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Abstract

The orthosteric ATP-binding site of the P2X receptors is poorly understood. Only a few compounds
were well characterized for their P2X receptor functional activity and subtype selectivity. This study
represents the first fully functional characterization of various ATP derivatives combined with in
silico studies to advance the understanding of SARs at the orthosteric binding sites of P2X
receptors leading to the identification of several subtype-selective P2X receptor agonists and
compounds with agonistic as well as antagonistic profiles.
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Introduction

The purinergic P2X receptors belong to the family of ligand-gated non-selective cation channels.
Seven different P2X subunits (P2X1-7) have been identified, which form homo- or heterotrimeric
P2X receptors.” Each subunit consists of two transmembrane domains (TM1 and TM2), a larger
extracellular loop and intracellular N- and C- termini.?®* The endogenous ligand for P2X receptors
is extracellular ATP (1) which addresses the inter-subunit cavity in the ectodomain that is about
280 amino acids long and whose tightening induces the opening of the ion channel within
milliseconds.* The gating behavior after activation of P2X ion channels is complex and depends
on the exposure time and concentration of extracellular ATP. Within few seconds of ATP
application, an opening that only allows the passage of small cations like Na*, K*, and Ca?* will be
formed. In contrast, a longer ATP application leads to a pore dilation that allows the permeation
of larger cations like dyes such as e.g., Oxazole yellow (YO-PRO-1).%¢ The properties of P2X ion
channels lead to their involvement in a wide variety of physiological and pathophysiological
processes such as synaptic transmission, regulation of neurotransmitter release, contraction of
smooth muscles, inflammation, and neuropathic pain.”~'? The published X-ray crystal and Cryo-
EM structures of the P2X3, P2X4, and P2X7 receptors allow the construction and evaluation of

molecular models for structure-guided drug discovery.'®'7 However, in the case of orthosteric
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ligands (agonists and antagonists) apparent conserved nature of the ATP-binding site seems to

pose some difficulties in achieving strong subtype-selectivity.'®

P2X receptor agonists

H, NH,
(0] f\ (0] f\ f
HO” i\o* 6\0’ \o g\l J o i 0~ 6\0’ &P ﬁu )\ _CH;  HO” i o 6\0 (5 ~0 ﬁxj J
HO OH HO OH O S
Adenosin-5*-triphosphate, ATP (1) 2-Methylthio-ATP (2) BzBZ-ATP (3 0o

mixture of 2'- and 3'-O ester I
S

NH, NH, NH,
o} o) N N S o0 O NN
B g ﬁ B BB B ¢ f
HO O (0 é d) ~0 ﬂ\l HO (5 (5 O 5 OG HO d)HO (5HO d)HO@V N/)
HO OH HG  OH HO  BH
a,B-Methylene-ATP (4) B,y-Methylene-ATP (5) ATP-yS (6)
Cmpd. P2X1 P2X2 P2X3 P2X4 P2X7
1 0.06%1° 11820 0.34#%19 0.5% 19 96#19
2 0.06%1° 0.8#21 0.36%1° 2.2#.19 >100%1°
3 0.002#19 0.4#21 0.08#%19 0.5%19 4.7#19
4 0.2#19 >100#21 0.7#19 8.3#19 >100%1°
5 2822 >300822 9.2822 >300822 >300822
6 2 3#,19 1.3#.21 0.7#19 11#.19 >100%19

Table 1. Selected agonists and their ECso-values (uM) at P2X receptors: Adenosine triphosphate (ATP, 1),
2-methylthio-ATP (2-meS-ATP, 2), 2/3’-O-4-(Benzoylbenzoyl)-ATP (BzBzATP, 3), alpha, beta-methylene-
ATP (a,p-meATP, 4), beta, gamma-methylene-ATP (B,y-meATP, 5), and adenosine-5-O-(3-thio)
triphosphate (ATPyS, 6). SPatch-Clamp Recordings (Current), #Ca2*flux.
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In the past, only a limited number of P2X receptor agonists, derived from modifications of the
endogenous ligand ATP (1, Table 1), have been reported.'®?' Furthermore, several of those
agonists were not fully characterized at all P2X receptor subtypes. A few examples of well-
characterized P2X agonists are 2-methylthio-ATP (2-meSATP, 2), that is described as a full
agonist at the P2X1,"° P2X2,2' P2X3," and the P2X2/3 heterotrimeric receptor.?* The
regioisomeric mixture of 2' (3')-O-(4-benzoyl)benzoyl-ATP (BzBzATP, 3), which is often described
as a selective agonist at P2X7Rs and the ATP derivatives, alpha, beta-methylene-ATP (a,B-
meATP, 4), beta, gamma-methylene-ATP (B,y-meATP, 5), and adenosine-5-0O-(3-
thiotriphosphate) (ATPyS, 6), developed primarily to reduce the degradation rate of ATP by
ectonucleotidases and therefore increase the agonists' stability,?® that show a strong preference
for the P2X1R subtype, whereby a,B-methylene-ATP 4 shows a preference for P2X1 and P2X3
receptors.?® In general, the understanding of structure-activity and structure-selectivity

relationships at P2X receptor agonists remains highly limited.

BzBzATP 3 was and sometimes still is wrongfully reported as a selective P2X7 receptor agonist
in the past, but recent studies and our data (Table 3-5) demonstrate that this ATP derivate also
shows an agonistic effect on other P2X receptor subtypes.?” Furthermore, the photo instability of
the benzophenone moiety, the decomposition of the ester bond in aqueous solution and the lack
of P2X receptor subtype-selectivity makes the application of BzBzATP 3 unsuitable as a
pharmacological tool. This study aims at a comprehensive evaluation of structure-activity
relationships of various ATP derivatives at the P2X receptors. Hereby the structural modifications
focus on the introduction of alternative ester moieties at the 2’-O and 3’-O-positions of the ribose
and the various substituents at the nucleobase portion. Additionally, to the advancement of
understanding the SAR relationships of agonists at P2X receptors, a photostable alternative for
the widely applied BzBzATP 3 should be found. 2',3’-O-Trinitrophenyl-adenosine-5’-triphosphate

(TNP-ATP, 7, Table 2) an ATP analog with blocked 2’/3’-O-positions is known as an unselective
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and orthosteric P2X receptor antagonist.?®2?° In Table 2, literature reported antagonistic potency
of TNP-ATP is displayed. In order to evaluate the requirement of at least one free hydroxy function

for agonistic potency, several 2',3’-O-bis ester derivatives of ATP were prepared.

NH,
0 <N N
O o /
HO |I:!\O’ﬁ\ /ﬁ\ " N/)
HO 110 % O\C)j
5. o
OZN O : N02
8’2,}‘0@
TNP-ATP (7)
Cmpd P2X1 P2X2 P2X3 P2X2/3 P2X4 P2X7
TNP-ATP 6.022:2° 20002229 1.02° 7.0%® 150002° >30000%°

Table 2: Orthosteric P2XR antagonist trinitrophenyl-ATP (TNP-ATP, 7) and its inhibitiory potency (ICso-
value [nM]) in patch-clamp recordings at P2X1, P2X2, P2X3, P2X4, P2X7 and heterotrimeric P2X2/3
receptors. Patch-clamp recordings were made at HEK 293 cells stably expressing the presented rat or
human P2X receptor subtype.

Results and discussion

In order to determine how the variation of structural elements of ATP (1) impacts the functional
P2X receptor activity, the scaffold was divided into two different areas of modifications leading to
two sets of compounds (Figure 1). The first set (Tables 3, 4) focuses on 2’/3’-O-positions of the
ribose moiety by introducing various aromatic monoester 10-22 or bis-ester derivatives 24-26 with
reduced or enriched electron density and one bulky aliphatic 2-(adamantan-1-yl)acetyl derivative
23 lacking the aromatic ring. The esters were prepared by the reaction of ATP with carbonyl
diimidazole (CDI) and the respective acid (Scheme 1). The yields of the desired monoesters 10-

23 were relatively low (0.1%-7.8%), partially explained by the instability of the formed products,
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the formation of cyclic mono-, di- and triphosphates, the decomposition of the triphosphate group
to di- and monophosphates, as well as full cleavage of the phosphate group, that were observed
via LC-MS. Additionally, the formed carboxylic ester bonds were sensitive to high pH values.
Therefore, a challenging and at least two-step purification process was performed via ion
exchange and semi-preparative reversed-phase HPLC. The use of a triethylammonium acetate
buffer (TEAA, pH 7) reduced the decomposition speed of the acid-sensitive triphosphate moiety.
However, since the main focus of this work was the evaluation of the SARs, the synthesis route
was not further optimized to obtain higher yields. The 4-nitrobenzoyl ATP ester derivative 19 could
only be isolated in a 0.1% yield due to the very low reactivity of the respective benzoic acid. For
all aromatic products, the 3'-O-monocarboxylic esters were formed preferentially (ratio ~2:1 [3":2'-
esters]) while the ratio for the adamantyl derivative 23 was vice versa. Due to the rapid acyl
transfer between the two vicinal alcohols, the regioisomeric mixtures of 2'- and 3’-esters were not
separated and tested as mixtures. Four commercially available nucleotides with either differing
stereochemistry at the 2’-O-position (30) or introduction of substituents at 2’-O-position (27-29)
were applied in the SAR evaluation as well (Table 4). The second set focused on commercially
available ATP derivatives with modifications at the nucleobase at 2-, 8- and N8-positions that

enrich or reduce the electron density of the purine ring system.

NH,

N Nucleobase
SN & NS 2 and 8-positi
O o o g/q l /| -, 2- and 8-positions
BB N

B\ N, N
HO" 4074 P chO‘\(i\/'
Ribose

- C2', C3' esters HO
- C2' -position

o

H

Figure 1. The two areas of scaffold modifications.
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We are highly interested in human homotrimeric P2X1, P2X2, P2X3, P2X4, P2X7 and the
heterotrimeric P2X2/3 receptors and the present SAR study focuses on these targets. The
prepared and commercially available nucleotides were screened in Ca?*-flux assays at P2X1,
P2X2, P2X2/3, P2X3, P2X4 and P2X7 receptors. Furthermore, a YO-PRO-1 dye uptake assay
was performed for the P2X7 receptors as it is still one of the most commonly applied read-outs of

P2X7 receptor activity. The results are summarized in Tables 3-5.
Structure-activity relationships of the 2’/3’-O-ester ATP derivatives

Our analysis shows, that the BzBzATP (3) claimed as P2X7 receptor selective agonist in the
literature,®>-33 is potent across all tested P2X receptor subtypes (see Table 3) with the highest
activity at the heterotrimeric P2X2/3 (pECso = 5.69) and homotrimeric P2X7 receptors (pECso (YO-
PRO-1) = 6.29). However, a differing P2X7 receptor activity was recorded in the Ca?*-flux assay
with a pECso-value of 3.87 (see Figure 2a). All monoesters 10-23 displayed P2X7 receptor activity
in the YO-PRO-1 dye uptake assay in the range of pECsp-values from 5.34 to 6.43, while not
demonstrating any or very low agonistic activity in the Ca?*-flux assay using the same cell line. A
possible explanation for this observation might be the different incubation times of the agonists in
the respective assay, which in the case of the Ca?*-flux assay are dispensed onto the cells for
immediate read-out while in case of the YO-PRO-1 dye uptake assay are coincubated with the
cells for 2 h at 37°C ahead of the fluorescence measurement. The lipophilic esters are not able to
reach the binding pocket within the limited time frame leading to an underestimation or
overestimation of their P2X7 receptor activity, depending on the assay performed. The activity of
the polar endogenous agonist ATP (pECso (Ca?*-flux) = 5.88, pECso (YO-PRO-1) = 5.07) is not
affected by the assay protocol. Most of the prepared monoesters display no selectivity for one
particular P2X receptor subtype. The unsubstituted benzoyl ester 10 displays moderate P2X2
receptor (pECso (Ca?*-flux) = 4.82), P2X4 receptor (pECso (Ca?*-flux) = 5.46) and P2X7 receptor

(PECso0 (YO-PRO-1) = 5.78) activity. Introduction of a 2-methyoxybenzoyl ester 11 leads to P2X4
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(PECso (Ca?*-flux) = 5.56) and P2X7 (pECso (YO-PRO-1) = 5.81) receptor selectivity, whereas the
larger n-pentyl substituent adds P2X2/3 receptor activity. Interestingly, the 3-methylbenzoic ester
derivative 13 displays P2X receptor activity at all but the P2X3 receptor subtype. Compound 13 is
equally potent in the YO-PRO-1 assay at P2X7 receptors to BzBzATP (3), with a pECso-value of
6.00 versus 6.29, respectively, but it shows 1-log unit higher potency in P2X7R Ca?*-flux assay
(13: pECs0=4.83, 3: pECso = 3.87). Moreover we could additionally confirm the potency difference
between both compounds in the P2X7 receptor triggered IL-1R release at THP-1 cells (13: pECso
= 3.24 + 0.16, 3: pECso = 2.09 = 0.05). The introduction of an azide moiety in compound 18
increases the activity at all except for P2X1 receptors. The 4-nitrobenzoyl ester derivative 19 was
not only formed in a very low yield but also displayed rapid cleavage of the ester function in an
aqueous solution; therefore, this compound could be only tested at P2X2 (pECso (Ca?*-flux) =
5.74) and P2X7 (pECso (YO-PRO-1) = 5.34) receptors displaying moderate activity. The
introduction of a 3-methyl group at the benzoic ester 13 leads to activity at all except the P2X3Rs.
The 2-iodobenzoyl ester 14 is active at P2X2 (pECso (Ca?*-flux) = 5.62), P2X2/3 (pECso (Ca?*-flux)
= 6.09), P2X4 (pECso (Ca?*-flux) = 6.00) and P2X7 (pECso (YO-PRO-1) = 5.76) receptors, while
replacing the iodo- by a chloro- substituent in compound 15 leads to a loss of P2X2/3 receptor
activity. The 2-cloro-3-trifluoromethylbenzoyl ester 17 shows high activity among all tested P2X
receptor subtypes outperforming BzBzATP (3) at all but P2X7 receptor by 0.5 to 1-log units.
Compound 17 represents a promising alternative pan P2X receptor agonist since it does not suffer
from the photo liability of the benzophenone moiety while displaying similar or higher activity at
the P2X receptors. The bulky naphto-1-yl 20 and 9-oxo-9H-fluoreno-2-yl 22 esters are active at
P2X2 (pECso (Ca?*-flux, 20) = 5.47; pECso (Ca?*-flux, 22) = 5.49), P2X2/3 (pECso (Ca?*-flux, 20) =
5.89; pECso (Ca?*-flux, 22) = 6.34), P2X4 (pECso (Ca?*-flux, 20) = 6.21; pECso (Ca*'-flux, 22) =
5.95) and P2X7 (pECso (YO-PRO-1, 20) = 5.47; pECso (YO-PRO-1, 22) = 6.43) receptors, while
the naphto-2-yl 21 derivative loses activity at the P2X2/3 receptor. The adamantyl ester derivative
23 shows moderate selectivity for the P2X7 receptor (pECso (YO-PRO-1) = 5.79) versus P2X4
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receptor (pECso (Ca?*-flux) = 4.93) and is outperforming BzBzATP (3) regarding its selectivity
towards other P2X receptor subtypes. The prepared bis-esters 24-26 were evaluated for their
potential agonistic P2X receptor activity as well. The bisbenzoyl 24 ester shows selectivity for
P2X2/3 (pECso (Ca?*-flux) = 5.92) and P2X4 (pECso (Ca?*-flux) = 5.83) receptors, while the
introduction of the 4-methoxy substituent in compound 25 leads to a complete loss of agonistic
potency. Interestingly the bisnaphtho-1-yl ester 26, while being moderately potent at P2X7R, is
highly selective for the P2X7R (pECso (Ca?*-flux) = 4.78; pECso (YO-PRO-1) = 4.15). Moreover,
compound 26 displays higher efficacy (superagonist) than BzBzATP (3) in the YO-PRO-1 uptake
P2X7 receptor assay (Figure 2b) while acting as a partial agonist in the Ca?*-flux assay. The
observed agonistic activity of the bis-esters demonstrates that there is no requirement for a free

hydroxy function at 2'- and 3’-positions for agonistic potency at P2X receptors.
Structure-activity relationships of the ATP derivatives modified at 2’-O-position

Next, we shifted our focus onto the 2’-O-position of the ribose moiety. Therefore, four nucleotides
differing only in the substituent at the 2’-O-position were picked for the SAR study. Replacing the
hydroxy group in ATP by a fluorine atom in compound 27 leads to P2X2 (pECso (Ca?*-flux) = 5.25),
P2X2/3 (pECso (Ca?*-flux) = 5.27), P2X3 (pECso (Ca?*-flux) = 4.98) and P2X7 receptor activities
while replacing it with an amino function as in compound 28 shifts the activity profile towards P2X1
(PECso (Ca?*-flux) = 5.19), P2X3 (pECso (Ca?*-flux) = 5.37) and P2X2/3 (pECso (Ca?*-flux) = 6.44)
receptors. Introducing a C2’-methoxy group 29 leads to a complete loss of P2X receptor activity.
Remarkably the inversion of the stereocenter at 2’-position as in compound 30 leads to moderate
P2X4 (pECso (Ca?*-flux) = 4.98) receptor activity and selectivity over all other investigated P2X

receptor subtypes.
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Scheme 1. Synthesis of ATP mono and bis ester derivatives 10-26.

