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ABSTRACT: Pseudomonads employ several strategies to sequester 0° o s
H
iron vital for their survival including the use of siderophores such as ° PchABDE S)K(_\s :ﬁ )H\‘/_\S
pyoverdine and pyochelin. Similar in structure but significantly less \ Enz N 2 > me = N 2
studied are pyochelin biosynthetic byproducts, dihydroaeruginoic ¢ 2° °* Ho Pyochelin HO
py y YP h @by g o

acid, aeruginoic acid, aeruginaldehyde (IQS), and aeruginol, along ° Native Siderophore
with two other structurally related molecules, aerugine and g\ 2 O
pyonitrins A—D, which have all been isolated from numerous HO N(_\S " ?//)2

3+ i, : s
Pseudomonad extracts. Because of the analogous substructure of o ChetatesFe . o7 (p  Frometes Bacteria I
these cc')mp_)ounds to pyochelin, we hypoth.esize_d that they may play Dinycroserugins Acid N Growth - 2 .
a role in iron homeostasis or have a biological effect on other Blosynihetic P

unt Product

bacterial species. Herein, we discuss the physiochemical evaluation
of these molecules and disclose, for the first time, their ability to
bind iron and promote growth in Pseudomonads.
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ron plays a critical role in a variety of biological functions, oxazoline/thiazoline heterocycles.”*”® While many side-

from electron transport pathways to metalloenzyme rophores such as enterobactin, desferrioxamine B, and
cofactors,’ making it vital for the growth and survival of staphyloferrin employ a single motif to bind iron, others are
aerobic bacteria. In environments such as the rhizosphere, the mixed-type, employing multiple iron-binding moieties.”* This
region directly surrounding the root of a plant, bacteria is best exemplified by those produced by various Gram-
compete for limited essential resources as a means of survival.” negative pathogens, including Pseudomonads, which combine
Iron is most commonly taken up by bacteria in ferric (Fe') or the phenolate/catecholate moiety with oxazolines/thiazolines
ferrous (Fe™) forms. In aerobic environments, including the and have been of particular interest to our research group
rhizosphere, iron is commonly present as a highly insoluble (Figure 1A).
ferric oxide complex (Fe,0;), the stability of which limits the Pseudomonads produce a variety of metabolites including
bioavailable Fe™ concentration to 107 to 1078 M, far below antibiotics and siderophores, giving them a competitive

the concentration of 107 M required for bacterial survival. advantage in densely populated environments.”'* Like many
Further, in host organisms, the majority of Fe'" is sequestered pathogenic bacteria, Pseudomonas aeruginosa, often found in
in heme or circulating proteins, limiting the free Fe'" the lungs of cystic fibrosis patients,"’ produce two different
concentration to 107>* M.”~> Thus, despite being the fourth siderophores, high-affinity pyoverdine, and lower-affinity
most abundant element on earth, iron acquisition presents a pyochelin (Figure 1B).° Their production levels are highly
unique challenge for bacterial survival. regulated by the ferric uptake regulatory (Fur) system, which

Bacteria have evolved several different iron uptake strategies senses the amount of bioavailable extracellular iron levels to
including, but not limited to, direct uptake of iron-bound promote transcription of the appropriate biosynthetic machi-

proteins like ferritin, secretion of hemophores, and mo35§ nery.'” Because of the long—standin§ interest our group has had
commonly, the use of siderophores and xenosiderophores.™ in pyochelin-like natural products™* as well as other iron-
Siderophores are small molecules that chelate extracellular binding Pseudomonad antibiotics,'>™'® we wanted to inves-

Fe'", forming complexes that are selectively reimported back
into cells. By a similar mechanism, xenosiderophores, which
are not produced by the bacterium itself, are also taken up into
cells using similar receptors.” In both cases, specific transport
machinery is required to import the Fe'-chelated complexes
into the cell. These molecules commonly contain at least one
of five structural moieties that contribute to their iron-chelating
ability; hydroxamate, phenolate, catecholate, carboxylate, and
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Figure 1. (A) Structures of siderophores containing both a
phenolate/catecholate motif and an oxazoline/thiazoline and
corresponding producing organisms; (B) structures of P. aeruginosa
siderophores, pyochelin and pyoverdine.>*”*

Pyochelin ?

