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ABSTRACT: The innate immune system antibacterial protein
Siderocalin (Scn) binds ferric carboxymycobactin (CMB) and
also several catecholate siderophores. Although the recognition
of catecholates by Scn has been thoroughly investigated, the
binding interactions of Scn with the full spectrum of CMB
isoforms have not been studied. Here we show that Scn uses
different binding modes for the limited subset of bound CMB
isoforms, resulting in a range of binding affinities that are much

Ky (M)

25 o ‘C‘Lg\r v O o TB immunity ] \
2 ey 0. N, \ \
Oy s )
1 n=3-5

0s TB infection

3

4 5 6 7
Carboxymycobactin tail length (n)

weaker than other siderophore targets of Scn. Understanding the binding interaction between Scn and CMBs provides clues for the

influence of Scn on mycobacterial iron acquisition.

From microbes to mammals, iron is essential for virtually all
living organisms. Therefore, an organism that can efficiently
acquire, utilize, and store iron may out-compete other organisms
for survival." While iron is sequestered in the human body by
intracellular ferritin and extracellular transferrin,” during an infe-
ction bacterial pathogens can employ siderophores (high-affinity,
small-molecule chelators) with sufficient strength to remove ferric
ions from the host’s iron stores.> Siderocalin (Scn; aka Len2,
Ngal, and 24p3) is a mammalian antibacterial protein that acts as
a second line of defense against iron piracy by binding siderophores
and their ferric complexes, thereby intercepting the delivery of
iron to the bacteria.* The human pathogen Mycobacterium tubercu-
losis (Mtb), the causative agent of tuberculosis, localizes inside host
macrophages during infection® and taps into intracellular iron stores
for survival.® Recent literature has shown that Scn suppresses the in
vitro growth of mycobacteria,”* and although this influence is
attributed to Scn interfering with siderophore-mediated iron acqui-
sition, this mechanism of action has yet to be fully elucidated.

The “stealth” siderophore phenomenon has been described in the
siderophore systems of a number of human pathogens. For example,
while Gram-positive pathogens Bacillus anthracis and Bacillus cereus
produce both bacillibactin (BB) and petrobactin (PB), '*** only PB
is not sequestered by Scn'? and, as a result, is a virulence factor for the
pathogen. Similarly, pathogenic strains of Gram-negative enteric
bacteria, such as Salmonella enterica and typhimurium and Escherichia
coli, produce both enterobactin (Ent) and its glycosylated derivative,
salmochelin (S4), and only S4 confers virulence in the presence of
the innate immune response due to its ability to evade Scn.'® The
use of a stealth siderophore under the pressure of the Scn
immune response is one advantage of using a diverse, multi-
siderophore iron acquisition system by pathogenic bacteria.

Mtb is an unusually persistent bacterium that is able to survive
a number of environmental stresses including desiccation,
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osmotic shock, and nutrient deprivation.14 Nonetheless, survival
is still dependent on the ability of the pathogen to acquire iron."”
Carboxymycobactins (CMBs, Figure 1) are a suite of siderophores
differing in the length of the fatty acid tail (n = 3—10) produced
by Mitb to sequester iron from within the host macrophage.'® (Other
siderophores produced include the structurally similar, cell-
associated mycobactins and the hydroxamate-based exochelins.'”)

In 2005, the crystal structure of Scn bound to Fe'CMB
provided the first indication that the Scn immune response may
impede the 8pathogenicity of Mtb by interfering with its iron
acquisition.'® Although Scn was in the crystallization solution
with a mixture of ferric CMBs, only the n = 6 isoform was bound
within the protein calyx in the crystal structure. This observation
raised several new questions about the influence of Scn on iron
acquisition in Mtb. Does Scn also bind the ferric complexes of the
other CMB isoforms? Does Scn selectively bind the n = 6 isoform
over the others? What is the binding affinity of Scn for the CMBs?
How does the Scn—Fe"CMB interaction compare to the Scn
binding interactions with other siderophores? And ultimately,
how does the presence of Scn in the host versus the secretion of a
suite of siderophores by the pathogen affect the balance of iron
during an Mtb infection?

