mediating allergic
responses, highly potent receptor agonists have not yet been
available. Interestingly, our functional screen has identified
potent H;R agonist activity of the structurally related ergo-
lines lisuride and terguride. We confirmed these findings
using radioligand binding as well as multiple functional as-
says. These functional assays demonstrate the potent H;-
receptor agonist activity of these compounds with varying
agonist efficacies. Our experiments on H;R-mediated cal-

15000-
EZ4 + 10uM 8R-lisuride
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[*H]inositol phosphates
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Fig. 3. Effects of 10 uM 8R-lisuride on H,-receptor mediated [*H]inositol
phosphate accumulation in transiently transfected COS-7 cells. Also
shown are the inhibitory effects of 8R-lisuride on 10 uM histamine-
induced effects and the inhibition of 8R-lisuride-mediated effects by the
inverse H,-receptor agonist mepyramine (10 uM). [*HlInositol phos-
phates are counted by liquid scintillation and expressed as disintegra-
tions per minute (DPM).

cium mobilization and guinea pig ileum contractions indicate
that 8R-lisuride may act as an antagonist in vivo, These
discrepancies between assays are not surprising given the
dependence of agonist efficacies on such factors as receptor
expression levels and differences in the degree of receptor
occupancy required for generating measurable agonist re-
sponses. These data may be consistent with the idea that
different agonists may produce an array of active receptor
states that differentially activate signal transduction cas-
cades (Watson et al., 2000). Conversely, there may be differ-
ences in the second-messenger pathways in these assays. The
discovery of the partial agonistic properties of 8R-lisuride
provides a useful tool to further investigate these phenomena
and advocates a detailed investigation of signal transduction
cascades that may be activated by the H;R.

Several imidazole-containing derivatives of histamine
have been evaluated for their H;R activity ever since the first
synthesis of histamine in the early 1900s (Windaus and Vogt,
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Fig. 4. Histamine H,R pharmacology. A, 8R-lisuride H,;R pharmacology;
competitive antagonism of H;R mediated NF-«B responses to 8R-lisuride
(M) by increasing concentrations of mepyramine [10 nM ((J), 30 nM (V),
100 nM (V), 300 nM (@), or 1 uM (O)]. Shown is a representative example
of three independent experiments, each performed in triplicate. B, Schild
plot analysis of the combined data set of three independent experiments
of the competitive antagonism by mepyramine of the 8R-lisuride—induced
H,R NF-«B responses (pA, value = 8.1; slope = 0.95 = 0.06; r* = 0.92).
C, competitive antagonism of H;R-mediated NF-«B responses to hista-
mine (M) by increasing concentrations of mepyramine [10 nM ([J), 30 nM
(@), 100 nM (O), or 300 nM (A)]. Shown is a representative example from
three independent experiments, each performed in triplicate. D, Schild
plot analysis of the combined data set of three independent experiments
of the competitive antagonism by mepyramine of the histamine-induced
H,R NF-«B responses (pA, value = 8.0; slope = 0.94 * 0.06; r* = 0.93)
(Bakker et al., 2001).
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1907). In line with our findings of the H; R agonist activity of
8R-lisuride, the H;R agonist activity of PEA (Fig. 1) has
demonstrated that the imidazole nucleus is not a structural
requirement of H;R agonists (Walter et al., 1941). Nonethe-
less, development of selective H;R agonists has focused
mainly on the substitution of the imidazole ring. For many
years the substituted 2-phenylhistamines such as 2-(3-triflu-
oromethylphenylhistamine (Fig. 1) have been the most se-
lective H;R agonists with a relatively high affinity (Zingel et
al., 1995). The most potent H;R agonists described so far are
various derivatives of histaprodifen (see Fig. 1) (Elz et al.,
2000a,b; Malinowska et al., 1999), such as methylhistaprod-
ifen, dimethylhistaprodifen, and N“-imidazolylethylhistap-
rodifen (suprahistaprodifen) (Schlicker et al., 2001), which
are potent H,;R agonists when tested on guinea pig ileum and
rat aorta in vitro. Evaluation of suprahistaprodifen on the
human H;R transiently expressed in COS-7 cells, however,
yielded a pK; value of 5.8 = 0.1 and a pEC;, value of 6.4 = 0.2
in the NF-«B reporter-gene assay (data not shown; see also
Seifert et al., 2003), in agreement with the recently reported
affinities of this class of H;R agonists (Seifert et al., 2003).
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Fig. 5. H;R pharmacology of various clinically relevant drugs as deter-
mined by the NF-«B reporter-gene assay, performed in COS-7 cells ex-
pressing the human H;R (3.2 = 0.4 pmol/mg protein): 8R-lisuride (A),
8S-lisuride (V), 8R-terguride (#), 5'a)-2-bromo-12'-hydroxy-2'-(1-meth-
ylethyl)-5’-(2-methylpropyl)ergotaman-3’,6',18-trione mesylate (O), me-
sulergine ([J), and histamine (M), and mepyramine (®) as a full agonist
(histamine) and inverse agonist (mepyramine) reference compound, re-
spectively. Data are reported as fractions of the response yielded by the
full agonist histamine (a = 1) for the agonists and as fractions of the
response yielded by the full inverse agonist mepyramine (a« = —1) for the
inverse agonists. Shown is a representative example of at least three
independent experiments, each performed in triplicate.
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Therefore, 8R-lisuride represents the most potent agonist yet
identified for the human H;R, with H;R affinity 2 log-units
higher than that of the histaprodifen analogs.

