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Abstract

Pseudomonas aeruginosa is a leading nosocomial human pathogen. The major
bottleneck to fight against these bacterial is their impermeable outer membrane (OM).
Only specific substrates can penetrate through OM of P. aeruginosa via substrate-
specific porins, so they become one of the most problematic drug-resistant pathogens.
Carbapenems are the most effective drugs against infection with P. aeruginosa. One of
active carbapenems used for P. aeruginosa is imipenem (IMI), employing the Outer
membrane carboxylate channels D1 (OccD1) as an entry way. Unlike IMI, ertapenem
(ERTA) was found to show weak activity due to its permeability problem. To date, no
microscopic evidence can explain why IMI is preferred over ERTA. Therefore, we
primarily conducted Molecular Dynamics (MD) Simulations to discover the behaviours of
these drugs inside OccD1 comparing to the ligand-free state. We reported here another
possible binding site in the constriction region close to the side pore opening. Overall,

both drugs employ the core lactam part to tether themselves in the binding site,



whereas the tail guides a permeation direction. L132 and F133 seem to be key
interactions for the core attachment. Approximately, at least 4 hydrogen bonds are
required for drug binding. The direction of L2 motion also plays a role. The inward
flipping traps IMI in the constriction area, while shifting towards a membrane of L2
allows ERTA contacts more water and consequently gets expelled to the protein mouth.

The opening of L2 seems to facilitate the rejection of ERTA.
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Introduction

The gram-negative bacteria employ water-filled porins with various grades of
selectivity to transport nutrients and ions across their outer membrane [1-3]. Especially,
porins were found to be an entrance for many antibiotics [4-7]. Based on their degrees
of substrate selectivity, 2 groups of porins can be divided. The first group is general
porins (e.g. OmpC and OmpF) mediating the passage of a range of solutes based on
their size, while the second is substrate-specific porins containing unique binding site for
substrate [8]. For notorious human pathogens such as Pseudomonas aeruginosa, they
have impermeable membrane due to the absence of general porins [1]. Consequently,
the uptake of nutrients and ions in P.aerugonosa can be occurred through substrate-
specific porins (e.g. the uptake of phosphate is employed by phosphate-specific OprP
channel [9]). The substrate-specific channels have a narrow pore with high affinities for
substrate binding and recognition [10]. In P.aeruginosa, the uptake of most small and
water-soluble metabolites are conducted by the Occ (Outer membrane carboxylate
channel) protein family. To date, 19 proteins are in this family and divided into 2
subfamilies (OccD and OccK). Both subfamilies facilitate the transport of carboxylate-
containing solutes. The OccD family prefers basic amino acids, whereas the cyclic
compounds are specific for the OccK family [10]. Especially, OccD1 (or OprD), the first
member of the OccD family, was found to facilitate the uptake of positively charged

amino acids, small peptides, and importantly some carbapenems [11,12].
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Figure 1 OccD1 embedded in a membrane is shown in (A) where the cross-sectional
view of OccD1 with extracellular loops are displayed in (B). The constriction loop L3 is
coloured in pink. The chemical structures of imipenem (IMI) and ertapenem (ERTA) are

shown in (C).

Recently, the x-ray structures of some Occ proteins have been determined
[13,14,10,15]. Both subfamilies share similar common architecture. They contain 18 B-
strands connected by extracellular loops and periplasmic turns (Figure 1). The
extracellular loop L3 is packed at the mid of the pore to form the so-called constriction
site for solute filtering (the pink loop in Figure 1B). Recently, the crystal structures of
monomeric OccD1 have been solved and it was found to be an entrance for
carbapenem drugs [15,10,13]. In this work, we therefore focus on OccD1 and study its
role in drug transport. Apart from L3, OccD1 also has the extracellular loop L7 inserted
inside the pore and the pore opening region on the barrel between L2 and L3 (Figure
1B and 3A). Both L3 and L7 create the constriction zone. Moreover, a row of basic
pore-lining residues forming the basic ladder and lysine residues are also key to the
interaction with substrates [15]. To better understand the molecular selectivity and
recognition, the knowledge of how natural substrates or drugs bind to the constriction
area is crucial. In a recent work, Parkin et al. explored the mechanism of arginine

