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Abstract

The outer membrane channel OprD from Pseudomonas aeruginosa transports basic
amino acids and clinically relevant carbapenem antibiotics. Understanding the
molecular basis of substrate permeation across this channel will therefore lead to
better therapeutic designs to treat infections. Using umbrella sampling simulations, we
calculated the potential of mean force (PMF) for the arginine permeation pathway
through OprD. The PMF reveals a deep free energy well of ~6 kT around the putative
substrate binding site followed by a shallower well of ~4 KT close to the most
constricted region of the pore. Despite becoming partially dehydrated during
translocation, some water molecules are retained to shield the guanidinium side chain
of arginine from the ladder of basic residues in the protein. Sugars of the
lipopolysaccharide headgroups form contacts with arginine and could potentially play
an important role in transferring substrate from the external medium to OprD. The PMF
through bulk membrane shows a large energetic barrier of ~45 KT within the
hydrophobic core of the membrane, suggesting that spontaneous translocation
without OprD is highly unlikely. This significant energetic penalty is likely caused by
the extensive distortion of the lower leaflet of the outer membrane as phospholipid
headgroups sink inwards to interact with charged groups of arginine. Our results

provide quantitative insights into solute permeation across bacterial outer membrane.



Introduction
The outer membrane of Gram-negative bacteria acts as a strong shield against attack
by noxious external compounds such as antibiotics. The thick layer of sugar moieties
on lipopolysaccharides (LPS) impedes diffusion of lipophilic molecules, whilst the
hydrophobic membrane core is impermeable to polar solutes. Over the years, the
delivery of drugs across the outer membrane exploits the presence of numerous outer
membrane porins—non-specific water-filled channel proteins—that exist to allow
uptake of nutrients and extrusion of waste products.'? Several penicillins and
cephalosporins, for example, have been shown to be translocated by OmpF in
Escherichia coli.* Understanding the molecular details of solute permeation via outer
membrane porins is therefore beneficial for development of novel antibacterial agents.

Pseudomonas aeruginosa is a major pathogenic Gram-negative bacterium that
is one of the leading causes of nosocomial infections and is prevalently associated
with lung infections amongst cystic fibrosis patients. It shows remarkably high intrinsic
resistance to common antibiotics largely due to the low permeability of its outer
membrane.>® The reduced influx of antibiotics then allows for more efficient secondary
resistance mechanisms including drug efflux pumps and B-lactamase. Unlike
Enterobacteria, P. aeruginosa does not express general porins like OmpF, but instead
utilises various substrate specific channels for nutrient uptake.” While these channels
have narrower pores compared to porins, substrate binding occurs at higher affinities
due to their distinct binding sites, which is advantageous in nutrition-poor
environments where these bacteria are found. The majority of small molecules are
imported via proteins from the outer membrane carboxylate channels (Occ) family,®
which is further divided into two subfamilies: OccD and OccK. The former transports
basic amino acids and the latter prefer cyclic compounds. The prototypical member of
OccD subfamily, OprD (also known as OccD1), is of great pharmaceutical interest as
in addition to mediating the uptake of basic amino acids, it also allows passage of
carbapenem B-lactam antibiotics.®'® Recently, whole cell based assays revealed that
even minor modifications to the chemical structure of novel carbapenem analogues
can have significant effects on OprD-mediated uptake,! further indicating the
importance of understanding the molecular mechanism underlying substrate
recognition and permeation.

