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Abstract—In an effort to develop a non-radioactive alternative to the [*H]tiotidine and ['**IJiodoaminopotentidine binding assays

for the histamine H,-receptor (H,R), primary amines related to aminopotentidine were prepared and coupled with the succinimidyl
esters of the bulky fluorescent dyes S0536 and BODIPY® 650/665-X. The primary amines exhibited different degrees of antagonistic
potency at the human and guinea pig H,R. Surprisingly, one compound (5) coupled to the cyanine dye S0536 acted as potent partial
agonist/antagonist at the H,R (K ~ 50 nM; ECsq ~ 100-150 nM). Compounds coupled to the BODIPY dye exhibited moderately
high H,R-affinity, too. Thus, the H,R accommodates bulky fluorophores, probably through interaction with extracellular receptor
domains. The compounds presented herein provide a starting point for the optimization of fluorescent H,R ligands with respect to

affinity and fluorescence as valuable tools to analyze the molecular mechanisms of H,R activation.

© 2006 Elsevier Ltd. All rights reserved.

The histamine H,-receptor (H>R) couples to Gs-proteins
and mediates activation of adenylyl cyclase.!
Functionally, the H,R can be analyzed by measuring the
high-affinity GTPase activity of fusion proteins of the
H,R with G, adenylyl cyclase activity or positive chrono-
tropy in the spontaneously beating guinea pig right atri-
um.”* All these assays yield robust signals and have
provided the basis for the development of both potent
H,R agonists and antagonists. Unfortunately, in terms
of direct analysis of the ligand-binding properties of the
H,R, the situation is more problematic. The tritiated radi-
oligand [*H]tiotidine suffers from a relatively low affinity
(Kq ~35nM) and labels only a subpopulation of the
available H,R molecules.> ['*’TJaminopotentidine
exhibits high affinity for the H>R (K4 0.3 nM),’ butits high
costs and the relatively short 71, of '*°I (60 days) substan-
tially limit its general use in H,R ligand development.

In an effort to overcome these technical difficulties in
ligand-binding analysis of the H,R, we have initiated a
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program directed toward the development of fluorescent
H,R ligands. To this end, we have prepared aminopoten-
tidine-derived compounds substituted with fluorescein,
acridine, dansyl, nitrobenzoxadiazole or indolo[2,3-
alquinolizine at the primary amino group.® These
compounds are H,R antagonists with pA4, values in the
range of 7.5-8.0, that is, comparable to the affinity of tiot-
idine.”® Meanwhile, according to the same strategy
Malan et al.” prepared aminopotentidine-like H,R
ligands labeled with some of the aforementioned and sev-
eral other fluorophores such as N-methylanthranilamide,
I-cyanoisoindole and 1-cyanoindolizine-2-carboxamide.
Based on the experience with [*H]tiotidine,? the affinity
of most of the fluorescent H,R ligands is not high enough
for spectroscopic applications. In addition, the most
important lesson from investigations with such fluores-
cent probes is that the optical properties of the previously
prepared compounds are not optimal for H,R analysis in
intact cells and tissues.® Therefore, we prepared a novel
series of ligands with bulky fluorescent dyes emitting light
at wavelengths >650 nm in order to improve their signal-
to-noise ratio.

Primary amines 2a,b related to the H,R antagonist
aminopotentidine® were prepared from 1% according to
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a known synthetic route® (Scheme 1) and coupled to
the succinimidyl esters 3 and 4 of the fluorescent dyes
S0536 and BODIPY® 650/665-X according to standard
procedures (Scheme 2), yielding the fluorescent HoR
ligands 5, 6 and 7.'° The fluorescent products were
isolated and purified on a C-18 reversed-phase high-
performance liquid chromatography column (Fig. 1).

