Journal of

Medicinal Chemistry

Subscriber access provided by FLORIDA INTL UNIV

N-carbamoylation of the argininamide moiety: an avenue to insurmountable
NPY Y receptor antagonists and a radiolabeled selective high
affinity molecular tool ([HJUR-MK299) with extended residence time

Max Keller, Stefan Weiss, Christoph Hutzler, Kilian K. Kuhn, Catherine Mollereau, Stefanie
Dukorn, Lisa Schindler, Guenther Bernhardt, Burkhard Kénig, and Armin Buschauer

J. Med. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.jmedchem.5b00925 « Publication Date (Web): 14 Oct 2015
Downloaded from http://pubs.acs.org on October 22, 2015

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

Journal of Medicinal Chemistry is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.



Page 1 of 70 Journal of Medicinal Chemistry

©CoO~NOUTA,WNPE

10 N®-carbamoylation of the argininamide moiety: an
14 avenue to insurmountable NPY Y receptor antagonists

18 and a radiolabeled selective high affinity molecular

22 tool (["HJUR-MK?299) with extended residence time

27 Max Keller,*" Stefan Weiss,* Christoph Hutzler," Kilian K. Kuhn," Catherine Mollereau,”

29 Stefanie Dukorn,T Lisa Schindler,T Giinther Bernhardt,T Burkhard K(’)'nig,i and Armin Buschauer'

33 "Institute of Pharmacy and *Institute of Organic Chemistry, Faculty of Chemistry and Pharmacy,
35 University of Regensburg, Universitdtsstr. 31, D-93053 Regensburg, Germany
37 SCNRS/IPBS (Institut de Pharmacologie et Biologie Structurale), 205 route de Narbonne, 31077

Toulouse cedex 5, France

46 KEYWORDS

49 neuropeptide Y; NPY Y, receptor antagonist; radioligand; target residence time; argininamide;

neuropeptide FF; carbamoylguanidine

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

ABSTRACT Analogs of the argininamide-type NPY Y, receptor (Y;R) antagonist BIBP3226,
bearing carbamoyl moieties at the guanidine group, revealed subnanomolar K; values and caused
depression of the maximal response to NPY (calcium assay) by up to 90% in a concentration-
and time-dependent manner, suggesting insurmountable antagonism. To gain insight into the
mechanism of binding of the synthesized compounds, a tritiated antagonist, (R)-N°-
diphenylacetyl-N°-[2-([2,3-’H]propionylamino)ethylJaminocarbonyl-(4-hydroxybenzyl)arginin-

amide ([3H]UR—MK299, [3H]38), was prepared. [3H]38 revealed a dissociation constant in the
picomolar range (Kg 0.044 nM, SK-N-MC cells) and very high Y R selectivity. Apart from
superior affinity, a considerably lower target off-rate (¢;, 95 min) was characteristic of [3H]38
compared to the higher homolog containing a tetramethylene instead of an ethylene spacer (¢12 3
min, Kg 2.0 nM,). YR binding of [3H]38 was fully reversible and fully displaceable by
nonpeptide antagonists and the agonist pNPY. Therefore, the insurmountable antagonism
observed in the functional assay has to be attributed to the extended target-residence time, a

phenomenon of relevance in drug research beyond the NPY receptor field.

Introduction

The 36 amino acid peptide neuropeptide Y (NPY) is involved in the regulation of various
physiological functions and was reported to be implicated in diseases such as obesity, depression
and addiction to alcohol.'® NPY binds to receptors of the NPY family, which, in humans,
comprises four functionally expressed receptor subtypes (YR, Y2R, Y4R and YsR). Due to
(over)expression in malignant tumors, the Y;R has been suggested as a target for cancer
diagnosis.*® Complementary to radiolabeled peptidic YR agonists, highly selective radiolabeled

nonpeptidic antagonists are valuable pharmacological and potential diagnostic tools, but
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commercially not available. Apart from high affinity and selectivity, slow target off-rate and
high in vivo stability of the radiotracer are considered favorable.

The tritiated analog of the (R)-argininamide 1a (BIBP3226)9 (Figure 1) was the first described
radiolabeled YR antagonist, exhibiting a K4 value of 2.1 nM.'° Bioisosteric replacement of the
guanidine group in 1la by acyl- or carbamoylguanidine moieties afforded the radiolabeled Y ;R
antagonists ["THJUR-MK114 ([*’H]2)"" and [’HJUR-MK136 ([*H]4)'? (Figure 1) with affinities
comparable to la. Aiming at Y;R radioligands with higher affinity, potential radioligands
derived from the argininamide 1b (BIB03304)13 (Figure 1) were recently described.'* However,
derivatization of 1b resulted in a pronounced decrease in YR affinity, leading to ligands with
binding constants in the single-digit nanomolar range. In continuation of our work on
argininamide-type YR antagonists we focused on N“-carbamoylated argininamides, as the
carbamoylguanidine moiety was recently identified as a stable bioisostere of the acylguanidine

12,15-16

group, conferring higher affinity than the guanidine group in the parent compound 1a, as

previously reported for 5-7''® (Figure 1).

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

NH
o~ RI
HNT ONR
compound R R?2 K; or Kq [nM]
BIBP3226 (1a) H OH 2.12
1.3°
H
BIBO3304 (1b) H f’\/N\n/NHZ 0.25°
. o)
[PHJUR-MK114 )K(\ .
(©H2) A% A 3 OH 1.2
o)
b
3 \AN/\/\/NHz OH 43
H
0o y °H
PHIUR-MK136 I~ _N_A3H  on 209
BH4) A% ” \g/\/ .
o)
5 "\)J\N/\ OH 0.06°
H
2
6 NN O OH 0.06°
HAIOV 0.3
o] o)
f
7 \)J\N/\)J\o/\ OH 0.3
H

Figure 1. Structures and YR affinities (determined at SK-N-MC neuroblastoma or HEL cells)
of 1a, 1b, the argininamide-type radioligands [’H]2 and [’H]4, and the N°-carbamoylated
argininamides 3 and 5-7. “K; value reported for [3 H]1a by Entzeroth et al.'® °K; value determined
with [*H]2 as radioligand." ‘K, value described by Keller er al.'' ‘K4 value described by Keller

et al.”® “/K; value determined with [*H]propionyl-pNPY as radioligand, “Brennauer et al.,"’

'Schneider et al.'®

Very recent detailed functional studies with 5-7 (synthesis not reported so far; cf. Supporting
Information) revealed insurmountable antagonism of these nonpeptide YR ligands. To elucidate
this phenomenon we synthesized and characterized new analogs of 5-7 including compounds
with bulkier carbamoyl substituents as well as the radiolabeled version of an optimized

antagonist.

ACS Paragon Plus Environment

Page 4 of 70



Page 5 of 70

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Results and Discussion

Chemistry. The synthesis of argininamides 5-7, which were prepared from amine 15 and the
S-methylisothiourea derivatives 10," 13 and 14, is outlined in Scheme 1. The guanidinylating
reagents 10, 13 and 14 were obtained by treatment of 9 with the commercially available
isocyanates 8, 11 or 12. Guanidinylation of amine 15 with 10, 13 and 14 in the presence of
mercury(Il) chloride gave Boc/tBu-protected intermediates, which were treated with

trifluoroacetic acid (TFA) to afford argininamides 5-7 (Scheme 1).

Scheme 1. Synthesis of the N”-carbamoylated argininamide-type YR antagonists 5-7."
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15 H,NT SN H’R
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O (o)

“Reagents and conditions: (a) DIPEA, CH,Cl,, 86-99%; (b) (1) HgCl,, DIPEA, CH,Cl,; (2) TFA,
CH,Cl,, H»0, 62-75%.

Scheme 2 shows the synthesis of argininamides 17, 28-30 and 33, which contain a triazole

moiety in the substituent attached to the guanidine group. Palladium-catalyzed hydrogenation of
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the previously described argininamide 16*° afforded aniline derivative 17. The synthesis of
argininamides 28-30 started from azides 18 and 19, which were subjected to a copper(])-
catalyzed cycloaddition reaction with alkyne 20 or 21 to give the triazole derivatives 22,*' 23 and
24 (Scheme 2). Compounds 22-24 were converted to the guanidinylating reagents 25-27 by
treatment with triphosgene and subsequent reaction with thiourea derivative 9. Guanidinylation

of amine 15 with 25-27 followed by Boc/tBu-deprotection with TFA afforded compounds 28-30.

Scheme 2. Synthesis of the triazole-containing argininamides 17, 28-30 and 33."
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“Reagents and conditions: (a) 10% Pd/C, hydrogen, MeOH, 99%; (b) (1) ascorbic acid, CuSOy,
MeOH, H,0; (2) MeOH/conc. aq HCI 3:1 (v/v) (22, 24) or CH,CIl/TFA 2:1 (v/v) (23), 38-86%;
(c) triphosgene, DIPEA, CH)Cl, (25-27) or acetonitrile (32), 25-79%; (d) (1) HgCl,,
triethylamine, DMF; (2) TFA, CHyxCl,, 21-72%; (e) (1) iodomethane, Nals,
tetrabutylammonium tetrafluoroborate, diethyl ether, H,O; (2) alkyne 20, ascorbic acid, CuSOsu,
MeOH, diethyl ether, H,O; (3) MeOH/conc. aq HCI1 3:1 (v/v), 72%.

Methyl azide, required for the preparation of compound 31, was prepared from methyl iodide

and sodium azide in a water/diethyl ether mixture using tetrabutylammonium tetrafluoroborate as
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phase transfer catalyst. To circumvent the isolation of the explosive methyl azide, alkyne 20 and
aqueous solutions of ascorbic acid and copper(Il) sulfate were added directly to the separated
diethyl ether phase, containing the azide, to obtain the respective cycloaddition product, which
was chromatographed and treated with hydrochloric acid to give the unprotected amine 317
Treatment of 31 with triphosgene and subsequent addition of compound 9 gave the
guanidinylating reagent 32, which was used to convert amine 15 to argininamide 33 (Scheme 2).
For the synthesis of propionamide 38 (UR-MK?299) and the fluorescently labeled argininamide
40, thiourea derivative 9 and amine 34 were converted to guanidinylating reagent 35,> using a
procedure reported for the higher homolog of 35 (Scheme 3)."> Treatment of amine 15 with 35 in
the presence of mercury(Il) chloride and subsequent deprotection yielded amine 36, which was
propionylated to give 38, or treated with Fluorescence Red Mega 480 succinimidyl ester (39) to

afford compound 40 (Scheme 3).
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Scheme 3. Synthesis of the YR antagonist 38 and the fluorescently labeled argininamide 40."

