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The objective of this study is to identify the structural features governing the transport of molecules
through nanometric channel proteins at a molecular level. Our focus is to come up with a precise
understanding of the structure and dynamics of the outer membrane porin OprD of the Gram-negative
bacterium Pseudomonas aeruginosa by studying translocation of natural amino acid residues/substrates
through it. We used in-silico electrophysiology and metadynamics simulation techniques as they can
provide precise information on the molecule/channel interactions at the atomic scale that allow testing
quantitative structure-function relationships. We performed our simulations on the whole OprD protein,
with all loops modelled and without any constraints to keep the channel open. Dynamics of both internal
and external loops and the polar nature of the eyelet region play important role in modulating
translocation of molecules through OprD by creating two alternative paths for translocation. All positive
residues take the main path upon binding in the negative pocket just above the constriction region. The
same factor is unfavourable for negative substrates and hence they have relatively higher barrier for
translocation. Differently, neutral substrates do not show any specificity and they can follow the two

alternative paths.
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Introduction.

Pseudomonas aeruginosa (PA) is a significant cause of
nosocomial pneumonia and it is the most prevalent pathogen
found in patients with severe injury or burns, where the
associated mortality rate is up to 50%." * Due to its poorly
permeable outer membrane, PA shows strong resistance to a wide
range of antibiotics. In some bacterial species, relatively large
general diffusion porins (like OmpF and OmpC in E. coli) are
expressed and used by polar antibiotics to penetrate the cell.* PA
lacks these large pores and instead, has many specific channels,
(like OprD) which allow the uptake of small natural substrates
like arginine.* > Although their specificity, these channels are
considered to be potential entry points for polar antibiotics.
Interestingly, the lack of large pores correlates with a high
resistance level of PA.

A way to increase the efficacy of antibiotics acting against
Gram negative bacteria would be to enhance their permeation
through the outer membrane, for example by finding some
specificity for one or more pores.® However, the question of
whether there exists any specificity for translocation through
these channels still remains unanswered.®* 7 This is mainly
because of the lack of a robust and reliable experimental method
to permeability.®  Recently, electrophysiology
experiments combined with simulations showed some specificity

measure
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for zwitterionic molecules through general diffusion porins.’
However, the exact definition and the extent of specificity, if any,
still remains an open question, especially for specific channels
like OprD.

PA OprD is considered the main entry point for antibiotics of

so the carbapenem family (e.g., imipenem, meropenem, doripenem

55

etc.). They show excellent activity against PA because of their
high stability to the chromosomally encoded AmpC f-lactamase
produced by this species.'’ Some basic amino acids and small
peptides containing these amino acids are also natural substrates
for OprD.“’ 2" As mentioned earlier, till date, there is no
experimental evidence for the presence of a specific binding site
for any of them within the OprD channel.'* There were only some
suggestions that there might be some binding sites involved in
imipenem translocation.' Recent simulation studies of Parkin et

o0 al. suggest that translocation of arginine happens as a result of a
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series of binding sites and the motion of the backbone in the
eyelet region is conserved.'* ° However, the mechanism of
transport and the interior architecture of the OprD channel are yet
to be properly understood.

OprD is no longer considered strategic for developing new
antibiotics, because it is under-expressed in almost all PA
pathogen strains. Instead, it is being represented as a useful model
for the development of antibiotics of the carbapenem family.
Many experimental data are available in this direction of
research.” '*'® In addition, OprD belongs to a large family of
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channels — OccD and OccK from PA and their orthologs from
Acinetobacter baumanii (AB). Hence it will be specifically
helpful to use OprD as a model for testing transport properties in
PA and AB. Understanding structure dynamics of OprD, its key

s chemico-physical features and interactions with natural substrates
will help us to understand a large spectrum of porins by setting up
a benchmark and this will initiate huge possibilities for further
research,'*?!
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Fig. 1 The structure of OprD. The important loops, the basic ladder and
the negative pocket are shown.