Evaluation of a set of derivatives of the ergoline skeleton
(see Table 1) indicates critical structural and stereochemical
factors for potent H;R agonism. Either hydrogenation of li-
suride, yielding the dihydro analogs 8R- and 8S-terguride, or
substitution at the 8 position provides compounds devoid of
potent H;R agonism. Both mutational analysis and molecu-
lar modeling studies of the human H;R binding pocket indi-
cated that 8R-lisuride could possibly interact with residues
Asp'®” and Asn'®®, The human H;R model that we used in
this study was generated based upon the crystal structure of
rhodopsin (Palczewski et al., 2000) and suggests that in ad-
dition to the residues known to be involved in the binding of
histamine to the human H,R, such as Asp'®” and Asn'®®
(Moguilevsky et al., 1995, 1998), Ser''! and Glu'®! may also
interact with histamine. Additional experiments need to be
performed to evaluate whether 8R-lisuride also interacts
with Glu'®! and Lys'” as suggested by the molecular mod-
eling. The bioactive conformer of 8R-lisuride bound to the
H;R found using Amber 5.0 MD simulations is a stretched
conformation identical to the global energy minimum found
in a Tripos FF molecular mechanics conformation analysis,
which supports the high H;R affinity of this compound. The
bioactive conformation of 8R-terguride in the H;R seems to
be very similar to that of 8R-lisuride (Fig. 7, B and C).
However, in contrast to 8R-lisuride, the more flexible 8R-
terguride lacks one double bond, allowing for a stable folded
global minimum conformation with an intramolecular hydro-
gen bond between the carbonyl group and the protonated
tertiary amine. Consequently, the bioactive conformation of
8R-terguride in the H;R has a high relative molecular me-
chanics energy of 8.7 kcal/mol relative to its global energy
minimum. This may explain the lower H;R affinity of 8R-
terguride compared with the H;R affinity of 8R-lisuride (pK;
values of 6.1 and 7.9, respectively; Table 1). So far, pro-
nounced stereoselectivity has been demonstrated only for
H,R inverse agonists, such as cetirizine (Bakker et al., 2000,
2001). The highly stereo-selective H; receptor agonist li-
suride may allow refining of the existing molecular model of
the human H;R to include molecular interactions/activation
mechanisms of the receptor. In addition, ergolines closely
related in their chemical structure display varied intrinsic
activities (Table 1). Lysergol, an analog of lisuride in which
the double bond is conserved, seems to lack intrinsic H;R
activity and may represent a weak (pK; = 5.6), neutral H;R
antagonist. The analyses described herein argue that the
binding pocket of lisuride is overlapping, if not identical to,
the binding pocket of histamine (Fig. 7). Evaluation of the
numerous lisuride analogs that are described in literature
(Mantegani et al., 1999), combined with directed synthesis of
new molecules, may harbor great potential for the identifi-
cation of high-affinity H;R ligands displaying a range of
intrinsic activities.

