Crystal structure of the antibiotic albomycin in complex
with the outer membrane transporter FhuA
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Abstract

One alternative method for drug delivery involves the use of siderophore-antibiotic conjugates. These compounds
represent a specific means by which potent antimicrobial agents, covalently linked to iron-chelating siderophores, can
be actively transported across the outer membrane of Gram-negative bacteria. These “Trojan Horse” antibiotics may
prove useful as an efficient means to combat multi-drug—resistant bacterial infections. Here we present the crystallo-
graphic structures of the natural siderophore-antibiotic conjugate albomycin and the siderophore phenylferricrocin, in
complex with the active outer membrane transporter FhuA from Escherichia coli. To our knowledge, this represents the
first structure of an antibiotic bound to its cognate transporter. Albomycins are broad-host range antibiotics that consist
of a hydroxamate-type iron-chelating siderophore, and an antibiotically active, thioribosyl pyrimidine moiety. As
observed with other hydroxamate-type siderophores, the three-dimensional structure of albomycin reveals an identical
coordination geometry surrounding the ferric iron atom. Unexpectedly, this antibiotic assumes two conformational
isomers in the binding site of FhuA, an extended and a compact form. The structural information derived from this study
provides novel insights into the diverse array of antibiotic moieties that can be linked to the distal portion of iron-
chelating siderophores and offers a structural platform for the rational design of hydroxamate-type siderophore-
antibiotic conjugates.
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Bacterial virulence is often related to an organism’s ability to
compete for essential nutrients (Martinez et al., 1990). The vir-
tual insolubility of ferric iron under oxygen-rich conditions se-
verely restricts bacterial growth. To satisfy their iron requirement,
most bacteria have evolved a diverse series of high-affinity iron
acquisition systems that are dependent upon the synthesis and/or
uptake of low molecular weight iron chelators termed sidero-
phores (Neilands, 1995; Braun et al., 1998). Transporters bind
these iron chelates with high affinity and mediate their uptake
across the outer membrane of Gram-negative bacteria with an
energy-dependent mechanism of transport. The energy required
to translocate these compounds is derived from the proton mo-
tive force of the cytoplasmic membrane as transduced by the
TonB-ExbB-ExbD complex (Braun, 1995).

The diverse range of siderophores that are transported by TonB-
dependent transport systems can be exploited to develop novel
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strategies for drug delivery. The concept that siderophore ana-
logues, termed siderophore-antibiotic conjugates, can be actively
transported across the bacterial cell envelope is well established
(Roosenberg et al., 2000). Albomycins are “natural” iron-chelating
siderophores of fungal origin that display broad-spectrum bacteri-
cidal activity against both Gram-positive and Gram-negative bac-
teria (Kniisel & Zimmermann, 1975). The following bacterial strains
have been shown to be sensitive to albomycin: Escherichia coli,
Staphylococcus aureus, and other Staphylococci, Bacillus subtilis,
Klebsiella pneumoniae, Streptococcus pneumoniae, Salmonella spe-
cies, Bordetella pertussis, and Spirochaeta species. In contrast,
Listeria, Mycobacterium tuberculosis, and Bacillus mycoides are
albomycin-resistant (Niiesch & Kniisel, 1967). The exquisite in-
hibitory activity of albomycins (minimal inhibitory concentration
of 0.005 pg/mL, compared to 0.1 wg/mL for ampicillin; Pugsley
et al., 1987) depends upon their ability to utilize the ferric hydrox-
amate uptake system for their uptake across both the outer and
cytoplasmic membranes. Albomycin, a structural analogue of the
fungal siderophore ferrichrome, is actively transported across
the outer membrane of E. coli by FhuA. Once translocated into the
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periplasm, the antibiotic is bound by the periplasmic binding pro-
tein FhuD (Rohrbach et al., 1995), shuttled to an ABC transporter
embedded within the cytoplasmic membrane (FhuBC), and ac-
tively transported into the cytoplasm (Schultz-Hauser et al., 1992).
Bacterial mutants with deletions in any one of the fhuABCD genes
are unable to transport albomycin across the cell envelope and thus
are resistant to its antimicrobial effects (Kadner et al., 1980).