To begin to answer these questions about the functional
significance of the Mtb suite of siderophores, a mixture of CMBs
was isolated from the nonpathogenic bacterium M. smegmatis,"
and the individual ferric complex isoforms (n = 3—8) were
separated by HPLC (Supplementary Figure 1). CMBs of longer
tail length were also detectable in the mixture, although in trace
amounts. The separated compounds were characterized by
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Figure 1. Molecular structure of carboxymycobactin (CMB, left, where n = 3—10 in the fatty acid tail). CMB is a hexadentate ligand that forms a
mononuclear ferric complex with iron (1:1 Fe:CMB). Iron binding atoms shown in red. To the right, fluorescence binding analysis of Scn (0.1 #M) with

I
Fe

(DYNAFIT?).

CMB isoforms (n = 3—8) at pH 7.4. Symbols indicate fluorescence data at 340 nm, and lines are calculated nonlinear least-squares fits

Table 1. Dissociation Constants Determined by
Fluorescence for Scn Binding to CMB Isoforms (n = 3—8)

Fe'CMB (by n) Kq (uM) est SD
3 >9
4 2.36 +90x 103
5 1.10 +26x 1072
6 0.654 +22x1072
7 0.128 +1.0x10°
8 0.280 nd”

¢ Uncertainties were determined from the standard deviation of three
independent titrations. ® Minimal sample size allowed for only one
binding experiment.

LC—MS and UV—vis spectroscopy (Amax = 450 nm, € = 3,800
M ! cm™%; based on the reported A e, the absorbance of a
1% solution of CMBs)'® 2" to ensure that each isoform had been
completely separated from the others in the suite. Subsequently,
the interaction of each isoform with Scn was analyzed through
fluorescence binding assays and protein crystallography.

The fluorescence methods used in Scn binding studies for
all previous siderophore systems were employed for the ferric
CMBs. "> The range of binding constants determined for the
suite of siderophores spans over 2 orders of magnitude in affinity.
The strongest binding ferric CMB complex is the n = 7 Fe' "CMB
(K4 =128 nM), and the affinity for the other isoforms decreases
in both directions of the series such that the dissociation constants
for nare in the order 7 < 8 < 6 < 5 < 4 < 3 (Figure 1 and Table 1).
In general, Scn binds Fe'CMB with lower affinity (nearly 1000-
fold weaker for even the tightest binder) than previously described
ferric siderophore substrates BB'* and Ent.*

Next, the individual isoforms were co-crystallized with Scn in
order to correlate the variable dissociation constants with the
molecular interactions within the protein calyx. Although crystals
were obtained for all isolable isoforms (n = 3—8, Supplementary
Figure 2), the electron densitly was interpretable only for CMBs
with tail lengths n = 5 (Fe"'CMB-5), n = 6 (Fe""CMB-6, the
original structure'®), and n = 7 (Fe"CMB-7). The structures of
these three isoforms are shown in Figure 2. Crystallographic
analysis of the Fe""'CMBs bound to wild type human Scn show
that the change in the tail length of CMB does not affect the
backbone conformation of Scn locally or globally (superpositions
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Figure 2. Structures of Scn bound to Fe""CMB. The carboxylate tail is
found bound in the lower portion of pocket 2 in both the n = 6
(Fe™CMB-6, middle) and n = 7 (Fe™ CMB-7, bottom) structures. In
contrast, the tail adapts both a “tail in” and “tail out” conformation in the
case of n = 5 (Fe""CMB-5, top). To accommodate the “tail in” binding
conformation, the hydroxamate in pocket 3 shifts 2.0 A down into the
calyx, disrupting ideal iron coordination.