The structure of P. aeruginosa OprD has been solved by X-ray
crystallography.?1213 OprD is a monomeric 18-stranded B-barrel protein with several



large external loops, two of which; L3 and L7, fold into the barrel to form a narrow
constriction. A line of positive charges formed by five arginine and one lysine residues
(also known as a “basic ladder”) is found on one side of the pore, while the other side
is predominantly negatively charged, creating an asymmetric charge distribution along
the substrate permeation pathway. The basic ladder is a characteristic of all Occ
channels,®'* and is also found in the phosphate-specific channel OprP."® The crystal
structure of OpdF (OccK2) bound to its substrate, glucuronate, reveals salt bridges
between the substrate carboxyl moiety and two of the arginine residues, suggesting
that the basic ladder acts as an electrostatic conduit that guides substrates permeation
via interactions to their carboxyl group.' Mutation of either one of three of these basic
residues (R389, R391 and R410) in OprD significantly decreases substrate influx.'3
Steered molecular dynamics (MD) simulations suggest that arginine adopts a specific
orientation along the translocation pathway that maximises interactions between its
carboxylate and these basic residues.'® As the crystal structure of OprD bound to a
basic amino acid has not yet been determined, it is not known how the positively
charged side chain of a substrate is accommodated during permeation. Superposition
of OprD with OpdF-glucuronate structure shows that the equivalent residues in OprD
to which the sugar rings of glucuronate bound in OpdF form a negatively charged
pocket. These “eyelet” residues, Y176, Y282 and D307, are found opposite to the
basic ladder. Triple mutation to make the pocket positively charged substantially
reduced uptake activity of arginine and change OprD into a glutamate selective
channel,” demonstrating its importance for substrate recognition. Furthermore,
docking studies followed by MD simulations showed arginine binds to a well-defined
region nearby these eyelet residues.'®

These structural, mutational and computational studies have provided a
qualitative picture of substrate recognition in OprD; however, a robust quantitative
analysis on the energetics of substrate permeation across this channel is still missing.
Delineating regions of energetically favourable binding would likely be beneficial for
rational drug design targeting this channel. Calculation of potential of mean force
(PMF) using enhanced sampling methods such as umbrella sampling’~"® and
adaptive force biasing?>?' is the state-of-the-art method to address this question.
While these methods have been used to characterise the free energy of transport of
ions and small solutes, basic amino acids (for which OprD is selective), pose a bigger
challenge due to their larger size. Here we employed umbrella sampling with a total of



~36 ps of atomistic simulations to calculate the PMF along the translocation pathway
of arginine via either OprD or bulk outer membrane. Additionally, our simulations
uncover important molecular interactions experienced by arginine, not only with OprD,
but also with surrounding lipid and water molecules as it attempts to cross the outer

membrane.

Methods

Systems construction

The crystal structure of OprD was obtained from the Protein Data Bank (PDB: 3SY7)2
and missing residues were added as described in a previous study.’® The structures
of OprD R410A and Y176R/Y282R/D307H mutants were generated using PyMOL.?2
The arginine ladder was protonated as would be expected at physiological pH, in a
polar environment (the protein interior). The outer membrane model was based on
that of E. coli K12 strain containing Ra LPS lipids in the upper leaflet?*?* and 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 diphosphatidylglycerol (PVPV; also known as cardiolipin) in a 18:1:1 ratio
in the lower leaflet.?>2 This model was developed by Piggot et al.?° and has been
extensively used for atomistic simulations of outer membrane proteins.3%-32 The OprD
structure was embedded into the outer membrane model using the g membed
protocol.3® The protein-membrane complex was solvated, Mg?* ions were added to aid
cross-linking between the LPS head groups and CI" ions were used to neutralize the
system as in our previous work.?® For simulations of arginine permeation, an arginine
molecule was positioned in bulk solution approximately 3 nm above OprD. Each
system underwent a short 1 ns equilibration simulation whereby positional restraints
were imposed on all atoms of the protein and arginine substrate. These restraints were

removed for subsequent simulations.

Equilibrium MD simulations

Two repeats of 500 ns simulation were performed on the apo system (without arginine
substrate) starting with different velocity assignment. Temperature was maintained at
310 K using the velocity rescale thermostat with a time constant of 0.1 ps.34 Pressure
was kept at 1 atm using a semi-isotropic coupling to a Parrinello-Rahman barostat
using a time constant of 2 ps.3 To allow for a 2 fs integration time step, all bonds were



constrained using the LINCS algorithm.*® The short range electrostatic and van der
Waals cut-offs were set to 1.4 nm, whilst the long range electrostatic interactions were
approximated using the particle mesh Ewald method.?” All simulations were performed
using the GROMACS 5 code,3® GROMOS 54A7 force field3® and SPC water model.*°
Visualisation was performed with Visual Molecular Dynamics.*!

