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Abstract

A new siderophore glucuronide, nocardamin glucuronide (1), was isolated together with nocardamin (2) by applying the one
strain-many compounds (OSMAC) approach to the ascamycin-producing strain, Streptomyces sp. 80H647, and performing
multivariate analysis using mass spectral data. Structure elucidation was accomplished by a combination of NMR and MS
analyses. The absolute configuration of the glucuronic acid moiety was found to be B-pD-GlcA by hydrolysis using f-
glucuronidase, subsequent derivatization of the hydrolysate, and comparison with standards. The siderophore activity of 1
was evaluated through the chrome azurol S assay and was comparable to that of 2 and deferoxamine (ICsy 13.4, 9.5, and
6.3 uM, respectively). Nocardamin glucuronide (1) is the first example of a siderophore glucuronide.

In search for new bioactive compounds, the Streptomyces
sp. 80H647 strain was subjected to the one strain-many
compounds (OSMAC) method [1]. This strain is a producer
of the nucleoside antibiotic, ascamycin [2], and we hypo-
thesized that the production of more structurally interesting
metabolites will be stimulated under different culture con-
ditions [1].

Six different culture media (70 mL) were prepared
(Table S1), inoculated, and incubated with shaking at 150
rpm and 28 °C for 5 days. A small-scale extraction was
done to obtain EtOAc, BuOH, and aqueous extracts, which
were evaporated to dryness. The extracts were subjected to
bioactivity screening and LC-MS analysis. MS data were
used for the principal component analysis, which presented
samples cultured in corn steep liquor-dried yeast (CD) and
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oatmeal (OA) in separate groups while the rest of the
samples were clustered with the blank (Fig. 1). This clearly
indicated that there was a difference between the metabolite
profiles of the CD and OA cultures while there was no or
reduced metabolite production in the other media; hence,
confirming the effectiveness of the OSMAC approach. In
addition, a volcano plot (p-value vs log fold change) of OA
samples against all other samples was created and it showed
that a compound with m/z 777 was unique to OA (Fig. 1). A
search of our NPPlot database [3] as well as the Dictionary
of Natural Products [4] revealed that it was possibly a new
compound and was pursued.

A 2.5-L OA culture was prepared and subjected to
liquid-liquid partition, HP20 Diaion resin adsorption, and a
number of medium pressure liquid chromatography runs to
obtain pure compounds, 1 and 2 (Fig. 2 and S1). Compound
1 was the target compound with m/z 777, while 2 was a
major metabolite with m/z 601. The planar structures were
deduced by interpretation of the MS and NMR data. Using
high-resolution ESI-TOFMS data (Figs. S2 and S3), the
following molecular formula were acquired: C3;3Hs5¢NgO5
for 1 ((M+H]" m/z 777.3887, caled 777.3876), and
C27H48N609 for 2 ([M + H]jL m/z 6013570, Ca]Cd
601.3556). Compound 2 had nine signals in its *C NMR
spectrum and seven spin systems plus two exchangeable
protons in its "H NMR spectrum (Table 1, Fig. S4). Con-
sidering its molecular formula, these NMR signals were
determined to be three repeating units of N-hydroxy-
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Fig. 1 Principal component analysis of the MS data of Streptomyces
sp. 80H647 extracts cultured in different media and volcano plot of
OA extracts against all other samples. The composition of each
medium is listed in Table S1. Blank refers to medium only. The
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Fig. 2 Structures of nocardamin glucuronide (1), nocardamin (2), and
bisucaberin

N’-succinylcadaverine, which is characteristic of nocarda-
min, also known as desferrioxamine E [5-7].

Although similar signals for nocardamin were evident in
the 'H NMR spectrum of 1, additional smaller peaks were
observed at 8y 3-5 ppm (Fig. S4). Extra peaks at ¢ 70-80
and 105.7 or 105.1 ppm were also found in the 3C NMR
spectrum of 1 (Figs. S7 and S8). DEPT-135 and HSQC data
(Figs. S9 and S10) revealed that these signals corresponded
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numbers (3, 7, and 9) indicate pH. B and E denotes BuOH and EtOAc
extracts, respectively, and W is the corresponding aqueous layer. CD is
a modified and updated version of C4. The corresponding volcano plot
is shown in the box

to methines. COSY and TOCSY data (Figs. S11 and S12)
also showed that they form a separate spin system apart
from the methylenes of the nocardamin unit. Based on the
chemical shifts of these methines and a mass difference of
176 Da between 1 and 2, a nocardamin glucuronide struc-
ture was proposed for 1 (Fig. 2).

