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The TonB-dependent transporters mediate high-affinity binding and active transport of a variety of substrates
across the outer membrane of Escherichia coli. The substrates transported by these proteins are large, scarce nu-
trients that are unable to gain entry into the cell by passive diffusion across the complex, asymmetric bilayer that
constitutes the outer membrane. Experimental studies have identified loop regions that are essential for the cor-
rect functioning of these proteins. A number of these loops have been implicated in ligand binding. We report the
first simulations of an E. coli outer membrane protein in an asymmetric model membrane that incorporates lipo-
polysaccharide (LPS) molecules. Comparative simulations of the apo and holo forms of the TonB-dependent
transporter FecA in different membrane models enable us to identify the nature of the LPS-protein interactions
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Simulation and determine how these interactions impact upon the conformational dynamics of this protein. In particular,
Lipopolysaccharide our simulations provide molecular-level insights into the influence of the environment and ligand on the dynamics
E. coli of the functionally important loops of FecA. In addition, we provide insights into the nature of the protein-
TonB ligand interactions and ligand induced conformational change in FecA.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The outer membrane (OM) of gram-negative bacteria is an asym-
metric bilayer composed of lipopolysaccharide (LPS) in the outer leaflet
and a mixture of zwitterionic and anionic phospholipids in the inner
leaflet [1-3]. Transport of nutrients across the OM is typically mediated
by pore-forming proteins known as porins. Small molecules and soluble
ions passively diffuse through the pores often aided by low affinity bind-
ing sites. However, this mechanism of passive diffusion is not adequate
for the transport of larger ions and nutrients such as iron and vitamin
Bio, complexes of which are present in exceedingly small quantities
in the extracellular medium under physiological conditions [4]. The
problem of the supply of scarce nutrients in sufficient quantities has
been resolved by gram-negative bacteria through a sophisticated active
transport mechanism involving proteins located in both the OM (trans-
porters) and the inner membrane (the TonB-ExbB-ExbD complex) [5].
TonB-dependent transporters, present in the OM, mediate high affinity
binding and active transport of iron-chelating siderophores, vitamin By
and a variety of other substrates [6,7], into the periplasm. Upon entry
into the periplasm, these substrates bind to periplasmic proteins and
are subsequently transported across the bacterial inner membrane
into the cytoplasm [8].

High-resolution X-ray structures of various TonB-dependent trans-
porters have been determined, both in the bound and unbound states.
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These include the Escherichia coli transporters BtuB [9-11], FecA [12,13],
FepA [14] and FhuA [15-17]. All of the known structures share a similar
topology; they are 22-stranded [-barrels with short stretches of
amino acids connecting the 3-sheets on the periplasmic side and the
long loops on the extracellular side. The p-barrel is occluded by the
N-terminal domain (~150 amino acids), which is folded into a globular
‘cork’ or ‘plug’ domain. Whilst the exact mechanism of ligand transport
remains unknown, it is thought that upon ligand binding a confor-
mational change in the protein allows the binding of the C-terminus
of TonB to the periplasmic side of the plug domain [11,12,15-17]. This
binding of TonB, in conjunction with energy supplied from the
ExbB-ExbD complex, induces a further conformational change in the
transporter to allow passage of the ligand through the protein. Several
different mechanisms have been proposed for this TonB induced con-
formational change, including a partial unfolding of the plug domain
or a complete exiting of the plug from the B-barrel [18]. Although the
exact details are yet to be determined, it is clear that a substantial
re-arrangement of this plug domain is required to enable the transport
of the solutes through the 3-barrel.

The interaction of the TonB-dependent transporters with their local
environment is likely to play a significant role in the dynamics and func-
tion of the proteins. In particular, residues located within the long extra-
cellular loops are likely to form interactions with the sugars of the LPS
outer leaflet through electrostatic and hydrogen-bonding interactions.
Indeed, a number of these extracellular loops, which have the potential
for interaction with the LPS, have been shown in several mutational and
structural studies to be essential in the function of the transporters
[19-21]. For example, deletion of loops 3, 7, 8 and 11 of FecA have all
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been shown to result in inactive proteins, whilst deletion of loops 5, 9
and 10 showed reduced levels of activity [21]. Some clues regarding
the interaction between this family of proteins and the OM environ-
ment were also revealed by X-ray structures of FhuA, which showed a
LPS molecule bound to FhuA at what has been identified as a putative
LPS binding site [15,22]. Thus, we might expect other OMPs of the
TonB-dependent transporter family to exhibit similar binding to LPS
molecules. Therefore, to study the conformational behaviour of these
proteins in an environment that will allow as much of the full comple-
ment of interactions with the membrane as is possible given the limita-
tions of simulation timescales, that the protein would experience in
vivo, it is imperative to consider the asymmetric nature of the outer
membrane through inclusion of LPS molecules.