Steered and umbrella sampling MD simulations

A harmonic spring with a force constant of 25 kJ mol"' nm was attached to the centre
of mass of the arginine molecule and this was pulled along the z-axis (perpendicular
to the plane of the membrane) at a constant velocity of 0.5 nm ns™'. No restrained was
applied to the arginine molecule in the x- and y-axis during the pulling simulations.
This 20 ns pulling simulations generated around 2000 snapshots, which are distributed
evenly along the axis of the channel. Umbrella sampling windows were then selected
along the reaction coordinate (from 5 to -4 nm along the z axis) with a separation of
0.1 nm between windows. For each window, a 200 ns simulation was performed with
the centre of mass of arginine restrained in the vector along the reaction coordinate
using a harmonic force constant of 1000 kJ mol”' nm?2. Extra umbrella sampling
windows were added based on the histogram overlap to ensure adequate sampling.
A total of 80 and 100 umbrella sampling simulations were performed for arginine
permeation across OprD and the outer membrane, respectively. The weighted
histogram analysis methods (WHAM)*? implemented in GROMACS (gmx wham)*?
was used to estimate autocorrelation time for each umbrella window and calculate the
error on each PMF profile using the Bayesian bootstrapping technique. To probe
potential guanidinium pairing between the permeating arginine and the residues of the
basic ladder, we reran 14 umbrella sampling windows using GROMOS 54A8
forcefield.

Results & Discussion

OprD is Stable inside the Outer Membrane Model. Previous simulation studies of
OprD used simplified membrane models help interpret in vitro experimental studies,
but are not representative of the Gram-negative bacterial complex outer
membrane.'31644-46 |n recent years, compelling experimental evidence has shown
that certain components of the outer membrane, particularly LPS and cardiolipins, play
a key role in the functioning of outer membrane proteins.4”48 In the present study OprD



was inserted into a model of E. coli outer membrane containing LPS in the outer leaflet
and a mixture of phospholipids in the inner leaflet?® Two 500 ns equilibrium
simulations were performed to ensure the stability of OprD within this membrane
(Figure S1). All-atom root-mean-square deviation (RMSD) of the B-barrel and the
external loops reached a plateau of ~0.3 nm after ~100 ns, suggesting a stable
system. Root-mean-square fluctuation (RMSF) and secondary structure analysis
indicate relatively lower flexibility of the external loops compared to previous studies
potentially due to the slower dynamics of the surrounding LPS molecules. In particular,
Samanta et al. showed that loop L2 acts as a flap that mediates channel opening and
closing.*® Our simulations, however, displayed no large conformational changes of L2
as it formed hydrogen bonds with the sugar and phosphate groups of nearby LPS
molecules. One important caveat in our study is the use of E. coli outer membrane
model instead of that from P. aeruginosa. Given the largely similar physicochemical
properties of LPS molecules in both bacteria, however, it is likely that the interactions
between OprD and the LPS headgroups observed in our simulations remained in a P.
aeruginosa outer membrane. We then used the MOLE software*® to determine OprD
pore profile (Figure S2). The most constricted region of the pore was ~0.6 nm wide
and located approximately midway along the channel. The side chains of R391 (which
is a part of the basic ladder), S130, D295 and S296 flanked this region, and the
distance between them were maintained between 0.4-0.8 nm, indicating that the pore
remained opened throughout the simulations. This is confirmed by flux analysis, which
shows a steady water flow through the channel.
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Figure 1. PMF of arginine permeation through a, OprD and b, outer membrane. The grey bars
indicate standard deviation estimated from bootstrapping.

