J. Med. Chem. 2000, 43, 1071—-1084 1071

Histaprodifens: Synthesis, Pharmacological in Vitro Evaluation, and Molecular
Modeling of a New Class of Highly Active and Selective Histamine H;-Receptor
Agonists'’

Sigurd Elz,® Kai Kramer,® Heinz H. Pertz,® Heiner Detert,” Anton M. ter Laak,” Ronald Kuhne,” and
Walter Schunack*:$

Institut fur Pharmazie, Freie Universitat Berlin, Konigin-Luise-Strasse 2+4, D-14195 Berlin (Dahlem), Germany,
Institut fur Organische Chemie, Johannes Gutenberg-Universitat, J.-J. Becherweg 18-20, D-55099 Mainz, Germany, and
Forschungsinstitut fur Molekulare Pharmakologie, Alfred-Kowalke-Strasse 4, D-10315 Berlin, Germany

Received April 12, 1999

A new class of histamine analogues characterized by a 3,3-diphenylpropyl substituent at the
2-position of the imidazole nucleus has been prepared outgoing from 4,4-diphenylbutyronitrile
(4b) via cyclization of the corresponding methyl imidate 5b with 2-oxo-4-phthalimido-1-butyl
acetate or 2-oxo-1,4-butandiol in liquid ammonia, followed by standard reactions. The title
compounds displayed partial agonism on contractile H; receptors of the guinea-pig ileum and
endothelium-denuded aorta, respectively, except 10 (histaprodifen; 2-[2-(3,3-diphenylpropyl)-
1H-imidazol-4-yllethanamine) which was a full agonist in the ileum assay. While 10 was
equipotent with histamine (1), methylhistaprodifen (13) and dimethylhistaprodifen (14)
exceeded the functional potency of 1 by a factor of 3—5 (13) and 2—3 (14). Compounds 10 and
13-17 relaxed precontracted rat aortic rings (intact endothelium) with relative potencies of
3.3- up to 28-fold (compared with 1), displaying partial agonism as well. Agonist effects were
sensitive to blockade by the selective H;-receptor antagonist mepyramine (pA; ~ 9 (guinea-
pig) and pA, ~ 8 (rat aorta)). The affinity of 10 and 13—17 for guinea-pig H; receptors increased
20- to 100-fold compared with 1. Two lower homologues of 10 were weak partial H;-receptor
agonists while two higher homologues of 10 were silent antagonists endowed with micromolar
affinity for rat and guinea-pig H; receptors. In functional selectivity experiments, 10, 13, and
14 did not stimulate H,, Hs, and several other neurotransmitter receptors. They displayed
only low to moderate affinity for these sites (pA; < 6). For a better understanding of structure—
activity relationships, the interaction of 1 and 10, 13 and 14 within the transmembrane (TM)
domains of the human histamine H; receptor were studied using molecular dynamics
simulations. Remarkable differences were found between the binding modes of 10, 13, and 14
and that of 1. The imidazole ring of 10, 13, and 14 was placed ‘upside down’ compared with 1,
making the interaction of the N"-atom with Tyr431 possible. This new orientation was mainly
caused by the space filling substitution at the 2-position of the imidazole ring and influenced
the location of the protonated N*-atom which was positioned more between TM 11l and TM VI.
This orientation can explain both the increased relative potency and the maximum effect of
10, 13, and 14 compared with 1. Compound 13 (methylhistaprodifen; N*-methyl-2-[2-(3,3-
diphenylpropyl)-1H-imidazol-4-yllethanamine) is the most potent histamine H;-receptor agonist
reported so far in the literature and may become a valuable tool for the study of physiological
and pathophysiological H;-receptor-mediated effects.

Introduction Chart 1

During the last 15 years it has been demonstrated R
that histamine (1, Chart 1) exerts an immense diversity N NH, N Ney
of physiological and pathophysiological effects via in- 2 [* Q-(’ ]/\/
teraction with histamine H; receptors. For example, 1 N—s ”
seems to be an anticonvulsive inhibitory transmitter4> H FaC 2 R=H
and a central inhibitor of intestinal transit.® Further- 1 Histamine 3 R=CH;
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Chart 2. H;-Receptor Antagonists Therapeutically Used
as Antiallergics, Characterized by a Diphenylmethyl
Substituent
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waking state.1? Unfortunately, the studies of the effects
of 1 have been limited by the lack of highly potent and
selective histamine Hj-receptor agonists. While for the
histamine H, and Hj receptors highly potent agonists
have been described which exceed the potency of the
endogeneous ligand by a factor of 10 to 100,714 the
search for potent high-affinity H;-receptor agonists has
been an arduous task for several decades.'>6

One of the first synthetic H;-receptor agonists was
2-(2-thiazolyl)ethanamine. This compound is commonly
used as an Hj-receptor agonist although it displays only
moderate potency and selectivity for this receptor
subtype. It has previously been shown that the attach-
ment of a small alkyl residue (2-methylhistaminel?-18)
or a phenyl residue (2-phenylhistamine’®) to the 2-posi-
tion of histamine?® affords agonists with moderate
activity but higher selectivity for H; receptors. A
remarkable increase in H;-receptor agonist activity has
been achieved by the introduction of different substit-
uents in the meta position of the phenyl ring. Finally,
this has led to 2-(3-trifluoromethylphenyl)histamine (2),
a compound that slightly exceeds the potency of hista-
mine on the guinea-pig ileum (relative potency: 128%;
histamine 100%).2! On the basis of the findings that, in
a series of N*-substituted 2-methylhistamines, N*-mono-
and dimethylation caused improved H;-receptor agonist
potency,?? we have reported the synthesis of N“-methyl-
2-(3-trifluoromethylphenyl)histamine (3).2®8 This com-
pound acts as a full H;-receptor agonist in the guinea-
pig ileum assay with a relative potency of 174%.

Some 2-substituted histamine derivatives have re-
cently been found to stimulate G-proteins in a receptor-
independent manner.242> A common feature of some
clinically used H;-receptor antagonists belonging to the
first, second, and third generation?6 is the presence of
a diphenylmethyl substituent which is believed to confer
high receptor affinity on these H; antihistamines (Chart
2). When a series of potentially G-protein-stimulatory
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Scheme 1. Synthesis of Nitriles 4a—d?
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a(a) SOCIy; (b) lig. NHs; (c) P4O10; (d) KNHy, lig. NH3, Et20
(=70 °C), Br(CH2)2CN or Br(CH2)sCN or CI(CH2)4CN; (e) LiAlHa,
Et,0, column chromatography; (f) SOCl,, 4-DMAP (cat.), CHxCly,
column chromatography; (g) diethyl malonate, NaH, Nal (cat.),
DMF, KOH; (h) 180 °C (in vacuo); (i) CSI (CISO,N=C=0),%0
CH.Cl5.

histamine analogues combining a histamine moiety with
a w,w-diphenylalkyl substituent were screened for Hj-
receptor affinity, compound 10 (Chart 1, 2-[2-(3,3-
diphenylpropyl)imidazol-4-yllethanamine, histaprod-
ifen) was surprisingly identified as an Hj-receptor
agonist, being equipotent with 1.12

The present report deals with the synthesis of hista-
prodifen (10), homologous compounds, and N®-substi-
tuted analogues, their in vitro characterization in
several functional Hi-receptor assays, and their selec-
tivity, respectively. Furthermore, the putative interac-
tion of 1 and the most potent histaprodifens with the
helical transmembrane (TM) domains of the human
histamine H; receptor (hH1R) has been studied using
molecular dynamics (MD) simulations. The TM domain
model of the hH1R was derived from electron-density
mapping of frog rhodopsin.?”

Chemistry

2-(w,w-Diphenylalkyl)imidazoles were prepared from
the respective w,w-diphenylalkannitriles 4a—d (Scheme
1) by cyclization of the corresponding methyl imidates
5a—d with appropriate C4 synthons in liqguid ammonia?®
in order to avoid a multistep procedure for the construc-
tion of the histamine side chain (Scheme 2).

4,4-Diphenylbutyronitrile (4b) and higher homologues
4c and 4d were obtained from a potassium amide/liquid
ammonia solution of diphenylmethane by alkylation
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Scheme 2. Synthesis and Structure of Final
Compounds 9—172° Including Structure of the
Previously Described 81°
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a(a) MeOH, SOCI; (—30 °C); (b) 2-oxo0-4-phthalimido-1-butyl
acetate,32 lig. NHs; (c) N2Hy; (d) 2-oxobutan-1,4-diol,3! lig. NHg;

(e) SOCly; (f) NHR!R?, KI, K,CO3, H,O/EtOH, chromatographic
purification. PFor R! and R?, see also Table 1.

with appropriate w-bromo- or w-chloroalkannitriles
(Scheme 1). 3,3-Diphenylpropionitrile (4a) was synthe-
sized from commercially available 3,3-diphenylpropionic
acid.?® This acid also served as starting material for an
alternative preparation of 4c via C-alkylation of diethyl
malonate with 1-chloro-3,3-diphenylpropane, saponifica-
tion of the diester, and subsequent monodecarboxyla-
tion. The resulting 5,5-diphenylvaleric acid was con-
verted into the nitrile 4c by treatment with chlorosul-
fonylisocyanate.30

Reaction of the nitriles 4a—c with an excess of dry
methanol and thionyl chloride afforded methyl imidates
5a—d. The substituted methyl butyrimidate 5b was
cyclized to imidazole ethanol 6 by treatment with
2-oxobutan-1,4-diol in liguid ammonia. 2-Oxobutan-1,4-
diol was readily available by mercury(ll)-catalyzed
addition of water to butin-1,4-diol.3! Imidazole ethanol
6 was converted to the corresponding chloroethane 7
which yielded N%substituted 2-(3,3-diphenylpropyl)-
histamine derivatives 13—17 upon treatment with
excess amine. Cyclization of 5a—d in the presence of
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2-o0xo0-4-phthalimido-1-butyl acetate®? in liquid ammonia
gave the primary amines 9—12 after deprotection. After
workup, the target compounds were purified by chro-
matographic methods and crystallized as dihydrogen
oxalates or dihydrogen maleates, respectively.

