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Abstract

FhuD is a periplasmic binding protein (PBP) that, under iron-limiting conditions, transports various
hydroxamate-type siderophores from the outer membrane receptor (FhuA) to the inner membrane ATP-
binding cassette transporter (FhuBC). Unlike many other PBPs, FhuD possesses two independently folded
domains that are connected by an a-helix rather than two or three central b-strands. Crystal structures of
FhuD with and without bound gallichrome have provided some insight into the mechanism of siderophore
binding as well as suggested a potential mechanism for FhuD binding to FhuB. Since the a-helix con-
necting the two domains imposes greater rigidity on the structure relative to the b-strands in other
‘classical’ PBPs, these structures reveal no large conformational change upon binding a hydroxamate-type
siderophore. Therefore, it is difficult to explain how the inner membrane transporter FhuB can distinguish
between ferrichrome-bound and ferrichrome-free FhuD. In the current study, we have employed a 30 ns
molecular dynamics simulation of FhuD with its bound siderophore removed to explore the dynamic
behavior of FhuD in the substrate-free state. The MD simulation suggests that FhuD is somewhat
dynamic with a C-terminal domain closure of 6� upon release of its siderophore. This relatively large
motion suggests differences that would allow FhuB to distinguish between ferrichrome-bound and ferri-
chrome-free FhuD.

Introduction

All bacteria have a need to acquire nutrients such
as monosaccharides, oligosaccharides, amino
acids, oligopeptides, oxyanions, cations, and
vitamins from their environment. In Gram nega-
tive bacteria, acquisition of these nutrients requires
passage across two membranes: the outer and the
cytoplasmic membranes. Some of the nutrients
(e.g. simple sugars, amino acids, and cations) are
small enough to enter the periplasmic space by
passive diffusion through the porins: trimeric outer
membrane proteins that contain pores of a size
that allows for the diffusion of nutrients that are
less than 600 Da (Nikaido 2003). Other nutrients

that are too large to pass through the porins (e.g.
ferric-siderophores and vitamin B12) rely on spe-
cialized outer membrane receptors for transloca-
tion into the periplasmic space (Braun & Braun
2002). The role of the PBPs is to scavenge
nutrients in the periplasmic space and couple them
to the inner membrane transporters for transport
into the bacterial cytoplasm for subsequent use in
a variety of bacterial cell processes.

While Gram-positive bacteria only have one
membrane, they rely on similar membrane-
anchored PBPs for the capture and transport of
nutrients into the cytoplasm (Köster 2001).
Numerous three-dimensional structures of PBPs
have been solved by X-ray crystallography (for
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reviews see Quiocho & Ledvina 1996; Fukami-
Kobayashi et al. 1999; Krewulak et al. 2004).
Although the amino acid sequence similarity be-
tween various PBPs is limited, most display a bilo-
bal architecture in which the lobes are connected by
two or three b-strands. Each lobe is independently
folded and is composed of a mixed a/b structure. In
most PBPs, these connecting b-strands form a
region that allows the two lobes to twist with respect
to each other and entrap the substrate in the cleft
between the two domains. This ‘Venus flytrap’ or
‘Pac Man’ hinge motion is common amongst the
PBPs where the two lobes are connected by b-
strands. An example is the ferric ion binding protein
from Haemophilus influenzae: FbpA. Comparison
of the apo- and holo-FbpA structures reveal a 21�
rotation of the two structural domains upon ferric
ion binding (Bruns et al. 1997, 2001). Similar
motions have been documented for the related
maltose-binding protein (Spurlino et al. 1991;
Shilton et al. 1996; Quiocho et al. 1997; Stockner
et al., submitted for publication), the nickel-binding
protein (Heddle et al. 2003), and the glutamine-
binding protein (Pang et al. 2003) for example.