Energetics of Arginine Permeation through OprD. Having confirmed that OprD is
stable in the outer membrane model, we then performed steered MD simulations to
generate a series of configurations along arginine permeation pathway. In these
simulations we have only sampled a single protonation state of arginine; however,
given its high pKa value arginine molecule is invariably protonated under physiological
pH and therefore this is the state we have used %°. Similar to the observations reported



by Parkin et al.,"® arginine translocation along the pore proceeded in a distinct fashion:
first it bound to the negatively charged pocket made by the eyelet residues, and then
it aligned almost parallel to the membrane normal as it passed through the most
constricted region of the pore with its carboxylate group always pointing toward the
basic ladder (Figure S3). We then performed umbrella sampling simulations with the
sampling windows separated by 0.1 nm and each run for 200 ns. To obtain an accurate
PMF profile two important criteria were evaluated: sampling and convergence (Figure
S4). For the former, we inspected the free energy histogram overlap and found
excellent overlaps (more than 10% between adjacent windows) throughout the entire
reaction coordinate, suggesting that adequate sampling has been achieved. To check
for convergence PMF profiles were computed using non-intersecting time blocks of
the simulations. Convergence was achieved after 100 ns; therefore, the first 100 ns of
the simulations was regarded as equilibration and excluded from subsequent
analyses.

The PMF profile reveals no significant energetic barrier along the permeation
pathway, but rather features a few wells of different depths (Figure 1a). Cluster
analysis was performed to determine the most frequently sampled conformation of
arginine from umbrella sampling windows corresponding to these energy wells. The
first shallow well of ~3 kT shows interactions between arginine and LPS as well as
loop L8 of OprD. Arginine formed hydrogen bonds via its guanidinium, carboxyl and
amino groups with the sugar moieties of LPS (Figure 2a and S5). Additionally, the
guanidinium group formed ionic interaction with the carboxyl side chain of residue
D351 on L8. Further inspection shows that arginine was consistently hydrogen bonded
to various parts of the LPS sugar headgroup, and formed intermittent contacts with
several polar and charged residues on the external loops of OprD. It is therefore likely
that LPS plays a role in capturing arginine from the external medium and promotes
initial interactions with OprD.
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Figure 2. Interactions between arginine and LPS and OprD during permeation. a, b, ¢ and d,
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Representative snapshots from umbrella sampling windows corresponding to the energy wells labelled

on the PMF profile. The red arrow indicates the direction of pulling.

The next energy well is the deepest at ~6 kT. Unsurprisingly, this corresponds
to arginine bound to OprD putative binding site, whereby the guanidinium group
inserted into the negatively charged pocket made of the eyelet residues, and the
carboxyl group formed a salt bridge with R30, which is a part of the basic ladder (Figure
2b). Also, an adjacent residue Q406 formed a hydrogen bond with the carboxyl moiety.
This is consistent with a previous metadynamics study, which shows the presence of
an energy minimum for arginine passage in this region.*® Intriguingly, arginine could
also flip its orientation such that the primary amino group interacted with the eyelet
residues (Figure 3). This conformation, however, was less stable as the positively
charged guanidinium moiety was in close proximity to the basic ladder. We did not
observe any guanidinium-guanidinium pairing interactions, such as those reported by
Allolio et al.>! This was reproduced by running 14 umbrella sampling windows (the
ones in which the arginine is in contact with the residues of the basic ladder) with the
Gromos54A8 force-field,>? which is reportedly more accurate for charged residues.
We reversed the charge of this binding site by mutating the eyelet residues, as



described in Eren et al.,"® and performed additional steered MD simulations to
understand the implication on arginine permeation. Not only did arginine not make
any contact with the now positively charged binding site, it also evaded the basic
ladder and translocated through a previously undescribed channel between loop L3
and the barrel. We note that this translocation pathway is likely an artefact of the
pulling force. That notwithstanding, these steered MD simulations confirmed the
importance of the acidic binding pocket for the correct orientation of arginine vis-a-vis
the basic ladder, and subsequently for its permeation through OprD. It is worth noting
that this energy well of ~6 kT around the arginine binding site is relatively shallow, for
example compared to values determined from PMFs of phosphate translocation
across OprP,'"20 suggesting weaker substrate binding by OprD. This may explain why

the co-crystal structure of OprD and its substrate is still elusive.
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views of a steered MD simulation performed on Y176R/Y282R/D307H OprD mutant. The translocation
pathway for wild-type OprD is indicated by “X”. Snapshots of arginine substrate taken every 100 ps
show a significantly different permeation pathway to wild type.