Connections were established by analysis of 2D NMR
data (Fig. 3 and S10-S14). The N-hydroxy-N'-succinylca-
daverine assembly was based on the following correlations:
COSY signals from H-2 through NH-7, and between H-9
and H-10; TOCSY signals from NH-7 to H-6 and H-5;
HMBC from H-2 and H-6 to C-4 (in D,0O), from H-6 (in
D,0) and H-10 to C-8, and from H-2 (in D,0) and H-9 to
C-11. The glucuronic acid (GlcA) moiety was supported by
the following data: COSY signals from H-1’ though H-5’,
and HMBC from H-5" to C-1’ and C-6’ (in D,0). The
proposed structure of 1 also satisfies nine degrees of unsa-
turations as calculated from the molecular formula. More-
over, MS/MS data (Fig. S15) showed fragment ions
corresponding to a loss of 176 Da (m/z 601) and 200 Da
(m/z 577; and 401, 201 from 601) consistent with the loss of
GIcA and N-hydroxy-N’'-succinylcadaverine, respectively.
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Table 1 'H and '3C NMR data

of 1 and 2 1? 28 Literature (bisucaberin)®’
Position Oy (mult., Jin Hz)  §¢ Oy (mult., Jin Hz)  §¢ Oy (mult., Jin Hz) ¢
1, N-OH 9.88 (br s) 9.6 (br s) 9.53 (s)
2, CH, 3.48, 3.69° (m) 46.8 3.46 (t, 6.9) 46.8 348 (t, 6.3) 46.3
3, CH, 1.49 (m) 259 1.51 (m) 25.8 1.47 (m) 25.5
4, CH, 1.19 (m) 232 1.20 (m) 231 1.15 (m) 22.5
5, CH, 1.36 (m) 28.6 1.37 (m) 28.6 1.35 (m) 28.2
6, CH, 2.99 (m) 38.3 3.00 (m) 38.3 3.01 (br m) 379
7, NH 7.75 (br t) 7.72 (br t) 7.61 (br ©)
8, C=0 171.9 172.0 171.8
9, CH, 2.27 (m) 30.2 2.28 (t, 6.3) 300 227 7.4) 30.5
10, CH, 2.58, 2.86° (m) 27.7 2.58 (m) 275 257 (1, 7.4) 27.8
11, C=0 171.5 171.4 171.5
literature (GIcA part)f’8

1’, CH 4.62 (d, 8.0) 105.7¢ 457 (d, 8.5) 105.7
2’ CH 3.08 (m) 71.8 3.04 (m) 72.2
2’-OH 5.38 (br d)
3, CH 3.22 (m) 76.4 3.22 (m) 76.6
3-OH 5.1 (br s)
4', CH 3.22 (m) 71.7 3.33 (m) 72.0
4'-OH 5.1 (br s)
5, CH 3.44 (m) 74.4 3.65 (m) 75.9
6’, COOH 173.1° 171.3
3500 MHz for 'H, 125 MHz for '*C, DMSO-d
°400 MHz for 'H, 100 MHz for *C, DMSO-dg
“Signals affected by GlcA
dFrom HSQC data, DMSO-d
“From HMBC data, D,O
f500 MHz for 'H, 125 MHz for '*C, D,0/CD;CN/DMSO-dg (2/3.5/6)

: gggg eliminated on the basis of the chemical shift values on GIcA

---~TOCSY and the weak downfield shifts on the y (H-2) and & (H-10)

Fig. 3 Key 2D NMR data of 1

The chemical shifts observed for GIlcA (Table 1) and its
observed cleavage from the macrolide during fragmentation
is in agreement with other reported N-O-glucuronides [8].
In addition, the possibility of an N* glucuronide was

positions from GIcA in comparison with the literature [8].
Unlike in 2, H-2 and H-10 showed nonequivalent protons in
1 as seen in the HSQC spectrum (Fig. S10) indicating
asymmetry caused by the presence of GIcA. Likewise,
paired '*C NMR signals (C-3, C-5, C-9, and C-10, Fig. S7)
were detected, which were not present in 2. The occurrence
of nonequivalent protons (H-2 and H-10) in 1 confirmed the
placement of GIcA on the hydroxamic acid group rather
than the amide nitrogen.

