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Abstract

Adenosine 5’-phosphosulfate reductase (APR) is an iron-sulfur enzyme that is vital for survival of
Mycobacterium tuberculosis during dormancy and is an attractive target for the treatment of latent
tuberculosis (TB) infection. The 4Fe-4S cluster is coordinated to APR by sulfur atoms of four
cysteine residues, is proximal to substrate, adenosine 5’-phopsphosulfate (APS), and is essential
for catalytic activity. Herein, we present an approach for the development of a new class of APR
inhibitors. As an initial step, we have employed an improved solid-phase chemistry method to
prepare a series of N6-substituted adenosine analogues and their 5’-phosphates as well as
adenosine 5’-phosphate diesters bearing different Fe and S binding groups, such as thiols or
carboxylic and hydroxamic acid moieties. Evaluation of the resulting compounds indicates a
clearly defined spacing requirement between the Fe-S targeting group and adenosine scaffold and
that smaller Fe-S targeting groups are better tolerated. Molecular docking analysis suggests that
the S atom of the most potent inhibitor may establish a favorable interaction with an S atom in the
cluster. In summary, this study showcases an improved solid-phase method that expedites the
preparation of adenosine and related 5’-phosphate derivatives and presents a unique Fe-S targeting
strategy for the development of APR inhibitors.

Introduction

Late-stage persistent tuberculosis (TB) remains a significant treatment challenge with
existing antibiotics [1]. TB is caused by Mycobacterium tuberculosis (Mtb) an acid-fast
bacillus that exists in two major metabolic states: an active dividing form, which is
susceptible to front-line therapeutics such as isoniazid and an inactive, latent form, which
resist being killed by traditional antibiotics [2, 3]. Antibiotics that target biochemical
pathways in metabolically-active mycobacteria can clear the pathogen effectively from the
host [2, 4]. However, mycobacteria can persist for decades in the infected host lung within
granulomatous lesions by adopting a non-replicating dormant state, as a reservoir of future
active infection in the event of compromised host immunity [5, 6]. Numerous studies
indicate that mycobacteria confront a generally hostile, anoxic and nutrient poor
environment within the granuloma [7, 8]. Mycobacteria cope with unfavorable conditions in
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the granuloma through upregulating stress response pathways, including the sulfate
assimilation pathway that produces biological thiols employed as cofactors in fatty acid-
linked energy production and to regulate redox homeostasis [7, 9].

Indeed, genes involved in sulfate assimilation are specifically upregulated during dormant
TB infection [10, 11]. The pathway begins with the import of sulfate into bacilli through
transporters [12]. The sulfate is then activated by adenosine 5’-phosphosulfate (APS) kinase
to form APS [12], which is further reduced to sulfite by adenosine 5’-phosphosulfate
reductase (APR) as shown in Figure 1 [13, 14]. The newly formed sulfite is then reduced to
sulfide and incorporated into essential biomolecules, such as cofactor, coenzyme A, redox
buffer, mycothiol and amino acid, cysteine [12]. APR, encoded by the cysH gene, catalyzes
the first rate-limiting step in sulfate reduction and is critical for Mtb survival during chronic
infection [15]. Disruption of cysH rendered Mtb auxotrophic for cysteine and methionine
and attenuated virulence in immunocompetent mice [15]. The cysH mutant was significantly
more susceptible to reactive oxygen species (ROS) and reactive nitrogen species (RNS)
indicating that APR is important for the defense of Mtb against oxidative stress [15].
Humans do not have a cysH ortholog rendering APR as an attractive target for the
development therapeutics against persistent TB.

The active site of APR is distinguished by the presence of an iron-sulfur (Fe-S) cluster [14,
16]. Fe-S clusters are versatile metallo-centers involved in catalysis, radical generation,
substrate activation, and maintaining protein structure [17-19]. Functional studies clearly
demonstrate that an intact 4Fe-4S cluster is essential for APR catalysis [13, 20]. After
substrate binding, the APR catalytic cycle is initiated through nucleophilic attack of an
active site cysteine on the sulfur atom of APS to form an S-sulfocysteine intermediate. In
subsequent steps the oxidoreductase, thioredoxin (Trx) release the sulfite product through
thiol-disulfide exchange [14]. Structural, biochemical and spectroscopic studies demonstrate
that a conserved lysine in the APR active site forms an “electrostatic bridge” that connects
the Fe-S cluster to the sulfate group of APS [13, 20, 21]. In addition to functional studies,
DFT modeling [22] also indicates a role for the Fe-S cluster in active site pre-organization
and substrate activation.

Structural and spectroscopic studies demonstrate that Fe-S centers in enzymes like aconitase
and biotin synthase directly interact with their respective citrate and S-adenosyl methionine
(SAM) substrates to promote catalysis [23-25]. Pyruvate has been shown to interact with the
4Fe-4S cluster of 4-demethylwyosin synthase [26]. Moreover, 4,5-dithiohydroxyphthalic
acid was shown to inhibit quinolinate synthase by binding to the Fe-S cluster [27]. In yet
another report, backbone amine and carboxylate groups of methionine were shown to
interact with the Fe-S cluster of molybdenum cofactor biosynthesis protein A, thereby
preventing the protein from binding to SAM [28]. Most recently, the diabetic drug known as
pioglitazone was shown to be inhibit the mitoNEET protein by blocking thiol-mediated
reduction and installation of 2Fe-2S clusters [29]. These studies affirm that functional
groups in protein ligands such as carboxylates, hydroxamates and thiols can successfully
interact with Fe-S clusters and that such interactions can be exploited to block binding of the
native substrate.

Nucleosides Nucleotides Nucleic Acids. Author manuscript; available in PMC 2016 March 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Paritala et al. Page 3

On the basis of these important precedents, we envisioned a new class of APR inhibitors
consisting of the adenosine scaffold that would interact with residues in the substrate-
binding pocket and incorporate functional groups capable of interacting with the Fe-S
cluster (Figure 2). Molecular docking studies recapitulate the APS substrate pose [30]
observed in the x-ray structure of APR (PDB 2GOY). APS fits into the deep active site
cavity with the 5’-phosphosulfate moiety extending toward the Fe-S cluster and coordinating
ligand, Cys140. The sulfate group is somewhat distal from the cluster and the shortest
distances between sulfate oxygen and Fe and Sy of Cys140 are 7.03 A and 6.09 A,
respectively [21, 31]. Given the orientation of APS in the active site, we elected to
functionalize the adenosine scaffold at the 5’-phosphate or exocyclic amine. Complex
purification steps were avoided and nucleoside derivative throughput was increased using a
solid-phase approach previously developed in our group [32]. Evaluation of the resulting
compounds against Mtb APR indicates a clearly defined spacing requirement between the
Fe-S targeting group and adenosine scaffold and that smaller Fe-S targeting groups are
better tolerated. Molecular docking analysis suggests that the S atom of the most potent
inhibitor may establish a favorable interaction with an S atom in the cluster. The study
reported herein thereby showcases an improved solid-phase method that expedites the
preparation of adenosine and related 5’-phosphate derivatives and presents a unique Fe-S
targeting strategy for the future development of APR inhibitors.