Another energy well of ~4 kT was observed prior to arginine passage through
the smallest constriction of the channel. In this window, arginine adopted a vertical
orientation along the long axis of the channel, whereby the guanidium group
maintained its interactions with the previously discussed binding pocket while the
carboxyl group slid down the basic ladder to interact with R410 (Figure 2c and 4). This
residue is found above R391, which formed the narrowest part of the pore (Figure S2).
Arginine retained this upright orientation for ~1 nm along the translocation pathway as
it moved down the basic ladder. We mutated residue R410 to alanine and performed
steered MD simulations. Interestingly, this single mutation with the rest of the basic
ladder present was enough to disrupt the distinct orientation of arginine during
permeation. This distinct upright orientation is crucial to maintain simultaneous
interactions of arginine with both the binding pocket and the basic ladder, which is
potentially necessary for permeation. This result is in agreement with a previous
experimental study that shows mutation of each of R389, R391 and R410 is
detrimental to arginine uptake.'® After arginine passed through the narrowest
constriction of the pore, we observed another shallow well of ~2 kT. This corresponds
to the carboxyl group interacting with the last residue on the basic ladder, R389 (Figure
2d). The guanidinium moiety was stabilised by residues on loop L7 primarily F298 via
a potentially pi-cation interaction. Subsequent windows reveal no further persistent
interaction between arginine and OprD, which explains the near zero PMF values,

likely due to the wide nature of the channel on the periplasmic side.
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Figure 4. Interactions of arginine with the basic ladder. a, Snapshots of arginine substrate taken
every 10 ns for the last 100 ns from an umbrella sampling window showing its upright orientation and
interaction with R410. b, The orientation of the arginine substrate in all umbrella sampling windows
defined by the z-position of the carboxyl group. Error bars indicate standard deviations. Representative
structures of these different orientations are shown on top of the graph with the upright orientation
depicted in a red box. ¢, Steered MD simulation was performed on R410A OprD mutant. Snapshots or

arginine substrate taken every 100 ps show the loss of its upright orientation during permeation.

Energetics of Arginine Permeation through Outer Membrane. To compare the
PMF profile of arginine passage through OprD to that via bulk outer membrane, a
similar steered MD and umbrella sampling protocol was performed. As observed in
PMF of polar solutes across the outer membrane reported by Carpenter et al.,'® the
PMF of arginine is also asymmetric (Figure 1b). A small well was present in the LPS
side whilst large energetic barriers were observed near the hydrocarbon lipid tails. The
shallow well of ~4 KT corresponds to arginine contacts with the LPS headgroup. We
observed several hydrogen bonds formed between the polar groups of arginine and
the sugar moieties of LPS, making this configuration energetically favourable (Figure
5a). This is similar to our simulations with OprD, whereby arginine made favourable
interactions with the LPS headgroup prior to contacting the OprD external loops
(Figure 2a).

