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Small-molecule inhibition of siderophore biosynthesis in
Mycobacterium tuberculosis and Yersinia pestis

Julian A Ferrerasl, Jae-Sang Ryuz, Federico Di Lello!, Derek S Tan?? & Luis E N Quadri!

Mycobacterium tuberculosis and Yersinia pestis, the causative
agents of tuberculosis and plague, respectively, are pathogens
with serious ongoing impact on global public health!? and
potential use as agents of bioterrorism®. Both pathogens have
iron acquisition systems based on siderophores, secreted
iron-chelating compounds with extremely high Fe3* affinity*>.
Several lines of evidence suggest that siderophores have a
critical role in bacterial iron acquisition inside the human
host®-9, where the free iron concentration is well below that
required for bacterial growth and virulence'?. Thus, siderophore
biosynthesis is an attractive target in the development of new
antibiotics to treat tuberculosis and plague?>811. In particular,
such drugs, alone or as part of combination therapies, could
provide a valuable new line of defense against intractable
multiple-drug-resistant infections. Here, we report the design,
synthesis and biological evaluation of a mechanism-based
inhibitor of domain salicylation enzymes required for
siderophore biosynthesis in M. tuberculosis and Y. pestis. This
new antibiotic inhibits siderophore biosynthesis and growth of
M. tuberculosis and Y. pestis under iron-limiting conditions.

The two siderophore variants produced by M. tuberculosis, the cell-
associated and soluble mycobactins (MBTs)>, and the Y. pestis side-
rophore, yersiniabactin (YBT), all have salicyl-capped non-ribosomal
peptide-polyketide hybrid scaffolds (Fig. 1a). Although non-ribosomal
peptide and polyketide biosynthetic pathways have primarily been
studied in the context of engineering biosyntheses of novel ‘unnatural
products, they may also be viable targets for developing drugs that
block the biosynthesis of microbial compounds required for virulence.

Siderophore biosynthesis pathways have undergone extensive inves-
tigations!>!3. The resulting mechanistic understanding of these path-
ways provides opportunities to design small-molecule inhibitors that
block siderophore biosynthesis and, hence, bacterial growth and
virulence in iron-limiting environments. These inhibitors would also
be powerful chemical genetic tools for deciphering the relevance
of siderophores at specific stages of infection because they could be
used to provide temporal control of siderophore production in
animal models of bacterial infection. During the biosyntheses of
MBTs and YBT, domain salicylation enzymes—MDbtA and YbtE,
respectively—catalyze the salicylation of an aroyl carrier protein

(ArCP) domain to form a salicyl-ArCP domain thioester intermediate
through a two-step reaction (Fig. 1b)!415, The first step is ATP-
dependent adenylation of salicylate to generate a salicyl-AMP inter-
mediate, 1 (Fig. 1c), which remains bound non-covalently to the
active site. The second step is the transesterification of the salicyl
moiety onto the thiol of the phosphopantetheinyl prosthetic group of
the ArCP domain!%!>. Because MbtA and YbtE have no homologs in
humans, they are particularly attractive targets for the development of
antibiotics that inhibit siderophore biosynthesis.

We noted at the outset that other mechanistically related adenylate-
forming enzymes have been shown to bind their cognate acyl-AMP
intermediates 2-3 orders of magnitude more tightly than their
carboxylic acid and ATP substrates'®. Thus, various non-hydrolyzable
acyl-AMP analogs have been used as mechanism-based inhibitors of
adenylate-forming enzymes. Among these are the acyl sulfamoyl
adenosines (acyl-AMS)!'®!7, inspired by the natural product nucleoci-
din!$, 4 (Fig. 1c). Based on these considerations, we postulated that the
reaction intermediate mimic 5-O-(N-salicylsulfamoyl)adenosine
(salicyl-AMS), 2, would be a potent inhibitor of the salicylate adenyla-
tion activity of MbtA, YbtE, and closely related enzymes such as PchD,
the domain salicylation enzyme that is involved in the biosynthesis of
the siderophore pyochelin in Pseudomonas aeruginosa'® (Fig. 1a).

