Glucose transport via the Pseudomonads porin OprB.
Implications for the design of Trojan-horse antinfectives.
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ABSTRACT: Deciphering the transport through outer-membrane porins is crucial
to understand how antinfectives enter Gram-negative bacteria and perform their
function. Here we elucidated the transport mechanism of substrates through the
Pseudomonads sugar-specific porin OprB by means of multiscale modeling. We used
molecular dynamics simulations to quantify the energetics of transport and thus a
diffusion model to quantify the macroscopic flux of molecules through OprB. Our
results show that Trp171 and several glutamate residues in the constriction region are
key for transport of glucose, the preferred natural substrate, through OprB. The
unveiled transport mechanism suggests that 2-acetamido-1,2-dideoxynojirimycin
(DNJ-NAc), an antinfective structurally similar to glucose, can enter the cell via
OprB. We quantified its energetics and macroscopic flux through OprB providing a
comparative analysis with the natural substrate. Thus this pore can be considered a
promising gateway for exploiting the Trojan-horse strategy in pathogen bacteria.

INTRODUCTION

The antibiotic-resistance crisis has become a major public health problem,
especially for Gram negative bacteria. These are included in the World Health
Organization 2017 list of ‘priority-1’ pathogens as well as in the antibiotic-resistant
list of ESKAPE pathogens; as they cause dangerous hospital-acquired infections. The
case of Gram-negative pathogens is critical as the presence of the additional outer
membrane (OM) imposes a physical barrier for the penetration of any molecule.
Having an appropriate antibacterial activity on the target pathogen is not enough to
have an efficient drug. Thus, understanding the molecular mechanism of drug
transport through the OM is an essential and very challenging step in drug discovery

Due to the hydrophobicity of the OM, the main gateway for polar antibiotics to
enter the cell are porins. Opportunistic pathogens such as Pseudomonas aeruginosa
and Acinetobacter Baumannii express only specific porins to uptake different
nutrients, and the absence of general porins as in Enterobacteriaceae dramatically
decreases permeability across the OM. To overcome this issue, siderophore receptors
have been proposed as potential gateway within the so-called Trojan Horse strategy:"
molecules able to bind iron and structurally similar to natural substrates can be
transported inside bacteria and act as a vector/cargo of antibacterial activity.>»



However, siderophore receptors* undergo conformational changes during transport
and require energy to function, with a limitation on the transport rate. Here we
propose and demonstrate the same Trojan Horse strategy considering only specific
channels functioning on passive transport, not requiring energetically-driven large
conformational changes for transport of molecules. Specifically, we have investigated
OprB, a substrate-specific porin located at the outer membrane that is responsible for
the carbohydrate uptake in pseudomonads. A high-resolution X-ray structure of OprB
from Pseudomonas Putida is available,* and the homologous porin from P. aeruginosa
(PaOprB) has 80% sequence identity, with the main residues of the constriction
region conserved. Therefore, the obtained results are transferable to the opportunistic
pathogen.

The in vitro and in vivo characterization of this porin showed its preference for
neutral monosaccharides (glucose being preferred), and a very low permeability for
saccharides of more than one sugar unit.=* It was also observed that the channel
allows the transport of small non-sugar molecules such as lysine or arginine; and that
glutamic acid and glucuronate (a carboxylated monosaccharide) cannot pass through,
since the constriction region (CR) is negatively charged.* Previous structural studies
of OprB» showed that this outer membrane protein is a monomer of = 30 kDa which
exhibits a 16 stranded P-barrel, where L2 and L3 loops (residues 81-116 and 136-175,
respectively) fold inwards the pore shaping the CR (Figure 1). The L3 loop has a
conserved disulfide bond (Cys148-Cys156). The L2 loop is long and is not involved,
as in other porins, to the stabilization of the trimeric structure. In fact, the maltoporin
LamB from Escherichia coli, another well-known carbohydrate-specific porin, exists
as a trimer instead. LamB prefers larger carbohydrates because of the presence of a
row of aromatic residues that lines the channel, highlighting the importance of van der
Waals interactions in sugar recognition.”» Meanwhile, OprB lacks this hydrophobic
character, since only has two Trp residues along the channel (Trp108 and Trp171).
However, polar residues are present in both eyelet regions to interact with the
hydroxyl groups of carbohydrates, indicating that hydrogen bond interactions are also
important in sugar transport.