Pseudomonas aeruginosa

tigate a series of pyochelin biosynthetic shunt products and
their ability to sequester iron or influence bacterial growth.
Like many siderophores, biosynthesis of pyochelin is
orchestrated via nonribosomal peptide synthetases
(NRPSs).”® As shown in Figure 2A, chorismate is first
converted to salicylate by the two accessory enzymes, PchA
and PchB. Salicylate is then activated by PchD, loaded to PchE,
and condensed with one molecule of L-cysteine, cyclized, and
epimerized. Another cysteine molecule is incorporated by
PchF, after which the tailoring protein, PchG, reduces this

second thiazoline to a thiazolidine, which is then N-
methylated. Pyochelin is then released from the biosynthetic
machinery and exported to sequester iron."”*® PchC, a
thioesterase, has been shown to cleave PchE-appended
salicylate, resulting in the accumulation of dihydroaeruginoic
acid (Dha, 1), which can then be further converted to
aeruginoic acid (2), aeruginaldehyde (also called IQS) (3),
and aeruginol (4).”"** It should be noted that these secondary
metabolites may also be formed from other pathways.”
While pyochelin is better characterized, physiochemical and
biological properties of these simpler biosynthetic shunt
products are largely unknown. Dha (1) was initially
characterlzed as an iron-chelating, antiproliferative com-
pound;”* however, these iron-chelating properties were not
extensively investigated. Dha was also found to have modest
antifungal and antibacterial act1v1ty, although the scope of
microbes tested was quite limited.”® Aeruginoic acid (2)*° was
isolated and synthesized by Yamada and co-workers in 1970,
and aeruginol (4)*” was isolated from a CHCI; extract of P.
aeruginosa and structurally characterized in 1993. To the best
of our knowledge, the properties of neither compound have
been assessed further. Isolated from P. fluorescens, aerugine (S,
Figure 2A) has limited antifungal activity; however, it too has
not been further characterized.”® IQS (3) has been isolated
from multiple Pseudomonads and also displays modest
antifungal activity.””””?° There has been debate in the
literature regarding its role in Pseudomonads. It has been
coined “the fourth quorum sensing molecule” in P.
ueruginosa;31 however, this claim has since been refuted.*> A
key feature of IQS is the reactive aldehyde moiety, which
facilitates its incorporation into the scaffolds of numerous
natural products like mindapyrrole B*> and malleonitrone™
(Figure 2B). Clardy recently discovered the pyonitrins A—D
(6, Figure 2A) from the extract of P. protegens. Assessment of
the genome indicated that these metabolites arise from a
spontaneous nonenzymatic Pictet-Spengler condensation
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Figure 2. (A) Abbreviated biosynthetic pathways to siderophore pyochelin, antibiotic pyrrolnitrin in P. aeruginosa, and Dha (1), and nonenzymatic
conversion to aeruginoic acid (2), IQS (3), and aeruginol (4); structure of aerugine (5) and spontaneous reaction of IQS with aminopyrrolnitrin to

form pyonitrins A—D (6);”%!972%3>3¢ (B)