Given that X-ray structures of the TonB-dependent transporters
are available in the apo and ligand bound states, with the addition
of dynamics to these static structures we can start to build up an un-
derstanding of the structure-function relationships of these proteins.
In particular we may ask:

1- Do the interactions of these proteins with the outer membrane of
E. coli play a key role in the protein conformational dynamics?

2- What are the conformational rearrangements that occur when
these proteins bind ligands?

To address these questions we have undertaken a molecular dynam-
ics study of apo and holo forms of the E. coli TonB-dependent transport-
er FecA. FecA is responsible for the transportation of the diferric
dicitrate (DFDC) siderophore across the E. coli OM. The X-ray structures
of FecA suggest that the binding of the DFDC ligand induces a confor-
mational change in loops 7 and 8 of FecA to close over the ligand-
binding site [12]. In contrast, dicitrate (i.e. two citrate molecules) ap-
pears to bind to the protein without inducing a conformational change
in FecA [13]. We have employed molecular dynamics simulations to
elucidate the impact of ligand binding on the conformational dynamics
of FecA. Simulations of FecA were performed in both a simple phospha-
tidylcholine (PC) membrane and an E. coli OM. Our model of the OM,
described and validated previously [23], includes Rd; LPS molecules
[24] in the outer leaflet and a mixture of phosphatidylethanolamine
(PE), phosphatidylglycerol (PG) and diphosphatidylglycerol (DPG) (also
known as cardiolipin) phospholipids (with common E. coli acyl chains)
in the inner leaflet (Fig. 1). This represents, to the best of our knowl-
edge, the most detailed membrane reported in molecular dynamics
simulation studies of E. coli outer membrane proteins (OMPs).

Fig. 1. An image of the FecA Rd; LPS/mixed phospholipid OM system. FecA is shown in
cyan, LPS acyl chains in pink, LPS sugar and phosphate groups in yellow, PVPE in blue,
PVPG in green and PVPV DPG in orange. Water and ions have been omitted for clarity.

2. Methods
2.1. Simulation systems

Table 1 provides a summary of the simulated systems. In total
each system contained ~85,000 atoms for the FecA OM simulations
and ~115,000 atoms for the FecA PC simulations. The combined length
of simulation time was 2.6 Ls.

2.2. Simulation protocol

Simulations were performed using the GROMACS package
[25-27], version 4.5.1, and the GROMOS 53A6 force field [28] with
the SPC water model [29]. Force field parameters for the inner leaflet
phospholipids (1-palmitoyl 2-cis-vaccenic phosphatidylethanolamine
(PVPE), 1-palmitoyl 2-cis-vaccenic phosphatidylglycerol (PVPG) and
1-palmitoyl 2-cis-vaccenic 3-palmitoyl 4-cis-vaccenic diphosphatidyl-
glycerol (PVPV DPG) [30-32]) and outer leaflet Rd; LPS molecules
were as we have described and validated previously [23]. Force field
parameters for 1-palmityol 2-oleoyl phosphatidylcholine (POPC) were
modified from the POPC parameters provided by Kukol [33]. These
modified parameters (termed the GROMOS-CKP parameters) are con-
sistent with the inner leaflet phospholipids [23] and substantially im-
prove the properties of POPC membranes [72].

The apo FecA structure was taken from the Protein Data Bank
(PDB ID: 1KMO [12]) and missing atoms were added to the structure
using the Swiss-PdbViewer, DeepView [34]. Simulations performed
with dicitrate and DFDC ligands also used this as a starting structure.
The protein was inserted into the equilibrated membranes using the
GROMACS programme g_membed [35]. Monovalent (Na™ or Cl7)
counter-ions, in addition to the Mg2™ ions associated with the outer
membrane bilayers, were added to neutralise the systems. Energy
minimisation was performed using the steepest descent algorithm
for 1000 steps to remove any overlapping contacts. A 20 ns simula-
tion, in which the non-hydrogen atoms of the protein were restrained

Table 1
A summary of the simulation systems and the lengths of the simulations.
Name Lipids Solvent Ligand Simulation
length
FecA apo POPC 285 POPC 13 Na™ None 3x200 ns?
31,088 H,0
FecA DFDC POPC 285 POPC 13 Na* Diferric 2x200 ns
31,088 H,0 dicitrate
FecA apo OM 58 Rd; LPS 323 Mg? ™" None 2x200 ns
130 PVPE 31C
8 PVPG 18,919 H,0
7 PVPV DPG
FecA apo OM (D/0)P 58 Rd; LPS 324 Mg? ™" None 1x200 ns
131 PVPE 33C™
8 PVPG 18,569 H,0
7 PVPV DPG
FecA citrate OM 58 Rd; LPS 323 Mg?™ Dicitrate 2x200 ns
130 PVPE 25Cl™
8 PVPG DPG 18,913 H,0
7 PVPV
FecA DFDC OM 58 Rd; LPS 323 Mg?™ Diferric 2x200 ns
130 PVPE 31C dicitrate
8 PVPG DPG 18,915 H,0
7 PVPV
FecA DFDC OM-closed 58 Rd; LPS 323 Mg?* Diferric 1x200 ns
(1KMP) 130 PVPE 29 ClI™ dicitrate
8 PVPG DPG 18,919 H,0
7 PVPV