rmds of Fe'CMB-5 onto the original Fe"CMB-6 structure
(PDB accession code 1X89): 0.12 A molecule A, 0.17 A molecule
B, and 0.12 A molecule C; superpositions rmds of Fe""CMB-5
onto the original Fe'"'CMB-6 structure: 0.19 A molecule A, 0.30
A molecule B, and 0.20 A molecule C; calculated on all common
Ca). There were no significant changes between the original
Fe'CMB 1 = 6 structure and the n = S and n = 7 structures with
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the exception of the position of the bound siderophore within the
calyx. Three pockets in the Scn calyx are walled off from each
other by side chains with pocket 1 defined by the side chains of
Lys125 and Lys134, pocket 2 defined by Lys134 and Trp79/
Arg81, and pocket 3 defined by Trp79/Arg81 and Lys125.
Previous studies have shown that the cationic calyx residues
(Lys12S, Lys134, Arg81) play an important role in the recogni-
tion of siderophores through electrostatic interactions.*** Simi-

lar to the original structure, the hydroxyphenyl oxazoline (HPO)
group is bound in pocket 1 between Lys125 and Lys134, and the
seven-membered cyclic hydroxamate in pocket 2 between
Lys134 and Arg81. The fatty acid tail branches from the hydro-
xamate bound in pocket 3 and reaches down into a subpocket
located below pocket 2.

The fatty acid tail of Fe''CMB-$ is found in two different
conformations: “tail in”, where the tail of CMB binds deep into
pocket 2, and “tail out” where the tail of CMB moves out the
backside of pocket 3 and away from the calyx. Conversely, the
structure of Fe"'CMB-7 has the same siderophore binding mode
as the previously published Fe""CMB-6 in which the tail is tucked
under the complex and the carboxylate is buried deep in pocket 2.
While the electron density is difficult to interpret in the Fe"'CMB
n = 4 structure, it is apparent that the tail is not seen buried deep
in pocket 2, likely contributing to the overall disorder of the
siderophore in these data sets. There was no density for the
siderophore found in the Fe"'CMB n = 3 structure.

There is a correlation between the aflinities determined by
fluorescence and the binding modes determined by crystallography.
The two binding modes of the CMBs, “tail in” and “tail out”, show
that the tucked tail creates an important interaction in the
recognition of Fe''CMB. It has been previously observed that
the positioning of the tail in the pocket mirrors the crystal
structure of Scn bound to an opportunistic ligand, n-capric acid."®
In this structure, the carboxylate of the fat? acid was bound in pocket
2 with the alkyl tail trailing into the calyx.”> Without this interaction,
the mechanism of recognition of the Fe CMB substrate is severely
hindered. We speculate that the smaller tail lengths are not long
enough to tuck under the complex and bury the carboxylate and, as a
result, are bound with lower affinity by Scn.

The molecular structure of CMB is vastly different from
catecholate siderophores (BB, Ent, parabactin, etc.) yet it is still
bound by Scn, emphasizing the effectiveness of the generalized
recognition strategy of Scn based on hybrid electrostatic inter-
actions (cation-77 with aromatic metal-binding units and Cou-
lombic with anionic complexes).*”> CMB has only a single
aromatic unit, the HPO, to participate in a cation-77 binding
interaction within the Scn calyx, compared to the tris-catecholate
Scn substrates Ent and BB. The position of the HPO unit in the
CMB-Scn co-crystal structures in between the Lys125 and
Lys134 in pocket 1 is conserved across all the structures, and
the phenol ring of the HPO superimposes with the catechola-
mide of Ent from the Scn co-crystal (Supplementary Figure 4).
The electrostatic potential map of the HPO binding unit (Figure 3),
along with the calculated cation-binding energies (BEapoHPO =
22.51 kcal/mol, BEyippo = 36.68 kcal/mol), demonstrate an
enhanced ability to participate in a cation-7 interaction com-
pared to the 2,3-catecholamide.”