“NH O x1 TFAH

Y-
As A NH, 5 PN N
H,N“ N N2 0 HN" N H/\/ T

H .0
o]
36 N 38 (UR-MK299)

“Reagents and conditions: (a) triphosgene, DIPEA, CH,Cl,, 66%; (b) (1) HgCl,, DIPEA,
CH,Cl,; (2) TFA, CH,Cl,, H,0, 65%; (c) DIPEA, DMF, 38: 83%, 40: 69%.
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Functional studies at the human NPY Y; receptor. The carbamoylated argininamide-type

©CoO~NOUTA,WNPE

YR antagonists 5-7 (Figure 1), exhibiting high YR affinity (K; < 1 nM, cf. Figure 1 and Table
11 1), were investigated in a Fura-2 Ca** assay on human erythroleukemia (HEL) cells using pNPY
13 as agonist. The effect of pNPY, elicited at a concentration of 10 nM, was inhibited by increasing
16 concentrations of the antagonist. Interestingly, the antagonistic effect turned out to be time-
18 dependent, increasing with the incubation period of the cells in the presence of the antagonist
20 prior to the addition of the agonist pNPY (Figure 2 B-D). The maximum shift of the curves was
reached after 5 min (compound S, Figure 2B) and 15-20 min (6 and 7, Figure 2C and 2D),
25 respectively. By contrast, this phenomenon was not observed in case of the parent compound 1a
27 (Figure 2A), indicating that the time-dependent effect has to be attributed to the carbamoyl

substituents attached to the guanidine group in 5-7.
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As shown for compound 6 (Figure 3A) and 16 (Supporting Information Figure S5) as
examples, the concentration-response curve of pNPY was rightward-shifted and depressed upon
pre-incubation of the cells with increasing concentrations of the antagonists for 15 minutes. The
maximal depression of the concentration-response curve was confirmed by a different
experimental approach:** adding pNPY at a ‘supramaximal effective concentration’** of 300 nM
to cells pre-incubated with compound 6 at increasing concentrations for 15 minutes resulted in a
biphasic curve, indicating the extent of insurmountable antagonism (Figure 3B). Partially
insurmountable antagonism, although less pronounced, was also observed for compounds 5§ and
38 (Figure 3B). In a more simplified kinetic experiment, only one (‘supra-effective’)
concentration of antagonist, derived from the respective determined (1a, 5-7, 33 and 38, Figure
2) or published''"? ICs, value (2, 4), was applied to inhibit the response elicited by 300 nM of
pNPY (Figure 3C). The plateaus of the curves, reached in a time-dependent manner, correspond
to the maximum depression caused by the antagonist, as exemplified by compound 6 at a
concentration of 1 nM (Figure 3 A,B). Whereas 5-7, 33 and 38 caused a strong depression of the
maximal pNPY effect by up to 90% (Figure 3), a phenomenon characteristic of insurmountable

25-26

antagonists, the argininamides 2 and 4 caused a slight depression of the maximal Ca’*

response, and the parent compound 1a did not affect the pNPY response within the limits of

experimental error (Figure 3C).

11
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Figure 3. Investigation of the (insurmountable) antagonism of argininamides 1a, 2, 4, 5-7, 33
and 38 in a Fura-2 Ca™ assay performed with YR expressing HEL cells. A: Concentration-
response curves of pNPY in the absence and presence of antagonist 6 (15 min pre-incubation).
The presence of 6 led to a rightward shift of the curves and to a strong depression of the
maximum response to pNPY. B: Concentration-dependent inhibition of the Ca®* response,
elicited by pNPY at a supramaximal concentration of 300 nM, by the antagonists 5, 6 and 38 (15
min pre-incubation). The biphasic course of the curves revealed partially insurmountable
antagonism.”* C: Time-dependent depression of the pNPY (300 nM) induced Ca”* response by
1a, 2, 4, 5-7, 33 and 38. Presented are mean values + SEM from at least two (A, B) or three (C)
independent experiments (performed in singlet).

The results shown in Figure 3C might be interpreted as a hint to insurmountable antagonism
but not a proof, because the Fura-2 Ca** assay is a non-equilibrium assay, which can produce
depressions of the maximal agonist response due to hemi-equilibrium among receptor, agonist

and antagonist.”” However, this is improbable due to the results of the additional experiments

12
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shown in Figure 3A,B and due to the fact that the parent compound revealed typical, that is,

surmountable antagonism.

Binding studies at human NPY receptors. Insurmountable antagonism might be caused, for
example, by stabilization of receptor conformations with low affinity to the agonist (pNPY) or
by a long-lasting (pseudo-irreversible) binding. Therefore, we performed equilibrium
competition binding experiments with the radiolabeled agonist [3H]propi0nyl-pNPY. Two
variants of the competition binding experiment were performed. Firstly, the antagonists were
added immediately after the agonist [3H]propionyl—pNPY, and secondly, the cells were pre-
incubated with the antagonists for 30 min. The binding constants (K; values) of 5, 6 and 38
obtained in these experiments are shown in Table 1, and competition binding curves are depicted
in Figure 4. Pre-incubation of the cells with the antagonist did not result in a marked increase in
apparent YR affinity, that is, the antagonists did not show (pseudo-)irreversible binding after an
incubation period of 2 h (equilibrium conditions). To gain insight into the mechanism causing
the discrepancies between the result from binding studies and the insurmountable antagonism
observed in the functional assay, a radiolabeled form of an insurmountable antagonist such as

compound 38 was considered a useful molecular tool.

13
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Table 1. Y; receptor affinities of pNPY and the argininamides 5-7, 16, 17, 28-30, 33, 36, 38,
40 and 41 determined by equilibrium competition binding with [’H]2, [*H]4, ['H]propionyl-

©CoO~NOUTA,WNPE

U OO OB OWWWWWWWWWWNNNNNNNMNNNNRPRRPERPERPEPERPRERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOOPRARWNRPFPOOONOODURAWNPOOO~NOOUUDMWNEO

pNPY or [*H]38.

Compound

K; [nM] (Y/R)

used radioligand:

[’H]2¢ 'H4" [*H]propionyl-pNPY® [*H138¢
pNPY 0.5 0.7 0.6 0.41 +0.058" / 0.42 + 0.054'
1a 1.3 1.5 1.5¢ 1.0+0.019
5 0.17+0.017 0.40+0.082 0.06 -
0.29 +0.016*/0.24 +0.017'
6 021+0.059 042+0.12 03° 0.037 = 0.009
0.06
0.28 +0.21¥/0.12 £ 0.007'
7 - 0.49 £0.021 0.3 -
16 45+03 - - -
17 40+020  -- - -
28 69+ 1.4 - - -
29 31+063 - - -
30 41+1.7 - - -
33 0.56 +0.062 0.34+0.014 -- -
36 - 2243 - -
38 - 0.31£0.031 0.23 +0.026"/0.10 £0.008'  0.077 +0.021
40 - - - >1,000
41 400+ 19" -- - -

“Determined by radioligand competition binding with ["H]2 (Kq = 1.2 nM, ¢ = 1.5 nM) at SK-
N-MC cells. “Determined by radioligand competition binding with [*H]4 (K4 = 2.0 nM, ¢ = 2.0
nM) at SK-N-MC cells. “Determined by radioligand competition binding with [*H]propionyl-
pNPY (Kq = 1.9 nM, ¢ = 5.0 nM) at SK-N-MC or HEL cells. “Determined by radioligand
competition binding with [*H]38 (K4 = 0.044 nM, ¢ = 0.15 nM) at SK-N-MC cells. “*K; values
reported by: “Keller et al.,'"! Keller et al.,'* *Schneider er al.'® h/ipNPY was either added
immediately prior to [*H]38 (h) or 60 min after pre-incubation of the cells with [*H]38 () (K;
values not significantly different (P > 0.05)). /K; value reported by Brennauer er al.'” “'The
argininamides 5, 6 and 38 were either added to the cells immediately after the radioligand (k) or
pre-incubated with the cells (30 min) prior to the addition of [*H]propionyl-pNPY (1) (5: K;
values not significantly different (P > 0.05), 6 and 38: K; values significantly different (P < 0.02))
"K; value reported by Weiss er al® Presented are mean values = SEM from at least two
independent experiments (performed in triplicate). Note: All K; values were determined in our
laboratory essentially according to the same experimental procedure. Because of the very high
affinity of [°H]38 for the NPY Y receptor, the binding assay was performed in a way to ensure

14
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that the free radioligand concentration was not markedly decreased by binding to the receptor.
Therefore, cells were kept below 80% confluency, and the volume per well was increased (500
uL, instead of 250 uL used for ligands with lower affinity such as [’H]2 and [*H]4) to decrease
the ratio of receptor-bound to free radioligand.

20 1

S~
—

& 100 { BW==zso 5

%. v 6

-y 38

5 801 5 (pre-incubated)
2 6 (pre-incubated)
]‘% i 38 (pre-incubated)
=3

=

3 40 -

=]

=

M

=

o

4}

[~

w

=2

-11 -10 -9 -8 -7
log(c) compound

Figure 4. Displacement of [*H]propionyl-pNPY (Kq = 1.9 nM, ¢ = 5.0 nM) by argininamides 5,
6 and 38 at SK-N-MC neuroblastoma cells in a competition binding experiment. The
argininamides were either added immediately after the radioligand (open symbols, dashed lines)
or cells were pre-incubated with the antagonists for a period of 30 min prior to the addition of the
radioligand (filled symbols, solid lines). Pre-incubation with the argininamide resulted in a slight
decrease in the equilibrium binding constant K; (leftward shift of the curves) (compounds 6 and
38) or did not result in a statistically significant difference in K; values (compound 5) (cf. Table
1). Mean values = SEM from at least three independent experiments (performed in triplicate).

15
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Figure 5. Structures of the N”-carbamoylated argininamides 16, 17, 28-30, 33, 36, 38, 40 and
41.

YR affinity data of the carbamoylated derivatives of 1a (compounds 5-7, 16, 17, 28-30, 33,
36, 38 and 41) (¢f. Figure 5) were determined by competition binding with [*H]2 or [*H]4 at SK-
N-MC neuroblastoma cells (K; values presented in Table 1). Among the series of triazole
derivatives (16, 17, 28-30, 33, 41) the highest Y ;R affinity resided in derivative 33, the
compound with the smallest substituent (cf. Figure 5). Argininamide 41, bearing the largest
substituent in this series of compounds, exhibited the lowest YR affinity, suggesting limited

space in the binding region interacting with the moiety attached to the guanidine. The
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propionamide 38, which represents the shorter homolog of the previously reported radioligand
[3H]4 (Figure 1), showed very high Y;R affinity (K; = 0.31 nM), comparable to that of
compounds 5-7 (Table 1). Compound 38 is closely related to argininamide 7: the length of the
chain attached to the guanidine group is the same (8 atoms), the difference between the two
ligands resides in the ester group (7) and amide group (38) (cf. Figures 1 and 5). When
comparing amine 36 and propionamide 38 (Figure 5), propionylation of 36 led to a > 50-fold
increase in YR affinity (Table 1), whereas, in case of the shorter homologs 3 and 4, respectively,
propionylation had almost no effect on YR affinity (Figure 1). Therefore, it can be speculated
that the amide group in the substituent attached to the guanidine group in 38 contributes to
receptor binding.

Argininamides 5-7, 33, 36 and 38 were characterized in terms of YR selectivity by flow
cytometric competition binding studies on CHO-hY,, CHO-hY4 and HEC-1B-hY5 cells using the
fluorescently labeled peptides Cy5-pNPY (YR and YsR)'™* and Cy5-[K*]hPP (Y4R).” All of
these compounds proved to be highly selective Y R ligands (Table 2). However, despite high
YR selectivity, the presented argininamides harbor potential ‘off-target effects’ in terms of
binding to neuropeptide FF receptors as the parent compound la was reported to bind to the
NPFF, receptor (K;j = 12 nM) and the NPFF, receptor (K; = 84 nM).30 Therefore, selected
argininamides with high Y;R affinity (6, 33 and 38) as well as la were investigated in
competition binding studies at membranes of CHO-hNPFF; and CHO-hNPFF,; cells using the
radiolabeled peptides ["HINPVF' and [PHJEYF"'. In contrast to the parent compound 1a, the
N°-carbamoylated derivatives 6, 33 and 38 exhibited low NPFF; and NPFF, receptor affinities

(K; > 500 nM, Table 2, Supporting Information Figure S6) showing that the introduction of
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carbamoyl residues at the guanidine group in 1a leads to increased YR specificity with respect

to NPFF receptors.