2 Two simulations performed using the GROMOS 53A6 force field and one with the
GROMOS 54A7 force field.

b In this simulation FecA was inserted into the outer membrane bilayer in a different
random orientation.
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in position, was performed to allow a re-equilibration of the bilayers
around the protein. At this point ligands were added as required,
using the dicitrate and DFDC positions in structures PDB ID: 1POO,
PDB ID: 1PO3 and PDB ID: 1KMP [12,13] as a guide for their initial
location. Upon addition of a ligand, a further 20 ns simulation was
performed in which the protein non-hydrogen atoms were restrained
in position to allow for an equilibration of the ligand orientation with-
in the binding site. Finally these restraints were removed and a fur-
ther 200 ns of unrestrained ‘production’ simulation was performed.
Repeat simulations with differently assigned random starting veloci-
ties were performed for 200 ns to ensure reproducibility. The Nosé-
Hover thermostat [36,37] with a time constant for coupling of 0.5 ps
and the Parrinello-Rhaman barostat [38,39] with a time constant for
coupling of 5.0 ps were used to maintain a temperature of 313 K
and pressure of 1 bar. Electrostatic interactions were treated using
the smooth particle mesh Ewald algorithm [40] with a short-range
cut-off of 0.9 nm. Van der Waals interactions were truncated at
1.4 nm with a long-range dispersion correction applied to the energy
and pressure. The neighbour list was updated every 5 steps during
the simulations. All bonds were constrained using the LINCS algo-
rithm [41], allowing a 2 fs timestep to be applied.

2.3. Ligand parameterisation

Parameters for the citrate ligand were assigned using standard
GROMOS 53A6 carboxylate and hydroxyl functional group parame-
ters [28]. Parameters for the DFDC ligand were derived using quan-
tum mechanical (QM) calculations performed with the NWChem
software [42]. These calculations followed a similar approach to that
taken by Kandt et al. for vitamin By, [43]. Geometry optimization
was performed at the Hartree-Fock level using the STO-3G basis set,
prior to a single-point calculation using the B3LYP [44,45] level of
density functional theory with the LANL2DZ basis set [46] used for
the iron atoms and the 6-31 +G* basis set used for the non-iron
atoms. Atomic partial charges were derived from the electrostatic
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potential and were symmetrized between ferric citrate molecules.
Equilibrium bond lengths and angles were obtained from the QM cal-
culations. Remaining parameters were taken from the GROMOS 53A6
force field [28] and those published by Zinelabidine et al. [47] and
Xiao et al. [48].

2.4. General analysis

Analyses were performed using GROMACS tools and locally
written code. Statistical tests were performed using the programme
R [49]. Details regarding the statistical tests are provided in the
Supporting Material. Secondary structure analyses used DSSP [50].
Molecular graphics images were generated using VMD [51].

3. Results
3.1. Structural drift and fluctuations

A comparison of the structural drift of the protein in the simula-
tions from the starting structure provides information regarding its
conformational stability and overall conformational motion on the
timescale of the simulations. The structural drift was evaluated by cal-
culating the root mean square deviation (RMSD) of the protein loop
or B-barrel atoms from the initial (t=0) structure as a function of
time (Fig. 2 and S1 of the Supporting Material). In all simulations,
the RMSD initially rose steadily whilst the system was relaxing,
reaching a plateau value by ~50-100 ns. As expected, the [3-barrel
showed the least deviation (Fig. 2, C and D), whilst the greatest devi-
ation was in the loop regions of the protein (Fig. 2, A and B). Interest-
ingly, differences in the RMSD were observed between the POPC and
OM simulations and also between apo, dicitrate and DFDC simulations.

The plateau RMSD values of the loops differed depending upon the
membrane environment in which FecA was located. In the POPC sim-
ulations the loops RMSD reached a value of ~0.45-0.65 nm, whilst in
the OM simulations the loops RMSD reached a value of ~0.30-
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Fig. 2. Root mean square deviations of A) the FecA loops in the POPC membrane, B) the FecA loops in the OM, C) the FecA 3-barrel in the POPC membrane and D) the FecA B-barrel
in the OM during apo (black solid and dotted lines) and DFDC-bound (grey and brown solid lines) simulations. The loops or 3-barrel were fitted, using the least squares method, to

the starting conformations prior to the RMSD calculations.
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0.40 nm (Fig. 2, A and B; Tables S2 and S3). To ensure that these pla-
teau RMSD values were converged, a block analysis [52] of the RMSD
values over the final 50 ns of the simulations was performed. This
analysis showed that the standard error of the block means con-
verged for block sizes of >10 ns. In order to visualise the impact of
the membrane on the loop dynamics, we calculated the average den-
sity for loop Ca atoms from one apo POPC and one apo OM simulation
(Fig. 3, A and C). There is an increase in the variability of the confor-
mations that the loops can adopt in the POPC membrane compared
to the OM.