L3 (119-136) @L7 (286-314)

In this work, we aim towards proposing the detailed
architecture for the OprD channel by explaining the mechanism
15 of transport of ions and small molecules in more details, starting
from natural substrates. We expect the finding would be
advantageous to recognise the reason for specificity and affinity
for certain type of molecules, necessary in a near future to define
some rules for designing antibiotics with enhanced permeation.
We studied channel conductance to understand the dynamics of
the flexible loops in OprD with the aim to identify and
characterize the open and closed states of this porin. We
investigated the translocation of a wide range of positive,
negative, and neutral substrates to find out how the electrostatics
of a molecule affect the process of translocation through OprD.
The present study suggests that the dynamics of the internal loops
(L3 and L7) near the constriction region and their interaction with
the external ones (L2, L6. L8) play a pivotal role in transport of
substrates through OprD. This is influenced by the electrostatic
effect of the basic ladder (comprising arginine and lysine
residues) and negatively charged residues near the constriction
region of OprD.

=5

Methods.
Simulation details?:

The starting structure for the channels were prepared following a
protocol as described earlier”, with the porin embedded in a
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid
bilayer consisting of 238 lipid molecules and solvated with
~15000 water molecules. We used the improved crystal structure
(PDB code 3SY7) which was resolved at a resolution of 2.15 A.'®
The loop L2 (residue index 77-94), parts of loop L4 (residue
index 159-179) and loop L7 (residue index 287-290) were
missing in the crystal structure. Thus, we modelled the missing
residues with the program Modeller.”® The structure of OprD
45 along with important loops and residues is shown in Figure 1. We
used the Amber99sb-ildn forcefield parameter for OprD, General
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Amber Force Field (GAFFlipid) for POPC, and TIP3P model for
water.”*?® We performed unconstrained MD simulations with the
AceMD program.”’” We simulated a periodic box in the NVT
ensemble using the Langevin thermostat (300 K) and the particle
mesh Ewald (PME) scheme with fourth order splines and 9A cut-
off for electrostatic interactions.?®

System preparation

The protein was embedded in pre-equilibrated POPC bilayer and
overlapping chains were deleted. The lipid headgroups were
restrained along z-axis (allowing movement along XY plane) and
the system was equilibrated to fill in the gaps. Water molecules
were added. The water molecules trapped in protein-membrane
interface and inside the channel were eliminated. The system was
equilibrated with restrain on the Cy and Cp atoms. Because the
system might need a different rearrangement along the XY plane
and the Z direction, we performed different equilibration steps in
the NPT ensemble. We performed short runs (100 ps) using fully
flexible cell (X, Y and Z box sides can change independently),
followed by a longer run (1 ns) with isotropic changes along the
three directions. If along the isotropic runs strain is accumulated
more in one direction than in others, this is corrected by the
anisotropic runs. After a long (10 ns) NPT equilibration using the
isotropic barostat, starting from the last step we switched to the
more stable NVT algorithm for metadynamics production runs, as
the addition of a bias can easily perturb the stability of the NPT
algorithm.

Mutations:

In addition to the wild type OprD, we selected five mutants — a
point mutation at the eyelet region, partial deletion of an internal
loop and deletion/mutation of two external loops. The mutations
involving internal regions are R131G and DL3 (Residues 130 to
135 of loop L3 replaced with two glycines), for which
experimental data on conductance are available. Further, we
prepared the DL6 mutant (residues 241-EGKAKAGD-248 in
loop L6 removed), and following Huang et al'? and Epp et al®
two DL8 mutants that would enhance meropenem uptake. In the
mutation proposed by Huang et al, part of an external loop L8
was deleted (deletion of 349-MSDNNVGY-356 from L8). In the
mutation proposed by Epp et al, 349-MSDNNVGYKNYGY-361
was substituted with V-DSSSSYAGL-Y in loop L8. In this
article, this mutation has been denoted as DL8*. The locations of
all the mutations are shown in Figure S1 in the SI.

Chemical environment and ion conduction simulations:

All the simulations were run at 0.3M KCI solutions. Selected
systems were run in two pH conditions — pH 7, and pH 5. To
achieve the desired pH, pKa values of all the residues were
calculated using the PROPKA server and the protonation state of
residues appropriately modified.*® The residues protonated to
achieve pH=5 are D90, D185, D281, D307, and H367.