Table 2. NPY receptor subtype selectivity data of argininamides 5-7, 33, 36 and 38 and K;

values of selected compounds determined at NPFF; and NPFF; receptors.

Compound Ki [nM]
hYR* hY,R” hY4R® hYsR” hNPFF,RY hNPFF,R®

1a 1.5 n.d. n.d. n.d. 18+1.5 25021
0.40 = 0.082 >3,000 >10,000  >10,000  n.d. n.d.
0.42+0.12  >3,000 >10,000  >10,000 1,100+ 260 >3,000
0.49 +0.021 >3,000 >10,000  >10,000  n.d. n.d.

33 0.34+0.014 >10,000  >10,000  >10,000 63062 1,200+ 240

36 22+3 >10,000  >10,000  >10,000  n.d. n.d.

38 0.31 £0.031 >3,000 >10,000  >10,000 1,000+ 130 >3,000

“Determined by radioligand competition binding with [*H]4 (data from Table 1). "Determined
by flow cytometry in a competition binding assay on CHO-hY, and HEC-1B-hY5 cells using
Cy5-pNPY as fluorescent ligand (K4 = 5.2 nM (Y;R) and 4.4 nM (Y5sR), ¢ = 5 nM). “Determined
by flow cytometry in a competition binding assay on CHO-hY; cells with Cy5-[K*]hPP (Kq = 5.6
nM, ¢ = 3 nM) as fluorescent ligand. “Determined by radioligand competition binding with
PHINPVF (c = 0.54 nM) at CHO-hNPFF, cell membranes. ‘Determined by radioligand
competition binding with [3H]EYF (c = 0.93 nM) at CHO-hNPFF, cell membranes. fKi value
reported by Keller et al.'* Data represent mean values = SEM from at least three independent
experiments (performed in triplicate (Y;R) or duplicate (NPFF;R and NPFF;R)), or the results
from at least two independent experiments (performed in duplicate) (Y2R, Y4R and YsR).

Preparation and characterization of the radioligand [*H]38. Aiming at the preparation of
the high affinity propionamide 38 in its tritiated form, the stability of 38 in aqueous solution was
investigated at pH 7 over 48 h. The compound showed excellent chemical stability (Figure 6).

Stability studies were also performed with argininamides 5, 6 and 33. Whereas 5 and 33 showed
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no decomposition, compound 6 proved to be unstable due to hydrolysis of the ester group (see

Supporting Information Figures S2—-S4).

|38, t,=18.3 min
800

600

400

-
200 - '\\\
_J - — Vehicle’ 48 h
[~
0 - \ \ 48 K

absorbance at 220 nm (mAU)

Figure 6. Reversed-phase HPLC analysis of argininamide 38 after incubation in PBS (pH 7.0) at
21 °C for up to 48 h. Compound 38 showed no decomposition.

The tritiated form of 38 was prepared by treating an excess of amine 36 with succinimidyl
[*H]propionate (Figure 7A) to afford [*H]38 with a radiochemical yield of 94% and a specific
activity of 1.81 TBg/mmol. The radioligand was obtained with a radiochemical purity of 97%

(Figure 7B) and proved to be stable when stored in ethanol at -20 °C (Figure 7C).
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Figure 7. A: Synthesis of the radioligand [*H]38 by [‘H]propionylation of amine 36.
Radiochemical yield: 94%. B/C: RP-HPLC analysis (conditions see experimental section) of
[*H138 (0.7 uM), spiked with ‘cold’ 38 (20 uM), analyzed three days after synthesis (B) and after
seven months of storage at -20 °C (C). Radiochemical purity: 97% and 95%, respectively. The

minor shifts in 7z result from serial detection of the UV and the radiometric signal.

Saturation binding experiments with [*H]38 at SK-N-MC neuroblastoma cells and MCF-7-Y

breast cancer cells yielded binding constants of 0.044 nM and 0.14 nM, respectively (Figure 8,

Table 3). A slightly lower affinity to Y; receptors expressed by MCF-7-Y cells, compared to Y,

ACS Paragon Plus Environment
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receptors at SK-N-MC cells, was previously observed for the radioligands [*H]2 and [‘H)4,

too.'""'? The determined numbers of binding sites per cell (SK-N-MC: approx. 32,000 sites/cell,

MCEF-7-Y: approx. 130,000 sites/cell) were consistent with previously reported data.
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Figure 8. Representative saturation isotherms and Scatchard transformations of specific [’H]38
binding to SK-N-MC cells (panel A) and MCF-7-Y; cells (panel B). Experiments were
performed in triplicate. Error bars of ‘specific binding’ and error bars in the Scatchard plot
represent propagated errors calculated according to the Gaussian law of errors. Error bars of
‘nonspecific binding’ represent the SEM.

The association and dissociation kinetics of [3H]38 was determined at SK-N-MC cells

analogous to the experiments performed previously with [°’H]2 and [*H]4.'""* Compared to the
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higher homolog [*H]4, reaching a plateau after 15 min, the association of [*H]38 was slower
(plateau reached after approx. 40 min; Figure 9A). Likewise, with a half-life of 95 min, the

dissociation of [3H]38 was markedly slower compared to [3H]4 (t12 = 3 min; Figure 9B).

100 1

80 A
K, = 0.092 min™

60

% specifically bound radioligand  }>

40 -
1
*H138
3,
H)4 0
20 [H] 0 10 20 30 40 50 60
time [min]
0 4 r . r . r .
0 10 20 30 40 50 60
time [min]
B ® [°H]38 0.0
v [H4 k_, = 0.0074 min’*
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Mad ;J-
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ﬂlm-!-

60 1Y 0 50 100 150 200 250
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% specifically bound radioligand
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204 3
0 . . . . .
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Figure 9. Association and dissociation kinetics of [*’H]38 (in comparison to reference compound
[’H]4'?%), determined at SK-N-MC neuroblastoma cells at 22 °C. A: Radioligand (¢ = 0.3 nM)
association to the YR as a function of time. Inset: In[Bey/(Beq—B)] versus time, slope = kops =
0.092 min~'. Mean values + SEM from three independent experiments (performed in triplicate).
B: Radioligand (pre-incubation: 1 nM, 45 min) dissociation from the YR as a function of time,
monophasic exponential decay: 71, = 93 min. Inset: In(B/By) versus time, slope:(—1) = kot =
0.0074 min™", 71, = 95 min. Mean values + SEM from four independent experiments (performed
in triplicate).
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The kinetically derived dissociation constant Kq(kin), calculated according to Kq(kin) = koft/kon,
amounted to 0.026 nM being in good agreement with the Ky value obtained from saturation
binding experiments (Kq = 0.044 nM). Complete dissociation of [*H]38, best fitted by an
equation describing a two-parameter mono-exponential decline (Figure 9B), is incompatible with

the hypothesis of irreversible binding.

Table 3. NPY Y; receptor binding data of [*H]38.

Saturation binding Binding kinetics (SK-N-MC cells)
K4 [nM]“ K4 [nM]° Kon [min 'nM ']® Kogr [min '] Ka(kin) [nM]°®
ti/2 [min]
0.044 +£0.003  0.14 = 0.017 0.28 +0.026 0.0074 = 0.0007 0.026 = 0.005
95+8

“Equilibrium dissociation constant determined at SK-N-MC neuroblastoma cells; mean + SEM
from 10 independent experiments (performed in triplicate). “Equilibrium dissociation constant
determined at MCF-7-Y; cells; mean + SEM from 10 independent experiments (performed in
triplicate). “Association rate constant + propagated error, calculated from kops (0.092 + 0.0072
min™', mean = SEM from 3 independent experiments (performed in triplicate)), kofr (0.0074 =
0.0007 min") and the applied radioligand concentration (0.3 nM). “Dissociation rate constant
and derived half-life; mean + SEM from 4 independent experiments (performed in triplicate).
“Kinetically derived dissociation constant + propagated error (Kq(kin) = kogt/kon).

In competition binding experiments with [3H]38, the K; values of compounds 1a, 6, 33, the
fluorescently labeled argininamide 40 and pNPY were determined at SK-N-MC cells (Figure 10,
Table 1). The K; value of 1.0 nM obtained for the parent compound la was in excellent
agreement with previously determined K; values using the radioligands [*H]2, ['H]4 and
[*H]propionyl-pNPY (cf. Table 1). The K; value of 0.077 nM determined for 38 is in good
accordance with the Ky value of [’H]38 (Table 1). The fluorescently labeled compound 40 was
incapable of displacing [3H]38 (K;> 1,000 nM), which, at first sight, appears consistent with the

aforementioned decrease in YR affinity by the introduction of bulky moieties in the N®-
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substituent (compound 41, cf. Figure 5 and Table 1). However, the length of the spacer and the
chemical nature of both the spacer and the fluorophore, are critical for YR affinity as becomes
obvious from previously reported structure-activity relationships of fluorescent ligands derived
from 1a.'>*?

Competition binding experiments at the YR with [’H]38 and pNPY resulted in a complete
displacement of the labeled antagonist (Figure 10B) affording a K; value of pNPY in the
expected range (0.41 nM). This is in contrast to a recently reported competition binding
experiment at the Y,R with an insurmountable radiolabeled argininamide-type Y,R antagonist
and pNPY, where the displacement curve was biphasic and dramatically shifted to approximately
1000-fold higher pNPY concentrations than expected from the Ky value of the peptide.” The fact
that a pre-incubation of the Y, receptor with [’H]38 prior to the addition of the competitor pNPY

did not affect the K; value of the peptide (Figure 10B) further support fully reversible binding of

argininamide-type YR antagonists such as 5-7, 33 and 38 to the Y, receptor.
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Figure 10. Competition binding experiments performed with [*H]38 at SK-N-MC cells. A:
Displacement of [3H]38 (Kq = 0.044 nM, ¢ = 0.15 nM) by argininamides 1a, 6 and 38. Mean
values + SEM from at least three independent experiments (performed in triplicate). B:
Displacement of [*H]38 by pNPY. The peptide was either added immediately prior to the
radioligand (open squares, dashed line) or 60 min after pre-incubation of the cells with the
radioligand (filled squares, solid line). The affinity of pNPY was not affected by pre-incubation

of the cells with [°H]38. Mean values + SEM from at least four independent experiments
(performed in triplicate).