BB B <)
B

Ho’bﬁo’éﬂo’éﬁo‘\{j

mono esters s P
1023 6 0

HOJCI)\R OIR

NH,

SRR
HO’&HO’a;HO’&Ho@ v

> NH,
HG BH ? fs fs g { )
HO” N0 1 N07 10 N/)

AT (1) OH” OH éH_\Cj

bis esters

o i = o0
24726 2’0 O\g

Reagents and conditions: (a) R-COOH, CDI, DMF/water, room temperature, 1-7 days.

Structure-activity relationships of the nucleobase modified ATP derivatives

Several nucleotides with varying nucleobases were tested for their P2X receptor activities in the
past.'®3* We are focusing on modifications at the 2-, N°-, and 8-positions (Table 5). The methylthio
ATP derivate 2 modified at the 2-position of the nucleobase moiety was chosen as a reference
compound. In accordance to the literature reported data (Table 1), 2-MeS-ATP (2) is potent at the
P2X2 receptor (pECso (Ca?*- flux) = 6.36). However, we could not confirm the potency at P2X1
and P2X3 receptors while observing activity at the P2X4 (pECso (Ca?*- flux) = 6.11) and also a
moderate activity at the P2X7 (pECso (YO-PRO-1) = 5.66) receptors. Compound 2 is
outperforming BzBzATP (3) regarding its selectivity profile at other P2X receptor subtypes.
Replacing the primary amine at the 6-position of the nucleobase in ATP by a chlorine 31 leads to
an activity shift towards P2X1 (pECso (Ca?*-flux) = 6.45), P2X2 (pECso (Ca?*-flux) = 7.06), P2X3
(PECso (Ca?*-flux) = 6.13), and P2X2/3 (pECso (Ca?**-flux) = 6.89) receptors whereas the

replacement by a mercapto group 32 leads to a loss of function at the P2X2 receptor. Although
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both substituents in compounds 31 and 32 are approximate of the same size, they clearly induce
a difference in their P2X receptor selectivity. The introduction of a methyl 33 and a butyl substituent
34 at the N°- position leads to selectivity at the P2X3 (pECso (Ca?*-flux, 33) = 5.89; pECso (Ca?*-
flux, 34) = 4.52) and P2X2/3 (pECso (Ca?*-flux, 33) = 6.58; pECso (Ca?*-flux, 34) = 6.16) receptors.
Even bulkier substituents like a phenyl moiety in compound 35 increase the functional activity at
all P2X receptor subtypes except for the P2X1 and P2X7 receptors. Compound 36 bearing a
benzyl substituent leads to a shift in P2X2 (pECso (Ca?*- flux) = 5.40) and P2X2/3 (pECso (Ca?*-
flux) = 5.57) receptor activity. Compound 37 is the only derivative with an extended aromatic ring
system that leads to an increased P2X2 (pECso (Ca?*- flux) = 6.38), P2X3 (pECso (Ca?*- flux) =
6.00), and P2X2/3 (pECso (Ca?*- flux) = 6.55) receptor activity. Modifications at the 8-position of
the nucleobase were also examined. Introduction of an azide 38 substituent or an additional
carbonyl group as in compound 39 leads to a complete loss of agonistic potency at all investigated
P2X receptor subtypes or activity at the P2X3 receptor in a micromolar range (pECso (Ca?*-flux) =
4.96), respectively. Most compounds displayed in Table 5 are inactive at the P2X7 receptor in
both assays, except for compound 2. Demonstrating the P2X7 receptor's limited acceptance for
nucleobase modifications. In summary, the modified nucleobase compounds in table 5 display no
selectivity for one single P2X receptor subtype but the compounds 2, 33, 34, and 36 represent an
agonistic profile at least at two particular receptors. Also, compounds 2 and 33 are outperforming
BzBzATP 3 regarding their selectivity and potency at the P2X receptor subtypes and are
presenting a promising alternatives for BzBzATP when investigating the particular P2X receptor

subtypes.
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Figure 2: a) Concentration-response curves for BzBzATP (3) in the Ca?*-flux assay (blue curve) and the
YO-PRO-1 dye uptake assay (red curve). b). Concentration-response curves of BzZBzATP (3) and bisnapho-

1-yl ester 26 in the P2X7R YO-PRO-1 assay. c). Concentration-response curves of BzBzATP (3) and
bisnapho-1-yl ester 26 in the P2X7R Ca?* -flux assay. RFU: relative fluorescence units.
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Table 3. The activity of ATP esters 10-26. Data presented as pECso values + SEM (n = 3). n.d. = not determined.

NH,
N N N
O o o ¢ _
Ho-Po BB N
(O
HO b g0 o)
Ca?*-flux assay YO-PRO-1
Iz pECso £ SEM pECs0 £ SEM
o O
%_J
‘(J§O
Cmpd R X Y V4 P2X1R P2X2R P2X3R P2X2/3R P2X4R | P2X7R P2X7R
ATP (1) 5.4140.09 5.50 % 0.08 5.87 0.06 6.39 £ 0.07 583%0.05 | 5.88%0.04 5.07 £0.01
BzBzATP (3) 3-benzoylbenzoyl 4.96%0.22 474028 47430415 5.60%0.14 4891016 | 3.87+0.21 6.20 £ 0.06
10 H H H <4.00 4.82+0.11 <4.00 <4.00 5.4640.17 <4.00 5.78 £0.11
" H H OCHs <4.00 <4.00 <4.00 <4.00 5.5640.13 <4.00 5.81£0.1
12 H H n-pentyl <4.00 <4.00 3.96 547£0.15 5.63 £ 0.16 <4.00 5.77£0.07
13 H CHs H 4.82+0.12 576%0.13 <4.00 5.61%0.20 591£0.07 | 4.83%0.11 6.00 £ 0.02
14 ' H H <4.00 5.6240.13 <4.00 6.00 0.18 6.00 £ 0.04 <4.00 5.76%0.16
15 cl H H <4.00 5.06 £ 0.05 <4.00 <4.00 6.00 £ 0.06 <4.00 5.50 £0.19
Z X
16 Cl Cl H
Y 4.58+0.93 5.42%0.17 <4.00 nd. nd. <4.00 5.48%0.15
17 cl CFs H 6.00 £ 0.03 5.36%0.38 5.35%0.45 6.45%0.2 6.12£0.1 <4.00 5.60%0.14
18 H H Ns <4.00 481%0.415 490%0.7 5.76£0.18 5.88+0.1 <4.00 5.70 £0.02
19 H H NO. n.d. 5.74%0.16 n.d. n.d. n.d. n.d. 5.34%0.13
20 naphtho-1-yl <4.00 5.47£0.18 411 5.80£0.1 6.21£0.06 <4.00 5.47£0.03
21 naphtho-2-yl <4.00 5.52 £ 0.47 4.08 <4.00 n.d. <4.00 6.42 £ 0.21
22 9-0x0-9H-fluoreno-2-yl 3.98 £ 039 5.49 % 0.32 <4.00 6.34%0.16 5.950.01 <4.00 6.43£0.16
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23 2-(adamantan-1-yl)acetyl <4.00 4.05 <4.00 <4.00 4.93+0.09 n.d. 579 0.11
24 bis ester H H H <4.00 <4.00 <4,00 592£004 | 5.83%0.09 <4.00 <4.00
25 bis ester H H OCH, <4.00 <4.00 <4,00 <4.00 <4.00 <4.00 <4.00
26 bis ester bisnaphtho-1-yl <4.00 <4.00 <4,00 <4.00 <4.00 4.780.05 4.15£0.36
Table 4. The activity of ATP analogs modified at the ribose moiety. Data presented as pECso values £ SEM (n = 3).
Ca?" Influx Assay YOPRO1
pECso * SEM DECq & SEM
Cmpd. w \') U P2X1R P2X2R P2X3R P2X2/3R P2X4R P2X7R P2X7R
ATP (1) NH, OH OH H 541£009 | 550%008 | 587006 | 6.39%0.07 583+005 | 5.88%0.04 5.07£0.01
BzBZATP (3) /N fN O-benzoylbenzoyl | H 491%003 | 453%£016 | 474+015 | 569014 4894016 | 3712018 6.29+0.06
27 g\‘ | N/) OH F H <4.00 525%016 | 498009 | 527%0.07 5.56 +0.02 <4.00 <4.00
28 O OH NH; H 519017 <4.00 5374018 | 6.44+0.18 <4.00 <4.00 <4.00
29 s =U OH OCH, H <4.00 <4.00 <4.00 <4.00 <4.00 <4.00 <4.00
W Vv
30 OH H HO <4.00 <4.00 <4.00 <4.00 4.98 +0.03 <4.00 <4.00
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Table 3: Activity of analogs modified at the nucleobase moiety. Data presented as pECso values £ SEM (n = 3).

Ca?* Influx Assay

(PEC50 + SEM) YO-PRO-1
Cmpd S T Q P2X1R P2X2R | P2X3R | P2X2/3R | P2X4R | P2X7R P2X7R
ATP (1) NH; H H 5.41£0.09 559+0.08 | 587+0.06 | 6.39%0.07 | 583+0.05 | 5.88+0.04 5.07 £0.01
BzBzATP (3) NH, H H 4.91£0.03 453£016 | 4743015 | 5.60:0.14 | 4.89:0.16 | 3.71£0.18 6.29 £ 0.06
2 NH, SCHs H <4.00 6.36£0.12 <4.00 <4.00 6.110.13 <4.00 5.660.17
S
3 Nf Cl H H 6.45+0.19 7.06£0.03 | 6.13+0.15 | 6.89+0.16 <4.00 <4.00 <4.00
SN
32 Q—</ | SH H H 5.82£0.18 <4.00 582£017 | 6.08%0.18 <4.00 <4.00 <4.00
N N//kT 82£0. ' 82£0. .08 £0. y y y
33 HN-CH, H H <4.00 <4.00 5.89 £ 0.11 6.58 £0.17 <4.00 <4.00 <4.00
34 \/ HN-CaHy H H <4.00 <4.00 4523018 | 6.16%0.10 <4.00 <4.00 <4.00
HG OH

35 HN-CeHs H H <4.00 6.43£0.17 | 6.68%0.19 6.8£0.20 6.05+0.18 <4.00 <4.00

36 HN-Bn H H <4.00 54+0.18 <4.00 5.57£0.15 <4.00 <4.00 <4.00

37 see structure below <4.00 6.38£0.18 | 6.00£002 | 655%0.18 <4.00 <4.00 <4.00

38 NH, H Na <4.00 <4.00 <4.00 <4.00 <4.00 <4.00 <4.00

39 NH; H =0 <4.00 <4.00 4.96 % 0.09 <4.00 <4.00 <4.00 <4.00

N
\
NIQ’>
O O O </ |
B N N/)

37
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ATP bis-esters as orthosteric P2X receptor antagonists

Trinitrophenyl adenosine triphosphate (TNP-ATP, 7) with the large substituent blocking the C2'
and the C3' alcohols is a potent orthosteric inhibitor at P2X receptors (Table 2), indicating the
requirement of blockade of the hydroxy function for antagonistic potency. Based on this
hypothesis, we selected bis esters 24-26 from our compound library to be tested in the Ca?*-flux

assay for their orthosteric antagonism at P2X receptors.

Table 6: Antagonistic activity of bis ester compounds 24-26 at different P2X receptor subtypes. Data

presented as plCso values £ SEM (n = 3).

P2X1 P2X2 P2X3 P2X2/3 P2X4 P2X7
24 <4 4.58%0.17 <4 <4 <4 <4
25 <4 <4 <4 <4 <4 <4
26 480%0.07 500%0.14 4.73+0.08 4.94%0.06  5.20+0.09 <4

The bis-benzoyl ester 24 displays an antagonistic potency at the P2X2 receptor (plCso (P2X2
receptor) = 4.58) in low micromolar range. Interestingly this compound shows agonistic activity at
P2X2/3 (pECso (Ca?*- flux) = 5.92) and P2X4 (pECso (Ca?*- flux) = 5.83) receptors. The 4-methoxy
benzoic bis ester 25 is inactive at all P2X receptor subtypes in agonistic as well as antagonistic
mode. The bisnaphtho-1-yl ester 26 shows an antagonistic potency at all, except P2X7 receptor
subtype. The highest antagonistic activity for compound 26 is measured at the P2X4 receptor
(pICso (P2X4 receptor) = 5.20), whereas the lowest inhibition potency is found at the P2X3 receptor
(pICso (P2X3 receptor) = 4.73). Intriguingly compound 26 is a superagonist with moderate P2X7
receptor activity (Figure 2b) in the YO-PRO-1 uptake but partial agonist in the Ca?*-flux (Figure

2c¢) P2X7 receptor assays.
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In silico study

The activities of the bis ester compounds 24-26 were quite surprising, so we started a
computational analysis that could explain these different activities. As shown previously by Kasuya
et al. and Mansoor et al. a structural change of the P2X receptor is crucial for the opening of the
ion channel, which is induced by ATP binding. The ATP binding pocket is built up by two
monomers and defined as head, left flipper and dorsal fin surrounding the ATP (see Figure
3a).'316:3536 A comparison of the human ATP-bound open (pdb 5svk) and the closed (5svj)
structures of the P2X3 receptor reveals conformational changes of the left flipper regions and
especially the dorsal fin (Figure 3). In the ATP bound structure, the dorsal fin exhibits a short
helical structure (Figure 3b), whereas in the closed state, it exhibits an irregular loop region (Figure
3c). This indicates that this dorsal fin region is important for the conformational changes to open

the ion channel.

As a starting point, the amino acid sequences of the analyzed proteins were aligned using clustal
omega (see Figure 4). The residues at interaction sites 1-4 of the analyzed P2X receptors are
highly conserved and show mainly interactions with the triphosphate and the adenine of the ATP.
In contrast, the head, dorsal fin and left flipper domain are highly diverse in all receptors. Due to
the orientation of ATP in the binding site, it can be expected that a 2’-O extension will interact with
the head and an extension of the 3’-O-position with both other binding regions. Most interestingly,
and with respect to the unexpected agonistic effect of compound 26, P2X7 subunit shows a
deletion of 4 amino acids in the dorsal fin region. This could lead to a better acceptance of bulkier
groups at the 3’-position compared to the other receptors. This is supported by the active P2X7
receptor structure (Figure 5) where the dorsal fin loop loses its helical structure shown in figure 3

b leading to higher flexibility of this interaction region.

Subsequently, the potential binding modes were analyzed using homology modeling and energy

minimization studies. Due to the necessary movement of the interaction domains for the binding
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of the analyzed modulators, a molecular docking study was not possible in this case (data not
shown). Missing structures of the human receptors for P2X4, P2X7, P2X2 and the heterotrimer
P2X2/3 were complemented using homology models (see methods and materials for details).
These homology models were used to analyze the possible binding of compounds 24-26. The
corresponding ATP-bound structures or homology models were used to model compounds 24-26
in the binding site by modifying the ATP using MOE. Subsequently, these structures were energy

minimized using MOE and the needed structural arrangements were analyzed in detail.
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Figure 3: Definition of interacting domain:the human P2X3 structure. a) Structural overview of the ATP-
bound open hP2X3 channel (PDB 5SVK), the coloring indicates the different chains. b/c) Focus on the ATP
binding pocket of hP2X3 with bound ATP (b, PDB 5SVK) and overlayed with the open binding pocket (c,
PDB 5SVK/58VJ), the coloring indicates the important binding regions with bound ATP (magenta: head
domain, orange: dorsal fin, yellow: left flipper).
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It seems quite obvious, why compound 25 is inactive on all receptors. The methoxy group in para
position at the 2°0O-benzoic ester led to a significant clash with the side chains of the head domain
(see Figure 5b). The necessary adaptations of the receptor in the minimization step are so
fundamental that they are very unlikely in the context of an induced-fit mechanism. Therefore, the
additional methoxy group does not fit into the binding site in comparison to ATP binding. The
unexpected behavior of compound 26 was already indicated in the previous section and can also
be seen in the structural analysis. In all receptors, except P2X7, the dorsal fin loop forms a rather
rigid helical structure which leads to steric clashes with the bulky group of 26 (see Figure 5). In
contrast, this loop misses the helical structure in the P2X7 receptor due to a deletion of 4 amino
acids in comparison to the other receptors. Without this helical region, this loop is considerably
more flexible and can easily adapt to the bulky group during the minimization study. Therefore, it
can be expected that the binding pocket closure can still happen inducing the needed
conformational changes for opening the P2X7 receptor. In the other receptors, the needed
conformational changes are hampered by the helical structure that is preventing the full closure of
the binding pockets. In addition, the P2X7 receptor lacks a Lys in the dorsal fin that closes the

binding pocket around the ATP in the other receptors.
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P2X2 VWYVFIVQKSYQESETCPE ITTSE-===meeeene- HKVWOVEEYVKPPEG 104

P2X3 VCGWVFLHEKAYQVRDTATE SGLYA--===eemmeue NRVMDVSDYVTPPQG 86
P2X7 -CFALVSDKLYQRKEP-VI TAEVKEEIVENGVKKLVHSVFDTADYTFPLQG 99
P2X1 IGWVFLYEKGYQTSSG-LI LAVTQ--=-=-~ LPGLGPQVWDVADYVFPAQG 96
P2X4 ICWFWEKGYQETDS- AVIN-====== TSKLGFRIWDVADYVIPAQE 95
.e wan = LA vw:a- H L :!_ * .
pP2x2 GSVFSIITRVEATHSQTQGTCPE LRTGRCVPYYQ 164
P2X3 TSVFVIITKMIVTENQMQGFCPE LTGRCVNYS- 141
P2X7 ~-NSFFVMTNFLKTEGQEQRLCPE QTGRCVWYE- 156
P2X1 DNSFVVMTNFIVTPKQTQGYCAE IRTGKCVAFN- 153

P2X4 ENSLFWTNVILTMNQTQGLCPE STGRCVAFN- 153

* x xR e R wE .