Similar to ferrichrome and its structural analogues, ferricrocin
and phenylferricrocin, the iron-chelating component of albomycin
is a tri-6-N-hydroxy-6-N-acetyl-L-ornithine peptide. Covalently
linked to the iron-binding component of albomycin, by a short
amino acetyl linker, is a thioribosyl pyrimidine antibiotic group
(Hartmann et al., 1979). The chemical structures (Benz et al.,
1982) and the thioribosyl pyrimidine substituent conformations in
aqueous solution (Benz et al., 1984) of three albomycin subtypes
(81, 8-, and €) synthesized by Streptomyces spec strain WS116
have been determined. Substitution of the thioribosyl moiety with
a ribosyl analogue abolishes the antimicrobial activity of ;-
albomycin (Paulsen et al., 1987). In E. coli, enzymatic cleavage of
the antibiotic group from the iron-chelating portion of albomycin
is accomplished by peptidase N. Bacterial mutants devoid of pep-
tidase N activity are albomycin-resistant, indicating that peptidase-
mediated cleavage is essential for albomycin to exert its bactericidal
activity (Braun et al., 1983). Although the transport and activation
pathways of albomycin are known, the intracellular target remains
to be determined. The absence of albomycin-resistant target site
mutants suggests that albomycin interferes with critical bacterial
cell functions or has multiple intracellular targets.

Results and discussion

We have determined the three-dimensional structures of FhuA in
complex with phenylferricrocin and albomycin at 2.95 and 3.10 A
resolution, respectively (Fig. 1; Table 1). The structures of un-
liganded FhuA and FhuA in complex with ferricrocin (Ferguson
et al., 1998b) and ferrichrome (Locher et al., 1998) are also avail-
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able. These crystallographic structures show that FhuA is orga-
nized into two domains (Fig. 2A). The elliptical-shaped B-barrel
domain is formed by 22 antiparallel transmembrane 3-strands. The
cork domain, consisting of a mixed four-stranded [B-sheet and a
series of short a-helices, fills the barrel interior. The presence of
the cork domain delineates a pair of pockets within FhuA. The
larger extracellular pocket is open to the external medium while
the smaller periplasmic pocket is in contact with the periplasm.
The interior walls of the extracellular pocket, extracellular loops,
and strands of the barrel domain are lined with aromatic residues
(Fig. 2B). Hydroxamate-type siderophores, such as phenylferric-
rocin and albomycin, are polar but uncharged at physiological pH
and are not inherently hydrophobic. The aromatic side-chain res-
idues that line the inner walls of the extracellular pocket may
function to extract the siderophore from the external medium.

Located within the extracellular pocket of FhuA, above the ex-
ternal outer membrane interface, is a single ligand molecule
(Fig. 2A,B). The iron-chelating components of phenylferricrocin
and albomycin are bound to FhuA in the same orientation and by
the same side-chain residues (Fig. 2B) as previously observed with
ferricrocin (Ferguson et al., 1998b) and ferrichrome (Locher et al.,
1998). Residues from the extracellular pocket, apices A (Arg81), B
(GIn100), and C (Tyr116) of the cork domain and from the barrel
domain, form hydrogen bonds or van der Waals contacts with the
phenylferricrocin (Figs. 3A, 4A; Table 2) or albomycin molecule
(Figs. 3B,C, 4B; Table 3).