In order to investigate ion conduction we applied an external
electric field using the in-built plugin in AceMD. Here a constant
force is applied at each atom in the system having a point charge.
In our simulations, the external electric field corresponds to an
applied potential of 1 V. Though this value is 5 to 10 times higher
than the values applied in typical experimental setup, it ensures to
evaluate the conductivity in the time range spanned by molecular
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dynamics simulations, i.e. hundreds of nanoseconds.
Cluster analysis and principal component analysis:

We performed cluster analysis using the GROMOS clustering
algorithm which is based on the root-mean square deviation
(RMSD) cut-off.>' The conformation with the least deviation
from other members of the cluster is used as the representative
structure of the clusters. A RMSD cut-off of 1.5 A and 2.0 A was
used to determine neighbouring backbone atoms conformation of
wild type OprD at pH 7 and 5, respectively. Structures were
sampled every 10 ps for the analysis.

A principal component analysis was performed to identify
functionally relevant motions in OprD.** ** The backbone atoms
of wild type OprD were used to explore the conformational
subspace at pH 7 and 5. Details of this method can be found
elsewhere.**

Metadynamics:

Substrates permeation was investigated through metadynamics
simulations as implemented in the Plumed 1.3 plug-in*> within
the AceMD software.”’” We applied the Well-Tempered
metadynamics protocol where the Gaussian weight factor is
periodically rescaled providing a convergence parameter to
monitor during the metadynamics simulation.*® An initial bias
with the Gaussian height of 1.2 kcal was added every 2 ps (with
AT=3000K). All the metadynamics simulations were run at
neutral pH.

We selected two geometric collective variables to bias in order
to sample the porin-substrate interactions. The reference is the

o

of simulation time. Within this time the convergence parameter,
the Gaussian height, arrived to a baseline below the 1/100 of the

e initial value (Figure S13 in the SI). In addition, to assess the

convergence of our free energy surfaces we compared them with
the one reconstructed 50 and 100 ns before the total time,
obtaining differences lower than 1 kcal/mol (Figure S14 in the
SD).

Table 1 Calculated conductance value for the systems simulated for 300
ns at 0.3M KClI concentration.

System pH HC (pS)* LC (pS)° Expt (pS) CI/K' Ratio
WT 7 316.2 16.7 28 0.26
5 434.6 23.2 - 0.52
R131G 7 - 32.8 44 0.08
5 271.5 65.2 - 0.88
DL3 7 770.0 - - 0.26
7 - 74.8 88 0.04
5 1194.0 - - 0.61
DL6 7 254.0 29.0 - 0.11
DL8 7 530.6 40.9 - 0.14
DL8* 7 3114 35.5 - 0.19

S

“HC = high conductance state, "LC = low conductance state. ®300 ns
simulation with closed loop L2. Experimental data from Biswas et al.'®
The last column represents the ratio of the number of chloride and
potassium ions passed through the constriction region during 300ns of
simulation.

Results and Discussions.
Simulations with external electric field:

The primary goal of this investigation is to understand the

axis of diffusion, labelled as Z: (1) the orientation of the substrate
with respect to Z (Zyea) and (2) the projection along Z of the ’
30 center of mass of the antibiotics with respect to the center of mass
of the porin (Z.,,). To ensure that substrates stay inside the porin
for the entire course of simulation, we set two potential walls at
+25 A and -16 A for Z, respectively, covering the whole pore.
In our simulations, positive value of Z., indicates the
extracellular side, and negative value indicates the periplasmic
side. Initially we placed the substrate molecule on the
extracellular side of OprD at least 20 A away from the
constriction region. The coordinates we selected are general
enough to allow the comparison of different substrates. In
40 addition, we did not force substrates either to follow a particular
path during permeation, for example by biasing the opening of
the constriction region, or to visit any pre-defined binding/affinity

structure elements of the OprD channel by studying the ions
conductance. To test our set-up we compared the calculated
conductivity with the (few) experimental data available, namely
for the wild type (WT), the mutations R131G and DL3 (Table 1).
They are in fair agreement. Although the absolute values of
conductance were slightly underestimated in our simulations,
trend and slope were well reproduced.
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site, for example by biasing the interaction with selected protein /’ / '}x\ ‘:,“‘,"o\;,»a
residues. SO
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45 The convergence of a metadynamics run depends on complete
sampling of the porin-substrate conformational space which is
computationally very expensive to achieve with a single run. For
this reason, we constructed the final free energy surface using the
‘multiple walkers’ method.>’ In the multiple-walkers algorithm,

s0 several metadynamics simulations (walkers) are performed at the s
same time. Each walker adds its own biases, but it also reads
those added by the other walkers, thus accelerating the sampling
of the whole space. After obtaining the first translocation, we
prepared 5 systems where the initial position of the substrate

ss ranged throughout the length of the whole OprD and ran them
independently (with the same parameters for the metadynamics
simulation). All the free energy surfaces are result of at least 1 ps

Path B

Fig. 2 Paths of translocation through OprD.

