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Background: Vibrio cholerae uses vibriobactin to sequester iron. The structure of ferric vibriobactin is controversial.
Results: The three catechol moieties donate five, rather than six, oxygen atoms as iron ligands.
Conclusion: Ferric vibriobactin can evade the human immune protein siderocalin in vitro because of the special iron

Significance: The unique iron coordination could be used by pathogenic bacteria to evade the mammalian innate immune
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Iron is essential for the survival of almost all bacteria. Vibrio
cholerae acquires iron through the secretion of a catecholate
siderophore called vibriobactin. At present, how vibriobactin
chelates ferric ion remains controversial. In addition, the
mechanisms underlying the recognition of ferric vibriobactin
by the siderophore transport system and its delivery into the
cytoplasm specifically have not been clarified. In this study,
we report the high-resolution structures of the ferric vibrio-
bactin periplasmic binding protein ViuP and its complex with
ferric vibriobactin. The holo-ViuP structure reveals that fer-
ric vibriobactin does not adopt the same iron coordination as
that of other catecholate siderophores such as enterobactin.
The three catechol moieties donate five, rather than six, oxy-
gen atoms as iron ligands. The sixth iron ligand is provided by
a nitrogen atom from the second oxazoline ring. This kind of
iron coordination results in the protrusion of the second cat-
echol moiety and renders the electrostatic surface potential
of ferric vibriobactin less negatively polarized compared with
ferric enterobactin. To accommodate ferric vibriobactin,
ViuP has a deeper subpocket to hold the protrusion of the
second catechol group. This structural characteristic has not
been observed in other catecholate siderophore-binding pro-
teins. Biochemical data show that siderocalin, which is part of
the mammalian innate immune system, cannot efficiently
sequester ferric vibriobactin in vitro, although it can capture
many catecholate siderophores with high efficiency. Our
findings suggest that the unique iron coordination found in
ferric vibriobactin may be utilized by some pathogenic bacte-
ria to evade the siderocalin-mediated innate immune
response of mammals.
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Iron is an essential ion for the growth of most bacteria. How-
ever, the concentration of soluble iron in the aqueous and aer-
obic environment is as low as 10~ '® M, which is not sufficient for
bacterial survival (1). Mammals have evolved a defensive mech-
anism against pathogenic bacteria by synthesizing iron-chelat-
ing proteins such as lactoferrin and transferrin, which push the
free iron concentration to an extremely low level that does not
support bacterial growth (2). To obtain sufficient iron, many
bacteria have developed the ability to synthesize low-molecular
weight, high-affinity iron chelators known as siderophores to
scavenge iron with high efficiency (3). Siderophores can be
divided into three groups: catecholates, hydroxamates (or
a-hydroxymates), and carboxylates, among which catecholate
siderophores are the most powerful iron chelators (4).

Vibrio cholerae, the causative agent of the severe diarrheal
disease cholera (5), acquires iron through secretion of a cat-
echolate siderophore called vibriobactin (6 — 8). Some strains of
non-epidemic V. cholerae have the ability to cause wound
infections and septicemia in susceptible people (9, 10). These
strains need to obtain enough iron from the blood. Vibriobactin
is synthesized from dihydroxybenzoyl, threonine, and norsper-
midine by a nonribosomal peptide synthesis-type system (8,
11-13). It is a catecholate-type siderophore like enterobactin.
All catecholate siderophores contain three 2,3-dihydroxyben-
zoyl moieties. Studies have demonstrated that enterobactin
uses six oxygens of 2,3-dihydroxybenzoic acid to coordinate
ferric atom, leading to the formation of a [Fe"'(Ent)]*>~ com-
plex? (14, 15). Thus far, the three-dimensional structure of
vibriobactin has not been determined. Because vibriobactin
contains three catechol moieties and two oxazolines (see Fig.
1A) (14, 16), the capacity of the nitrogen atom of the second
oxazoline to coordinate the ferric atom is controversial (4, 6).
The ferric atom bound in the siderophore is always in the high-
spin d® electron configuration, so the crystal field energy is not
large enough to stabilize the ferric siderophore complex. Most

2 The abbreviations used are: [Fe"(Ent)]*~, ferric enterobactin; PBP, periplas-
mic binding protein; SBP, siderophore-binding protein; [Fe"(Vib)]?>~, ferric
vibriobactin.

VOLUME 287 +NUMBER 12+MARCH 16, 2012


http://www.jbc.org/cgi/content/full/M111.316034/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=3R5S
http://www.pdb.org/pdb/explore/explore.do?structureId=3R5T
http://www.rcsb.org/

V. cholerae Evasion of Siderocalin-mediated Inmune Response

of the stable energy comes from Lewis acid-base electronic
energy because the ferric atom is a strong Lewis acid, and oxy-
gen atoms are hard Lewis bases (1, 4). Because nitrogen is a
softer atom compared with oxygen, we can assume that the
capacity of nitrogen to coordinate with ferric atom is weaker
than that of oxygen. Definitive evidence has not been obtained
to clarify whether the nitrogen atom of the second oxazoline
coordinates the ferric atom or not.