To evaluate this idea further, we examined the reported cocrystal
structure of a related adenylate-forming enzyme, DhbE, in complex
with its cognate 2,3-dihydroxybenzoyl-AMP intermediate®, 3 (Fig. 1c).
The intermediate is bound by a substantial number of interactions, and
we identified the probable key binding residues (Supplementary Fig. 1
online). We then performed full-length amino acid sequence align-
ments of DhbE, MbtA, YbtE, PchD and three other related aroyl
adenylate—forming enzymes. Overall sequence identities were
~ 40-50%; however, the putative aroyl-AMP binding residues were
almost completely conserved in all of the enzymes, except for minor
differences at the base of the binding pocket that are likely to contribute
to specificity for salicylate as compared with 2,3-dihydroxybenzoate?.
This suggested that salicyl-AMP is likely to bind to MbtA, YbtE and
PchD in a similar fashion and, because binding of the phosphate group
of 2,3-dihydroxybenzoyl-AMP seems to involve primarily hydrogen-
bonding interactions rather than electrostatic interactions, we postu-
lated that the uncharged sulfamate group in salicyl-AMS would be a
viable surrogate for the phosphate group in salicyl-AMP.
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Figure 1 Structures of salicyl-capped siderophores, aroyl-adenylate biosynthesis intermediates, and intermediate mimics. (a) Mycobactins, yersiniabactin and
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(b) Two-step ArCP-domain salicylation reaction. (c) Salicyl-AMP reaction intermediate, 1; its salicyl-AMP mimic, 2; the 2,3-dihydroxybenzoyl-AMP reaction

intermediate, 3; and the related antibiotic nucleocidin, 4.

We therefore synthesized salicyl-AMS (Supplementary Fig. 2
online) and used an adenylation assay (Methods) to determine
dose-response curves for inhibition of the adenylation activity of
MbtA, YbtE and PchD at fixed, saturating substrate concentrations.
An initial inspection indicated that the ICs values were similar to the
enzyme concentrations (within a factor of 10), a characteristic of tight-
binding inhibitors (TBIs)?!. On the basis of this observation and the
large number of binding interactions in the aroyl-AMP binding model
discussed earlier, we hypothesized that salicyl-AMS behaves as a TBI.
Notably, the steady-state approximations that permit application of
the Henri-Michaelis-Menten equation to characterize inhibitor-
enzyme interactions are not applicable to TBIs because of their high
binding affinity. Instead, methodologies that consider an alternative
steady-state approach are more appropriate for analysis of TBIs?!
and were used in our study. With this approach, ICs, values were
10.7 + 2.0 nM for MDbtA (Fig. 2a), 14.7 + 2.0 nM for YbtE (Fig. 2b)
and 12.5 + 2.2 nM for PchD (Fig. 2¢). These values are ~1 [E] and

ICqo = 10.7 £ 2.0 1M
[MbtA] = 20 nM

ICqy = 14.7 £ 2.0 NM
[YbtE] = 20 nM

ICq=12.5%2.2nM
[PchD] = 20 nM 20

consistent with the expected 1:1 stoichiometry for the enzyme-
inhibitor complexes. In contrast to salicyl-AMS, the parental com-
pound 5’-O-sulfamoyladenosine (AMS), 8 (Supplementary Fig. 2),
did not inhibit adenylation when tested at up to 400 nM under the
same conditions (data not shown).

We selected YBE for further analysis of salicyl-AMS and observed a
linear relationship between the ICsy values and YbtE concentrations,
with a slope of 0.43 (R* = 0.9594), corrected to 0.52 (R* = 0.9999)
when the YbtE concentrations derived from the dose-response curve
fits were used to adjust for errors in enzyme concentration and the
inactive protein fraction (Fig. 2d). As a slope of 0.5 is diagnostic of a
TBI modality?!, the results support our hypothesis that salicyl-AMS
acts as a TBL