Due to inherent flexibility of the amino acetyl linker connecting
the iron-chelating moiety of albomycin to the thioribosyl pyrimi-
dine substituent, two albomycin conformations, an extended and a
compact conformational isomer, have been identified in the bind-
ing site of FhuA. These transport-active albomycin conformations
may only represent a small portion of a larger set of conformations
that exist in aqueous solution. The extended conformational isomer
extends upward into the extracellular loops of FhuA, while the
compact conformational isomer fills part of the lower portion of
the extracellular pocket. Side-chain residues from the extracellular

Fig. 1. Representative electron density section of the FhuA-albomycin complex. Stereoview of the final 3F,;; — 2F 4. electron density
map contoured at 20 (orange) and lo (green) at a resolution of 3.10 A showing the albomycin-binding site. Both conformational
isomers of the albomycin molecule are presented. The extended conformational isomer is shown with carbon atoms, white; oxygen
atoms, red; nitrogen atoms, blue; and sulfur atoms, yellow. The thioribosyl pyrimidine group of the compact conformational isomer
is colored purple. The ferric iron atom is shown as a large red sphere.
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Table 1. Crystallographic data®

FhuA in complex
with phenylferricrocin

FhuA in complex
with albomycin

Data collection and reduction
Space group
Unit cell
a (A)
b (&)
¢ (A)
Number of molecules per asymmetric unit
Number of measured reflections
Number of unique reflections
Completeness (%)
Resolution (A)
RS)'VIZ (0/0)
Rmea.s (%)
Rmz’rge-F (0/0)
I/o

Structural refinement

Rcrysl (0/0)

Riree (0/ 0)

RMSD
Bond lengths (A)
Bond angles (deg)
Dihedral angles (deg)
Improper angles (deg)

P6] P6]
172.10 171.90
172.10 171.90

87.65 87.55

1 1
231,385 197,612
31,400 38,021
94.8 (82.0) 94.9 (94.3)
2.95 3.10
6.4 (22.0) 13.9 (34.9)
6.8 (25.8) 15.0 (40.2)
6.5 (29.1) 15.3 (36.1)
19.6 (3.8) 6.16 (2.2)
225 222
27.8 283

0.008 0.020

1.8 23
26.2 25.8

0.88 2.82

“All X-ray diffraction data were collected at Max-Lab II beam line 1711 (Lund, Sweden) at a temperature of 100 K using a
wavelength of 1.051 A. Brackets indicate the highest resolution shell.

pocket, extracellular loops, and strands of the barrel domain form
numerous hydrogen bonds and van der Waals contacts with both
conformational isomers (Figs. 3B,C, 4B; Table 3). In accord with
the composition of the ligand binding sites, deletion of residues
236-248 (Killmann et al., 1998) or insertion of a tetrapeptide after
residue 241 (Koebnik & Braun, 1993) inhibits ferrichrome and

Table 2. FhuA-phenylferricrocin interactions®

albomycin transport. Furthermore, preincubation of ferricrocin with
bacterial cells expressing the wild-type receptor inhibits cell kill-
ing by albomycin (Pugsley et al., 1987). These liganded com-
plexes of FhuA provide a structural explanation for the competitive
binding of albomycin and ferricrocin to the binding site of the
transporter.

Distance
Residue atom Location (A) Type of interaction
Arg81-NH1 Apex A 2.8 Hydrogen bond with the O8 atom
Arg81-NH2 Apex A 2.7 Hydrogen bond with O3 atom
Tyr87-CE2 Coil region of the cork domain 3.9 van der Waals contact with C35 atom
Gly99-N Apex B 3.6 Electrostatic interactions with O17 atom
GInl00-CG Apex B 3.1 van der Waals contact with C37 atom
Phel15-CD1 Apex C 39 van der Waals contact with the C27 atom
Tyr116-OH Apex C 2.8 Hydrogen bond with O10 atom
Tyr244-OH L3 2.7 Hydrogen bond with O6 atom
Trp246-NE1 L3 3.1 Hydrogen bond with O3 atom
Tyr313-CZ B7 3.5 van der Waals contact with C25 atom
Tyr315-OH L4 3.2 Hydrogen bond with Ol atom
Phe391-CE2 B9 35 van der Waals contact with O4 atom
Phe693-CEl L11 3.8 van der Waals contact with C34 atom

“Listed are the residue atom, location, distance, and type of interaction formed between all FhuA side-chain residues within 4 A of
phenylferricrocin atoms. See Figure 2A for further details of the hydrogen bonding pattern and electrostatic interactions between FhuA

and phenylferricrocin.