permeation through OccD1 in atomic detail using computational techniques [16]. They



succeeded in predicting the pathway of arginine passage. L2 and L7 were also found to
be vital for solute translocation. A year later, Isabella et al. conducted both experimental
and computational work to probe the uptake of a series of substrates and carbapenems
through OccD proteins (OccD1 and OccD3) [11]. The entries of both common
carbapenems (imipenem (IMI) and meropenem) were captured there. They reported that
imipenem employed the same permeation route as arginine’s one, whilst meropenem
followed glycine-glutamate’s permeation path [11]. Both imipenem and meropenem are
commonly used for an infection from P.aeruginosa, but fast antibiotic resistances remain
[17]. Thus, new potential antibiotics are required to fight against P.aeruginosa.
Ertapenem (ERTA) is a new carbapenem, but it shows only weak activity against
Pseudomonas although it shares the same lactam pharmacophore as imipenem and
meropenem [11,18] (Figure 1C and D). This reflects the key role of substitution group at
the core in successful drug passage. To better understand the mechanisms of drug
binding in P.aeruginosa, we explore the binding affinities of both good and poor drugs.
IMI is used as a reference for a good drug and its behaviour is then compared to ERTA
(a poor drug). Primarily, the binding behaviours of both drugs in the constriction area
are studied here. To explore why ertapenem shows low activity against Pseudomonas
microscopically, Molecular Dynamics (MD) simulations were conducted in this work. MD
simulations have been commonly performed in many previous studies to explore the
structural and dynamic properties of many porins [19-21]. This technique is successfully
used to explore many solute (such as antibiotics) passages in comparison with
experiments [22-25,2,20]. In this study, we therefore used MD simulations to explore
ERTA and IMI activities inside the constriction area. The binding advantages and
disadvantages of both drugs will be revealed in atomic level. Key protein-drug
interactions will also be pointed out. The knowledge obtained here is useful for future
design of potential drugs for the treatment of infections from P.aeruginosa.

Objectives

1. To reveal the mechanisms of current carbapenems (imipenem, ertapenem,
and doripenem) translocation through the major entryway, OccD1 protein channel at
atomic level.

2. To extract and compare structural and dynamic advantages and
disadvantages of each carbapenem structure (imipenem, ertapenem, and doripenem) in

permeation process. This information will allow us to understand the strength and



weakness of each drug structure in permeation efficiency. This understanding will serve

as a key guideline for future drug development

Methodology

The coordinates of OccD1 structure was obtained from the PDB website (PDB
ID: 3SY7). The protonation states of charged amino acids were set at physiological pH.
The OccD1 protein was embedded in a pre-equilibrated (10 ns) dimyristoyl-
phosphatidylcholine (DMPC) membrane. The protein was inserted into a membrane by
using water-accessible surface of OccD1 to remove lipids and following by short steered
MD simulations of the solvated proteins as explained in detail by Faraldo-Gomez et al.
[1]. Each system contains 258 lipids and 28,708 SPC water molecules. To neutralise
the system, some counter ions were added. The energy minimization of 1000 steps
were performed to remove bad contacts using steepest descent algorithm followed by
10 ns protein restraint equilibration runs with a force constant of 1000 kJmol 'nm™. For
drugs, the 3D structures of both drugs were obtained from the PDB data bank (PDB
code: 3UPN for IMI and 4GCS for ERTA). Both IMI and ERTA topologies were obtained
using PRODRG webserver [2].

