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Abstract

High-throughput screening and activity-guided purification identified nicoyamycin A, a natural
product comprised of an uncommon 3-methyl-1,4-dioxane ring incorporated into a
desferrioxamine-like backbone via a spiroaminal linkage. Nicoyamycin A potently inhibits
uropathogenic Escherichia coli growth in low iron medium, a promising step toward developing
novel antibiotics to treat recalcitrant bacterial infections.

The intrinsic and acquired antibiotic resistance mechanisms among Gram-negative bacteria
have stimulated intense efforts to discover novel therapeutics effective against these bacteria.
The double layered membranes and multi-drug resistant efflux pumps impede the
accumulation of drugs in bacterial cells.! These innate attributes of Gram-negative bacteria,
along with genetic mechanisms, have led to a rapid rise in the rates of antibiotic resistance
and mortality associated with Gram-negative infections, causing alarm at the prospect of
pan-antibiotic resistant bacteria.2 Uropathogenic £. coli (UPEC) causes 70-80% of all
uncomplicated urinary tract infections (UTIs). The urgent challenge of UPEC is that one in
forty women suffer recurrent UTIs, which requires frequent administration of antibiotics,
sometimes even prophylactically for extended periods.3 4 Thus, it is not surprising that
multidrug resistance is steadily increasing among UPEC isolates. These trends limit
treatment choices and foreshadow a costly shift from oral to injectable antibiotics for a
common bacterial infections.2 58

During infection, bacteria must scavenge iron from host stores to survive. As a protective
mechanism the host sequesters iron, but in response to the nutrient limited environment,
microbial pathogens express an array of iron acquisition systems that capture this critical
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metal co-factor from host stores.? We previously demonstrated that UPEC iron-acquisition
systems are up-regulated during infection and are required for full virulence in a murine
model of UT|.10-21

High-throughput screens (HTS) for new antibiotic scaffolds to treat Gram-negative
infections have typically utilized /n vitro assays or to/C mutants to circumvent drug efflux.22
This increases the likelihood of discovering a molecule that binds to the desired target, but
does not address the issue of overcoming the barrier of the Gram-negative cell envelope.
Moreover, most chemical libraries utilized for HTS are comprised of synthetic small
molecules with limited chemical diversity and ability to cross bacterial cell envelopes.23
Natural product libraries, however, offer a wider variety of novel drug scaffolds with diverse
chemical features that may facilitate effective permeation of bacterial cell envelopes.23
Motivated by these advantages, we probed a unique natural product extract (NPE) library to
identify new antibiotic scaffolds that naturally penetrate and accumulate in an unmodified
UPEC isolate as a model Gram-negative pathogen.24 We specifically screened for molecules
that inhibit the growth of UPEC in low-iron medium, analogous to the conditions
encountered during infection.

Wildtype E. coli CFT073, a model UPEC strain, was used to screen 32,879 NPEs in the UM
Center for Chemical Genomics library. UPEC was prepared in MOPS minimal medium
lacking iron (MOPS-Fe) and inoculated into wells containing the NPEs. Growth inhibition
was monitored by measuring the optical density at 600 nm (ODggg)- 2,803 NPESs inhibited
UPEC growth and were classified as active extracts (hits) (Fig. 1 and ESI).

To identify hits targeting cellular processes, not simply depleting iron from the medium,
NPEs were assayed for iron chelation properties using the chromazural S (CAS) reagent in a
counter screen.2> NPEs containing an iron chelator were eliminated, resulting in 995
remaining hits (Fig. 1). These 995 hits were confirmed in triplicate growth assays. A
secondary screen was simultaneously executed to ensure hits specifically inhibited growth
under low iron conditions. Six NPEs that inhibited the growth of UPEC in the presence of
iron were eliminated (Fig. 1). From the 989 hits, a prioritized list of 38 Streptomyces strains
that produced active NPEs was compiled. These strains were revived and their NPEs
regenerated from small-scale fermentations. The NPE from Streptomyces nicoyae (strain
#34401-A3) inhibited UPEC growth in low iron conditions and represented the highest
priority hit based on potency.

The active component(s) in the S. nicoyae extract were isolated using bioactivity-guided
fractionation (ESI). We obtained an active fraction that contained a single pure molecule
with an m/z of 573.3287 (ESI), which we named nicoyamycin A (NicA). NicA was purified
as a light-yellow amorphous solid and possesses a molecular formula of CogH44N4O1p. The
planar structure of NicA was determined by an extensive multi-dimensional NMR analysis
(Fig. 2a and ESI).