Wild type OprD at pH 7.

For each system the conductance increased with decreasing pH.
For the WT at pH 7, three conductance states are seen (Figure
S2). The low conductance state (16.7 pS) is very short lived and
followed by a medium (114 pS) and higher conductance state
(316 pS). The interplay between the internal loops L3 and L7
o (which constitute the constriction region) is the major
contribution to this effect. There are two possible paths of
translocation through OprD. These paths are shown in Figure 2.

S
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Path A is polar in nature as it lies between the basic ladder and
the negative pocket (Y176, Y282, D307, Y305, D295). Path A is
controlled by the fluctuations of loop L7 internally and L2
externally. Path B is relatively narrower and controlled by the salt
bridge interaction between R131 (in L3) and D295 (in L7) (and
by L6 and L8 externally, as shown here). In order to open Path B,
this salt bridge has to be broken. Then, R131 side chain can flip
and take part in a new salt bridge interaction occurring externally
with D90 (in L2). In Figure S3 in the SI, both these two salt
bridges involving R131 are shown.

— RI3I-D295
G293-Y305

ol

e

Distance (A)

ing of path B (R131-D295) in A

Open

15 g}

5 0
Opening of path A (G293-Y305)in A

Fig. 3 a) Distance between R131-D295 and G293-Y305 (top-left); b)
position of the residues (top-right); c) relative relation between them (in
WT at pH 7).

In Figure 3, the interplay between path A and B is described.
We have quantified the opening of path A with the distance
between the center of masses of G293 and Y305. The opening of
path B has been quantified with the distance between the center
of masses of R131 and D295. Initially both the paths are closed,
corresponding to the low conductance state. After 35 ns, the
R131-D295 interaction is broken and the conductance increases.
The distance between G293 and Y305 keeps on increasing
throughout the course of the simulation indicating opening of
path A. In the relative relation between them, the close state (A)
and the open state (B) are very well defined with the selected
distances.

Reidse

Fig. 4 a) Comparison of the residues RMSF for the WT OprD atpH S

30 calculated for the low conductance state (0-100 ns) and high conductance

state (100-200 ns). b) Representative structure of the OprD during the low
conductance state (left) and the high conductance state (right) at pH 5.
The loop L2 is shown in blue.

Wild type OprD at pH S.

s At pH 5, both the open and closed states show higher

conductance with respect to neutral pH. The current-voltage
characteristic or the I-V curves in Figure S2 show a low

4

4
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conductance state till 100 ns (23.2 pS) and then a consistent
increase in conductance (434.6 pS). The two conductance states
are modulated by the dynamics of the external loop L2, which
seats like a flap at the mouth of OprD. Figure 4a shows the
comparison between the RMSF per residue for the first 100 ns of
simulation (low conductance state) and the last 200 ns of
simulation (high conductance state) at pH 5. As expected, major
fluctuations around the loop regions were found. Major
differences were observed for L2 (77-94) and L4 (159-179). The
loop L2 shows much larger fluctuation during the second half of
the simulation, which corresponds to the high conductance state.
Exactly opposite trend is seen for the loop L4 which is more

so stable in the high conductance state.
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Opening of the flap (A)
(G83-5250)

Fig. 5 a) Distance between K79-N89 and G83-S250 (top-left); b) position
of the residues (top-right); c) relative relation between them (in WT at
pHY).