The plateau RMSD values of the B-barrel differed depending upon
the liganded state of the protein, irrespective of the membrane environ-
ment. The RMSD of the B-barrel in the apo and dicitrate bound POPC
and OM simulations reached a plateau value of ~0.23-0.28 nm (Fig. 2
and S1). The B-barrel RMSD in the DFDC bound simulations reached a
value of ~0.17-0.21 nm (Fig. 2, C and D).

The differences in conformational space explored between simula-
tions can be examined further using all-to-all RMSDs (Fig. 3, B and D).
All-to-all RMSDs avoid issues associated with using an arbitrary refer-
ence (i.e., starting structure) in the standard RMSD calculation. In par-
ticular, whilst differences in plateau RMSD mean that the simulations
are sampling different regions of conformational space, similarities
in the standard RMSD do not necessarily mean that the simulations
are sampling the same region of conformation space [53]. In compar-
isons of the extracellular loop RMSDs between two POPC simulations
there was a large and fast divergence from the starting structure and
between simulations, with a maximal RMSD reached of 0.70 nm in
25 ns (Fig. 3 B). In contrast there was little change in RMSD values
from the starting configuration or between simulations in the compar-
isons of two OM simulations, where the loops reached a maximal RMSD
of 0.6 nm after 180 ns of simulation, but, thereafter, returned to a con-
figuration more alike the starting configuration, with an RMSD between
0.20 and 0.30 nm (Fig. 3 D). The lower divergence of the loop structures
from the starting configuration in OM simulations is clear in all-to-all
RMSD plots with POPC simulations (Fig. S2 B). The plots show that the

loops in the POPC simulations diverge rapidly from the initial configura-
tion, whilst the loops in OM simulations remain much closer in struc-
ture to their original configuration over the whole trajectory, giving
the appearance of a gradient across one of the axes in the plot.

The all-to-all plots of the B-barrel RMSDs showed fewer differ-
ences between simulations than the plots of the extracellular loops.
The largest RMSD between simulations was 0.25 nm, though the
RMSDs remained below 0.20 nm in general. The smallest differences
in the B-barrel RMSDs were seen in simulations with the bound DFDC
ligand, where the RMSDs stayed mostly below 0.15 nm (Fig. S3 A). Fur-
thermore, a gradient in the all-to-all plot can be observed along one of
the axis - in similar way, but less strikingly, to the differences between
the OM and POPC simulations in the extracellular loop RMSDs - when
DFDC simulations are contrasted with apo simulations (Fig. S3 E). This
indicates that the ligand may restrict the conformational space explored
by the 3-barrel.

In order to further explore the influence of the membrane and ligand
on the conformational space, we performed a Principal Component
Analysis (PCA) on a 1.6 ps trajectory constructed from 8 independent
200 ns trajectories. The PCA was performed on the Ca atoms of both
the B-barrel and extracellular loops separately. In both cases the origi-
nal trajectories were projected onto the first two principal components
(Fig. 4). The first two principal components accounted for 30.8% of the
total variance in the extracellular loops and 31.1% of the total variance
in the P-barrel. The projections indicate that the OM restricts the
conformational space of the extracellular loops to a small region on
the first two principal components. In contrast, there is a much greater
overlap between simulations in the first two principal components of
the p-barrel. However, there are three distinct clusters for p-barrel
structures, and FecA occupies only one of these clusters when the ligand
is bound. The covariance overlap between individual simulations,
which takes into account all of the eigenvectors and eigenvalues
and not just the first two modes [54-57], shows the same influence
of the membrane upon the subspace overlap of the loop motions
(Table S1, B and C). There is a minimal impact of the ligand upon the
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Fig. 3. A top down view of the time averaged density of the Cot atoms from the extracellular loops of FecA for A) POPC and C) OM simulations. The Ca atoms from 400 sample frames
were fitted, using the least squares method, to the starting loop conformations. The Ca densities are displayed on a grey scale, where black is high density and white is low density.
The levels in this image have been altered equally so that regions with lower Ca densities can be seen more clearly. The differences in loop conformations are also shown in the
all-to-all loop RMSD plots of the two apo POPC (B) and the two apo OM (D) simulations. The RMSD colour scale used in B and C is also shown in this figure.
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barrel, with a similar covariance overlap in all of the simulations (Table
S1A).

The residue-by-residue fluctuations of the simulated structures,
relative to the average structure, provide a measure of the relative
flexibility of different regions of the protein. Consistent with the
RMSD trends and previous OMP simulations [58-62], the root mean
square fluctuations (RMSF) reveal greatest flexibility in the loop re-
gions (Fig. S2). Differences were observed in the loop RMSFs between
the POPC and OM FecA simulations; however, no consistent trends in
these differences were identified across all the simulations (Fig. S2).