biosynthetic shunt product, escheriachelin, and its inhibition of pyoverdine-deficient P. aeruginosa growth through Fe
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structures of microbial metabolites featuring IQS incorporation;**** (C) structure of yersiniabactin
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Scheme 1. Synthetic Conditions Employed to Access Dha (1), Aeruginoic Acid (2), IQS (3), Aeruginol (4), Aerugine (5), and
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between IQS and aminopyrrolnitrin,”* a precursor to the condensing 2-hydroxybenzonitrile with L-cysteine, as previ-
known Pseudomonad antifungal, pyrrolnitrin.** This pathway ously described by Mislin.***> Reduction of condensation
was recently validated through the biomimetic total synthesis product, 9, with NaBH, yielded aerugine (5), which was then
of the pyonitrins A—D by MacMillan and co-workers and the oxidized directly to IQS (3) using Swern conditions.”” It
synthesis of pyonitrin C in this work.”’ should be noted that IQS (3) has also been accessed via a
With knowledge of these compounds being limited, we Weinreb amide intermediate, wherein the thiazoline is oxidized
proposed that a directed investigation of their physiochemical to the thiazole followed by Weinreb amide reduction to the
and biological properties would provide further evolutionary aldehyde.** Evidently, we found it more efficient to access IQS
insight into their origins. For example, do these metabolites (3) directly from aerugine (). With the first five metabolites
play a role in iron homeostasis in P. geruginosa or are they synthesized, we then turned our attention to the synthesis of
purely artifacts? As previously mentioned, production of aminopyrrolnitrin (14), the second precursor to the biomi-
pyochelin and pyoverdine is tightly regulated by the Fur metic Pictet-Spengler condensation reaction. Pyrrole was first
system, likely evolved to save valuable resources thereby only protected with TIPS to give 10 in near quantitative yield. The
producing pyoverdine, the more resource-intensive compound bulky TIPS group then enabled regioselective iodination,
to biosynthesize, when iron is incredibly scarce.'”*® Since Dha yielding the desired 3-iodinated pyrrole, 11. Borylation
has been identified in the supernatant of iron-limited P. followed by Suzuki-Miyaura coupling with 2-iodoaniline gave
aeruginosa cells,’’ we reasoned that it may function as a 13 in 85% yield over two steps. Deprotection with TBAF then
simplified siderophore, as originally proposed by Reimmann afforded aminopyrrolnitrin (14).* The final Pictet-Spengler
and co-workers in 2014.%° Alternatively, 1—6 could have a reaction was performed using conditions adapted from
function similar to that of escherichelin (Figure 2C), a MacMillan and co-workers; after stirring in a 1% solution of
yersiniabactin shunt product found to inhibit pyochelin- TFA in DMSO for 24 h, IQS (3) and aminopyrrolnitrin (14)
mediated iron uptake in pyoverdine-deficient P. aerugino- furnished pyonitrin (6).*> This synthetic result confirms the
sa.? ™ inherent reactivity these two substrates have toward each
With a series of unanswered questions regarding these other, supporting the previously discussed biosynthesis of
metabolites, we sought to gain insight into their physiochem- pyonitrin.
ical and biological properties and their purpose in P. With all 6 metabolites in hand, we began our assessment of
aeruginosa. Toward this end, we concisely synthesized their iron-chelating abilities. This was first evaluated
compounds 1—6 using well predented protocols (Scheme 1). qualitatively by adding increasing amounts to a solution of
Aeruginoic acid (2) was synthesized in three steps according to FeCl;. In most cases, a distinct color change was observed,
the originally published route.’® 3-Hydroxybenzamide was wherein the yellow solution of FeCl; in methanol turned
converted to the corresponding thioamide (7), which was then darker shades of purple upon addition to solutions of each
condensed with ethyl bromopyruvate giving the corresponding compound (Figure S1). There are some compounds, such as 6,
thiazole (8). The ethyl ester was then hydrolyzed, furnishing for which the color change is not quite as distinct; thus, the
aeruginoic acid (2). Subsequent reduction with BH;THF quantitative approach described further was especially useful in
afforded aeruginol (4). Dha (1) was synthesized in one step by confirming the iron-binding properties of these compounds.
546 https://dx.doi.org/10.1021/acsinfecdis.0c00897
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These iron-chelating properties were then further quantified The ligand-to-Fe'" binding ratios (L:Fe') were next
using fluorescence titration experiments. In these experiments, determined both experimentally and computationally (Figure
0.1 equiv of Fe" was added to a solution of a given compound 3C). Extrapolation of the emission quenching data found that
in methanol, and an emission spectrum was recorded after each compounds 1, 2, and 4 bound in a 1:1 complex with Fe'™,
addition. The emission signals of all compounds were while 3, 5, and 6 bound in 2:1, 3:1, and 2:1 ratios, respectively.
quenched by the addition of varying amounts of Fe'" (Figure The L:Fe™ ratios for 1, 3, and § were further validated

3A). Compounds 1 and 2 were also titrated with five additional computationally (Figures 3D, SS, S6, and S7), thereby
11

supporting our experimental L:Fe' ratios (see Supporting

A Fluorescence Titration Experiments B . (1 Metal Specificity Information). The emission quenching data were also used to
8 "3 -~ calculate putative dissociation constant (K;) values for 1—6,
g os : %102 and all values were comparable to that of pyochelin (Figures
208 PR 3C and $4).”7* 1t should be noted that these calculated
goe 5 \'; h values are not absolute but simply serve as a benchmark
Eo2 6w . estimate of the true Ky value of each ligand. These findings
2 0 ' e NSIVIRINIRIN further support a potential physiological iron-binding role of
0 Eq_oF'Z(“,) 10 Q:zépo"é""’o“‘&“‘&‘i\o these metabolites in P. aeruginosa.

c D FeCl On the basis of these results, we sought to perform a
OH H---cl) ) preliminary biological investigation of these metabolites to
1 Lt S OAE@N\;_G better understand the physiological ramifications, that is, do

2 1:1 2050 s these compounds serve as growth promoters or inhibitors?