The ergot alkaloids and derivatives have attracted great
interest for their broad spectrum of pharmacological action,
and these drugs find application in the treatment of a variety
of clinical conditions. It has been suggested that their diverse
biological properties may be best explained by assuming
these compounds interact with a variety of receptors (re-
viewed in Mantegani et al., 1999). Indeed, it has been recog-
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Fig. 6. Effects of 8R-lisuride on H;-receptor mediated calcium mobilization using HeLa cells endogenously expressing human H, receptors (A—-C) and
guinea pig ileum contractions (D). A, effects of histamine (10 uM, ®) and 8R-lisuride (10 uM, H) on calcium mobilization in Hela cells. B, effects of 1
M (C)) and 10 pwM (M) 8R-lisuride on histamine (10 uM, @) induced calcium mobilization. C, effects of 10 uM (M) 8R-lisuride on the calcium
mobilization induced by 10 uM ATP (). D, effects of a 30-min pretreatment with either 0.3 ((J) or 3.0 uM (M) 8R-lisuride on histamine (®)-induced
contractions of the guinea pig ileum. The arrows in A through C indicate a single injection of an individual ligand or a mixture of ligands (simultaneous
stimulations, no preincubations). Data shown for calcium mobilization assays are the average of eight individual measurements, and the data shown
for the guinea pig ileum contractions are the average of at least three independent measurements.

TABLE 2

Effects of mutational analysis of the H;R on the functional responses and binding affinities of various ligands compared with the wild-type
receptor

Receptor affinities (pKy and pK; values) and receptor expression levels (B, pmol/mg of protein) were determined by radioligand-displacement studies using

[®*H]mepyramine, functional responses were determined using the NF-« B reporter-gene assay. The pICy, and pK; values obtained for the mutant H;Rs are presented as the
shift (A ) compared with the values obtained for the wild-type receptor that are indicated in parentheses.

[3H]Mepyramine Mepyramine Histamine 8R-Lisuride TengE;i de
Receptor pPKy4 Bihax ApK; ApICsy ApK; ApEC;, ApK; ApEC;, a ApK;

H, 87+01 109+*64 (87x01 (79x02 “42=*01 (67*+01) ((79+01) (7.9=x0.1) 0.60=*0.04 (6.1 +=0.1)
H, Trp'®Ala 7.8 = 0.1 2.6 =0.6 -0.9 -0.7 >—2 -2.1 -1.5 -1.8 0.82 = 0.15 -1.3
H1 Asp107 Ala _b _b _b _b _b _c _b _c _c _b
H, Lys'®'Ala N.D. N.D. N.D. +0.4 N.D. -1.6 N.D. -14 0.57 = 0.08 N.D.
H, Thr***Ala 9.0 = 0.1 4.0 +20 +0.3 +0.1 -0.5 -0.7 +0.1 -0.4 0.63 = 0.07 0.0
H, Asn'®®*Ala 8.3 = 0.1 09 =*0.1 -04 +0.2 —-1.2 >—-2.7 -1.3 -1.8 0.23 + 0.04¢ -0.8

N.D., not determined.

2 Data relative to responses of the full agonist histamine (for which a=1).
® No [®*H]mepyramine binding was observed.

¢ No functional effects were observed.