As demonstrated by the RMSD from the initial X-ray derived
structure (Fig. 2), the all-to-all RMSD (Fig. 3) and the PCA (Fig. 4),
the LPS molecules reduce the overall conformation space sampled
by the extracellular loops. This may account for any observed increase
in the RMSF values in the POPC compared to OM simulations. To fur-
ther explore the influence of the LPS on the local fluctuations of the
loops we monitored the short-time positional movements of the cen-
tre of mass (COM) of the individual FecA loops relative to the Co
atoms in the B-barrel. The longest correlation times for the 50 ps COM
movements were determined, from a block analysis, to be <100 ns
(Fig. S6 A). In order to remove the influence of the system relaxing,
the frames from the first 100 ns were discarded from the start of each
trajectory, and the block averaging was repeated for all the loops. In
this instance, the longest correlation times for the 50 ps COM move-
ments were <40 ns (Fig. S6 B).

In general, the loop COM movements were lower in the OM than in
the POPC membrane (Table S4). The statistical significance of differ-
ences in COM loop movements between simulations was evaluated

using a two-way analysis of variance (ANOVA). The ANOVA was
performed using data averaged over two 50 ns blocks from the final
100 ns of each trajectory. The 50 ns time period was chosen so that
the data were average over a time longer than the longest correlation
time (Fig. S6). The movements of the loop COM over 50 ps intervals
were seen to be significantly different between the POPC and OM
simulations at the 5% level for extracellular loop 4 (p=0.015), loop 5
(p=0.016) and loop 6 (p=0.012) and at the 1% level for loop 1
(p<0.001), loop 2 (p=0.002), loop 3 (p<0.001), loop 7 (p=0.006),
loop 8 (p=0.004), loop 9 (p<0.001), loop 10 (p<0.001) and loop 11
(p=0.001) (Table S5). The ligand also had a statistically significant ef-
fect at the 5% level on loop 5 (p=0.039) and loop 9 (p=0.039) and
at the 10% level on loop 11 (p=0.055). These results indicate that dif-
ferences in membrane environment and, to a lesser extent, binding of
the DFDC ligand can significantly alter the fast fluctuations of the FecA
loops relative to the 3-barrel.

3.2. Protein-membrane interactions

To identify the factors that influence the observed differences in
conformational dynamics of FecA in the two different membranes, it
is important to consider its interaction with the surrounding environ-
ment. We monitored various protein-lipid interactions, where inter-
action is defined as protein-lipid distance <0.35 nm (Fig. 5 and S7). A
similar pattern of interactions was observed between FecA and the
POPC lipid head groups to that previously reported from simulations
of OMPs in symmetric phospholipid bilayers [63]. The trends were
also reproduced between FecA and the inner leaflet phospholipids
of the OM bilayer. In contrast, a substantial number of interactions oc-
curred between the LPS sugar and phosphate groups and extracellular
regions of the protein that were not observed in the POPC bilayer sim-
ulations (Fig. 5 and S7). The protein residues predominantly formed

Fig. 5. Protein-membrane interactions during an A) POPC and B) OM simulation. An in-
teraction is defined as any protein and LPS, PVPE, PVPG, PVPV DPG or POPC head group
atoms that are within 0.35 nm. The proteins are coloured on a red-green-blue colour
scale. Red means that there are no interactions during the simulations whilst blue
means an interaction is formed for 100% of the simulation.
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hydrogen-bonding interactions to the LPS molecules. Electrostatic in-
teractions between charged residues and LPS phosphate and carbox-
ylate moieties were observed infrequently.

To highlight the nature of the interactions between the loops of
FecA and the environment, we will focus on the interactions between
loop 3 (residues 310 to 330) and the Rd; LPS molecules. In mutational
studies this loop has been shown to be essential in the function of
FecA, with deletions of this loop leading to an inactive protein [21].
This example typifies the interactions that are formed between the
FecA loops and the LPS inner core sugars during the OM simulations.
Interactions between residues of loop 3 (especially D322, R323 and
Q325) and Rd; LPS molecules occurred throughout the simulations
(Fig. 6). These residues did not exhibit interactions to the lipids in
the POPC bilayer simulations. In the OM simulations, residues D322
and Q325 were often orientated such that their side chains point to-
wards the same two Rd; LPS molecules, forming hydrogen bonds to
hydroxyl groups of the LPS heptose sugars (Fig. 6 B). Residue R323
also exhibited a propensity to form hydrogen-bonding interactions
with sugars of LPS molecules (Fig. 6 C). Details regarding the occupan-
cies of these protein-lipid hydrogen-bonding interactions for the OM
simulations are provided in Table 2. To further highlight the nature of
these interactions the minimum distances between these three resi-
dues and the LPS molecules for one apo FecA OM simulation are
shown in Fig. 6 D. Individual hydrogen-bonding interaction events
were fairly transient, with typical lifetimes of <50 ps. However, as indi-
cated by the occupancies (Table 2), these interactions were frequently
formed throughout the simulations. This one example of loop 3 typifies
the nature of the interactions formed between polar and charged resi-
dues in other loops of the protein and the LPS sugars.