The primary amines 1, 2a, and 2b derived from amino-
potentidine and the fluorescent compounds 5, 6, and 7
were compared to the reference compound aminopoten-
tidine in the H,R antagonist mode measuring inhibition
of histamine-stimulated high-affinity GTP hydrolysis in
Sf9 insect cell membranes expressing fusion proteins of
the human H,R (hH,R) or guinea pig H>R (gpH,R)
and Gy, according to the previously described proce-
dure.? The antagonist data are summarized in Table 1.
We also examined the effects of the novel compounds
in the absence of histamine in order to detect possible
partial agonistic and inverse agonistic activity.> Those
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Figure 1. HPLC analysis of 5. Dashed line, reaction mixture (injected
as 1:10 dilution with mobile phase) after addition of the second portion
of 2a. Solid line, chromatogram of the purified compound 5 after
vacuum concentration and dissolution in MeCN. Detection at 640 nm.
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Scheme 1. Synthesis of the aminopotentidine-derived primary amines 2a and 2b.
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Scheme 2. Fluorescence labeling of the primary amines 1, 2a, and 2b with the succinimidyl ester of S0536 (3), yielding 5, and with the succinimidyl

ester of BODIPY® 650/665-X (4), yielding 6 and 7.
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Table 1. Antagonist potencies of aminopotentidine, 1, 2a, 2b, 5, 6 and 7 at hH,R and gpH,R

Compound Kg hH,R (nM) Ky gpH,R (nM) Ky hH,R/Kp gpH,R
Aminopotentidine 220 + 30 280 £ 40 0.79

1 15,000 + 3500 6800 £ 1700 2.20

2a 9300 + 2400 2300 £ 1200 4.04

2b 1800 + 920 75+ 18 24.0

5 47+ 12 58+ 10 0.81

6 640 + 210 150 £ 95 4.27

7 260 + 80 190 + 70 1.37

Antagonist potencies were determined in the GTPase assay. Reaction mixtures contained 100 nM unlabeled GTP, 0.1 uCi of [y->*P]|GTP, 10 ug of Sf9
insect cell membrane protein expressing hH,R-Gy, or gpH,R-Gy,, 1 pM histamine, and antagonists at concentrations between 1 nM and 100 uM to
obtain saturated inhibition curves. Data shown are means * SD of three experiments. Non-linear curve fitting was performed using the Prism 4.0

program. Kp values were calculated as described.’

data are summarized in Figure 2. In order to confirm the
data obtained with fusion proteins, we also performed
some complementary adenylyl cyclase experiments with
Sf9 membranes expressing non-fused hH,R and
gpHoR.!

Expectedly, the piperidinomethylphenoxypropylamine
building block 1 was a far less potent H,R antagonist
than the cyanoguanidine aminopotentidine (Table 1)
since the cyanoguanidino group is important for recep-
tor interaction.”> Connection of the piperidinomethyl-
phenoxypropylamine building block with a
cyanoguanidino moiety linked to the reactant primary
amine via an ethylene group (2a) moderately increased
antagonist affinity. A hexamethylene linker between
the cyanoguanidino moiety and the primary amine
(2b) increased affinity much more substantially, particu-
larly for the gpH,R. In fact, the affinity of 2b for
gpHLR-Gy,, is 24-fold higher than for hH,R-Gy,. Aden-
ylyl cyclase experiments with Sf9 membranes expressing
non-fused hH>R and gpH;R confirmed the large affinity
difference of 2b for the two receptor isoforms (Kp of
2.5 uM vs 33 nM). These are the largest affinity differ-
ences for a ligand between hH,R and gpH,R described
so far.>!' Compound 2b possesses a longer linker be-
tween the cyanoguanidino group and the primary amine

than 2a, and previous studies already showed that
gpH,>R exhibits higher conformational flexibility than
hH,R.? Thus, 2b is a particularly useful probe to dissect
the species-differences between hH,R and gpH,R.

It was taken into account that introduction of bulky
fluorophores might result in a decrease in affinity of
the labeled compounds for the H,R since similar obser-
vations had been made for other biogenic amine recep-
tors.!? This presumption is also compatible with the
suggestion that the ligand binding pocket in biogenic
amine receptors is more constrained than in peptide
receptors, allowing only for small structural changes
without compromising affinity. However, to our sur-
prise, the opposite was the case. Specifically, 5 was a
200-fold more potent antagonist at hH,R than 2a, and
for gpH,R the affinity difference was 40-fold. The link-
age of 1 and 2b with the BODIPY dye 4, yielding 6
and 7, resulted in antagonists that showed higher affinity
for hH,R than the corresponding building blocks 1 and
2b. For gpH,R, this difference was also observed for 1
and 6. These data show that biogenic amine receptors
can not only tolerate bulky fluorescent ligands as was
shown already for some cases®!3 but that bulky fluores-
cent groups can even substantially increase ligand-
affinity.
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Figure 2. Effects of histamine, 1, 2a, 2b, 5, 6 and 7 on GTPase activity in Sf9 insect cell membranes expressing hH>R-Gy,g or gpH,>R-Gy,s. Reaction
mixtures contained 100 nM unlabeled GTP, 0.1 pCi [y->P]GTP, 10 pg of membrane protein expressing the fusion proteins, and ligands at the
concentrations indicated on the abscissa. Data shown are means + SD of three experiments. Non-linear curve fitting was performed using the Prism