The secreted vibriobactin forms a ferric vibriobactin com-
plexwhen aniron is chelated. The ferric vibriobactin complex is
then transported to the cytoplasm of V. cholerae by a series of
transport proteins, including ViuAPDGC, in which ViuA is an
outer membrane receptor for vibriobactin and ViuPDGC forms
a periplasmic binding protein-dependent ATP-binding cas-
sette transport system (7, 18). The mechanism by which vibrio-
bactin is recognized and delivered into the periplasmic space by
Gram-negative bacteria is unknown. In V. cholerae, ViuP has
the ability to transport ferric vibriobactin from the outer mem-
brane to the inner membrane. As a periplasmic receptor of
ferric vibriobactin, ViuP needs to distinguish ferric vibriobactin
from free vibriobactin. Furthermore, holo-ViuP needs to be
recognized by the ATP-binding cassette transporter ViuDGC
and release ferric vibriobactin in the process of siderophore
transportation.

In this study, we present high-resolution structures of the
vibriobactin periplasmic binding protein ViuP and its complex
with ferric vibriobactin. The structure of holo-ViuP shows that
ferric vibriobactin does not adopt the same iron coordination as
that of other catecholate siderophores such as enterobactin.
Significantly, although the structure of ViuP shows that it is a
type III periplasmic binding protein (PBP), we found that the
position of the ferric vibriobactin-binding pocket is located at
the opposite site of the protein compared with all other sidero-
phore-binding type III PBPs.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The open reading
frame of ViuP (residues 27-325) was amplified from the
genome of V. cholerae O1 bv. El Tor strain N16961. Residues
1-26 were truncated because they were predicted to be a signal
peptide by the SignalP 3.0 server. The gene was then subcloned
into the pET21b vector (Novagen) between the Ndel and Xhol
restriction sites. The plasmid was transferred into Escherichia
coli BL21(DE3) cells. The transformed BL21(DE3) cells were
cultured in 6 liters of LB medium supplemented with 100 ug/ml
ampicillin at 37 °C to Agpn = 0.8. The medium was cooled to
22 °C, and protein expression was induced by the addition of
isopropyl B-p-thiogalactopyranoside to a final concentration of
0.18 mm. Cells were harvested by centrifugation after 12 h
of expression. The pellet was resuspended in lysis buffer (25 mm
Tris-HCI (pH 8.0) and 200 mm NaCl) and lysed by sonication.
The cell lysate was then centrifuged for 45 min at 28,500 X g.
Soluble fractions were loaded onto a nickel-chelating Sephar-
ose affinity column (GE Healthcare) equilibrated with lysis
buffer. The elution product was further purified by anion
exchange chromatography and gel filtration chromatography.
The purified protein was stored at —80°C until used.
Selenomethionyl-substituted ViuP was overexpressed in the
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BL21(DE3) cells using M9 medium. During incubation, sel-
enomethionine was added to the medium, and cells were
induced with isopropyl B-p-thiogalactopyranoside. The sel-
enomethionyl-substituted ViuP was purified with the same
protocol used for native ViuP.

Crystallization and Data Collection—Native ViuP was
screened for crystals with a Hampton Research crystal screen
kit using the hanging drop method. ViuP crystals appropriate
for data collection appeared under conditions of 0.2 M ammo-
nium acetate, 0.1 M sodium acetate (pH 4.6), and 25% polyeth-
ylene glycol 4000. Selenomethionyl-substituted ViuP crystals
were also obtained under the same conditions. To obtain crys-
tals of holo-ViuP, ferric vibriobactin (EMC Co.) was dissolved
in Me,SO to a concentration of 20 mM. The resulting solution
was added to native ViuP until the ligand/protein molar ratio
was 3:1. Holo-ViuP crystals were grown at 18 °C using the hang-
ing drop method as described for native ViuP. The best holo-
ViuP crystals were obtained under the same conditions as used
for native ViuP. For cryo-crystallography experiments, all crys-
tals were soaked in a solvent identical to the reservoir solution
with a final concentration of 20% glycerol. All data sets were
collected at Shanghai Synchrotron Radiation facility beamline
BL17U1 and were processed with HKL2000 software (19).
Crystals of apo-ViuP belong to space group C2 with unit cell
dimensions a = 76.925, b = 61.068, and ¢ = 66.852 A, whereas
crystals of holo-ViuP belong to space group C2 with unit cell
dimensions a = 82.496, b = 55.545, and ¢ = 69.542 A. Detailed
statistical data are presented in Table 1.