In addition to interactions between the inner core sugars of the LPS
and extracellular loops of FecA, differences were observed in the pattern
of interactions between the protein and the two leaflets of the mem-
branes. The relatively small size and fast diffusion of the inner leaflet

Table 2

The occupancies of the hydrogen-bond interactions (i.e. the percentage of simulation
time the hydrogen-bonds are formed) between residues Asp 322, Arg 323, Gln 325
and the LPS molecules during the OM simulations. The values are averaged over any re-
peat simulations performed (see Table 1 for further details of the simulations).

Simulation Occupancy (%)

Asp 322 Arg 323 Gln 325
FecA apo OM 39.9 6.8 424
FecA apo OM (D/O) 344 51.2 0
FecA Citrate OM 48.7 115 29.8
FecA DFDC OM 95.2 336 35.1
FecA DFDC OM-closed 27.4 23.8 154

phospholipids enabled electrostatic and hydrogen-bonding interactions
between the phospholipid head groups with most residues on the peri-
plasmic side of the protein (Fig. 5 and S7). In contrast, the bulky and
slower diffusing LPS molecules were unable to move to interact with
small residues at the extracellular hydrophobic/hydrophilic interfacial
region of FecA. However, bulkier residues, such as tryptophan, gluta-
mine, arginine and lysine, were able to form interactions with LPS
molecules in these regions (Fig. 5 and S7).

3.3. Protein-ligand interactions

The results presented earlier indicate that the DFDC ligand may influ-
ence the p-barrel, and to a lesser extent, the loop dynamics. To further
investigate the effects of the ligands we monitored the movement
and interactions of the ligand during both sets of DFDC-bound and
dicitrate-bound simulations. Somewhat surprisingly, both dicitrate and
DFDC ligands were able to move away from the ligand binding site dur-
ing the simulations (Fig. 7 and S8). To quantify the extent of movement
of the ligands, the RMSD of the ligands was calculated with respect to
the protein atoms (Fig. 6 C and S8 C). The dicitrate ligand was initially

R323

-

T T T
= Asp 322
- Arg 323
-~ GIn 325

0.6

0.4

Distance (nm)
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L " | L "
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Fig. 6. A) A top down image highlighting the interaction of loop 3 of FecA and three LPS molecules. B) An image of the hydrogen bond interactions of Asp 322 and Gln 325 with two
LPS molecules. C) An image of the hydrogen bond interaction of Arg 323 and the sugars of an LPS molecule. D) The minimum distances between Asp 322 (black), Arg 323 (red), GIn

325 (green) and the LPS molecules during an OM simulation.
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DFDC

— DFDC open
— Dicitrate open| -
— DFDC closed
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Time (ns)

Fig. 7. Top down view of FecA showing the A) initial and B) final positioning of DFDC
within the protein. The plug domain in these images has been removed for clarity.
C) The RMSD of the ligands with the protein residues fitted, using the least squares
method, to the starting conformation. The RMSD of DFDC initially located in the open
FecA binding site is shown in black, the RMSD of dicitrate initially located in the
open FecA binding in red and DFDC initially located in the closed FecA binding site in
green.

the most mobile, as indicated by the large increase in RMSD to a plateau
value of ~2.25 nm with respect to the protein, over the first ~20 ns. This
increase in RMSD corresponds to one of the citrate molecules complete-
ly escaping from the protein during this dicitrate-bound simulation
(Fig. S8 A). In general, the movement of DFDC was towards loops 11, 3
and 4 of FecA (Fig. S9), although there was some variability in the direc-
tion of movement. In particular, in one of the POPC DFDC-bound simula-
tions, the movement of the ligand was in the opposite directions
towards loops 7 and 8 (Fig. S9 D). In the three simulations where the li-
gand moved towards loops 11, 3 and 4, electrostatic interactions were
often formed between DFDC and residues located in these loops and
neighbouring strands of the 3-barrel. In particular interactions were fre-
quently formed between the carboxylate groups of DFDC and residues
Arg 328, Gln 371, Asn 721 and Asn 722 (Fig. S9 A-C). In contrast to
this mobility of DFDC in simulations performed with the ligand placed
into the open binding site of the apo FecA structure, there was a sub-
stantially reduced mobility of the DFDC ligand in simulations performed
using the DFDC-bound FecA structure PDB ID: 1KMP (Fig. 7 C and S8 B).
This reduction in movement was due to DFDC interactions with loop 8;
this loop is closed over the ligand binding in this X-ray structure.
In particular, in agreement with experimental predictions [21], the

carboxylate groups of DFDC formed interactions with GIn 570 of loop
8 (Fig. S8 D).

