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The mammalian protein siderocalin (also called lipocalin 2,
NGAL, 24p3, and uterocalif)* complements the general antibac-
terial iron-depletion defense of the innate immune system by spe-
cifically binding to bacterial ferric and apo siderophores, preventing
significant, early bacteremiaSince bacterial growth and infection o
rely on adequate iron supplyit is important to understand the @/k
specificity and limitations of this process. A number of pathogenic o Ry Re Ry
strains of enteric bacteria produce the siderophore enterobactin Ry OJI;/ OAD/
(Ent), a powerful iron scavenger (pite= 34.3), to mediate their Ho Ho
iron acquisition (Figure 1 However, the sequestration of the ferric

complex of enterobactin [H&€Ent)]*~ by siderocalin, as an immune
response against pathogenic invasion, may explain the use of

Enterobactin: Ry =R, =H
Salmochelin S4: Ry = H, R, = CgOsHy
SERMECAM: Ry =R, =CHj;

TRENCAM: Ry = Ry = H
TREN(CAM),(MECAM): R; = CHg, R, =H
TREN(CAM)(MECAM),: R; = H, R, = CHy

SER-t-BUCAM: R; = R, = C4Hq

alternate or modified siderophores by successful pathoyéhs.
P y pathog Figure 1. Enterobactin, salmochelin S4, and synthetic analogues.

Strains such aSalmonella typhimuriurh T2 andEscherichia coli
CFTO073 harbor the five-genmA locus that enables the production
of C-glycosylated Ent analogues, salmochelifige diglucosyl-

Table 1. Siderocalin Affinity for Ent and Its Complexes at pH 7.4

N . ; X - siderocalin ligand Ky, M (esd’s)
Ent, salmochelin S4 (Figure 1), first isolated fro#n enterica Spr—— 0.AL(11
incorporates glucose moieties at thgssition of two catecholamide { Al ”.EEﬂtg}g, 03 4§1) )
rings 1% Such modifications introduce steric hindrance significant [Gall(EntP- 0.37(15)
enough to preclude binding to siderocdiirtience, while sidero- [IN"(Ent)P- 0.30(2)
calin binds [F& (Ent)>~ with a Ky similar to that of the native [VV(Ent)P~ 2.26(9)
Ent 3.57(2)

bacterial receptor FepX, siderocalin sequestration of ferric

siderophore complexes can still be evaded by the microorganism.
The crystal structure of the siderocatifFe' (Ent)]*~ adduct has

previously revealed that the siderophore/siderocalin recognition

mechanism is dependent upon hybrid electrostatic/catiorerac-

tions in the highly positively charged protein cal{’é The work : ' .

presented herein probes this electrostatic interaction and shows that - a

aThe Kq value for [Fé'(Ent)*~ was determined in a previous stuldy.

1.0

0.8 -
siderocalin recognition is not significantly affected by most metal i ¥
substitutions or scaffold alteration of [EéEnt)]*~. In contrast, the 61 -
steric constraints imposed by the conformation of the protein calyx 8 0l N .
play a major role in siderocalin binding. = e T rrages

The affinity of siderocalin for a siderophore can be quantified
by monitoring the fluorescence of the protein upon siderophore
binding13 The equilibrium dissociation constants of siderocalin for 0.0 . . . .
the various metal complexes [KEnt)E-, [Ga" (Ent)E-, [In" (Ent)P-, 0 50 100 150 0
and [VW(Ent)]?~, as well as for the apo-siderophore Ent, were 1o
determined (Table 1). In each case, aliquots of freshly prepared
solutions of the ligand (&M, pH 7.4) were added to a siderocalin
solution (100 nM, pH 7.4). The fluorescence intensity of the protein
solution @exc = 281 nm,Aem = 340 nm) was monitored after each
addition aml a 5 min equilibration time (Figure 2). Analysis of the

T 0.2

Figure 2. Fluorescence quenching titrations measuring the affinity of
siderocalin for Ent and [F&ENt)P*~ at pH 7.4. Symbols give the fluor-
escence measurements at 340 nm, and lines give the calculated fits.