Results and Discussion

Fe-S clusters are more versatile and unique cofactors used by a large and diverse group of
proteins. They participate in biochemical process such as electron transfer, enzyme catalysis
and red-ox sensors [33]. Small molecules that harbor groups that chelate essential metal ions
serve as effective inhibitors [34]. For example, carbonic anhydrase, matrix
metalloproteinases, and histone deacetylases inhibitors have a classic drug-like structure and
zinc-binding group. These compounds interact with protein through non-covalent
interactions and zinc coordination.

To develop inhibitors with the potential to interact with the Fe-S cluster of APR we prepared
a library of N6- and 5/-substituted adenosine analogues and, given the importance of the 5'-
phosphate for binding [31], nucleotide derivatives linked to a variety of Fe or S binding
groups. Our synthetic strategy employed polystyrene beads coupled to the ribose 2’ and 3’-
hydroxyls via a p-hydroxybenzaldehyde acetal linkage, which provided for minimal
protecting group manipulation and can be cleaved from the support using mild acidic
conditions [32]. A solid-supported adenosine scaffold allows for selective manipulation of
N® exocyclic amine and 5’-hydroxyl groups, and facilitates analogue purification.

To prepare N8 exocyclic amine adenosine derivatives, the 5’-hydroxyl of resin-bound
nucleoside 1 was protected using tert-butyldimethylsilylchloride/imidazole in high yield,
thereby enabling selective alkylation of aromatic amine 2. Using N-alkylation reaction
conditions previously optimized by our group [32], different types of Fe-S binding groups
(carboxylate, hydroxamate, triazole, and thiol) were connected to the adenosine scaffold via
methylene linkers of different length (1-5 carbons), as shown in Scheme 1. Fe-S binding
groups functionalized with alkyl halide handles a—h were obtained or prepared in sufficient
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yield by N- or S-alkylation (Supporting Information: Synthesis of intermediates for 4a—4h
and 8a—8h). Thiol-containing halides are generally amenable to acetyl protection, however
the corresponding derivative of f deteriorated during isolation. Consequently, we used the
bulkier benzoyl group to synthesize S-(2-bromoethyl) benzothioate f. The reaction was
conducted in benzoic acid, triphenylphosphine, N-bromosuccinimide, dichloroethane and
benzyltriethylammoniumtetrathiomolybdate as the sulfur transfer reagent in high yield [35].
The resulting adenosine derivatives were cleaved from the solid phase using 10% acetic acid
in water. These conditions were sufficiently acidic enough to cleave the 5'-tert-
butyldimethylsilyl group to yield the final products in one step, except acyl protected thiols
3e and 3f. In these two cases, acyl group cleavage and release from the solid-supported resin
were simultaneously achieved in moderate yield using 50% trifluoroacetic acid at 0°C.

Synthesis of N6-substituted adenosine 5/-phosphates, 8a-8h, began with solid-supported
adenosine 1 (Scheme 2). The 5’-hydroxyl was protected as the diethyl phosphate using
diethyl chlorophosphate and diisopropylethylamine at room temperature (rt) in high yield.
Using the N-alkylation reaction conditions that were optimized in Scheme 1 different types
of Fe-S binding groups (carboxylate, hydroxamate, triazole, and thiol) were connected to the
adenosine scaffold as shown in Scheme 2. In the next step the phosphate was generated
using trimethylsilyl bromide followed by a methanolysis step [36—38]. The first step
transforms the alkyl phosphate into the corresponding trimethylsilyl phosphate, which is
subsequently cleaved to the phosphoric acid under hydrolytic conditions [39]. Phosphate 6
was treated with trimethylsilylbromide at —65°C and brought to rt for 2 h, followed by the
addition of methanol and finally washed with water to give 7 in high yield. The
aforementioned adenosine 5’-phosphate derivatives were cleaved from solid support with
10% acetic acid in water or 50% trifluoroacetic acid in water to obtain 8 in 35-50% yields.

Finally, the adenosine 5’-phosphate diesters were prepared via phosphoramidite chemistry
[40, 41], as shown in Scheme 3. The solid-supported adenosine scaffold 1 was reacted with
2-cyanoethyl diisoproplyl-chlorophosphoramidite (2-CEDCP) to afford 9. A primary alcohol
bearing a Fe-S binding group (Supporting information: Synthesis of intermediates for 13—
16) was then used to displace diisopropylamine using 1-hydroxybenzotriazole activation to
obtain 10. The phosphite 10 was then oxidized using iodine to give 11, and the 2-cyanoethyl
protective group was removed under basic conditions to afford resin-bound adenosine
analogue 12. The solid-supported adenosine derivative 12 was successfully cleaved from
polystyrene resin under acidic conditions to afford final products 13-16.

With the library of Fe-S targeted adenosine analogues in hand, we next measured their
equilibrium binding constants (Kg) using our sensitive APR assay, which monitors the
production of 35S-labeled sulfite from 3°S-labeled APS [31, 42, 43]. The experimental K4
values are reported in Table 1. Initial inspection of the data indicates that substitution at the
exocyclic amine improved binding affinity, relative to adenosine. Compounds 4a and 4c,
bearing carboxylic acid and hydroxamic acid groups coupled to methylene linkers of three
carbon units exhibited better affinity compared to compounds 4b and 4d harboring a shorter
linker of a single methylene. Thiols 4e and 4f demonstrated two to three-fold increases in
affinity. Triazoles 4g and 4h, differing not in linker length, but in the position of
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functionalization each showed an approximately two-fold increase in binding. When
compounds were further functionalized with a 5’-phosphate (8a—8h), binding affinities
increased from 70 to 375-fold, compared to adenosine (Table 2). Trends with respect to
linker length were also consistent between Tables 1 and 2. However, with the exception of
8f, all 5’-phosphate derivatives exhibited a diminished affinity relative to 5’-AMP.
Collectively, the data in Tables 1 and 2 suggest an optimal spacing of 5-6 atomic units for
moieties extending from the N8 exocyclic amine and that the thiol group provides favorable
interactions with the Fe-S cluster.

In subsequent experiments, we determined the Kgs for compounds functionalized at the 5'-
phosphate group (13-16, Table 3). Compared to AMP, affinities of the analogues were up to
60-fold weaker. Of compounds 13-16, thiols 13a—d exhibited the most favorable binding;
13a,c, and d were up to 8-fold less avid, whereas 13b had the same binding affinity with
respect to AMP. Increasing the steric bulk of the Fe-S targeting group by substitution with a
triazole (14a—d), carboxylic acid (15a—d), or hydroxamic acid (16a—d), all resulted in
compounds with >10-fold decreased affinity, compared to AMP. Although 14-16 all
interacted more weakly with APR, one interesting pattern did emerge. In these cases,
compounds with three methylene linkers consistently demonstrated the most favorable
binding. Together, the data in Tables 1-3 indicate that functionalization at the 5’-phosphate
is much less tolerated than at the N6 exocyclic amine.