Phasing and Model Refinement—The structure of apo-ViuP
was solved with the single-wavelength anomalous diffraction
phasing method. Four selenium sites were found using the
SOLVE program. RESOLVE (20-22) was used to improve the
initial single-wavelength anomalous diffraction phases and to
automatically trace the chain of ViuP. The initial model was
built with the COOT program and refined with PHENIX suite
software (23). Five percent of the reflection data were set aside
for calculation of the free R-factor throughout the refinement
progress. The three-dimensional structure of holo-ViuP was
solved with the molecule replacement method using apo-ViuP
as the search model. The same protocol was followed for model
building and refinement of the holo-ViuP structure. Refine-
ment of holo-ViuP produced a reliable structure at a resolution
of 1.45 A, with >90% of the residues located in the most favored
of Ramachandran plot region. The existence and structure of
the ferric vibriobactin complex were determined according to
the 2F) — F, and F, — F,_ electron density maps.

Fluorescence Quenching Analysis—The recombinant sidero-
calin gene was subcloned from the human genome ¢cDNA. The
siderocalin protein was purified from an entF knock-out
BL21(DE3) strain and purified following the same protocols
used for ViuP. Fluorescence quenching of recombinant sidero-
calin was measured on a Hitachi F-4500 fluorescence spectro-
photometer with a 2.5-nm slit band pass and the characteristic
excitation and emission wavelengths of 281 and 340 nm,
respectively. Prior to the experiment, the siderocalin solution
was diluted to a concentration of 200 nm in Tris-HCl buffer
solution (pH 7.4) containing 5% Me,SO. The ferric vibriobactin
solution was diluted with Tris-HCI buffer solution containing
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TABLE 1
Statistics of crystallographic analysis

Apo-ViuP

Holo-ViuP

Data collection
Space group
Cell dimensions

Resolution (A)

c2 )
a=7693,b=61.07,c = 6685 A;
« = 90.00°, B = 120.56°, y = 90.00°
50-1.79 (1.85-1.79)

c2 )
a = 82.50,b = 55.55, ¢ = 69.54 A;
o = 90.00°, B = 117.02°, y = 90.00°
50-1.45 (1.50-1.45)

Completeness (%) 98.7 (88.2) 97.6 (88.0)
Redundancy 3.7 (3.3) 3.5(2.5)
I/o(D) 27.56 (3.98) 18 (3.16)
Ryym (%)” 5.0 (25.1) 6.0 (31.5)
Refinement
Resolution 33.12-1.79 24.6-1.45
R/ Rivee (%) 0.177/0.213 0.182/0.209
r.m.s.d.
Bond lengths (A) 0.007 0.007
Bond angles 1.0° 1.2°
Ramachandran plot (%)?
Most favored (%) 94.1 92.1
Additionally allowed (%) 59 7.9
Generously allowed (%) 0 0
Disallowed (%) 0 0
“ Values in parentheses are for reflections in the highest resolution shell.
P Roymn = Sy l0nkl); — (kD)) /34,5 KI(hkD),) over i observations.

¢ r.m.s.d., root mean square deviation.
4 As defined in PROCHECK.

FIGURE 1. Schematic representation of vibriobactin, overall structure of ViuP, and superposition of apo-ViuP and holo-ViuP. A, chemical structure of
vibriobactin. The three catechol groups are indicated by A, B, and C. B, illustration of the structure shows the two domains of ViuP connected by an a-helix. The
surfaceisin light orange. C, least-squares alignment of apo-ViuP (gray) and holo-ViuP with ferric vibriobactin (red). The Ca: backbone is shown as a ribbon model.

5% Me,SO to a concentration of 20 uMm. Ferric enterobactin and
vibriobactin were also diluted to a concentration of 20 um with
Tris-HCI buffer solution containing 5% Me,SO. All fluores-
cence values were corrected for dilution with the addition of the
ligand. Fluorescence data were analyzed with DYNAFIT (24) by
nonlinear regression analysis of the fluorescence response to
ligand concentration with the one-site binding model. Dissoci-
ation constants (K,) for ligands bound to siderocalin were
determined using the DYNAFIT results.