Here we investigated the transport mechanism of glucose by OprB employing all-
atom molecular dynamics simulations. Unveiling its features for transport, we showed
how a positively charged NagZ inhibitor, DNIJ-NAc (2-acetamido-1,2-
dideoxynojirimycin)," structurally similar to glucose, follows the same mechanism of
transport. In order to fight against pathogenic organisms, several approaches are being
followed, such as inhibiting the biofilm formation in chronic infections, or the
development of new inhibitors in combination with known antibiotics.” In the latter
case, NagZ inhibition has gained interest, since this enzyme is involved in the very
first step of the bacterial cell-wall recycling and regulates gene expression of the [3-
lactam resistance enzyme, 3-lactamase.»» Hence, the inhibitors that target this enzyme
are claimed to be good candidates to act in synergy with P-lactam antibiotics and,
consequently, the development of NagZ inhibitors is an active field of research.»=
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Figure 1. OprB structure. L2 and L3 loops are shown in blue and green,
respectively.

COMPUTATIONAL METHODS

The initial structure of OprB from Pseudomonas putida was taken from the high-
resolution X-ray crystal structure of OprB (PDB entry 4GEY).* Though the OM is in
fact an asymmetric bilayer composed by LPS on the external leaflet, very recent
results showed that the transport of substrates through specific porins is mainly
modulated by the interior of the pore, not the LPS region.” Thus we modeled our
system as the protein embedded in a bilayer composed of 200 pre-equilibrated POPC
phospholipid molecules using the CHARMM-GUI Membrane Builder.» The channel
of the porin was centered and aligned considering the vector between Lys9 and
Argl10 as a Z axis (positive Z values as the extracellular side; and negative Z values
as the periplasmic side). After that, methionine mutations were reverted (i.e.,
Leu220Met and Val222Met), and the disulfide bridge between Cys148 and Cys156
was specified. The system was solvated with a TIP3P water box, together with 42 K-
and 32 CI ions to neutralize the total charge of the system and reach a physiological
KClI concentration of 150 mM, leading to a total of 61373 atoms (Figure S1). This
same buffer was used in the experimental characterization of OprB.« Amber ff14SB>,
TIP3P», GAFFlipid® and GLYCAM-~ forcefields were used for the protein, water, the
POPC bilayer and glucose, respectively. The DNJ-NAc inhibitor was parametrized
using the antechamber module,” altogether with GAFF+ parameters and the atomic
charges obtained from first principles calculations using Gaussian09+ at the HF/6-
31G* level of theory. The protonation state of all residues was assigned at neutral pH,
and histidine residues were protonated according their chemical environment. All
simulations were performed in periodic boundary conditions employing the ACEMD
program*, a molecular dynamics engine running on GPU. ACEMD, as other MD
packages, allows setting a time step of 4 fs by using hydrogen mass repartitioning.”
This method does alter the kinetics of fastest stretching modes (N-H, O-H and C-H)
without affecting kinetics and thermodynamics, thus allowing a more efficient
sampling.* Therefore, the time step was set to 4 fs with the hydrogen mass scaled to 4
uma. The long-range contribution to the electrostatic potential was calculated
employing the particle mesh Ewald (PME) method and using the optimal parameters
in ACEMD set for a cutoff value of 9 A

The OprB porin was equilibrated at 300 K during 4 ns in the NPT ensemble
(Berendsen barostat) during several steps (see details in SI). Then, 100 ns were
enough to equilibrate OprB in the NVT ensemble (Langevin therrnostat) considering
a cell dimension of 77.75 x 77.75 x 102.17 A (Figures S2-S3). Subsequently, a



production run of 1 s was performed. The 3-barrel structure confers high stability to
these proteins, which we monitored through the calculation of the protein RMSD,
stable at 1.5 A during all the simulation (Figure S5).

The lipid bilayer was analyzed employing the GridMAT-MD software.” From 100
frames obtained along the 1 us trajectory, the top and bottom membrane layers exhibit
an average area per lipid of 62.21 + 0.94 A> and 60.97 + 1.79 A:, respectively. These
results are lower than the experimental data (65 to 68 A7) However projecting the
average area per lipid onto the average x-y position for each lipid head (Figure S1),
we observe how the regions surrounding the protein exhibit a lower area per lipid, due
to the fact that the interaction of the lipids with the hydrophobic belt of the protein is
stronger than the lipid-lipid interaction. In the intermediate regions the average area
per lipid is comparable to the experimental one (for a lipid only membrane) hence, the
protein is not affected by its periodic image. The external region exhibits some
artifacts (very low area per lipid) due to the fact that in the area per lipid analysis we
are neglecting periodic boundary conditions.