1D NMR and gHSQCAD data, recorded in CD30D, indicated the presence of at least six
oxygenated carbons; also, four downfield methylene groups were observed, indicating
linkage to amides (Fig. 2a). 1H NMR revealed at least one methyl group at &4 1.16 (d) and
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tell-tale methylene signals in the & 1.80-2.78 region. Inspection of 13C NMR and gHMBC
spectra identified six quaternary carbons, four of which were carbonyl carbons. gCOSY and
gHMBC cross peaks revealed aliphatic chains extending from C-2 to C-6; C-9 to C-10; C-14
to C-16; and C-18 to C-20. gHMBC correlations between H-9/9” to C-8/8” and H-10/10" to
C-11/11" confirmed the presence of succinyl groups. The uncommon 3-methyl-1,4-dioxane
ring was deduced based on the downfield methine at &4.75/1573.72 (6¢-15/157 75.5) that
showed gCOSY correlations with methyl and methylene groups (6 4.76/1671.16 and 8x.74/147
3.48, respectively). And, H-14/14" showed a gHMBC correlation with C-13/13”, which in
turn had a gHMBC cross peak with C-12/12" (8¢.12/127142.5), closing the dioxane ring.
The methyl-dioxane ring is inserted between asymmetric diaminoalkyl-succinyl moieties via
a spiroaminal motif as justified by the gHMBC correlation from H-13 to C-18, establishing
the complete planar structure of NicA (Fig. 2a). H NMR data collected with NicA
dissolved in DMSO-¢j identified two protons on secondary amines and two A-hydroxyl
groups. The gCOSY collected with NicA dissolved in DMSO-ag revealed coupling between
H-1 and H-2, completing the ornithine moiety (Fig. 2a). The planar structure of NicA was
confirmed by tandem MS (ESI). The compound consists of four stereocenters; to ascertain
the absolute conformation, a chemical synthetic approach is required, owing to the
extremely poor yield of NicA.

The diaminoalkyl-succinyl backbone of NicA is also reported in the desferrioxamine family
of siderophores. Subsequent efforts to purify more NicA, yielded several desferrioxamines
from S. nicoyae. Desferrioxamine X; (DesX1), DesX7, DesDo, and DesE were all purified in
quantities sufficient for structure confirmation and structure-activity relationship (SAR)
studies. DesX; and DesX7 were previously predicted based only on tandem MS profiles of
NPEs from Erwinia amylovora cultured in low iron medium.28 DesX; production from
Streptomyces olivaceus T(i2718 cultures treated with exogenous 1,4-diaminobutane was also
observed by MS.27% Here, both DesX; and DesX7 were isolated from S. nicoyae cultured in
rich medium without supplementation of pre-cursors. We confirmed that the previously
predicted structures were correct using multi-dimensional NMR and tandem MS (Fig. 2b, 2¢
and ESI).26 The DesX; and DesX7 NMR spectra were similar to NicA, except that the
gHSQCAD spectrum showed only methylene groups, in agreement with a cyclic
desferrioxamine structure. For DesX4, gCOSY and gHMBC cross peaks revealed aliphatic
chains from C2 to C6; C9 to C10; and C13 to C16; integrating the aliphatic & peaks in the
DesX; IH NMR spectrum indicated at least two diaminobutyl chains from C-13/13 to
C-16/C-16" (Fig. 2b). The only observed difference between DesX; and DesX7 was the
integration of the aliphatic &y peaks suggesting that the diaminopentyl chain (C-2/2" to
C-6/6") was present in a 2:1 ratio with the diaminopropyl chain (C-13 to C15) in DesX5
(Fig. 2c). The structures of DesD, and DesE were confirmed by tandem MS and 1H NMR
spectra (Fig. 2d, 2e and ESI).26: 28. 29 DesX;, DesX7, DesD, and DesE are all tri-cyclic
desferrioxamines, differing only in the length of the diaminoalkyl chains (Fig. 2).

The isolated desferrioxamines were evaluated for activity against UPEC in MOPS-Fe and
iron chelating properties, compared to NicA. No molecules inhibited UPEC growth in

1S, olivaceus T 2718 did not produce DesX7 when cultured with 1,3-diaminopropane, suggesting that the desferrioxamine
biosynthetic cluster in S. ofivaceus is not sufficiently flexible to accept the 1,3-diaminopropane subunit.
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MOPS-Fe supplemented with 40 uM FeSO,4 (Fig. 3B). The concentration of NicA, DesXy,
and DesE that restricts UPEC growth to 50% of vehicle alone (ICsp) is 0.1 pg/mL (=170
nM) (Fig. 3A). The ICgg of DesXy and DesD5 are 1 pg/mL (~1.7 uM). At 10 pg/mL (17.5
uM), DesX; chelates iron approximately at a 50% level compared to vehicle, DesD, chelates
iron at a 10% level, and DesX7 chelates iron at 3% compared to the control (Fig. 3C).

In summary, we report the discovery of a novel molecule, nicoyamycin A, from S. nicoyae
that restricts UPEC growth in low iron medium. DesXy, DesXz, DesDy, and DesE were also
isolated from this strain and the predicted structures of DesX; and DesX7 were validated by
multi-dimensional NMR. The five compounds were used to conduct initial SAR studies.
NicA, DesX1, and DesE are the most potent inhibitors of UPEC growth in low iron medium
and the most potent iron chelators, suggesting that the primary mechanism could be due to
iron chelation. However, DesX7 and DesD» also inhibit UPEC growth in low iron, but are
not strong iron chelators. Thus, as with other therapeutics with iron chelating properties (e.g.
tetracycline, doxorubicin, 8-hydroxy-quinolines39-32), it is likely that the molecules
described here have pleiotropic effects on UPEC growth.