Loop L4 is an external loop and it does not seem to have major
contribution towards the ion transport through OprD. We focused
on the behaviour of loop L2 which is also an external loop but it
works like a flap, which may open/close the mouth of path A.
Figure 4b shows a representative structure for both the
conductance states. The loop L2 has been highlighted in the
figure showing its clear contribution. The figure shows that the
loop L2 can close the channel resulting in the low conductance
state. To better characterize the dynamics of the L2, we
investigated its compactness (represented by the internal distance
K79-N89), and the opening flap-like movement (represented by
the distance between G83-S250). Details are shown in Figure 5.
The figure shows that during the low conductance state (<110ns)
both the distances are short, meaning that the loop L2 is compact
and the flap is closed (state A in Figure 5). After 110 ns, the flap
opens up (longer distance between G83-S250) and stay in such
state till ~270 ns (state B in Figure 5). Interestingly, despite the
flap closes again towards the end of the simulation, as seen in the
IV curve the conductance is not significantly affected. This is
because the distance between K79-N89 becomes even larger,
resulting in a lower compactness of the loop thus allowing ions
pass through it (state C in Figure 5). In the same figure, the
relative relation between the selected distances has been plotted
to quantify the different states shown with black circles.
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Fig. 6 a) Representation of the RMSF of the backbone atoms along the
first three eigenvectors at pH 7 (black) and pH 5 (red); Major fluctuations
on the loop regions corresponding to the first three eigenvectors are
shown for pH 7 in the upper panel (b1, b2, b3) and pH 5 (c1, c2, ¢3) in
the bottom panel. Colour codes for the loops: blue for L2, grey for L4,
orange for L3, purple for L7.

w

Principal Component and Cluster Analysis.

From these observations it is clear that the relative motions of the
10 loops play very crucial role in the translocation process through
OprD. We performed principal component analysis (PCA, also
known as essential dynamics) to resolve the most relevant
motions in OprD. The first 10 eigenvectors account for 72% and
80% of the cumulative relative positional fluctuations (RPF) for
15 pH 7 and 5 respectively. Among them, the first three eigenvectors
contribute 35%, 10.2%, and 6.4% at pH 7; at pH 5 they contribute
30.9%, 24.9%, and 6.8%. Analysing these three eigenvectors
would allow us to understand the major structural fluctuations in
OprD. Figure 6 shows RMSF of the backbone atoms in the first
2 three eigenvectors at pH 7 and 5. Their corresponding structures
are reported in the same figure. It is evident that loops L2, L3, L4
and L7 account for the major fluctuations in all the simulations.
The motion of external loop L1 and L4 (shown in grey) does not
affect the opening of the porin. The effect of loop L2 was
»s mentioned earlier in detail. The PCA analysis shows us this is
indeed the most determining factor responsible for opening and
closing of the channel. At pH 5, the flap motion accounts for the
most relevant motion (Fig 6c1). This motion is very important,

but not the most contributing factor at pH 7. At pH 7, the
30 widening of the loop is the most prevalent motion.

We performed cluster analysis to pinpoint the most
representative structures and they are shown in Figure 7 for both
pH conditions. We observed a total of 9 clusters at pH 7, and 5
clusters at pH 5. The first cluster contributes 35% at pH 7 and

35 28.3% in pH 5. The second cluster represents 43.3% at pH 7, and
35% of the total population at pH 5. At pH 5, the most prevalent
cluster corresponds to an open structure of OprD. The second
most populated structure at pH 5 corresponds to a semi-open
structure. At pH 7, two most prevalent structures corresponds to

40 semi-open state of OprD. This elucidates the reason for higher
conductivity of OprD at lower pH. We mentioned earlier that at
pH 5, D90, a residue in loop L2 is protonated, rendering it
incapable of salt-bridge interaction with R131 (Figure S3 in the
SI). This increases the mobility of loop L2 at pH 5.

Fig. 7 The two most representative structures of OprD at pH 7 (top) and
pH 5 (bottom).

R131G Mutation.

In R131G mutation, the R131-D295 salt bridge is suppressed as
so well the interaction R131 with loop L2. As consequence path B is
open for the whole simulation and no important movement of L2
is observed. In addition, replacement of arginine with a glycine
results in a small increase in available area at the constriction
region as seen in Figure 8. Indeed, the low conductance state of
ss the mutant (32.8 pS) has higher conductance that the WT porin.
This is in a good agreement with the experimental value at pH
7.'% The loop L2 stayed in the close state for the whole course of
simulation and hence, we did not see a high conductance/open
state. At pH 5, before the loop L2 in the R131G mutant opened
0 up, and we observed the high conductance/open state.