Conclusion
Unlike the parent compound, argininamide la, N®-carbamoylated argininamide-type YR
antagonists caused a concentration- and time-dependent depression of the concentration-response

curve of pNPY, indicative of insurmountable antagonism, in the Fura-2 Ca®* assay. In contrast to
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the functional assay, radioligand binding studies using the tritiated agonist [*H]propionyl-pNPY
gave no hint to irreversible YR binding. Inversely, the radiolabeled form of such an antagonist,
[*H]38, proved to be completely displaceable by pNPY (K; = 0.41 nM) under equilibrium
conditions, irrespective of pre-incubation of the cells with [*H]38, suggesting the peptidic agonist
and the nonpeptide antagonist to compete for overlapping binding sites. With a K4 of 0.044 nM
(SK-N-MC cells), [*H]38 proved to be by far superior to the previously reported higher homolog
[*H]4 (Kq=2.0 nM),"? bearing a tetramethylene instead of an ethylene spacer. Most interestingly,
[*H]38 exhibited a strongly increased target residence time (half-life of 95 min) compared to
[’Hl4 (f,» = 3 min). As YR binding was fully reversible, the strong depression of the
concentration-response curves in the functional assay, suggesting insurmountable antagonism,
has to be attributed to the slow dissociation of [*H]38. With respect to affinity, NPY receptor
subtype selectivity, and specificity with respect to NPFF receptors, this new radioligand
represents an outstanding molecular tool for the study of the Y ;R. In combination with related
argininamide-type antagonists, ["'H]38 may be useful to gain deeper insight into the structural
determinants of increased drug-target residence time, a generally important issue for lead
optimization today. The presented high affinity Y;R antagonists will be studied in more detail,
e.g., in binding studies at receptor mutants to explore the binding mode, and harbor the potential

of being used for the crystallization of receptor-ligand complexes.
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Experimental Section

General experimental conditions. Solvents and reagents (analytical grade), isocyanates 8 and
11 (Sigma-Aldrich Chemie, Munich, Germany), isocyanate 12 (ABCR, Karlsruhe, Germany),
1,4-diaminobenzene (Sigma-Aldrich), propargylbromide (Sigma-Aldrich) and amine 34 (ABCR)
were purchased from commercial suppliers and used without further purification. Technical
grade solvents (EtOAc), light petroleum (40-60 °C) and dichloromethane) were distilled before
use. Acetonitrile for HPLC (gradient grade) was from Merck (Darmstadt, Germany). Compounds
93 15" 20 18% 19,36 21%" and 37'! were prepared according to published procedures.
Porcine NPY (pNPY) and human pancreatic polypeptide (hPP) were a gift from Prof. Dr. C.
Cabrele (University Salzburg, Salzburg, Austria). The syntheses of the fluorescently labeled
peptides Cy5-pNPY'® and Cy5-[K*]hPP* were described elsewhere. [*H]propionyl-pNPY
(specific activity: 27.4 Ci/mmol) was prepared in house by labeling of pNPY with commercially
available succinimidyl [2,3-3H]propionate (see Supporting Information). Millipore water was
used throughout for the preparation of buffers and HPLC eluents. 1.5- or 2-mL polypropylene
reaction vessels with screw cap (Siid-Laborbedarf, Gauting, Germany) were used for the
preparation and storage of stock solutions, for the synthesis of the radioligand ["H]38 and the
fluorescently labeled compound 40, and for the investigation of chemical stabilities. Thin layer
chromatography was performed on Merck silica gel 60 F,s4 TLC aluminum plates. For column
chromatography silica gel Geduran 60 (0.063-0.200 um, Merck) or Silica Gel 60 (40-63 pum,
Merck) (flash chromatography) was used. In case of the purification of acid sensitive compounds
(e.g. Boc protection group) the stationary phase was conditioned with the respective solvent

containing 0.5% triethylamine. The purity of final compounds was determined by RP-HPLC and
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was = 95% throughout. In addition, the purity of compounds used for detailed pharmacological
studies was proven by elemental analysis (compounds 5-7, 33, 36 and 38).

Melting points were determined with a Biichi 510 apparatus (Biichi, Essen, Germany)
(compounds 10, 13, 14, 35) or with a Lambda Photometrics Optimelt MPA100 apparatus
(Lambda photometrics, Harpenden, UK) (compounds 22, 24-27, 31, 32) and are uncorrected.
Specific optical rotations at 589 nm (Na-D line) were measured on a Polarimeter P8000-T
equipped with an electronic Peltier thermostat PT31 (A. KRUSS Optronic, Hamburg, Germany)
using a micro-cuvette (layer thickness: 100 mm, volume: 1 mL, thermostated at 20 °C) and
acetonitrile/H,O 70:30 (v/v) as solvent. IR spectra were measured on a NICOLET 380 FT-IR
spectrophotometer (Thermo Scientific, Waltham, MA). NMR spectra were recorded on a Bruker
Avance 300 instrument (7.05 T, 'H: 300 MHz, Bc: 75 MHz), a Bruker Avance 400 instrument
(9.40 T, 'H: 400 MHz, °C: 100 MHz) or a Bruker Avance 600 instrument with cryogenic probe
(14.1 T, 'H: 600 MHz, *C: 150 MHz) (Bruker, Karlsruhe, Germany). Elemental analysis was
performed with a Vario MICRO Cube elemental analyzer (Elementar Analysensysteme, Hanau,
Germany). Low-resolution mass spectrometry (MS) was performed on a Finnigan ThermoQuest
TSQ 7000 instrument (Thermo Finnigan, San Jose, CA) equipped with an electrospray ionization
(ESI) source and coupled to an Agilent 1100 Series HPLC (Agilent Technologies, Santa Clara,
CA). The following LC method was used: Column: Luna CI18, 2.5 um, 50 x 2 mm HST
(Phenomenex, Aschaffenburg, Germany); column temperature: 40 °C; flow: 0.40 mL/min;
solvent A: MeCN, solvent B: 0.1% aq formic acid; gradient program: 0—1 min: A/B 5:95, 1-8
min: 5:95-98:2, 8-11 min: 98:2, 11-12 min: 98:2-5:95, 12—-15 min: 5:95. High-resolution mass
spectrometry (HRMS) analysis was performed on an Agilent 6540 UHD Accurate-Mass Q-TOF

LC/MS system (Agilent Technologies, Santa Clara, CA) using an ESI source. Preparative HPLC
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was performed with a system from Knauer (Berlin, Germany) consisting of two K-1800 pumps
and a K-2001 detector. A Nucleodur 100-5 C18, 5 um, 250 x 21 mm (Macherey-Nagel, Dueren,
Germany), a Kinetex XB C18, 5 um, 250 x 21 mm (Phenomenex, Aschaffenburg, Germany) or a
Puriflash C18HQ Flash Column, 15 um, 120 g (Interchim, France) served as RP-columns at flow
rates of 18, 20 and 50 mL/min, respectively. Mixtures of acetonitrile and 0.1% or 0.2% aq TFA
were used as mobile phase and a detection wavelength of 220 nm was used throughout.
Acetonitrile was removed from the eluates under reduced pressure (final pressure: 60 mbar) at 40
°C prior to lyophilisation (Christ alpha 2-4 LD lyophilisation apparatus (Martin Christ
Gefriertrocknungsanlagen, Osterode am Harz, Germany) equipped with a Vacuubrand RZ 6
rotary vane vacuum pump (Vacuubrand, Wertheim, Germany)). Analytical HPLC analysis of
compounds 5-7, 17, 28, 29, 33, 36 and 38 (concentrations ca 50 uM) was performed with a
system from Thermo Separation Products composed of a SN400 controller, a P4000 pump, a
degasser (Degassex DG-4400, Phenomenex), an AS3000 autosampler and a Spectra Focus UV-
VIS detector. A Eurospher-100 C18, 5 um, 250 x 4 mm (Knauer, Berlin, Germany) served as
RP-column at a flow rate of 0.8 mL/min. Mixtures of acetonitrile (A) and 0.05% aq TFA (B)
were used as mobile phase. The following linear gradient was applied: 0-30 min: A/B 20:80—
95:5, 30-40 min: 95:5. An oven temperature of 30 °C, an injection volume of 100 puL and a
detection wavelength of 220 nm were used throughout. Analytical HPLC analysis of compounds
30 and 40 (concentration ca 100 and 70 uM, respectively) was performed on a system from
Agilent Technologies composed of a 1290 Infinity binary pump equipped with a degasser, a
1290 Infinity Autosampler, a 1290 Infinity Thermostated Column Compartment and a 1260
Infinity Diode Array Detector. A Kinetex XB C18, 2.5 um, 100 x 3 mm (Phenomenex) served as

stationary phase at a flow rate of 0.6 mL/min. Mixtures of acetonitrile (A) and 0.05% aq TFA
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(B) were used as mobile phase. The following linear gradient was applied: 0—15 min: A/B
20:80-50:50, 15-18 min: 50:50-95:5, 18-23 min: 95:5. The oven temperature was 25 °C and the
injection volume was 20 pL. Detection was performed at 220 nm and in case of 40 additionally

at 500 nm.

Chemistry: Experimental protocols and analytical data.

Compounds 17 and 22-33

General procedure A. Azide 18 or 19 (2.0 mmol) and the Boc-protected alkyne derivative 20
or 21 (2.0 mmol) were dissolved in MeOH (5 mL). A solution of ascorbic acid (35 mg, 0.2
mmol) in water (0.5 mL) was added followed by the addition of CuSO, - 5 H,O (25 mg, 0.1
mmol) dissolved in water (0.5 mL). The mixture was stirred at 60 °C for 1 h. The Boc-protected
intermediate was isolated by column chromatography and dissolved in MeOH/concentrated aq
HCI 3:1 (v/v) (4 mL) (22, 24) or in CH,CL/TFA 2:1 (v/v) (4 mL) (23). The mixture was stirred
at rt for 1 h and the solvent was removed in vacuo to afford the product as hydrochloride or

hydrotrifluoroacetate.

General procedure B. Triphosgene (116 mg, 0.39 mmol) was dissolved in 10 mL of CH,Cl,
(synthesis of 25-27) or MeCN (synthesis of 32) and the solution was cooled in an ice bath. Under
vigorous stirring, a solution of the respective amine (22-24 or 31) (1.00 mmol) and DIPEA (396
mg, 3.07 mmol) in the same solvent was added dropwise over a period of 20 min. The mixture
was warmed up to ambient temperature, a solution of compound 9 (200 mg, 1.00 mmol) in
CH)Cl, (10 mL) was slowly added over a period of 10 min, and stirring was continued at

ambient temperature overnight. The product was purified by column chromatography.
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General procedure C. The respective S-methylisothiourea derivative (25-27 or 32) (0.2
mmol), compound 15 (0.2 mmol) and HgCl, (0.2 mmol) were dissolved separately in small
amounts of DMF (1-2 mL) and the solutions were combined under an atmosphere of nitrogen.
Triethylamine (2.0 mmol) was added under stirring and the mixture was stirred at rt overnight.
The solvent was removed under reduced pressure and the residue was dissolved in CH,Cl,. The
precipitate of mercury salts was filtered off and the filtrate was concentrated. The Boc/fBu-
protected intermediate was isolated by column chromatography (eluent: light petroleum/EtOAc
mixtures) and dissolved in CH,Cl/TFA 1:1 (v/v) (5 mL). The mixture was stirred at rt for 2 h.
The solvent was removed under reduced pressure, and the oily residue was repeatedly dissolved
in CH,Cl, followed by evaporation of the solvent. The product was purified by preparative

HPLC except for compound 30.