One group of PBPs, however, behaves differ-
ently from the classical PBP. Here, the two inde-
pendently folded lobes of the proteins PsaA,
TroA, BtuF, and FhuD are connected by a long
a-helix running along the backbone of the protein
rather than b-strands (Figure 1). Because of the
rigidity that this a-helix imposes on the overall
protein structure, it is difficult to envisage how
binding of the respective substrates could be
accompanied by a large domain reorientation.
Indeed only a small local change in the active site
region was observed when comparing the crystal-
lographic structures of the apo- and holo- vitamin-
B12-binding protein BtuF (Borths et al. 2002;
Karpowich et al. 2003), the Zn2+-binding protein
TroA (Lee et al. 1999, 2002), and the ferrichrome-
binding protein FhuD (Clarke et al. 2000;
Krewulak et al., submitted for publication). This
outcome, however, left the question as to how the
associated cytoplasmic transport proteins could
distinguish between the ligand-bound and free
proteins. Therefore, in an attempt to investigate
the conformational space that is available to the
siderophore-binding protein FhuD in the apo
state, we have performed a molecular dynamics
(MD) simulation of the protein. Herein, the results
of this simulation will be discussed.

Materials and methods

Molecular dynamics simulation

Crystal structures are known for FhuD bound to
gallichrome (1EFD) (Clarke et al. 2000) and var-
ious other hydroxamate-type siderophores (co-
progen, desferal, and albomycin) which have the
protein databank codes of 1ESZ, 1K2V, and
1K7S, respectively (Clarke et al. 2002). At the time
that this study was initiated, the structure for apo-
FhuD had not yet been reported, however it is now
also available (Krewulak et al., submitted for
publication). The MD simulation described in this
work was started from the high-resolution galli-
chrome-bound FhuD structure (1EFD) with the
gallichrome and the crystallographic waters re-
moved. Side chains missing from 1EFD (residues
Glu86, Glu111, Arg115, Lys136, Val170, Lys171,
and Arg186) were modeled using the program O
(Jones et al. 1991). The most common sidechain
conformation, as determined from the side chain
library present in O, was chosen for each of these
residues.

The simulations were performed with GRO-
MACS v2.1 (Berendsen et al. 1995; Lindahl et al.
2001). FhuD was placed in the center of a rec-
tangular box of approximate dimensions 86.91 ·
75.36 · 92.24 Å. The system was solvated with
simple point charge (‘SPC’) water, as previously
described (Berendsen et al. 1981; Hermans et al.
1984). Additionally, 7 Na+ atoms were intro-
duced to compensate for the net negative charge
on the protein. These ions were introduced by
replacing the seven water molecules with the most
favorable electrostatic potential. In total there
were 57689 atoms in the simulation; 18355 of
these were water molecules. Before the simula-
tions were started, the system was energy mini-
mized using the steepest descent method.
Following energy minimization, the solvent (water
and counter ions) was relaxed in a 500 picosecond
simulation in which an isotropic force constant of
1000 kJ mol)1 nm)1 was imposed on all non-
hydrogen protein atom positions. Constant tem-
perature and pressure were maintained through
weak coupling to an external bath (Berendsen
et al. 1981) of 300 K and 1 bar using coupling
constants of 0.1 and 0.5 ps, respectively. Electro-
statics were calculated using Particle Mesh Ewald
summation (Darden et al. 1993; Essmann et al.
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1995) with a real-space cutoff of 10 Å and a
Fourier spacing of 1.2 Å. Lennard–Jones inter-
actions were truncated at 10 Å, and all non-bon-
ded interactions were updated every 10 simulation
steps. The total time of the simulation was 30 ns.

Analyses

Root mean square deviation (RMSD) and radius
of gyration plots were generated using the analysis
programs available in the Gromacs suite

Figure 1. Ribbon representation of gallichrome-bound FhuD. A ribbon diagram of (a) gallichrome-bound and (b) gallichrome-free
FhuD. The gallichrome-bound structure was solved using gallium for crystallographic phase information, but otherwise is identical to
that of ferrichrome-bound FhuD. The N-terminal domain is colored yellow, the C-terminal domain is colored red, and the interdomain
helix colored blue. Upon release of gallichrome, helix a1 unwinds.
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(Berendsen et al. 1995; Lindahl et al. 2001). The
Dyndom server was used to analyze the domain
motions during the simulation (http://
www.cmp.uea.ac.uk/dyndom/main.jsp) (Hayward
& Lee 2002; Lee et al. 2003).