for the VWV complex of Ent is somewhat weaker. This effect can
— be attributed to the attenuation of the electrostatic interaction
data afforded values similar to that of [F&(Ent)P~, onthe order  peqyeen the positively charged protein residues (Arg81, Lys125,
of 0.4 nM, for the Al', G&", and I complexes. and Lys134) and the dianionic complex. Siderocalin was also found
While the bgcterlal receptor FepA dlstlngw_shes be_tween Ent t5 pind the apo-siderophore Ent tightly, although with a lower
complexes of iron and other common metéisiderocalin does  finity than that measured for the ferric complex. Ent is not only
not show the same ability to discriminate between different tri- |ogg negatively charged than [FEnt)~ (only one catecholate
anionic metat-Ent chelates. However, the affinity of the protein oxygen atom is fully deprotonated at pH 7:4)ts conformation
in solution has more degrees of freedom, since the catecholate rings
can rotate around the amide borifls.
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Table 2. Siderocalin Affinity for Ferric Ent and Salmochelin S4

a

- ’ Analogues at pH 7.4

E oe{ . \ A> siderocalin ligand Kg, nM (esd’s)
£ el " [Fe" (SERMECAM)E- no binding
] . [F€'"'(SERt-BUCAM)]3~ no binding
,_;5_ 04 " 7ol [FE" (TRENCAM)]3~ 0.32(1)

¥ e ; [F''(TREN(CAM)(MECAM)] 3~ 0.49(6)

E 02 [Fe!' (TREN(CAM)(MECAM)J]3~ 1.93(70)

= L = [Fe"{TRENCAM)]*
% L= [Fe"|SER-+BUCAM]®
¢ 50 100 150 w0 not interfere with the conformation of the protein calyx, insertion

L] (nM) . . . .

- of a third methyl group, as on SERMECAM, hinders siderocalin
Figure 3. Fluorescence quenching titrations to measure the affinity of binding.
siderocalin (100 nM) for [F(TRENCAM)*" and [Fé! (SER+BUCAM)]*". While our results demonstrate that electrostatics contribute

tsr])émcbslcsugt\/e% tfr;te;.flaﬁrsees;gegci:ge:g(e:gﬁg ri&?;;faﬁitzggomnm’eagrcéslgﬁseg;eextensively to the overall affinity of siderocalin for [EE&ENt)]*-,
[Fe' (SER+-BUCAM)]3~(top) and [F&'(TRENCAM)]J3~ (bottom). cationst interactions likely dominate. Gaps in the siderocalin
[FE'(Ent)]>~ adduct structure suggest positions on the siderophore
To further probe the steric constraints imposed by the rigid calyx where modifications could be accommodateédhe siderocalin
of the protein, two analogues of enterobactin and salmochelin S4 calyx tolerates considerable variation of the binding siderophores,
were synthesized: SERMECAM and SERUCAM. These such as replacement of the Ent trilactone with the TREN scaffold,
incorporate the same serine trilactone backbone of the naturalyhile simultaneously imposing significant steric constraints, such
siderophores but also contain bulky alkyl (methyl ded-butyl, as not tolerating methylation of the three catecholate rings. Our
respectively) substituents on thegdsition of each catecholamide data support the idea that Ent glucosylation may, in part, be a

unit (Figure 1). Coupling of the trilactone trihydrochloride salt to  pacterial response to evade siderocalin-mediated iron depletion.
the methyl- ortert-butyl-substituted benzyl-protected catechol units,

followed by catalytic hydrogenation, afforded the new ligands in  Acknowledgment. This work was supported by the National
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significantly quenched upon addition of [[(SERMECAM)F™~ or Supporting Information Available: Detailed experimental pro-
[Fe"(SERt-BUCAM)]® (Figures 3 and S2). Cocrystallization of  cedures for ligand synthesis, fluorescence titrations, and cocrystallization
siderocalin in the presence of each ferric complex also confirmed assay; synthetic schemes and additional titration data. This material is
no binding of these compounds by the protein. Colorless crystals available free of charge via the Internet at http://pubs.acs.org.

were obtained in both cases (Figures 3 and S2), indicative of the
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