(R)-N”-Aminocarbonyl-N‘-diphenylacetyl-(4-hydroxybenzyl)argininamide
hydrotrifluoroacetate (17). Azide 16 (6.2 mg, 7.5 pg) was dissolved in MeOH (5 mL) and a
10% Pd/C catalyst (5 mg) was added under an atmosphere of argon. The mixture was stirred
under 1 bar of hydrogen pressure for 2 h. The catalyst was removed by filtration over Celite and
the solvent was removed under reduced pressure. The product was purified by preparative HPLC
and obtained as a white solid (6.0 mg, quantitative). "H-NMR (300 MHz, [Dg]DMSO): & (ppm)
1.34-1.49 (m, 3H), 1.60-1.75 (m, 1H), 3.13-3.24 (m, 2H), 4.06-4.22 (m, 2H), 4.28-4.38 (m, 1H),
4.42 (d, 2H, J 5.3 Hz), 5.12 (s, 1H), 6.64-6.73 (m, 4H), 6.96-7.03 (m, 2H), 7.15-7.32 (m, 11H),
7.41-7.48 (m, 2H), 8.08 (br s, 1H), 8.30-8.48 (m, 4H), 8.50 (d, 1H, J 8.2 Hz), 8.88 (br s, 1H),

9.29 (br s, 1H), 9.62 (br s, 1H). RP-HPLC (220 nm): 95% (tr = 12.5 min, k = 3.6). MS (LC-MS,
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ESL, g = 5.27 min): m/z (%) 689 (100) [M+H]", 386 (50), 345.5 (80) [M+2H]**. HRMS (ESI):
l’}’l/Z []W+H]Jr calcd. for [C37H41N1()O4]+ 6893307, found: 689.3312. C37H40N1()O4 . C2HF302

(688.78 + 114.02).

(1-Phenyl-1H-1,2,3-triazol-4-yl)methanamine hydrochloride (22).*' The compound was
prepared from 18 and 20 according to general procedure A and obtained as white solid (362 mg,
86%) mp 244 °C. '"H-NMR (300 MHz, D,0): § (ppm) 4.40 (s, 2H), 7.50-7.65 (m, 3H), 7.65-7.80
(m, 2H), 8.52 (s, 1H). "C-NMR (75 MHz, D,0): § (ppm) 34.0, 121.0, 123.8, 129.7, 129.9,
136.0, 140.3. MS (LC-MS, ESI, tr = 0.88 min): m/z (%) 349 (30) [2M+H]", 175 (100) [M+H]".

CoH;oNy4 - HCI (174.20 + 36.46).

[1-(3-Azidophenyl)-1H-1,2,3-triazol-4-ylJmethanamine hydrotrifluoroacetate (23). The
compound was prepared from 19 and 20 according to general procedure A and obtained as
yellow oil (250 mg, 38%). "H-NMR (300 MHz, D,0): & (ppm) 4.27 (s, 2H), 7.00-7.10 (m, 1H),
7.20-7.26 (m, 1H), 7.30-7.45 (m, 2H), 8.38 (s, 1H). "C-NMR (75 MHz, D,0): & (ppm) 33.8,
110.5, 116.1, 118.9, 122.9, 130.8, 136.8, 140.4, 141.1. MS (LC-MS, ESI, tr = 2.93 min): m/z (%)

431 (100) [2M+H]*, 216 (100) [M+H]". CoHoN; - C,HF;0, (215.21 + 114.02).

N-Methyl-1-(1-phenyl-1H-1,2,3-triazol-4-yl)methanamine  hydrochloride (24). The
compound was prepared from 18 and 21 according to general procedure A and obtained as white
solid (364 mg, 81%) mp 228 °C. 'H-NMR (300 MHz, D,0): 6 (ppm) 2.73 (s, 3H), 4.38 (s, 2H),

7.40-7.58 (m, 3H), 7.60-7.70 (m, 2H), 8.50 (s, 1H). "C-NMR (75 MHz, D,0): & (ppm) 32.1,
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42.6, 121.1, 124.8, 129.8, 130.0, 136.0, 138.5. MS (LC-MS, ESI, #r = 1.04 min): m/z (%) 377

(35) [2M+H]", 189 (100) [M+H]". C1oH 2N, - HCI (188.23 + 36.46).

N-tert-Butoxycarbonyl-N’-[(1-phenyl-1H-1,2.3-triazol-4-yl)methylJaminocarbonyl-S-
methylisothiourea (25). The compound was prepared from 9 and 22 according to general
procedure B. Column chromatography: eluent: light petroleum/EtOAc 3:1 to 2:3 (Ry = 0.3 for
light petroleum/EtOAc 3:2). The product was obtained as white solid (308 mg, 79%) mp 157 °C.
'H-NMR (300 MHz, CDCl3): & (ppm) 1.48 (s, 9H), 2.30 (s, 3H), 4.55-4.65 (d, 2H, J 6.2 Hz),
6.24 (s, 1H), 7.35-7.60 (m, 3H), 7.60-7.80 (m, 2H), 7.80 (s, 1H), 12.21 (br s, 1H). PC-NMR (75
MHz, CDCls): 6 (ppm) 14.4, 28.0, 35.6, 82.8, 120.4, 120.6, 128.8, 129.8, 137.0, 145.6, 160.0,
161.8, 168.3. MS (LC-MS, ESI, g = 7.51 min): m/z (%) 781 (60) [2M+H]*, 391 (100) [M+H]".

C17H2N40;5S (390.46).

N-tert-Butoxycarbonyl-N’-{[1-(3-azidophenyl)-1H-1,2.3-triazol-4-
yllmethyl}aminocarbonyl-S-methylisothiourea (26). The compound was prepared from 9 and
23 according to general procedure B. Column chromatography: eluent: light petroleum/EtOAc
3:1 to 2:3 (Ry= 0.3 for light petroleum/EtOAc 3:2). The product was obtained as white solid (164
mg, 38%) mp 128 °C. '"H-NMR (300 MHz, CDCl3): & (ppm) 1.48 (s, 9H), 2.30 (s, 3H), 4.55-4.65
(d, 2H, J 6.2 Hz), 6.24 (s, 1H), 7.00-7.10 (m, 1H), 7.20-7.26 (m, 1H), 7.30-7.45 (m, 2H), 7.70 (s,
1H), 12.18 (br s, 1H). MS (LC-MS, ESI, tr = 7.88 min): m/z (%) 863 (60) [2M+H]", 432 (100)

[M+H]". C17H2;1NoO;3S (431.47).
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N-tert-Butoxycarbonyl-N’-[(1-phenyl-1H-1,2,3-triazol-4-yl)methylJmethylaminocarbonyl-
S-methylisothiourea (27). The compound was prepared from 9 and 24 according to general
procedure B. Column chromatography: eluent: light petroleum/EtOAc 3:1 to 2:3 (Ry = 0.3 for
light petroleum/EtOAc 3:2). The product was obtained as white solid (144 mg, 25%) mp 145 °C.
'H-NMR (300 MHz, CDCl3): & (ppm) 1.49 (s, 9H), 2.33 (d, 3H, J 4.8 Hz), 3.00-3.30 (m, 3H),
4.65-5.30 (m, 2H), 7.35-7.60 (m, 3H), 7.65-7.75 (m, 2H), 7.75-8.05 (m, 1H), 12.30-12.55 (m,
1H). MS (LC-MS, ESI, & = 7.95 min): m/z (%) 809 (20) [2M+H]*, 405 (100) [M+H]".

CisH24N6O3S (404.49).

(R)-N‘-Diphenylacetyl-N“-[(1-phenyltriazol-4-yl)methylJaminocarbonyl-(4-
hydroxybenzyl)argininamide hydrotrifluoroacetate (28). The compound was prepared from
15 and 25 according to general procedure C and obtained as white solid (90 mg, 57%). 'H-NMR
(300 MHz, [D]DMSO): 6 (ppm) 1.34-1.61 (m, 3H), 1.61-1.77 (m, 1H), 3.12-3.28 (m, 2H), 4.05-
4.23 (m, 2H), 4.28-4.39 (m, 1H), 4.47 (d, 2H, J 5.3 Hz), 5.12 (s, 1H), 6.64-6.71 (m, 2H), 6.96-
7.03 (m, 2H), 7.14-7.33 (m, 10H), 7.45-7.53 (m, 1H), 7.55-7.64 (m, 2H), 7.84-7.92 (m, 2H), 8.11
(brs, 1H), 8.39 (t, 1H, J 5.8 Hz), 8.41-8.60 (m, 3H), 8.70 (s, 1H), 8.96 (br s, 1H), 9.27 (br s, 1H),
10.08 (br s, 1H). RP-HPLC (220 nm): 99% (tr = 16.0 min, k = 4.9). MS (LC-MS, ESI, r = 5.63
min): m/z (%) 674 (100) [M+H]*, 337.5 (10) [M+2H]**. HRMS (ES]): m/z [M+H]" calcd. for

[C37H40N904]+ 6743198, found: 674.3201. C37H39N904 . C2HF302 (67376 + 11402)

(R)-N®-{[1-(3-Azidophenyl)triazol-4-yllmethyl }aminocarbonyl-N*-diphenylacetyl-(4-
hydroxybenzyl)argininamide hydrotrifluoroacetate (29). The compound was prepared from

15 and 26 according to general procedure C and obtained as white solid (166 mg, 21%). 'H-
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NMR (300 MHz, [D¢]DMSO): § (ppm) 1.32-1.60 (m, 3H), 1.60-1.76 (m, 1H), 3.11-3.26 (m,
2H), 4.05-4.22 (m, 2H), 4.28-4.39 (m, 1H), 4.47 (d, 2H, J 5.3 Hz), 5.12 (s, 1H), 6.63-6.70 (m,
2H), 6.96-7.03 (m, 2H), 7.15-7.33 (m, 11H), 7.58-7.66 (m, 2H), 7.69-7.76 (m, 1H), 8.11 (br s,
1H), 8.38 (t, 1H, J 5.8 Hz), 8.46 (br s, 2H), 8.50 (d, 1H, J 8.1 Hz), 8.79 (s, 1H), 8.91 (br s, 1H),
9.30 (br s, 1H), 9.91 (br s, 1H). RP-HPLC (220 nm): 99% (tr = 17.5 min, k = 5.5). MS (LC-MS,
ESL fx = 5.78 min): m/z (%) 715 (100) [M+H]*. HRMS (ESI): m/z [M+H]* calcd. for

[C37H39N1204]+ 7153212, fOllIle 7153217 C37H38N1204 : CQHF302 (71478 + 11402)

(R)-N"-Diphenylacetyl-N“-[(1-phenyltriazol-4-yl)methylJmethylaminocarbonyl-(4-
hydroxybenzyl)argininamide hydrotrifluoroacetate (30). The compound was prepared from
15 and 27 according to general procedure C and obtained as white solid (160 mg, 72%). 'H-
NMR (300 MHz, [Dg]DMSO): § (ppm) 1.34-1.62 (m, 3H), 1.62-1.78 (m, 1H), 3.06 (s, 3H), 3.18-
3.30 (m, 2H), 4.06-4.23 (m, 2H), 4.29-4.40 (m, 1H), 4.69 (s, 2H), 5.12 (s, 1H), 6.64-6.70 (m,
2H), 6.96-7.04 (m, 2H), 7.15-7.33 (m, 10H), 7.46-7.54 (m, 1H), 7.56-7.65 (m, 2H), 7.85-7.93 (m,
2H), 8.38 (t, 1H, J 5.8 Hz), 8.50 (d, 1H, J 8.1 Hz), 8.58 (br s, 2H), 8.77 (s, 1H), 8.97 (br s, 1H),
9.31 (br s, 1H), 9.78 (br s, 1H). RP-HPLC (220 nm): 96% (g = 12.5 min, k = 15.4). MS (LC-MS,
ESI, & = 5.70 min): m/z (%) 688 (100) [M+H]". HRMS (ESI): m/z [M+H]" calcd. for

[C38H42N904]+ 688.3354, found: 688.3362. C38H41N904 . CzHF302 (687.79 + 114.02).