From the production run, we calculated the main physical descriptors of OprB for
permeability.» Starting from the equilibrated structure we investigated the transport
mechanism of glucose and DNJ-NAc through this porin by means of the enhanced
sampling technique metadynamics.» Two geometrical collective variables (CVs) were
defined (see scheme in SI), as already used in the past to investigate the transport of
molecules through porins.» The first CV (CV)) is the Z component of the distance
between the center of mass of the substrate (heavy atoms only) and the center of mass
of C, atoms of the B-barrel of the porin. The second CV (CV,) was defined as the Z
component of the radius vector between atoms C2 and C3 of the substrate. While the
former allows following the position of the substrate along the axis of diffusion Z, the
latter explores the orientational conformations of the substrate inside the pore.-
Multiple-walkers~ and well-tempered« approaches were used in order to accelerate the
sampling and obtain a converged free energy surface (FES). The height of the
Gaussian terms was set at 1 kcal/mol, its widths were set at 0.30 and 0.10 A for CV,
and CV,, respectively. A Gaussian function was deposited every 10 ps of simulation.
The temperature was set at 300 K and the bias factor at 10. Multiple-walkers
metadynamics simulations were run until convergence was reached (see SI).



RESULTS AND DISCUSSION

The main physical descriptors for permeability (Figure 2) were analyzed from a 1
us production run. The average radius of the pore at the CR is quite small (= 2 A,
Figure 2a and 2b), similar to that of other specific porins like OprE* (= 1.77 A) and
OccAB (= 2 A) indicating that only small molecules can pass through, as is
evidenced by experiments.*

The distribution of charge along the Z axis has been computed on the X-ray
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Figure 2. OprB characterization. (a) Cut-through of OprB surface, showing the interior of the
channel. (b) Pore radius along the Z axis of the pore. (¢) FE diagram for Cl and K- ion diffusion
(blue and green, respectively). (d) Transversal (blue) and longitudinal (magenta) electric field along
the diffusion axis Z of the pore. Shaded areas correspond to the standard deviation.

structure considering the point charges assigned to each atom by the force field (see
Figure S7). The CR is negatively charged and a preference for cations is seen from
the free energy profile calculated for potassium and chloride ions inside the OprB
pore (Figure 2c). This calculation was obtained starting from the production run
analyzing both K- and CI ion densities from 4 replica of 200 ns at 1M concentration



of KCI. As expected, the free energy (FE) barrier for anions (CI ions) in the CR is
bigger (= 10 kcal/mol) than that of cations (K- ions, = 4 kcal/mol). This is in good
agreement with the experimentally observed OprB transport preferences for
neutral/positive compounds.-

Similar to other specific and non-specific porins++ the highest intensity of the
internal electric field is located in the CR in the transverse direction (XY) to the axis
of diffusion (Z) (Figure 2d). The strength is comparable to that of the general porin
OmpC from Escherichia Coli» The longitudinal component (Z) is negative above the
CR and almost zero in the CR and periplasmic region (Figure 2d). This implies that
positive molecules once in the extracellular vestibule are pulled toward the CR.

After having characterized the intrinsic properties of OprB (Figure 2), we aimed to
understand the transport mechanism of its preferred substrate glucose. We employed
metadynamics with the two geometrical CVs described in the computational methods
section. The simulations lasted 1.74 us (4 walkers of 435 ns each, see SI) and the
obtained results are shown in Figure 3a.

The global minimum of the projected one-dimensional FE profile (Figure 4a) is
located at Z =~ 0 A (channel center) and acts as a binding site. This minimum
corresponds in the two-dimensional FES to minima 2 and 3 (Figure 3a), which are
symmetrical since despite the 180 degrees inversion of glucose, the interactions are
conserved: one hydrogen bond with Glul39 and two with Glul4l, while the
hydroxymethyl group interacts with Glul06. Additionally, Trpl71 establishes a
carbohydrate-aromatic stacking with the pyranose ring of glucose, since all its C-H
bonds are axially oriented and can establish CH/mx contacts with an aromatic system. It
is worth to mention that Glu106 is always well-oriented to interact with glucose since
maintains a salt bridge with Arg83, and therefore their sidechains are rigid.
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Figure 3. Metadynamics of the transport mechanism through OprB of (a) glucose and (b) DNIJ-
NAc. For each molecule, the chemical structure of each substrate and the obtained two-dimensional
FES (CV. and CV.), where the more relevant minima have been analyzed. Representative structures

of each minimum are shown in panels 1-5. Carbon atoms are colored in gray, black and cyan in
order to distinguish OprB, glucose and DNJ-NAc, respectively. Isolines are set at 1 kcal/mol.