Biological Results and Discussion

H;-Receptor Agonism on the Isolated Guinea-
Pig lleum. The novel histamine derivatives 9—17 were
routinely examined for Hi-histaminergic properties on
the guinea-pig ileum preparation (Table 1). In the series
of homologues 8—12, only histaprodifen (10) displayed
contractile potency comparable with that of 1, while the
lower homologues 81° and 9 were partial agonists with
reduced potency (8% and 0.5%) and diminished affinity
(pKp = 5.4 and 3.9; for pKp see below). Both higher
homologues of 10, viz. 11 and 12, were devoid of agonist
effects but, like 10, possess micromolar affinity for the
Hj receptor (pAz =~ 6).

While the agonist potency of 10 and 15—17 was
similar to that of 1, the methyl derivatives of 10, viz.
methylhistaprodifen (13) and dimethylhistaprodifen
(14), were significantly more potent than 1 by an
approximate factor of 3.5 and 2.5, respectively. Hence
compound 13 is the most potent H;-receptor agonist on
the guinea-pig ileum reported in the literature. With
regard to the obtained maximal contraction, substitu-
ents bulkier than methyl, e.g., ethyl (15) and cyclopropyl
(16), or a tertiary amine structure (14, 17) lead to partial
agonism, while 13 virtually displays a full agonist
behavior on the ileal preparation. Affinity constants
around 1 nM (pA; ~ 9) were calculated for the reference
Hj-receptor antagonist mepyramine when the interac-
tion of this compound with the new agonists 10 and 13—
17 was studied (Table 5). Increasing concentrations of
mepyramine resulted in a depression of the concentra-
tion—effect curves of the respective agonist (Figure 1,
upper panel) which is often seen for H;-receptor agonists
with low or missing receptor reserve. This phenomenon
may be the result of a ‘hemi-equilibrium’ state between
agonist and antagonist?13% and indicates slow kinetics
of the drugs involved. Indeed the ileal contractions
elicited by 10 and 13—17, which are rather lipophilic
molecules, developed less rapidly compared with hista-
mine, especially when mepyramine was present. None-
theless the concentration-dependent rightward shift of
the curves for 10 induced by mepyramine led to a Schild
plot slope3* of unity (Figure 1, upper panel). When the
contractile response evoked by 10 and 13—17 was
allowed to fade to a more or less constant level, a
rightward displacement of a following concentration—
effect curve for histamine could be observed (Figure 1,
lower panel). Analysis of this rightward displacement
gave an estimate of the dissociation constant (pKp) of
the partial-agonist/receptor complex3>36 which lies in
the micromolar range (Table 1). Compared with hista-
mine (pK; = 4.4 on guinea-pig cerebellar membranes??),
the affinity of the members of the described histaprod-
ifen series was approximately increased by a factor of
20-100.

H;-Receptor Agonism on the Isolated Guinea-
Pig Aorta. The most potent histaprodifens 10, 13, 14,
and 16 were studied in an arterial, endothelium-
denuded guinea-pig preparation for their ability to evoke
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Table 1. Contraction of Guinea-Pig lleal Whole Segments by Histamine and Histaprodifens 8—172

Q
O

R1

N N‘RZ
(CHz)n—<'N |

agonism antagonism vs histamine
relative  (95% confidence cd
compd n R! R? NP pPECso £ SEM  potency limits) Emax = SEM NP pKgp® + SEM [uM]
8 0 H H 7 559 +£0.11 8 (4—15) 28+ 4 5 5.37+£0.03 100
9 1 H H 13 4.39 + 0.05 0.5 (0.4-0.6) 50+ 6 5 3.87+£0.08 100
10 2 H H 34 6.74 £ 0.02 111 (99—-124) 1008 12 6.04 +0.05 3-30f
11 3 H H 13 2+1 10 5.94 £0.049 3-10
12 4 H H 5 0 5 6.2140.02h 5
13 2 CHs H 19 7.24 £0.02 343 (308—382) 99 £ 1i 13 6.45+0.04 30
14 2 CHs CHs 16 7.08 £ 0.04 242 (199-295) 89+t1 16 6.40 +£0.03 30
15 2 CuHs H 10 6.52 + 0.04 65 (53—81) 89+2 6 5.75+0.09 20
16 2 cC3Hs H 9 6.83 £ 0.04 134i (111-162) 64 £2 10 6.17 £0.05 1-3
17 2 —(CH2)s— 8 6.53 £ 0.05 67 (51-88) 28+5 8 6.52+0.05 30
histamine >100 6.70 £ 0.02 100 100

a All experiments carried out in the presence of 0.1 «M atropine. ® Number of experiments. ¢ Negative logarithm of the partial-agonist/
receptor dissociation constant Kp.353¢ d Concentration of partial agonist or antagonist. Incubation time 5—10 min (10—14, 16), 3 min
(15), and 1 min (8, 9, 17), respectively. @ Mean not significantly different from 100 (99.4 &+ 0.4, P > 0.05). f Analyzed by Kaumann-Marano
plot,3¢ see Figure 1 (lower panel). 9 pA; value. When calculated as pKp: 5.98 + 0.04. " pA; value. I Mean significantly different from 100

(98.7 £ 0.5, P < 0.02). i Significantly different from 100 (P < 0.01).
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Figure 1. Upper panel: Contraction of guinea-pig ileum
(whole segments) by histaprodifen (10) in the absence (®, n =
17, Emax = 100%) and presence of the competitive Hi-receptor
antagonist mepyramine [nM]: 1 (O, n = 5, Emax = 89 £ 2%),
3(a,n=4,70 + 1%), 10 (O, n = 4, 57 + 8%), and 30 (v, n =
4, 47 + 9%). Inset: The Schild plot for mepyramine yielded a
straight line of slope unity (0.90 + 0.06, n = 17, not signifi-
cantly different from 1.00) and a full pA; value of 9.11 + 0.04.
Lower panel: Contraction of guinea-pig ileum (whole segments)
by histamine in the absence (®, n = 10) and presence of
histaprodifen (10) [«M] (incubation time, Enax £ SEM induced
by histamine): 3 (v, 10 min, 98 + 1%), 10 (M, 10 min, 89 +
3%), and 30 (A, 3 min, 73 £ 2%), respectively (n = 4 each).
The initial response to 10 (open symbols) faded during the
incubation period (closed symbols below). Inset: The Kaumann-
Marano plot® for 10 gave a straight line of slope unity (0.94
+ 0.12, n = 12, not significantly different from 1.00) and a
pKp value of 6.04 + 0.05.

Hj-receptor-mediated vasoconstriction. In the absence
of PGF,,,2137 aortic rings displayed low sensitivity for
1, and 10, 13, 14, and 16 had lower pECsy values
compared with the ileum assay, too (Table 2). All
compounds were partial agonists (relative maximum
effects < 75%, Figure 2, upper panel). pECs values
echoed pKp values obtained on the ileum preparation
of the same species. The relative maximum effect of 10,
13, and 14 increased to 80—90% when the aortic
preparations were precontracted by a threshold concen-
tration of PGF,, (Figure 2, lower panel). The sensitiza-
tion was typically characterized by an increase of pECsg
values for histaprodifens and 1 (ApECso ~ 0.8, Table
3). Perfectly matching the ileum data, 10 was virtually
equipotent with 1 under both experimental conditions,
and 13 and 14 exceeded the potency of 1 by an
approximate factor of 4.3 and 2.7, respectively. In both
experimental sets the contractile effects were suscep-
tible to specific blockade by mepyramine, yielding pA;
values around 9 (Table 5). Under both experimental
conditions the higher homologues 11 and 12 displayed
H;-receptor antagonism comparable with the ileum data
(PA2 =~ 6.0).

H:-Receptor Agonism on the Isolated Rat Aorta
with Intact Endothelium. Histamine relaxes rat
aortic segments precontracted with noradrenaline383°
or phenylephrine*® via the release of nitric oxide,
provided that an intact endothelium is present. Since
some histaprodifens displayed moderate osp-adrenocep-
tor blocking potency (see below), U46619, a TP(throm-
boxane-A,)-receptor agonist, was used as vasoconstrictor
agent. Histamine as well as the histaprodifens 10 and
13—17 exerted a vasodilator response on rat aortic rings
submaximally and stably precontracted with U46619
(Table 4). Compared to the guinea-pig tissues, the
endothelial H; receptor displayed substantially lower
sensitivity for 1 (pECso = 5.35) while the pECso values
of the new agonists remained in the range of 6—7,
leading to increased relative potencies of 331—2825%.
The rank order of potency was similar to that obtained
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Table 2. Contraction of Endothelium-Denuded Guinea-Pig Aortic Segments (Primed with Histamine) by 1 and Histaprodifens 10—14

and 162
compd NP pPECso = SEM relative potency (95% confidence limits) Emax® £ SEM

10 12 5.71 +0.02 115d (105—-126) 72+2
11 6 [pA2 =5.80 £+ 0.05 (5.68—5.93)] 0°
12 6 [pA2 =6.00 £+ 0.10 (5.75—6.25)] 0¢
13 12 6.31 + 0.03 4584 (399-526) 63 + 2
14 12 6.08 + 0.04 2724 (226—326) 54 + 2
16 9 5.64 + 0.03 97 (85—111) 52 +3

1 74 5.65 + 0.02 100 100

a For structure, see Table 1. Number of experiments. ¢ Formerly termed ‘intrinsic activity’.*® Second curves of histamine controls
arbitrarily set to 100%. 9 Significantly more potent than histamine (P < 0.01). ¢ At 10 uM.