DL3 Mutation.

The experimental work by van den Berg et al. on the mutation
DL3 resulted in conductance of 88 pS.'® In this mutation, 6
residues (S130, R131, L132, F133, P134, and Q135) from the
s loop L3 were replaced by two glycine residues resulting in a
significant increase in the available area at the constriction region
(Figure 8). Our simulations showed a remarkably high
conductance both at pH 7 (770 pS) and pH 5 (1194 pS). In both
the cases, the loop L2 was found in the open position. In order to
70 further confirm the position of the loop L2 as one of the most
important factors controlling the conductance of ions through

This journal is © The Royal Society of Chemistry [year]
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OprD, we chose a conformation corresponding to the close state.
To keep L2 in this closed state we restrained the Ca atoms for the
whole course of simulation. Conductance was found as low as
62.4 pS. This is in fair agreement with the experiments and
further supports our finding that dynamics of the loop L2 is
probably the most important factor governing ions translocation
through OprD channel.

3000 . ‘ \ T
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Area (A')

1500
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0
-40 -20 0 20 40
Distance from the center (A)

Fig. 8 Comparison of the available area in the porin at pH 7.
External Loops Mutations.

Apart from loop L2, there are two other interesting loops on the
periplasmic side of the porin, loops L6 and L8. The latter, in
particular, has been reported to have significant effect on
translocation of antibiotics through OprD."** To understand the
effect of these loops, we simulated three appropriate mutants:
DL6, DL8, and DL8*. All of these mutations showed both low
and high conductance states as reported in Table 1. The
conductance of these mutants in the LC state is in the same order
of magnitude of the R131G mutant at neutral pH. The R131-
D295 distance (Figure S5) shows that for all of the three mutants,
the interaction is broken and path B is open for major part of the
simulation. These loops being external, do not affect the available
area at the constriction region (Figure 8).

For all the simulated systems, the number of translocated
cations was higher than anions (Table 1). The translocation of
anions increased only when the pH was lowered. Indeed, at pH 5,
one of the residues protonated is D307, which is a member of the
negative pocket above the constriction region. Cation transport of
the porin is most prevalent in case of R131G, DL6, and DLS,
where path B played important role because of the presence of
the negative D295 residue controlling translocation through this
path. For the mutant R131G such effect was foreseen, the same
cannot be said for the other two mutants, thus suggesting an
increased accessibility of the path B to ions upon loops deletion.

Table 2 Energy barriers for percolation of substrates through
OprD. The minimal projection areas (in A?) of the substrates are
shown in the parenthesis.

Positive Negative Neutral
Lysine  10.9(29.5) Glu.acid 13.9(24.3) Histidine 19.9 (29.9)
Arginine 6.9 (30.9) Benzoate 13.3(23.3) Serine 10.6 (24.2)
Ornithine 4.7 (28.5) Leucine 8.0 (29.5)
Histidine 4.6 (27.5) Glycine 7.4 (18.2)

“ The values of free energy are in kcal/mol.
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Translocation of substrates through OprD:

To identify potential binding/affinity sites inside the porin and
they role in permeation, we studied the translocation of simple
amino acids and small molecules through OprD. We selected four
positively charged amino acids: arginine, lysine, ornithine and
histidine. To investigate the effect of a net positive charge, we
also simulated the neutral form of histidine. We studied two
negatively charged substrates in addition: benzoate and glutamic
acid. It should be noted that, apart from benzoate, all the selected
amino acids have been simulated with the alpha-carboxyl group
negatively charged and the alpha-amino group positively charged.
Also structurally, ornithine and lysine are very similar, with
lysine having an extra carbon in the chain. Glutamic acid has
almost the same length but has the opposite charge at the end of
the chain. In addition to neutral histidine, we have simulated three
more neutral substrates - glycine, leucine, and serine. With this
selection, we could investigate the effect of size and charge on
the binding and translocation properties of substrates in OprD.
The barriers of translocation of the substrates are shown in Table
2.

It is clear that OprD is characterized by selectivity for
positively charged substrates over negatively charged or neutral
substrates. Even a relatively small molecule like benzoate has a
higher barrier of percolation than significantly larger positive
substrates. Histidine represents an extremely informative case.
Despite the two simulated forms are structurally almost identical,
the barrier for the neutral form is much higher than for the
positively charged one.