Before reaching the global minimum, glucose is stabilized at Z = 3 A by interacting
only with Glu106, the sidechain of Asn162 and the carbonyl group of the backbone of
Tyr169 (minimum 1, 0.5 kcal/mol higher in energy than minima 2 and 3). Once the



barrier from the global minimum is crossed (negative values of Z), the hydrogen bond
with Glul41 is conserved and further stabilized by other interactions with Ser145 and
the carbonyl group of the backbone of Phe146 (minimum 4), or Asp142 and Lys133
(minimum 5). These minima are respectively 1.5 and 0.7 kcal/mol higher in energy
than the global minimum. From the latter, two free energy barriers can be identified
from the one-dimensional FE profile: 2.6 and 3.8 kcal/mol depending on if the
substrate enters (negative Z values) or exits (positive Z values) the channel,
respectively. Therefore, once the binding site is reached, is easier to enter inside the
periplasmic space rather than exiting.

Thus, glucose permeation is mediated by two main type of interactions. On one
side, a stacking interaction provided by Trpl71, and on the other side, hydrogen
bonds with glutamate residues in the CR (Glul39 and Glul41, negatively charged;
and Glul06 neutralized by Arg83) provide the negatively charged character of this
part of the channel, preventing the passage of negative molecules. Considering the
molecular structure of glucose, with all its hydroxyl groups in an equatorial
configuration, it is not surprising that several conformations play a role in the
permeation mechanism. These results are in good agreement with the transport
preferences observed in experiments” (not negatively charged monosaccharides) and
bring light to the main transport features of OprB. Moreover, in the X-ray crystal of
glucose complexed with OprB,* also a hydroxyl group from the substrate interacts
with Glul06. The other hydroxyl groups interact with the backbone carbonyl groups
of Glul06, Trpl08, Asnl170 and Trpl71. Surprisingly, Trp171 do not establish a
stacking with glucose. However, the precise position and orientation of the substrate
cannot be inferred from the X-ray structure since there is still considerable ambiguity
with regard to the glucose electron density. This might be due to the conformational
diversity that glucose exhibits in the center of the pore, which may be difficult to
capture by crystallographic techniques.

In view of the observed properties of the OprB channel, we have studied the
transport of DNJ-NAc, an iminosugar that inhibits the NagZ enzyme. DNJ-NAc is a
positively charged carbohydrate-based compound, and thus it would be able to
establish a carbohydrate-stacking with Trpl171, hydrogen bonds with Glul06 and
ionic interactions with Glul139 and Glul41. Moreover, the conformational space of
DNIJ-NACc is probably limited in comparison with glucose, since the ammonium and
N-acetamido groups are located at the positions of the ring oxygen (OS5) and C2 of a
typical pyranose ring, respectively, leading to a highly asymmetric molecule. Thus, it
is not clear whether the passage of DNJ-NAc through OprB can take place with a
specific molecular orientation and, more specifically, whether the voluminous N-
acetamido group can pass through the small CR.

The metadynamics simulation of DNJ-NAc permeability (Figure 3b) lasted 2.24 ps
(4 walkers of 560 ns each) and it was performed using a similar computational setup
as the one specified for glucose. The one-dimensional profile (figure 4a) exhibits a
global minimum at Z = 0 A (minima 4 and 5 in the two-dimensional FES), as it was
the case for glucose. As DNJ-NAc starts to penetrate inside the pore (Z = 7 A), its
ammonium group interacts with the carbonyl groups of Asnl62 and Asnl70
sidechains, while the hydroxymethyl group interacts with Glul06 (minimum 1, 2.9
kcal/mol higher in energy than the global minimum). While the substrate approaches
the pore center, we can observe two minima at 4 and 3 A (minima 2 and 3,
respectively). In the former, DNJ-NAc establishes hydrogen bonds with the Asn170
sidechain and the backbone carbonyl groups of Glul06, Trpl08 and Glyl161. In
addition, a CH/m interaction between the methyl group of the N-acetamido group and
Trpl71 further stabilizes this pose. In the latter minimum, the ammonium group
establishes a salt bridge with Glul06, while the DNJ-NAc hydroxyl groups interact
with Cys156 and Ser158 backbones by hydrogen bonding. In the OprB center (Z =0
A, global minimum in the one-dimensional FE profile), we identified two binding
poses (minima 4 and 5, in the two-dimensional FES). Both exhibit an ionic interaction
between the carboxylate sidechain of Glu139 and the ammonium group of DNJ-NAc,
and one hydrogen bond between a hydroxyl group of the substrate and a carbonyl