4 Estimated from histamine response.

nized that norepinephrine, dopamine, and serotonin may be ious ergoline derivatives has thus yielded a variety of com-
viewed as structural elements of the ergoline ring system, pounds with quite different pharmacological activities. His-
which is shared by all the ergot alkaloids. Synthesis of var- tamine can be seen as a structural element of the ergoline
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Asn'#8(TM5)

Fig. 7. Exploration of the H;R agonist binding-pocket. Conformations of histamine (A, light-blue), 8R-lisuride (B, yellow), and 8R-terguride (C, green)
in the histamine H, R binding site after 100 ps of MD simulations. Hydrogen bonding with residues Asn'%® and Asp'°” is observed for all three agonists.
The amide groups in the side chains of 8R-lisuride and 8R-terguride make additional hydrogen bonds with residues Glu'®! and Lys'" in extracellular
loop 2 of the histamine H;R. An overlay of the binding sites of the three agonists is shown (D). TM, transmembrane domain; EL, extracellular loop.

ring system despite the presence of only two nitrogens in the
ring system of the ergolines (Fig. 1), as has been recognized,
for instance, in the case of LSD as an H;R and H,R agonist
(Green et al., 1977; Batzri and Dyer, 1982; Topiol and Sabio,
1991), as well as for lisuride as an H;R ligand (Beart et al.,
1986; Millan et al., 2002). It is thus not surprising that
8R-lisuride also has affinity, albeit significantly less than
that for the H,R, for human H,, H;, and H, receptors. In
addition, however, our data suggest that ergolines with de-
fined structures can be recognized by the human H;R and
may act as potent H;R agonists (see Table 1).

The identification of the heretofore unappreciated potent
partial agonist activity of lisuride at the human H;R raises a
number of questions regarding the clinical relevance of this
finding. Lisuride was initially developed for use as a dopa-
mine receptor agonist for the treatment of Parkinson’s dis-
ease, although its current use is limited secondary to the
development of newer compounds with better therapeutic
indices. It is efficacious in this indication; however, it has a
high propensity to induce adverse effects, including sleep
disorders, nausea, and vomiting (Herrmann et al., 1977; Al-

lain et al., 2000; Marona-Lewicka et al., 2002; Stocchi et al.,
2002), whereas first-generation H;R antagonists are used as
nonprescription remedies for insomnia (Richardson et al.,
2002) and are also effective against nausea (Peggs et al.,
1995). Lisuride, acting as a weak partial H;R agonist, may
act as an antagonist in vivo, as suggested by the effects of
lisuride on Ca®" signaling and ileum contractions using en-
dogenously expressed H,Rs; however, the extent to which the
known side effects of lisuride might be caused by agonistic/
antagonistic activity of lisuride at H;Rs in vivo remains
unknown.

Lisuride is far from selective for the H;R (Beart et al.,
1986; Boess et al., 1997; Egan et al., 1998; Marona-Lewicka
et al., 2002; Millan et al., 2002). Herein, we reported not only
the high H;R affinity of lisuride with an average pK; value of
7.9, which is in agreement with data reported in literature
for rat or guinea pig H;Rs (Beart et al., 1986; Millan et al.,
2002), but also the high potency of lisuride as a partial H;R
agonist with an average pEC;, value of 8.0. When function-
ally profiled using R-SAT, lisuride displays significantly
higher potency as an agonist at human D, and 5-HT,, recep-
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TABLE 3

Hydrogen bonding pattern during the last 50 ps of the MD run

In contrast to 5R,8R-lisuride, 5R,8R,10R-terguride and 5R,8S,10R-terguride, the
compound 5R,8S-lisuride is not able to form hydrogen bonds with Lys'™ and Glu'®!
in extracellular loop 2 of the histamine HIR.

% Hydrogen bonding with

Molecular Structure Asn1%® Asp®? Glu!®t Lys'™
5R,8R-Lisuride 99 97 97 87
5R,8S-Lisuride 929 94 0 0
5R,8R,10R- 100 81 85 100

Terguride
5R,8S,10R- 100 72 70 100
Terguride

tors, with nearly 100- to 400-fold selectivity for these sites
over H;Rs (data not shown). These data argue that the clin-
ical effects of lisuride represent the sum total of the interac-
tions with a number of different receptor sites and that it
probably could, on the basis of absolute potency, occupy H;Rs
in vivo. Moreover, these data suggest that one should be
cautious in using 2-iodolisuride in positron emission tomog-
raphy (PET) or single photon emission computed tomography
(SPECT) studies for monitoring D,, receptors in vivo (Prunier
et al., 2001) because H,Rs, which are highly expressed in the
central nervous system, may also be labeled to some extent.

