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sulfamyladenosine and related 30-
O-b-glucosylated adenosines from the nucleocidin
producer Streptomyces calvus†

Xuan Feng, Davide Bello and David O'Hagan *

The isolation of three adenosine based metabolites 6–8 from Streptomyces calvus is reported. The

metabolites are structurally related to the fluorine containing antibiotic nucleocidin 1 and two recently

identified glycosylated fluoroadenosines 2 and 3, however in this case the three metabolites do not

contain a fluorine, suggesting that the biosynthetic enzymes to the fluorometabolites also process their

non-fluorinated counterparts.
Fig. 1 Known 40-fluoro- and 50-O-sulfamyl-adenosine natural prod-
ucts 1–6.
Introduction

The antibiotic nucleocidin 1 is unusual in two respects.1 Firstly
it contains a uorine atom at C-40 of the ribose ring and is
among the very rare uorine containing metabolites.2 There has
been a recent interest in exploring the biosynthesis of nucleo-
cidin 1 in the soil bacterium Streptomyces calvus,3 and during
those investigations the two 40-uoro-30-O-b-glucosylated aden-
osines 2 and 3 have been identied.4 These are themost recently
identied uorine containing metabolites and they are co-
produced in the fermentation immediately prior to the
production of nucleocidin 1. Their presence early in the
biosynthesis timeline suggests that they are early formed uo-
rometabolites on the nucleocidin 1 pathway.

Secondly, nucleocidin 1 has a sulfamyl ester moiety, which
is attached to the O-50 oxygen. Sulfamyl esters are also an
exceedingly rare motif in natural products. There are only
a few reported natural products of sulfamyl class5 and the
collection is entirely restricted to O-50-sulfamyladenosine
derivatives as illustrated in Fig. 1. Nucleocidin 1 is the most
well known,1 and then there are the ascamycins 4 and 5 iso-
lated from Streptomyces sp. JCM9888, which have a chlorine at
C-2 of the adenine ring, but no uorine on the ribose.6 There is
one instance of the isolation of O-50-sulfamyladenosine
(deuoronucleocidin) 6 (ref. 7) as a natural product, also from
a Streptomyces, however there is an extensive literature asso-
ciated with the bioactivity of O-50-sulfamyladenosine 6 coming
almost entirely from medicinal chemistry, as it is readily
prepared by synthesis.8 Its bioactivity has been widely explored
and it is demonstrated for example to be an antiparasitic
agent9a–c as well as displaying platelet aggregation activity9d
ws, North Haugh, St Andrews, Fife, KY16

tion (ESI) available. See DOI:

the Royal Society of Chemistry
and inhibiting protein biosynthesis9e where it was suggested to
interfere with adenosine monophosphate enzymology. In
order to gain a better insight into the timing of the uorina-
tion event during nucleocidin 1 biosynthesis, it became of
interest to establish if sulfamyladenosine 6 and the deuoro-
30-O-b-glucosylated analogues 7 and 8 of the previously iden-
tied 40-uoro-metabolites 2 and 3 are also found as natural
products in the S. calvus fermentation. The identication of
such compounds suggest candidate substrates for the
unknown uorination enzyme in nucleocidin biosynthesis
(Fig. 2).
Fig. 2 30-O-b-Glucosylated adenosines 7 and 8 of S. clavus.
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Fig. 3 HPLC profiles of 7, 8 and 50-O-sulfamyladenosine 6.

Fig. 4 HRMS and MS2 spectra of 7, 8 and 50-O-sulfamyladenosine 6.
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Results and discussion

In order to investigate the presence of any non-uorinated
adenosine based metabolites from the nucleocidin producing
bacterium, seed cultures of S. calvus were grown in a TSB liquid
medium and cells were used to inoculate a dened medium as
Table 1 1H NMR data of metabolites 7 and 8 and 50-O-sulfamyladenosin
samples