Distance [A]

3 2

-1 0 1 2 3
Orientation

Fig. 9 FES of translocation of arginine through OprD is shown in the left.
The structures corresponding to the minima in the FES of translocation of
arginine through OprD (A — top, B — bottom) are shown in the right.

Translocation of positive substrates.

The reconstructed FES of translocation of arginine through OprD
is shown in Figure 9. The energy barrier for the translocation was
found to be 6.9 kcal/mol. The FES shows two clear minima
which correspond to the presence of strong binding sites inside
OprD. In the same figure, the corresponding structures to these
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minima are shown. Essentially, the minimum corresponds to the
same negatively charged pocket comprising residues Y176,

highest barrier to translocation. In this case, the energy minima in
the FES lie below the constriction region (Figure 10 and S10).

Y282, D307, Y305, D295 and is located just above the
constriction region, identified as the minimum of the pore internal
radius. Arginine interacts with residues of this pocket either The reconstructed FES of translocation for negatively charged
positive side up or down. As the FES y-axis reports the location s benzoate and glutamic acid through OprD are shown in Figure
of the centre of mass of arginine, the two orientations produce 11. The energy barriers for the translocation were found to be
two distinct minima. Rotation of the molecule in this region 13.3 and 13.9 kcal/mol for benzoate and glutamic acid,
corresponds to the highest barrier for translocation. respectively. These values are significantly higher than those
found for positively charged substrates, even in the case of a
ss relatively small molecule like benzoate. The presence of the
negative pocket makes the upper part of the porin an
unfavourable environment for glutamic acid as seen in the FES.
The structure corresponding to the deepest minimum for
translocation of glutamic acid is shown in Figure S10. It is found
e in the region below the constriction region where both carboxyl
groups strongly interact with the three residues of the basic
ladder, R391, R389, and L375.
Benzoate being a small molecule, can access sterically
hindered locations easier than glutamic acid and hence the FES is
s somewhat flat showing also some minima above the constriction
region of the porin. The representative structures responsible for
these minima are shown in Figure S11. In both cases, benzoate
takes paths that are not accessible for larger molecules.

Translocation of Negative Substrates:

o

-3 -2

2 3

g - 0
10 Backbone Orientation Backbone Orientation

Fig. 10 FES and path of translocation of histidine through OprD. The
figures in the left correspond to the neutral form and figures in the right
correspond to the positively charged form.

40
35
The energy barrier for the translocation of lysine was found to -

15 be 10.9 kcal/mol and that for ornithine was 4.7 kcal/mol. The . i
reconstructed FESs of translocation of these positively charged 0 .
residues are shown in Figure S6 in the SI. Similar to arginine, o5
prominent minima are located near the constriction region. The % ZOE i

structures corresponding to these minima are shown in Figure S7
20 and S8 in the SI. The translocation of the positive substrates
shows striking similarities. The polar nature of the eyelet region
favours specific orientation of the zwitterionic backbone, with the
carboxyl group pointing the basic ladder whereas the amine
group the negative pocket. The positive amine group anchors in
the negative pocket while the negative carboxyl group slides from
R410 to R391 along the basic ladder. The presence of a positively
charged chain facilitates anchoring in the negative pocket and
molecule sliding through the eyelet region.

3 2 L 0 g
Backbone Orientation (A)

Backbone Orientation (A)

2

G

70 Fig. 11 of translocation of benzoate (left) and glutamic acid (right)
through OprD.

Translocation of Neutral Substrates:

Translocation of Histidine (positively charged and neutral
30 form).

The reconstructed FES of neutral substrates glycine, leucine and
serine through OprD are shown in Figure S12 in the SI. The
energy barriers for the translocation were found to be 7.4 kcal
/mol for glycine, 8.0 kcal/mol for leucine, and 10.6 kcal/mol for
serine. The barriers for these amino acid are lower than those
found for the translocation of the negative substrates investigated.
The barrier for glycine and leucine, in particular, are comparable
to those for the positive substrates. Serine has a slightly higher
barrier compatible with the observation that it translocates
following the secondary path B.