4.0 program.
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The results for compounds 1, 2a, 2b, 5, 6, and 7 in the
GTPase assay in the absence of histamine were striking,
too (Fig. 2). Histamine was a full agonist at hH,R-Gy,
and gpH,R-G,, and served as a reference compound.
All compounds except for 5 and 2a at hH,;R-Gy,, slightly
reduced basal GTPase activity, indicating that the H,R
exhibits a certain degree of constitutive activity and that
the compounds act as inverse agonists.> In marked
contrast, 5 acted as partial agonist both at hH,R and
gpH,R. At the hH,R the ECsq of 5 was 160 nM, and
the efficacy was 58% of that of histamine. The ECs, of
5 at gpH,R was 90 nM, and the efficacy was 65% of that
of histamine. The partial agonist effects of 5 on hH,R
and gpH,R were clearly H,R-mediated since the H,R
antagonists tiotidine, cimetidine, ranitidine, famotidine,
and zolantidine inhibited the effects of 5 on GTP hydro-
lysis with very similar Ky values as for histamine (data
not shown).2 We also conducted adenylyl cyclase assays
with Sf9 membranes expressing non-fused H,R from hu-
man and guinea pig'! and confirmed the partial agonis-
tic activity of 5 (data not shown). Finally, we examined
the potential antagonistic effects of the compounds at
the human and guinea pig H;R measuring inhibition
of histamine-stimulated GTP hydrolysis in Sf9 mem-
branes expressing recombinant H-receptors.!! Com-
pounds 1, 2a, 2b, 5, 6, and 7 exhibited only very low
affinity for the H{R (K > 30 uM, data not shown).

It is unlikely that transmembrane domains are involved
in conferring the relatively high affinity of the hH,>R and
the gpH,R for 5 for two reasons. First, the fluorescent
group in compound 5 is too bulky to be inserted into
the ligand binding pocket of the H,R.%!' Second, cya-
nine dye moiety is charged, that is, it bears a negatively
charged sulfate group and a resonance-stabilized cation
(Scheme 2). Accordingly, it is reasonable to assume that
the fluorophore of 5 interacts with extracellular domains
of the H,R, that is, the N-terminus and/or the extracel-
lular loops, both of which contain positively and nega-
tively charged amino acids.? It is conceivable that ionic
interactions between the fluorescent group and extracel-
lular portions of the receptor protein increase the affinity
of the HoR for fluorescent ligands. In addition, we as-
sume that conformational changes in extracellular por-
tions of the H,R can result in at least partial
activation. So far, conformational changes related to
biogenic amine receptor activation were assumed to be
restricted to the transmembrane domains.'* Thus, fluo-
rescent ligands, particularly 5, may serve as probes to
examine the molecular mechanisms underlying biogenic
amine receptor activation. For actual fluorescence anal-
ysis of the H,R, the affinity of 5 is still too low and
should be increased by at least one order of magnitude.

It should be noted that the identification of 5 as a
relatively high-affinity partial H,R agonist was
fortuitous. Our present data show that the H,R also
tolerates BODIPY dyes linked to cyanoguanidines (6
and 7) quite well. Accordingly, future studies will
have to systematically combine various cyanoguanidines
with various fluorophores emitting at wavelengths
> 650 nm. We assume that more potent fluorescent
H,R ligands than 5 can be developed. Moreover, given

the high degree of conservation between biogenic amine
receptors,'# the results of the present study suggest that
it will ultimately also become possible to develop high-
affinity fluorescent ligands for B-adrenergic receptors
and muscarinic cholinoceptors.
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