group of the protein backbone. Nevertheless, the interaction with Trpl71 differs:
while in minimum 4 we found a stacking with the pyranose ring, in minimum 5 the N-
acetamido group of DNJ-NAc establishes a CH/m interaction. Minimum 4 is about 2
kcal/mol more stable than minimum 5, probably because of the N-acetamido group is
also stabilized by a hydrogen bond with Ser158. Moreover, hydroxyl groups at
positions C3 and C4 are oriented towards the sidechain of Glul06, despite having
water molecules between them; this might further stabilize this configuration.

In summary, DNJ-NAc is oriented inside OprB such that it forms a salt bridge with
Glul39 and interacts with Trpl71 either by CH/m interaction or stacking.
Surprisingly, the size of the N-acetamido substituent is not a problem at all to pass the
CR. In fact, the methyl group provides additional CH/m interactions with the aromatic
system of Trpl71, and ultimately helps to maintain the desired orientation.
Interestingly, the one-dimensional FE profiles show a clear preference for both
substrates to bind near the central region (see Figure 4a). This preference is more
marked for the positively charged DNJ-NAc, reminiscent of the selectivity of OprB
for cations. The presence of a central affinity region is in contrast with general porins
that exhibit instead a marked central steric barrier.” Nevertheless, since OprB is
selective for neutral/positive monosaccharides, we do observe a high energy barrier (=
20 kcal/mol) when we analyzed the transport through OprB of glucuronate, a
negatively charged monosaccharide that is structurally similar to glucose, only
differing in the presence of a carboxylate group in position 6 instead of the
hydroxymethyl (Figure S11).

Additional simulations were performed to quantify the macroscopic transport
properties by imposing a gradient concentration of both glucose and DNJ-NAc
substrates from cis to trans. We combined the one-dimensional diffusion model with
the two-state Markov model, as described in detail in SI. The flux of molecules for
different gradient concentrations is shown in Figure 4b. The flux is similar up to a
micromolar gradient concentration, with a slight preference for the DNJ-NAc
molecule. However, by increasing the gradient, the positive DNJ-NAc shows
saturation due to the deep affinity for OprB at the constriction region. On the other
hand, the neutral glucose saturates above the millimolar concentration. In the case of
specific channels, the strength of affinity is a parameter to check for optimizing
transport in the range of expected/physiological concentration gradient.
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CONCLUSIONS

By using multiscale modeling, we have explored the intrinsic permeation properties
of OprB, rationalizing the transport preferences of this specific-porin at atomistic
level, both for the transport of glucose (natural substrate) and the glucose mimic DNJ-
NAc as potential antinfective. Residues located at the CR (Glu106, Glu139, Glul41
and Trpl171) control the transport through OprB, screening both the charge and the
size of molecules. These results led us to propose the class of specific porins as
potential candidates for transporting antibacterial compounds using a Trojan Horse
approach, once their natural substrates are known. Further chemical modifications of
DNIJ-NAc might lead to improve its capabilities.

Specifically, examining the obtained binding poses for DNJ-NAc, positions C4 or
C5 of the “pyranose ring” are aligned with the Z axis of the pore, and thus may be
proper positions to attach a linker in order to use DNJ-NAc as a vector to introduce
other antimicrobial molecules inside Pseudomonads. However, other modifications
such as introducing a hydroxymethyl group in position C3 or C4 instead of position
C5 would decrease the transport since having a direct hydrogen bond interaction with
the carboxylate group of Glul06, as occurs with glucose (Figure 3a, panels 2 and 3),
are expected to stabilize even more the binding.

The advantages to use specific porins as Trojan Horse entrance is their passive
mode of transport, which do not require energy and/or large conformational changes
and thus allow higher rates of transport. Eventually, this is an example of the use of
computational methods and in particular multiscale modelling for rational design of
drugs with enhanced transport. Combining the calculations of the potential of mean
force with the 1D diffusion model we were able to move from the mechanism of
transport to the quantification of the macroscopic flux of substrates through OprB.
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