P2x2 cpsnczwcwcws VSQF -LGTMAPNF: STHYPKFHFSKGNIADR=TDGY 222
P2X3 SVLRTCEIQGWCPTE ET-P-IMMEAENF SIRFPLFNFEKGNLLPNLTARD 199
P2X7 GNQKTCEVSAWCPTE MBEAPRPALLNSAENF NIDFPGHNYTTRNILPGLNI-= 214
P2X1 DTVKTCEIFGWCPVE IPRPALLREAENF SISFPRFKVNRRNLVEEVNAAH 213
P2X4 GSVKTCEVAAWCPVE VPQPAFLKAAENF NIWPKFNFSKRNILHIITITY 213
pelarensiggpteilil ® NEzzihh b sw s
Dorsal fin
P2X2 EKRCTFHEASDLYCPIFKIGF IVEKAGESFTELAHKGGVIGVI INWDCDLDLPASECNPK 282
P2X3 MKTCRFHPDKDPFCPILRVCDVVKFAGQDFAKLARTGGVLGIKIGWVCDLDKAWDQCIPK 259
P2X7 =-TCTFHKTQNPQCPIFRLCDI FRE TCDNFSDVAIQGGIMGIE IYWDCNLDRWFHHCRPK 272
P2X1 MKTCLFHKTLHPLCPVFQLGYVVQE SGONFSTLAEKGGVVGITIDWHCDLDWHVRHCRPL 273
P2X4 LKSCIWFCPIFRLGKIVENA(.HerDMAVEchMGIQVWDCNLDRAASLCLPR 273
- T * e wEiews s W waww
—_Loffippor _ -
P2x2 YSFRRLDPKH--VPASSGYNFRFAKYYKI-NGTTTRTLIKAYGIRIDVIVHGQAGKFSLI 339
P2X3 YSFTRLDSVSEKSSVSPGYNFR FAKYYKMENGSEYRTLLKAFGIRFDVLVYCNAGKFNIT 319
P2X7 YSFRRLDDKTTNVSLYPGYNFR YAKYYKEN-NVEKRTLIKVFGIRFDILVFGTGGKFDII 331
P2X1 YEFHGLY --~EEKNLSPGFNFRFARHFVEN-GTNYRHL FKVFGIRFDILVDGKAGKFDII 329
P2X4 YSFRRLDTRWEHNVSPGYNFRFAK\‘YRDLAGNEQRTLIKAYGIRFDIIVFGK.AGKFDII 333

R Wedkdbakess B ohed shhEakask R kAR ok

Figure 4: Multiple sequence alignments of different P2X ion channels. Relevant parts for ATP binding are
named and colored: Different green colors: different ATP binding regions, magenta: head domain, orange:
dorsal fin, yellow: left flipper.

Unfortunately, finding an explanation for the results of compound 24 is less obvious as before.
However, the computational analysis shows that compound 24 nicely fits into the P2X4 receptor
binding site without major movements of the interaction regions during the minimization. This
explains the agonistic effect on the P2X4 receptor. In contrast, in P2X3 receptor, steric clashes
can be seen for the 2’-O extension, which most likely lead to the same problem as explained with
compound 25. The antagonistic activity of 24 on P2X2 receptor can be explained by the needed
movement of left flipper and dorsa fin during energy minimization. It seems that compound 24 can
bind but is too big for a full closure of the binding pocket that is needed for the opening of the
receptor. For the P2X7 receptor, the modeling study did not reveal an obvious explanation. It can
only be speculated that the number of suitable interactions between 24 and the receptor is too

low.
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Figure 5: Structural analysis of compounds 24-26 binding to different P2X recptors a) ATP bound P2X7
structure (pdb 6u9w) with irregular dorsal fin loop region (orange). Structural analysis of compounds 24-26
binding to different P2X receptors (receptor and interaction region coloring as in figure 3. b) Compound 25
bound the P2X2-model showing a steric clash. ¢c) compound 26 bound to the P2X7 model. d) Compound
24 bound to P2X2-model in comparison to the ATP bound model (grey and pink colored interaction regions).

Based on the composition of the heterotrimer P2X2/3 either a full P2X2 or a full P2X3 ATP binding
pocket exists together with two mixed P2X2/3 ATP binding site. For the mixed binding sites, the
dorsal fin, or the head domain and left flipper is provided by either a P2X2 or P2X3 chain. This
means that at least one mixed binding site must be accessible for compound 24 depending on

which chain is providing a suitable binding region. This can be seen for the hetero-dimer-binding-
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sites, where the P2X2 chain provides the head domain and left flipper, and the P2X3 chain the
dorsal fin (P2X2/3). In this combination, the above-described problems can not be seen and
compound 24 fits well into the binding site. For the other heterodimer-binding site, where the P2X3
deliver the head domain (P2X3/2), the same problem as before can be seen. The 2’-O extension
has not enough space in the binding site and therefore lead to a movement of the loop in the head
domain indicating the compound 24 cannot bind to this heterodimer-binding site. This can explain
the unexpected agonistic effect of compound 24 and this would mean, that one agonistic binding
seems to be sufficient for an agonistic effect. As a summary, an agonistic binding can be seen for
P2X2/3 heterodimer binding site, no binding for P2X3/2 and a P2X3 binding sites or a antagonistic
binding for the P2X2 binding site. So, the P2X2/3 agonistic binding must be dominant in this case

and the exact composition of the hetero-trimer seems irrelevant.

Conclusion

A series of 30 ATP derivatives varied at the nucleobase and the ribose portion were evaluated for
their agonistic and antagonistic activity across six different P2X receptor subtypes (P2X1R-
P2X4R, P2X2/3R, P2X7R). Structure-activity relationships revealed ways for the development of
highly selective orthosteric P2X receptor ligands. The 2-chloro-3-trifluoromethylbenzoic ester 17
acts as a pan P2X receptor agonist outperforming BzBzATP (3) in its agonistic activity as well as
photostability. The adamantyl ester 23 is a highly P2X4 and P2X7 selective agonist. Introducing a
methoxy function at 2’-position as in compound 29 leads to a complete loss of P2X receptor
activity, while stereoinversion of the 2’ stereocenter as in 30 induces P2X4 receptor activity and
selectivity. The P2X7 receptor is most sensitive towards modifications at the nucleobase. The
introduction of the azide function at the 8-position of the nucleobase abolishes P2X receptor
activity (38) completely, while the introduction of a carbonyl function as in compound 39 leads to

P2X3 receptor selectivity. N8-alkylation leads to P2X2/3 and P2X3 receptor preference. In
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contradiction to the common assumption of the requirement of at least one free hydroxy group at
2’- or 3’-position of the ribose moiety for the agonistic activity of ATP derivatives at P2X receptors,
we could demonstrate that in fact, the SARs at the orthosteric binding site are more complex. The
bisbenzoyl ester derivative 24 displayed an agonism at P2X2/3 and P2X4 receptors while acting
as an antagonist at P2X2 receptors. The bis ester 26 acted, depending on the assay, as a
superagonist or partial agonist at P2X7 receptors while showing an antagonistic profile at all other
P2X receptor subtypes. The multiple sequence alignment clearly showed that the P2X7 receptor
has a unique deletion of four amino acids in the important dorsal fin region. The detailed
computational analysis indicates that this deletion leads to a more flexible dorsal fin region in the
P2X7 receptor tolerating more bulkier substituents, as seen in compound 26. This particular profile
makes compound 26 an exciting pharmacological tool compound for investigating P2X7 receptor

agonism while silencing the activity of all other P2X receptor subtypes.

Altogether the results of this study will improve our understanding of the orthosteric binding site of
the P2X receptors and advance the development of further subtype-selective, orthosteric P2X

receptor agonists and antagonists.
Experimental section

Chemistry General

Compounds 27-41 were purchased from Jena Bioscience. Unless otherwise noted, moisture-
sensitive reactions were conducted under dry nitrogen. Flash column chromatography (fc): Silica
gel 60, 40-64 um; parentheses include: diameter of the column, length of the column, fraction
size, eluent, Rrvalue. Melting point: melting point apparatus Stuart Scientific® SMP 3, uncorrected.
IR: IR spectrophotometer FT-ATR-IR (Jasco®). '"H NMR (400 MHz): Unity Mercury Plus 400
spectrometer (Varian®), AV400 (Bruker®), JEOL JNM-ECA-400. *C NMR (100 MHz): Unity
Mercury plus 400 spectrometer (Varian®) JEOL JNM-ECA-400; & in ppm relative to

tetramethylsilane; coupling constants are given with 0.5 Hz resolution, the assignments of *C and
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'H NMR signals were supported by 2D NMR techniques; MS: APCI = atmospheric pressure
chemical ionization, El = electron impact, ESI = electro-spray ionization: MicroTof (Bruker
Daltronics, Bremen), calibration with sodium formate clusters before measurement. All solvents
were of analytical grade quality and demineralized water was used. HPLC solvents were of
gradient grade quality, and ultrapure water was used. All HPLC eluents were degassed by
sonication prior to use. HPLC Purity: Equipment: UV-detector: UltiMate 3000 variable Wavelength
Detector; autosampler: UltiMate 3000; pump: Ultimate 3000; degasser: Ultimate 3000: data
acquisition: Chromeleon Client 8.0.0 (Dionex Corpor.). Method: column: guard column: Zorbax
SB-Aq 12.5x4.6 mm catridge, column: Zorbax SB-Aq StableBond analytical 150x4.6 mm, flow
rate: 1.00 mL/min; injection volume: 5.0 pL; detection at A = 210 nm; Method A: solvents: A:
Tetrabutylammonium phosphate buffer (5 mM) in H2O, B: CH3CN, gradient elution: (A %): 0-20
100 to 90%, 20-30 min: gradient from 90 % to 100 %. Method B: solvents: A: Tetrabutylammonium
phosphate buffer (5 mM) in H>O, B: CH3CN, gradient elution: (A %): 0-20 min 80 to 20%, 20-30
min: gradient from 20 % to 80 %. Semi-preparative HPLC was used to purify the compounds.
Equipment: UV-detector: UltiMate VWD-3400RS variable Wavelength Detector; manual sampler
injector valve for UltiMate 3000 (800 uL sample loop); pump: UltiMate LPG-3400SD; degasser:
UltiMate LPG-3400SD; fraction collector: UltiMate AFC-3000; data acquisition: Chromeleon Client
6.8.0 (Dionex Corpor.). The methods (A) to (D) were mainly applied. If further modifications of
methods (A) to (D) were required, the detailed procedure is given in the experimental part. Method
RP-HPLC (A): column: guard column: Agilent technologies, PursuitTM C18, 30x21.2 mm, 5 ym,
column: Agilent technologies, Polaris™ C18-A, 250x21.2 mm, 5 um. flow rate: 5.00 mL/min;
injection volume: 400-800 pL; detection at A = 254, 280, 230 nm; Method RP-HPLC A: solvents:
A: CH3CN, B: Triethylammonium acetate (0.1 M, pH = 7) in water, gradient elution: (A %): 1-30
min 10 to 30%, 30-31 min 30 to 100%, 31-40 min 100 to 10 %, 41-51 min 10 %. Method RP-HPLC
B: A: CH3CN, B: Triethylammonium acetate (0.1 M, pH = 7) in water, gradient elution: (A %): 0-1
min 20%, 1-35 min 20 to 35%, 35-40 min 35%, 40-41 min 35 to 100, 41-50 100%, 51-59 100 to
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20%. Method RP-HPLC C: A: CHsCN, B: Triethylammonium acetate (0.1 M, pH =7) in water,
gradient elution: (A %): 0-1 min 15%, 1-25 min 15 to 40%, 25-35 min 40%, 35-36 min 40 to 100,
40-45 100 to 15%, 45-51 15%. Method RP-HPLC D: A: CHsCN, B: Triethylammonium acetate
(0.1 M, pH =7) in water, gradient elution: (A %): 0-1 min 20%, 1-20 min 20 to 40%, 20-30 min
40%, 30-31 min 40 to 100%, 31-40 100%, 40-41 100 to 20%, 41-50 20%. Thin-layer
chromatography was conducted with silica gel F2s4 on aluminium plates in a saturated chamber at
room temperature. The spots were visualized using UV light (254 nm) or reagents such as cerium
molybdate dipping bath with additional heating using a standard heat gun. Hence the retention
factor values strongly depend on the temperature, the chamber saturation and exact ratio of
components of the eluent (highly volatile); the given retention factor values represent just
approximate values. Flash column chromatography was conducted with silica gel 600 (40 — 63 pum,

Macherey-Nagel).
Nomenclature of synthesized ATP-derivatives

For simplification, the retained names derived from ATP (1) were used. Otherwise, using the
preferred IUPAC names, based on the substitutive nomenclature principle, would change the
numbering of the ribose moiety due to the higher priority of the benzoic esters.

General procedure for the synthesis of ATP-esters

A solution of CDI (3 eq.) and the corresponding carboxylic acid (2 eq.) in dry DMF (2 mL) was
stirred for 1 h at room temperature. Then ATP (1 eq.) in water (2 mL) was added at room
temperature, and the mixture was allowed to stir at room temperature for 1-7 d. Samples were
withdrawn at 1 d interval for LC-MS to check the disappearance of ATP and monitor the desired
ester formation. Toluene (25 mL) was added on the disappearance of ATP, and the solution was
evaporated to dryness (40 °C). The residue was resuspended in acetone (25 mL), sonicated, and
filtered two times. The residue was dissolved in water, freeze-dried, and then stored at -20 °C.

The mixture of monosubstituted and disubstituted ATP esters was separated by ion-exchange
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chromatography on Sephadex LH. Fractions containing the product were pooled and freeze-dried.
The compound was then purified by RP-HPLC. Suitable fractions were pooled and lyophilized to

obtain the final product as glassy solid.