(1-Methyl-1H-1,2,3-triazol-4-yl)methanamine hydrochloride (31).” NaN; (714 mg, 11.0
mmol) was dissolved in water (2 mL) and diethyl ether (4 mL) was added followed by the
addition of tetrabutylammonium tetrafluoroborate (phase-transfer catalyst) (90 mg, 0.27 mmol)

and methyl iodide (780 mg, 5.49 mmol). The mixture was stirred vigorously at rt for 2 d. The
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organic phase was separated and the aqueous phase washed with diethyl ether (2 x 2 mL). The
extracts were combined and a solution of alkyne 20 (510 mg, 3.29 mmol) in MeOH (3 mL) was
added followed by the addition of ascorbic acid (95 mg, 0.54 mmol) dissolved in water (0.8 mL)
and CuSOy - 5 H,O (68 mg, 0.27 mmol) dissolved in water (0.8 mL). The mixture was stirred
vigorously at rt overnight. The solvent was evaporated, the residue dissolved in 1 mL of
CHCI/EtOH 19:1 (v/v), and the solution subjected to column chromatography (eluent:
CHCI/EtOH 19:1 to 9:1, Ry = 0.3 for CHCI3/EtOH 9:1) to afford the Boc-protected intermediate
as a white solid, which was dissolved in MeOH/concentrated aq HCI1 3:1 (4 mL). The mixture
was stirred at rt for 30 min and the solvent was removed in vacuo to yield the product as pale
yellow solid (352 mg, 72%) mp 172 °C. "H-NMR (300 MHz, D,0): & (ppm) 4.10 (s, 3H), 4.30
(s, 2H), 8.02 (s, 1H). *C-NMR (75 MHz, D,0): & (ppm) 34.0, 36.7, 126.2. MS (LC-MS, ESI, tx

= 0.32 min): m/z (%) 225 (100) [2M+H]*, 113 (60) [M+H]". CsHsN, - HCI (112.13 + 36.46).

N-tert-Butoxycarbonyl-N’-[(1-methyl-1H-1,2,3-triazol-4-yl)methyl]aminocarbonyl-S-
methylisothiourea (32). The compound was prepared from 9 and 31 according to general
procedure B. Column chromatography: eluent: EtOAc (Rr = 0.26). The product was obtained as
white solid (735 mg, 78%) mp 138 °C. '"H-NMR (300 MHz, CDCl;): & (ppm) 1.49 (s, 9H), 2.33
(s, 3H), 4.08 (s, 3H), 4.40-4.80 (m, 2H), 6.40 (br s, 1H), 7.58 (br s, 1H), 12.28 (br s, 1H). °C-
NMR (75 MHz, CDCl3): 6 (ppm) 14.3, 28.0, 35.5, 36.7, 82.7, 123.0, 145.1, 151.0, 161.8, 168.0.
MS (LC-MS, ESI, g = 6.27 min): m/z (%) 657 (100) [2M+H]*, 328 (75) [M+H]". C1,H»0N:O3S

(328.39).
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(R)-N"-Diphenylacetyl-N“-[(1-methyltriazol-4-yl)methyllJaminocarbonyl-(4-
hydroxybenzyl)argininamide dihydrate hydrotrifluoroacetate (33). The compound was
prepared from 15 and 32 according to general procedure C and obtained as white solid (80 mg,
55%). Anal. calcd. for C3,H37N9O4 - CoHF30, - H4O,: C 53.61, H 5.56, N 16.55; found: C 53.77,
H 5.37, N 16.32. [a]®® 10.5 (¢ 1.1, MeCN/H,O 7:3 v/v). 'H-NMR (600 MHz, [Dg]DMSO): &
(ppm) 1.35-1.50 (m, 2H), 1.50-1.58 (m, 1H), 1.64-1.72 (m, 1H), 3.14-3.25 (m, 2H), 4.01 (s, 3H),
4.09-4.20 (m, 2H), 4.31-4.38 (m, 3H), 5.12 (s, 1H), 6.65-6.69 (m, 2H), 6.98-7.02 (m, 2H), 7.19-
7.25 (m, 2H), 7.26-7.32 (m, 8H), 7.93 (s, 1H), 7.99 (br s, 1H), 8.36 (t, 1H, J 5.9 Hz), 8.45 (br s,
2H), 8.48 (d, 1H, J 8.1 Hz), 8.93 (br s, 1H), 9.30 (br s, 1H), 9.99 (br s, 1H). >*C-NMR (150 MHz,
[D]DMSO): 6 (ppm) 24.5, 29.4, 34.8, 36.2, 40.4, 41.6, 52.3, 55.9, 115.0, 115.6 (TFA), 117.6
(TFA), 123.7, 126.57, 126.59, 128.16, 128.19, 128.4, 128.48, 128.51, 129.1, 140.3, 140.4, 144.0,
153.5, 153.6, 156.3, 158.4 (q, J 33.2 Hz) (TFA), 170.95, 171.01. RP-HPLC (220 nm): 98% (tr =
12.5 min, k = 3.6). MS (LC-MS, ESI, tr = 5.15 min): m/z (%) 1223 (5) [2M+H]", 612 (100)
[M+H]". HRMS (ESI): m/z [M+H]" calcd. for [C3H3sNoO4]" 612.3041, found: 612.3043.

C32H37N904 . CzHF302 . H402 (61 1.69 +114.02 + 3603)

Compounds 35, 36, 38 and 40

N-tert-Butoxycarbonyl-N’-[2-(tert-butoxycarbonylamino)ethyl]aminocarbonyl-S-
methylisothiourea (35).23 The reaction was carried out under argon in a two-necked round
bottom flask equipped with a pressure equalizing dropping funnel. Under cooling with water a
solution of amine 34 (3.0 g, 18.7 mmol) and DIPEA (7.26 g, 56.2 mmol) in anhydrous CH,Cl,
(35 mL) was added dropwise to a solution of triphosgene (2.78 g, 9.36 mmol) in anhydrous

CH,Cl, (25 mL) over a period of 30 min. N-Boc-S-methylisothiourea (7) (3.92 g, 20.6 mmol)
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was added and stirring was continued at rt for 1 h. The volatiles were removed under reduced
pressure and the residue was subjected to column chromatography (eluent: CH,Cl,/EtOAc 50:1
to 3:1). The eluate was evaporated under reduced pressure, CH,Cl, (50 mL) was added, the
solution evaporated, and this process repeated. Product 35 was obtained as colorless oil, which
crystallized during storage at -20 °C to give a white crystalline solid (4.64 g, 66%) mp 136-138
°C. Rr= 0.4 (CH,CL/EtOAc 5:1). "H-NMR (400 MHz, CDCl3) (major conformer): & (ppm) 1.40
(s, 9H), 1.45 (s, 9H), 2.30 (s, 3H), 3.20-3.35 (m, 4H), 4.95 (br s, 1H), 6.14 (br s, 1H), 12.26 (br s,
1H). BC.NMR (100 MHz, CDCl3) (major conformer): & (ppm) 14.5, 28.1, 28.4, 40.4, 40.8, 79.6,
83.0, 151.0, 156.5, 161.9, 168.2. HRMS (ESI): m/z [M+H]" calcd. for [C;sH9N4OsS]" 377.1853,

found: 377.1856. C15H23N4OsS (376.47).

(R)-N“-(2-Aminoethyl)aminocarbonyl-N*-diphenylacetyl-(4-hydroxybenzyl)argininamide
bis(hydrotrifluoroacetate) dihydrate (36). HgCl, (452 mg, 1.67 mmol) and DIPEA (359 mg,
2.78 mmol) were added to a stirred solution of amine 15 (542 mg, 1.11 mmol) and compound 35
(460 mg, 1.22 mmol) in CH,Cl, (10 mL), and stirring was continued at rt for 1.5 h. Solid
material was removed by vacuum filtration. The solvent was evaporated and the residue
subjected to column chromatography (eluent: CH,Clo/EtOAc 3:1 to 1:1) to isolate the Boc/tBu-
protected intermediate as colorless glass (Ry = 0.3 for CH,Cl/EtOAc 2:1), which was dissolved
in CH,Cl,/TFA/H,0 10:10:1 (5 mL). The mixture was stirred at rt for 2 h. CH,Cl, (30 mL) was
added, the volatiles were evaporated and the process repeated. The product was purified by
preparative HPLC (column: Puriflash C18HQ 120 g; gradient: 0-30 min: MeCN/0.2% aq TFA
14:86—48:52, tr = 15 min). Lyophilisation of the eluate afforded product 36 as white fluffy solid

(595 mg, 65%) Anal. calcd. for C30H37N704 . C4H2F604 . H4025 C 4957, H 525, N 1190,
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found: C 49.70, H 5.12, N 11.80. IR (KBr) 3300, 3085, 2950, 1675, 1540, 1515, 1205, 1140
cm™'. "H-NMR (600 MHz, [Dg]DMSO): § (ppm) 1.36-1.51 (m, 2H), 1.51-1.59 (m, 1H), 1.64-
1.73 (m, 1H), 2.88-2.97 (m, 2H), 3.17-3.26 (m, 2H), 3.32-3.40 (m, 2H), 4.09-4.20 (m, 2H), 4.31-
4.37 (m, 1H), 5.13 (s, 1H), 6.65-6.70 (m, 2H), 6.98-7.02 (m, 2H), 7.19-7.25 (m, 2H), 7.26-7.32
(m, 8H), 7.61 (br s, 1H), 7.89 (br s, 3H), 8.36 (t, 1H, J 5.8 Hz), 8.49 (d, 1H, J 8.1 Hz), ca 8.52
(br s, 2H), 9.05 (br s, 1H), 9.34 (br s, 1H), 10.82 (br s, IH). *C-NMR (150 MHz, [Ds]DMSO): &
(ppm) 24.6, 29.4, 37.2, 38.5, 40.4, 41.6, 52.3, 55.9, 115.0, 116.9 (q, J 298 Hz) (TFA), 126.58,
126.61, 128.17, 128.21, 128.4, 128.50, 128.52, 129.1, 140.3, 140.5, 153.7, 154.4, 156.3, 159.0
(q, J 32.4 Hz) (TFA), 170.98, 171.05. RP-HPLC (220 nm): 99% (tg = 10.1 min, & = 2.7). HRMS
(ESI): m/z [M+H]" caled. for [CaoH3sN,041" 560.2980, found: 560.2980. C30Hs;N70, - C4H,FO4

- H40, (559.66 + 228.03 + 36.03).