RESULTS AND DISCUSSION

Overall Structure of ViuP—ViuP is a periplasmic transport
protein that transports ferric vibriobactin from the outer mem-
brane to the inner membrane of V. cholerae. Crystals of apo-
ViuP and ferric vibriobactin bound to ViuP diffracted to reso-
lutions of 1.79 and 1.45 A, respectively. The structure of
apo-ViuP was solved with the selenium single-wavelength
anomalous diffraction method, after which the structure of
holo-ViuP was solved using the molecular replacement method
with the apo-ViuP structure as the search model. Data collec-
tion, phasing, and refinement statistics are detailed in Table 1.
ViuP has a typical bilobal shape, with the two independent
domains linked by a 21-residue a-helix (residues 165-185). The
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five-stranded B-sheet of the N-terminal domain and the six-
stranded -sheet of the C-terminal are sandwiched by several
a-helices, forming a Rossmann-like fold (Fig. 1B). Similar struc-
tural features have been observed in other siderophore-binding
proteins (SBPs) such as CeuE, FeuA, and YclQ (25-27). The
structure of holo-ViuP shows that ferric vibriobactin is located
in a shallow pocket in the middle part of the bilobal structure
formed by the two domains. Compared with the structure of
apo-ViuP, the two domains are more closely related in holo-
ViuP to accommodate the substrate after binding of ferric
vibriobactin (Fig. 1C).

Ferric Vibriobactin-binding Site—The ferric vibriobactin-
binding site of ViuP is composed of 10 residues (Val-59, Thr-60,
Thr-78, Thr-79, GIn-80, Phe-84, Gly-124, Ala-125, Asp-126,
and Tyr-146) from the N-terminal domain and nine residues
(Ser-197, His-199, Ala-206, His-239, Asp-241, Phe-242, Arg-
244, Phe-296, and Arg-297) from the C-terminal domain (Fig.
2B). Three subpockets are formed to accommodate the three
catecholate groups of vibriobactin (Fig. 2C). The subpocket that
holds the protruding catechol moiety is visibly deeper than the
two other subpockets, so the local protrusion can fit. Ferric
vibriobactin is stabilized mainly by the hybrid electrostatic/cat-
ion-7r interactions with Arg-244 and Arg-297 (Fig. 2A) and the
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—
FIGURE 2. Detailed view of vibriobactin pocket of ViuP. Ligand atoms are shown in green (carbon), red (oxygen), blue (nitrogen), and as a red sphere (iron).

A, 2F, — F_electron density map calculated at 1.45 A resolution (contour level of 1.5) for ferric vibriobactin and the three water molecules (salmon). The electron
density map shows that Arg-244 and Arg-297 form hydrogen bonds with vibriobactin. B, illustration of the side chains of other residues that compose the

binding pocket. Carbons are in light blue. C, electrostatic surface model of the binding pocket.

hydrophobic interactions with Thr-78, Thr-79, Phe-84, Ile-123,
Gly-124, Ala-125, Ala-206, Phe-242, and Phe-296. Superposi-
tion of the apo- and holo-ViuP structures using a least-squares
algorithm with the C-terminal domain revealed that the side
chains of the Arg-244 and Arg-297 basic diad are reoriented to
form interactions with ferric vibriobactin. The norspermidine
backbone is not involved in interactions with the protein. Three
water molecules (e.g. positions 3, 6, and 90) fill the vacant
space between ferric vibriobactin and the binding site (Fig. 24).
These typical protein-siderophore interactions have been
observed in all crystal structures of a PBP in complex with cat-
echolate siderophores (25-27).

The structure of ViuP clearly indicates that it is a type III PBP.
Unexpectedly, even though the overall structures of type III
PBPs are conserved, multiple-sequence alignment of ViuP with
other type III siderophore-binding PBPs revealed sequence
identities below 20% (Fig. 3). CeuE, FeuA, and YclQ are cat-
echolate SBPs and are type III PBPs with two domains linked by
a long a-helix. Structural comparisons of these three proteins
with ViuP using the Dali server yielded a root mean square
deviation of 3 A for ~240 Ca atoms. The catecholate sidero-
phores transported by these three SBPs all use six oxygens to
coordinate with iron and use a basic triad to balance the three
negative charges of the ferric siderophore. In contrast, a basic
dyad was found in the active site of ViuP. This finding suggests
that ferric vibriobactin may have two, rather than three, nega-
tive charges. Although the Arg-244 and Arg-297 basic dyad that
stabilizes ferric vibriobactin is not conserved, Glu-108 and Glu-
248 of ViuP are highly conserved residues that may specifically
interact with ViuDG to deliver ferric vibriobactin.