Synthesis procedures

2'-O-Benzoyl-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-Benzoyl-adenosine 5'-
(tetrahydrogene triphosphate) (10)

The mixture of the products was obtained as colorless solid after lyophilization (3.5 eq. EtsN-salt
[965,46 g/mol], 0.6:1 [A:B], 71 mg, 73.5 ymol, 7.4 %). R: (Sephadex-C): 11.7 min. R; (RP-HPLC-
A): 22.7 min. Purity (HPLC-A): 98 % (R: = 12.9 min [83 %] and 14.2 min [15 %]). LC-MS: m/z =
calcd. for C17H19N5014P3 610.0, found 610.0 [M-H]™ (Rt = 1.94 min). Exact mass (ESI): m/z = calcd.
for C17H19Ns014P3 610.0147, found 610.0137 [M-H]". '"H NMR (D-0, 400 MHz): & (ppm) = 8.61 (s,
1H, 8-CHburine-8), 8.55 (s, 0.6H, 8-CHyurine-a), 8.21 (s, 1H, 2-CHyurine-8), 8.17 (s, 0.6H, 2-CHpurine-a),
8.14-8.09 (m, 2H, 2,6-CHphenyi8), 8.04-7.97 (m, 1.2H, 2,6-CHphenyi-n), 7.73-7.67 (m, 1H, 4-CHphenyi-
B), 7.67-7.62 (m, 0.6H, 4-CHpnenya), 7.57-7.51 (m, 2H, 3,5-CHphenyis), 7.51-7.45 (m, 1.2H,
3,5-CHphenyi-n), 6.45 (dd, J = 4.6, 2.9 Hz, 0.6H, 1'-CHa), 6.30 (dd, J = 7.6, 3.4 Hz, 1H, 1'-CHb), 5.84-
5.77 (m, 1.6H, 2'-CHa, 3'-CHs), 5.18 (td, J= 7.2, 5.2 Hz, 1H, 2'-CHg), 4.94 (t, J = 5.5 Hz, 0.6H, 3'-
CHa), 4.73-4.69 (m, 1H, 4'-CHg), 4.56-4.50 (m, 0.6H, 4'-CHa), 4.45-4.37 (m, 2.2H, 5'-CHHg, 5'-
CH24), 4.35-4.29 (m, 1H, 5'-CHHB), 3.17 (q, J = 7.3 Hz, 34H, CH2 new), 1.26 (t, J = 7.3 Hz, 50H,
CHs ne). C NMR (D20, 151 MHz): & (ppm) = 167.4 (1C, C=0g), 167.0 (0.6C, C=0,), 155.17
(0.6C, C-6purine-n), 155.15 (1C, C-Bpurine8), 152.5 (1C, C-2purine-8), 152.4 (0.6C, C-2purine-n), 149.4
(C-4purine-8), 148.6 (0.6C, C-4purine-a), 140.1 (0.6C, C-8purine-a), 140.0 (1C, C-8purines), 134.3 (0.6C,
C-4phenyi-n), 134.2 (1C, C-4phenyis), 129.73 (2C, C-2phenyi-, C-Bphenyi-a), 129.69 (1.2C, C-2pnenyi-a,
C-6phenyi-n), 128.8 (2C, C-3phenyi-, C-5phenyi-a), 128.7 (1.2C, C-3phenyi-a, C-5phenyi-a), 128.23 (0.6C,
C-Tpheny-a), 128.19 (C-1pheny8), 118.4 (1.6C, C-5purine-a, C-5purine-8), 86.0 (d, J = 2.1 Hz, 1C, C-1's),
85.9 (d, J=2.4 Hz, 0.6C, C-1'a), 83.6 (d, J=9.3 Hz, 0.6C, C-4'a), 82.4 (d, J=9.2 Hz, 1C, C-4's),
76.8 (0.6C, C-2'a), 74.6 (1C, C-3's), 73.2 (1C, C-2'), 68.7 (0.6C, C-3'a), 65.7 (d, J = 5.2 Hz, 1C,
C-5's), 64.8 (d, J = 5.8 Hz, 0.6C, C-5'), 46.7 (16.7C, 1C, CHznes), 8.3 (16.7C, CHsnes). *'P NMR
(162 MHz, D20O/D3PQ4): & (ppm) = -10.7 (0.6P, $-Px), -10.9 (1P, B-Pg), -11.5 (0.6P, a-Px), -11.6
(1P, a-Ps), -23.3 (1.6P, y-Pag).
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2'-O-(4-Methoxybenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(4-
Methoxybenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) (11)

The mixture of the products was obtained as colorless solid after lyophilization (2.5 eq. EtsN-salt
[894,30 g/mol], 0.6:1 [A:B], 30 mg, 34 umol, 3.4 %). R: (Sephadex-B): 12.7 min. R; (RP-HPLC-A):
24.4 min. Purity (HPLC-A): 95 % (R:= 12.9 min [86 %] and 14.3 min [9 %]). LC-MS: m/z = calcd.
for C1gH21N5015P3 640.0, found 640.0 [M-H]™ (R: = 2.73 min). Exact mass (ESI): m/z = calcd. for
C18H21N50+5P3 640.0252, found 640.0256 [M-H]". '"H NMR (D0, 600 MHz): & (ppm) = 8.64 (s, 1H,
8-CHpurine-8), 8.60 (s, 0.6H, 8-CHpurine-a), 8.34 (s, 1.6H, 2-CHpurine-8, 2-CHpurine-a), 7.93 (d, J = 7.9 Hz,
2H, 2,6-CHphenyi8), 7.85 (d, J = 8.3 Hz, 1.2H, 2,6-CHphenyi-a), 6.92 (d, J = 8.3 Hz, 2H, 3,5-CHphenyi-
B), 6.89 (d, J = 8.3 Hz, 1.2H, 3,5-CHphenyi-a), 6.36 (d, J = 3.9 Hz, 0.6H, 1'-CHa), 6.24 (d, J = 7.5 Hz,
1H, 1'-CHs), 5.67 (t, J = 4.5 Hz, 0.6H, 2'-CHa), 5.64 (d, J = 5.2 Hz, 1H, 3'-CHg), 5.06-5.02 (m, 1H,
2'-CHg), 4.89-4.86 (m, 0.6H, 3'-CHa), 4.66 (m, 1H, 4'-CHg), 4.52-4.49 (m, 0.6H, 4'-CHa), 4.46 (d,
J=11.3 Hz, 0.6H, 5'-CHH,), 4.43-4.32 (m, 2.6H, 5'-CHHAa, 5'-CH:>s), 3.86 (s, 3H, CHsg), 3.82 (s,
1.8H, CHs »), 3.18 (9, J = 7.3 Hz, 24H, CH2nets), 1.26 (t, J = 7.4 Hz, 36H, CH3 nets). °C NMR (D20,
151 MHz): & (ppm) = 167.0 (1C, C=0g), 166.4 (0.6C, C=04), 163.7 (0.6C, C-4phenyi-a), 163.6 (1C,
C-4phenyi), 1561.4 and 151.2 (1.6C, C-6puine-a, C-6purines), 148.8 (1C, C-4purnes), 147.4 (1.6C,
C-2purine-A, C-2purine-8), 141.5 (1.6C, C-8purine-a, C-8purine-8), 131.95 (1.2C, C-2phenyi-a, C-Bphenyi-a),
131.90 (2C, C-2phenyi-8;, C-6phenyi8), 121.0 (1C, C-1phenyi8), 120.5 (0.6C, C-1phenyi-a), 114.0 (1.2C,
C-3phenyl-a, C-5phenyi-a), 113.9 (2C, C-3phenyi-8, C-5phenyi8), 86.51 (1C, C-1's), 86.46 (0.6C, C-1'a), 83.6
(d, J=8.7 Hz, 0.6C, C-4'a), 82.8 (d, J=8.8 Hz, 1C, C-4's), 76.6 (0.6C, C-2'»), 74.4 (1C, C-3's),
73.8 (1C, C-2'g), 68.5 (0.6C, C-3'a), 65.7 (d, J = 3.6 Hz, 1C, C-5's), 64.6 (0.6C, C-5'a), 55.68 (1C,
CHsg), 55.65 (0.6C, CHsa), 46.7 (12C, CH2 new), 8.3 (12C, CHsnet). C-5purine-A, C-Spurine-s and
C-4purine-a could not be seen. *'P NMR (160 MHz, D2O): & (ppm) =-11.1 (2P, a-P, B-P), -22.4 (1P,
y-P).

2'-0O-(4-Pentylbenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(4-Pentylbenzoyl)-
adenosine 5'-(tetrahydrogene triphosphate) (12)

The mixture of the products was obtained as colorless solid after lyophilization (2.75 eq. EtsN-salt
[959.69 g/mol], 0.5:1 [A:B], 4 mg, 4 uymol, 0.4 %). R: (RP-HPLC): 33.7 min: solvent A: CH3CN,
solvent B: 0.1 M TEAA, 0-1 min: 25 % solvent A, 0.1 mL/min = 5 mL/min, 1-20 min: 25 % - 40 %
solvent A, 20-30 min: 40 % solvent A, 30-31 min: 40 % > 100 % solvent A, 31-40 min: 100 %
solvent A, 40-41 min: 100 % = 25 % solvent A, 41-50 min: 25 % solvent A, 5-51 min: 25 % solvent
A, 5 mL/min = 0.1 mL/min, Injection volume : 400-800 pL. Purity (HPLC-B): 96 % (R: = 12.2 min).
LC-MS: m/z = calcd. for C22H29N5014P3 680.1, found 680.2 [M-H]™ (R: = 6.05 min). Exact mass
(ESI): m/z = calcd. for C22H29Ns014P3 680.0929, found 680.0941 [M-H]". '"H NMR (D0, 600 MHz):
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5 (ppm) = 8.67 (s, 1H, 8-CHournes), 8.61 (S, 0.5H, 8-CHourine.n), 8.31 (M, 1.5H, 2-CHourine, 2-CHpurine-
g), 7.98-7.84 (m, 3H, 2,6-CHghenyi-a, 2,6-CHphenyi-), 7.34-7.16 (m, 3H, 3,5-CHphenyi-a, 3,5-CHphenyi-8),
6.34 (m, 0.5H, 1'-CHa), 6.19 (m, 1H, 1'-CHg), 5.75 (m, 0.5H, 2'-CH,), 5.69 (m, 1H, 3'-CHg), 5.05
(m, 1H, 2'-CHg), 4.91 (m, 0.5H, 3'-CHa), 4.58 (m, 1H, 4'-CHg), 4.50-4.43 (m, 1H, 4'-CHx, 5'-CHHa),
4.43-4.31 (m, 2.5H, 5-CHHa, 5'-CHzg), 3.18 (q, J=7.3 Hz, 16.5H, CH> new), 2.60 (m, 3H,
CH.CH,CH2CH2CH3s,  CH.CH2CH.CH2CH3g), 154 (m, 3H, CH.CH.CH2CH2CHsa,
CH,CH,CH,CH2CH3g), 1.26 (t, J=7.3Hz, 27.75H, CHines, CH2CH2CH2CH2CHsa,
CH,CH,CH2CH-CH3g), 1.22-1.16 (m, 3H, CH>CH.CH,CH,CH3A, CH,CH,CH-CH>CH3g), 0.83-
0.76 (m, 4.5H, CH>CH,CH,CH2CHj3 A, CH>,CH,CH,CH,CHj3g). *C NMR (D20, 151 MHz): & (ppm)
=167.2 (1.5C, C=0a, C=0g), 150.3 (1.5C, C-4phenyi-a, C-4phenyi-8), 129.93 (1C, C-2phenyi-a, C-Bphenyi-a),
129.91 (2C, C-2pheny-B, C-6phenyi-8), 128.9 (3C, C-3phenyi-a, C-Sphenyi-A, C-3phenyi-8, C-5phenyi-s), 126.1
(1C, C-1phenyig), 125.6 (0.5C, C-1phenyia), 86.7 (0.5C, C-1'a), 86.5 (1C, C-1's), 83.5 (0.5C, C-4'p),
83.0 (1C, C-4's), 76.7 (0.5C, C-2'a), 74.8 (1C, C-3's), 73.8 (1C, C-2's), 68.2 (0.5C, C-3'a), 65.8 (1C,
C-5's), 64.4 (0.5C, C-5'a), 46.7 (8.25C, CH2nets), 35.34 (1C, CH2CH2CH2CH2CH3s), 35.31 (0.5C,
CH>CH>CH>CH,CHs ), 30.8 (1C, CH2CH2CH>CH2CHss), 30.7 (0.5C, CH2CH2CH2CH2CHsa),
30.22 (1C, CH2CH,CH,CH2CHsg), 30.18 (0.5C, CH2CH2CH2CH2CHsa), 22.1 (1C,
CH2CH,CH2CH>CHj3g), 22.0 (0.5C, CH,CH.CH,CH>CH3 ), 13.5 (1C, CH,CH.CH,CH>CH3s), 13.4
(0.5, CH2CH2CH2CH2CHs3 4), 8.3 (8.25C, CHs nets). Signals of the purine C-atoms could not be

seen.

2'-0O-(3-Methylbenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(3-Methylbenzoyl)-
adenosine 5'-(tetrahydrogene triphosphate) (13)
The mixture of the products was obtained as colorless solid after lyophilization (3.2 eq. EtsN-salt
[949.13 g/mol], 0.6:1 [A:B], 20 mg, 21 pymol, 2 %). R: (Sephadex-A): 12.6 min. R; (RP-HPLC-B):
32.5 min. Purity (HPLC-A): >99 % (R: = 12.5 min). LC-MS: m/z = calcd. for C1gH21N5014P3 624.0,
found 624.0 [M-H]™ (R: = 5.62 min). Exact mass (ESI): m/z = calcd. for C1gH21Ns014P3 624.0303,
found 624.0300 [M-H]". '"H NMR (D20, 400 MHz): & (ppm) = 8.60 (s, 1H, 8-CHpurine-8), 8.54 (s,
0.6H, 8-CHburine-a), 8.20 (s, 1H, 2-CHpurine-8), 8.18 (s, 0.6H, 2-CHpurine-n), 7.88 (s, 1H, 2-CHpheny-8),
7.85 (d, J=7.6 Hz, 1H, 6-CHphenyi), 7.76 (s, 0.6H, 2-CHphenyi-a), 7.74 (d, J =8.7 Hz, 0.6H,
6-CHphenyi-a), 7.46 (d, J = 7.3 Hz, 1H, 4-CHphenyi8), 7.41 (d, J = 6.4 Hz, 0.6H, 4-CHphenyi-a), 7.37 (t,
J=7.7 Hz, 1H, 5-CHphenyi8), 7.31 (t, J = 7.6 Hz, 0.6H, 5-CHpnenyi-a), 6.43 (d, J = 4.4 Hz, 0.6H, 1'-
CHa), 6.28 (d, J=7.6 Hz, 1H, 1'-CHg), 5.78-5.74 (m, 1.6H, 2'-CHa, 3'-CHzg), 5.15 (dd, J=7.6,
5.3 Hz, 1H, 2'-CHg), 4.93 (t, J = 5.5 Hz, 0.6H, 3'-CHa), 4.71-4.67 (m, 1H, 4'-CHg), 4.52 (dq, J = 5.5,
2.8 Hz, 0.6H, 4'-CHa), 4.40 (ddd, J=13.9, 5.2, 2.5 Hz, 1H, 5'-CH-8), 4.33 (ddd, J=11.5, 4.7,
2.8 Hz, 0.6H, 5'-CH2x), 3.17 (q, J = 7.3 Hz, 30.6H, CH2new), 3.38 (s, 2H, CHsg), 2.31 (s, 1.8H,
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CHsa), 1.26 (t, J=7.3 Hz, 45.8H, CHsnes). °C NMR (D20, 151 MHz): & (ppm) = 167.5 (1C,
C=0s), 167.1 (0.6C, C=0n), 154.74 (0.6C, C-6puinea), 154.71 (1C, C-Bpurines), 151.9 (1C,
C-2puine-8), 151.8 (0.6C, C-2puine-a), 149.2 (1C, C-4purines), 148.5 (0.6C, C-4puine-n), 140.2 (0.6C,
C-8purine-a). 140.0 (1C, C-8puine-s), 138.99 (1C, C-3phenyis), 138.97 (0.6C, C-3pnenyia), 134.9 (0.6C,
C-4pnenya), 134.8 (1C, C-4pnenyis), 130.0 (1.6C, C-2pnenyra, C-2pnenyis), 128.6 (1.6C, C-Bpnenyia,
C-5pnenyr8), 128.5 (1C, C-Tpnenyi8), 128.1 (0.6C, C-Tpnenyia), 126.8 (1C, C-Bpnenyis), 126.7 (0.6C,
C-6phenyt-a), 118.4 (0.6C, C-5purine-n), 118.3 (1C, C-5purine-s), 86.0 (1C, C-1'g), 85.9 (0.6C, C-1'a), 83.7
(d, J=8.8Hz, 0.6C, C-4'a), 82.5 (d, J = 9.2 Hz, 1C, C-4%), 76.7 (0.6C, C-2'a), 74.6 (1C, C-3's),
73.3 (1C, C-2's), 68.7 (0.6C, C-3'a), 65.7 (d, J = 5.3 Hz, 1C, C-5'), 64.8 (d, J = 5.3 Hz, 0.6C, C-
5'a), 46.7 (15.3C, CHznew), 20.44 (1C, CHsp), 20.38 (0.6C, CHs ), 8.3 (15.3C, CHanew). *'P NMR
(162 MHz, D,O/DsPO4): & (ppm) = -10.8 (0.6P, B-Pa), -10.9 (1P, B-Ps), -11.5 (0.6P, a-Pa), -11.6
(1P, a-Pg), -23.2 (t, J = 19.9 Hz, 1.6P, y-Pas).