The radius of gyration for the crystal structures
of various PBPs as well as for the final simulation
structure for FhuD were calculated with the pro-
gram Crysol (Svergun et al. 1995) using PDB files
that were edited to remove multiple chains, water
molecules, and with sidechains added where nee-
ded (Jones et al. 1991).

Sequence alignments

Sequence alignments were performed using se-
quences of the FhuD proteins from the Gram
negative bacteria E. coli, Salmonella typhimuri-
um, Salmonella enterica, Shigella flexneri, Yer-
sinia pestis, Vibrio mimicus, and Vibrio vulnificus
using the ClustalW server (Thompson et al.
1994).

Figures

All images were generated with Molmol (Koradi
et al. 1996) or Molscript (Kraulis 1991), and ren-
dered with Raster3D (Merritt & Bacon 1997).

Results

C-terminal domain motion

Evaluation of the change in the overall structure
for the 30 ns simulation is provided by analysis of
the Ca root mean square deviations (RMSD) rel-
ative to the initial structure as a function of time
(Figure 2). An initial jump of 1 Å is seen within
the first 0.1 ns of the simulation. This is typical of
most simulations where the protein relaxes after
being released from its more restrictive crystallo-
graphic environment. Other smaller increases in
the RMSD are seen, most notably around 14 ns.
The most mobile regions are pictorially repre-
sented in Figure 3 where the thickness of the lines
is directly related to the mobility of that region
throughout the simulation.

To fully characterize the differences in confor-
mation that occurred in the simulation, FhuD was
divided into the N-terminal domain (residues 32–
145), the backbone a-helix (residues 146–171), and
the C-terminal domain (residues 172–293). The N-
terminal domain remains relatively static during
the simulation with an RMSD of 1.57 Å between
the starting structure and the final structure. The
backbone a-helix also remains relatively static
during the simulation with an RMSD of 1.75 Å
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Figure 2. Root mean-square deviation of the backbone conformation of FhuD relative to the initial conformation at the start of the
simulation. The RMSD relative to the starting (crystal) structure was calculated every 100 ps of the simulation using the suite of
programs available from Gromacs (Berendsen et al. 1995; Lindahl et al. 2001).
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Figure 3. Sausage diagram demonstrating the range of motions observed during simulation trajectories. Every 10 ps of the FhuD MD
simulation, a pdb file was written. The N-terminal domains (residues 32–145) of these files were overlayed in Molmol (Koradi et al.
1996) to make a sausage diagram. The thicker the line, the more mobile the region is throughout the simulation. The C-terminal
domain is the most mobile with its motion originating from Asn146. The thickness of the line for the region Asp160 to Pro167 of the
a-helix indicates it is mobile during the simulation; however, the a-helix retains its secondary structure throughout the entire course of
the simulation.
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between the starting and final structure. The
rigidity of these structures throughout the simu-
lation is further shown when the starting and final
structure files for either the N-terminal domain or
the a-helix are entered into the DynDom server
and no dynamic domains are found. The C-ter-
minal domain, however, appears to be somewhat
more dynamic. Alignment between the starting
and final structure gives a RMSD of 2.22 Å.
Furthermore, when the starting and final structure
files for the C-terminal domain of FhuD are en-
tered into the DynDom server, a dynamic domain
is found (Figure 4). The motion detected is a hinge
rotation of 22.7� of two sets of residues (226–235
and 256–265; colored red in Figure 4) relative to
the fixed domain (267–286; colored blue in Fig-
ure 4). When the N-terminal domains for the
starting and final PDB structure files are aligned, a
6� closure of the C-terminal domain along an axis
parallel to the a-helix is seen (Figure 5a). The same
alignment with the crystallographically determined
structures of holo and apo FhuD shows a 2�
opening of the C-terminal domain (Figure 5b)
(Krewulak et al., submitted for publication).
Looking at Figure 3, this motion appears to

originate from the N-terminal portion of the
backbone a-helix (Asn146).