The low sequence identity to other SBPs indicates that ViuP
may belong to a new subgroup of type III PBPs. Comparison of
the structure of ViuP with other type III siderophore-binding
PBPs revealed that the binding pocket of ferric vibriobactin is
located at the opposite side of the protein (Fig. 4). This finding
suggests that ViuP and other known catecholate siderophore-
binding PBPs may have evolved to the same fold via convergent
evolution from different ancestral proteins. At the same time,
ViuP contains two conserved Glu residues (Glu-108 and Glu-
248) at the same positions as other SBPs, so the mechanism of
ferric vibriobactin transfer should be similar to that of other
SBPs.
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Special Iron Coordination—Vibriobactin is a catecholate sid-
erophore with two oxazole rings. The exact mechanism for iron
coordination of ferric vibriobactin is controversial. Griffiths et
al. (6) suggested that the nitrogen atom of the second oxazole
may participate in iron coordination, whereas Miethke et al. (4)
proposed that the six oxygen atoms from the three catechol
moieties coordinate with the ferric atom. The high-resolution
structure of holo-ViuP found in this study supports the former
hypothesis. The three catechol moieties donate five, rather than
six, oxygen atoms as iron ligands. The sixth iron ligand is pro-
vided by a nitrogen atom from the second oxazoline ring (Fig. 5
and supplemental Fig. S1B). This iron coordination is unusual
because all other catecholate siderophores studied so far
achieve iron coordination using six oxygen atoms from the
three catechol moieties. The structure of ferric vibriobactin is
reliable because the diffraction data have a high resolution of
1.45 A, and the electron density of ferric vibriobactin is crystal
clear. This type of coordination gives ferric vibriobactin unique
structural and chemical features in comparison with other
iron-laden catecholate siderophores such as enterobactin. First,
a protrusion of the second catechol moiety (Moiety B) was
formed due to the outward movement of the ligand oxygen
atom. To specifically recognize ferric vibriobactin, the sub-
pocket holding the second catechol moiety is deeper than the
other two subpockets in ViuP. Second, ferric vibriobactin car-
ries two, rather than three, negative charges, which are typical
of the common iron-laden catecholate siderophores that use six
oxygen atoms from the catechol moieties as iron ligands. The
less negative charge of the ferric vibriobactin ([Fe'(Vib)]*> ") in
contrast to other iron-laden triscatecholate siderophores is
compatible with the basic dyad structure of ViuP. In contrast,
the basic triad is a widespread binding motif for triscatecholate
siderophores in all structures reported previously (25-27).

Ferric Vibriobactin Binds to Siderocalin with Low Affinity—
Previous studies showed that the mammalian innate immune
system protein siderocalin sequesters iron-laden catecholate
siderophores with high affinity through specific hybrid electro-
static/cation-m interactions with the iron-coordinated catechol
moieties (30-32). Vibriobactin contains three catechol moi-
eties that can be expected to adopt the same iron coordination
as other catecholate siderophores, so [Fe™(Vib)]*>~ can be rea-
sonably expected to also be bound by siderocalin (33). However,