2'-O-(2-lodobenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(2-lodobenzoyl)-
adenosine 5'-(tetrahydrogene triphosphate) (14)

The mixture of the products was obtained as colorless solid after lyophilization (2.94 eq. EtsN-salt
[1033.81 g/mol], 0.7:1 [A:B], 38.5 mg, 37 ymol, 3.7 %). R: (Sephadex-D): 14.1 min. R (RP-HPLC-
A): 31.7 min. Purity (HPLC-A): 98 % (R: = 13.3 min). LC-MS: m/z = calcd. for C17H1gIN5014P3
736.0, found 736.0 [M-H]™ (R:=5.61 min). Exact mass (ESI): m/z = calcd. for C17H1gIN5014P3
735.9113, found 735.9091 [M-H]". '"H NMR (D0, 400 MHz): & (ppm) = 8.62 (s, 1.7H, 8-CHpurine-,
8-CHpurine-8), 8.21 (s, 1.7H, 2-CHpurine-a, 2-CHpurine-8), 7.95 (d, J = 8.0 Hz, 1H, 3-CHphenyi-8), 7.90 (dd,
J=7.8, 1.6 Hz, 1H, 6-CHphenyi-8), 7.84 (d, J = 8.0 Hz, 0.7H, 3-CHphenyi-n), 7.82 (dd, J=7.7, 1.7 Hz,
0.7H, 6-CHpheny-a), 7.45 (t, J = 7.7 Hz, 1H, 5-CHphenyi8), 7.41 (t, J = 7.6 Hz, 0.7H, 5-CHphenyi-n), 7.22
(t, J=7.6 Hz, 1H, 4-CHphenyi-s), 7.17 (t, J = 7.7 Hz, 0.7H, 4-CHphenyi-a), 6.44 (d, J = 4.9 Hz, 0.7H, 1'-
CHa), 6.28 (d, J=7.7 Hz, 1H, 1'-CHg), 5.84 (t, J = 5.2 Hz, 0.7H, 2'-CHa), 5.77 (d, J = 5.1 Hz, 1H,
3'-CHg), 5.16 (t, J = 6.4 Hz, 1H, 2'-CHg), 4.93 (t, J = 5.2 Hz, 0.7H, 3'-CH,), 4.74 (m, 1H, 4'-CHp),
4.52 (m, 0.7H, 4'-CH,), 4.40 (d, J=13.1 Hz, 2.4H, 5'-CHHg, 5'-CHz4), 4.33 (d, J=11.8 Hz, 1H,
5'-CHHg), 3.17 (q, J = 7.4 Hz, 30H, CH2 nets), 1.26 (t, J = 7.4 Hz, 45H, CHs nets). *C NMR (D0,
151 MHz): & (ppm) = 167.3 (1C, C=0g), 166.7 (0.7C, C=0a), 154.9 (0.7C, C-6purine-»), 154.8 (1C,
C-6purine-), 152.2 (1C, C-2purine-8), 152.0 (0.7C, C-2purine-a), 149.4 (1C, C-4purine-8), 148.6 (0.7C,
C-4puine-a), 141.29 (1C, C-3phenyi-8), 141.27 (0.7C, C-3phenyi-a), 140.4 (0.7C, C-8purine-a), 140.2 (1C,
C-8purine-8), 133.75 (0.7C, C-4phenyi-a), 133.69 (1C, C-4phenyi-a), 133.5 (1C, C-1phenyi-8), 133.0 (0.7C,
C-1phenyi-a), 131.40 (1C, C-6phenyig), 131.36 (0.7C, C-6phenyi-a), 128.38 (1C, C-5phenyi-8), 128.37 (0.7C,
C-5phenyi-a), 118.8 (1.7C, C-5purine-a, C-5purine-8), 93.61 (1C, C-2pnenyi-), 93.58 (0.7C, C-2phenyi-a), 86.1
(1C, C-1's), 85.3 (0.7C, C-1'a), 84.0 (d, J=8.8 Hz, 0.7C, C-4'»), 82.3 (d, J=8.7 Hz, 1C, C-4's),

),
),
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77.2 (0.7C, C-2'3), 75.5 (1C, C-3's), 73.2 (1C, C-2's), 68.8 (0.7C, C-3'a), 65.7 (1C, C-5's), 64.9
(0.7C, C-5'A), 46.7 (15C, CHz NEt3), 8.3 (15C, CH3 NEt3)- 31P NMR (160 MHZ, DzO/D3PO4)Z ) (ppm)
= -11.4 (2P, a-P, and B-P), -23.1 (1P, y-P).

2'-0O-(2-Chlorobenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(2-Chlorobenzoyl)-
adenosine 5'-(tetrahydrogene triphosphate) (15)

The mixture of the products was obtained as colorless solid after lyophilization (2.9 eq. EtsN-salt
[939.18 g/mol], 0.6:1 [A:B], 73 mg, 77.7 ymol, 7.8 %). R: (Sephadex-B): 11.8 min. R; (RP-HPLC-
A): 24.9 min. Purity (HPLC-A): 97 % (Rt = 12.9 min [92 %] and 14.4 min [5 %]). LC-MS: m/z =
calcd. for C17H15*°CIN5O14P3 644.0, found 644.0 [M-H]™ (R = 5.71 min). Exact mass (ESI): m/z =
calcd. for C17H1g*°CIN5014P3 643.9757, found 643.9759 [M-H]". '"H NMR (D20, 400 MHz): 5 (ppm)
= 8.62 (s, 1.6H, 8-CHpurine-, 8-CHpurine-a), 8.19 (s, 1.6H, 2-CHpurine, 2-CHpurine-a), 7.91 (d,
J =7.6 Hz, 1H, 2-CHpheny8), 7.83 (d, J = 7.7 Hz, 0.6H, 2-CHphenyi-a), 7.54-7.41 (m, 2.6H, 3-CHphenyi-
B, 4-CHpheny-a, 4-CHphenyi8), 7.38-7.29 (m, 2.2H, 3-CHphenyi-a, 5-CHphenyi-a, 5-CHphenyi8), 6.38 (d,
J=4.2 Hz, 0.6H, 1'-CH,), 6.21 (d, J=7.3 Hz, 1H, 1'-CHpg), 5.79-5.71 (m, 1.6H, 2'-CH,, 3'-CHp),
5.13(t, J=6.5Hz, 1H, 2'-CHg), 4.92 (t, J = 5.3 Hz, 0.6H, 3'-CH,), 4.70-4.64 (m, 1H, 4'-CHg), 4.53-
4.46 (m, 0.6H, 4'-CH,), 4.45-4.29 (m, 3.2H, 5-CHzs, 5'-CH2a), 3.17 (q, J =7.2 Hz, 27.6H, CH:
nets), 1.26 (t, J = 7.3 Hz, 41.4H, CHzne). *C NMR (D20, 151 MHz): & (ppm) = 166.1 (1C, C=0g),
165.5 (0.6C, C=0a), 154.1 (0.6C, C-6purine-a), 153.8 (1C, C-6purine-8), 151.2 (0.6C, C-2purine-a), 151.0
(1C, C-2purine-8), 149.4 (1C, C-4purine-), 148.6 (0.6C, C-4purine-a), 140.6 (1.6C, C-8purine-a, C-8purine-B),
134.03 (0.6C, C-4phenyi-a), 133.95 (1C, C-4phenyi-a), 133.10 (0.6C, C-2pnenyi-a), 133.08 (1C, C-2phenyi-a),
131.81 (1C, C-6phenyi-8), 131.80 (0.6C, C-6phenyi-a), 131.11 (1C, C-3phenyi-a), 131.06 (0.6C, C-3phenyi-a),
127.9 (1C, C-1phenyi8), 127.5 (0.6C, C-1phenyi-a), 127.2 (1.6C, C-5pnenyi-a, C-5phenyi-8), 86.2 (1C, C-
1's), 85.8 (0.6C, C-1'5), 83.8 (d, J = 8.6 Hz, 0.6C, C-4'5), 83.7 (d, J = 8.2 Hz, 1C, C-4's), 77.2 (0.6C,
C-2'a), 75.2 (1C, C-3's), 73.4 (1C, C-2'g), 68.6 (0.6C, C-3'a), 65.7 (1C, C-5's), 64.8 (0.6C, C-5'a),
46.7 (13.8C, CHznets), 8.3 (13.8C, CHanets). C-5puine-a @and C-5purine-s could not be seen. 3'P NMR
(160 MHz, D2O/D3P0Q4): & (ppm) =-10.3 (1P, B-P), -11.4 (1P, a-P), -22.3 (1P, y-P).

2'-0-(2,3-Dichlorobenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(2,3-
Dichlorobenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) (16)
The mixture of the products was obtained as colorless solid after lyophilization (0.59 eq. EtsN-salt
[740.14 g/mol], 0.5:1 [A:B], 4 mg, 5.4 ymol, 0.5 %). R: (Sephadex-B): 14.9 min. R; (RP-HPLC-A):
32.9 min and 33.5 min. Purity (HPLC-A): >99 % (R: = 12.9 min). LC-MS: m/z = calcd. for
C17H17*°Cl2NsO+4P3 678.0, found 678.0 [M-H]™ (R: = 5.81 min). Exact mass (ESI): m/z = calcd. for
C17H17%Cl2Ns014P3 677.9367, found 677.9366 [M-H]". '"H NMR (D20, 600 MHz): & (ppm) = 8.70
(s, 1H, 8-CHopurine-8), 8.68 (s, 0.5H, 8-CHpurine-n), 8.42 (s, 1.5H, 2-CHpurine-a, 2-CHpurine-8), 7.88 (d,
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J = 7.8 Hz, 1H, 6-CHoneny:5), 7.83 (dd, J = 7.9, 1.6 Hz, 0.5H, 6-CHanenya), 7.76 (d, J = 8.0 Hz, 1H,
4-CHohenyi-n), 7.74 (d, J = 8.2 Hz, 0.5H, 4-CHpheny-a), 7.41 (t, J = 7.9 Hz, 1H, 5-CHohenyi8), 7.39 (t,
J =8.0 Hz, 0.5 H, 5-CHphenyi-a), 6.48 (d, J = 3.8 Hz, 0.5H, 1'-CHa), 6.27 (d, J = 7.2 Hz, 1H, 1'-CHp),
5.87 (t, J=4.5 Hz, 0.5H, 2'-CH,), 5.79 (d, J = 4.5 Hz, 1H, 3'-CHs), 5.16 (t, J = 6.1 Hz, 1H, 2'-CHp),
4.96 (t, J=5.5Hz, 0.5H, 3'-CHp), 4.77 (m, 1H, 4'-CHg), 4.48 (m, 0.4H, 4'-CHa,), 4.41 (d,
J=11.7 Hz, 0.5H, 5'-CHHa), 4.38-4.31 (m, 2.5H, 5'-CHH,, 5'-CHzs), 3.18 (q, J = 7.3 Hz, 8H, CH>
Nets), 1.26 (t, J = 7.4 Hz, 12H, CHs ne). °C NMR (D20, 151 MHz): & (ppm) = 166.0 (1C, C=0g),
165.5 (0.5C, C=0a), 150.2 (1C, C-6puine-8), 150.1 (0.5C, C-6purine-a), 148.8 (1.5C, C-4purine-a,
C-4puine-8), 145.2 (1.5C, C-2purine-A, C-2purine-n), 142.5 (1.5C, C-8purine-a, C-8purine-8), 134.5 (0.5C,
C-4phenyi-a), 134.3 (1C, C-4phenyis), 134.14 (0.5C, C-1phenyi-a), 134.10 (1C, C-1phenys), 131.0 (0.5C,
C-2phenyi-a), 130.9 (1C, C-2phenyi8), 130.3 (1.5C, C-3phenyi-A, C-3phenyi-e), 130.00 (0.5C, C-Bphenyi-a),
129.95 (1C, C-6phenyi8), 128.0 (1.5C, C-5pnenyi-A, C-5phenyi8), 107.5 (1.5C, C-5purine-a, C-5purine-8), 87.1
(1C, C-1'8), 86.7 (0.5C, C-1'a), 83.9 (d, J=7.0 Hz, 0.5C, C-4'a), 82.7 (d, J = 8.7 Hz, 1C, C-4's),
77.6 (0.5C, C-2'a), 75.5 (1C, C-3's), 73.5 (1C, C-2'g), 68.5 (0.5C, C-3'a), 65.6 (1C, C-5'8), 64.5
(0.5C, C-5'a), 46.8 (4C, CHznews), 8.3 (4C, CHznews). *'P NMR (162 MHz, D2O/D3POs): & (ppm) = -
10.9 (2P, a-P, B-P). y-P could not be seen.

2'-O-[2-Chloro-3-(trifluoromethyl)benzoyl]-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-
[2-Chloro-3-(trifluoromethyl)benzoyl]-adenosine 5'-(tetrahydrogene triphosphate) (17)

The compound was purified by semi preparative RP-HPLC on a Polaris C18 column. (TEAA
buffer/ACN; 5mL/min; 0 min 90/10; 0-30 min 70/30; 30-40 min 70/30; 41-55 min 90/10; 56-65 min
90/10; product: Ri = 45 min). The pooled fractions were directly cooled to —80 °C and lyophilized
to obtain the final product as a glassy solid in a yield of 10% (185 mg, 0.19 mmol, 2.7 eq. NEts-
salt). Rt (RP-HPLC-A): 45 min. Purity (HPLC-B): 97 % (R: = 13.9 min) LC-MS: m/z = calcd. for for
C1sH17°°CIF3N5014P3 712.0, found 712.0 [M-H]™ (R = 5.73 min). Exact mass (ESI): m/z = calcd. for
C1sH17°°CIF3N5014P3 711.9631, found 711.9598 [M-H]". "H NMR (D;0, 400 MHz): & (ppm) = 8.61
(s, 1H, 8-CHpurine8), 8.59 (s, 0.55H, 8-CHpurine-n), 8.59 (s, 0.16H, 8-CHyurine-atr), 8.25 (s, 0.16H, 2-
CHburine-atp), 8.23 (s, 1H, 2-CHpurine8), 8.20 (s, 0.55H, 2-CHpurine-n), 8.16 (d, J=7.9 Hz, 1H, 6-
CHophenyi-8), 8.05 (d, J = 7.9 Hz, 0.55H, 6-CHphenyi-a), 8.00 (d, J = 7.9 Hz, 1H, 4-CHphenyi-8), 7.96 (dt,
J=7.9, 2.1 Hz, 0.55H, 4-CHphenyi-a), 7.77 (dd, J = 7.9, 1.6 Hz, 0.5H, 4-CHphenyi.c), 7.60 (td, J = 7.9,
2.3 Hz, 1H, 5-CHphenyi-8), 7.56 (m, 1H, 5-CHphenyi-a, 6-CHphenyi-c), 7.48 (t, J = 7.7 Hz, 0.5H, 5-CHphenyi-
c), 6.45(d, J =4.9 Hz, 0.55H, 1'-CH,), 6.24 (d, J = 7.7 Hz, 1H, 1'-CHg), 6.13 (d, J = 6.0 Hz, 0.16H,
1'-CHatp), 5.86 (t, J=5.2 Hz, 0.55H, 2'-CH,), 5.84 (dd, J=5.3, 1.7 Hz, 1H, 3'-CHa), 5.17 (dd,
J=17.7,5.2Hz, 1H, 2'-CHg), 4.93 (t, J = 5.2 Hz, 0.55H, 3'-CH,), 4.79 (m, 0.16H, 2'-CHatp), 4.76-
4.73 (m, 1H, 4'-CHg), 4.58 (dd, J = 5.1, 3.3 Hz, 0.16H, 3'-CHarp), 4.49 (dq, J = 5.0, 2.7 Hz, 0.55H,
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4-CHp), 4.41-4.33 (m 3.36H, 5-CHopa, 5-CHHs, 4-CHare), 4.30-4.25 (m, 1.16H, 5-CHHs,
5'-CHH ate), 4.21 (dt, J = 11.8, 3.7 Hz, 0.16H, 5'-CHH atp), 3.18 (q, J = 7.4 Hz, 44.6H, CH: nes),
1.26 (t, J = 7.4 Hz, 67.0H, CHs neis). 1°C NMR (D20, 151 MHz): & (ppm) = 174.8 (0.5C, C=0Oc),
165.9 (1C, C=0g), 165.4 (0.55C, C=04), 155.39 (0.55C, C-Bpurine-a), 155.38 (0.16C, C-Bpurine-ATp),
155.33 (1C, C-Bpuine:s), 152.56 (1C, C-2puines), 152.53 (0.55C, C-2puine-n), 152.48 (0.16C,
C-2purnete), 149.5 (1C, C-dpurines), 149.3 (0.16C, C-dpurine-atr), 148.8 (0.55C, C-4purinen), 142.1
(0.5C, C-1pnenyic), 140.3 (0.55C, C-8purine-n), 140.1 (1C, C-8purine-s), 134.8 (1C, C-Bphenyis), 134.6
(0.55C, C-Bpnenyia), 131.7 (d, J = 2.1 Hz, 1C, C-1phenyis), 131.4 (dq, J = 10.5, 5.2 Hz, 1.55C, C-
Aonenyta, C-donenys), 131.2 (0.55C, C-Tpnenyia), 130.9 (d, J=1.3 Hz, 1C, C-2penyis), 130.7 (d,
J=1.3Hz, 0.55C, C-2pnenyia), 130.4 (0.5C, C-Bpenyic), 129.21 (g, J = 30.4 Hz, 1C, C-3pnenyi-8),
129.16 (q, J = 30.8 Hz, 0.55C, C-3pnenya), 128.0 (d, J = 30.8 Hz, 0.5C, C-3penyic), 127.44 (1C,
C-5phenyis), 127.40 (0.55C, C-Bpnenyia), 127.2 (q, J = 5.4 Hz, 0.5C, C-dpnenyic), 126.3 (0.5C,
C-2phenyic), 123.0 (g, J = 272.5 Hz, 0.5C, CF 3 prenyi-c), 122.8 (q, J = 272.8 Hz, 1C, CF3 phenyi-s), 122.6
(q, J = 272.8 Hz, 0.55C, CF3 phenyin), 118.6 (1.71C, C-5purine-p, C-5purine.8, C-Spurine-at), 86.8 (0.16C,
C-1'ate), 85.9 (1C, C-1s), 85.5 (0.55C, C-1'a), 84.2 (d, J=9.2 Hz, 0.16C, C-4'atp), 84.0 (d,
J = 9.2 Hz, 0.55C, C-4'), 82.3 (d, J = 9.1 Hz, 1C, C-4's), 77.7 (0.55C, C-2'), 75.7 (1C, C-3's), 74.4
(0.16C, C-2'ate), 73.1 (1C, C-2's), 70.5 (0.16C, C-3'a1p), 68.8 (0.55C, C-3'a), 65.7 (d, J = 5.2 Hz,
1C, C-5's), 65.4 (d, J = 5.2 Hz, 0.16C, C-5'atp), 64.9 (d, J = 5.6 Hz, 0.55C, C-5'a), 46.7 (22.33C,
CHaz ness), 8.3 (22.33C, CHsne). P NMR (162 MHz, D20/DsPO4): & (ppm) = -10.8 (1.66P, B-Pag),
-11.4 (0.66P, a-Pa), -11.5 (1P, a-Ps), -23.1 (1.66P, y-Pas). '9F NMR (376 MHz, D;0): & (ppm) = -
62.18 (1.5F, CFa.c), -62.23 (3F, CFas), -62.3 (1.65F, CFa.).