The protein-membrane snapshot at 10 ns after equilibration was used as an
initial protein structure for further drug binding studies. Three of ligand-free (LF),
imipenem-bound (IMI), and ertapenem-bound (ERTA) systems were set. Each drug was
docked near the constriction site using Autodock4 [3]. To obtain a pose of each drug,
numbers of torsions were set after detecting the root. A grid parameter file (gpf) was
prepared where a ligand can move freely in the grid box (dimensions of 90x90x36 ;\
with a spacing of 0.375 ;‘). The Lamarckian Genetic Algorithm (LGA) was used. The
docking was carried out by setting default parameters for random number generator,
energy, step size, and output. A maximum of ten different conformations was employed
for the ligands. The ligand pose with the lowest binding energy was selected for MD
simulations. For all protein-drug complexes, the 1000 steps of energy minimization were
conducted using steepest descent algorithm followed by 10 ns protein restraint
equilibration runs with a force constant of 1000 kJmol 'nm™. Then, we performed the
100 ns production runs. Two copies with different random seeds were run for each

system. All results here are an average between 2 copies.



The simulation protocols were performed following the published literature with
modification [4]. We employed the GROMACS 4.5 simulation package

(www.gromacs.org) [5] with GROMOS53a6 force fields for all components. The particle

mesh Ewald (PME) techniques [6] with a Fourier spacing of 0.12 nm and a short range
cut-off of 1 nm were used for electrostatic treatment. The simulations were conducted in
the constant number of particles, pressure, and temperature (NPT) ensemble. The
Berendsen algorithm at 1 bar with a coupling constant T =1 ps was used for pressure
coupling. The temperature of the protein, DMPC, drug, and solution were coupled
separately using the v-rescale thermostat [7] at 300 K with a coupling constant T,=0.1
ps. The time step of 2 fs was used for integration. The coordinates were recorded every
2 ps.

All outcomes were analysed by GROMACS tools and in-house codes. The
hydrogen bonds were computed using g_hbond with default parameters (The hydrogen-
donor-acceptor cutoff angle is 30° and the cutoff radius (X-acceptor) is 0.35 nm). VMD

was used for visualization and graphic images [8].



Results and Discussions
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Figure 2 A set of C-alpha RMSDs is shown in (A), (B), and (D)-(L). (C) is the C-alpha
RMSFs. Ligand-free (LF), IMI-bound (IMI), and ERTA-bound (ERTA) OccD1 proteins
are shown in black, red, and green, respectively. The initial structure at 0 ns was used

as a reference for both RMSD and RMSF calculations.

To explore the structural change and flexibility, we compute the root mean-
square deviations (RMSD) and fluctuations (RMSF) of the OccD1. A set of RMSDs are
calculated by comparing the movement of atoms with initial coordinates at t=0.
Generally, all C-alpha RMSDs show that binding to IMI slightly increases overall protein
stability (Figure 2A). However, comparing to all-atom RMSDs (~0.4 nm in Figure 2A),
the much lower RMSDs of barrel observed in Figure 2B (~0.2 nm) indicate the stable
barrel region. The major structural fluctuation seems to be from loop regions. This
agrees well with previous work [33]. Moreover, the presence of drugs (both IMI and
ERTA) does not affect barrel stability. Generally, the least flexible loop is L5 due to its

shortest length (Figure 2H). The constriction loops L3 appear to be kept less mobile in



