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Many bacteria synthesize and secrete iron-binding small mol- for IroB, possibly because the hydroxyl groups of théFeEnt
ecules, termed siderophores, under iron-limiting conditions to obtain complex are not accessible to IroB (Supporting Information Figure
iron that is required for survivdl? Mammalian host serum is a  S1).
surprisingly iron-poor environment for pathogenic bacteria, with We next prepared and characterized Ent analogues(Figure
an estimated free iron concentration of about?®1.3 As a result, 2) containing scaffolds other than the trilactone core. Analogues
many bacterial genes involved in iron acquisition are required for and7 are very poor substrates. Under conditions in which Ent is
virulence! However, siderophore production does not always completely converted to DGE, less than 5%6adr 7 is converted
correlate with virulence. For example, enterobactin (Ent) is bio- to monoglucosylated product (Supporting Information Figure S2).
synthesized by many nonpathogenic enteric bacteria, inclUging  The ring-opened Ent analog@eis not detectably accepted as a
coli. Mammalian neutrophils secrete a protein, lipocalin 2 (Lcn2), substrate. In addition6—8 are not effective inhibitors of IroB.
that binds both iron-free and iron-loaded Ent with high affinky Taken together, these data suggest that the DHB group and the
= 0.4 nM) (Fischbach et al., submitted) and thereby sabotages Ent-trilactone core of Ent are key determinants of IroB recognition.
mediated iron acquisition (Figure 1A}. Certain Ent-producing These findings led us to synthesize brominated Ent analogues
bacteria (e.g.E. coli CFT073 andSalmonella typhimuriunb T2) 9—11 (Figure 2), in which both the trilactone core and the DHB
have evolved the five-genieoA cluster to evade Lcn2. Proteins  moiety are conserved, while some or all of the positions to be
encoded by th&oA cluster catalyze th€-glucosylation of Entto  glucosylated are blocked by substitution with bromine. We
generate predominantly diglucosyl Ent (DGE, Figure 1B}.We anticipated that the mono9)and dibromo-Ent%0) would remain
recently demonstrated that Lcn2 does not bind D&EX 1 uM), substrates of IroB since each retains at least one DHB ring that
and the presence of thiA cluster increases the virulence Bf could, in principle, be glucosylated. We were surprised to find that
coli strain H9409 in mice (Fischbach et al., submitted). Therefore, eyven monobromo-En® is not accepted as a substrate by IroB.
pathogenic bacterial strains use theA cluster to transform Ent  Fyrther studies reveal th@t-11 are potent inhibitors of IroB. The
to a siderophore that evades sequestration by the mammalianpresence of compounds-11 changes the apparekt, value of
immune system (Figure 1Bj.These findings suggest that inhibiting  |roB-catalyzed Ent glucosylation, but not tke; value, suggesting
proteins encoded by thieA cluster could be an effective strategy  that they are competitive inhibitors of IroB (see Supporting
to combatiroA-harboring bacteria. Information). In addition, preincubation of IroB with—11 does

We have focused our initial inhibitor design efforts on the ot change the inhibition profile, and IroB incubated with or without
C-glucosyltransferase IroB because it is responsible for the first g_11 gave the same mass, 42.5 kD, by MALDI-MS (Supporting
step in theroA-mediated Ent modification process. We previously  nformation), indicating that the inhibition does not involve covalent
reported that IroB catalyzes the successive mono-, di-, and yonq formation between IroB and inhibito®s-11. TheK; values

triglucosylation of Ent (Figure 1C).In the absence of a crystal  \yere determined to be 23 3, 7.0+ 1.5, and 3.3- 0.9 nM for
structure of IroB, we began by examining the substrate specificity compoundsd, 10, and11, respectively.

of IroB to further understand the properties of its active site as an
initial effort toward rationally designing inhibitors for IroB. Here
we report the results of this study and the finding that brominated
Ent analogues are potent inhibitors of IroB.

We designed and synthesized Ent analogiie$ (Figure 2)

To enable a comparison of the kinetically determigedalues
with the actual binding constant&y values for binding to IroB
were obtained by measuring the change in the intrinsic fluorescence
of IroB in the presence of various concentration®ofl1l. It was
) - ol i noted in initial assays that the presence of UDP-GIc has no effect
bearing a variety of substitution patterns on the benzoyl rings. o, yhe flyorescence. Therefore, subsequent binding assays were all
Compoundd—5 were not glucosylated when incubated with Ir0B 5 ieq out in the absence of UDP-Glc. These measurements
and UDP-GIc under conditions that led to complete conversion of revealedy values of 34+ 8, 12+ 2, and 9+ 4 nM for inhibitors
Ent to DGE. Furthermore,—5 are not effective inhibitors of IroB.
When 128uM of 1-5 was added to IroB-catalyzed Ent glucosy-
lation reactions, the Ent glucosylation rate decreased less than 20%
The fact thatl—5 are neither substrates nor effective inhibitors of
IroB suggests that IroB likely recognizes both hydroxyl groups on
the 2,3-dihydroxybenzoyl (DHB) ring. This hypothesis is further
supported by the observation that iron-bound Ent is not a substrate

9, 10, and11, respectively. Th&q values are essentially equivalent
to the K values obtained in kinetic assays, suggesting that the
mechanism of IroB inhibition involves high affinity binding of
9—11to IroB.

Using the same fluorescence method,Kh&alue for Ent binding
to IroB was measured to be 2430.7 uM, similar to theK,, value
(3.5 £ 0.5uM). Therefore, addition of a single Br atom at C5 of
* Harvard Medical School. one DHB moiety increases the binding affinity about 60-fold. We
*Harvard University. speculate that the IroB active site contains a hydrophobic pocket
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Figure 1. The C-glycosyltransferase IroB converts Ent to glucosylated forms that escape sequestration by mammalian Lcn2 protein. (A) In strains that do
not harbor theroA cluster, Ent is secreted into the host, where it is tightly bound by host Lcn2, rendering Ent ineffective as a siderophore. (B) In strains
harboring tharoA cluster, IroB coverts Ent to DGE, which cannot be sequestered by Lcn2 and therefore is an effective siderophore. (C) IroB catalyzes the
successive mono-, di-, and tii-glucosylation of Ent to give MGE, DGE, and TGE vitro. The symbols at the bottom left corner of each structure are
simplified representations of the siderophores.
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