We next determined KPP (apparent inhibition constant) values
from dose-response curves using variable ATP or salicylate concentra-
tions. The K{P values increased linearly with increasing ATP
concentration over a range of 0.2-60 x K2™® and excess salicylate

d25
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Figure 2 Inhibition of MbtA, YbtE and PchD by salicyl-AMS. (a-c) Dose-response ' [YbtE] = 70 nM
for adenylation inhibition plotted with fractional velocity as a function of salicyl-AMS 2 87 © 08
concentration. v; and v, are velocities in inhibitor- and DMSO-containing reactions. T 61 f_ 0.6
(d) Salicyl-AMS ICsq as a function of nominal (filled circles) and calculated (open circles) 4 4 0.4
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of salicylate concentration. (g) Dose-response for domain salicylation inhibition plotted
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(~190 x K[S;‘l) (Fig. 2e). This result is indicative of competitive
inhibition with respect to ATP?!, and thus a K; value of 0.35 +
0.27 nM was calculated as the y intercept of the line fitted to the data
in Figure 2e. In contrast, increasing salicylate concentration from
0.2-50 x K3 in the presence of excess ATP (=60 x KA™) had no
appreciable effect on KPP (Fig. 2f). This is diagnostic of non-
competitive inhibition with respect to this substrate’!, and a K; of
1.08 + 0.98 nM was calculated by averaging the KPP values. Overall,
our data confirmed that salicyl-AMS behaves as a potent inhibitor of
YbtE with a tight-binding modality.

Our results above demonstrate that salicyl-AMS inhibits the first
step of the ArCP domain salicylation reaction catalyzed by YbtE, MbtA
and PchD (Fig. 1b). Thus, the inhibitor should also block formation of
the salicyl-ArCP domain intermediate. To investigate this hypothesis,
we developed a domain salicylation assay using YbtE, a phosphopan-
tetheinylated Hisq-tagged ArCP domain fragment (ypArCP-H6, 108
residues) from the Y. pestis HMWP2 synthetase (a multidomain
enzyme involved in YBT synthesis'®), and 96-well flash plates (Meth-
ods). The flash plate wells have a Ni?" coat for ypArCP-H6 binding
and a scintillant coat that provides a scintillation proximity effect for
detection of the YbtE-catalyzed incorporation of [*H]salicylate into
well-bound ypArCP-H6. In this assay, salicyl-AMS potently inhibited
[*H]salicyl-ypArCP-H6 formation, with an ICsy ~1 [E] (Fig. 2g). In
contrast, AMS did not inhibit salicylation when tested at up to 400 pM
under the same conditions (data not shown). Thus, the results of this
domain salicylation assay are in agreement with those obtained using
the salicylate adenylation assay described earlier.

Having demonstrated that salicyl-AMS inhibits MbtA and YbtE, we
next examined the ability of this compound to block siderophore
biosynthesis in M. tuberculosis and Y. pestis. Radiometric siderophore
production assays (Methods) showed that salicyl-AMS inhibits both
MBT production in M. tuberculosis and YBT production in Y. pestis
(Fig. 3a—c). Under the conditions tested, MBT production was
virtually undetectable and YBT production was inhibited by approxi-
mately fivefold relative to DMSO-treated controls.

Because siderophore biosynthesis is required for efficient bacterial
growth under iron-limiting conditions, we assessed the effect of
salicyl-AMS on M. tuberculosis and Y. pestis growth in iron-deficient
culture media. Indeed, salicy]l-AMS inhibited the growth of both

LETTERS

Figure 3 Inhibition of siderophore production and bacterial growth

by salicyl-AMS. (a—c) TLC of cell-associated mycobactins (a), soluble
mycobactins (b) and yersiniabactin (c). Lanes 1, 2 and 3 show siderophores
extracted from DMSO-treated cultures, inhibitor-treated cultures and
siderophore-deficient strains M. tuberculosis (a) and Y. pestis (c),
respectively. Replicate lanes are marked. (d,e) Growth inhibition of

M. tuberculosis (d) and Y. pestis (e) in iron-deficient (filled red circles) or
iron-supplemented (filled blue squares) media as a function of salicyl-AMS
concentration. OD; and ODy, optical density of inhibitor- and DMSO-treated
cultures. Plots show means of triplicates with s.e.m.