Fig. 2. The FhuA—albomycin-lipopolysaccharide complex. A: General de-
scription of the complex. The view is perpendicular to the barrel axis. Those
strands, which form the front of the barrel domain, have been removed to
provide an unobstructed view of the cork domain. B: The external aromatic
cavity of the complex as viewed from the external environment. Those side-
chain residues (Tyr244, Trp246, Tyr275, Tyr313, Tyr315, Tyr325, Tyr345,
Trp379, Phe391, Phe410, Phe412, Tyr423, Phe513, Phe558, Tyr595, Tyr601,
Phe650, Phe693, Tyr696, and Phe699), which compose the external aro-
matic cavity, are colored green. In both panels, the barrel domain and the
cork domain are colored blue and yellow, respectively. The extended &,-
albomycin conformational isomer and the lipopolysaccharide molecule are
shown as a bond model with carbon atoms, white; sulfur atoms, yellow; ox-
ygen atoms, red; and nitrogen atoms, blue. The ferric iron atom is shown as
a large red sphere.
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Structural alignment of the @-carbon coordinates of FhuA and
its liganded complexes reveals near perfect superposition (root-
mean-square deviation (RMSD) of 0.25 A) of the barrel domains.
However, two distinct conformations, unliganded and liganded,
are observed in the cork domain. Upon ligand binding to FhuA, an
upward translation (1-2 A) of apices A and B, and other residues
of the cork domain, is observed. This movement is propagated to
the periplasmic pocket of FhuA, promoting the unwinding of an
amino proximal a-helix designated the switch helix (Ferguson
et al., 1998b; Locher et al., 1998). The structures of FhuA com-
plexed with ferrichrome, ferricrocin, phenylferricrocin, and albo-
mycin are virtually identical with regard to the protein and the
bound iron-chelating component of the ligand. This conservation
of the allosteric transition suggests that all liganded complexes
promote FhuA’s interaction with TonB, which is presumably me-
diated by the TonB-box of the transporter (Moeck & Coulton,
1998).

Early investigations into the application of siderophore-antibiotic
conjugates as antimicrobial agents were provided by Zihner et al.
(1977). In this study, a series of ferricrocin and ferroxamine
B-based siderophore-antibiotic conjugates were synthesized, and
their antimicrobial activities assessed. These early studies have
been amplified by the synthesis of a large variety of hydroxa-
mate and catechol-type siderophore-antibiotic conjugates. Many
of these compounds display strong antimicrobial activity and are
actively transported across the outer membrane by TonB-dependent
receptors (Diarra et al., 1996; Ghosh et al., 1996). However, the
loss of specific outer membrane transporters may facilitate the
development of resistance to certain classes of structurally re-
lated siderophore-antibiotic conjugates (Brochu et al., 1992; Min-
nick et al., 1992; Diarra et al., 1996). Resistance to these agents
could be minimized by developing siderophore-antibiotics con-
jugates that target more than one TonB-dependent receptor, which
function both as transporters and bacterial virulence factors
(Roosenberg et al., 2000). Moreover, spontaneous fonB muta-
tions would severely restrict bacterial growth in vivo, as all
TonB-dependent activity would be disrupted.

Siderophore-antibiotic conjugates consist of three parts: an iron-
chelating siderophore, a peptide linker, and an antibiotic group.
The principal requirement in the design of these compounds is that
the siderophore must be recognized and thereby transported across
the outer membrane. The available liganded complexes provide the
structural basis for ligand recognition by FhuA. Most hydrogen
bonds and van der Waals contacts are formed between the iron-
chelating component of the siderophore and characteristic side-
chain residues from apices A, B, and C of the cork domain, and the
extracellular loops and strands of the barrel domain. The structural
composition of the binding site surrounding the iron-chelating com-
ponent of the siderophore is spatially restrictive, demonstrating
that recognition of hydroxamate-type siderophore analogues by
FhuA is based primarily on the conformation of the iron-chelating
component. It has been shown that chemical or conformational
alteration of this portion of the siderophore abrogates receptor-
specific recognition (Jurkevitch et al., 1992). The remaining por-
tions of the siderophore are bound less tightly, with few apparent
constraints on the chemical structure, conformation, or the spatial
requirements of the linker or the antibiotic substituent. Further-
more, the size of the extracellular pocket of FhuA has the potential
to accommodate larger siderophore-antibiotic conjugates.