JOURNAL OF BIOLOGICAL CHEMISTRY 8915


http://www.jbc.org/cgi/content/full/M111.316034/DC1

V. cholerae Evasion of Siderocalin-mediated Inmune Response

ViuP/1-325 — — -  0.0000
29 39 40 50 Sl?
ViuP/1-325 . JVILGCLFSGFV..SAQ....QNV|. .. ... ... ... WPRTIFONA.DGSIITTI|PSQPKRILSTAV.TVTG
CeuE/1-330 S|. IILT|JACNSNSNE . .NNA. . SSTTKITNTATVKVLPISMSDEGDSF|LJVKD. .SLGENKI|PKNP|SKVVIILDL.GILD
FeuA/1-317 .LTAAACGSKNESTASKA. . .SGTAS|. « v« v v v vt v v v e EKKKIIEYLDKTYEVTVIPTDK[IAITGS .VESM.E
YelQ/1-317 .V[VISJACGNQSTS..SKG..SDTKK|. . . ... ... ........ EQITIVKHQLDKNGTKVIPKNPKKVVVEDF .GSLD
FhuD/1-315 -AALAIACGNNSES..KGSASDSKGA[. - - « v v vttt v v v ETFTYKA ENGNVKIPKHPKRVVIVMAD .GYYG
FitE/1-315 s D L L I T BUT o ses 5 04 55 5 5 0 00 38 8 593 5 09 590 4 08 EPVIQVFTDDLGRKVTIVIPAHPKRIV|ISLEHDLDITI
HtsA/1-327 TF\ILGLIVALLLVAACGNTDNS SKK ESSTK[. « - v o i o i i i i i DTIIS[VKD ENGT|VKVIPKDAKRIVVLEY .SFAD
SirA/1-330 KMLVVITLAF[L{. LVLAGCSGNSNK Qss DNKDEl: sz swsmsmmsms s msm ETTSIIKH AMGTITEIKGKPKRVVITLYQ.GATD
ViuP/1-325 QQQQ > Q000....... QQ —l 2000000 —l —
79 80 90 109 11(? 129 139 149
ViuP/1-325 TLLRIDRP..V[IAS[A. . ATT.QSTFFEQWRKLA. ... ... ELRQVEKK|LWPAGSVD|LESV|YV[EQIg TV VISMI[GADSARDQIP|ILLOATAPEYTI|L[V|
CeuE/1-330 TFDALK[LNDKVVIGVIP. .AKN.LPKYLQQFKN. .. ... ....... KPS|VIGGVQQVD|IFEAT|INALKIANIMT IISGRIQSK. . . . FYD[KLKE I APES§L(F|V|
FeuA/1-317 DAKLIDVH..PQGAISFSGK.FPDMFKDITDK .. . ..o ... . AEP|ITIGEKMEPNIEKILEMKIRYVLASTKFPEK. . . TLQKISTAGTEYIP|V|
YeclQ/1-317 TLDKLGLDDIVEAGLP..KQV.LPKYLSKFKD. .. ... ..... DKYADVIGSLKEPDFDKV|AELDANIMT IISARQSE . . . . SYKEFSKIAPRI|Y|L
FhuD/1-315 YFK[TLGI|N..V[V[GAP..ENVFKNPYYK...GK......... TNGVEN|IIGD . .GTS|VEKV|ID|LN}A LI VWTTQGAD . . . . IK[KLEK I A[Pp§V|A[V|
FitE/1-315 PLIELGVP..P[VAS|H. .GRT .RPDGSHFIRSGALLTGVDFDNSSIAF[I|GT .ADID|IIEAI|VARAKIFNII TIEPITRNT. .. .PIERLEKIA|PEV|S|T
HtsA/1-327 ALA .PVIGII|]A. .DDGKKKRIIKPVREK......... IGDYTS|VIGTRKQPN[LEE I|SK|LKE@MIIT AID SISRHKG . . . INKIE LNK I APpNT(S|L
SirA/1-330 VAV|SLGVIK..PVGAV. .ESWTQKPKFEYIKND. .. ... ... LKDTKIVGQEPAPN|LEE I|SK|LKIATPVASKVRNEK . . . VYD|QLSK I APP§V|S|T
A
ViuP/1-325 00. .. —
150 160 170 180 190 200 210 220
ViuP/1-325 DYSDQT....WQ...[SLAQQGLATGLEEQAERTI[[JHNFEQWTIKQVRDVIDL.PK. . ... GRIAN|I|VISYHGPGV|VINAVAKAQ . SAHA .|QLLQS|V]|
CeuE/1-330 GLDNANFLSSFE...NNVLSVAKLYGLEKEALEK[I|SDIKNEIEKAKSIVIDE.DK. ... . K.ALI|I|LT . NSNK|I[SA[FGP .Q.SRFG.|II|JHDV|L
FeuA/1-317 SHISSN....WK...ENMMLLAQLTGKEKKAKKI|IIADYEQD|LKE IK|TK/INDKAKDS . . .K.ALV|I[RI . RQGN|I|Y|[I[YPE.Q.VYFNS|TL|YGD|L
YclQ/1-317 GVDTAKYMESFK. . .[S[DAET|I|GK I|F DKED|[KVIKDE|[LANIDHS|IAD VKK TAEKLNK. . . . . N.|[GL|VIIMA . NDGK|I|S|AIFGP . K. SRYG .|LI|HDV|F
FhuD/1-315 KYDKLD....NI...[EQLKE[FAKMTGTEDKAEKWLAKWDKK[VAAAKTKI|KK.AVGDK. . T.|IS[I[MQT.NGKD|I|Y|V[FGK.
FitE/1-315 DHLKGG....AP.. .[EIYRKLAELTGTIQSOLAILERRYQAQINALKAT|LIDS.Q.KI...T.[VSV|I|QA.NQGK|I|NVMHES.
HtsA/1-327 KSFDGD. . YKQNINSFKTIAKALNKEKEGEKRLAEHDKLINKYKDEIKF.DRNQK. .. .|VLPAVV .AKAG|LLAHPN .
SirA/1-330 DTV.FK....FK...DTTKLMGKALGKEKEAEDLLKKYDDKVAAF|QKDAKAKYKDAWP LK. |ASVIVINF . RADH|[T|R[I|[YAG. . .
ViuP/1-325 Q0 —P 000000 —— D060 s a s 2Q.02000 Q00 2000 — il
230 240 250 270 280 290
ViuP/1-325 V|V|LE.EPDPAW. "‘GSIVHR ..... DFLR.IHYPHLTQLQAEITTFLITMTDQ. .. . . QA.QAFL . .HD. .PILEKNLP|S|I|]ORKQV|Y . GLGEN
CeuE/1-330 I[NAV.D. . .GT..... HGKS .[INSIHF|II|LEKNPD|Y|[IFV[VDRNVILGNKERA.QGIL . .DN. .ALVAKTKAAQONKK|III . YLDPE
FeuA/1-317 L|KAP.N. .A.K AQEL .[S[SLIYK|L{SEMNPDHIFVIQFSDDENADKPDALKDLE . .KN. .PIWK[SLKAVKEDHV|Y.V.NSV
YelQ/1-317 V|APA.D. .ST..... HGQS .|VISYY|I|SKTNPD|YILFVIIDRGTAIGETSST.KQVV . .EN. .DYVEKNVNAVKNGHV|I.YLDSA
FhuD/1-315 L|QAT.K. IDQ..GPGYTS .| I|SLIYK|LPDFAGD[YIFAGPWQSGGDDG. .. .. GVF....ES..SIWKN|LNRAVKNGHV|Y.KMDPI
FitE/1-315 FRFP.P. IPE..G.GRMD.|V|SAIHRILPELDADIFIVFATWRGDTGGKPQDELAAME . .. .KVMPGWCQF|LTACRS|GR|Y|V. LISRE
HtsA/1-327 F[KNALS. . .LSKYLKGPYLQ.|LDTIH|LADLNPERMIIMT . DHAKKDSAEF .KKLQ. .. .ED. . .ATWKKLNAVKNNR|VID. IVDRD
SirA/1-330 F[KRN.K .VDN. .GKDIIQL[TSKIYS[I[P LMNADHIFVIVKSDPNAKDAALV. KKTESEWTSS - KEWK|N|[LDAIVKNINQVISDDLDE I
A A