2'-0O-(4-Azidobenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(4-Azidobenzoyl)-
adenosine 5'-(tetrahydrogene triphosphate) (18)

The mixture of the products was obtained as orange solid after lyophilization (3.35 eq. EtsN
[991.79 g/mol], 0.55:1 [A:B], 24 mg, 24 ymol, 2.4 %). R: (Sephadex-D): 11.1 min. R; (RP-HPLC-
A): 32.7 min. Purity (HPLC-A): 96 % (R: = 13.3 min [84 %] and 14.5 min [12 %]). LC-MS: m/z =
calcd. for C17H18NgO14P3 651.0, found 651.0 [M-H]™ (R: = 5.60 min). Exact mass (ESI): m/z = calcd.
for C17H1sNgO14P3 651.0161, found 651.0152 [M-H]". 'TH NMR (D-0, 400 MHz): & (ppm) = 8.60 (s,
1H, 8-CHpurine-8), 8.55 (s, 0.55H, 8-CHourine-a), 8.23 (s, 1H, 2-CHpurine-8), 8.18 (s, 0.55H, 2-CHpurine-
A), 8.13-8.07 (m, 2H, 2,6-CHphenyi-8), 8.01-7.97 (m, 1.1H, 2,6-CHphenyi-a), 7.18-7.12 (m, 2H, 3,5-
CHophenyi-8), 7.12-7.07 (m, 1.1H, 3,5-CHphenyi-a), 6.43 (dd, J = 4.4, 1.8 Hz, 0.55H, 1'-CH,), 6.28 (dd,
J=7.5,2.4Hz, 1H, 1'-CHg), 5.80-5.75 (m, 1.55H, 2'-CHa, 3'-CHg), 5.14 (td, J=7.7, 5.1 Hz, 1H,
2'-CHg), 4.91 (t, J= 5.6 Hz, 0.55H, 3'-CHa), 4.70 (m, 1H, 4'-CHg), 4.53-4.49 (m, 0.55H, 4'-CH,),
4.42-4.34 (m, 2.1H, 5'-CHHg, 5'-CH2x), 4.32-4.28 (m, 1H, 5'-CHHg), 3.18 (q, J = 7.3 Hz, 31.2H,
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CHa news), 1.26 (t, J = 7.4 Hz, 46.8H, CHs nes). °C NMR (D20, 151 MHz): & (ppm) = 166.7 (1C,
C=0s), 166.3 (0.55C, C=0n), 155.0 (1.55C, C-Bpurine-a, C-Bpurine8), 152.2 (1C, C-2purines), 152.0
(0.55C, C-2purine-), 149.4 (1C, C-dpurine-5), 148.6 (0.55C, C-dpurine.n), 145.9 (0.55C, C-dpnenyi.n), 145.7
(1C, C-4pneny.e), 140.3 (0.55C, C-8purine.n), 140.1 (1C, C-8purine-s), 131.7 (2C, C-2phenyt-s, C-Bpnenyi-8),
131.6 (1.1C, C-2pnenyta, C-Bonenyi-a), 125.0 (1C, C-Tpnenys), 124.5 (0.55C, C-1pnenyia), 119.1 (3.1C,
C-3phenyiA, C-Bphenyia, C-3pnenyl-8; C-phenyt-s), 118.5 (1.55C, C-Bpurine-n, C-Bpurine.s), 86.02 (0.55C, C-
1'), 85.99 (0.55C, C-1's), 83.6 (d, J = 9.3 Hz, 0.55C, C-4'4), 82.5 (d, J = 9.3 Hz, 1C, C-4's), 76.8
(0.55C, C-2'a), 74.6 (C-3's), 73.2 (1C, C-2's), 68.7 (0.55C, C-3'x), 65.7 (d, J = 5.3 Hz, 1C, C-5's),
64.7 (d, J = 5.1 Hz, 0.55C, C-5'a), 46.7 (15.6C, CHzneis), 8.3 (15.6C, CHsnes). P NMR (162 MHz,
D.0/DsP0,): & (ppm) = -10.8, -11.4 and -11.5 (2P, a-P and B-P), -23.2 (1P, y-P).

2'-O-(4-Nitrobenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(4-Nitrobenzoyl)-
adenosine 5'-(tetrahydrogene triphosphate) (19)

The mixture of the products was obtained as colorless solid after lyophilization (2.5 eq. EtsN-salt
and 0.12 eq. ATP and 0.17 eq. 4-nitrobenzoic acid {C} [998.54 g/mol], 0.5:1 [A:B], 1 mg, 1 ymol,
0.1 %). R: (Sephadex-D): 14.1 min. R (RP-HPLC-C): 30.6 min. Purity (HPLC-A): 90 % (R:= 12.0
min) {impurities are ATP (Rt = 11.1 min [3.5 %]) and 4-nitrobenzoic acid (R: = 10.9 min [6.5 %])}.
LC-MS: m/z = calcd. for C17H19NsO16P3 655.0, found 655.0 [M-H]™ (R:=5.71 min). Exact mass
(ESI): m/z = calcd. for C17H19NsO16P3 654.9998, found 655.0019 [M-H]". '"H NMR (D20, 600 MHz):
O (ppm) = 8.61 (s, 1H, 8-CHpurine-), 8.56 (s, 0.5H, 8-CHpurine-a), 8.52 (s, 0.12H, 8-CHpurine-atP), 8.41-
8.38 (m, 1H, 2,6-CHphenyi-a), 8.38-8.33 (m, 3H, 2,6-CHphenyi-a, 3,5-CHphenyi-8), 8.28-8.27 (m, 0.34H,
3,5-CHophenyi-c), 8.27 (s, 1H, 2-CHpurine-8), 8.26-8.24 (m, 1.12H, 3,5-CHohenyi-a, 2-CHpurine-aTr), 8.18 (s,
0.5H, 2-CHpurine-a), 7.99-7.97 (m, 0.34H, 2,6-CHphenyic), 6.49 (d, J = 4.1 Hz, 0.5H, 1'-CH,), 6.33 (d,
J=7.6 Hz, 1H, 1'-CHg), 6.13 (d, J = 6.0 Hz, 0.12H, 1'-CHatr), 5.87-5.82 (m, 1.5H, 2'-CH,, 3'-CHg),
5.17 (dd, J=7.5,5.2 Hz, 1H, 2'-CHg), 4.95 (t, J = 5.6 Hz, 0.5H, 3'-CHa), 4.79 (m, 0.12H, 2'-CHatr),
4.74 (m, 1H, 4'-CHg), 4.58 (dd, J=5.0, 3.3 Hz, 0.12H, 3'-CHatr), 4.52 (m, 0.5H, 4'-CHa), 4.42-
4.35 (m, 2H, 5-CH:za, 5'-CHHg), 4.27 (d, J=12.3 Hz, 1.12H, 5'-CHHs, 5'-CHH atr), 4.20 (d,
J=12.0 Hz, 0.12H, 5-CHH a1),3.18 (q, J = 7.3 Hz, 22.5H, CH2 ne), 1.26 (t, J = 7.4 Hz, 33.75H,
CHsnets). *C NMR (D20, 151 MHz): & (ppm) = 165.7 (1C, C=0g), 165.4 (0.5C, C=0,), 155.8
(1.5C, C-6purine-r, C-6purine-s), 153.1 (1C, C-Zpurines), 152.9 (0.5C, C-2puines), 150.86 (0.5C,
C-4pheny-a), 150.82 (1C, C-4phenyi-s), 149.7 (1C, C-4purine-8), 148.7 (0.5C, C-4purine-n), 140.0 (1C,
C-8purine-), 134.7 (1C, C-Tphenyi8), 134.2 (0.5C, C-1phenyi-a), 131.12 (2C, C-2phenyi-8, C-Bphenyi-),
131.08 (1C, C-2phenyi-a, C-6phenyi-a), 129.6 (0.34C, C-2phenyi-c, C-Bphenyi-c), 123.9 (3C, C-3phenyi-A,
C-5phenyl-A, C-3phenyi-8, C-5phenyi-8), 123.6 (0.34C, C-3phenyi-c, C-Sphenyi-c), 118.7 (1C, C-5purine-8), 85.9
(0.5C, C-1'a), 85.8 (1C, C-1's), 83.5 (0.5C, C-4'a), 82.2 (1C, C-4's), 77.5 (0.5C, C-2'a), 75.2 (1C,
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C-3's), 73.1 (1C, C-2's), 68.6 (0.5C, C-3'a), 65.6 (1C, C-5'5), 64.5 (0.5C, C-5'2), 46.8 (11.25C,
CHz NEt3), 8.3 (11.25C, CH3 NEt3)- C'5purine-A and C'8purine-A could not be seen. 31P NMR (162 MHZ,
D20/D3P0Q4): 6 (ppm) =-11.2 (2P, a-P and B-P), -22.3 (1P, y-P).

2'-O-(Naphtho-1-yl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(Naphtho-1-yl)-
adenosine 5'-(tetrahydrogene triphosphate) (20)

The mixture of the products was obtained as colorless solid after lyophilization (1.15 eq. EtsN-salt
[777.72 g/mol], 0.6:1 [A:B], 4 mg, 5.1 umol, 0.5 %). R: (Sephadex HPLC): 15.8 min. Solvent A:
CH3CN, solvent B: 0.1 M TEAA, 0-1 min: 25 % solvent A, 0.1 mL/min = 4 mL/min, 1-50 min: 25 %
solvent A, 50-52 min: 25 % > 40 % solvent A, 52-70 min: 40 % solvent A, 70-72 min: 40 % >
25 % solvent A, 72-80 min: 25 % solvent A, 80-81 min: 25 % solvent A, 4 mL/min = 0.1 mL/min,
Injection volume : 400-800 yL. R; (RP-HPLC-C): 29.0 min. Purity (HPLC-A): >99 % (R: =
12.7 min). LC-MS: m/z = calcd. for C21H21Ns014P3 660.0, found 660.0 [M-H]" (R: = 5.70 min). Exact
mass (ESI): m/z = calcd. for C21H21N5014P3 660.0303, found 660.0323 [M-H]". '"H NMR (DMSO-
ds, 600 MHz): & (ppm) = 8.84 (d, J = 8.7 Hz, 1H, 8-CHhaphtnoyi-8), 8.70-8.60 (m, 0.6H, 8-CHnaphthoyi-
A), 8.60 and 8.55 (s, 1H, 8-CHpurine-B [syn and anti]), 8.53 and 8.49 (s, 0.6H, 8-CHpurine-a [syn and anti}), 8.32
(dd, J=7.2, 1.3 Hz, 1H, 2-CHnaphthoy-8), 8.26-8.23 (M, 1.6H, 2-CHhapnthoyi-A, 4-CHraphtnoyi-a), 8.21 (d,
J = 8.3 Hz, 0.6H, 4-CHhnaphthoyi-a), 8.20-8.17 (m, 1.6H, 2-CHpurine-a, 2-CHpurine-8), 8.06 (d, J = 8.1 Hz,
1H, 5-CHhaphthoy-), 8.04-8.02 (m, 0.6H, 5-CHunaphthoyi-a), 7.71-7.61 (m, 2H, 3-CHhaphthoy-8,
7-CHhaphthoy-8), 7.65-7.57 (m, 2.8H, 3-CHhaphthoyi-a, 6-CHnaphthoyl-A, 7-CHhnaphthoyl-a, 6-CHhaphthoyi-8), 6.38
(t, J=4.5Hz, 0.6H, 1'-CHa), 6.07 (d, J=7.3 Hz, 1H, 1'-CHg), 5.94 (dt, J=12.8, 5.2 Hz, 0.6H,
2'-CHa [syn and anti]), 5.74-5.68 (m, 1H, 3'-CHg), 5.12-5.06 (m, 1H, 2'-CHg), 4.74 (dt, J = 16.2, 5.2 Hz,
0.6H, 3'-CHAa (syn and anti), 4.51 (m, 1H, 4'-CHg), 4.25 (q, J = 4.5 Hz, 0.6H, 4'-CH,), 4.20-4.14 (m,
1.6H, 5'-CHHa, 5'-CHHg), 4.14-4.07 (m, 1.6H, 5'-CHHa, 5'-CHHg), 3.14-3.04 (m, 11H, CH> new),
1.17 (t, J= 7.2 Hz, 16.5H, CHsnew). Signals at 9.19 (s, 1.45H), 7.49 (s, 1.8H) and 7.42 (s, 0.75H)
are OH- and NH.-groups. *C NMR (DMSO-ds, 151 MHz): & (ppm) = 165.9 (1C, C=0g), 165.7
(0.6C, C=0a), 155.7 (1.6C, C-6purine-a, C-6purine-8), 152.5 (1.6C, C-2purine-a, C-2purine8), 149.8 (1C,
C-4puine-8), 149.2 (0.6C, C-4purine-a), 139.7 (0.6C, C-8purine-a), 139.4 (1C, C-8purines), 133.6 (0.6C,
C-4naphthoyl-a), 133.42 (1C, C-4naphtnoyis), 133.39 (1C, C-1naphtnoyi-8), 133.33 (0.6C, C-1naphthoyi-a), 130.6
(0.6C, C-2naphthoy-a), 130.5 (1C, C-8anapntnoyi-), 130.4 (0.6C, C-8anaphthoyi-a), 130.2 (1C, C-2naphinoyi-),
128.7 (1.6C, C-5naphthoyl-a, C-Snaphthoyi-a), 127.9 (1.6C, C-7hnaphthoyi-A, C-Tnaphthoyi-a8), 126.7 (1C,
C-4anapnthoy-), 126.4 (1.6C, C-6naphthoyi-A, C-Bnapnthoyi-s), 126.1 (0.6C, C-4a@napntnoyi-a), 125.3 (1C,
C-8naphthoy-8), 125.2 (0.6C, C-8naphthoyi-a), 125.0 (1C, C-3naphthoyi-a), 124.9 (0.6C, C-3napntnoyi-a), 118.8
(0.6C, C-5purine-n), 118.6 (1C, C-5puiine-8), 86.3 (1C, C-1's), 85.3 (0.6C, C-1'a), 83.8 (0.6C, C-4'a),
81.6 (1C, C-4's), 76.3 (0.6C, C-2'a), 74.8 (1C, C-3's), 72.6 (1C, C-2'), 68.9 and 68.8 (0.6C, C-3'a(syn
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and ant]), 65.3 (1C, C-5'), 64.8 (0.6C, C-5'a), 45.6 (5.5C, CHanew), 8.6 (5.5C, CHanews). 3'P NMR
(162 MHz, D,0/DsPO4): & (ppm) = -10.7, -11.4 (2P, a-P and B-P), -23.1 (1P, y-P).