As arginine navigated deeper into the membrane and closer towards the
hydrophobic core, the PMF increases considerably. Two large peaks were observed,
one at ~30 KT and another at ~45 kT, for windows corresponding to arginine within the
hydrocarbon tails of LPS and phospholipids respectively. Further inspection reveals

12



that in the latter, the lower leaflet of the membrane significantly deformed around the
arginine molecule, which explains the larger energetic barrier. The phosphate groups
of nearby phospholipids moved inward towards arginine resulting in their lipid tails
splayed apart (Figure 5b). In the windows where arginine was within the LPS tails no
significant deformation was observe, hence the smaller energetic barrier. This is
potentially due to the LPS headgroups strongly cross-linked by divalent cations, which
prevents their phosphate moieties from sinking into the membrane core.
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Figure 5. Interactions of arginine with bulk outer membrane. a and b, Snapshots from umbrella
sampling windows corresponding to the labelled energetic well and barrier in the PMF profile. The two
closest phospholipids to the arginine molecule in b are coloured lime green. The red arrow indicates

the direction of pulling.

LPS molecules diffuse an order of magnitude slower than phospholipids due to
their larger size and cross-linking between their headgroups;?® to understand how the
different dynamics of the upper and lower leaflets of the outer membrane impact the

diffusion of arginine, we calculated the correlation of motion between arginine and
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surrounding lipids in all windows (Figure S6). Interestingly, there was a high correlation
between the direction of motion of arginine and surrounding LPS molecules when it
permeated the upper leaflet. A similar characteristic was observed in the diffusion of
outer membrane proteins.?® We tracked the centre of mass motion of arginine in the
simulation windows corresponding to LPS headgroups and found that the arginine
molecule was trapped between headgroups of four adjacent LPS molecules and was
not able to move away and interact with other LPS molecules in the time scale of our
simulations. As a result, the arginine motion was strongly coupled to that of LPS. In
contrast, in the lower leaflet arginine was able to move between and interact with
different phospholipid molecules throughout the simulation due to their faster
dynamics and the lack of crosslinks between their headgroups. As such, the direction

of motion of arginine in this leaflet shows lower correlation to that of the phospholipids.

The role of water during permeation. Hydration shell often plays an important role
during solute permeation across channels and transporters. To understand the role of
water during arginine translocation, we calculated the number of water molecules
found within 3 A of arginine in all of the umbrella sampling windows (Figure 6). As
many as 18 water molecules were found in close proximity to arginine in bulk solution.
This number decreases to around 14 as arginine interacted with OprD binding site and
a further reduction was observed when it passed through the narrowest constriction of
the pore. Intriguingly, even along the narrowest region there were still as many as 10
water molecules surrounding arginine. Visual inspection reveals that as arginine
passed through this region in the vertical orientation described above, some of the
water molecules screened the guanidinium group from nearby arginine residues of the
basic ladder as its ionic interactions with the negatively charged binding site was
broken. The pore was wide enough in this area to allow the passage of these water
molecules along with arginine. We note that no ions permeation was observed in any
of the windows.

A similar analysis performed on arginine transfer across the bulk outer
membrane revealed a strikingly different result. In the LPS headgroup region, as many
as 12 water molecules were found around arginine. As arginine breaks interactions
between adjacent LPS headgroups, water molecules fill the interstitial void forming
hydrogen bonds with either the sugar moieties on LPS or the arginine itself (Figure

S7). The deeper arginine travelled into the outer membrane, the more of its hydration
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shell was shed. Around only 5 water molecules remained in the hydrophobic core of
the membrane, creating a small energetically unfavourable water-filled cavity. Similar
water permeation into the membrane hydrocarbon core was observed during the
translocation of ethanol and acetic acid.'® Local rearrangement of phospholipids was
observed in corresponding windows such that the phosphate headgroups submerged
into the centre of the membrane to interact with water molecules as well as the polar

groups on arginine as previously described in Figure 5b.
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Figure 6. The role of water during arginine permeation. a, The number of water molecules found
within 3 A of arginine during translocation through OprD. Error bars indicate standard deviations.
Shaded region indicates the smallest constriction along the pore. b, A snapshot from a window within
the shaded region highlighting the positions of water molecules with respect to arginine substrate and
key residues. Dotted lines show hydrogen bonds and salt bridges. ¢, The number of water molecules
around arginine during permeation through the bulk outer membrane. Shaded region indicates the
hydrocarbon tails of the lower leaflet. d, A snapshot from the shaded region illustrating water molecules

around arginine with the two closest phospholipids in grey.