Radius of gyration

In 1993, Tam and Saier analyzed the amino acid
sequences of the PBPs that were available at the
time from Gram negative bacteria and lipoproteins
of Gram positive bacteria in an attempt to define
the degree of relatedness between the PBPs (Tam
& Saier Jr. 1993). This analysis produced eight
different clusters of PBPs which somewhat corre-
lated with molecular weight of the protein or the
chemical nature of its bound ligand. Proteins that
bind oligosaccharides, such as maltodextrin-bind-
ing protein (MBP), belong to cluster 1. Proteins
that bind organic metal ion complexes include vi-
tamin B12 binding protein (BtuF), and ferric side-
rophore complexes (FhuD, this study), belong to
cluster 8. A new class, cluster 9, introduced more
recently (Claverys 2001) includes proteins that
bind zinc and manganese (TroA and PsaA, re-
spectively) (Lawrence et al. 1998; Lee et al. 1999).
Both Cluster 8 and 9 proteins consist of proteins
that have an a-helix that spans the entire PBP.

Figure 4. C-terminal domain tilting of FhuD observed during the MD simulation. The beginning and final structures from the
C-terminal domain (172–293) of the apo-FhuD MD simulation were entered into the Dyndom server. The green residues represent the
hinge domain. The blue residues represent the fixed sub-domain. The red residues represent the moving sub-domain.
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This a-helix probably prevents large hinge and
twist motions often observed with other PBPs. For
example, the best characterized PBP, MBP, rotates
35� along an axis parallel to its central b-strands
upon ligand binding (Sharff et al. 1992). This large
rotation results in a 6.6% reduction in radius of
gyration (Rg) from 21.82 Å to 20.66 Å; calculated
for the maltodextrin-free and bound forms,
respectively. The apo and holo structures solved
for the Cluster 8 proteins BtuF (Borths et al. 2002;
Karpowich et al. 2003) and FhuD (Clarke et al.
2000; Krewulak et al., submitted for publication)
and the Cluster 9 protein, TroA (Lee et al. 1999,
2002) show no large domain motion upon binding
of their respective ligands. To compare the degree
of domain reorganization upon ligand binding, the
Rg value for FhuD was calculated relative to the
initial structure as a function of time (Figure 6).
Additionally, Rg values were calculated for pro-
teins from various other clusters of PBPs
(Table 1).

Discussion

We have carried out an MD simulation of the
ferric-hydroxamate-binding protein FhuD. The
MD simulation reveals a much larger domain
motion than what was seen in the crystal structures
of the ferrichrome-bound and free structures of
FhuD. However, there are numerous differences
identified between the apo-FhuD crystal structure
and the MD simulation that can be attributed to
the different environments of FhuD in the crystal
structure versus the MD simulation.

The apo-FhuD structure was solved to 2.85 Å
by X-ray crystallography (Krewulak et al., sub-
mitted for publication). The overall structure is
almost identical to the crystal structure for galli-
chrome-bound FhuD except for the unwinding of
helix a1 in the apo-protein (labeled in Figure 1).
This helix unwinding is not found in the MD
simulation, and may require a longer timescale.
The apo-FhuD structure was solved with two

Figure 5. Superimposed Ca-backbone diagrams of apo-FhuD and ferrichrome-bound FhuD. The structures of ferrichrome-free (from
the crystal structure (a) and the MD simulation (b) and ferrichrome-bound FhuD were superimposed by least-squares fit of residues
32–145; the N-terminal domain. The ferrichrome-bound and ferrichrome-free forms are colored red and blue, respectively. Note that
the C-terminal domain of the crystal structure or apo-FhuD (a) opens via tilting of the C-terminal domain approximately 2� about an
axis parallel to the backbone a-helix. The MD simulation of apo-FhuD shows closure of this C-terminal domain by approximately 6�
about an axis parallel to the backbone a-helix. The N- and C-termini are labeled.
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molecules per asymmetric unit in the hexagonal
space group P6522. Despite the high solvent con-
tent of protein crystals, a total of 24 molecules in
the unit cell results in numerous interactions (e.g.
hydrogen bonding) between symmetry related
molecules thus greatly limiting the mobility of the
individual FhuD molecules in the crystal. The only
time when the reduced mobility of FhuD is com-
parable in the periplasm is when it is bound to