(R)-N"-Diphenylacetyl-N“-(propionylaminoethyl)aminocarbonyl-(4-
hydroxybenzyl)argininamide dihydrate hydrotrifluoroacetate (38). Succinimidyl propionate
(37) (49 mg, 0.29 mmol) and DIPEA (111 mg, 0.86 mmol) were added to a solution of
compound 36 (225 mg, 0.27 mmol) in anhydrous DMF (1.8 mL). The mixture was stirred at rt
for 1.5 h and acidified by addition of 10% aq TFA (430 pL). The product was purified by
preparative HPLC (column: Puriflash CI8HQ 120 g, gradient: 0-30 min: MeCN/0.2% aq TFA
19:81-57:43, tr = 14.5 min). Lyophilisation of the eluate afforded 38 as white fluffy solid (196
mg, 83%). Anal. calcd. for C33H4N;Os - C,HF;0, - H4sO;: C 54.90, H 6.05, N 12.80; found: C

54.76, H 5.72, N 12.47. IR (KBr) 3300, 3090, 3030, 2940, 1725, 1650, 1540, 1520, 1205, 1140
cm™. [A]Z 10.0 (¢ 1.4, MeCN/H,0 7:3 v/v). "H-NMR (600 MHz, [Ds]DMSO): & (ppm) 0.99 (t,

3H, J 7.6 Hz), 1.36-1.50 (m, 2H), 1.51-1.58 (m, 1H), 1.64-1.72 (m, 1H), 2.07 (t, 2H, J 7.6 Hz),
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3.12-3.18 (m, 4H), 3.18-3.23 (m, 2H), 4.09-4.20 (m, 2H), 4.30-4.37 (m, 1H), 5.13 (s, 1H), 6.65-
6.69 (m, 2H), 6.98-7.02 (m, 2H), 7.19-7.25 (m, 2H), 7.26-7.31 (m, 8H), 7.50 (br s, 1H), 7.86 (br
s, 1H), 8.36 (t, 1H, J 5.8 Hz), 8.42 (br s, 2H), 8.48 (d, 1H, J 8.2 Hz), 8.94 (br s, 1H), 9.31 (br s,
1H), 10.16 (br s, 1H). “C-NMR (150 MHz, [Ds]DMSO): & (ppm) 9.8, 24.6, 28.5, 29.4, 38.1,
39.1, 40.3, 41.6, 52.3, 55.9, 115.0, 115.8 (TFA), 117.8 (TFA), 126.57, 126.61, 128.16, 128.20,
128.4, 128.49, 128.52, 129.1, 140.3, 140.5, 153.6, 153.8, 156.3, 158.8 (q, J 32.4 Hz) (TFA),
170.97, 171.02, 173.3. RP-HPLC (220 nm): 99% (tg = 12.6 min, k = 3.7). HRMS (ESI): m/z
[M+H]" caled. for [C33HpoN,Os]" 616.3242, found: 616.3242. C33HyN7Os - C,HF;0, - HyO,

(615.72 + 114.02 + 36.03).

Preparation of (R)-N‘-diphenylacetyl-N*-[2-([2,3-
*H]propionylamino)ethylJaminocarbonyl-(4-hydroxybenzyl)argininamide ([*H]38). Amine
36 (0.5 mg, 607 nmol) was dissolved in DMF/DIPEA 30:1 (v/v) (60 pL) in a 1.5-mL reaction
vessel with screw cap, a solution of succinimidyl [*H]propionate (specific activity according to
the supplier: 80 Ci/mmol, purchased from American Radiolabeled Chemicals (St. Louis, MO,
USA) via Hartmann Analytics (Braunschweig, Germany)) (6 mCi, 12.8 pg, 75 nmol) in EtOAc
(0.6 mL) was added and the volatile components were removed in a vacuum concentrator (about
45 min at ca 35 °C). DMF/DIPEA 10:1 (v/v) (10 uL) was added and the vessel was shaken at rt
for 3 h. The mixture was acidified by the addition of 2% aq TFA (90 pL). Acetonitrile/0.05% aq
TFA 20:80 (v/v) (60 uL) was added and an aliquot of 0.5 pL (diluted with 100 puL of mobile
phase) was analyzed by RP-HPLC using a system from Waters (Eschborn, Germany) consisting
of two pumps 510, a pump control module, a 486 UV/VIS detector, and a Flow-one beta series

A-500 radiodetector (Packard, Meriden, USA). A Luna C18(2), 3 um, 150 x 4.6 mm
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(Phenomenex, Aschaffenburg, Germany) served as stationary phase. Mixtures of acetonitrile
supplemented with 0.04% TFA (A) and 0.05% aq TFA (B) were used as mobile phase. The flow
rate of the mobile phase and the liquid scintillator (acetonitrile/Rotiszint eco plus (Carl Roth,
Karlsruhe, Germany) 15:85 v/v) was set to 0.8 and 4.0 mL/min, respectively. The following
linear gradient was applied: 0-20 min: A/B 20:80-43:57, 20-22 min: 43:57-95:5, 22-32 min:
95:5. The retention time of the product was 17.4 min (UV detection, 220 nm) and 17.5 min
(radiometric detection), respectively. [’H]38 was isolated using the same HPLC system and a
YMC-Triart C18, 5 um, 250 x 6.0 mm (YMC Europe, Dinslaken, Germany) at a flow rate of 1.4
mL/min (linear gradient: 0-20 min: A/B 20:80-47:53, 20-22 min: 47:53-95:5, 22-32 min:
95:5). Two HPLC runs (without radiometric detection) were performed and the product (g =
20.1 min) was collected in the same 2-mL reaction vessel with screw cap. The combined product
fractions were concentrated to a volume of ca 100 pL in a vacuum concentrator, ethanol
containing 200 pM TFA (900 uL) was added, and the solution was transferred into two 3-mL
borosilicate glass vials with conical bottom (Wheaton NextGen 3-mL V-vials) (500 and 480 uL).
The reaction vessel was rinsed twice with EtOH and the washings were transferred to the 3-mL
glass vials to reach a volume of 1.5 mL in each vessel. For the quantification of [’H]38, a four-
point calibration was performed with 38 (0.3, 0.6, 1.0 and 1.5 pM; injection volume: 100 pL)
using the Luna C18(2) (see above) as stationary phase at a flow rate of 0.8 mL/min (linear
gradient: 0-20 min: A/B 20:80-49:51, 20-22 min: 49:51-95:5, 22-32 min: 95:5; UV detection:
220 nm). Two times an aliquot (3 pL) of the EtOH solution of [*H)38 (total volume = 1,500 pL)
was added to 127 pL of acetonitrile/0.05% aq TFA 20:80 (v/v), 100 uL of this solution were
analyzed by HPLC and five times 3 pLL were counted in 3 mL of scintillator (Rotiszint eco plus)

with a Beckman LS 6500 liquid scintillation counter (Beckmann-Coulter, Munich, Germany).
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The molarity of the solution of [3H]38 in EtOH was calculated from the mean of the peak areas
and the linear calibration curve obtained from the peak areas of the standards. To determine the
radiochemical purity and to proof the identity, a 0.7 uM solution of [*H]38 (100 uL) spiked with
38 (20 uM) was analyzed by RP-HPLC using the column, flow rate, gradient, injection volume
and UV detection as for the quantification, and additionally radiometric detection (radiochemical
purity: 97%, cf. Figure 7B). This analysis was repeated after seven months of storage at —20 °C
(cf. Figure 7C). Calculated specific activity: 1.81 TBg/mmol (48.9 Ci/mmol). The activity
concentration was adjusted to 37 MBg/mL (1.0 mCi/mL) by addition of EtOH yielding a
molarity of 20.4 pM (final total volume: 5.655 mL). Storage conditions: —20 °C. Yield
(hydrotrifluoroacetate of [’H]38): 84 ug, 115 nmol. Radiochemical yield: 5.66 mCi (209.2 MBq),

94%.

(R)-N"-Diphenylacetyl-N®-(2-{N-[6-(6-{2-[7-(diethylamino)-2-0x0-2H-chromen-3-
yl]vinyl}-3-sulfonato-pyridin-1-ium-1-yl)hexanoyl]amino}ethyl)aminocarbonyl-(4-
hydroxybenzyl)argininamide hydrotrifluoroacetate (40). A solution of Fluorescence Red
Mega 480 succinimidyl ester (39) (1 mg, 1.63 umol) in anhydrous DMF (15 pL) was added to a
solution of amine 36 (9.0 mg, 11.4 umol) and DIPEA (5.9 mg, 45.7 umol) in DMF (100 pL) in a
1.5-mL reaction vessel with screw cap and the vessel was shaken at rt in the dark for 30 min.
10% aqueous TFA (42 ulL) was added and the product was purified by preparative HPLC
(column: Kinetex 250 x 21 mm, gradient: 0-25 min: MeCN/0.1% aq TFA 10:90-40:60, 2540
min: 40:60-53:47, tx = 31 min). Lyophilisation of the eluate yielded product 40 as a dark red

solid (1.32 mg, 69%). RP-HPLC (220 and 500 nm): 99% (tr = 11.2 min, k = 13.7). HRMS (ESI):
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m/z [M+H]Jr calcd. for [C56H66N901()S]+ 1056.4648, found: 1056.4650. C56H65N901()S . C2HF302

(1056.23 + 114.02).

Investigation of the chemical stability of compounds 5, 6, 33 and 38. The chemical stability
of compounds 5, 6, 33 and 38 was investigated in PBS (pH 7.0) at 21 °C. Incubation was started
by addition of a 2 mM solution of the compounds in DMSO/water 20:80 (v/v) (25 pL) to PBS
(1:5 diluted with water) (475 uL) to give a final concentration of 100 uM. After 0, 24 and 48 h,
as well as after 8 days in case of 6, an aliquot (80 pL) was taken and diluted with
acetonitrile/water/1% aq TFA 5:1:4 (v/v/v) (80 pL). An aliquot (100 pL) of the resulting solution
(pH < 3) was analyzed by RP-HPLC using a system from Thermo Separation Products
(composed of a SN400 controller, a P4000 pump, a degasser (Degassex DG-4400, Phenomenex),
an AS3000 autosampler and a Spectra Focus UV-VIS detector) with a Gemini-NX C18, 5 um,
250 x 4.6 mm (Phenomenex, Aschaffenburg, Germany) as stationary phase (flow rate: 1
mL/min). Mixtures of acetonitrile (A) and 0.05% aq TFA (B) were used as mobile phase. The
following linear gradient was applied: 0-25 min: A/B 10:90-50:50, 25-33 min: 50:50-95:5, 33—

40 min: 95:5. The oven temperature was 30 °C and the detection wavelength was set to 220 nm.

Fura-2 calcium assay (Y{R). The Fura assay was performed with HEL cells as previously
described using a Perkin-Elmer LS50 B spectrofluorimeter (Perkin Elmer, Uberlingen,
Germany).**® In time-dependent investigations the intracellular Ca** mobilization induced by
10 nM pNPY or by 300 nM pNPY was measured in the presence of increasing concentrations of
antagonist and in the presence of one defined concentration of antagonist, respectively. The cells

were incubated with the antagonist for different periods of time prior to the addition of the
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agonist (the minimal pre-incubation period was 10 s). For the determination of pNPY
concentration-effect curves in the presence of antagonist, and for the concentration-dependent
inhibition of the maximal pNPY response (¢ = 300 nM), the cells were pre-incubated with the

antagonist for 15 min.