In conclusion, we have identified 8R-lisuride as a high-
affinity partial H;R agonist that displays pronounced stereo-
specificity toward the receptor, providing both a valuable tool
for the in vitro study of H;Rs, as well as a promising template
for the development of specific high affinity H;R agonists.
The future development of such brain-penetrating H;R ago-
nists will advance our understanding of the role of the H;R in
the central nervous system and address outstanding ques-
tions regarding tolerability and therapeutic utility of H;R
agonists.

Acknowledgments

We thank Dr. H. Weinstein (Mount Sinai, New York) for careful
reading of the manuscript, and H. Lim and A. van Marle for technical
assistance.

References

Allain H, Destee A, Petit H, Patay M, Schuck S, Bentue-Ferrer D, and Le Cavorzin
P (2000) Five-year follow-up of early lisuride and levodopa combination therapy
versus levodopa monotherapy in de novo Parkinson’s disease. The French Lisuride
Study Group. Eur Neurol 44:22-30.

Arrang JM, Garbag M, Quach TT, Trung Tuong MD, Yeramian E, and Schwartz JC
(1985) Actions of betahistine at histamine receptors in the brain. Eur J Pharmacol
111:73-84.

Assanasen P and Naclerio RM (2002) Antiallergic anti-inflammatory effects of H1-
antihistamines in humans. Clin Allergy Immunol 17:101-139.

Bakker RA, Schoonus S, Smit MJ, Timmerman H, and Leurs R (2001) Histamine
H;-receptor activation of NF-«xB: roles for GBy and Gag/;;-subunits in constitutive
and agonist-mediated signaling. Mol Pharmacol 60:1133-1142.

Bakker RA, Wieland K, Timmerman H, and Leurs R (2000) Constitutive activity of
the histamine H; receptor reveals inverse agonism of histamine H; receptor
antagonists. Eur J Pharmacol 387:R5-R7.

Batzri S and Dyer J (1982) Direct action of p-lysergic acid diethylamide on dispersed
mucosal cells from guinea pig stomach. Biochem Pharmacol 31:2676—-2679.

Bayly CI, Cieplak P, Cornell WD, and Kollman PA (1993) A well behaved electro-
static potential based method using charge restraints for deriving atomic charges:
the RESP model. J Phys Chem 102:3787-3793.

Beart PM, McDonald D, Cincotta M, de Vries DJ, and Gundlach AL (1986) Selectiv-
ity of some ergot derivatives for 5-HT; and 5-HT, receptors of rat cerebral cortex.
Gen Pharmacol 17:57—62.

Boess FG, Monsma FJ Jr, Meyer V, Zwingelstein C, and Sleight AJ (1997) Interac-
tion of tryptamine and ergoline compounds with threonine 196 in the ligand
binding site of the 5-hydroxytryptamineg receptor. Mol Pharmacol 52:515-523.

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248-254.

Cornell WD, Cieplak P, Bayly C, Gould IR, Merz KM, Ferguson DM, Spellmeyer DC,
Fox T, Caldwell JW, and Kollmann PA (1995) A second generation force field for

the simulation of proteins, nucleic acids and organic molecules. J Am Chem Soc
117:5179-5197.

Egan CT, Herrick-Davis K, Miller K, Glennon RA, and Teitler M (1998) Agonist
activity of LSD and lisuride at cloned 5HTy, and 5HTy¢ receptors. Psychophar-
macology (Berl) 136:409—414.

Elz S, Kramer K, Leschke C, and Schunack W (2000a) Ring-substituted histaprod-
ifen analogues as partial agonists for histamine H,; receptors: synthesis and
structure-activity relationships. Eur J Med Chem 35:41-52.

Elz S, Kramer K, Pertz HH, Detert H, ter Laak AM, Kiithne R, and Schunack W
(2000b) Histaprodifens: synthesis, pharmacological in vitro evaluation and molec-
ular modeling of a new class of highly active and selective histamine H;-receptor
agonists. J Med Chem 43:1071-1084.