Table 3. Contraction of Endothelium-Denuded Guinea-Pig Aortic Segments (Precontracted with a Threshold Concentration of PGF5,)
by 1 and Histaprodifens 10—142

compd NP PECso + SEM relative potency (95% confidence limits) Emax® £ SEM
10 11 6.51 +0.04 101 (81—-126) 84 + 2
11 5 [pPA2 =5.92 £0.10 (5.66—6.19)] 0d
12 5 [pPA2 = 6.08 £ 0.12 (5.76—6.40)] od
13 13 7.11 +0.07 4108 (296—569) 89+4
14 11 6.92 + 0.07 265°¢ (183—-385) 85+4
1 25 6.50 + 0.04 100 100

a For structure, see Table 1. ® Number of experiments. ¢ Formerly termed ‘intrinsic activity’.8¢ Maximum of histamine controls (relative
to contraction evoked by 10 uM PGFy,) arbitrarily set to 100%. 9 At 10 «M. ¢ Significantly more potent than histamine (P < 0.01).
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Figure 2. Upper panel: Contraction of guinea-pig aortic rings
by histamine (B, n = 17, Emax = 114 + 2%), 13 (®, n =12, 71
+ 2%), and 14 (A, n = 12, 57 £+ 2%) in the absence of
antagonist, and by 13 (O, n = 5, 68 & 5%) in the presence of
mepyramine (5 nM, 30 min, pA; = 8.87 + 0.11). Only second
curves are shown. For pharmacological parameters of agonists,
see Table 2. Lower panel: Contraction of guinea-pig aortic rings
(precontracted with a threshold concentration of PGF,,) by
histamine (W, n = 13, Emax = 147 + 7% relative to maximum
response to 10 uM PGFy,), 13 (@, n = 13, 132 + 10%), and 14
(a,n =11, 126 4+ 8%) in the absence of antagonist, and by 13
(O, n =4, 103 + 7%) in the presence of mepyramine (100 nM,
60 min, pA; = 8.75 £ 0.07). For pharmacological parameters
of agonists, see Table 3.

in the guinea-pig ileum. Histaprodifen (10) and ana-
logues 13—17 were partial agonists (relative Eqax <
62%). Their effect was sensitive to antagonism by

mepyramine (Table 5, Figure 3 for 13). However, the
affinity of mepyramine was attenuated by 1 order of
magnitude for all agonists studied (pA; ~ 8). This result
is in line with reports on noticeably lower affinity of
mepyramine in native rat tissues compared with guinea-
pig or human preparations.> On the other hand, reduc-
tion of antagonist affinity vis-a-vis to rat H; receptors
was not detected for homologues 11 and 12 (pA; ~ 5.8
compared to 6.0 on guinea-pig assays).

Interaction with Other Neurotransmitter Re-
ceptors. The histaprodifens 10 and 13—16 did not
stimulate atrial H; receptors and ileal H3 heterorecep-
tors of the guinea-pig. Their antagonist affinity at these
sites was low (Hy: pD’, < 5) or not determinable (Hs:
pA; < 5.8, or < 6.0 (15), or < 6.3 (16)) because
micromolar affinity of 10 and 13—16 for cholinergic M3
receptors in the ileum preparation prevented the use
of higher antagonist concentrations (Table 6). The
antagonist affinity of 10, 13, and 14 in several functional
adrenoceptor and 5-HT-receptor assays was low (pA; <
5.5) or not measurable (5-HT3, 5-HT,) due to the same
reason described above for the Hs-receptor interaction.
Agonist effects were not observed for 10, 13, and 14.

Molecular Modeling

For a better understanding of structure—activity
relationships, the interactions of histamine and the
histaprodifens 10, 13, and 14 within the transmem-
brane (TM) domains of the human histamine H; recep-
tor (hH1R) were studied using molecular dynamics (MD)
simulations. To place the agonists into the putative
receptor site, the experimentally detected interaction of
the protonated nitrogen of the Hi-receptor agonists with
Aspl107 was used as a distance restraint. This residue
is well conserved among biogenic amine receptors and
is one of the most crucial amino acids for the binding of
Hi-receptor agonists and antagonists.*142 A second
group of constraints were set between the nitrogens of
the imidazole ring and the upper part of TM V. These
constraints reflect results of site directed mutagenesis
studies showing a direct influence of Asn198 and Lys191
on the binding of histamine.*3-45 The last 100 ps of the
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Table 4. Relaxation of Rat Aortic Rings (with Intact Endothelium, Submaximally Precontracted with 15.8 nM U46619) by Histamine

and Histaprodifens 10—172

Emax £ SEM Emax £ SEM¢
compd NP PECso + SEM relative potency (95% confidence limits) (% carbachol) (% histamine)
10 9 6.07 + 0.08 528 (330—847) 46 + 4 50 +4
11 6 [pA2 =5.72 £ 0.14 (5.35—6.09)] 0 0d
12 6 [pA2 =5.97 £ 0.09 (5.75—6.20)] 0 od

13 10 6.80 + 0.07 2825 (1854—4305) 55+5 61+6
14 10 6.77 £ 0.04 2649 (1919—3656) 51+3 55+3
15 6 6.19 + 0.07 684 (473—989) 44 £5 47+ 6
16 12 6.45 + 0.09 1250 (805—1941) 56 + 3 62+ 3
17 6 5.87 + 0.05 331 (244—450) 21+ 4 21+ 4
histamine 18 5.35 +0.04 100 91+2 100

a For structure, see Table 1. ® Number of experiments. ¢ Formerly termed ‘intrinsic activity'.#8 Maximum of histamine controls (relative
to maximum relaxation evoked by carbachol) arbitrarily set to 100%. 9 At 10 uM.

Table 5. Mepyramine Antagonism of Effects Evoked by 1 and Histaprodifens 10 and 13—172 in Guinea-Pig (gp) and Rat Tissues

gp ileum gp aorta gp aorta (PGF2,) rat aorta
(contraction) (contraction) (contraction) (relaxation)
agonist NP pA; + SEMC cd NP pA; + SEMC cd NP pA; + SEM¢ cd NP pA; + SEM° cd
10 17 9.11 +£ 0.04 e 4 8.80 + 0.06 3 4 9.01+0.11 10 6 8.04 + 0.06 100
13 6 9.13 £ 0.06 3 6 8.87 £0.11 5 4 8.75 £ 0.07 100 8 8.02 + 0.06 100
14 4 9.11 +£0.12 3 6 8.86 + 0.07 5 4 8.60 + 0.05 100 6 7.98 +0.06 100
15 6 8.81 + 0.08 5 ND ND 3 f 100
16 5 8.85+ 0.04 1 5 8.67 £ 0.07 10 ND 6 8.24 £ 0.03 50
17 2 9.02; 9.42 1 ND ND 3 f 100
histamine 29 9.07 £ 0.03 g 34 9.11 + 0.02 h 8 9.00 + 0.06 30 8 8.00 + 0.07 100

a For structure of agonists, see Table 1. ® Number of experiments. ¢ Apparent pA; (see Experimental Section) unless otherwise indicated.
d Concentration of mepyramine [nM]. & Full pA; value (1—30 nM, see Figure 1 (upper panel) and Experimental Section). f pA, not calculated.
Relaxant effect was abolished by 100 nM mepyramine. 9 Full pA; value (0.3—100 nM), Schild plot slope 1 (0.97 & 0.04, P > 0.20). " Full
pA; value (1—1000 nM), Schild plot slope 1 (1.00 + 0.02, P > 0.50). ND not done.
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Figure 3. Relaxation of rat aortic rings with intact endothe-
lium relative to maximum relaxation induced by carbachol
(0.3—1 mM). Histamine (W, n = 12, Eqax = 90 £ 2%) and
methylhistaprodifen (13) (®, n = 10, 55 + 5%) relaxed vascular
preparations submaximally precontracted with 15.8 nM U46619
(a TP-receptor agonist). In the presence of mepyramine (100
nM, 75 min, pA; = 8.02 &+ 0.06) the concentration—effect curve
of 13 was shifted to the right (O, n = 8, 53 + 4%). Only one
curve was obtained from each preparation. For pharmacologi-
cal parameters of agonists, see Table 4.

MD simulation were analyzed to characterize the inter-
action of the Hj-receptor agonists. The stability of the
obtained ligand—receptor complexes was proved by a 1
ns MD simulation using tethering forces on the Cg-
atoms of the protein backbone and removing all re-
straints between ligand and receptor for the last 750
ps.
Binding Model of Histamine. The histamine—
hH1R complex having the lowest potential energy
during the last 100 ps of MD is shown in Figure 4. The
protonated nitrogen of the histamine alkyl chain strongly
interacts with the carboxylic group of Asp107. The small
deviations in distances (2.50 + 0.07 A for the last 100
ps) between the protonated nitrogen and the center of

mass of the carboxylic group are a measure for the
strength of this interaction. The alkyl chain is found to
be in an extended conformation. In the MD simulation,
histamine was able to form a stable hydrogen bond
between the N*-H-atom?20 of the imidazole ring and the
carbonyl oxygen of the Asn198 side chain in TM V
(distance during last 100 ps: 2.08 + 0.14 A). This
interaction is stabilized by an additional hydrogen bond
between Asn198 and Tyr431. The N7-atom?2° of the
imidazole ring interacts with Lys191 forming a hydro-
gen bond. This locates the N7-atom to the extracellular
site of the receptor (see Figure 4a). Further, it was found
that Thr194 does not play an important role in the
binding of histamine. All these findings agree well with
known experimental data on the binding of histamine
to guinea-pig Hi-receptor mutants.*344 In our model, the
complex is stabilized by Tyr108 and Phe435, making
an aromatic stack with the imidazole ring. The 2-posi-
tion of the imidazole ring is located close to TM V, and
substitution of the imidazole ring in this position should
yield a steric hindrance and cause a changed orientation
of the imidazole ring. The protonated N®atom of
histamine is closely located to TM I11, forming hydrogen
bonds with the carboxylic group of Aspl07 and the
backbone carbonyl oxygen of Leul04. This orientation
makes all substitutions of the N*-protons unfavorable
because they influence either the interaction with the
carboxylic group of Aspl07 or are sterically hindered
by LeulO4. This corresponds to experimental data
showing a decrease of agonist activity upon N*-meth-
ylation of some histamine derivatives.1®

The 1 ns MD simulation using the agonist—receptor
complex shown in Figure 4 as starting structure shows
a high stability of the histamine—hH1R interaction. The
mean of the root-mean-square deviation (RMSD value,



Histaprodifens Journal of Medicinal Chemistry, 2000, Vol. 43, No. 6 1077

Table 6. Functionally Determined Antagonist Affinity of Histaprodifens 10 and 13—16 for Histamine H», Hs, and Several Other
Neurotransmitter Receptors?