3 21 1743 ! Wild-type P. aeruginosa (PAO1) and a double knockout

3 B | S mutant, incapable of producing the native siderophores

5 & 1535 > pyoverdine or pyochelin (ApvdDApchEF), were incubated

G 2 Eos with each compound alone as well as prechelated with Fe' in
Pyochelin®™9  1:1/2:1  2.05.0 1-FeCls iron-depleted media, and growth to stationary phase was

monitored (Figure 4). As expected, the unchelated compounds
had a minimal effect on the growth of both PAO1 and
ApvdDApchEF, with the exception of 6. In contrast, all of the

Figure 3. (A) Fluorescence titration curves of 1—6 titrated with 1.0
equiv of FeCly; (B) iron selectivity of 1; determined by dividing the
starting fluorescence by the fluorescence after addition of 1.0 equiv of

metal; (C) table of binding stoichiometries and calculated Ky values prechelated compounds had a marked effect on rescuing the
for 1-6 and pyochelin;*’~* (D) ball-and-stick model of minimal growth of both strains. In many cases, this enhancement of
energy structures of 1-FeCl; complex. growth was greater than that resulting from incubation with

the same concentration (125 M) of free Fe'", indicating that
growth is likely enhanced by the uptake of these ligand-Fe™™

biologically relevant metals: cobalt, copper, magnesium, complexes. Additionally, as growth enhancements of both the
manganese, and nickel. Surprisingly, none quenched the wild-type and double mutant are similar, it is reasonable to
e . e e .- . . 46 . . .
emission signal, indicating that unlike pyochelin,™ the assume that these complexes are being taken up directly into
simplified structures of 1 and 2 both have a specific affinity the cells without any recomplexation of iron with the native
or iron (Figures an . siderophores in .
fe F 3B, S2, and S3 d h PAO1
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Figure 4. Growth curves of PAO1 (left) and ApvdDApchEF (right) mutants with 125 uM of either prechelated ligand-iron complexes (top) and
free ligand (bottom) and bar graphs showing the ODg, value for each compound after 12.5 h of growth. Controls were Fe(acac); and DMSO in all
cases.
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Interestingly, 3 and S both displayed delayed growth curves,
in comparison to the other compounds tested. This may be
due to delayed uptake of these two particular complexes, which
differed in their ligand:iron ratios; however, further exper-
imentation will be required to deduce the reason for this
phenomenon. This biological data indicates, for the first time,
that these simplified pyochelin-like molecules can act like
siderophores, as the data indicate they are likely imported as
complexes with Fe'l. While uptake of pyoverdine and
pyochelin ferrisiderophore complexes is known to occur via
TonB-dependent receptors,*® it is unknown whether import of
the Fe' complexes of these simpler metabolites occurs via the
same transport machinery or different receptor yet to be
elucidated. Further work will be required to determine the
transport machinery, if any, involved in complex uptake to
confirm their role as siderophores.

These compounds were also tested for their ability to inhibit
growth of various Pseudomonads (P. fluorescens, P. putida, P.
syringae) and against a panel of other clinically relevant species
(methicillin-resistant Staphylococcus aureus, Enterococcus faeca-
lis, and Escherichia coli), but no growth inhibition was
observed. The iron-binding properties of these compounds
are therefore unlikely to play an inhibitory role through iron-
chelation as is seen in the escherichelin-like mechanism.”"

In this work, we sought to answer several questions about
the physiochemical properties and biological role of several
Pseudomonad metabolites arising from the Dha off-shoot
pathway from the pyochelin biosynthetic machinery. Their
iron-binding capabilities were extensively characterized and
quantified both experimentally and computationally. In
addition, siderophore-like properties were investigated. All
ligand-iron complexes enhanced the growth of both the wild-
type and ApvdDApchEF mutant grown in iron-depleted
media. Further work will be required to fully elucidate the
exact biological mechanism of these compounds including the
related transport machinery. Looking forward, this work is
likely to open new avenues of research to further study their
biological roles, which may be siderophore-like mechanisms,
but could also be a range of other functions. For example, their
iron-binding properties may serve to function in a manner
similar to the iron trapping mechnism displayed by PQS,
another Pseudomonad metabolite.”® Alternatively, it has been
shown that pyochelin can act as a scavenger for hydroxyl
radicals,”’ meaning that metabolites such as aeruginol and IQS
may be utilized as buffer compounds to relieve oxidative
stress.”’ Additionally, the antibiotic effects observed from the
incorporation of IQS into the scaffolds of mindapyrrole B and
malleonitrone suggest that perhaps some of these metabolites
could be applied to a minimalist “Trojan-Horse” strategy
utilized with many novel antibiotic compounds.”* However, it
is also possible that these metabolites could simply be
biosynthetic artifacts released through what has been
previously identified as the “leaky hosepipe” mechanism,*®
and the biological effects observed may not be representative
of what occurs in nature. Therefore, future work elucidating
the biological roles of these molecules is warranted.