all cases in order to maintain a function as a selective filter. The large flexibilities are
observed in the long extracellular loops L2, L4, and L8 (high RMSFs and RMSDs in
Figure 2C, 2E, 2G, and 2K). The displacements of L2, L4, and L8 can be seen as
cartoon representatives in Figure 3. Especially, L2 shows the highest loop flexibility
(RMSDs ~0.4-0.6 nm and RMSFs ~ 0.9 nm) due to its long length (15 residues).
Previous work reported that this long loop L2 could either interact with a membrane or
stay closer to a protein [16], but no detail on how it responds to the existence of drugs
is provided. In a presence of drugs, we find that L2 is initially aligned nearly parallel to
the protein axis before it folds back to the protein in LF and IMI, whilst it stays in contact
with a membrane surface in ERTA (Figure 3). ERTA binding makes the motion of L2
differ from LF and IMI. The outward displacement of L2 is observed in ERTA (Figure
3C). This movement generates more space for ERTA to escape to the bulk. On the
contrary, shifting toward the pore entrance allows L2 to protect IMI from leaving.
Apparently, the L2 relocation plays a role in drug binding affinity. The equivalent L2
motions are observed in the repeat simulation of each system (Figure S1 in
supplementary). This observation can be confirmed by the number of contacts in Figure
3C. Clearly, high numbers of lipid and water contacts indicate L2 in ERTA is more lipid-
and water-exposed (~45 protein contacts, ~55 lipid contacts, and ~2000 water contacts),
whereas L2 of LF and IMI are packed at the OccD1’s mouth (approximately ~75 protein
contacts, ~35 lipid contacts, and ~1300 water contacts) (Figure 3D). Additionally, our
finding supports previous experimental studies where the role of L2 in IMI uptake is
highlighted [34,35]. Not only does our study agree well with previous work, but also
further find the role of L2 in trapping IMI inside the pore. In case of L7, an increase in
loop fluctuation is only observed when binding to IMI (Figure 2J). Binding to IMI permits
the L7 reorientation (the dark blue loop in Figure 3B). This displacement may initiate the
IMI passage. L2 shifting towards the OccD1’s mouth and reorienting L7 conformation
inside an eyelet may serve as a signal to begin the IMI uptake process. However, more

further experimental studies are needed.
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Figure 3 (A)-(C) are the protein shapshots at times Ons, 50ns, and 100ns. Key loops,

L2, L3, L4, L7, and L8 are coloured in red, pink, green, blue, and cyan, respectively.

The red arrow displays the direction of L2 movement. (D) shows average numbers of

water, protein, ad membrane contacts with loop L2.

Considering IMI and ERTA, both are docked into the mid of the pore. In this
work, we focus only on how both IMI and ERTA behave in the constriction region. Since
binding to the constriction site is the key part for successful drug permeation, we here
aim at pointing out key amino acids and interactions that help OccD1 recognize each
drug. Also, advantages and disadvantages of IMI and ERTA binding in the eyelet will be
explored in detail here. At the beginning, both drugs are placed at the same position in
the eyelet at z ~ 6 nm (Figure 4A and 4B). We discover another possible drug binding
site in the constriction area near the side pore opening (a green circle in Figure 4B). No
full permeation is observed for both. Within 20 ns, the displacements of both drugs are
observed (Figure 4A). IMI drugs in both simulations (IMI1 and IMI2) migrate to the tip of
L3 (z~ 6-6.5 nm in Figure 4A and 4B), while ERTA in ERTA1 and ERTA2 are exiled to

z ~ 6.5-7 nm, which is at the mouth of OccD1 (Figure 4A and 4B). Both drugs similarly



have at least 2 hydrogen bonds with the protein, but ERTA shows more water-exposed.

ERTA gets approximately surrounded by ~6 water molecules, while only ~2 waters

hydrogen bond to IMI (Figure 4C). Comparing to IMI, higher water contacts and larger

size allow ERTA to easily get expelled to the mouth.
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Figure 4 Positions of IMI and ERTA along z axis in all simulations (A). (B) the left is the

cross-sectional protein structure while the right is the top view where 1 (pink circle) is

the binding site observed by Khalid et al. [4] and 2 (green circle) is the second site that

we observed in this work. The numbers of drug-protein and drug-water hydrogen bonds

are shown in (C). (D) is the distance between 2 given atoms on each drug. The 2 given

atoms are coloured in black for IMI and red for ERTA.



Table1

Percentages of protein-drug hydrogen

bonds

(%Hb)

occurring during

simulations. Only residues that form > 10% hydrogen bonds are included here.

The %Hb was computed from the frequency of Hb occurring throughout all frames in

each simulation.