Radioligand binding assay (Y{R). All radioligand binding experiments were performed at 22
+ 1 °C. Radioligand competition binding experiments with the radioligands [3H]2, [3H]4 and
[*H]propionyl-pNPY were performed at intact YR expressing SK-N-MC neuroblastoma cells as
previously described (the incubation period was 2 h in case of [H]propionyl-pNPY).'?
Nonspecific binding was determined in the presence of 500-fold excess of pNPY (°H12, PH]4)
or 500-fold excess of 1a ([*H]propionyl-pNPY). The K, value of [*H]propionyl-pNPY was
determined by saturation binding at SK-N-MC cells and amounted to 1.9 + 0.26 nM (two
independent experiments, performed in triplicate). Saturation and competition binding
experiments with [*H]38 at SK-N-MC cells were essentially performed as previously described
for ["H]4,'> with the following modifications: Taking into account the very high affinity of
[*H]38 for the NPY Y receptor, the binding assay was performed in a manner ensuring that the
free radioligand concentration was not markedly decreased by binding to the receptor. For this
purpose, cells were cultured below 80% confluency and the volume per well was increased from
250 pL to 750 uL in case of saturation binding and to 500 pL for competition binding to decrease
the ratio of receptor-bound to free radioligand.

Saturation binding. The cells were washed with 750 pL of buffer and covered with binding
buffer (600 pL) followed by the addition of binding buffer (75 pL) and binding buffer (75 pL)

containing the radioligand 10-fold concentrated (for the determination of total binding), or, to
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determine nonspecific binding, binding buffer (75 pL) containing the competitor 1b 10-fold
concentrated (1,000-fold excess to ['H]38) and binding buffer (75 pL) containing the radioligand
10-fold concentrated. The incubation period was 90 min. To determine Kq4 values, ‘specifically
bound radioligand’ was plotted against the ‘free radioligand concentration’ (not the total
radioligand concentration), to account for the decrease in radioligand concentration.

Competition binding. Cells were covered with 400 pL of binding buffer followed by the
addition of two 50-uL. aliquots of binding buffer (neat, containing the radioligand 10-fold
concentrated, or containing the competitor 10-fold concentrated). Nonspecific binding was
determined in the presence of 1b (500-fold excess to [*H]38) and the incubation period was 2 h
(beginning with the addition of the radioligand).

The investigation of the binding kinetics of [*H]38 at SK-N-MC cells was performed as
previously described for [*H]4 using pNPY (500-fold excess) to determine nonspecific binding.'?
For association experiments the radioligand concentration was 0.3 nM. In case of dissociation
experiments cells were incubated with 1.0 nM [°H]38 for 60 min. The washing step after pre-
incubation of the cells with radioligand was omitted, that is, the radioligand solution was
removed by suction and the cells were directly covered with binding buffer (250 pL) containing
38 (200 nM).

Saturation binding experiments with [*H]38 at MCF-7-Y, cells'? were performed in tissue
culture treated white 96-well plates with clear bottom (Corning Inc. Life Sciences, Tewksbury,
MA; Corning cat. no. 3610) using the washing buffer and binding buffer as described for [*H]4."?
Cells were seeded two days prior to the experiment. On the day of the experiment confluency of
the cells was 50-70%. The culture medium was removed by suction, the cells were washed with

buffer (200 pL) and covered with binding buffer (160 pL). For total binding, binding buffer (20
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pL) and binding buffer (20 uL) containing the radioligand 10-fold concentrated were added. For
the determination of nonspecific binding, binding buffer (20 pL) containing 1b 10-fold
concentrated (1,000-fold excess to [’H]38) and binding buffer (20 pL) containing the radioligand
10-fold concentrated were added. The plates were gently shaken during incubation at 22 + 1 °C
for 90 min. After incubation the liquid was removed by suction, the cells were washed twice with
ice-cold buffer (200 uL; washing period < 2 min) and lysis solution (urea (8 M), acetic acid (3
M) and Triton-X-100 (1%) in water) (25 pL) was added. The plates were shaken for at least 20
min, liquid scintillator (Optiphase Supermix, PerkinElmer, Rodgau, Germany) (200 pL) was
added, and the plates were sealed with a transparent sealing tape (permanent seal for microplates,
PerkinElmer, prod. no. 1450-461). The plates were turned up-side down several times in order to
achieve complete mixing of scintillator and lysis solution. The samples were kept in the dark for
at least 1 h prior to the measurement of radioactivity (dpm) with a MicroBeta2 plate counter

(PerkinElmer).

Radioligand competition binding at human NPFF; and NPFF; receptors. Radioligand
competition binding studies were performed with the radiolabeled peptides PHINPVF®! (NPFF,
receptor) and PHIEYF"' (NPFF, receptor) using membranes of CHO cells expressing the
hNPFF, (CHO-hNPEF, cells) or the hNPFF, receptor (CHO-hNPEF, cells)* as reported
previously.31 The K, values of [3H]NPVF and [3H]EYF, determined under the same conditions
by saturation binding, amounted to 2.8 and 6.9 nM, respectively. Determined binding data of the
reference peptide NPFF (hNPFF R: K; = 25 + 7.8 nM, hNPFF;R: K; = 1.1 = 0.15 nM (mean +
SEM from three independent experiments, performed in duplicate)) were in good agreement with

reported data.’®>'
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Flow cytometric binding assays — general conditions. Flow cytometric binding assays were
performed on a FACSCalibur™ flow cytometer (Becton Dickinson, Heidelberg, Germany),
equipped with an argon laser (488 nm) and a red diode laser (635 nm) (settings: FSC: E-1, SSC:
280 V, Fl-4: 700-800 V). Samples were incubated in 1.5-mL reaction vessels (Sarstedt,
Niimbrecht, Germany) at 22 °C in the dark for 2 h. Measurements were stopped after counting of
10,000-15,000 gated events. Raw data were processed with the aid of the FlowJo Data Analysis
Software version 10 (FLOWIJO, Ashland, OR).

Flow cytometric binding assays (Y;R and YsR). Flow cytometric binding assays on CHO-
hY, and HEC-1B-hY5 cells using Cy5-pNPY (K = 5.2 nM (Y2R),”® K; = 4.4 nM (YsR)"®) as
labeled ligands were performed as described previously.l&28 Two or three independent
experiments were performed in duplicate. The cell density in loading buffer was 1 - 10° cells/mL
(Y,R) or 0.5 - 10° cells/mL (YsR).

Flow cytometric binding assay (Y4R). The Y4R competition binding assay on CHO-hY -
Gqis-mtAEQ cells using Cy5-[K*]hPP (Ky = 5.6 nM)® as labeled ligand was essentially
performed as previously described with minor modifications.”* Cy5-[K*]-hPP (3 nM) was used
instead of S0586-[K*]hPP (10 nM). The cell density in loading buffer was 1 - 10° cells/mL.
Nonspecific binding was determined by addition of hPP at a concentration of 1 uM. Two or three

independent experiments were performed in duplicate.

Data processing. Specific optical rotation was calculated according to [a] = 100-0/(c‘1), for
which o = measured angle of rotation, ¢ = concentration [g/100 mL], and 1 = length of the cuvette
[dm]. Retention (capacity) factors k were calculated from retention times (fr) according to k =

(tr—10)/to (tp = dead time). Concentration-dependent inhibition data from the Fura-2 calcium assay

47

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 48 of 70

(% Ca®* response induced by 10 nM (cf. Figure 2) and 300 nM (cf. Figure 3B) pNPY plotted
against log(concentration antagonist)) were analyzed by four-parameter sigmoidal fits
(SigmaPlot 11.0, Systat Software Inc., Chicago, IL) (Figure 2) and seven-parameter biphasic
sigmoidal fits (GraphPad Prism Software 5.0, GraphPad Software, San Diego, CA) (Figure 3B),
respectively, to obtain pICsy values. Concentration-response curves of pNPY (cf. Figures 3A and
S5) were obtained by analyzing the data with four-parameter sigmoidal fits (SigmaPlot 11.0).
Time-dependent inhibition data from the Fura-2 assay (% Ca®" response elicited by 300 nM
pNPY in the presence of antagonist plotted against time) (cf. Figure 3C) were analyzed by a
three-parameter equation describing a monophasic exponential decline (SigmaPlot 11.0).
Specific binding data from radioligand competition binding experiments performed at SK-N-MC
cells (Y R) were plotted as % (100% = bound radioligand in the absence of competitor) over
log(concentration competitor) and analyzed by four-parameter sigmoidal fits (SigmaPlot 11.0).
In case of radioligand competition binding experiments at NPFF; and NPFF, receptors, specific
binding data were plotted as % over log(concentration competitor) and analyzed by four-
parameter sigmoidal fits (GraphPad Prism 5.0) (constraints: slope factor = -1, upper curve
plateau (top) = 100% and lower curve plateau (bottom) < 5). Resulting ICsy values were
converted to K; values according to the Cheng—Prusoff equation® using the Ky value of the
respective radioligand ([SH]Z: Ky = 1.2 nM, [3H]4: K4 = 2.0 nM, [3H]38: Ky = 0.044 nM,
[*H]propionyl-pNPY: Ky = 1.9 nM, ["HINPVF: K4 = 2.76 nM, ["HIEYF: Ky = 6.93 nM). Specific
binding data (dpm) from saturation binding experiments were plotted against the free radioligand
concentration and analyzed by an equation describing hyperbolic binding (ligand binding - one
site saturation fit, SigmaPlot 11.0) to obtain Ky and B, values. The free radioligand

concentration (nM) was calculated by subtracting the amount of bound radioligand (nM)
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(calculated from the specifically bound radioligand in dpm, the specific activity and the volume
per well) from the total radioligand concentration. The number of (specific) binding sites per cell
(sites/cell) was calculated according to the equation: sites/cell = Bpax/60/aspec' Na/Neen, where
Bax 15 the maximum number of binding sites per well in dpm (obtained from the ligand binding
- one-site saturation fit), ag.c 15 the specific activity of the radioligand given in Bq mol_l, Ny 1S
the Avogadro constant in mol™', and N is the number of cells per well. Specific binding data
from radioligand association experiments were analyzed by a two-parameter equation describing
an exponential rise to a maximum (SigmaPlot 11.0), and the resulting B4 value (maximum of
specifically bound radioligand) was used to calculate specifically bound radioligand (B) in % (cf.
Figure 8A). The observed association rate constant kops Was obtained by plotting In(Bey/[Beq—B])
against time and analysis by linear regression. Data from radioligand dissociation experiments
(% specifically bound radioligand (B) plotted over time) were analyzed by a two-parameter
equation describing a monophasic exponential decline (SigmaPlot 11.0). The dissociation rate
constant ko was obtained by plotting In(B/By) (By = initially bound radioligand) against time
and analysis by linear regression. The association rate constant (ko) was calculated from Kops, Koff
and the radioligand concentration ([RL]) according to the correlation: ko, = (kobs—Kofr)/[RL].
Propagated errors were calculated according to the Gaussian law of errors. Statistical
significance (comparison of two given Kj; values) was assessed by a Welch two-sample t-test for

unpaired samples.

ASSOCIATED CONTENT

Supporting Information. Synthesis protocols and analytical data of compounds 5-7, 10, 13 and

14; preparation of [*H]propionyl-pNPY; chemical stability of argininamides 5, 6 and 33;
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concentration-response curves of pNPY in the presence of argininamide 16 (Figure S5);
displacement curves of ["HJNPVF and [*’H]EYF from competition binding experiments with 1a,
6, 33 and 38 at membranes of CHO-hNPFF,; and CHO-hNPFF; cells, respectively (Figure S6);
'"H-.NMR spectra of compounds 5-7, 17, 28-30, 33, 36 and 38; BC.NMR spectra of compounds
5-7, 33, 36 and 38; RP-HPLC chromatograms of compounds 5-7, 17, 28-30, 33, 36, 38 and 40.
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