Among all library members, 8f exhibited the highest binding affinity for APR. To gain some
molecular insight into potential interactions between APR and 8f, we performed virtual
ligand docking simulations using AutoDock [44]. As shown in Figure 3, the predicted
binding pose for 8f indicates that the AMP scaffold binds within the substrate-binding
pocket and establishes interactions with key active site residues, as expected. In addition, the
alkyl thiol portion of the compound extends out towards the Fe-S cluster. The predicted
distance of ~4 A from Fe and S atoms in the cluster would enable outer sphere electrostatic
interactions. Lastly, the thiol also appears to establish hydrophobic packing interactions with
residues surrounding Cys140 and this corner of the cluster.

Most [4Fe-4S]2* clusters within proteins are redox active, accepting or donating single
electrons [45-47]. However the Fe-S cluster in APR serves a catalytic function without
undergoing such redox changes [13, 14, 48, 49]. Previous work indicates that the [4Fe-4S]2*
cluster in APR can be partially converted to the [3Fe-4S]* form by treatment with oxidant,
potassium ferricyanide [20, 49]. Although, each of the Fe atoms in the [4Fe-4S] cluster is
coordinated by a single cysteine ligand [21], two of these cysteine residues are adjacent to
each other in the primary sequence of APR. Coordination of the CysCys motif with the Fe-S
cluster in APR requires distortion away from preferred geometry within the Cys140 side
chain. These collective observations indicate the presence of a labile iron site within the
APR cluster, which might be exploited in future inhibitor development.

In summary, we have outlined an approach for the development of a new class of APR
inhibitors. As an initial step, we have employed an improved solid-phase chemistry method
to prepare a series of N®-substituted adenosine analogues and their 5’-phosphates as well as
adenosine 5’-phosphate diesters bearing different Fe and S binding groups. Evaluation of the
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resulting compounds indicates a clearly defined spacing requirement between the Fe-S
targeting group and adenosine scaffold and that smaller Fe-S targeting groups are best
tolerated, particularly the N6-ethylthiol group. Molecular docking analysis of the most
potent compound thiol 8f suggests that the S atom of this inhibitor is capable of establishing
favorable interactions with the cluster. Strictly speaking, the compounds reported in this
study do not afford a substantial improvement in affinity when compared to adenosine 5’-
monophosphate (AMP); however, this work provides the conceptual framework for the
design of compounds to target a protein Fe-S cluster. Detailed spectroscopic and structural
characterization of interactions between the APR cluster and 8f are underway, and will be
reported in due course.

Materials and Methods

Reagents and solvents were purchased from Sigma or other commercial sources and were
used without further purification. Analytical thin layer chromatography (TLC) was carried
out using Analtech Uniplate silica gel plates and visualized using a combination of UV and
potassium permanganate staining. Flash chromatography was performed using silica gel
(32-63 UM, 60A pore size) from Sorbent Technologies Incorporated. Solid phase synthesis
of adenosine analogues was done using polypropylene cartridge with 70 p PE frit, purchased
from Applied Separations. NMR spectra were obtained on a Bruker 400 (400 MHz for 1H
and 13C). NMR chemical shifts are reported in parts per million (ppm) referenced to the
residual solvent peak. 31P NMR chemical shift is reported in ppm referenced to the external
standard, phosphoric acid as 0.00 ppm. Mass spectra were obtained with Agilent
technologies 6120 quadrupole LC/MS system with porschell 120 C-18 column. Reverse-
phase HPLCs were performed on agilent infinity 1200 system equipped with UV detector (A
=260 nm) using a C18 (4.6 x 150 mm) Agilent Zorbex SB-C18 column (2 mL/min flow
rate, linear 1%/min gradient from 100% A to 50% A (solvent A: 99.9% water, 0.1% TFA;
solvent B: 99.9 % acetonitrile, 0.1% TFA).

Synthesis of adenosine analogues 4a-4h

Synthesis of solid phase adenosine scaffold which is 5-tert-butyldimethylsilyl protected, 2,
is prepared using previously developed protocol [32]. This protection allowed us to
selectively explore the alkylation reactions on aromatic amine of adenosine. N-Alkylation
reactions were also performed by following the previously optimized procedures [32].

General procedure for synthesis of 4

Resin bound 5’-TBDMS nucleoside 2 (0.35 mmol) was dried under high vacuum and
swelled in DMF (6 mL) for 20 minutes, added corresponding alky! halide (2 mmol), N,N-
Diisopropylethylamine (260mg, 2mmol) at rt. The contents were stirred for 5 min then
switched to microwave and conducted the reaction at 150°C, for 15minutes. Then the resin
was washed with DMF followed by methanol to remove residual N,N-diisopropylethylamine
and unreacted propargyl bromide. The resin was dried and under high vaccum. The resin
bound 5’-TBDMS, N-alkylated nucleoside 3, was taken and washed with 10%V/V acetic
acid in water or 50% trifluoroacetic acid for 2 hours and the solid phase resin was filtered

Nucleosides Nucleotides Nucleic Acids. Author manuscript; available in PMC 2016 March 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Paritala et al. Page 7

with help of glass wool to release 4. Then the filtrate was lyophilized, and a small portion of
obtained 4 was taken and solubilized in DMSO-d6 and NMR spectra were recorded.

4a: 'H NMR (DMSO-d6, 400 MHz): & = 8.38 (s, 1H), 8.15 (s, 1H), 6.16 (s, 1H), 4.75(t, J =
6.9, 1H), 4.41 (m, J= 2.4, 2H), 4.1 (s, 1H), 3.81 (m, 2H), 3.35 (t, J= 6.9, 2H), 2.31(t, J =
6.9, 2H), 1.85 (m, 2H).13C NMR (DMS0-d6, 100 MHz): § = 181.9, 159.8, 152.7, 151.4,
148.8, 139.8, 119.1, 97.3, 87.9, 73.6, 70.8, 61.5, 44.2, 36.1, 25.5. Mass calculated for
C14H19N504 is 353.3306, found (M+H) 354.1; (M—H) 352.8.

4b: TH NMR (DMSO-d6, 400 MHz): § = 8.32 (s, 1H), 8.14 (s, 1H), 6.12 (s, 1H), 4.73(t, J =
6.82, 1H), 4.71 (m, J = 2.4, 2H), 4.51 (s, 1H), 4.01(s, 2H), 3.81 (m, 2H). 13C NMR (DMSO-
d6, 100 MHz): § = 172.8, 154.8, 152.3, 149.4, 148.8, 140.8, 119.8, 97.5, 87.2, 73.2, 70.5,
60.5, 44.2. Mass calculated for C1oH15N50g is 325.1022, found (M+H) 326.21; (M-H)
324.8.

4c: 1H NMR (DMSO-d6, 400 MHz): § = 8.35 (s, 1H), 8.16 (s, 1H), 8.01 (s, 1H), 6.13 (s,
1H), 4.72(t, 3= 6.82, 1H), 4.71 (m, J = 2.4, 2H), 451 (s, 1H), 4.01(s, 2H), 3.35 (t, J = 6.9,
2H), 2.34(t, J= 6.9, 2H), 1.9 (m, 2H).13C (DMSO0-d6, 100 MHz): § = 169.9, 159.2, 152.4,
149.8, 140.3, 119.4, 97.3, 87.4, 73.7, 70.5, 61.6, 44.0, 29.9, 26.4; Mass calculated for
C14H2oNgOg is 368.3452, found (M+H) 369.32; (M-H) 367.2.