The tolerant constraints imposed upon the binding of hydro-
xamate-type siderophore analogues may also apply to ligand trans-



Fig. 3. The FhuA-ligand binding site. A: The FhuA—phenylferricrocin bind-
ing site. B: The FhuA-albomycin binding site (compact conformational
isomer). C: The FhuA—albomycin binding site (extended conformational
isomer). In each panel, all FhuA residues that form direct hydrogen bonds
or van der Waals contacts with ligand (phenylferricrocin—iron or albomy-
cin) atoms are labeled and colored green. The ligands are shown as bond
models with carbon atoms, white; sulfur atoms, yellow; oxygen atoms, red;
and nitrogen atoms, blue. In both panels, the ferric iron atom is shown as
a large red sphere. In B and C, Lys344 from 88 and Tyr423 from B10 are
not shown to ensure an unobstructed view of albomycin.

port. The precise transport mechanism has not been elucidated.
However, according to our proposal (Ferguson et al., 1998b),
formation of the FhuA-TonB complex induces conformational
changes in the cork domain, which disrupt the high-affinity ligand-
binding site, and thus promote the release of the ligand from its
binding site. This event is followed or accompanied by the for-
mation of a channel located between the inner barrel wall and
the cork domain termed the putative channel-forming segment.
These tolerant binding constraints are in accord with this pro-
posed transport mechanism (Ferguson et al., 1998b). More-
over, the fact that active transport is mediated by FhuA and the

FhuBCD proteins suggests that both transporters may recognize
the iron-chelating component of hydroxamate-type siderophores
and their analogues. In conclusion, these results provide a struc-
tural basis for the design of hydroxamate-type siderophore-
antibiotic conjugates. Using rational modular design, a large variety
of designer antibiotics may be chemically synthesized by com-
bining compatible iron-chelating siderophores, peptide linkers,
and potent antibiotic groups. By utilizing specific siderophore
receptors for their transport across the cell envelope, antimicro-
bial agents of this type may selectively target and ultimately kill
bacteria.
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Fig. 4. Schematic comparison of the hydrogen bonding pattern and electrostatic interactions of (A) phenylferricrocin and (B) albo-
mycin (extended conformational isomer) with FhuA side-chain residues in the ligand binding site. The chemical structures of
phenylferricrocin and albomycin are shown with hydrogen bonds and charge interactions indicated as dotted lines (distances are given
in A). See Table 2 (phenylferricrocin) and Table 3 (albomycin) for additional van der Waals contacts.

Materials and methods

Protein expression, purification, and crystallization

A recombinant FhuA protein was constructed by inserting a hexa-
histidine tag plus five additional linker residues (SSHHHHHHGSS)
into the fhuA gene after residue 405 (Moeck et al., 1994, 1996). FhuA
was expressed and purified as previously described (Ferguson et al.,
1998a, 1998b). 6,-Albomycin (albomycin) was purified from Strep-
tomyces griseus strain TU 6 as previously described (Fiedler et al.,
1985). FhuA was cocrystallized with albomycin and phenylferric-
rocin and one LPS molecule using a final ligand concentration of
0.3 mM. Crystals of FhuA were grown using the hanging drop va-
por diffusion technique by mixing equal volumes (5 wL) of FhuA
[10 mg/mL, 0.80% N, N-dimethyldecylamine-N-oxide and 10 mM
ammonium acetate (pH 8.0)] and reservoir solution [12% polyeth-
ylene glycol (PEG) 2,000 monomethyl ether, 0.1 M sodium caco-
dylate (pH 6.4), 20% glycerol, 3% PEG 200, and 1% cis-inositol].