10 13 14 15 16

c(10) c(13) c(14) c(15) c(16)
pAX + SEM  [uM] PpAX+SEM [uM] PpAX+SEM [uM] PpAX+SEM [uM] PpArX+SEM [uM]

receptor (speciesP)

Hyd (9p) 4.46 +0.08 20 4.90+0.02 20 4584015 20 450+0.11 20 470+ 0.02 20
Haef (gp) <5.89 2 <5.8 1.6 <5.8 1 <6.0 1 <6.3h 0.5
Ma (gp) 555+0.04 3-30 545+003 3-30 5944004 1-10 599+0.06 1-10 6.03+0.03 1-3
asp® (n 5.45+0.10 10 524+0.11 10 5.11+0.04 20 ND ND

B (gp) 4.344+0.06 30 4.844+0.23 20;30 458+0.10 20 ND ND

5-HT e (9p) 4.85+0.14 30 5.09+0.08 30 <4.5 30 ND ND

5-HT 8 (n 5.19 +£0.05 20 5.39+0.05 10 543 +0.09 10 ND ND

5-HTgef (9p) <57 2 <5.8 1.6 <5.8 1.6 ND ND

5-HT,f ) <55 2 <5.8 1.6 <5.8 1.6 ND ND

a For structure of compounds, see Table 1. ® gp = guinea-pig; r = rat. ¢ Apparent pA; (see Experimental Section) except for H,- and
Bi-receptor assay (see footnote d). 9 pD', value & range/2,° n = 2. ¢ n = 4—6. f Higher concentrations could not be tested with regard to
the affinity of the compound for cholinergic M3 receptors. 9 Dextral shift significant (0.22 log units, 95% confidence limit 0.08—0.35, P <
0.02); pAz = 5.51 (95% confidence limit 5.00—5.80). " Dextral shift significant (0.15 log units, 95% confidence limit 0.05—0.25, P < 0.02);
pA; = 5.92 (95% confidence limit 5.40—6.20). i n = 10—13. i n = 3. ND not done.

e,

Figure 4. Binding model of histamine (1) in the TM region of the hH1R represented by a snapshot of the histamine—TM complex
having the lowest potential energy (228 ps) during the last 100 ps of a 250 ps MD simulation. The complex is shown in different
views: (a) view parallel to the TM domains, and (b) view from the extracellular side. It was found that Asp107, Leul04, Lys191,
and Asn198 form stable hydrogen bonds to 1 (yellow dotted lines). The residues presented in this figure demonstrate that there
is virtually no accessible surface around the agonist 1. Red roman numerals describe the TM domains. The TM domain backbones

are represented by green line ribbons.

measured every picosecond) of the histamine conforma-
tion compared with the structure presented in Figure
4 was found to be 1.189 A during the last 500 ps of the
MD simulation. This reflects the fact that all ligand—
receptor interactions found were stable after removal
of all restraints between histamine and the hH1R.
Binding Model of Histaprodifens. The histaprod-
ifens 10, 13, and 14 presented in this work possess high
agonist activity and enhanced receptor affinity com-
pared with histamine. The common feature of these
compounds is a space filling substituent in the 2-position
of the imidazole ring. At present, no experimental
information is available to characterize the binding
pocket of histaprodifens. To derive a first hypothesis on
the binding mode, the putative binding of N®-unsubsti-
tuted (10), N*-methyl- (13), and N* N*-dimethyl-sub-
stituted (14) histaprodifen in the TM domains of the
hH1R was studied using MD. For the MD simulations
the same restraints as described for histamine were
used. The complex of 10 and the TM region of the hH1R
is shown in Figure 5. The orientation of the imidazole
ring differs substantially from that of histamine (see
Figure 4). The carbonyl oxygen of the Asn198 side chain
is able to form two hydrogen bonds with the N*-H-atom
of the imidazole moiety and with the hydroxyl group of
Tyrl08. The N7-atom forms a stable hydrogen bond with
Tyr431 and cannot interact with Lys191. The different

orientation of the imidazole ring is caused mainly by
the space filling substitution in the 2-position. This
result agrees with experimental data showing that the
Lys200Ala mutant of the guinea-pig H; receptor, which
is equivalent to Lys191 in the hH1R, attenuates the
binding of histamine but has no impact on the binding
of 2-(3-bromophenyl)histamine.** The imidazole ring of
10 is located near Phe435 (TM VI) and Tyr108 (TM I11).
The propyl group is responsible for the location of the
phenyl rings deep in the hydrophobic pocket built by
Phel99 (TM V), Pro202 (TM V), Phe432 (TM VI),
Trp428 (TM VI), Trpl58 (TM 1V), lle115 (TM IIlI), and
Tyr108 (TM I111). Both phenyl rings fill out the space of
the receptor pocket, and obviously no space is available
to substitute them with residues much larger than
hydrogen. This impression is supported by the experi-
mental fact that efforts to increase the potency of 10 by
substitution of the benzene rings have failed.*®

The distance between the geometric centers of the
imidazole nucleus and both benzene rings of 10 is found
to be quite stable during the last 500 ps of a 1 ns
dynamics (6.52 & 0.20 A for the distance to the geomet-
ric center of the first benzene ring and 7.28 + 0.12 A
for the distance to the second benzene ring). The
conformational analysis of 9, a lower homologue of 10,
using the systematic search option (all C—C bonds in
the 2-alkyl chain were defined as rotatable, step width
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Figure 5. Binding model of histaprodifen (10) (226 ps, lowest potential energy conformation during the last 100 ps of a 250 ps
MD simulation). The view parallel to the TM domains (a) shows that both phenyl rings of 10 are located deeply in the putative
binding pocket built by TM domains 111, 1V, V, and VI (see b: view from the extracellular side). The monocation of 10 forms
hydrogen bonds to Asp107, Asn198, and Tyr431 (yellow dotted lines). The surface near the protonated N%atom represents the
only accessible surface area (magenta) of bound 10. The TM domain backbones numbered in red (roman numerals) are represented
by green line ribbons.

Figure 6. Binding models of methylhistaprodifen (13) (part a, 232 ps, lowest potential energy conformation during the last 100
ps of a 250 ps MD simulation, view from extracellular side) and dimethylhistaprodifen (14) (part b, 230 ps, lowest potential
energy conformation during the last 100 ps of a 250 ps MD simulation, view from extracellular side). Both agonists form hydrogen
bonds to Asp107, Asn198, and Tyr431 (yellow dotted lines). The orientation of all other residues except Asp107 is similar in parts
a and b of Figure 6. The N*-methyl group is located at the place represented by the accessible surface area of bound histaprodifen
(see Figure 5). The different interaction of 13 (all carbon atoms colored orange) and 14 (all carbon atoms colored magenta) is
presented more detailed in part c. The additional methyl substitution present in 14 yields a different location of both the Asp107

side chain and the N%-atom.

15°) of SYBYL (Tripos Inc., St. Louis, 1999) shows that
for a shortened alkyl chain the distance between the
centers of the imidazole ring and the phenyl substitu-
ents is too small (5.18 & 0.68 A and 5.83 + 0.59 A) to
localize both phenyl groups in the hydrophobic pocket.
Conformational analysis for a longer alkyl chain be-
tween the imidazole ring and the benzene rings (viz.
compound 11) indicates that both phenyl substituents
can only adopt the optimum position when the alkyl
chain is folded (7.46 &+ 0.95 A and 7.28 + 0.98 A). In
this model, such a folding leads to a sterical hindrance
of the imidazole ring interaction with Asn198 and/or
Tyr431. As a result, the model is in agreement with in

vitro data presented for the lower (8, 9) and higher (11,
12) homologues of 10.

The different orientation of imidazole rings having a
space filling substitution in the 2-position causes a
slightly changed location of the protonated N®*-atom
within the receptor pocket. In contrast to the situation
for histamine, the protonated positively charged N*-
atom of 10 is more exposed to the central pocket built
by TM 111, TM VI, and TM VII, and it does not form a
hydrogen bond to the backbone of TM I11. The accessible
surface area of the NHz"-group of 10 (probe radius 1.4
A) shown in Figure 5 indicates that one N%-hydrogen
can be replaced. This agrees with the binding model
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calculated for methylhistaprodifen (13, Figure 6a). A
comparison of the models shows that both 10 and 13
bind similarly, forming the same interactions with the
hH1R. The additional N*-methyl group does not change
the interactions with Asp107 and increases the hydro-
phobic contacts with the receptor. The binding model
of dimethylhistaprodifen (14) is presented in Figure 6b.
Presumably the dimethyl substitution is responsible for
a translocation of the N*-atom closer to TM VII. In this
model, 14 forms one hydrogen bond to the carboxylic
group of AsplO07. The space filling substitution is
accompanied by a new orientation of the Asp107 side
chain between TM 111 and TM VII which is more similar
to that proposed for the binding of H;-receptor antago-
nists.*® This might explain the lower intrinsic activity
of 14 compared with 10 and 13 in some of the in vitro
assays.