4d: 'H NMR (DMSO-d6, 400 MHz): § = 8.34 (s, 1H), 8.17 (s, 1H), 6.16 (s, 1H), 4.75(t, J =
6.82, 1H), 4.45 (m, J = 2.4, 2H), 4.38 (s, 1H), 4.01 (s, 1H), 3.81 (m, 2H), 3.77 (s, 2H). 13C
NMR (DMSO-d6, 100 MHz): 8§ = 166.0, 154.7, 152.4, 149.8, 140.3, 119.4, 97.3, 87.4, 73.7,
70.5, 61.6, 51.6; Mass calculated for C15,H1gNgOg is 340.2920, found (M-H) 339.17.

4e: IH NMR (DMSO-d6, 400 MHz): § =8.37 (s, 1H), 8.17 (s, 1H), 6.16 (s, 1H), 4.75(t, J =
6.9, 1H), 4.41 (m, J= 2.4, 2H), 4.1 (s, 1H), 3.81 (m, 2H), 3.21 (t, J = 6.8, 2H), 2.51(t, J =
6.9, 2H), 1.65 (m, 4H), 1.21 (t, J = 6.6, 2H).13C NMR (DMSO-d6, 100 MHz): § = 159.2,
152.4,149.8, 140.3, 119.4, 97.3, 87.4, 73.7, 70.5, 61.6, 40.7, 33.9, 31.0, 25.6, 24.6; Mass
calculated for C15H23N504S is 369.4392, found (M+H) 370.54; (M-H) 368.2.

4f: 1H NMR (DMSO-d6, 400 MHz): § =8.36 (s, 1H), 8.14 (s, 1H), 6.16 (s, 1H), 4.75(t, J =
6.9, 1H), 4.49 (m, 4H), 4.0 (s, 1H), 3.35 (t, J = 6.6, 2H), 2.79 (t, J = 6.6, 2H). 13C NMR
(DMSO0-d6, 100 MHz): § = 159.2, 152.4, 149.8, 140.3, 119.4, 97.3, 87.4, 73.7, 70.5, 61.6,
55.8, 26.8; Mass calculated for C12H17Ng504S is 327.3595 found (M+H) 328.54; (M-H)
326.23.

4g: 1H (DMSO-d6, 400 MHz): § =8.36 (s, 1H), 8.14 (s, 1H), 7.63 (t, J = 6.7, 2H), 6.16 (s,
1H), 4.75(t, J= 6.9, 1H), 4.49 (m, 4H), 4.0 (s, 1H), 3.21 (t, J = 6.6, 2H), 1.79(q, J = 5.6, 2H),
1.45 (g, J = 5.6, 2H). 13C NMR (DMSO0-d6, 100 MHz): § =159.2, 152.4, 149.8, 140.3,
119.4,97.3, 87.4, 73.7, 70.5, 61.6, 51.8, 40.4, 27.6, 25.8. Mass calculated for C1gH2oNg04S
is 390.3971 found (M+H) 391.43; (M-H) 389.32.

4h: IH NMR (DMSO-d6, 400 MHz): § = 8.77 (s, 1H), 8.36 (s, 1H), 8.14 (s, 1H), 8.06 (s, J =
6.7, 1H), 6.16 (s, 1H), 4.75(t, J = 6.9, 1H), 4.49 (m, 4H), 4.0 (s, 1H), 3.20 (t, J = 6.6, 2H),
1.74(q, J = 5.6, 2H), 1.49 (g, J = 5.6, 2H). 13C NMR (DMSO0-d6, 100 MHz): § =159.8,
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152.5,148.8, 141.3, 118.4, 97.3, 87.4, 73.7, 70.5, 61.6, 52.8, 41.4, 26.6, 24.8. Mass
calculated for C1gH,NgO,S is 390.3971 found (M+H) 391.12; (M—H) 389.25.

General procedure for synthesis of 5

The solid supported adenosine scaffold 1 (225 mg, 176 umol) was synthesized as previously
reported and was allowed to swell in DMF (3 mL) for 20 minutes. To a suspension of the
resin in dichloromethane (DCM) was added diethylchlorophosphate (352 umol) followed by
DIEA (142 pL, 816 umol), and it was shaken at rt for 5 hours. The resin was then washed
with, DMF, 5 mL, followed by dichloromethane (3 x 30 mL) and acetonitrile (3 x 30 mL) to
obtain 5.

General procedure for synthesis of 6

Resin bound 5’-diethyl phosphate of nucleoside 2 (0.35 mmol) was dried under high vacuum
and swelled in DMF (6mL) for 20 minutes, added corresponsiding alky! halide (2 mmol),
N,N-diisopropylethylamine (260mg, 2mmol) at rt. The contents were stirred for 5 min then
switched to microwave and conducted the reaction at 150°C, for 15minutes. Then the resin
was washed with DMF followed by methanol to remove residual N,N-diisopropylethylamine
and unreacted alkyl halide. The resin was dried and under high vaccum to obtain 6.

General procedure for synthesis of 8a-8h

To a suspension of 6 (0.36mmol) in DMF and chloroform (1:1) added a solution of
trimethylsilyl bromide(1.5 mmol, 5eq) in CHCI3 (5 mL) at —65°C, and the resulting mixture
was stirred for 4 h. The temperature of the reaction mixture was allowed to rise to rt, and
stirring was continued until the starting material had been consumed. The reaction mixture
was cooled to —45°C and then MeOH (10 mL) was added. The solvent was evaporated in
vacuo. Additional MeOH was added, and again the solvent was evaporated. This operation
was repeated three more times. The solid phase slurry was suspended in chloroform and then
filtered. Then the solid phase material was dried in vacuum to give 7 [36—-38]. Then the resin
bound 5’-phosphate of N-alkylated nucleoside (7), 20mg, was taken and washed with
10%V/V acetic acid in water or 50% trifluoroacetic acid for 2 hours and the solid phase
resin was filtered with help of glass wool to release 8. Then the filtrate was lyophilized, and
a small portion of obtained 8 was taken and solubilized in DMSO-D6 and NMR spectra
were recorded.

8a: IH NMR (DMSO0-d6, 400 MHz): § = 8.37 (s, 1H), 8.15 (s, 1H), 6.16 (s, 1H), 4.75(t, J =
6.9, 1H), 4.41 (m, J= 2.4, 2H), 4.0 (s, 1H), 3.81 (m, 2H), 3.35 (t, J = 6.9, 2H), 2.31(t, J =
6.9, 2H), 1.88 (t, J = 6.6, 2H).13C NMR (DMS0-d6, 100 MHz): § = 182.7, 159.1, 152.7,
140.3, 119.4, 97.3, 87.8, 73.5, 70.4, 65.9, 44.2, 36.1, 25.4. Mass calculated for
C14H2oN50g9P is 433.3105, found (M—H) 432.18.