Throughout the screening process, we intentionally eliminated hits with iron chelating
activity (Fig. 1). The high frequency of iron chelating NPEs is likely due to the mixture of
molecules present in NPEs and the inherent iron chelating properties of some natural
products, which does not necessarily represent their primary biological functions.30: 31. 33-37
Despite our best efforts to eliminate metabolites that chelate iron, once single molecule
purity was achieved, NicA was found to chelate iron in the CAS assay. It is possible that this
property was initially masked due to the low concentration of NicA in the fractions, and the
CAS assay was not sufficiently sensitive. Alternatively, there may have been appreciable
levels of iron in the NPE samples and, therefore, NicA was metal-bound prior to being tested
in the CAS assay. If the latter was the case, then the possibility that metal-bound NicA was
present in appreciable quantities, yet still inhibited UPEC growth, suggests that the molecule
exerts its effects by mechanisms other than iron chelation. This could also explain why at
higher concentrations these molecules sometimes increase UPEC growth in low iron, by
providing exogenous iron to the bacteria (Fig. 3A). Separating the iron chelation versus
growth inhibition properties represents a primary challenge in future studies of NicA and its
analogues.

The poorly understood balance between iron chelation and other mechanisms of action
apply both to NicA, and to the cyclic desferrioxamines. It is not unprecedented that
siderophores have multiple effects on the cell. Evidence supports that siderophore functions
can also include the transport of other transition metals, heavy metals, and non-metals;
protection from oxidative stress; intra- and inter-cellular signaling; and delivery of antibiotic
warheads.36: 38. 39 A concerted effort is required to decipher the relative contributions of iron
chelation and other cellular effects to the mechanism of action exerted by NicA and the
desferrioxamines. Such studies, which will require total synthesis of the molecules and a
medicinal chemistry approach, could also help determine the stereochemistry of NicA and
potentially provide access to more potent antibiotics.
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Complementary to understanding the activity of NicA and the desferrioxamines towards
UPEC is the fascinating opportunity S. nicoyae offers for studying the biosynthesis of these
metabolites. NicA and the desferrioxamines were all isolated from a Strepfomyces isolate
cultured in rich medium and as such, S. nicoyaeis the first known Streptomyces strain to
naturally produce the 1,3-diaminopropane containing NicA and DesX5. S. nicoyae
production of NicA and DesX7 suggests that the desferrioxamine biosynthetic gene cluster
found in S. nicoyae has unusual substrate flexibility and may act in concert with other
enzymes to form the methyl-dioxane ring. Identifying and probing the S. nicoyae
biosynthetic gene cluster responsible for NicA and desferrioxamine synthesis will provide
an exciting resource for answering these intriguing biochemical questions.

The identification of nicoyamycin A with nanomolar potency against wildtype UPEC is a
promising step towards developing novel antibiotics active against recalcitrant Gram-
negative pathogens. Furthermore, this discovery has identified gaps in our understanding of
the biological activity of siderophores and the mechanisms by which they are assembled.
Not only has a new antibiotic scaffold been identified, but also a new Streptomyces species
that may provide key insights to desferrioxamine biosynthesis, modification, and function.
These unexpected benefits emphasize the importance of probing NPE libraries for new
bioactive metabolites bearing unique structural characteristics.
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Natural Product Extract Library: 32,879

NPEs that inhibit growth 23 SD in low iron
2,803 hits

Exclude NPEs that chelate iron
995 hits

Exclude NPEs that inhibit
growth in 40 uM iron
989 hits

NPEs that inhibit
growth 290%
in low iron
204 hits

Fig. 1.
A schematic overview of the HTS performed to identify NPEs that inhibit wildtype UPEC

growth in low iron medium is presented. SD = standard deviation.
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Fig. 2.
Structures of NicA and four desferrioxamines isolated from S. nicoyae. The structures of (a)

NicA, (b) DesX4, and (c) DesX7 were solved using NMR and tandem MS. The structures of
(d) DesD; and (e) DesE were previously solved using NMR and the molecules were
confirmed by tandem MS and 1H NMR.
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Fig. 3.

Agtibacterial activity of NicA and other isolated molecules. UPEC was cultured for 18 h in
(@) MOPS-Fe or (b) MOPS-Fe supplemented with 40 uM FeSO,4 and the indicated pure
molecule (x-axis). Growth was quantified by measuring ODggg. (c) Iron chelation was
quantified using the chrome azural S (CAS) assay and a decrease in absorbance at 630 nm
represents iron chelation. The shading of the gray bars indicates the final concentration of
the pure molecules. Shown is an average of 3 replicates. Error bars represent one standard
deviation from the mean. Significance was calculated using an unpaired t test in Prism and
determined using the Holm-Sidak method with alpha = 0.05. Each row was analyzed
individually without assuming a consistent standard deviation where *, p < 0.05; **, p <
0.01; *** p <0.001; #, p <0.0001.
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