Again the 1 ns MD simulations using the agonist—
receptor complexes shown in Figures 5 and 6 as starting
structures show a high stability of the agonist—hH1R
interactions. The mean RMSD values for the calculated
conformations of 10, 13, and 14 compared with the
structures presented in Figures 5 and 6 were 1.693,
1.024, and 1.645 A, respectively, during the last 500 ps
of the MD simulation. Thus, all ligand—receptor inter-
actions found were regarded as stable after removal of
all restraints between agonist and hH1R.

Conclusion

Histaprodifen (10, 2-[2-(3,3-diphenylpropyl)-1H-imi-
dazol-4-yllethanamine) and N*-methylated derivatives
13 and 14 have been identified as attractive members
of a new family of lead structures which may offer
starting points for the systematic development of highly
potent and selective histamine H;-receptor agonists.
Methylhistaprodifen (13) is the most potent H;-receptor
agonist known so far in the literature with relative
functional potencies of 3.4-fold (guinea-pig ileum), 4.6-
and 4.1-fold (two guinea-pig aorta assays), and 28-fold
(rat aorta), and an affinity increased by 2 orders of
magnitude compared with histamine. A plausible and
stable binding model demonstrating the affinity-con-
tributing interaction of the 3,3-diphenylpropyl moiety
of histaprodifens as well as the effect of N*-methylation
on functional activity has been developed by means of
molecular dynamics simulations using electron-density
maps of frog rhodopsin, a G-protein coupled receptor,
as a template.?’” Histaprodifens may be valuable tools
for the investigation of H;-receptor-mediated physiologi-
cal and pathophysiological functions. Recently, two in
vivo studies with pithed and anaesthetized rats have
provided evidence that 10 and, in particular, 13 and 14
are highly potent H;-receptor agonists.*’

Experimental Section

Chemistry. General Procedures. Melting points were
determined on an Electrothermal 1A 9000 digital apparatus
and are uncorrected. IR spectra were recorded on a Perkin-
Elmer 1420 spectrometer. *H NMR spectra were recorded on
a Bruker Avance-TM-DPX 400 (400 MHz) spectrometer.
Chemical shifts are given in ppm downfield from TMS as
internal reference. '"H NMR data are reported in the order:
multiplicity (s, singlet; d, doublet; t, triplet; g, quartet; m,
multiplet; br, broad; *, exchangeable by D,0), approximate
coupling constant J, number of protons, and location of protons
(Im, imidazole; Ph, phenyl; Mal, maleic acid; Pyr, pyrrolidine).
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Mass spectra were recorded using a Finnigan MAT CH7A (70
eV, El spectra) or a Finnigan MAT CH5DF (*FAB spectra).
Elemental analyses (C, H, N, Vario EL) were within £0.4% of
the theoretical values. Yields were not optimized. Chromato-
graphic separation was achieved by column chromatography
using silica gel 60 (Merck No. 9285, 230-400 mesh). Prepara-
tive rotatory layer chromatography was performed using a
Chromatotron 7924T (Harrison Research, CA) and glass rotors
with 4 mm layers of silica gel 60 PF,s4 containing gypsum
(Merck).

3,3-Diphenylpropionitrile (4a). Following a slightly modi-
fied published procedure,?® commercially available 3,3-diphe-
nylpropionic acid was treated with excess SOCI,, followed by
conversion of the product in liquid ammonia in an autoclave
at ambient temperature. Dehydration with P,O led to the
desired material which had analytical and spectroscopical
properties virtually identical with those reported.?

o,o-Diphenylalkanenitriles 4b—d. General Procedure.
To a suspension of potassium (4.3 g, 110 mmol) and catalytical
amounts of Fe(NOgs); in liquid NH; (100 mL, —70 °C) was
added a solution of diphenylmethane (16.8 g, 100 mmol) in
dry Et,O (50 mL) dropwise over 15 min. The deep red
suspension was stirred for 30 min, and a solution of w-bromo-
or w-chloroalkanenitrile (100 mmol) in dry Et,O (40 mL) was
added. After the disappearance of the deep red color, NH; was
allowed to evaporate. The organic layer was separated and the
residue extracted twice with Et;O (40 mL). The combined
extracts were washed with 0.1 N HCI (2x 50 mL), water (100
mL), and brine (50 mL) and dried over Na,SO,4. The solvent
was removed under reduced pressure and the resulting oil
purified by column chromatography using CH,Cl./petrolether
(40/60) as eluent.

4,4-Diphenylbutyronitrile (4b): yield 38%; mp 36 °C
(petrolether); *H NMR (CDClg) 6 7.38—7.25 (m, 10H, 10 Ph-
H), 4.12 (t, J = 8.0 Hz, 1H, CH), 2.47—2.41 (m, 2H, CHCH,),
2.30 (t, J = 7.1 Hz, 2H, CH,CN); *FAB-MS (Xe, DMSO/m-
NO,-benzyl-OH) m/z 222 ([M + H]*, 39), 183 (6), 167 (100),
144 (72); IR (KBr) 2245 cm~* (CN). Anal. (C1sH1sN) C, H, N.

5,5-Diphenylvaleronitrile (4c): yield 59%; colorless oil;
H NMR (CDCls) 6 7.30—7.17 (m, 10H, 10 Ph-H), 3.90 (t, J =
7.8 Hz, 1H, CHCHy,), 2.33 (t, J = 7.0 Hz, 2H, CH,CN), 2.24—
2.17 (m, 2H, CHCH,), 1.66—1.59 (m, 2H, CHCH,CH,); EI-MS
m/z 235 (M**, 12), 182 (24), 168 (11), 167 (100), 165 (15); IR
(KBr) 2245 cm™ (CN). Anal. (C17H17N) C, caled 86.8, found
86.2; H, calcd 7.28, found 7.97; N, calcd 5.95, found 5.87.

6,6-Diphenylcapronitrile (4d): yield 59%; colorless oil; *H
NMR (CDCl3) 6 7.38—7.24 (m, 10H, 10 Ph-H), 3.97 (t, J=7.8
Hz, 1H, CHCH,), 2.24 (t, J = 7.2 Hz, 2H, CH,CN), 2.17—-2.08
(m, 2H, CHCHy), 1.69 (tt, J; = J> = 7.4 Hz, 2H, CH,CH.CN),
1.50—1.42 (m, 2H, CHCH,CHy); EI-MS m/z 249 (M, 12), 182
(3), 168 (11), 167 (100), 152 (9), 128 (2), 105 (7); IR (KBr) 2245
cm™ (CN). Anal. (C1sH19N) C, H, N.

5,5-Diphenylvaleronitrile (4c). Alternative Synthesis.
3,3-Diphenylpropionic acid (12.6 g, 56 mmol) was converted
to the corresponding propanol derivative by treatment with
LiAIH, (2.3 g, 60 mmol) in dry Et,O according to standard
methods, followed by purification via column chromatography
(CH2Cl/MeOH (1/1)): yield 98%; colorless oil. Anal. (C15H160)
C, H. 3,3-Diphenyl-1-propanol (11.5 g, 54 mmol) and SOCI,
(20 mL) were heated for 4 h in CH,Cl, (20 mL) in the presence
of a catalytic amount of 4-DMAP. The crude 1-chloro-3,3-
diphenylpropane was isolated according to standard methodol-
ogy and purified by column chromatography (petrolether): yield
90%,; colorless oil. Anal. (C15sH1sCl) C, H. To a suspension of
NaH (2.0 g suspension in mineral oil, 50 mmol) and catalytic
amounts of Nal in dry DMF (60 mL) was added a solution of
diethyl malonate (10 g, 63 mmol) in dry DMF (30 mL). When
the formation of H, had ceased, a solution of 1-chloro-3,3-
diphenylpropane (10.9 g, 47 mmol) was added slowly. After
having been stirred for 2 h at 60 °C the mixture was heated
to 90 °C for additional 36 h. After cooling and pouring into
water (300 mL), the mixture was extracted with Et,O (3 x 70
mL). After separation of the organic layers and evaporation,
the organic residue was dissolved in a solution of KOH (10 g),
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water (30 mL), and EtOH (20 mL) and refluxed for 12 h. After
the mixture cooled to ambient temperature, impurities were
separated by extraction with Et,O (50 mL). The aqueous layer
was diluted with 3 N NaOH (100 mL) and extracted with Et,O
(2x 50 mL). After rejecting the organic layer, the aqueous
phase was acidified with 6 N H,SO.. After extraction with Et,O
(3 x 70 mL) and removal of the solvent under reduced
pressure, 2-(3,3-diphenylpropyl)malonic acid was obtained
which was used for the next step without further purification:
yield 47%; pale yellow semisolid. CisH1504. Heating of the
malonic acid derivative (6.5 g, 22 mmol) at 180 °C in vacuo
for 10 min followed by cooling led to a residue which was
dissolved in a mixture of 3 N NaOH (100 mL) and MeOH (50
mL). The basic solution was extracted twice with petrolether/
Et,O (1/1) and acidified by addition of 6 N H,SO,4, and the
product was extracted with Et,O (3 x 70 mL). After removal
of the organic solvent under reduced pressure, 5,5-diphenylva-
leric acid was isolated without further purification: yield 74%;
pale brown oil. C17H150,. 5,5-Diphenylvaleric acid (4.0 g, 16
mmol), dissolved in dry CH,CIl, (20 mL), was added to a
solution of chlorosulfonylisocyanate®® (3.1 g, 22 mmol) in dry
CH_ClI, (30 mL) and refluxed for 4 h. After addition of 0.5 N
NaOH (100 mL), the organic layer was separated, the aqueous
phase was extracted with CH,CIl, (2 x 50 mL), and the
combined organic layers were dried (Na,SO,4) and evaporated
to dryness. Column chromatography of the residue (petro-
lether/CH,CIl, (60/40)) led to 4c: yield 52%; colorless oil.
Spectral data were virtually identical with those reported
above. All intermediates described in this paragraph gave
satisfactory 'H NMR and mass spectra.