organisms under these conditions (M. tuberculosis: 1Csp = 2.2 +
0.3 uM; Y. pestis: ICsy = 51.2 + 4.7 uM) (Fig. 3d,e). Furthermore,
salicyl-AMS (tested at up to 8 x ICsy) was not active against Y. pestis
in iron-supplemented medium (Fig. 3e), in which siderophore pro-
duction is not required for growth. Under these conditions, salicyl-
AMS (tested at up to 180 x ICsq) did inhibit M. tuberculosis growth,
albeit with an 18-fold increase in ICsj (39.9 + 7.6 uM) (Fig. 3d). This
suggests that, in addition to blocking siderophore biosynthesis, salicyl-
AMS may also inhibit M. tuberculosis growth by other mechanisms.
Efforts to develop optimized analogs of salicyl-AMS with increased
cellular potency and specificity are ongoing in our laboratories.

To our knowledge, salicyl-AMS is the first biochemically confirmed
inhibitor of siderophore biosynthesis®. Consistent with this activity,
salicyl-AMS also inhibits the growth of M. tuberculosis and Y. pestis
under iron-limiting conditions. Thus, salicyl-AMS is a promising
initial lead compound for the development of new antibiotics to
treat tuberculosis and plague.

METHODS

Salicyl-AMS synthesis. Silylation of adenosine, 5, followed by selective depro-
tection of 5-O-TBS group provided 2’,3’-bis-O-TBS-adenosine, 6 (ref. 22)
(Supplementary Fig. 2). We elected to use silyl protecting groups at the 2" and
3’ positions to set the stage for future syntheses of analogs to be carried out
either in solution or on solid support using a silyl ether linker. Sulfamoylation
of 6 at the 5" position using bis(tributyltin) oxide and sulfamoyl chloride?®
provided sulfamate, 7. Salicylate was preactivated with 1,1"-carbonyldiimida-
zole, then coupled to the sulfamate nitrogen of 7 (ref. 24). Subsequent deblock-
ing of the TBS protecting groups with tetrabutylammonium fluoride afforded
salicyl-AMS, 2. The synthesis was accomplished in five steps and with 31%
overall yield. Full experimental procedures and compound characterization
data are provided in the Supplementary Methods online. Analytical data for
salicyl-AMS, 2, are as follows. TLC: R¢ = 0.33 (5:1 ethyl acetate/methanol). 'H
NMR (400 MHz, DMSO-dq): & 8.40 (s, 1H), 8.12 (s, 1H), 7.81 (dd, 1H, J = 7.7,
1.4),7.28-7.24 (m, 3H), 6.75 (d, 1H, J = 7.7), 6.74 (t, 1H, ] = 7.7), 5.92 (d, 1H,
J=6.4),5.49 (d, 1H, J = 6.1), 5.35 (d, 1H, ] = 4.8), 4.62 (dd, 1H, ] = 6.4, 5.8),
4.25-4.08 (m, 4H). 3C NMR (125 MHz, DMSO-dg): & 160.7, 156.0, 152.6,
149.6, 139.3, 132.6, 129.9, 119.9, 118.9, 117.5, 116.6, 86.9, 82.5, 73.5, 70.8, 68.1,
48.6. ESI-MS m/z: (pos) 467 [M+H]*, 489 [M+Na]*; (neg) 465 [M-H] .

Adenylation assay, domain salicylation assay and data analysis. Adenylation
was measured with an ATP-[*’P]pyrophosphate exchange assay as
reported'#1>1°. The domain salicylation assay was performed in 96-well Nickel
Chelate Coated FlashPlate PLUS plates (flash plates) (Perkin Elmer). Plate wells
have a scintillant coat and a Ni?* coat for binding of phosphopantetheinylated
Hisg-tagged ArCP domain. YbtE-catalyzed incorporation of the [*H]salicyl
group into the well-bound domain leads to formation of [*H]salicyl-ypArCP-
Heé, which is quantified using a plate counter. All assays were performed using
recombinant proteins. Full experimental details of protein production and
purification as well as assay conditions and data analysis are provided in the
Supplementary Methods.