8b: IH NMR (DMSO-d6, 400 MHz): § = 8.32 (s, 1H), 8.14 (s, 1H), 6.12 (s, 1H), 4.73(t, J =
6.82, 1H), 4.29 (m, J = 2.4, 2H), 4.51 (s, 1H), 4.01(m, 3H). 13C NMR (DMS0-d6, 100
MHz): § =172.2, 154.4, 152.3, 149.4, 140.8, 119.3, 97.5, 86.2, 73.4, 70.4, 65.5, 44.9. Mass
calculated for C12H1gN50OgP is 405.2573, found (M+H) 406.21; (M—-H) 404.8.
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8c: IH NMR (DMSO-d6, 400 MHz): § = 8.32 (s, 1H), 8.17 (s, 1H), 8.0 (s, 1H), 6.13 (s, 1H),
4.72(t, J=6.82, 1H), 4.29 (m, J = 2.4, 2H), 4.01(s, 1H), 3.32 (t, J = 6.9, 2H), 2.32(t, J = 6.9,
2H), 1.92 (m, 2H).13C NMR (DMS0-d6, 100 MHz): & = 169.9, 159.2, 152.3, 149.7, 140.2,
119.3,97.2,88.4, 73.7, 70.5, 61.2, 44.1, 29.5, 26.3; Mass calculated for C14H21NgOgP is
448.1108, found (M+H) 449.21; (M-H) 447.23.

8d: 1H NMR (DMSO-d6, 400 MHz): § = 8.35 (s, 1H), 8.16 (s, 1H), 8.02 (s, 1H), 6.16 (s,
1H), 4.75(t, J = 6.82, 1H), 4.45 (m, J = 2.4, 2H), 4.38 (s, 1H), 4.28 (m, 2H), 3.71 (s,

2H). 13C NMR (DMSO0-d6, 100 MHz): § = 166.1, 153.7, 152.6, 148.8, 140.2, 119.3, 97.2,
87.3,73.7,70.4, 65.6, 51.6; Mass calculated for C1oH;7NgOgPis 420.2719, found (M-H)
419.26.

8e: IH NMR (DMSO-d6, 400 MHz): § = 8.37 (s, 1H), 8.17 (s, 1H), 6.16 (s, 1H), 4.75(t, J =
6.9, 1H), 4.45 (m, J = 2.4, 2H), 4.38 (s, 1H), 4.28 (m, J = 2.4, 2H), 3.21 (t, J = 6.8, 2H),
2.55(t, J= 6.9, 2H), 1.65 (m, 5H), 1.29 (t, J = 6.6, 2H).13C NMR (DMSO0-d6, 100 MHz): §
=159.2, 151.4, 148.8, 141.3, 118.4, 97.1, 87.2, 73.5, 70.2, 61.4, 40.7, 32.9, 31.2, 24.6, 24.4;
Mass calculated for C15H24N507PS is 449.4191, found (M-H) 448.23.

8f: 1H NMR (DMSO-d6, 400 MHz): § = 8.36 (s, 1H), 8.14 (s, 1H), 6.16 (s, 1H), 4.75(t, J =
6.9, 1H), 4.45 (m, J = 2.4, 2H), 4.38 (s, 1H), 4.28 (m, J = 2.4, 2H), 3.35 (t, J = 6.6, 2H), 2.79
(t, J=6.6, 2H), 1.63 (s, 1H), 13C NMR (DMSO-d6, 100 MHz): § = 159.2, 152.4, 149.5,
141.3,119.3, 97.1, 86.4, 72.7, 71.5, 65.6, 55.8, 26.8; Mass calculated for C1,H1gN5O7PS is
407.3394 found (M+H) 408.54; (M-H) 409.23.

8g: 'H NMR (DMSO-d6, 400 MHz): § =8.35 (s, 1H), 8.15 (s, 1H), 7.63 (m, 2H), 6.16 (s,
1H), 4.75(t, J= 6.9, 1H), 4.45 (m, J = 2.4, 2H), 4.38 (s, 1H), 4.28 (m, J = 2.4, 2H), 3.23 (t, J
= 6.6, 2H), 1.75(q, J = 5.6, 2H), 1.49 (g, J = 5.6, 2H). 13C NMR (DMS0-d6, 100 MHz): §
=159.2, 152.4, 149.8, 140.3, 119.4, 97.3, 87.4, 73.7, 70.5, 61.6, 51.8, 40.4, 27.6, 25.8. Mass
calculated for C1gH23NgO7PS is 470.3770 found (M+H) 471.43; (M—H) 469.21.

8h: 1H NMR (DMSO-d6, 400 MHz): § = 8.75 (s, 1H), 8.36 (s, 1H), 8.14 (s, 1H), 8.06 (s, J =
6.7, 1H), 6.16 (s, 1H), 4.75(t, J = 6.9, 1H), 4.52 (m, 6H), 3.20 (t, J = 6.6, 2H), 1.74(q, J =
5.6, 2H), 1.49 (q, J = 5.6, 2H). 13C NMR (DMSO-d6, 100 MHz): § =159.6, 152.5, 148.8,
143.3,140.3, 118.4, 97.1, 87.2, 73.7, 70.5, 61.6, 52.8, 41.4, 26.6, 24.8. Mass calculated for
C16H23NgO7PS is 390.3971 found (M+H) 391.12; (M—H) 389.25.

Synthesis of 9

The solid supported adenosine scaffold 1 (225 mg, 176 umol) was synthesized as previously
reported and was allowed to swell in DMF (30 mL) for 20 minutes. To a suspension of the
resin in DMF was added 2-cyanoethyl diisopropyl-chlorophosphoramidite (142 pL, 326
umol) followed by DIEA (142 pL, 816 pmol), and it was shaken at rt for 40 hours. Reaction
progress was monitored by shaking small fraction of solid phase resin in 50% trifluoroacetic
acid to release the bound nucleoside. The clear acetic solution was analysed by LC/MS. The
resin was then washed with DCM (3 x 30 mL) and acetonitrile (3 x 30 mL) to obtain 9.
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General Procedure for synthesis of 10

To a suspension of the resin 2 in DMF and acetonitrile was added alcohol (5 — 10 eq)
followed by HOBt (147 mg, 1.09 mmol), and the reaction mixture was shaken at rt for 65
hours. Reaction progress was monitored by shaking small fraction of solid phase resin in
50% trifluoroacetic acid to release the bound nucleoside. The clear acetic solution was
analysed by LC/MS. The resin was washed with acetonitrile (3 x 30 mL) and 1:9 H,O/
pyridine (3 x 30 mL) to obtain 10.

General procedure for synthesis of 11

A solution of iodine (0.5 g, 1.99 mmol) in 1:9 H,O/pyridine (30 mL) was added to the resin
10, and was allowed to shaken at rt for 24 hours. Reaction progress was monitored by
shaking small fraction of solid phase resin in 50% trifluoroacetic acid to release the bound
nucleoside. The clear acetic solution was analysed by LC/MS. The resin was washed with
H,0 (3 x 30 mL) to obtain 11.