ViuP/1-325

300 310 320
ViuP/1-325 SFR....IDLFSARE[I|INSLLJRRFAGE. .QA..QSLVMP
CeuE/1-330 YWY....LASGNGLES|[LKTMI|....LE...I...
FeuA/1-317 DPL....A[QGG. TAWSKVRFL....KA .AA. .EKLTQN
YelQ/1-317 TWY....L|S|GG.GLEISMTQOM|I|....KE...V..KDGLEK
FhuD/1-315 GFY....F[TDP...I|SILEGQ|L....EFI..... TESLTIK
FitE/1-315 EAISNSFASLG LMARAQIQSIQ....IA..GR..PLPEAK
HtsA/1-327 VWA. -RSRG..LISSEEMAl....KELVEL. .SKKEQK
SirA/1-330 TWN....LRAGG..YK[S|SLKL[I....DDLYEKLNIEK]QS|K

A

FIGURE 3. Sequence alignment of known SBPs. The sequences of ViuP from V. cholerae (Protein Data Bank code 3R5S), CeuE from Campylobacter jejuni (PDB
code 2CHU), FeuA from Bacillus subtilis (code 2PHZ), YclQ from B. subtilis (code 3GFV), FhuD from E. coli (code 1EFD), FitE from E. coli (code 3BE6), HtsA from
Staphylococcus aureus (code 3EIW), and SirA from S. aureus (code 3MWG) were aligned using T-Coffee (28) and prepared using the online program ESPript (29).
The secondary structure is represented by a-helix and B-sheet. Blue arrowheads indicate the positions of the basic dyad of ViuP. Red arrowheads indicate the
positions of Glu residues of ViuP that may interact with the corresponding ATP-binding cassette transporter ViuDGC.

the unique iron coordination observed in our study raises the
question of whether [Fe™(Vib)]?>~ can escape from capture by
siderocalin. To investigate the possible interactions between
[Fe™(Vib)]?>~ and siderocalin, [Fe™(Vib)]>~ was overlaid on
the structure of [Fe'(Ent)]*> bound to siderocalin (Fig. 5B).
We observed a severe steric clash between the protruding cat-
echol moiety and the corresponding subpocket due to the
unusual stereochemistry of the iron coordination. Thus, we
speculate that the interactions between [Fe™(Vib)]*~ and
siderocalin would be much weaker than those between
[Fe"™(Ent)]?>~ and siderocalin. To test this hypothesis, we eval-
uated the interactions between siderocalin and [Fe'™(Vib)]*~
and between iron-free vibriobactin and [Fe"'(Ent)]>~ by the
fluorescence quenching analysis method (Fig. 6).
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The results indicate that siderocalin binds [Fe™(Ent)]®>~ with
high affinity with a K, as low as 2.65 = 0.63 nM. In the case of
iron-free vibriobactin, the K, is ~197.50 * 6.33 nm. This find-
ing suggests that iron-free vibriobactin binds to siderocalin
much more weakly than [Fe'(Ent)]®~. This result is not sur-
prising because iron coordination is necessary for the right ste-
reochemistry and the negative charges of the catecholate sid-
erophore. Previous data showed that the binding affinity of
iron-free enterobactin for siderocalin is much weaker than that
of ferric enterobactin (32). However, in the present study,
[Fe™(Vib)]*>~ bound to siderocalin with a much lower binding
affinity compared with iron-free vibriobactin. The dissociation
constant of [Fe™(Vib)]*>~ is 1419.60 * 48.92 nm, which is
~700-fold greater than that of [Fe"™(Ent)]*". This finding
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FIGURE 4. Electrostatic potential map of binding pocket of known cat-
echolate siderophore-binding PBPs. All catecholate siderophore-binding
PBPs were displayed with the same orientation of the N- and C-terminal
domains. Orange arrows represent the orientation of the binding pocket for
ferric vibriobactin. A, ViuP; B, FeuA (Protein Data Bank code 2WHY); C, CeuE
(code 2CHU); D, YclQ (code 3GFV) (25-27). The pocket of vibriobactin is on the
right side of ViuP, whereas all of the other pockets are on the left side of
associated PBPs.