FhuB. Similar to the vitamin B12-binding protein
BtuF, FhuD is thought to dock onto FhuB
through interaction of the negatively charged Asp
and Glu residues on the apices of the FhuD lobes
with the positively charged Arg pockets on FhuB
(Borths et al. 2002). Once FhuD is docked onto
FhuB, a structural change must occur to reduce
the affinity of FhuD for ferrichrome. Retraction of
a loop adjacent to helix a1 accomplishes this by
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Figure 6. Radius of gyration (Rg) of all atoms relative to the initial conformation. The Rg was calculated every 100 ps of the simulation
using the suite of programs available from Gromacs (Berendsen et al. 1995; Lindahl et al. 2001).

Table 1. Ferric ion binding protein (FBP); maltodextrin-binding protein (MBP); Nickle-binding protein (NikA); Leucine isoleucine
valine-binding protein (LIVBP); glucose/galactose-binding protein (GBP).

Protein Cluster Radius of gyration (Å)

FhuD (apo) 8 18.58

FhuD (holo) 19.15

BtuF (apo, chain A) 8 19.2

BtuF(holo, chain A) 18.8

TroA (apo) 9 18.87

TroA (holo) 19.21

FBP (apo) 1 19.9

FBP (holo) 19.14

MBP (apo) 1 21.82

MBP (holo) 20.66

NikA (apo, chain A) 5 24.3

NikA (holo, chain A) 23.9

LIVBP (apo) 4 22.2

LIVBP (holo, Leu bound) 23.3

GBP (apo) 1 21.81

GBP (holo) 20.3
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removing the interaction of ferrichrome with
Tyr106, a residue that is of crucial importance for
ferrichrome binding as shown by site directed
mutagenesis (data not shown). Once Tyr106 is
retracted, the binding pocket is now less favorable
and can release ferrichrome to the FhuB cavity
(Figure 7). Additional to retraction of this loop,
the helix a1 unwinds. This displaces Glu111, a
residue that tethers the N-terminal domain of
FhuD to FhuB through formation of a salt bridge
with one of the two Arg rich pockets of FhuB.
This unwinding could possibly facilitate the release
of the now ferrichrome-free FhuD to bind another
ferrichrome molecule.

The conditions of the MD simulation more
closely resemble the environment FhuD experi-
ences when it is freely moving in the periplasm.
Now that there are no longer interactions between
adjacent molecules, as seen in the crystal, a greater
range of movement is identified with the MD
simulations of FhuD. This includes the dynamic
reorganization of the C-terminal domain. As dis-
cussed in the previous paragraph, ferrichrome has
been released to FhuB after the retraction of the
loop containing Tyr106 (Figure 7b). Additionally,
the N-terminal domain of FhuD has been released
from FhuB by the unwinding of helix a1. The 6�
closure of the C-terminal domain seen in the MD
simulation would tilt Glu111 further from one of
the Arg-rich pockets of FhuB as well as result in
the movement of the positively charged residue,
Arg226, towards the Arg-rich pocket of FhuB
(Figure 7c). This creates charge repulsion and
would facilitate the release of the C-terminal do-
main of FhuD from FhuB. With both domains
released, FhuD is ready to bind another ferri-
chrome molecule. It is interesting to note that,