Several tris-hydroxamate siderophores have been demon-
strated to not bind to Scn.'® The lack of recognition is attributed
to (a) the absence of aromatic binding units, which negates the
cation-7r binding interaction; (b) the formation of neutral ferric
complexes, which negates the Coulombic binding interaction;

 M-HPO

o N\M

Figure 3. Electrostatic potentials for HPO and M-HPO units (with the
input structures) were calculated at the RHF/6-311G** level of theory
with iso-values of —0.2 (red) to 0.2 (blue). Cation-77 interaction energies
were calculated at the MP2/6-311G** level of theory, and BSSE was
corrected for with the counterpoise method.

and (c) the lack of shape complementarity with Scn. Despite the
neutral, bishydroxamate iron coordination of CMB, some iso-
forms are still sequestered by Scn. The HPO unit enables Scn to
recognize the primary coordination sphere of the complex through
enhanced cation-77 interactions. Furthermore, the fatty acid tail is
the source of the overall monoanionic complex charge. However,
CMB complexes that cannot adopt the “tail-in” conformation
in the Scn calyx eliminate the Coulombic binding interaction.
Therefore, while the HPO unit is critical to the Scn recognition of
CMB, the length of the fatty acid tail ultimately determines
whether a CMB complex is intercepted by Scn.

In addition to Scn dissociation constant, another important factor
in siderophore sequestration is the rate at which the siderophore
dissociates from Scn. In other words, the half-life of the protein
complex ultimately determines the effectiveness of the seques-
tration. While the siderophore off-rate was not determined in this
study, the variance binding mode among the CMBs with a cor-
responding change in dissociation constants suggest that varying
tail lengths in the suite of CMBs is the means of immunoevasion.
Moreover, the relatively weak binding affinities indicate that the
function of these siderophores is more complex than simply
acting as stealth s1der0ph0res Although the dissociation constant
of the Mtb receptor for Fe'' CMB has not been reported, the
weak affinity of Scn for the Fe'CMBs may indicate that Scn
cannot interrupt iron transport in Mtb in the same way as the Ent
and BB bacterial systems. This is corroborated by Halaas et al.,
who showed that inhibiting the synthetic pathway of the CMBs
with p-aminosalycilate was more effective at growth inhibition of
mycobacteria in vitro than Scn.’

Because Mtb is primarily an intracellular bacterium, the host-
pathogen interactions are more pronounced. As a result, Mtb has
developed more complex survival strategies than the typical ex-
tracellular bacteria. One example of this is the mechanism by
which Mtb evades cell death by preventing fusion with late
endocytic organelles in the macrophage.'*'” Similarly, in order
to overcome host defenses, the siderophore production of Mtb
must be tailored specifically to acquire iron from within the host
cell. Recent in vivo studies have shown that Scn is most effective
against free-living M. avium in the bloodstream during the early
phase of infection, where a substantial fraction of the bacteria are
extracellular, but is less effective at suppressing the growth of
intracellular mycobacteria.” This is attributed to the fact that within
macrophages Scn is eventually trafficked to endolysosomes, whereas
the pathogen colocalizes with intracellular transferrin in separate
compartments. While the intracellular iron acquisition of Mtb is
not yet well understood, the atypical structures of CMB and
mycobactin, including the cyclic hydroxamate, the HPO, and the
side chains, are a testament to the strides the bacterium takes to
produce a siderophore uniquely qualified for this task. One example
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of the structure —function correlation in these siderophores is the
wide range of lipophilicities of CMBs and mycobactins, which
enable the siderophores to navigate throughout the cell in search
of iron stores. ** Although CMB is captured by Scn in some cases,
the ultimate survival of the pathogen implies that the Scn
immune response does not effectively inhibit iron acquisition
by mycobacteria.

B METHODS

General. The Fe™'CMBs were isolated from M. smegmatis using
published procedures.'”*' M. smegmatis strain mc> 155 was obtained
from Prof. Hiroshi Nikaido (University of California, Berkeley). Affi-
nities of Scn for the CMBs were determined by a fluorescence-based
binding assay as previously described.* Electrostatic calculations were
performed according to published procedures.”**® Computational
studies were conducted at the Molecular Graphics and Computation
Facility, College of Chemistry, University of California, Berkeley.