Assignment

7 (isolated) 7 (synthetic) 8 (isolated)

dH ppm dH ppm dH ppm

2 8.34 (s) 8.33 (s) 8.24 (s)
8 8.44 (s) 8.44 (s) 8.24 (s)
10 6.09 (d, 4.8) 6.09 (d, 4.7) 6.09 (d, 3.6)
20 4.78 (t, 5.0) 4.78 (t, 4.9) 4.81 (m, overlapped)
30 4.51 (t, 5.2) 4.52 (t, 5.0) 4.79 (t, 5.1)
40 4.29 (m) 4.30 (m) 4.47 (m, overlapped)
50 Ha 3.75 (m) 3.75 (d, 4.2) 4.47 (dd, 4.8, 2.5)
50 Hb 3.82 (d, 3.0) 3.83 (d, 2.9) 4.51 (dd, 12.5, 5.1)
100 4.50 (d, 7.9) 4.49 (d, 7.9) 4.64 (d, 7.8)
200 3.31–3.27 (m) 3.30 (t, J 8.7) 3.35–3.45 (m)
300 3.41 (t, J 9.2) 3.40 (t, 8.9)
400 3.35–3.32 (m) 3.33 (t, 9.4)
500 3.67 (m) 3.60–3.64 (m) 3.57 (m)
600 Ha 3.73 (d, 2.1) 3.73 (d, 4.1) 3.69 (dd, 11.7, 4.7)
600 Hb 3.84 (d, 3.2) 3.84 (d, 2.9) 3.86 (m)

5292 | RSC Adv., 2021, 11, 5291–5294
has been described previously.3 The cultures were then incu-
bated on a rotary shaker at 32 �C for 6–11 days. A crude
metabolite extract was recovered, usually around day 8
following the method used to isolate nucleocidin 1 and 40-u-
oro-30-O-b-glucosylated metabolites 2 and 3. This involved
spinning down the cells of the bacterial culture by centrifuga-
tion to obtain a supernatant, and then the organics were
adsorbed onto activated charcoal, washed with water and then
the adsorbed organic residue was released from the charcoal by
washing with acetone.3c Concentration and then HPLC guided
MS-MS analysis was used to search for metabolites with
molecular weights associated with target metabolites 6–8. In the
event elution peaks (see Fig. 3) with the correct masses for all
three of these metabolites were identied and each was isolated
in lowmilligram amounts by preparative HPLC. High resolution
mass spectrometry (HRMS) gave accurate masses (see Fig. 4)
and therefore elemental constitutions for 7 [Met I + H]+ ¼
430.15613 amu; C16H24N5O9

+, 8 [Met II + H]+¼ 509.12875 amu;
and C16H25N6O11S

+ and 6 [deuoronucleocidin + H]+ ¼
347.07605 amu; C10H15N6O6S

+. Although the titres were low,
sufficient material was isolated to be able to record 1H-NMR in
each case. The 1H-NMR data for 6–8 are collated in Table 1. O-50-
Sulfamyladenosine 6 is well known8 and a sample was prepared
by synthesis for comparison of the 1H-NMR, which demon-
strated they were identical compounds. The 1H-NMR spectrum
of 7 could be compared with an authentic sample of 7 prepared
previously by a de novo synthesis in our lab.4 Additionally
reference samples of 7 and 8 were also prepared enzymatically
using a novel glucosyl transferase (NucGT) which was reported
recently4 as having the ability to form uorometabolite 3 from
nucleocidin 1. This 30-O-adenosine-b-glucosyl transferase is
encoded by the nucGT gene identied within the putative
nucleocidin gene cluster in Streptomyces calvus. Over-expression
of this gene in E. coli has demonstrated its ability to transfer the
b-glucosyl moiety of UDP-glucose to 30-O-hydroxyl group of
adenosines. Accordingly incubation of adenosine and 50-O-sul-
famyl adenosine with NucGT and UDP-glucose generated 7 and
e 6 (700 MHz, deuterium oxide or acetone-d6) compared to reference