Figure 7. Possible docking of FhuD onto FhuB. FhuD bound
to ferrichrome (a, top ribbon structure) interacts with FhuB (a,
bottom ribbon structure). The sidechains of residues Glu111
and Asp225 from FhuD (shown in ball-and-stick representa-
tion) form salt bridges with the Arg residues (ball-and-sticks) of
FhuB. The active site residue that locks ferrichrome in place
(Tyr106) is also shown in ball-and-stick representation. Once
bound, the helix adjacent to Tyr106 unwinds ultimately
resulting in retraction of Tyr106 and subsequent release of
ferrichrome to FhuB (b). Dissolution of the salt bridge occurs
upon C-terminal domain tilting of FhuD (c). FhuD is now re-
leased into the periplasm to acquire additional ferric hydroxa-
mate-type siderophores for transport into the bacterial
cytoplasm.

c
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upon examination of a sequence alignment of
FhuDs from various Gram negative bacteria, it is
found that the Arg226 residue is highly conserved
(Figure 8). The possible role of this conserved
residue has not been addressed until now.

Because transport of ferrichrome requires ATP
hydrolysis by the inner membrane transporter
(FhuBC), FhuBC must be able to distinguish
between ferrichrome bound and free FhuD in or-
der to be energetically efficient. Until now, it was
unknown how the FhuBC transporter recognizes
ferrichrome-bound versus the ferrichrome-free
FhuD. The crystal structures of apo and vitamin-
B12 BtuF and apo- and ferrichrome-bound FhuD
reveal such a small structural change that the
distance between the negatively charged Asp and
Glu residues does not differ significantly from the
ligand-bound structures. The distances between
the CD atom of Glu111 and the CG atom of
Asp225 for the ferrichrome bound and ferri-
chrome-free FhuD crystal structures are 41.5 Å,
and 43.3 Å, respectively. The distances between
the Arg-rich pockets of FhuB (as measured by the
distance between the CZ atoms of Arg61 and
Arg393) is 41.5 Å. Taking into account the con-

formational flexibility of Arg residues, this sug-
gests that the crystallographically determined apo
forms of these two proteins could still interact with
the negatively charged residues of the transporter.
A distance of 35.8 Å was measured between the
CG atom of Asp225 and atom CD of Glu111 at
the end of the MD simulation. Therefore, when
there is no ferrichrome (or another hydroxamate-
type siderophore) bound to FhuD, the distance
between the negatively charged residues is reduced
thereby breaking the interactions between FhuD
and FhuB. Such a mechanism would explain how
FhuB can distinguish between ferrichrome-bound
and ferrichrome-free FhuD. This further suggests
that cluster 8 and 9 proteins are more dynamic
than the crystallographic structures suggest.

Conclusions

The overall architectures of close to 100 different
PBPs have been reported in the protein databank
to date. Presently, the mechanism for binding (and
release) of FhuD to FhuB is not well understood.
Crystallographic studies would help to support the

Figure 8. Sequence alignment of FhuD proteins from S. typhimurium, S. enterica, E. coli, S. flexneri, Y. pestis, V. mimicus, and
V. vulnificus done on Clustal-W server (Thompson et al. 1994). The conserved Glu and Asp residues that are important for FhuD
binding to FhuB are indicated by boxes. Additionally, a conserved Arg (or Lys) residue that may play a role in the release of FhuD
from FhuB is indicated by a box.
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hypothesis that, to transport siderophores to the
cytoplasm, the negatively charged residues on the
apices of FhuD interact with the positively
charged pockets on the periplasmic face of FhuB.
Transport studies coupled with site directed
mutagenesis are currently being utilized to under-
stand which of the negatively charged residues are
most important for transport of ferrichrome. This
could be accompanied by MD simulations similar
to what Gruia et al. performed on the enzyme
Staphylococcal nuclease to understand the kinetics
of breaking an Arg–Glu salt bridge (Gruia et al.
2003). Because the structures of the PBP (BtuF)
and the inner membrane ABC transporter struc-
ture (BtuCD) have been solved (Locher et al.
2002), its coordinates could be used in these MD
studies along with steered MD to understand what
conformational changes are relevant for the
transport of siderophores into the cytoplasm
(Oloo & Tieleman 2004). The evolutionary relat-
edness between the different clusters of PBPs al-
lows for any information derived from these MD
simulations to be applied to the FhuD pathway as
well as all other related PBPs.
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