General procedure for synthesis of 12

The resin 11 was treated with 30 mL of ammonium hydroxide (NH3 content 28 — 30%), and
shaken at rt for 65 hours. Reaction progress was monitored by shaking small fraction of
solid phase resin in 50% trifluoroacetic acid to release the bound nucleoside. The clear
acetic solution was analysed by LC/MS. The resin was then washed with H,O (3 x 30 mL),
DCM (3 x 30 mL), and MeOH (3 x 30 mL) to obtain 12.

General procedure for the synthesis of 13-16

The adenosine analogues were deprotected and cleaved off the resin by treating the resin
with 8:2 TFA/H,0 (10 mL) for 15 minutes. The reaction was then filtered through glass
wool and the resin was washed with the cleavage solution (3 x 3 mL). The combined filtrate
was then evaporated by a gentle stream of Nitrogen. The resulting residue was dissolved in
water and lyophilized, and purified by C18 reversed-phase HPLC to provide the product.

13a: IH NMR (CD30D, 500 MHz): 8.58 (s,1H), 8.35 (s, 1H), 7.01 (s, 2H), 6.12 (d, J = 6.2,
1H), 4.75 (t, J= 6.5, 1H), 4.52 (t, J = 6.4, 1H), 4.28 (m, 5H), 2.8 (t, J = 6.8, 2H). 13C NMR
((CD30D, 100 MHz): § = 156.2, 152.4, 19.8, 140.3, 119.4, 97.0, 86.7, 73.4, 70.3, 69.7, 63.0,
24.7.31P NMR (CH30D, 121 MHz): § = -0.52. Mass calculate for C1,H;gN507PS
407.3394, found (M+H) = 408.21; (M—H) = 406.21.

13b: IH NMR (CD30D, 500 MHz): 8.58 (s, 1H), 8.35 (s, 1H), 7.01 (s, 2H), 6.12 (d, J= 6.2,
1H), 4.75 (t, J= 6.5, 1H), 4.52 (t, J= 6.4, 1H), 4.4 (s, 1H), 4.28 (m, 4H), 2.56 (t, J= 6.5,
2H), 1.96 (t, J = 6.2, 2H). 13C NMR ((CD30D, 100 MHz): § = 156.2, 152.4, 19.8, 140.3,
119.4, 97.0, 86.7, 73.4, 70.3, 69.7, 63.0, 62.1, 29.6, 20.4. 3P NMR (CH30D, 121 MHz): § =
-0.52. Mass calculate for C13H2gN507PS 421.3660, found (M+H) = 422.25; (M-H) =
420.42.

13c: IH NMR (CD30D, 500 MHz): 8.58 (s, 1H), 8.35 (s, 1H), 7.01 (s, 2H), 6.12 (d, J= 6.2,
1H), 4.75 (t, J= 6.5, 1H), 4.52 (t, J = 6.4, 1H), 4.4 (s, 1H), 4.28 (M, 4H), 2.56 (t, J = 6.5,
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2H), 1.71 (t, J= 6.2, 2H), 1.51 (t, J = 6.2, 2H). 13C NMR ((CD30D, 100 MHz): § = 156.2,
152.4, 19.8, 140.3, 119.4, 97.0, 86.7, 73.4, 70.3, 69.7, 63.0, 62.1, 28.6, 28.0, 24.4. 3IP NMR
(CH30D, 121 MHz): 6 = -0.52. Mass calculate for C14H2oN507PS 435.3925, found (M+H)
= 436.22; (M-H) = 434.12.

13d: IH NMR (CD30D, 500 MHz): 8.58 (s, 1H), 8.35 (s, 1H), 7.01 (s, 2H), 6.12 (d, J= 6.2,
1H), 4.75 (t, J= 6.5, 1H), 4.52 (t, J= 6.4, 1H), 4.4 (s, 1H), 4.28 (m, 4H), 2.56 (t, J = 6.5,
2H), 1.72 (t, J= 6.2, 2H), 1.52 (t, J= 6.2, 2H), 1.28 (t, J = 6.2, 2H). 13C NMR ((CD30D,
100 MHz): 6 = 156.2, 152.4, 19.8, 140.3, 119.4, 97.0, 86.7, 73.4, 70.3, 69.7, 66.4, 63.0, 33.8,
30.6, 24.4, 24.0. 31P NMR (CH30D, 121 MHz): § = -0.52. Mass calculate for
C15H24N507PS 449.4191, found (M+H) = 450.23; (M-H) = 448.12.

14a: 1H NMR (CD30D, 500 MHz): 8.58 (s, 1H), 8.35 (s, 1H), 7.61 (g, J = 6.3, 2H) 7.01 (s,
2H), 6.12 (d, J=6.2, 1H), 4.75 (t, = 6.5, 1H), 4.52 (m, 3H), 4.4 (s, 1H), 4.28 (m, 4H). 13C
NMR ((CD30D, 100 MHz): 6 = 156.2, 152.4, 19.8, 140.3, 129.2, 128.8, 119.4, 97.0, 86.7,
73.4,70.3,69.7, 66.4, 63.0, 62.4, 51.7, 24.4. 3IP NMR (CH30D, 121 MHz): § = -0.52.
Mass calculate for C14H1gNgO7P 442.3228, found (M+H) = 443.13; (M—H) = 441.65.

14b: IH NMR (CD30D, 500 MHz): 8.58 (s, 1H), 8.35 (s, 1H), 7.61 (q, J = 6.3, 2H) 7.01 (s,
2H), 6.12 (d, J=6.2, 1H), 4.75 (t, J = 6.5, 1H), 4.42 (m, 3H), 4.28 (M, 4H), 2.14 (9, J = 6.3,
2H). 13C NMR ((CD30D, 100 MHz): § = 156.2, 152.4, 19.8, 140.3, 129.2, 128.8, 119.4,
97.0, 86.7, 73.4, 70.3, 69.7, 66.4, 63.0, 61.0, 47.9, 27.8. 31P NMR (CH30D, 121 MHz): § =
-0.52. Mass calculate for C15H21NgO7P 456.3504, found (M+H) = 457.27; (M-H) =
455.45,

14c: IH NMR (CH30D, 500 MHz): § = 8.62 (s, 1H), 8.30 (s, 1H), 7.96 (s, 1H), 7.68 (s, 1H),
6.11 (d, J =5.5, 1H), 4.66 (t, J = 5.5, 1H), 4.39 (m, 3H), 4.23 (m, 1H), 4.12 (m, 1H), 4.06
(m, 1H), 3.90 (m, 2H), 1.89 (m, 1H), 1.64 (m, 1H), 1.37 (m, 1H); ((CD30D, 100 MHz): 6 =
156.2, 152.4, 19.8, 140.3, 129.2, 128.8, 119.4, 97.0, 86.7, 73.4, 70.3, 66.1, 63.0, 51.8, 27.2,
24.3.31p NMR (CH30D, 121 MHz): § = =0.53; ESI-HRMS calcd. For C17H26NgO7P (M
+H) 470.37, found (M+H) 471.37.