strongly suggests that iron-laden vibriobactin is not favorable
for binding by siderocalin. Consequently, the innate immune
protein  siderocalin is not as effective against
[Fe™(Vib)]?™ as against [Fe"(Ent)]®~ in vitro. This means that
V. cholerae may evade human siderocalin to acquire sufficient
iron, although more in vivo data are needed to support this
argument.

Structural analysis of [Fe™(Vib)]*>~ and siderocalin revealed
that three factors contribute to the successful escape of
[Fe™(Vib)]*>~. First, the unique iron coordination results in the
protrusion of one catechol moiety. The potential steric clash
makes the three catechol moieties of [Fe™(Vib)]*>~ and the
three subpockets of siderocalin incompatible with each other.
Second, [Fe'(Vib)]>~ has two, rather than three, negative
charges due to the substitution of the nitrogen atom as a ligand.
The less net negative charge results in weaker hybrid electro-
static/cation-r interactions with the highly positively charged
active site of siderocalin. Third, in contrast to [Fe™(Ent)]?~,
[Fe"™(Vib)]*>~ is not a symmetric molecule and does not have a
rotational axis (Fig. 5A4). Upon binding to ferric iron, the scaf-
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FIGURE 5. Ferric atom coordination of enterobactin and vibriobactin and
superimposed result of [Fe"'(Vib)1?>~ and [Fe"(Ent)]*>~. A, blue dashed lines
represent the coordination bond. Ferric vibriobactin is on the left, and ferric
enterobactin is on the right. [Fe"(Ent)]*~ has a 3-fold symmetry axis. B, the
white skeleton stick structure is enterobactin, and the green structures are
vibriobactin superimposed on enterobactin at the binding site. The encircled
region indicates the conflict between [Fe"'(Vib)]?>~ and siderocalin when sid-
erocalin chelates [Fe"(Vib)]?~ at the calyx that binds [Fe"(Ent)]* .
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FIGURE 6. Fluorescence quenching analyses of capacity of siderocalin to
bind ferric enterobactin (FeEnt), vibriobactin (Vb), and ferric vibriobactin
(FeVb). Fluorescence data were taken at 340 nm (pH 7.4) upon the addition of
substrates to a 200 nm solution of siderocalin. Data points indicate the fluores-
cence signals generated by siderocalin, and curves indicate the calculated fits.

fold of [Fe(Vib)]*>~ adopts an extremely distorted conforma-

tion that is not conducive to sequestration by siderocalin (Fig.
5B).
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Previous studies have shown that the ability to evade sidero-
calin of the innate immune system is necessary for many path-
ogenic bacteria to achieve successful infection (30, 34, 35). Thus
far, two strategies have been observed in pathogenic bacteria.
Many pathogenic enteric bacteria, including E. coli, Salmonella
spp., and Klebsiella pneumonia, have an iroA gene cluster that
encodes enzymes that produce glycosylated derivatives of
enterobactin. Bacillus anthracis evades siderocalin through
production of a stealth siderophore, which has a 3,4-dihydroxy-
benzoyl iron-chelating subunit rather than the common 2,3-
dihydroxybenzoyl. In this study, the unique iron coordination
of [Fe'(Vib)]>~ allows it to escape sequestration by siderocalin
invitro. This finding suggests that ferric vibriobactin may func-
tion as a stealth siderophore for V. cholerae. Previous studies
have shown that vibriobactin is an important virulence factor
and that strains with mutations in vibriobactin biosynthesis
have decreased virulence in mice (36). Although no in vivo data
on whether the ability of V. cholerae to evade siderocalin is nec-
essary for successful infection are available, the present study
presents a feasible mechanism for a catecholate siderophore to
escape siderocalin. This mechanism could be important for the
non-epidemic V. cholerae that faces higher concentrations of
siderocalin in blood while causing wounds, ear infections, or
septicemia (9, 10). Vibrio vulnificus, which can cause lethal sep-
ticemia and wound infection in humans, produces vulnibactin,
a siderophore with a structure similar to that of vibriobactin
(37). Therefore, we can reasonably expect that V. vulnificus
may employ a similar mechanism to evade siderocalin (supple-
mental Fig. S2). In addition, V. cholerae is not the only bacte-
rium that utilizes vibriobactin (17), so we can speculate that
some pathogenic bacteria may use this mechanism to evade the
siderocalin-mediated mammalian innate immune response.
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