Fukui H, Fujimoto K, Mizuguchi H, Sakamoto K, Horio Y, Takai S, Yamada K, and
Ito S (1994) Molecular cloning of the human histamine H, receptor gene. Biochem
Biophys Res Commun 201:894-901.

Gantz I, Munzert G, Tashiro T, Schaffer M, Wang L, Del Valle J, and Yamada T
(1991) Molecular cloning of the human histamine H, receptor. Biochem Biophys
Res Commun 178:1386—1392.

Green JP, Johnson CL, Weinstein H, and Maayani S (1977) Antagonism of hista-
mine-activated adenylate cyclase in brain by p-lysergic acid diethylamide. Proc
Natl Acad Sci USA 74:5697-5701.

Gutowski S, Smrcka A, Nowak L, Wu DG, Simon M, and Sternweis PC (1991)
Antibodies to the o, subfamily of guanine nucleotide-binding regulatory protein «
subunits attenuate activation of phosphatidylinositol 4,5-bisphosphate hydrolysis
by hormones. J Biol Chem 266:20519-20524.

Herrmann WM, Horowski R, Dannehl K, Kramer U, and Lurati K (1977) Clinical
effectiveness of lisuride hydrogen maleate: a double-blind trial versus methyser-
gide. Headache 17:54—60.

Husak M, Kratochvil B, Sedmera P, Havlicek V, Votavova H, Cvak L, Bulej P, and
Jegorov A (1998) Molecular structure of cis- and trans-tergurides. Collection
Czechoslovak Chem Commun 63:425—-433.

Iinuma K, Yokoyama H, Otsuki T, Yanai K, Watanabe T, Ido T, and Itoh M (1993)
Histamine H; receptors in complex partial seizures. Lancet 341:23819.

Leopoldt D, Harteneck C, and Niirnberg B (1997) G proteins endogenously expressed
in Sf 9 cells: interactions with mammalian histamine receptors. Naunyn-
Schmiedeberg’s Arch Pharmacol 356:216-224.

Leurs R, Smit MJ, Menge WM, and Timmerman H (1994) Pharmacological charac-
terization of the human histamine H, receptor stably expressed in Chinese ham-
ster ovary cells. Br J Pharmacol 112:847—-854.

Liu C, Ma XJ, Jiang X, Wilson SJ, Hofstra CL, Blevitt J, Pyati J, Li X, Chai W,
Carruthers N, et al. (2001) Cloning and pharmacological characterization of a
fourth histamine receptor (H,) expressed in bone marrow. Mol Pharmacol 59:420—
426.

Lovenberg TW, Roland BL, Wilson SJ, Jiang X, Pyati J, Huvar A, Jackson MR, and
Erlander MG (1999) Cloning and functional expression of the human histamine Hg
receptor. Mol Pharmacol 55:1101-1107.

Majno G and Palade GE (1961) Studies on inflammation. I. The effect of histamine
and serotonin on vascular permeability: an electron microscopic study. J Biophys
Biochem Cytol 11:571-605.

Malinowska B, Piszcz J, Schlicker E, Kramer K, Elz S, and Schunack W (1999)
Histaprodifen, methylhistaprodifen and dimethylhistaprodifen are potent H1-
receptor agonists in the pithed and in the anaesthetized rat. Naunyn-
Schmiedeberg’s Arch Pharmacol 359:11-16.

Malmberg-Aiello P, Ipponi A, Bartolini A, and Schunack W (2000) Antiamnesic effect
of metoprine and of selective histamine H; receptor agonists in a modified mouse
passive avoidance test. Neurosci Lett 288:1-4.

Malmberg-Aiello P, Lamberti C, Ipponi A, Bartolini A, and Schunack W (1998)
Evidence for hypernociception induction following histamine H; receptor activa-
tion in rodents. Life Sci 63:463—476.

Mantegani S, Brambilla E, and Varasi M (1999) Ergoline derivatives: receptor
affinity and selectivity. Farmaco 54:288-296.