Methyl Imidate Hydrochlorides 5a—d. General Method.
A solution of 4a—d (37.5 mmol) in dry MeOH (30 mL) was
chilled to —30 °C. After the solution was stirred for 5 min,
SOCI; (3.0 mL, 42 mmol) was added to the solution. After 5
days in a freezer the solvent was removed in vacuo. The bulk
was pure enough for the subsequent imidazole synthesis and
was used without further purification. For the preparation of
5b, the semisolid bulk was repeatedly evaporated after addi-
tion of dry Et,O until a dry amorphous solid was obtained.
Compound 5a was immediately converted without analytical
characterization.

Methyl 4,4-Diphenylbutyrimidate Hydrochloride (5b):
yield 94%; mp 104 °C; *H NMR (CD3OD) ¢ 7.32—7.14 (m, 10H,
10 Ph-H), 4.02—3.97 (m, 4H, OCHs;, CHCH,), 2.64 (t, J = 7.6
Hz, 2H, CH,C(=NH;")OCHy3), 2.52—2.47 (m, 2H, CHCHy); *-
FAB-MS (Xe, DMSO/m-NO,-benzyl-OH) m/z 254 ([M + H]*,
100), 239 (3), 167 (10). C17H19NO-HCI.

Methyl 5,5-Diphenylvalerimidate Hydrochloride (5c):
yield 96%; *H NMR (CDsOD) 6 7.29—7.13 (m, 10H, 10 Ph-H),
3.94 (t, 3 = 7.8 Hz, 1H, CHCH?2), 3.32 (s, 3H, OCH3), 2.24 (t,
J = 7.4 Hz, 2H, CH,C(=NH,")OCHjs), 2.12—-2.07 (m, 2H,
CHCH,), 1.62—1.54 (m, 2H, CHCH,CH,); *FAB-MS (Xe,
DMSO/m-NO;-benzyl-OH) m/z 268 ([M + H]*, 100), 167 (11),
165 (10), 117 (20), 100 (100). C1gH2:NO-HCI.

Methyl 6,6-Diphenylcaproimidate Hydrochloride (5d):
yield 87%; TFAB-MS (Xe, glycerol) m/z 283 ([M + 2H]?*, 20),
205 (12), 168 (13), 167 (68), 91 (100). C19H23NO-HCI.

2-[2-(3,3-Diphenylpropyl)-1H-imidazol-4-yl]ethanol (6).
2-Oxobutan-1,4-diol®* (15.6 g, 150 mmol) and 5b (10.2 g, 35
mmol) were dissolved in liquid NH3 (100 mL) in an autoclave
(1000 mL, Kotter, Germany) and converted as described for
compound 10. After evaporation of NH; the residue was poured
into CH,CI, (300 mL) and washed with water (3 x 100 mL).
The solvent was distilled off, and the product was purified by
column chromatography using CH,Cl,/MeOH/triethylamine
(95/4/1) as eluent. The resulting yellow oil (6) was pure enough
for further reactions. An analytical sample was crystallized
as hydrogen oxalate from EtOH/Et;O: yield 5.0 g (46%); mp
149 °C; 'H NMR (CDCl3) 6 7.26—7.11 (m, 10H, 10 Ph-H), 6.57
(s, 1H, Im-5-H), 6.21 (s*, 1H, OH), 3.87 (t, J = 7.7 Hz, 1H,
CHCHy), 3.78 (t, 3 = 5.9 Hz, 2H, CH,0OH), 2.73 (t, J = 5.9 Hz,
2H, Im-C4)-CH,), 2.59—-2.55 (m, 2H, Im-C(»-CH>), 2.45—-2.39
(m, 2H, CHCH_); EI-MS m/z 306 (M**, free base, 2), 202 (30),
165 (11), 126 (100). Anal. (C2H22N.0-C,H,04) C, H, N.

Elz et al.

2-(3,3-Diphenylpropyl)-4-(2-chloroethyl)-1H-imidazole
(7). To a solution of 6 (4.5 g, 14.7 mmol) in CH.CI, (30 mL)
was slowly added SOCI; (10 mL, 137 mmol) under ice cooling.
The mixture was stirred for 1 h at ambient temperature and
then refluxed for 2 h. The solvent was removed under reduced
pressure and the resulting oil taken up in Et,O, washed with
0.1 N NaOH, water, and brine. After evaporation and purifica-
tion by column chromatography, 7 was obtained as a light
brown oil: yield 3.2 g (60%). An analytical sample was
crystallized as hydrogen oxalate from EtOH/Et,O: mp 159 °C;
IH NMR (CDCls) 6 8.77 (br*, 1H, NH), 7.28—7.15 (m, 10H, 10
Ph-H), 6.69 (s, 1H, Im-5-H), 3.89 (t, J = 7.8 Hz, 1H, CHCHy,),
3.74 (t, 3 = 6.9 Hz, 2H, CH.CI), 2.99 (t, J = 7.0 Hz, 2H, Im-
Cuw-CHy), 2.64—2.60 (m, 2H, Im-C(»-CH,), 2.50—2.44 (m, 2H,
CHCHy,); "TFAB-MS (Xe, DMSO/m-NOz-benzyl-OH) m/z 325 ([M
+ H]*, 100), 289 (12), 220 (7). Anal. (C20H21N,CI-C;H;04) C,
H, N.

Synthesis of 2-[2-(w,0-Diphenylalkyl)-1H-imidazol-4-
yllethanamines 9—12. General Method. 2-Oxo-4-phthal-
imido-1-butyl acetate®? (4.0 g, 15 mmol) and 5a—d (14 mmol)
were dissolved in liquid NH3 (150 mL) in an autoclave (1000
mL, Kotter, Germany). After being stirred for 12 h at room
temperature the mixture was heated to 60 °C (24—26 bar) for
6 h. Then NH; was allowed to evaporate, and the residue was
dissolved in MeOH (100 mL). Hydrazine hydrate (1.0 g, 20
mmol) was added, and the solution was refluxed for 3 h. The
solvent was removed, and the free base extracted with CHo-
Cl,/MeOH (3 x 50 mL). After rotatory chromatography (CH,-
Cl,/MeOH (10/1), NHs-saturated) the base was obtained.
Crystallization with maleic acid from EtOH/Et,O afforded the
dihydrogen maleate salts of 9—12.

2-[2-(2,2-Diphenylethyl)-1H-imidazol-4-yllethanamine
Dihydrogen Maleate (9): yield 22%; mp 159 °C; *H NMR
(DMSO-dg) 6 7.30—7.16 (m, 11H, 10 Ph-H, Im-5-H), 6.08 (s,
4H, 4 Mal-H), 4.59 (t, J = 8.3 Hz, 1H, CHCH,), 3.62 (t, J =
8.3 Hz, 2H, Im-C»-CHy), 3.01 (t, J = 7.3 Hz, 2H, CH,CH:N),
2.80 (t, J = 7.8 Hz, 2H, Im-C)-CH,); *FAB-MS (Xe, DMSO/
m-NO;-benzyl-OH) m/z 292 ([M + H]*, 100), 275 (9), 263 (6),
167 (61) Anal. (C19H21N3'2C4H404) C, H, N.

2-[2-(3,3-Diphenylpropyl)-1H-imidazol-4-yllethanamine
Dihydrogen Maleate (10, Histaprodifen): yield 5%; mp
148—150 °C; 'H NMR (CD3OD) 6 7.30—7.19 (m, 10H, 10 Ph-
H), 7.16 (s, 1H, Im-5-H), 6.27 (s, 4H, 4 Mal-H), 4.01 (t, J=7.8
Hz, 1H, CHCHy), 3.24 (t, 3 = 7.5 Hz, 2H, CH,CH:N), 2.99 (t,
J =7.5Hz, 2H, Im-C)-CHy), 2.89 (t, J = 7.8 Hz, 2H, Im-Cy-
CHy), 2.60—2.54 (m, 2H, CHCHy,); *FAB-MS (Xe, DMSO/
glycerol) m/z 306 ([M + H]*, 100), 289 (8), 277 (8). Anal.
(C20H23N3'2C4H404) C, H, N.

2-[2-(4,4-Diphenylbutyl)-1H-imidazol-4-yl]lethanamine
Dihydrogen Maleate (11): yield 3%; mp 135 °C; 'H NMR
(CD30OD) ¢ 7.30—7.15 (m, 10H, 10 Ph-H), 7.21 (s, 1H, Im-5-
H), 6.27 (s, 4H, 4 Mal-H), 3.96 (t, J = 7.8 Hz, 1H, CHCH),),
3.25 (t, J = 7.5 Hz, 2H, CH,CHN), 3.02 (t, J = 7.5 Hz, 2H,
Im-C-CHy), 2.94 (t, J = 7.8 Hz, 2H, Im-C(»-CH>), 2.18—2.13
(m, 2H, CHCHy), 1.76—1.73 (m, 2H, CHCH,CH,); *FAB-MS
(Xe, DMSO/m-NO;-benzyl-OH) m/z 321 ([M + 2H]?", 25), 320
([M + H]+, 100), 303 (9), 291 (9) Anal. (C21H25N3'204H404) C,
H, N.

2-[2-(5,5-Diphenylpentyl)-1H-imidazol-4-yl]Jethanam-
ine Dihydrogen Maleate (12): yield 5%; mp 120—121 °C;
H NMR (CDs;OD) 6 7.27—7.11 (m, 11H, 10 Ph-H, Im-5-H),
6.25 (s, 4H, 4 Mal-H), 3.90 (t, J = 7.8 Hz, 1H, CHCHy), 3.25
(t, 3 = 7.5 Hz, 2H, CH,CH>N), 3.02 (t, 3 = 7.5 Hz, 2H, Im-
Cw-CHy), 2.86 (t, J = 7.7 Hz, 2H, Im-C(»-CHy), 2.09 (dt, J; =
J, = 7.7 Hz, 2H, CHCHy), 1.82 (tt, J. = J, = 7.6 Hz, 2H,
CHCH,CH,CHy), 1.34—-1.28 (m, 2H, CHCH,CH); *FAB-MS
(Xe, DMSO/m-NO;-benzyl-OH) m/z 335 ([M + 2H]?*, 28), 334
(IM + HI*, 100), 317 (9), 305 (7), 167 (9). Anal. (CxH27N3-
2C4H404‘0.5H20) C, H, N.