14d: 'H NMR (CH30D, 500 MHz): § = 8.63 (s, 1H), 8.31 (s, 1H), 7.97 (s, 1H), 7.70 (s, 1H),
6.10 (d, J=5.5, 1H), 4.62 (t, J = 5.0, 1H), 4.40 (m, 3H), 4.25 (M, 1H), 4.21 (m, 1H), 4.11
(m, 1H), 3.90 (M, 2H), 1.88 (m, 1H), 1.62 (m, 1H), 1.42 (m, 1H), 1.30 (m, 1H); 3C NMR
((CD30D, 100 MHz): § = 152.1, 150.1, 146.3, 143.4, 134.3, 125.8, 119.9, 89.5, 85.8 (d),
76.3,71.9, 66.9 (d), 66.2 (d), 51.1, 31.5 (d), 31.2, 27.0, 26.2; 31P NMR (CH30D, 121 MHz):
§ = -0.65; ESI-HRMS calcd. For C1gHgNgO7P (M + H) 485.41, found 486.41.

15a: 1H NMR (CH30D, 500 MHz): 8.58 (s,1H), 8.35 (s, 1H), 7.01 (s, 2H), 6.16 (d, J= 6.2,
1H), 4.75 (t, J= 6.5, 1H), 4.41 (s, 1H), 4.28 (m, 3H), 2.6 (t, J = 6.5, 2H). 13C NMR
((CD30D, 100 MHz): § = 177.3, 156.1, 152.0, 150.0, 140.3, 97.1, 86.7, 73.4, 70.3, 63.1,
60.3, 32.4; 31P NMR (CH30D, 121 MHz): § = —0.771. Mass calcd. For C13H1gN5OgP
419.2839, found (M + H) 420.21.

15b: IH NMR (CH30D, 500 MHz): 8.58 (s,1H), 8.35 (s, 1H), 7.01 (s, 2H), 6.16 (d, J = 6.2,
1H), 4.75 (t, J= 6.5, 1H), 4.41 (s, 1H), 4.28 (m, 2H), 4.07 (m, 2h), 2.3 (t, J = 6.5, 2H), 2.03
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(9, J= 6.5, 2H). 13C NMR ((CD30D, 100 MHz): § = 178.3, 156.1, 152.0, 150.0, 140.3,
97.1, 86.7, 73.4, 70.3, 63.0 (2C), 31.4, 24.1. 31P NMR (CH30D, 121 MHz): § = -0.771.
Mass calcd. For C14H2oN50gP 433.3105, found (M + H) 434.25.

15¢: 1H NMR (CH30D, 500 MHz): § = 8.64 (s, 1H), 8.33 (s, 1H), 6.10 (d, J = 5.5, 1H), 4.63
(t, J=5.5, 1H), 4.41 (dd, J = 4.0, 5.0, 1H), 4.25 (m, 1H), 4.23 (m, 1H), 4.13 (m, 1H), 3.93
(m, 2H), 2.30 (m, 2H), 1.67 (m, 4H); 13C NMR ((CD30D, 100 MHz): § = 177.3, 152.0,
150.0, 146.0, 143.5, 120.0, 89.6, 85.8 (d, J = 7.8), 76.3, 71.9, 66.8 (d, J = 6.2), 66.2 (d, J =
5.4),34.4,31.1 (d, J=7.7), 22.4; 31p NMR (CH30D, 121 MHz): § = -0.771. ESI-HRMS
caled. For C15H23N5OgP (M + H) 448.1233, found 448.13.

15d: 1H NMR (CH30D, 500 MHz): § = 8.66 (s, 1H), 8.33 (s, 1H), 6.11 (d, J = 5.5, 1H), 4.63
(t, J=5.5, 1H), 4.40 (dd, J = 3.0, 4.5, 1H), 4.24 (m, 1H), 4.15 (m, 1H), 4.09 (m, 1H), 3.87
(m, 2H), 2.25 (t, J = 7.5, 2H), 1.59 (m, 4H), 1.39 (m, 2H); 13C NMR ((CD30D, 100 MHz): §
=177.3, 152.0, 150.0, 146.0, 143.5, 120.0, 89.6, 85.8, 76.3, 71.9, 66.8, 66.2, 34.4, 31.1,
22.4, 21.2; 31P NMR (CH30D, 121 MHz): § = —2.25, -2.38. ESI-HRMS calcd. For
C16H25N500P (M + H) 462.1390, found 462.14.

16a: IH NMR (CH30D, 500 MHz): § = 8.56 (s, 1H), 8.35 (s, 1H), 7.01(s, 2h), 6.16 (d, J =
5.5, 1H), 4.73 (t, = 5.5, 1H), 4.40 (dd, J = 3.0, 4.5, 1H), 4.31 (m, 4H), 2.55 (t, J = 6.3,
2H) 13C NMR ((CD30D, 100 MHz): § = 170.3, 152.0, 150.0, 146.0, 143.5, 120.0, 89.6,
85.8, 76.3, 71.9, 63.8, 61.2, 30.4. Mass calculated for C13H19gNgOgP 434.2985; found (M
-H) = 433.22.

16b: 1H NMR (CH30D, 500 MHz): & = 8.56 (s, 1H), 8.35 (s, 1H), 7.01(s, 2h), 6.16 (d, J =
5.5, 1H), 4.73 (t, J=5.5, 1H), 4.40 (dd, J = 3.0, 4.5, 1H), 4.25 (m, 2H), 4.01 (t, J = 6.3, 2H),
2.35 (t, J= 6.3, 2H), 2.05 (t, J = 6.3, 2H). 13C NMR ((CD30D, 100 MHz): § = 169.3, 156.1,
152.0, 150.0, 146.0, 143.5, 120.0, 89.6, 85.8, 76.3, 71.9, 63.8, 62.2, 28.4, 24.8. Mass
calculated for C14H21NgOgP 448.3251; found (M-H) = 447.22.

16¢: 1H NMR (CH30D, 500 MHz): & = 8.56 (s, 1H), 8.35 (s, 1H), 7.01(s, 2h), 6.16 (d, J =
5.5, 1H), 4.73 (t, J=5.5, 1H), 4.40 (dd, J = 3.0, 4.5, 1H), 4.28 (m, 2H), 4.01 (t, J = 6.3, 2H),
2.35 (t, J=6.3, 2H), 1.75 (t, J = 6.3, 2H), 1.71 (t, J = 6.4, 2H). 13C NMR (CD30D, 100
MHz): § = 169.3, 156.0, 152.0, 150.0, 140.3, 120.0, 89.6, 76.3, 71.9, 63.8, 62.2, 32.2, 28.6,
21.4. Mass calculated for C15H3NgOgP 462.3517; found (M—-H) = 461.08.