&

The reconstructed FES of translocation of the two forms of 7
histidine through OprD are shown in Figure 10. The energy
barriers for the translocation were found to be 19.9 and 4.6
kcal/mol for the neutral and the positive form, respectively.
Structurally, the molecules are almost identical. The presence of
the positive charge on the imidazolium ring makes a huge
difference in the energy barrier for translocation. The positive
charged form favours the binding and translocation through the
negative pocket, which is path A. Conversely, this path it is not
energetically favourable for the neutral form that has thus to
follow the path B (Figure 12).

Positive form of histidine has the minima comparable to the
other positive substrates investigated and the corresponding
structures are shown in Figure S9 in the SI. The neutral form
ss lacks these minima and the same region in the FES shows the

3

&

8

S

Paths of translocation:
4

S

Loops L3 and L7 spans across the lumen of OprD creating two
possible paths for substrates translocation. Path A is located
between these loops and the basic ladder, path B on the opposite
side of the loops (Figure 2). Our analysis highlighted the
preferred paths for translocation of the different substrates

8

&
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investigated and results are summarized in Figure 12. Apart from
the neutral histidine and serine, all the other amino acids share a
similar path, between the negative pocket and the basic ladder.
On the other hand, serine and the neutral form of histidine take
the path through the loop L3. Benzoate, which is not shown in
Figure 10, did not follow any specific path.

Fig. 12 Paths of translocation of substrates through OprD.

Conclusions

The simulations with external electric field were executed to
pinpoint the possible open and closed state of OprD. Our studies
show that the dynamics of loop L2 as the most important factor in
opening and closing of the porin acting from the outside. Loop L2
works like a lid and, when closed, can hinder the admission of
substrates/ions in the lumen. PCA shows that this is the most
contributing motion in OprD. It also shows that the loop L2, L4
and L7 are indeed very flexible and mobile, providing a plausible
explanation for being not resolved in the X-ray structure.

The internal loop L3 also plays an important role as seen in the
electrophysiology simulations. Truncation of this loop increases
the available area in the constriction region and in path A, leading
to a two-fold increase in conductance. On the other hand,
increasing the available area in path B (R131G mutation) does
not significantly affect conductance. This implies that path A is
much more important than path B for the translocation process
through OprD. The negative pocket just above the constriction
region of path A hinders the translocation of anions but favours
the passage of cations. For this reason OprD showed a
remarkable preference for cations in all our simulations. At pH 5,
the overall negative charge of the protein is reduced, especially in
the constriction region and hence, the anions current increases.

We can see the effect of paths in the translocation process of
substrates. The electrostatics of the constriction region play a
fundamental role not only in ions conductivity and selectivity, but

=
=3

w
b

%0
a5

90

can be also clearly discerned for the translocation of molecular
substrates. Path A is strikingly polar in nature as the basic ladder
and the negative pocket face each other on opposite sides of the
lumen. This effective charges segregation should generate an
electric field probably strong enough to direct the orientation of
charged and zwitterionic substrates in the constriction region.
This existence of a strong transverse electric field in the
constriction region of a general channel is responsible of strong
ordering of water dipoles, as reported very recently in a study by
our group.*® Depending on the molecular charge distribution, this
intrinsic porin’s feature might facilitate or hinder the overall
translocation process. Negatively charged molecules (benzoate
and glutamic acid), has to cross the electrostatically unfavourable
negative pocket before entering the eyelet region, giving rise to
higher energy barriers. Positively charged molecules, on the other
hand, can favourably interact with the residues comprising the
negative pocket, ameliorating the energetics of their translocation
across the constriction region. The free energy surfaces show that
all the positively charged molecules have deep minima in the
negative pocket. While the charged molecules show clear
preference for path A, the neutral molecules do not have such
specificity. They translocate both via path A (glycine, leucine) or
B (neutral histidine, serine). The choice of path B gives rise to a
higher barrier for translocation. The major factor controlling the
path B is the salt bridge between R131 and D295. In order to
open this path this salt bridge has to be broken, contributing to
the relatively higher barrier for translocation.

In conclusion, the OprD shows, differently from other
channels, a remarkable dynamics of both internal and external
loops as well as a strong interplay among them, which is strictly
related to the channel open and closed states. This is reflected by
a rich diversity with respect to transport properties of ions and
substrates that we quantified here using molecular dynamics
simulations.
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