Ne-Substituted Histaprodifens 13—17. General Proce-
dure. To a mixture of 7 (0.49—0.65 g, 1.5—2 mmol), K,CO3
(0.4 g, 3 mmol), the respective amine (10—20 mmol of free base,
dissolved in EtOH), and catalytical amounts of KI in EtOH
(30 mL) was added H,O until a clear solution was obtained.
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The mixture was then heated to reflux for 2—4 h. The solvents
were evaporated in vacuo and the free bases extracted with
CH_Cl,. After rotatory chromatography (CH.Cl,/MeOH (10/
1), NHs-saturated) the purified free bases were obtained.
Crystallization with oxalic acid from EtOH afforded dihydro-
gen oxalates 13—17.

N-Methyl-2-[2-(3,3-diphenylpropyl)-1H-imidazol-4-yl]-
ethanamine Dihydrogen Oxalate (13): yield 57%; mp 207
°C (dec); *H NMR (CD;OD) ¢ 7.31—7.18 (m, 11H, 10 Ph-H,
Im-5-H), 4.01 (t, J = 7.8 Hz, 1H, CHCH,), 3.39 (m, 2H, CH,-
NCHSa), 3.05 (t, J = 7.5 Hz, 2H, Im-C(4-CH,), 2.90 (t, J = 7.5
Hz, 2H, Im-C»-CHy), 2.77 (s, 3H, NCHs3), 2.57 (m, 2H, CHCHy);
*FAB-MS (Xe, DMSO/glycerol) m/z 320 ([M + H]*, 100), 289
(27), 277 (50) Anal. (C21H25N3'2C2H204) C, H, N.

N,N-Dimethyl-2-[2-(3,3-diphenylpropyl)-1H-imidazol-
4-yllethanamine Dihydrogen Oxalate (14): yield 47%; mp
158 °C; 'H NMR (CD3;0OD) ¢ 7.30—7.17 (m, 11H, 10 Ph-H, Im-
5-H), 4.01 (t, 3 = 7.8 Hz, 1H, CHCHy), 3.39 (t, J = 7.7 Hz, 2H,
CHN), 3.11 (t, J = 7.6 Hz, 2H, Im-C(»-CH,), 2.93-2.75 (m,
8H, Im-Cy)-CH;, N(CHs),), 2.58 (m, 2H, CHCHy); tFAB-MS
(Xe, DMSO/glycerol) m/z 334 ([M + H]", 100), 289 (23). Anal.
(C22H27N3‘2C2H204) C, H, N.

N-Ethyl-2-[2-(3,3-diphenylpropyl)-1H-imidazol-4-yl]-
ethanamine Dihydrogen Oxalate (15): yield 51%; mp 207—
209 °C (dec); *H NMR (DMSO-dg) 6 7.33—7.17 (m, 10H, 10
Ph-H), 7.04 (s, 1H, Im-5-H), 3.99 (t, 3 = 7.7 Hz, 1H, CHCH)),
3.14 (t, J = 7.4 Hz, 2H, CH,NC;,Hs), 2.97 (g, J = 7.2 Hz, 2H,
NCH>CHs), 2.85 (t, J = 7.3 Hz, 2H, Im-C4)-CH>), 2.64 (t, J =
7.3 Hz, 2H, |m-C(2)-CH2), 2.50—2.42 (m, 2H, CHCHz), 1.18 (t,
J = 7.2 Hz, 3H, NCH,CHg3); *FAB-MS (Xe, DMSO/glycerol)
m/z 334 ([M + H]+, 100), 289 (16), 277 (52) Anal. (szH27N3‘
2C,H204) C, H, N.

N-Cyclopropyl-2-[2-(3,3-diphenylpropyl)-1H-imidazol-
4-yllethanamine Dihydrogen Oxalate (16): yield 51%; mp
200—201 °C (dec); *H NMR (DMSO-dg) 6 7.33—7.27 (m, 8H, 8
Ph-H), 7.19-7.16 (m, 2H, 2 Ph-H), 7.12 (s, 1H, Im-5-H), 3.99
(t, J=7.7 Hz, 1H, CHCHy), 3.24 (t, J = 7.6 Hz, 2H, CH,NCH),
2.90 (t, J = 7.5 Hz, 2H, Im-C4)-CHy), 2.70—2.67 (m, 3H, CH>-
NCH, |m-C(2)-CH2), 2.49-2.43 (m, 2H, CHCHz), 8.81—-0.69 (m,
4H, NCHC;H,); TFAB-MS (Xe, DMSO/m-NO,-benzyl-OH) m/z
347 (IM + 2H]?*, 27), 346 ([M + HJ*, 100), 277 (11). Anal.
(C23H27N3-2C2H204) C, H, N.

2-(3,3-Diphenylpropyl)-4-(2-pyrrolidinoethyl)-1H-imid-
azole Dihydrogen Oxalate (17): yield 52%; mp 195—-197 °C
(dec); tH NMR (DMSO-ds) 6 7.33—7.27 (m, 8H, 8 Ph-H), 7.20—
7.16 (m, 2H, 2 Ph-H), 7.09 (s, 1H, Im-5-H), 5.23 (br*, 2H, 2
COOH), 3.99 (t, J = 7.7 Hz, 1H, CH CHy), 3.35 (t, J = 7.7 Hz,
2H, CH3Pyr), 3.26 (m, 4H, 4 Pyr-H), 2.94 (t, J = 7.7 Hz, 2H,
Im-C4-CH,), 2.67 (m, J = 7.8 Hz, 2H, Im-C(»-CHy), 2.51—2.43
(m, 2H, CHCHy), 1.92 (m, 4H, 4 Pyr-H); TFAB-MS (Xe, DMSO/
m-NO,-benzyl-OH) m/z 361([M + 2H]?*, 21), 360 ([M + H]*,
73), 318 (3) 289 (10), 276 (5), 84 (100); Anal. (CaaH29N3*
2C,H,0,) C, H, N.

Pharmacology. Data Handling and Pharmacological
Parameters. Data are presented as mean + standard error
(SEM or SE) or with 95% confidence limits. Graphical data
(Figures 1—3) are given as mean + SEM (SEM does not appear
when smaller than symbol). Significant differences of means
or the difference of a mean from a constant value (P < 0.05)
were discerned by Student’s t test. Agonists were characterized
by relative potency compared with histamine, calculated as
antilog of (pECso(agonist) — pECse(histamine)). The first
concentration—effect curve (CEC) for histamine served as an
internal reference when two CECs were performed on each
preparation. The daily mean of untreated histamine control
organs served as reference when only one CEC per organ was
established. Emax [%] of the new agonists (formerly termed
intrinsic activity*®) was calculated relative to histamine. The
negative logarithm of the dissociation constant of the partial-
agonist/receptor complex, pKp, was calculated from individual
sets of equieffective concentrations of histamine in the absence
and presence of a maximal or supramaximal concentration of
partial agonist.3> When pKp values were determined at dif-
ferent partial agonist concentrations, the overall pKp was
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calculated by a Kaumann-Marano plot®¢ after constraining the
slope of the regression line to unity. The affinity of the H;-
receptor antagonist mepyramine was calculated as pA; from
experiments with histamine or the new agonists in the absence
or presence of suitable concentrations of mepyramine. Appar-
ent pA; values were obtained from experiments with a single
mepyramine concentration according to the equation pA; =
—log c(mepyramine) + log (r — 1), where r is the ratio of
agonist concentrations in the presence and absence of me-
pyramine that elicit 50% of the respective maximum effect.*?
When a set of at least three different mepyramine concentra-
tions was studied, full pA, values were calculated from
Arunlakshana-Schild plots after constraining the Schild plot
slope to unity.3* Contractile effects evoked by very weak
agonists (8, 9) were qualitatively blocked by 100 nM me-
pyramine. Apparent pA; values of compounds devoid of agonist
properties vis-a-vis to Hj receptors (11, 12) were determined
as described above for mepyramine. Antagonist potencies of
the new compounds at selected neurotransmitter receptor
subtypes were calculated as apparent pA; values (see above)
or as pD’; values,® when only depression of CECs instead of
rightward displacement was observed.

Histamine H;-Receptor Assay on the Isolated Guinea-
Pig lleum. Guinea-pigs of either sex were stunned by a blow
on the head and exsanguinated. The ileum was removed, and
whole segments (2.0—2.5 cm) were mounted isotonically (pre-
load 0.5 g) at 37 °C in Tyrode’s solution,> aerated with 95%
0,/5% CO,, in the continuous presence of 0.1 uM atropine, a
concentration not affecting H; receptors.?* During an equili-
bration period of ca. 80 min, the organs were stimulated three
times with histamine (1 and 10 «M) followed by washout. Each
preparation was used to establish a cumulative concentration—
effect curve for histamine (0.01—-30 «M) followed either by a
second curve for a new agonist in the absence or presence of
mepyramine (1—100 nM, incubation time 10—15 min), or by
a second histamine curve in the presence of antagonist
(incubation time 10 min). The pECs, difference was not
corrected since two successive curves for histamine were
superimposable (n = 10). For the determination of pKp, the
partial agonist was not washed out and incubated for 1—10
min (see Table 1). A final cumulative curve for histamine was
then constructed.