2'-O-(Naphtho-2-yl)-adenosine 5'-(tetrahydrogene triphosphate) and 3'-O-(Naphtho-2-yl)-
adenosine 5'-(tetrahydrogene triphosphate) (21)

The mixture of the products was obtained as colorless solid after lyophilization (4.25 eq. EtsN-salt
[1091.42 g/mol], 0.65:1 [A:B], 2 mg, 1.8 ymol, 0.2 %). R: (Sephadex-A): 15.5 min. R; (RP-HPLC-
A): 35.2 min. Purity (HPLC-A): 99 % (R:= 13.4 min). LC-MS: m/z = calcd. for C21H21Ns014P3 660.0,
found 660.0 [M-H]™ (Rt = 5.73 min). Exact mass (ESI): m/z = calcd. for C21H21N5014P3 660.0303,
found 660.0299 [M-H]". '"H NMR (D20, 600 MHz): & (ppm) = 8.80 (s, 1H, 1-CHuaphtnoy-8), 8.67 (s,
0.65H, 1-CHhaphthoyi-a), 8.63 (s, 1H, 8-CHpurine-8), 8.57 (s, 0.65H, 8-CHpurine-a), 8.23 (s, 1H, 2-CHpurine-
B), 8.17 (s, 0.65H, 2-CHpurine-a), 8.13 (dt, J = 8.7, 1.5 Hz, 1H, 3-CHhapntnoy-8), 8.10 (d, J = 8.2 Hz,
1H, 8-CHhaphthoyi-8), 8.05-8.02 (m, 1.65H, 8-CHhaphthoyi-a, 4-CHnaphthoyi-s), 8.02-7.99 (m, 1.65H,
3-CHhaphthoyl-A, 9-CHhaphthoy-8), 7.97 (d, J = 8.1 Hz, 1.3H, 4-CHhaphthoyi-a, 5-CHhaphthoyi-a), 7.73-7.67 (m,
1.65H, 6-CHhaphthoyi-A, 6-CHhaphthoy-s), 7.67-7.61 (m, 1.65H, 7-CHhnaphthoyi-a, 7-CHhnaphthoyi-s), 6.50 (d,
J=4.1Hz, 0.65H, 1'-CH,), 6.38 (d, J = 7.8 Hz, 1H, 1'-CHp), 5.88 (d, J = 5.0 Hz, 1H, 3'-CHg), 5.84
(t, J=4.8 Hz, 0.65H, 2'-CH,), 5.22 (dd, J=7.5, 5.4 Hz, 1H, 2'-CHg), 4.94 (t, J = 5.6 Hz, 0.65H,
3'-CHp), 4.79 (m, 1H, 4'-CHg), 4.58-4.56 (m, 0.65H, 4'-CH,), 4.45-4.40 (m, 2.3H, 5-CHHa,
5'-CHz8), 4.34-4.29 (m, 0.65H, 5'-CHH,), 3.18 (q, J = 7.4 Hz, 42.1H, CH2 new), 1.26 (t, J = 7.3 Hz,
63.1H, CHsnes). *C NMR (D20, 151 MHz): & (ppm) = 167.6 (1C, C=0s), 167.3 (0.65C, C=0a),
155.71 (1C, C-6purine-8), 155.68 (0.65C, C-6purine-a), 153.0 (1C, C-2purine-8), 152.9 (0.65C, C-2purine-n),
149.6 (1C, C-4purine-B), 148.7 (0.65C, C-4purine-a), 140.0 (1.65C, C-8purine-a, C-8purine-8), 135.7 (1.65C,
C-4anaphthoyi-A, C-4@naphthoyi-a), 132.2 (1C, C-8anaphtnoyi-8), 132.1 (0.65C, C-8anaphtnoyi-a), 131.84 (0.65C,
C-1naphthoyi-a), 131.75 (1C, C-1naphthoyi-s), 129.5 (1.65C, C-8napnhthoyl-o, C-8naphthoyi), 129.2 (0.65C,
C-6naphthoyl-a), 129.1 (1C, C-6naphthoyi-8), 128.55 (1C, C-4naphtnoyi-8), 128.53 (0.65C, C-4naphntnoyi-a), 127.9
(1C, C-5naphthoyis), 127.8 (0.65C, C-5naphthoyi-a), 127.26 (0.65C, C-Thnaphthoyi-a), 127.24 (1C,
C-Thaphthoy8), 126.2 (1C, C-2naphthoy-8), 125.7 (0.65C, C-2napnthoyi-a), 125.0 (1C, C-3naphthoyis), 124.9
(0.65C, C-3napnthoy-8), 86.1 (0.65C, C-1'a), 85.8 (1C, C-1'g), 83.6 (d, J = 9.5 Hz, 0.65C, C-4'4), 82.6
(d, J=9.0 Hz, 1C, C-4'8), 77.1 (0.65C, C-2'a), 74.9 (1C, C-3's), 73.2 (1C, C-2's), 68.5 (0.65C,
C-3'a), 65.7 (d, J = 5.1 Hz, 1C, C-5'8), 64.5 (d, J = 4.0 Hz, 0.65C, C-5'2), 46.7 (12.75C, CH2 net),
8.3 (12.75C, CHsnes). C-5puine-a @nd C-5puines could not be seen. *'P NMR (162 MHz,
D>0O/D3P0Os): & (ppm) =-8.2 (1P, a-P), -11.2 and -11.3 (1P, B-P), -22.5 (1P, y-P).

2'-0-(9-Oxo-9H-fluorene-2-carbonyl)-adenosine 5'-(tetrahydrogene triphosphate) and
3'-0-(9-Oxo-9H-fluorene-2-carbonyl)-adenosine 5'-(tetrahydrogene triphosphate) (22)
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The mixture of the products was obtained as yellow solid after lyophilization (1.9 eq. EtsN-salt
[902.27 g/mol], 0.5:1 [A:B], 9.5 mg, 10.5 pymol, 1 %). R: (Sephadex-B): 16.5 min. R; (RP-HPLC-B):
36.8 min. Purity (HPLC-B): 97 % (R: = 7.0 min). LC-MS: m/z = calcd. for C24H21NsO15P3 712.0,
found 712.0 [M-H]™ (R: = 5.86 min). Exact mass (ESI): m/z = calcd. for C24H21NsO15P3 712.0252,
found 712.0258 [M-H]". "H NMR (D20, 400 MHz): & (ppm) = 8.65 (s, 1.5H, 8-CHpurine-a, 8-CHpurine-
B), 8.52 (s, 1.5H, 2-CHpuine-a, 2-CHpurines), 7.63 (m, 0.5H, 3-CHhauorenone-a), 7.55 (m, 1H,
3-CHhyorenone-), 7.48 (M, 1H, 6-CHiuorenone-), 7.39 (M, 1.5H, 6-CHhyorenone-a, 7-CHhiuorenone-g), 7.29-
7.24 (m, 1.5H, 7-CHhsuorenone-A, 8-CHhuorenone-8), 7.21 (m, 0.5H, 8-CHhworenone-a), 7.17-7.11 (m, 1.5H,
5-CHhyorenone-a, 5-CHhiyorenone-8), 7.05 (M, 0.5H, 4-CHayorenone-a), 6.95 (M, 1H, 4-CHhiorenone-g), 6.14 (m,
0.5H, 1'-CHa), 6.10 (d, J=7.7 Hz, 1H, 1'-CHg), 5.42 (s, 0.5H, 2'-CH,), 5.40 (d, J=5.3 Hz,
1H,3'-CHg), 5.02 (m, 1H, 2'-CHp), 4.93-4.85 (m, 0.5H, 3'-CH,), 4.71 (m, 0.5H, 5'-CHHa), 4.68-4.62
(m, 1H, 4'-CHs), 4.59 (m, 1H, 5'-CHHg), 4.53 (m, 0.5H, 4'-CH,), 4.49-4.39 (m, 1.5H, 5'-CHH,, 5'-
CHH), 3.18 (q, J = 7.3 Hz, 16.8H, CH2 new), 1.26 (t, J = 7.4 Hz, 25.2H, CH3nes). Two signals (7.45
(s, 0.5H) and 7.21 (s, 1H) correlate to 1-CHhuorenone-a and 1-CHauorenone-8 but cannot be distiguished.
3C NMR (D20, 151 MHz): & (ppm) = 194.2 (0.5C, C-Sfuorenone-a), 194.1 (1C, C-9tuorenone-s),165.4
(1C, C=0g), 164.8 (0.5C, C=04), 150.3 (1.5C, C-Bpuine.r, C-Bpuine-8), 148.5 (1.5C, C-4purine-,
C-4purine-8), 148.4 (1.5C, C-4anuorenone-a, C-4afuorenone-8), 142.6 (1.5C, C-4bfuorenone-a, C-4btuorenone-8),
141.6 (1.5C, C-8purine-A, C-8purine8), 137.3 (1.5C, C-3fuorenone-a, C-3fuorenone-8), 136.1 (1.5C, C-
Gfiuorenone-a, C-Bfiuorenone8), 133.4 (1C, C-8aruorenone8), 133.3 (0.5C, C-8afuorenone-n), 132.6 (0.5C,
C-2fvorenone-a), 132.5 (1C, C-2vorenone-s), 130.7 (1.5C, C-Tuorenone-a, C-Tfuorenone-8), 128.6 (1C,
C-9afuorenone-8), 128.3 (0.5C, C-9afuorenone-a), 124.3 (1.5C, C-8iuorenone-A, C-8fivorenone-8), 122.0 (1.5C,
C-5nuorenone-A, C-Sfivorenone-s), 120.7 (1.5C, C-4quorenone-a, C-4fivorenone-8), 86.8 (0.5C, C-1'a), 85.2 (1C,
C-1's), 83.0 (1C, C-4's), 82.1 (0.5C, C-4'a), 77.1 (0.5C, C-2'a), 76.2 (1C, C-3'8), 73.4 (1C, C-2's),
66.7 (0.5C, C-3'a), 65.9 (1C, C-5's), 63.4 (0.5C, C-5'a), 46.7 (8.4C, CH2net), 8.3 (8.4C, CHsnew).
C-2purine-a, C-2purine-, C-Spurine-A, C-Bpurine-8, C-Tfuorenone-a @nd  C-Tquorenone-s coOuld not be seen.
3P NMR (162 MHz, D,O/D3P04): & (ppm) =-10.8 (2P, a-P and B-P), -22.6 (1P, y-P).

2'-O-(2-(Adamantan-1-yl)acetyl)-adenosine 5'-(tetrahydrogene triphosphate) and

3'-O-(2-(Adamantan-1-yl)acetyl)-adenosine 5'-(tetrahydrogene triphosphate) (23)

The mixture of the products was obtained as colorless solid after lyophilization (1.88 eq. EtsN-salt
[873.68 g/mol], 1:0.55 [A:B], 2 mg, 2.3 ymol, 0.2 %). R: (RP-HPLC-A): 31.9 min. Purity (HPLC-A):
>99 % (R: = 13.1 min [47 %] and R:= 13.3 min [53 %]). LC-MS: m/z = calcd. for C22H31N5014P3
682.1, found 682.2 [M-H]™ (R:=5.76 min). Exact mass (ESI): m/z = calcd. for CH31N5014P3
682.1086, found 628.1087 [M-H]". '"H NMR (D0, 600 MHz): & (ppm) = 8.64 (s, 1.55H, 8-CHourine-
A, 8-CHpurine-8), 8.39 (s, 1.55H, 2-CHourine-A, 2-CHpurine-8), 6.23 (d, J = 5.3 Hz, 1H, 1'-CHa), 6.11 (d,
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J=7.2Hz, 0.55H, 1-CHa), 5.60 (t, J = 5.6 Hz, 1H, 2'-CHy), 5.45 (d, J = 5.0 Hz, 0.55H, 3-CH),
4.95 (t, J= 6.1 Hz, 0.55H, 2-CHz), 4.75-4.71 (m 1H, 3-CHa), 4.56 (m, 0.55H, 4-CHg), 4.44 (m,
1H, 4-CHa), 4.38 (d, J = 11.3 Hz, 1H, 5-CHH a), 4.35-4.22 (m, 2.1H, 5-CHH, 5'-CHs), 3.18 (q,
J=7.3Hz, 17.5H, CHznew), 2.29 (d, J=12.8 Hz, 0.55H, CHH(C=0)g), 2.24 (d, J = 15.6 Hz,
0.55H, CHH(C=0)g), 2.24-2.20 (m, 1H, CHH(C=0)y), 2.08 (d, J = 12.5 Hz, 1H, CHH(C=0)s), 1.97
(M, 1.65H, 3,5,7-CHagamanyi), 1.80 (M, 3H, 3,5,7-CHadamanyia), 1.72 (d, J = 12.0 Hz, 1.65H, 4,6,10-
CHHagamantys), 1.70-1.60 (m, 7.95H, 4,6,10-CHHadamantyi-a, 2,8,9-CH2 adamantyi-8, 4,6,10-CHHagamantyl-
), 1.44 (d, J = 12.3 Hz, 3H, 4,6,10-CHHadamanty-a), 1.41 (d, J = 12.5 Hz, 3H, 2,8,9-CHHadamanty-A),
1.36 (d, J=12.6 Hz, 3H, 2,8,9-CHHadamanty-a), 1.26 (t, J=7.3 Hz, 26.25H, CHsnew). *C NMR
(D20, 151 MHz): & (ppm) = 173.9 (1C, C=04), 173.2 (0.55C, C=0g), 150.7 (1.55C, C-6purine-a,
C-Bourine.s), 146.3 (1.55C, C-2ouinen, C-2purinen), 142.3 (s) and 142.1 (1.55C, C-8puine-n, C-Bourne.s),
86.7 (0.55C, C-1's), 85.8 (1C, C-1'a), 84.5 (d, J = 10.4 Hz, 1C, C-4'), 83.1 (0.55C, C-4's), 76.0
(1C, C-2'a), 73.9 (0.55C, C-3's), 73.5 (0.55C, C-2'5), 68.8 (1C, C-3'a), 65.6 (d, J = 3.3 Hz, 0.55C,
C-5'5), 65.0 (d, J=4.0 Hz, 1C, C-5'%), 48.7 (0.55C, CHx(C=O)g), 48.3 (1C, CH(C=O)y), 46.7
(8.75C, CHanes), 42.1 (1.65C, C-2adamantyl-8, C-8adamantyi-8, C-adamantyi-g), 41.9 (3C, C-2adamantyi-a,
C-8adamanty-A,  C-9adamantyl-a), 36.3 (1.65C, C-4agamantyi-8, C-Badamantyl-8, C-10adamanty-8), 36.0 (3C,
C-4adamantyl-A, C-Badamantyl-A, C-10adamantyi-a), 32.9 (0.55C, C-1adamanty), 32.7 (C-1adamantyi-a), 28.5
(1.65C, C-3adamantyi-8, C-5adamanty-8, C-7adamanty-8), 28.4 (3C, C-3adamanty-A, C-Sadamantyl-a, C-7adamantyl-A),
8.3 (8.75C, CHanew). *'P NMR (162 MHz, D;0/DsPO.): & (ppm) = -10.8 (2P, a-P, B-P). y-P could

not be seen.