Crystals grew within seven days to a final size of 200 X 200 X
200 um? at 18 °C. All crystals were mounted in cryoloops and flash
frozen by direct immersion in liquid nitrogen.

Crystallographic data collection, structure determination,
and refinement

All X-ray diffraction data were collected at 100 K using a cryo-
stream apparatus with synchrotron radiation at beam line 1711,
Max Lab-II (Table 1). X-ray diffraction data were processed and
reduced using the program XDS (Kabsch, 1988). Initial phases for
both FhuA complexes were calculated using the FhuA—ferricrocin
coordinates (1qff.pdb) as an initial model. Structural models for
both FhuA-ligand complexes were built into an experimental elec-
tron density map using the program O (Jones et al., 1991). Both
models were refined with the program CNS using molecular dy-
namics and the maximum likelihood target (Briinger et al., 1998).
Following rounds of model building and structural refinement the
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Table 3. FhuA—albomycin interactions®

Distance
Residue atom Location (A) Type of interaction
Arg81-NHI1*f Apex A 3.0 Hydrogen bond with the O5 atom
Arg81-NH2* Apex A 3.1 Hydrogen bond with O1 atom
Gly99-O*f Apex B 3.7 van der Waals contact with C13 atom
GInl00-O*¥ Apex B 3.7 van der Waals contact with C18 atom
Phel15-CZ* Apex C 3.7 van der Waals contact with the O17 atom
Tyr116-OH*7 Apex C 3.0 Hydrogen bond with N3 atom
Tyr244-OH*+ L3 29 Hydrogen bond with O3 atom
Trp246-NE1*¥ L3 3.5 Hydrogen bond with Ol atom
Tyr313-OH*f B7 3.5 van der Waals contact with C9 atom
Tyr315-OHf L4 3.1 Hydrogen bond with the O12 atom
Lys344-NZ7t B9 3.7 Electrostatic interactions with the O12 atom
Phe391-CG* B9 3.0 van der Waals contact with O18 atom
Phe391-CD27 B9 3.9 van der Waals contact with C12 atom
Tyr393-CD1* L5 32 van der Waals contact with O12 atom
Tyr393-CD1+¥ L5 3.5 van der Waals contact with O12 atom
Tyr423-OH* B10 3.7 Electrostatic interactions with O15 atom
GIn505-OE1* L7 2.7 Hydrogen bond with O16 atom
GIn505-NE2* L7 3.0 Hydrogen bond with N10 atom
Phe557-OF B15 2.8 Hydrogen bond with N11 atom
Phe558-CElT B15 3.0 van der Waals contact with N10 atom
Phe693-CE2*+ L11 3.5 van der Waals contact with C20 atom

#Listed are the residue atom, location, distance, and type of interaction formed between all FhuA side-chain residues within 4 A of
albomycin atoms. Those interactions that are specific to the compact albomycin conformational isomer are marked with an asterisk (*);
those that are specific for the extended albomycin conformational isomer are denoted with a dagger (1). See Figure 2B for further
details of the hydrogen bonding pattern and electrostatic interactions between FhuA and albomycin.

final models contain residues 19-714, one lipopolysaccharide mol-
ecule, one ligand molecule (albomycin or phenylferricrocin), and
332 and 299 water molecules for the FhuA—albomycin and FhuA—
phenylferricrocin models, respectively. The lipopolysaccharide mol-
ecule is noncovalently bound to the membrane-embedded surface
of FhuA and forms electrostatic and van der Waals contacts with
side-chain residues from 7 through S11.

Figures

All color figures were prepared using MOLSCRIPT (Kraulis, 1991)
and Raster3D (Merrit & Bacon, 1997). Figure 4 was prepared with
the program ISIS Draw.

Protein Data Bank accession codes

Both sets of crystallographic coordinates have been deposited in
the Protein Data Bank with the following accession codes: 1gkc
(FhuA in complex with albomycin) and 1qjq (FhuA in complex
with phenylferricrocin).
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