To determine the absolute configuration of GIcA,
hydrolysis, derivatization, and subsequent comparison with
standards were performed. To accomplish this, GIcA was
obtained by using p-glucuronidase (Fig. S16). The suc-
cessful enzymatic cleavage of GlcA suggested a f config-
uration of the anomeric carbon which was also supported by
chemical shift (8¢ 105.7, 8y 4.62) and coupling constant
data (J/=28.0Hz) [8]. Furthermore, a D configuration was
predicted since Dp-glycosides are usually in the p form [9].

SPRINGER NATURE



994

J. A. V. Lopez et al.

CAS assay
150 @ DFO, ICs = 6.3 1M

&/ 1,1Cs5p=13.4 uM
4 2,1Cs0=9.5 1M

100

Absorbance (%)

I 1 T
-1 0 1 2 3

log [uM]

Fig. 4 Dose-response curve of the siderophore activity 1, 2, and
deferoxamine (DFO)

To confirm this, the hydrolysate and standards, p- and L-
GIcA, were separately reacted with L-cysteine methyl ester
followed by phenylisothiocyanate according to the method
of Tanaka et al. [10]. The derivatives were analysed by LC-
MS and results showed that the mass and retention time of
the sample matched that of p-GlcA (Fig. S17). Thus, GIcA
was unambiguously determined to have the p-p
configuration.

Since nocardamin (2) is a known siderophore [7], the
iron binding activity of 1 was evaluated via the chrome
azurol S assay [11]. Indeed, 1 exhibited iron chelating
properties comparable to 2 and deferoxamine (DFO or
desferrioxamine B) at ICs5y 13.4, 9.5, and 6.6 uM, respec-
tively (Fig. 4). On the other hand, the cytotoxicity test of 1
and 2 at 39 and 50 uM, respectively, was negative against
the following cell lines: HeLa (cervical cancer), HL-60
(leukaemia), MKN-74 (gastric cancer), MG-63 (osteo-
sarcoma), MIA PaCa-2 (pancreatic cancer), SK-MEL-28
(melanoma), and T98G (glioblastoma). At the same con-
centrations, compounds 1 and 2 did not induce differ-
entiation of C3H10T1/2 mesenchymal stem cells and did
not inhibit the growth of Aspergillus fumigatus Af293,
Escherichia coli HO141, Pyricularia oryzae Kkita-1, and
Staphylococcus aureus 209. In addition, compound 2
showed mild antimalarial activity (ICso 10 pM), while 1 was
inactive suggesting that glucuronidation altered the activity.
The GlcA moiety makes 1 less lipophilic than 2, which may
indicate that 2 can pass the cell membrane more easily
delivering its antimalarial effect more effectively [12]. To
support this, logP values were calculated by using Maya-
ChemTools [13]. The calculated logP values for DFO, 1,
the carboxylate form of 1, and 2 (3.14, 1.77, 0.44, and 3.07,
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respectively) demonstrated the more lipophilic property of 2
over 1.

To our knowledge, nocardamin glucuronide (1) is the
first example of a siderophore glucuronide. Glucuronides
play an important role in drug metabolism and pharmaco-
kinetics [14], such as detoxification and enterohepatic
recirculation, although majority of the studies are focused
on the mammalian system. In addition, there are only few
reports on the production of glucuronides by microbial
enzymes [12] and little is known about their function and
biosynthesis. Though a minute amount of nocardamin (2)
was also found in the CD culture, the production of 1 and 2
were particularly enhanced in the OA medium. While a
possible explanation for this outcome could not be sup-
posed, it shows that OSMAC is an efficient way of stimu-
lating cryptic and variable secondary metabolism. On the
other hand, siderophores continue to be a hot topic in the
areas of antibiotics, drug conjugates, drug resistance, and
combination therapy for the treatment of various illnesses
such as infections, cancer, and neurodegenerative diseases
[15-17].
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