Siderophore production assays. For analysis of mycobacterial siderophores,
M. tuberculosis H37Rv cultures (500 pl, initial optical density at 580 nm
(ODsgp) = 0.2) were grown for 3 d at 37 °C without shaking in
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Chelex-100—deferrated GAST medium® (GAST-D) containing ['“C]salicylate
(20 uM, 55 mCi/mmol) for siderophore labeling and inhibitor (200 uM) or
DMSO (0.25%) in controls. The MBT-deficient M. tuberculosis strain mbtF~
(ref. 25), treated with DMSO as described earlier, was used as an additional
control in the experiment. Cells pellets of inhibitor- and DMSO-treated
cultures were incubated for 12 h with 300 pl ethanol. After incubation, the
debris was removed by centrifugation, one volume of water and FeCl; (to 2.2
mM) was added to the ethanol supernatant, and cell-associated MBTs were
extracted from the mixture twice with one volume of CHCls. For isolation of
soluble MBTs, FeCl; (to 0.6 mM) was added to culture supernatants before
siderophore extraction as described earlier. Extracts were dried and resus-
pended in CHCI; before radiometric-TLC analysis using Al Sil G/UV plates
(Whatman) and 2:3:3 petroleum ether/1-butanol/ethyl acetate as the eluent.
Plates were exposed to a phosphoimager screen for 72 h and analyzed with a
Storm Phosphoimager (Molecular Dynamics). Ry values of MBTs (0.45 and 0.6)
were in agreement with those reported. YBT was isolated from supernatants
of Y. pestis cultures (avirulent strain KIM6-2082.1+ (ref. 27), 200 pl, initial
ODg9 = 0.1) grown for 15 h with agitation (220 r.p.m.) at 37 °C in Chelex-
100—deferrated PMH medium® (PMH-D) containing [!*C]salicylate for side-
rophore labeling and inhibitor or DMSO as described earlier. The YBT-
deficient Y. pestis strain KIM6 2082.1 (ref. 27) treated with DMSO was used
as an additional control. Culture supernatants were extracted twice with one
volume of ethyl acetate, the organic solvent was evaporated, and the YBT was
resuspended in methanol for radiometric-TLC analysis (Al Sil G/UV plates,
90:10:5 CHCls/ethanol/acetic acid). Plates were exposed for 24 h and analyzed
with a Storm Phosphoimager. The identity of the YBT spot (Rf = 0.39) was
confirmed by atmospheric pressure chemical ionization mass spectrometry
(YBT—iron complex ion* C,HyN30,S;HFe", m/z = 535.0) of samples
purified by preparative TLC (data not shown). M. tuberculosis and Y. pestis
were allowed to grow for approximately two generations before siderophore
analysis. This growth takes place even in the presence of inhibitor owing to the
residual iron, siderophore or both present in the relatively large inoculum used.
Samples analyzed were corrected for small optical density differences observed
between the inhibitor- and DMSO-treated cultures.

Growth inhibition assays. M. tuberculosis H37Rv was grown in GAST-D
for iron-deficient conditions and in GAST-D supplemented with 200 pM
FeCl; for iron-rich conditions. Y. pestis KIM6-2082.1+ was grown in PMH-D
for iron-deficient conditions and in PMH-D supplemented with 200 uM FeCl;
for iron-rich conditions. Salicyl-AMS was added (from a stock solution in
DMSO) to the media at the concentrations indicated in Figures 3d,e. DMSO
(0.5%) was added to the untreated controls. M. tuberculosis and Y. pestis
cultures, inoculated at ODsgy = 0.01 and ODgy = 0.005, respectively, were
incubated in 96-well plates at 37 °C (200 pl/well; 8 d, stationary condition for
M. tuberculosis; 22 h, 220 r.p.m. for Y. pestis) and growth was measured as
optical density after incubation. ICs, values were calculated by fitting the dose-
response data (Figs. 3d,e) to the sigmoidal equation

OD;

oD,

(a —b)
T (M/IC)

where OD; and OD, are optical densities of inhibitor-treated cultures and
DMSO-treated controls, respectively, a and b are the top and bottom of the
curve, respectively, and s is the slope (Hill coefficient). Data were fitted using
KaleidaGraph software (Synergy Software).

Accession codes. BIND identifiers (http://bind.ca/): 262065, 262066, 262067.

Note: Supplementary information is available on the Nature Chemical Biology website.
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