Conclusions
In summary steered MD and umbrella sampling protocols were used to determine the
potential of mean force (PMF) of arginine translocation. The PMF along OprD revealed
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a series of energy wells from interactions with LPS headgroups, the putative binding
site and the basic ladder nearby the narrowest constriction of the pore. No discernible
energy barrier was observed along this pathway, consistent with the fact that the pore
remained open throughout our equilibrium simulations, and similar to two other P.
aeruginosa channels, OprP'2% and OprO 2", despite our simulations being performed
in an asymmetric outer membrane whereas the other two studies were performed in
symmetrical phospholipid bilayers. Hydration shells play an important role in screening
positively charged moieties of the arginine substrate from the basic ladder of OprD.
Interestingly, a nice study by the Jungwirth group®' showed guanidinium pairing to
stabilise arginine-arginine interactions in aqueous solution and within phospholipid
bilayers. We did not observe such interactions between the permeating arginine and
the sidechains of the arginine ladder residues, stabilising the interaction was instead
with the carboxyl group of the permeating arginine with the guanidinium groups of the
ladder residues. This makes sense given that OprD is a conduit for lysine as well as
arginine. In bulk outer membrane, arginine was again shown to favourably interact
with LPS headgroups, but unlikely to cross the hydrocarbon membrane core due to
the large energy barrier. It has been shown in previous simulation studies that the LPS
outer core sugars and O-antigens are capable of blocking the entrance of outer
membrane porins like OmpF>%* and OpdH,% suggesting that small solutes coming from
the external environment will have to traverse the thick layer of sugars before
contacting any porins and channels. Favourable interactions between LPS and
arginine will therefore assist in the initial translocation of the latter prior to OprD-
mediated transport. Whether the role of this interaction with LPS can be generalised
to other solutes is unclear, but certainly worth exploring in future. Taken together, an
arginine translocation mechanism across the outer membrane of P. aeruginosa thus
emerges: i) extracellular arginine molecules partition into the thick layer of LPS
headgroups forming hydrogen bonds with the sugar moieties and salt bridges with the
phosphate groups, ii) arginine diffuses together with LPS due to the tightly cross-linked
LPS headgroups until it encounters an OprD channel, iii) the LPS transfers arginine to
the external loops of OprD, iv) arginine spontaneously binds to the putative binding
site as it provides the lowest energy minimum, v) the carboxyl group of arginine
descended the basic ladder of OprD with water molecules shielding its guanidinium
side chain, and vi) at the bottom of the basic ladder, arginine is released into the larger
constriction of the channel and eventually into bulk water in the periplasm. Our study
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therefore provides an improved understanding on substrate permeation across a key
Pseudomonas porin and may help in future design of antibacterial agents. For
example, the guanidinium side chain of arginine has been shown to bind strongly to
the putative binding site of OprD, therefore addition of a similar positively charged
group to a candidate molecule may improve binding to OprD. Permeation across the
channel was facilitated by arginine’s ability to maintain an upright position through the
most constricted part of the pore. This is due to the interactions between the carboxyl
group and the basic ladder, while retaining contact between the guanidium group and
the putative binding site. We postulate that having a negatively charged group in a
candidate molecule, perhaps 7 A away from a positively charge moiety as is found in
arginine, may improve substrate uptake. Further experimental studies are therefore
essential to test the role of incorporating these chemical characteristics towards the

uptake of potential antibacterial agents by OprD.

Associated Content

Supporting Information: Equilibrium simulations of OprD (Figure S1 and S2);
snapshots from steered MD simulations of arginine across OprD (Figure S3); sampling
and convergence analyses for the umbrella sampling simulations (Figure S4);
hydrogen bonding between arginine and LPS and OprD (Figure S5); diffusion of
arginine in bulk outer membrane (Figure S6); and snapshots of water molecules

surrounding arginine within the LPS headgroup region (Figure S7).
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