3.4. Barrel interior: plug domain dynamics

Having established the relative flexibilities of the different regions
of the proteins in the two different membranes, and the nature of the
ligand-protein interactions, from a functional perspective it is of in-
terest to examine the properties of the 3-barrel interior in greater detail.
The position of the plug domain within the B-barrel did not alter sub-
stantially during the simulations (e.g., Fig. 8 A). The integrity of the sec-
ondary structure of the plug domain was maintained throughout the
simulations (Fig. 8). The exception to the limited change in conforma-
tion was in the secondary structure of one of the a-helices in the plug
domain. This H1 helix (residues 94-100), also known as the ‘switch
helix’, unfolded in all the simulations (apart from the simulation started
from the PDB ID: 1TKMP X-ray structure in which this helix is already
unfolded) (Fig. 8 and S10). This is particularly interesting as it has
been suggested from experimental work that the unfolding of this
helix only occurs upon ligand binding to FecA [12]. To ensure that this
unwinding was not an artefact of the inherent instability of small heli-
ces using the GROMOS 53A6 force field [64], an additional simulation
was performed using the recently updated GROMOS 54A7 force field
[64,65] for the protein and the same POPC model. In agreement with
the GROMOS 53A6 simulations, the H1 switch helix unfolded during
this simulation (Fig. S10 J). The unfolding of the switch helix was
often of a reversible nature, with transient unfolding and refolding of
the helix occurring in several of the 200 ns simulations (Fig. 8 and S10).

B O Coil MBend MB-Bridge M B-Sheet
O Turn M A-Helix @ 3-Helix

H1 Time (ns)

Fig. 8. A) Initial (yellow) and final (red) conformations of the FecA plug domain from
an apo OM simulation. The location of the H1 switch helix is shown in the Fig. B) The
secondary structure of the FecA plug domain during an apo OM simulation. The region
corresponding to the H1 switch helix (residues 94-100) is highlighted in the figure.
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4. Discussion and conclusion

We have performed molecular dynamics simulations of the TonB-
dependent transporter FecA in the apo and two different bound states,
within two different membrane models. The discussion of our results
is divided into two sections for clarity.

4.1. Interactions with the surrounding membrane

Simulations performed of FecA in POPC and OM bilayers have illumi-
nated details regarding the nature of the interactions between this OMP
and the membrane environment. A substantial number of interactions
were observed between the inner core sugars of the LPS molecules
and extracellular residues of the protein that were not observed in the
POPC simulations. Typically these interactions involved residues in the
loops of the protein and were hydrogen-bonding interactions. Electro-
static interactions between charged residues and the charged groups
of the LPS were only infrequently formed. Presumably the interaction
of the LPS phosphate and carboxylate groups with Mg?™ ions in the
OM, in addition to the formation of intra- and inter-molecular LPS hy-
drogen bonds [23], reduces the likelihood of electrostatic interactions
between the protein and the LPS. Analysis of the conformational stabil-
ity of the protein in both membrane environments revealed that the in-
teractions between protein and LPS had a significant impact upon the
loop dynamics. The interactions significantly altered the short-term
fluctuations in loop position, and the interactions also altered the
longer-term conformations that could be adopted by the loops. It
appears that the impact of the LPS upon loop dynamics arises via two
different mechanisms. Short-lived but frequently formed non-specific
hydrogen-bonding interactions alter the local fluctuations in loop
movement, whilst the bulky LPS molecules provide a steric resistance
to larger conformational motions of the loops. These results highlight
the need for complex membrane models when exploring the conforma-
tional dynamics of these long extracellular loops. The only previously
published simulation of an OMP in a membrane incorporating LPS
was a study of OprF, an OMP from Pseudomonas aeruginosa [66]. A com-
parison of simulations performed in an asymmetric OM and simulations
of OprF performed in a PC membrane [67] suggested that the LPS
influenced the protein RMSDs, the RMSD equilibration time and a spe-
cific loop RMSF. Whilst there is some agreement with the results
presented here and those presented in this previous study (e.g., loop
RMSDs), differences in the OM models and proteins studied are likely
to contribute to some of the observed differences in the results. Addi-
tionally, the shorter simulation time (10 ns) and fewer numbers of sim-
ulations (only 2) also likely provide an explanation for some of the
differences observed.