HPLC Conditions. Separation of the ferric CMBs was achieved on
an Agilent Eclipse XDB-C18 (reverse phase) S uM semipreparative
column with a gradient solvent system of water/methanol (50:50 at 0
min to 30:70 at 30 min) with a flow rate of 1.25 mL/min and a detection
wavelength of 450 nm. The 30:70 system was maintained for an
additional S0 min while the Fe™CMB fractions eluted. The fractions
were analyzed by LC—MS to identify the isoform (Supplementary
Figure S1) and condensed, and a second HPLC run was performed with
the same water/methanol solvent system to further purify the complexes
(with UV—vis detection at 450, 310, and 254 nm). The fractions were
dried, and pure ferric CMBs were stored under vacuum in a dark cabinet
until it was used in binding studies (usually within 3 days).

LC—MS Characterization. Ferric CMB-containing HPLC frac-
tions were analyzed by LC—MS on an Agilent Eclipse XDB-C18
(reverse phase) S uM analytical column (4 = 450 nm, flow rate =
0.5 mL/min) with the following gradient: 0 min, 50:50 (H,0/MeOH);
10 min, 30:70 (H,0/MeOH); 30 min, 30:70 (H,O/MeOH); 33 min
50:50 (H,0/MeOH).

Fluorescence Quenching Binding Assay. Fluorescence quench-
ing of recombinant Scn was measured on a Cary Eclipse fluorescence
spectrophotometer. A 5 nm slit band-pass for excitation and a 10 nm slit
band-pass for emission were used with a high-voltage detector. An excitation
wavelength of 4., = 281 nm was used, and emission was collected at A, =
340 nm. Measurements were made at a protein concentration of 100 nM in
buffered aqueous solutions, plus 32 ug/mL ubiquitin (Sigma) and $%
DMSO. Fluorescence values were corrected for dilution upon addition of
substrate. Fluorescence data were analyzed by nonlinear regression analysis
of fluorescence response versus substrate concentration using a one-site
binding model as implemented in DYNAFIT.> All standard binding experi-
ments were done at pH 7.4 using TBS aqueous buffer. Control experiments
were performed to ensure the stability of the protein at experimental con-
ditions, including dilution and the addition of ubiquitin and DMSO.

Computational Methods. To determine the quadrupole mo-
ments, ©,,, the aromatic structures were geometry optimized and chara-
cterized via frequency calculations at the RHF/6-311G** level of theory
in the Gaussian 03 package.z6 To determine the aromatic-cation interaction
energies the aromatic structures, the sodium cation, and the aromatic-
cation complexes were characterized via a frequency calculation at the
MP2/6-311++G** level of theory, and the aromatic-cation interaction
energies were corrected for basis set superposition error (BSSE) with the
counterpoise method in the Gaussian 03 package.26 In the aromatic-
cation calculations the sodium ion was fixed at a distance of 2.47 A above
the centroid of the aromatic unit. To determine the orbitals involved in
the ESIPT and the triplet energy for the HPO unit, time-dependent
density functional theory calculations were performed using a B3LYP/
6-311++G(d,p) basis set in Gaussian 03 package*® Geometry

optimizations were performed on the input structures without symmetry
constraints.

Protein Crystallographic Studies. Human Scn was isomor-
phously co-crystallized with Fe""'CMB with fatty acid tail lengths n =
3,4,S,6,7,and 8 using the previously reported crystallization conditions™®
Crystals were cryoprotected by supplementing the mother liquor with
15% glycerol before flash freezing them in liquid nitrogen at —170 °C.
All data sets were collected at the Advanced Light Source in Berkeley,
CA and processed with the HKL2000 software package.”” Reflections
chosen for calculating Rfree were matched to those used in the original
wild type human structure (PDB code 1L6M). Phases were calculated
using the original Scn structure, modeling was performed with Coot, and
the structure was refined using Refmac5.”* > Relevant data collection
and refinement statistics are shown in Table 1. Coordinates for both
structures have been deposited with the PDB (accession codes 3PEC
and 3PED).
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