3'4'-0O-Bisbenzoyl-adenosine 5'-(tetrahydrogene triphosphate) (24)

The product was obtained as colorless solid after lyophilization (2.33 eq. EtsN-salt [951.51 g/mol],
41 mg, 43 ymol, 4.3 %). R: (Sephadex-C): 16.2 min. R; (RP-HPLC-D): 24.2 min. Purity (HPLC-B):
98 % (R: = 13.5 min). LC-MS: m/z = calcd. for C24H23Ns501s5P3 714.0, found 714.0 [M-H]
(Rt =5.79 min). Exact mass (ESI): m/z = calcd. for Co4H23NsO15P3 714.0409, found 714.0411
[M-H]". "H NMR (D20, 600 MHz): & (ppm) = 8.68 (s, 1H, 8-CHourine), 8.19 (s, 1H, 2-CHpurine), 7.74
(d, J=7.5Hz, 2H, 2,6-CHpheny8), 7.42 (d, J = 7.7 Hz, 3H, 2,6-CHphenyi-a, 4-CHphenyi-8), 7.18 (m, 2H,
3,5-CHphenyi-a), 7.08 (M, 1H, 4-CHphenyi-a), 7.84 (m, 2H, 3,5-CHphenyn), 6.42 (d, J = 6.0 Hz, 1H, 1'-
CH),6.10 (t, J = 5.4 Hz, 1H, 2'-CH), 6.00 (m, 1H, 3'-CH), 4.84 (m, 1H, 4'-CH), 4.47 (m, 2H, 5'-CH>),
3.17 (q, J = 7.1 Hz, 14H, CHz nets), 1.26 (t, J = 7.0 Hz, 21H, CH3 news). *C NMR (D20, 151 MHz): &
(ppm) = 166.5 (1C, C=0g), 165.9 (1C, C=0a), 152.3 (1C, C-2purine), 148.7 (1C, C-4purine), 141.4
(1C, C-8purine), 134.1 (1C, C-4phenyi-a), 133.8 (1C, C-4phenyi-a), 129.5 (2C, C-2phenyi-8, C-6phenyi-a), 129.3
(2C, C-2phenyi-a, C-6pheny-a), 128.6 (2C, C-3phenyi-s, C-Sphenyi-s), 128.3 (2C, C-3phenyi-a, C-Sphenyi-a),
128.1 (1C, C-1phenyi-8), 127.5 (1C, C-1phenyin), 85.5 (1C, C-1'), 82.4 (d, J=8.1 Hz, 1C, C-4'), 74.7
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(1C, C-3"), 72.3 (1C, C-2'), 65.5 (1C, C-5'), 46.7 (7C, CH2ne), 8.3 (7C, CH3nets). C-6puine and
C-5puiine could not be seen. 3'P NMR (160 MHz, D,O/D3PO4): & (ppm) =-11.2 (2P, a-P, B-P), -22.7
(1P, Y_P)

2' 3'-0O-Bis(4-methoxybenzoyl)-adenosine 5'-(tetrahydrogene triphosphate) (25)

The product was obtained as colorless solid after lyophilization (3 eq. NEts-salt [1079.03 g/mol],
11 mg, 10 ymol, 1 %). R: (Sephadex-B): 18.3 min. R; (RP-HPLC-C): 30.9 min. Purity (HPLC-A):
99 % (Rt = 14.1 min). LC-MS: m/z = calcd. for CH27NsO17P3 774.1, found 774.0 [M-H]
(R:=5.77 min). Exact mass (ESI): m/z = calcd. for CzsH27Ns0+17P3 774.0620, found 774.0625
[M-H]". "H NMR (D20, 600 MHz): & (ppm) = 8.65 (s, 1H, 8-CHourine), 8.14 (s, 1H, 2-CHpurine), 7.82
(d, J=8.4 Hz, 2H, 2,6-CHphenyi8), 7.51 (d, J = 8.4 Hz, 2H, 2,6-CHphenyi-a), 6.77 (d, J = 8.4 Hz, 2H,
3,5-CHphenyi-8), 6.52 (d, J =6.6 Hz, 1H, 1'-CH), 6.49 (d, J = 8.6 Hz, 2H, 3,5-CHpnenyi-a), 6.12 (t,
J=6.0Hz, 1H, 2'-CH), 6.00 (dd, J=5.7, 3.0 Hz, 1H, 3'-CH), 4.89 (m, 1H, 4'-CH), 4.44 (m, 2H,
5'-CH>), 3.74 (s, 3H, CHssg), 3.56 (s, 3H, CHsa), 3.17 (q, J=7.3 Hz, 18H, CH2 nEws), 1.26 (t,
J=7.1Hz, 27TH, CHsnes). *C NMR (D20, 151 MHz): & (ppm) = 166.5 (1C, C=0g), 165.9 (1C,
C=0a), 163.7 (1C, C-4phenyi-8), 163.6 (1C, C-4phenyi-a), 154.5 (1C, C-6purine), 151.6 (1C, C-2purine),
149.1 (1C, C-4purine), 140.5 (1C, C-8purine), 131.9 (2C, C-2phenyi-8, C-Bphenyi-a), 131.7 (2C, C-2phenyi-A,
C-6phenyi-a), 120.6 (1C, C-1phenyis), 120.0 (1C, C-1phenyi-a), 113.9 (2C, C-3phenyi-8, C-Sphenyis), 113.7
(2C, C-3phenyl-a, C-5phenyi-a), 85.2 (1C, C-1'), 82.2(d, J = 9.1 Hz, 1C, C-4'), 74.3 (1C, C-3"), 73.1 (1C,
C-2'), 65.6 (1C, C-5"), 55.6 (1C, CHzsg), 55.4 (1C, CHza), 46.7 (9C, CH2nets), 8.3 (9C, CHsnew).
C-5purine could not be seen. 3'P NMR (160 MHz, D;0): & (ppm) = -10.8 and -11.6 (2P, a-P, B-P), -
23.1 (1P, y-P).

2' 3-0O-Bis(naphtho-1-yl)-adenosine 5'-(tetrahydrogene triphosphate) (26)

The product was obtained as colorless solid after lyophilization (2.5 eq. EtsN-salt [1068.50 g/mol],
70 mg, 65.5 ymol, 6.6 %). R: (Sephadex-A): 25.6 min. R; (RP-HPLC-D): 30.9 min. Purity (HPLC-
B): 96 % (Rt = 14.6 min). LC-MS: m/z = calcd. for C3H27Ns015P3 814.1, found 814.0 [M-H]
(Rt =5.98 min). Exact mass (ESI): m/z = calcd. for CsH27NsO15P3 814.0722, found 814.0752
[M-H]". "H NMR (D20, 600 MHz): & (ppm) = 8.65 (s, 1H, 8-CHourine), 8.25 (d, J = 8.2 Hz) and 8.15
(d, J=8.3 Hz, 3H, 8-CHhnapnthoy-a, 8-CHhnaphtnoy-8, 2-CHpurine), 7.94 (m, 1H, 2-CHhaphtnoyi-s), 7.68 (M,
1H, 2-CHhaphthoyi-a), 7.20 (M, 1H, 4-CHnapnthoy-s), 7.01 (m) and 6.65 (m, 2H, 5-CHhnaphthoyl-A,
5-CHhaphthoy8), 6.83 (M, 1H, 3-CHhnaphthoys), 6.79 (M) and 6.69 (m, 2H, 7-CHhnaphthoyl-a, 7-CHhnaphthoy-
B), 6.73 (m) and 6.53 (m, 3H, 4-CHhaphtnoyi-8, 6-CHnaphtnoy-a, 6-CHhaphthoyi-), 6.41 (M, 1H, 1'-CH), 6.37
(m, 2H, 3-CHhaphthoyi-a, 2'-CH), 6.26 (m, 1H, 3'-CH), 4.97 (m, 1H, 4'-CH), 4.64 (m, 2H, 5'-CH>), 3.14
(9, J=7.4 Hz, 15H, CHz nes), 1.26 (t, J = 7.5 Hz, 22.5H, CHznes). *C NMR (D20, 151 MHz): &

Seite 38 von 47



(ppm) = 166.4 (1C, C=0sg), 165.9 (1C, C=0a), 151.5 (1C, C-6purine), 148.2 (1C, C-4purine), 147.7
(1C, C-2purine), 141.5 (1C, C-8purine), 133.8 (1C, C-4naphthoy-), 133.5 (1C, C-4naphtnhoyi-a), 133.0 and
132.7 (2C, C-4anaphthoyl-a, C-4@naphthoyi-), 130.9 (1C, C-2naphthoyi-), 130.7 (1C, C-2naphtnoyi-a), 130.4
(1C, C-8anaphthoyi-a), 130.2 (1C, C-8anaphthoyi-a), 128.2 and 127.9 (2C, C-5naphthoyi-A, C-Snaphthoyl-8),
127.5 (2C, C-Tnaphthoyl-A, C-Tnaphthoy-), 125.7 (2C, C-Bnaphthoy-A, C-Bnaphthoyl-8), 124.6 (2C, C-8naphthoyl-A,
C-8napnthoy-), 124.6 and 124.3 (2C, C-Tnaphthoyi-A, C-Thapnthoyi-8), 124.3 (1C, C-3naphthoyis), 123.8 (1C,
C-3naphthoy-a), 118.2 (1C, C-5,unine), 86.3 (1C, C-1'), 82.2 (1C, C-4'), 74.9 (1C, C-3'), 72.0 (1C, C-2'),
65.5 (1C, C-5'), 46.6 (7.5C, CHznes), 8.3 (7.5C, CHsnew). *'P NMR (160 MHz, D20O/D3;PO4):
5 (ppm) = -10.8, -11.6 (2P, a-P, B-P), -23.0 (1P, y-P).

Data analysis

NMR spectra were processed with MestReNova 12.0 (MestreLab Research).

Assays

Cells

Stable human embryonic kidney 293 (HEK-293) cells stably expressing human P2X7 receptor
(B'SYS GmbH) were maintained in 50/50 mix of Dulbecco's Modified Eagle Medium with F12
medium (DMEM/F12, Thermo Fisher Scientific) supplemented with 9% fetal calf serum (FCS), 1%
Penicillin/Streptomycin (10.000 units penicillin and 10mg streptomycin per mL in 0.9% NaCl,
Sigma Aldrich) and G418 (100pg/mL, Roche) in a tissue culture incubator at 37°C and 5% CO:
under humidified conditions. Cells were cultured in cell culture 75 cm? flasks and split every 2-4

days (1:3; 1:6; 1:10) once confluent.

The HEK293 cell line stably expressing human P2X4 receptor and CHO cells stably expressing
human P2X2/3 receptor (B'SYS GmbH) were cultured under same conditions using Puromycin

(1.0 yg/ml, Thermo Fisher Scientific) as a selection antibiotic.

Chinese hamster ovary (CHO) cell lines stably expressing human P2X1 receptor, P2X2 receptor
or P2X3 receptor (B'SYS GmbH) were cultured under same conditions using Hygromycin (100

pg/ml, Invivogen) as a selection antibiotic.
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THP-1 cells (ATCC®, Manassas, VA) were maintained in growth media (RPMI-1640; HyClone®)
supplemented with 10% FCS (Pan-Biotech).

YO-PRO-1 Uptake Assay

The assay was performed as previously reported.? Briefly, HEK-293 cells expressing P2X7
receptor were seeded into black-walled Nunc 96 well optical bottom plates (Thermo Fisher
Scientific) at 2.0-4.0 x 10* cells/well and incubated for 24-48 hours. All compounds in this
procedure were diluted in assay buffer. Cells were washed with 100 yL wash buffer (280 mM
Sucrose; 5.6 mM KCI; 0.5 mM CaCly; 10 mM D-Glucose; 10 mM HEPES; 5 mM N-methyl-D-
glucamine (pH 7.42)). After removing the wash buffer, 50 yL assay buffer (280 mM Sucrose; 6.35
mM KCI; 10 mM D-Glucose; 10 mM HEPES; 5 mM N-methyl-D-glucamine (pH 7.4)) and 50 uL of
antagonist dilution at five different concentrations (10 to 10° M) were added to the cells for
preincubation for 30 minutes at 37°C. Next, the cells were incubated with additional 50 uL of a
final concentration of 2 ymol-L"' YO-PRO-1 lodide (Sigma Aldrich) and 50 uL of BzBzATP
(determined ECso-value under the assay conditions) at 37°C for 2 hours. Finally the uptake of the
YO-PRO-1 dye was recorded in a 9-point-well scan by following the fluorescence change using a
FlexStation® 3 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA, Software
SoftMax7 Pro, endpoint protocol, well scan with reading pattern "fill scan", ex: 485 nm, em: 535
nm). To obtain the concentration-dependent uptake inhibition by antagonists, the YO-PRO-1
uptake was plotted against concentrations of the compounds reaching from 10° to 10° M. For
measurement of compounds with agonistic activity the cells were preincubated for 30 minutes at
37°C with 50 pL of assay buffer and additional 50 yL assay buffer with 2% DMSO. Finally, the
cells were also coincubated with further 50 pL of a final concentration of 2 ymol-L"' YO-PRO-1
lodide and 50 L of different concentrations of agonists (10 to 10® M) at 37°C for 2 hours. The
concentration-dependent increase of dye uptake was equally recorded and plotted against the six

different concentrations of the agonists (10 to 10 M).
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Ca?* flux Assay

Fluo-4 NW and Fluo-4 Direct kit were prepared according to the manufacturer's directions. HEK-
293 and CHO cells were seeded into black-walled Nunc 96 well plates (Thermo Fisher Scientific)
at 2.0-4.0 x 10* cells/well and incubated for 24-48 hours at 37 °C until confluent. All test
compounds in this procedure were diluted in buffer solution (280 mM Sucrose; 6.35 mM KCI; 10
mM D-Glucose; 10 mM HEPES; 5 mM N-methyl-D-glucamine (pH 7.4)). The growth medium was
removed, and the cells were washed using 100 yL HBSS including 20 mM HEPES. Loading with
100 uL of the fluorescent Ca?* indicator Fluo-4 AM was performed at 37 °C for one hour. The cells
were further incubated at room temperature for additional 30 minutes after adding 50 uL of five
different concentrations of antagonists (10 to 10° M). Finally, 50 uL of ATP (concentration of
previously determined ECsp-values) was added by using the FlexStation® 3 Multi-Mode Microplate
Reader (Molecular Devices, San Jose, CA, USA, Software SoftMax7 Pro). The changes of
intracellular Ca?* concentrations were monitored over 200 seconds by measuring the fluorescence
signal at Aex = 494 nm and Aem = 516 Nm. The concentration-dependent decrease of Ca?*-flux in
presence of antagonists was plotted against the five concentrations (10 to 10° M). The activity
of agonists was evaluated in the same manner, different concentrations of agonists reaching from
103to 10® M were added by the FlexStation® 3. The concentration-dependent increase of Ca?*-
flux in presence of agonists was plotted against the six different concentrations (10to 108 M).

THP-1 Cell IL-1B Release Assay

Seed cells to a density of 1.5 to 2.0 x 10 cells/well in a 96-well plate (Corning Costar 9018, Sigma
Aldrich). Cells were differentiated with 10 ng/mL of interferon y (IFN-y) (Sigma Aldrich) over 72
hours at 37°C and 5% CO.. Priming of cells by adding lipopolysaccharides (LPS) (Sigma Aldrich)
to a final concentration of 100 ng/mL. The plates were covered with parafilm®M (Sigma Aldrich)
and incubated at 37°C and 5% COx for further 4 hours. Test compounds diluted in RPMI 1640
medium to final concentrations of 1.0 x 10 mol/L to 1.0 x 10® mol/L were added to the

corresponding wells and coincubated for an additional hour. Centrifuge the 96 well plates for 10
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minutes at 750g. The supernatant from the wells was transferred to a second 96-well plate
(Corning Costar 9018, Sigma Aldrich). The IL-13 concentration in the supernatants was measured
as absorption at 450 nm using a human IL-1 beta uncoated ELISA kit (Invitrogen) and a
FlexStation® 3 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA, Software

SoftMax7 Pro).

Data analysis
The inhibition curves from three independent measurements, each done in duplicate were fitted
to the Hill equation using GraphPad Prism software version 9.1.0 (GraphPad Software Inc. San

Diego, CA, USA). The results represent the mean £ SEM (n = 3).

In silico studies

Multiple sequence alignment: The protein sequences of hP2X1 (UniProtKB: P51575), hP2X2
(UniProtkB: Q9UBL9), hP2X3 (UniProtKB: P56373), hP2X4 (UniProtKB: Q99571) and hP2X7
(UniProtkB: Q99572) were obtained from the UniProt Knowledgebase.?” Multiple sequence
alignment was carried out using the multiple sequence alignment program Clustal Omega

(https://lwww.ebi.ac.uk/Tools/msa/clustalo/) with default settings.

Homology models: Homology model of the missing human receptors were made using MOE
(2019.0102). As a template for the homology model of hP2X4, the ATP bound zfP2X4 (4DW1)3®
was used, while the rP2X7 (6U9W)* was used for the hP2X7. Since there were no crystal
structures for any P2X2 receptors available, the hP2X3 (5SVK)™ crystal structure was used as
template. To analyse the heterotrimer P2X2/3 receptor, two models were designed to represent
both possibilities. Sequences of the human P2X receptors were aligned with the template

sequence and ten independent homology models were created for each model using default
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settings in MOE. All homology models are supposed to represent the ATP-bound/open state of

the receptors.

Energy minimization studies: Energy minimization studies were done using MOE (2019.0102).

The conformation of ATP bound in the template structure were used to model compounds 24-26,
by modifying ATP using MOE Builder. During the energy minimization, the translational
movements of the compound was limited by using tether forces, while amino acids in close
proximity to the compound (Highlighted in Figure 4) were defined as fully flexible. Amino acids of
the neighboring residues were defined as fixed, while the rest of the protein was defined as inert.
Energy minimization was carried out using the Amber10:EHT forcefield with default settings, while

the structural rearrangements were observed.

Supporting information

H, *C, and 3*'P NMR spectra of all compounds, plots of pharmacological data and molecular
modeling figures are included in Supporting Information. This material is available free of charge

in the Internet at http://pubs.acs.org.
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HEK, human embryonic kidney cells; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; HPLC, high performance liquid chromatography; IFNy, interferon y; IL-1, interleukin-13;
LC-MS, liquid chromatography-mass spectrometry; LPS, lipopolysaccharide; 2-meSATP, 2-
methylthio-ATP; MOE, Molecular Operating Environment; PBS, phosphate-buffered saline; pdb,
protein data bank; SAR, structure-activity relationship; SEM, standard error of the mean; THF,
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