Histamine H;-Receptor Assay on the Isolated Endo-
thelium-Denuded Guinea-Pig Aorta. Thoracic aortae of
sacrificed guinea-pigs were quickly removed and cleared of
connective tissue. Rings of 2—4 mm length were cut and rolled
with a pair of tweezers to damage the endothelium. Organs
were mounted isometrically (initial tension 10 mN) by means
of two L-shaped stainless steel hooks in a modified Krebs-
Henseleit solution (37 °C, gassed with 95% O,/5% CO,, 1.80
mM Ca?", 1.20 mM Mg?"). During an equilibration period of
ca. 130 min, organs were stimulated three times with hista-
mine (10 xM) followed by washout. Cumulative concentration—
effect curves for histamine (0.1—300 xM) followed by a second
curve for histamine or a new agonist in the absence or presence
of mepyramine (1—1000 nM, incubation time 30 min) or antag-
onist (incubation time 30 min) were established in the presence
of cimetidine, corticosterone, cocaine (30 uM each), prazosin,
yohimbine (0.3 uM each), and propranolol (0.1 uM). The pECsg
difference was corrected using the sensitivity change moni-
tored by untreated histamine control preparations.

Histamine Hi;-Receptor Assay on the Isolated Endo-
thelium-Denuded Guinea-Pig Aorta, Precontracted with
a Threshold Concentration of PGF,,. Preparations were
set up as described in the preceding paragraph. After a
stabilization period of 100 min, the organs were challenged
twice (duration 20 and 45 min) with PGF,, (10 uM), followed
by washout each. Before the final cumulative concentration—
effect curve with histamine (0.01-300 «M) or a new agonist
in the absence or presence of mepyramine (10—100 nM, total
incubation time approximately 60 min) or antagonist was
performed, the preparations were precontracted with a thresh-
old concentration of PGF, (usually 0.4—1.5 uM) corresponding
to 10—20% of the contraction evoked by 10 uM PGF,, during
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the second challenge. The contractile effect of histamine or the
new agonists was expressed relative to the maximum obtained
for 10 uM PGF,, during the second challenge. The cocktail of
six drugs mentioned in the preceding paragraph was present
during the final curve and the second challenge with PGF,.

Histamine H;-Receptor Assay on the Isolated Rat
Aorta with Intact Endothelium. Male Wistar rats were
stunned (CO,) and decapitated. The thoracic portion of the
aorta was rapidly removed, rinsed, and cleared of connective
tissue. Rings of 2—4 mm length were cut and set up iso-
metrically (initial tension 10 mN) by means of two L-shaped
stainless steel hooks in a modified Krebs-Henseleit solution
(37 °C, gassed with 95% 0,/5% CO,, 1.25 mM Ca?", 1.20 mM
Mg?*). After an equilibration period of ca. 100 min, vascular
rings were contracted with a submaximal concentration of
U46619, a TP(thromboxane-A,)-receptor agonist (15.8 nM) in
the presence of prazosin (100 nM). When the effect had
plateaued (usually after 45 min), a cumulative concentration—
relaxation curve was established for histamine (0.1—1000 xM)
or a new agonist in the absence or presence of mepyramine
(100 nM, total incubation time approximately 75 min). Poten-
tial Hi-receptor antagonists were studied like mepyramine
versus histamine. When the agonist had elicited its maximum
effect, a final relaxation was induced by addition of the Ms-
receptor agonist carbachol (300—1000 uM).

Histamine H,-Receptor Assay on the Isolated Spon-
taneously Beating Guinea-Pig Right Atrium. The right
atrium was set up isometrically (initial tension 5 mN) as
described.5* Cumulative concentration—frequency curves for
histamine in the absence and presence of the studied com-
pounds were obtained in the continuous presence of 0.3 uM
propranolol and 1 uM mepyramine.

Histamine Hs-Receptor Assay on the Isolated Electri-
cally Stimulated Guinea-Pig lleal Longitudinal Muscle
with Adhering Plexus Myentericus. Segments of ileal
longitudinal muscle were set up isometrically (initial tension
7.5 mN) as described.? Cumulative concentration—effect
curves for (R)-o-methylhistamine in the absence and presence
of the studied compounds (incubated for 20 min at concentra-
tions not interfering with muscarinic Ms receptors) were
obtained in the continuous presence of 1 «M mepyramine.

Antagonist Activity of Title Compounds at Non-
Histamine Receptors. Experiments were performed accord-
ing to published protocols for the following functional receptor
assays: Muscarinic M3 receptors of guinea-pig whole ileal
segments®! (in the presence of 1 uM mepyramine), adrenergic
oup receptors of rat thoracic aorta,®* and f; receptors of
spontaneously beating guinea-pig right atrium>! (in the pres-
ence of 1 uM mepyramine), serotonergic 5-HT,g receptors of
guinea-pig arteria iliaca® (in the presence of 1 uM me-
pyramine), 5-HT,a receptors of rat tail artery,>* 5-HT3 recep-
tors of quiescent guinea-pig ileal longitudinal muscle with
adhering plexus myentericus®® (in the presence of 1 uM
mepyramine), and 5-HT, receptors of rat oesophagal tunica
muscularis mucosae,>® respectively. For the new compounds,
agonist effects were not observed in all non-H;-receptor assays.

Molecular Modeling. Modeling of the Histamine H:
Receptor. The human histamine H; receptor (hH1R) belongs
to the rhodopsin family of G-protein coupled receptors. This
allows to use the a-carbon template of the transmembrane
(TM) helices® based on a three-dimensional electron-density
map of frog rhodopsin with an effective resolution of 7.5 A in
the membrane plane.?” Highly conserved amino acids in each
of the TM domains permit unambiguous alignment of the
primary sequence of rhodopsin with the histamine H; recep-
tors. The starting structure of hH1R TM domains was built
using the biopolymer tool of the program package SYBYL 6.4
(Tripos Inc.). N-Acetyl and N-methyl groups were added to the
N- and C-termini of the TM helices. The model of the hH1R
TM region was minimized using the sander module of AMBER
4.155 (cutoff for nonbonded interactions 12 A, conjugate gradi-
ent minimization, RMS-gradient cutoff 0.01).

RESP Charge Calculations. The original Amber 4.1 was
parametrized and equilibrated with ab initio derived charges
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(6-31G* basis set) calculated using the restrained electrostatic
potential fitting method RESP.%¢ This method avoids the
designation of excessively large point charges to buried atoms.
The application of RESP yields a force field consistent calcula-
tion of electrostatic potentials and intermolecular interaction
energies. The atomic charges of ligands used in this modeling
study were calculated using the RESP formalism. The ab initio
UHF type energy calculations (NGAUSS = 6, GBASIS = N31,
POLAR = POPLE) were performed with the program GAMES-
S_US.5" Molecular electrostatic potentials were calculated from
GAMESS_US output with MOLDEN 3.2% and used as input
for RESP to obtain force field consistent point charges for the
histaminergic agonists. This procedure leads to identical
results comparable with original AMBER 4.1 charge calcula-
tions (ter Laak and Kihne, unpublished results). The hista-
mine derivatives are able to exist in three differently proto-
nated states (uncharged, with one protonated imidazole nitro-
gen; monocation, with additional protonated side chain amino
group; dication, in which all nitrogens are protonated). Both
the uncharged and the monocation form are able to undergo
tautomerism. In our modeling studies, we used the N*-mono-
cation which is most likely the biologically active species.*®

Molecular Dynamics (MD) Simulations. The minimized
structure of the hH1R TM region represents only one local
minimum strongly depending on the used a-carbon template.>*
In this template, the area enclosed by seven helices near the
intracellular site is 25% smaller than near the extracellular
site. Thus, the template represents mainly the inactive recep-
tor state.?” Therefore, an MD setup containing three phases
was used: (i) Dynamic relaxation of the putative inactive state
of hH1R TM domains with the agonist outside the TM region
(100 ps), (ii) dynamic docking of H;-receptor agonists into the
putative active site of the receptor using distance restraints
(50 ps), and (iii) dynamic relaxation of the agonist—receptor
complex (100 ps). The arrangement of the seven-helix bundle
was fixed by a set of distance restraints between the centers
of three a-carbons in each helix (TM I: Val42, Thr41l, Val40;
TM II: Pro82, Met81, Val80; TM I11: Serl14, Alall3, Thr112;
TM 1V: Prol61, llel60, Vall59; TM V: Pro202, Leu201,
Tyr200; TM VI: Pro430, 1le429, Trp428; TM VII: Pro465,
Asn464, Leud63). The definition of these distance restraints
allows conformational changes during the whole MD simula-
tion, like rotations of helices, kinks of helices near prolines,
and different relative orientations of the TM domains. There-
fore, this setup permits the simultaneous study of the relax-
ation of the inactive state of the seven-helix bundle, the
conformational changes of the TM domains during agonist
docking, and the relaxation of the agonist—receptor complex.®°
This reflects the known experimental fact that during the
agonist-induced receptor activation rigid body motions of the
seven TM domains occur.162 The stability of the calculated
agonist—receptor complexes was studied by 1 ns MD simula-
tions using positional restraints of 10 kcal mol~t A2 on all
receptor backbone C,-atoms. After 250 ps all restraints
between ligand and receptor were removed. To analyze the
stability of the agonist—receptor complex, the mean RMSD
value of the agonist conformation compared with the starting
structure during the last 500 ps was calculated.

All MD simulations were carried out at 300 K in vacuo using
the sander module of AMBER 4.1% (time step 2 fs using
hydrogen atom bond ‘SHAKE' option, dielectric constant ¢ =
1, cutoff for nonbonded interactions 12 A, update of nonbonded
pairs every 10 steps, and heat coupling of 0.2 ps). In vacuo
MD simulations of TM domains yield a loss of helical content.®
To stabilize the helical conformation of TM domains, all helical
backbone hydrogen bonds were restrained using distance
constraints with a force constant of 10 kcal mol~1 A-2,
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