Marona-Lewicka D, Kurrasch-Orbaugh DM, Selken JR, Cumbay MG, Lisnicchia JG,
and Nichols DE (2002) Re-evaluation of lisuride pharmacology:
5-hydroxytryptamine;, receptor-mediated behavioral effects overlap its other
properties in rats. Psychopharmacology (Berl) 164:93-107.

Millan MJ, Maiofiss L, Cussac D, Audinot V, Boutin JA, and Newman-Tancredi A
(2002) Differential actions of antiparkinson agents at multiple classes of monoam-
inergic receptor. I. A multivariate analysis of the binding profiles of 14 drugs at 21
native and cloned human receptor subtypes. J Pharmacol Exp Ther 303:791-804.

Moguilevsky N, Differding E, Gillard M, and Bollen A (1998) Rational drug design
using mammalian cell lines expressing site-directed mutants of the human H;
histaminic receptor, in Animal Cell Technology: Basic & Applied Aspects (Nagai K
and Wachi M eds) pp 65-69, Kluwer Academic Publishers, Dordrecht, The Neth-
erlands.

Moguilevsky N, Varsalona F, Guillaume JP, Noyer M, Gillard M, Daliers J, Héni-
chart JP, and Bollen A (1995) Pharmacological and functional characterisation of
the wild-type and site-directed mutants of the human H; histamine receptor stably
expressed in CHO cells. J Recept Signal Transduct Res 15:91-102.

Ohta K, Hayashi H, Mizuguchi H, Kagamiyama H, Fujimoto K, and Fukui H (1994)
Site-directed mutagenesis of the histamine H; receptor: roles of aspartic acid'%?,
asparagine'®® and threonine'®*. Biochem Biophys Res Commun 203:1096-1101.

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, Le Trong I,
Teller DC, Okada T, Stenkamp RE, et al. (2000) Crystal structure of rhodopsin: a
G protein-coupled receptor. Science (Wash DC) 289:739—745.

Peggs JF, Shimp LA, and Opdycke RA (1995) Antihistamines: the old and the new.
Am Fam Physician 52:593—-600.

Prunier C, Tranquart F, Cottier JP, Giraudeau B, Chalon S, Guilloteau D, De Toffol
B, Chossat F, Autret A, Besnard JC, et al. (2001) Quantitative analysis of striatal
dopamine D2 receptors with ?*I-iodolisuride SPECT in degenerative extrapyra-
midal diseases. Nucl Med Commun 22:1207-1214.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Richardson GS, Roehrs TA, Rosenthal L, Koshorek G, and Roth T (2002) Tolerance
to daytime sedative effects of H1 antihistamines. o Clin Psychopharmacol 22:511—
515.

Scherkl R, Hashem A, and Frey HH (1991) Importance of histamine for seizure
susceptibility. Agents Actions Suppl 33:85—89.

Schlicker E, Kozlowska H, Kwolek G, Malinowska B, Kramer K, Pertz HH, Elz S,
and Schunack W (2001) Novel histaprodifen analogues as potent histamine H;-
receptor agonists in the pithed and in the anaesthetized rat. Naunyn-
Schmiedeberg’s Arch Pharmacol 364:14—20.

Schmidt MW, Balderidge KK, Boatz JA, Elbert ST, Gordon MS, Jensen JH, Koseki
S, Matsunage N, Nguyen KA, Su SJ, et al. (1993) A general atomic and molecular
electronic structure system. J Comput Chem 14:1347-1363.

Schwartz JF and Patterson JH (1978) Am J Dis Child 132:37.

Seifert RJ, Wenzel-Seifert K, Burckstummer T, Pertz HH, Schunack W, Dove S,
Buschauer A, and Elz S (2003) Multiple differences in agonist- and antagonist
pharmacology between human and guinea pig histamine H,-receptor. J Pharma-
col Exp Ther 305:1104-1115.

Simons FE and Simons KJ (2002) Clinical pharmacology of H;-antihistamines. Clin
Allergy Immunol 17:141-178.

Stocchi F, Ruggieri S, Vacca L, and Olanow CW (2002) Prospective randomized trial
of lisuride infusion versus oral levodopa in patients with Parkinson’s disease.
Brain 125:2058-2066.