8 (enzymatic) 6 (isolated) 6 (synthetic)

dH ppm dH ppm dH ppm

8.22 (s) 8.23 (s) 8.27 (s)
8.21 (s) 8.23 (s) 8.28 (s)
6.08 (d, 3.6) 6.09 (d, 4.9) 6.10 (d, 4.8)
4.81 (m, overlapped) 4.81 (t, 5.0) 4.79 (t, 5.0)
4.80 (t, 5.0) 4.52 (t, 4.8) 4.51 (t, 4.9)
4.46 (m, overlapped) 4.33 (q, 4.4) 4.34 (td, 4.7, 3.5)
4.46 (m, overlapped) 4.41 (dd, 11.0, 4.9) 4.42 (dd, 11.0, 4.9)
4.50 (m) 4.47 (dd, 11.0, 3.6) 4.47 (dd, 11.0, 3.5)
4.64 (d, 7.8) — —
3.35–3.5 (m) — —

— —
— —

Overlapped — —
3.68 (d, 8.9) — —
3.86 (d, 11.8)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Tabulated kinetic data of NucGT with adenosine or 50-O-sul-
famyladenosine 6 to generate 7 and 8 respectively. Michaelis–Menten
kinetics curve are shown for NucGT with (lower left) adenosine or
(lower right) 50-O-sulfamyladenosine 6.

Table 2 The average ratios between the fluoro- and non-fluoro
metabolites from cultures (n ¼ 8) of S. calvus as measured by mass ion
intensities from TICs, from samples extracted from days 6–11

Compounds 1 : 6 3 : 8 2 : 7
Ratio 7 : 1 12 : 5 2 : 1

Fig. 6 Putative relationships between fluoro and nonfluoro metabo-
lites during nucleocidin 1 biosynthesis in S. calvus. The substrate for
fluorination is unknown. All structures have been isolated from S.
calvus except candidate 9. Solid arrows represent biochemically vali-
dated steps involving NucGT and the glucosidase enzymes NucGS.
Broken arrows remain to be validated biochemically.
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8 respectively, and these products were puried by HPLC and
used as reference compounds. They had identical 1H-NMR
spectra to those isolated from S. calvus. The ability of NucGT
to catalyse these transformations in vitro offers a very obvious
rationale as to how they are biosynthesised in vitro by S. calvus. A
study of the reaction kinetics for NucGT with adenosine and 50-
O-sulfamyladenosine 6 indicates that the enzyme has a slightly
greater affinity (Km) for adenosine, but it is more efficient overall
(kcat/Km) with 50-O-sulfamyladenosine 6 as illustrated in Fig. 5.
Given that 50-O-sulfamyladenosine 6 is known to display a wide
spectrum of bioactivity,8,9 the observed 30-O-b-glycosylation with
NucGT and UDP-glucose may offer a detoxication strategy by S.
calvus, including tagging for extra cellular transport. A range of
natural products including antibiotics, appear also to use
glycosylation as an in vivo resistance mechanism, and then
where the active component is released extracellularly by the
action of glucosidase enzymes.10 A candidate glucosidases
(NucGS) has been biochemically validated from S. calvus, with
its gene (nucGS) located adjacent to nucGT on the S. clavus
genome.4

The average ratios of the uoro to non-uoro metabolites 1
to 6, 3 to 8, and 2 to 7 were calculated from the LC-MS ion
© 2021 The Author(s). Published by the Royal Society of Chemistry
intensities at their specic molecular weights. Measurements
were taken and averaged from the total ion chromatographs
(TICs) of up to ten different S. calvus fermentation extracts,
harvested between days 6–11. Although there was considerable
variation between the relative amounts of the metabolite classes
with time, the uorometabolites dominate by several fold
within each metabolite class as summarised in Table 2.

Conclusions

The known bioactive O-50-sulfamyladenosine 6 and the two 40-
deuoro-30-O-b-glucosylated adenosines 7 and 8 have been
identied as natural products from cultures of S. calvus. These
non-uorinated compounds map nucleocidin 1 and the
recently identied 40-uoroadenosine metabolites 2 and 3 sug-
gesting that the biosynthetic enzymes to the uorometabolites
also process their non-uorinated counterparts.4

The presence of 7 and 8 is also consistent with the in vitro
activity of the glucosylation enzyme NucGT. A network of
putative biochemical relationships between the non-uoro and
the 40-uoro metabolites is illustrated in Fig. 6. The network
contains redundancy which may be rened when the specicity
of sulfamylation and uorination enzymes become known.
RSC Adv., 2021, 11, 5291–5294 | 5293
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