B METHODS

Metal Chelation Experiments. For the FeCl; titration
assay, 1 mM stock solutions of each compound were titrated
with differing volumes of 1 mM stock solution of FeCl; to give
final test concentrations of 0 yM, 125 uM, 250 uM, and 500
UM. For the fluorescence titration assays, an emission
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spectrum of 350 uL of a 400 uM stock solution of each
compound in methanol was recorded (Aqyiation = Wavelength of
maximum absorbance (), integration time = 1 s,
accumulations = 10). A 10 mM stock solution of metal in
methanol was added in 1.4 uL portions (0.1 equiv) and the
emission spectrum recorded after each addition. Fluorescence
measurements were recorded on a FluoroMax spectropho-
tometer (Horiba Scientific, Edison, New Jersey). These
measurements were taken in a quartz fluorescence cuvette
with a 1 cm path length, a 258—550 nm integration range, and
a 2 nm excitation and emission slit width.

Computational Analysis. Geometry optimizations and
frequency calculations were performed with the Gaussian 09
suite of programs®* at the B3LYP-D3(BJ)/[6-31G(d,p) +
Lanl2dz (Fe)] level of theory. B3LYP**~” density functional
was used with Grimme’s empirical dispersion correction
(D3)°** and Becke-Johnson (BJ)’s damping schemes.®
Frequency analysis was used to characterize each minimum
with zero imaginary frequencies. Bulk solvent effects were
incorporated in all calculations at the self-consistent reaction
field polarizable continuum model (IEF-PCM)°" level. The
Gibbs free energies were calculated at 298.15 K and 1 atm in
water as the solvent.

Biological Assays. For the growth assay, bacterial strains
were grown from freezer stocks for 16 h at 200 rpm in S mL of
MOPS (3-N-morpholino)propanesulfonic acid) minimal
media at 37 °C. Overnight cultures were diluted 1:100 in §
mL of fresh MOPS minimal media and grown at 37 °C, 200
rpm to a predetermined ODyy, reading reflective of
exponential growth. Bacteria were then diluted in iron-depleted
MOPS minimal media to a concentration of 0.004; then 100
uL was inoculated into each well of a flat-bottom 96-well plate
(Corning 3370) containing test compounds giving a final test
concentration of 125 uM. Plates were then incubated with
some shaking at 37 °C until bacteria reached stationary phase
and ODy, reading were taken every hour. For the ICs, assay,
bacterial strains were grown from freezer stocks for 16 h at 200
rpm in 10 mL of media (Mueller-Hinton (MH) Broth, Todd
Hewitt Broth (THB), or Trypticase Soy Broth (TSB) at 37 or
30 °C. Overnight cultures were diluted 1:100 in 5 mL of
corresponding fresh media and grown at 200 rpm at 37 or 30
°C to a predetermined ODyy, reading reflective of exponential
growth. Bacteria were then diluted to a concentration of 0.004;
then 100 uL was inoculated into each well of a flat-bottom 96-
well plate (Corning 3370) containing 100 mL of serially
diluted compound solutions giving final test concentrations of
250 uM to 1.25 uM. Plated were then incubated statically at 37
or 30 °C for 24 h and OD reading were taken at this point. All
biological assays were performed in triplicate from three
separate overnight cultures and averaged.

Synthesis. Compounds were synthesized using well-known
reaction conditions or previously published protocols.”***~*
All nonaqueous reactions were conducted in flame-dried
glassware equipped with a stir bar under argon atmosphere
using HPLC-grade solvents. Et;N was freshly distilled from
CaH, prior to use. Thin-layer chromatography was performed
on 250 uM Silicycle silica gel F-254 plates and visualized by
fluorescence or staining using potassium permanganate or
vanillin stains. Organic solutions were concentrated under
reduced pressure on a Buchi Rotavapor R3 rotary evaporator.
Chromatographic purification was accomplished using a
Biotage flash chromatography purification system.
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