16d: 'H NMR (CH30D, 500 MHz): & = 8.56 (s, 1H), 8.35 (s, 1H), 7.01(s, 2h), 6.16 (d, J =
5.5, 1H),4.73 (t, J=5.5, 1H), 4.40 (dd, J = 3.0, 4.5, 1H), 4.28 (m, 2H), 4.01 (t, J = 6.3, 2H),
2.35(t, J=6.3,2H), 1.71 (t, J= 6.3, 2H), 1.53 (t, J = 6.4, 2H), 1.28 (t, J = 6.2, 2H). 13C
NMR ((CD30D, 100 MHz): 6 = 169.3, 156.0, 152.0, 150.0, 140.3, 120.0, 89.6, 76.3, 71.9,
66.4, 63.8, 62.2, 32.2, 30.6, 25.6, 24.4. Mass calculated for C1gHo5NgOgP 476.3783; found
(M-H) = 475.23.

APR assay

353-labeled adenosine 5’-phosphosulfate (APS) was synthesized and purified as previously
described with the inclusion of an additional anion exchange purification step ona 5 mL
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FFQ column (GE Healthcare) eluting with a linear gradient of ammonium bicarbonate, pH
8.0. The reduction of APS to sulfite and AMP was measured in a 3°S-based assay as
previously described [31, 42, 43, 50]. Reactions were quenched by the addition of charcoal
solution (2% w/v) containing Na,SO3 (20 mM). The suspension was vortexed, clarified by
centrifugation, and an aliquot of the supernatant containing the radiolabeled sulfite product
was counted in scintillation fluid. APS reductase activity was measured in single turnover
reactions, with trace amounts of 3°S-APS (~1 nM) and excess protein. These reactions can
typically be followed to =90% completion. Unless otherwise specified, the standard
reactions conditions were 30°C with 100 mM bis-tris propane at pH 7.5, DTT (5 mM), and
thioredoxin (10 pM). The affinity of APS reductase in presence of varios drug
concentrations were determined by using the previously reported procedures [31].

AutoDock

Compounds were built in Chem Bio Draw ultra 12.0 and the compounds were energy
minimized using MM2 module to an RMS gradient of 0.01 kcal/mol. Then the energy-
minimized molecules were saved as .mol files and then converted to PDB files using pymol.
APR (PDB: 2GQY) was used as stationary file and N5-position of the bound APS was
detected as center. Using AutoDock [51] a grid with 40 A, width, height and length around
the center was created and docking parameter file was created by choosing generic
algorithm, 200 GA runs, population size 300 and maximum number of evaluations for each
run was 25 million. The compounds were allowed to dock on to APR. The docking results
were evaluated by studying clusters of molecular conformations of the ligand that are
grouped based on their binding energies. The lowest binding energy containing clusters were
selected and evaluated the binding interactions of the conformations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
APR catalyzes the reduction of APS to sulfite and AMP with reducing equivalents from

thioredoxin (Trx).
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Figure 2.
Proposed modes of inhibition of APR by substrate analogues
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8f ¢ ".

Figure 3.
Docking model of 8f in APR (PDB: 2GOY). Green dashes indicate the distances between

sulfur atom of 8f and sulfur atom of C228 and Fe atom of iron-sulfur cluster.
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Scheme 1.
Synthesis of compounds 4a—4h.

Nucleosides Nucleotides Nucleic Acids. Author manuscript; available in PMC 2016 March 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Paritala et al.

N= OH
HzNWNW SNG. HaN A N Ol
) S z DECP _ T S Z \ Re-Br
N\%N ~=N

3 b DMF, DIEA, 1t, 5 h ) DMF, DIEA, MW-150 °C
® R
1 5
o
8a.R,= 8b.R, = -on
N= -R
) 0 R 1\ o ./ OH
R, S Now = 10% VIV CHyCOOH in H,0
/U\/\}; M 2 |
HO = HO N 50% TFA in H,0
40% 45% 7 Ho  OH t2h
8
7e.R; = TRy =
o 8c.R 8d.R; =
hRe= - IR2
S\/\/\/E'i /\}1 o]
D'e s o 5 no, I3,
(o] . ‘HJ\/\)& H
| 40% 40%
50% TFA 50% TFA
Y
8e.R, = 8f R, = 8g.R; = 8h. R, =
L Y
N\ F
HSW Hs/\/ILL‘A N\.—JN/\"\/% </N*N/\/\}S‘
38% 35% = 4% N= 359
Scheme 2.

Synthesis of compounds 8a-8h.
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Scheme 3.
Synthesis of compounds 13-16.
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Table 1

Equilibrium binding constants (Kq) for Fe-S targeted adenosine analogues.

H N:\ OH

T HO OH

Compound R; Kg (UM)2  Fold change?

Adenosine H 3000P D

‘a W 1212 0.4
HO
o)
4b M 3069 10
HO
o)
4c HOy J\/\}zA 1726 0.57
o)

4d HO, M 3011 10
de HSM 974 0.32

=

4f HS 1426 0.47

N. /\/\)LL,
,, N
49 N 1414 0.47

4 ¢ _J 1758 058
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a . . . - S
In this table values of Kj were determined under single turnover conditions from the dependence of the observed rate constant at a given inhibitor

concentration under conditions of sub saturating APS, such that Kj is equal to the K.

bPreviously reported [31].
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Table 2

Equilibrium binding constants (Kq) for Fe-S targeted AMP analogues.

HO
N 0 R-OH
H = i
R2_N _\N!,_ O ,.\‘/ o
/ =
N__N

T Ho OH

Compound Kg (UM)2  Fold change?

AMP 5.40 (@)

Ra
H
0O
8a w 9 16
HO
o]
8b 37 6.8
1P
o

8 HO\NJ\/\/HL 28 51

o)

M 45 8.3

8e HS\/\/\}L 1 2.0
8f HS/\‘)lL‘ 4 07

’N\N/\/\)ﬁ‘
8g N 28 5.1

ad HO.

I=

N.
8h ¢ j 39 7.2
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In this table values of Kj were determined under single turnover conditions from the dependence of the observed rate constant at a given inhibitor

concentration under conditions of sub saturating APS, such that Kj is equal to the K.

bPreviously reported [31].
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Equilibrium binding constants (K) for Fe-S targeted 5’-phosphate analogues.

Table 3

OH
0-p-othARs

N—=
N, O &
HoN ~ N, BTTLENE O
NI
S~ N
HO OH
Compound R3 Linker length (n) Ky (uM)@  Fold change
AMP 540 (€]
13a -SH 1 21 4
13b -SH 2 5 1
13c -SH 3 30 6
13d -SH 4 45 8
'N“N
14a Nb- 1 145 27
N‘N“N
14b \—/ 2 129 24
‘N“N
14c N 3 186 34
NN
14d \—/ 4 341 63
15a —-COCOH 1 209 39
15b —-COOH 2 197 36
15¢ —-COOH 3 249 46
15d —-COCOH 4 322 60
16a —CONH,0H 1 192 36
16b —CONH,0H 2 156 29
16¢ —CONH,0OH 3 214 40
16d -CONH,0OH 4 236 44
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In this table values of Kj were determined under single turnover conditions from the dependence of the observed rate constant at a given inhibitor

concentration under conditions of sub saturating APS, such that Kj is equal to the Kg.

bPreviously reported [31]
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