It is useful to reflect upon some methodological limitations of the
current study regarding interactions with the OM. We note that due
to the slow diffusion rate of LPS, any specific protein-LPS interactions
are to some extent influenced by aspects of the initial simulation
setup, such as the positioning of the protein within the membrane.
Encouragingly, a simulation in which FecA was inserted into the OM
in a different random orientation showed the same trends in mem-
brane interaction as the original FecA OM simulations (Fig. S11). In
the present study, having run multiple independent simulations of
each system for 200 ns, we have a reasonable level of sampling. How-
ever, with longer simulations we expect the differences between
environments to become more apparent through an increase the
number of independent data points used in the statistical analyses.
Future studies would benefit from running these longer simulations,
with a greater number of repeat simulations, and perhaps also em-
ploying accelerated sampling techniques such as metadynamics
[68]. In addition to problems regarding the slow moving nature of
the LPS molecules, the observed influence of the LPS on the protein
dynamics may well differ for different OMPs and with different levels
of LPS. For example, it is possible that increased levels of LPS (to

include the outer core and O-antigen) may further impact upon the
conformational dynamics of the FecA loops. Specifically, we speculate
that the dynamics of loop 5 may be further altered with full rough and
smooth LPS, given its location and orientation.

4.2. Ligand induced conformational change

The conformational changes that occur upon ligand binding to the
TonB-dependent transporters are keys to the function of these pro-
teins. In particular we may ask: how does siderophore binding in
the extracellular side of the transporter regulate binding activities at
the periplasmic surface? Whilst the precise chain of conformational
changes that occur are yet to be fully characterised, X-ray structures
of FecA suggest that upon DFDC binding: (i) loops 7 and 8 undergo
a conformational change so as to close over the DFDC binding site
and (ii) the H1 switch helix of the plug domain unwinds. This un-
winding of the switch helix has been suggested to facilitate the bind-
ing of TonB to the TonB box of the plug domain [12]. It has also been
suggested from crystallography experiments that prior to DFDC bind-
ing, two citrate molecules occupy the ligand binding site and these
are displaced upon ligand binding [13]. The results presented in this
work provide further insights into potential mechanism of ligand in-
duced conformational change in this protein and challenge some of
these previous hypotheses.

The occupation of the open binding site with two citrate molecules is
somewhat unlikely, given the mobility of the citrate molecules when
initially placed into the binding site. This is further highlighted by the
fact that even over the relatively short timescales of the simulations it
is possible for citrate molecules to completely leave the protein and
move to interact with the LPS molecules of the OM. Simulations of
FecA with DFDC located in the open binding site also revealed move-
ments of the ligand within the protein. The DFDC ligand did not induce
a conformational change in loops 7 and 8 to close over the binding site
over the timescales of the simulations, rather the ligand moved to inter-
act with other parts of the protein. This is in contrast to previously
published simulations of another TonB-dependent transporter, FhuA,
where a fairly rapid movement of loop 8 to cover the ligand-binding
site was observed in the ligand-bound simulations [59]. Therefore, the
simulations presented in this work suggest potential differences in the
mechanisms and timescales of loop closure in these two proteins. This
observation is in agreement with experimental work that has shown
that these loops are likely to function in different ways in FecA and
FhuA. FecA loop 8 deletion mutants have been shown to remove all
FecA activity [21], whilst loop 8 mutants in FhuA exhibit normal activity
[19]. Perhaps, as has been suggested experimentally [21], the DFDC li-
gand binds to a different part of the protein prior to loop closure. Inter-
estingly, interactions of the DFDC ligand with the p-barrel and loops
appear to influence the dynamics of the protein. This observation may
have functional implications for the protein. For example, the 3-barrel
may need to be stabilized before the large-scale conformational changes
in the plug domain can occur, which ultimately allow the ligand to
pass through the protein. Simulations starting from the closed structure
of FecA reveal a reduced movement of the ligand, with the ligand
remaining in the binding site. Secondary structure analysis of the plug
domain during the simulations shows that in both apo and holo forms
of the open FecA structure, the switch helix is able to unfold and refold
on the 200 ns timescale of the simulations. This is consistent with the
experimental observation, which, in contrast to the X-ray structures,
suggests that upon ligand binding to FecA there is no concerted confor-
mational change in the switch helix [69]. Presumably during the crystal-
lization process the folded conformation of the switch helix is favoured,
which is why in the X-ray structures of apo FecA the switch helix is
folded.

Overall our results have revealed conformational rearrangements
of FecA in the loop regions and also unwinding of the switch helix.
Our simulations show that interaction with LPS molecules in the
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outer leaflet of the OM has a significant influence on the loop dynam-
ics of FecA. Experimental validation e.g., NMR [70] or ESR [71] studies
of the differences in the dynamics of FecA in the asymmetric mem-
brane compared to the purely phospholipid one, would be desirable
in extending this study in the future. Given the structural and functional
similarities between FecA and other TonB-dependent transporters from
E. coli, we might expect such membrane-protein interactions to play a
key role in their dynamics too. In general it would be of interest to
extend the current study, in which the heterogeneity of the OM lipids
is incorporated, to not only other TonB-dependent transporters, but
also other OMP families. Such simulations have the potential to bridge
the gap in complexity between experimental studies, which are often
conducted in model membrane systems, and in vivo functional studies.
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