Tashiro M, Mochizuki H, Iwabuchi K, Sakurada Y, Itoh M, Watanabe T, and Yanai
K (2002) Roles of histamine in regulation of arousal and cognition: functional
neuroimaging of histamine H; receptors in human brain. Life Sci 72:409—-414.

Topiol S and Sabio M (1991) The computational design of test compounds with
potentially specific biological activity: histamine-H2 agonists derived from
5-HT/H2 antagonists. J Comput Aided Mol Des 5:263-272.

Tuomisto L and Tacke U (1986) Is histamine an anticonvulsive inhibitory transmit-
ter? Neuropharmacology 25:955-958.

Walter LA, Hunt WH, and Fosbinder RJ (1941) B-(2- and 4-pyridylalkyl)-amines. J
Am Chem Soc 63:2771-2773.

8R-Lisuride as a Potent H,-Receptor Partial Agonist 549

Watson C, Chen G, Irving P, Way J, Chen WJ, and Kenakin T (2000) The use of
stimulus-biased assay systems to detect agonist-specific receptor active states:
implications for the trafficking of receptor stimulus by agonists. Mol Pharmacol
58:1230-1238.

Weiner DM, Burstein ES, Nash N, Croston GE, Currier EA, Vanover KE, Harvey SC,
Donohue E, Hansen HC, Andersson CM, et al. (2001) 5-Hydroxytryptamine,,
receptor inverse agonists as antipsychotics. J Pharmacol Exp Ther 299:268-276.

Wellendorph P, Goodman MW, Burstein ES, Nash NR, Brann MR, and Weiner DM
(2002) Molecular cloning and pharmacology of functionally distinct isoforms of the
human histamine Hg receptor. Neuropharmacology 42:929-940.

Windaus A and Vogt W (1907) Synthese des Imidazolyl-dthylamins Ber Dtsch Chem
Ges 40:3691-3695.

Woosley RL (1996) Cardiac actions of antihistamines. Annu Rev Pharmacol Toxicol
36:233-252.

Yokoyama H, Onodera K, linuma K, and Watanabe T (1993) Proconvulsive effects of
histamine H1-antagonists on electrically-induced seizure in developing mice. Psy-
chopharmacology 112:199-203.

Yokoyama H, Onodera K, linuma K, and Watanabe T (1994) 2-Thiazolylethylamine,
a selective histamine H1 agonist, decreases seizure susceptibility in mice. Phar-
macol Biochem Behav 47:503-507.

Yokoyama H, Onodera K, Maeyama K, Yanai K, linuma K, Tuomisto L, and Wa-
tanabe T (1992) Histamine levels and clonic convulsions of electrically-induced
seizure in mice: the effects of alpha-fluoromethylhistidine and metoprine. Naunyn-
Schmiedeberg’s Arch Pharmacol 346:40—45.

Zingel V, Leschke C, and Schunack W (1995) Developments in histamine H;-receptor
agonists. Prog Drug Res 44:49—-85.

Address correspondence to: R. A. Bakker, Leiden/Amsterdam Center for
Drug Research, Department of Medicinal Chemistry, Vrije Universiteit Am-
sterdam, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands. E-mail:
ra.bakker@few.vu.nl

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

1048

Correction to “8R-Lisuride is a potent
stereospecific histamine H1-receptor partial
agonist”

In the above article [Bakker RA, Weiner DM, ter Laak T, Beuming T, Zuiderveld OP,
Edelbroek M, Hacksell U, Timmerman H, Brann MR, and Leurs R (2004) Mol Pharmacol
65:538-549], the footnotes reporting the current addresses of two of the authors were
incorrect. Those addresses should have been:

for T. ter Laak: CDCC/Computational Chemistry, Research Laboratories, Schering AG,
Miillerstr. 178, 13342 Berlin-Wedding, Germany.

for T. Beuming: Department of Physiology and Biophysics, Mount Sinai School of
Medicine, New York, NY 10029-6574.

We regret this error and apologize for any confusion or inconvenience it may have
caused.
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