ERTA1 ERTA2 IMI1 IMI2
Residue %Hb Residue %Hb Residue %Hb Residue %Hb
N89 15.2 R94 17.6 D41 67.9 T43 20.0
G91 18.0 D95 14.4 T43 29.4 D95 19.6
L132 52.8 R131 26.8 L132 45.6 L132 27.6
F133 53.2 L132 72.4 F133 47.4 F133 51.6
Q135 23.6 F133 82.8
S290 40.0
G291 22.2
A292 12.8

To get deeper microscopic view, the drug-protein hydrogen bonds are
computed. L132 and F133 can strongly interact with all drugs. Especially, hydrogen
bonding to L132 (52.8% in ERTA1 and 53.2% in ERTA2) and F133 (72.4% in ERTA1
and 82.8% for ERTA2) seem to be more preferable for ERTA (Table 1). Additionally,
hydrogen bonds with T43 (29.4% for IMI1 and 20% for IMI2), L132 (45.6% for IMI1 and
27.6% for IMI2), and F133 (47.4% for IMI1 and 51.6% for IMI2) are important for IMI
binding in both simulations (Table 1). Totally, IMI seems to have 4 hydrogen bonds.
Both IMI1 and IMI2 similarly form hydrogen bonds with T43, L132, F133 and one more
bond with aspartate. IMI1 has an extra interaction with D41 (67.9%) where IMI2 gains
one more interaction from D95 (19.6%). Even though both IMI1 and IMI2 interact with
aspartate, these aspartate residues are from different locations. The carboxylic group on
the lactam core is stabilised by hydrogen bonding with the backbones of L132 and F133
and interaction with T43. The core part appears to be less mobile and sits nicely inside
the pore due to the bonds with L132, F133, T43, and either D41 or D95 in this region.
With 4 observed interactions, IMlI seems to employ this lactam core to stick in the

constriction area. On the other hand, another end of IMI is more mobile. It can flip back

and forth therefore permanent hydrogen bonds cannot be captured here. With its



flexibility, the IMI tail may serve as a guide to find the right pathway and trigger IMI
permeation. This tail fluctuation observed here agree well with previous MD study where
the mobile ARG side chain was captured during transport [16]. Comparing to IMI, the
higher number of hydrogen bond donors and acceptors allow ERTA to form more
hydrogen bonds with OccD1. Like IMI, the lactam core appears to play a role in
attaching to the constriction area. The lactam part mainly interacts with L132 (52.8% in
ERTA1 and 72.4% in ERTA2) and F133 (53.2% in ERTA1 and 82.2% in ERTAZ2) (Table
1). Some partial interactions with N89 (15.2%), G91 (18%), and Q135 (23.6%) in
ERTA1 and R94 (17.6%) and D95 (14.4%) in ERTA2 are observed (Table 1). Besides,
the pyrrolidine end appears to point towards the pore entrance (Figure 5C and 5D). This
end in ERTA2 can form hydrogen bonds with S290 (40%), the backbones of G291
(22.2%) and A292 (12.8%) on L7 and R131 (26.8%) on L3, whilst that of ERTA1 is
exposed to water (Figure 5C and D). Both ERTA1 and ERTA2 adopt similar
conformation where the lactam core sits inside the constriction area and gets stabilised
by residues on L2 and L3, whereas the pyrrolidine end is flexible. Both IMI and ERTA
share similar binding pattern. They employ the lactam core to stick inside the eyelet
region and then use the other end to direct the passage. Comparing to IMI, the
fluctuated distance between the heavy atom at the end and the carbon on the core
observed in ERTA indicates the mobile tail (Figure 4D). Nonetheless, ERTA is larger
and more water-accessible due to ~4 water-drug hydrogen bonds higher than IMI
observed in Figure 4C. This makes ERTA more difficulty to penetrate into the pore. The
loss of protein contacts allows ERTA'’s side chain to float towards the Occd1’s mouth.
The chain of ERTA aligns parallel to a protein axis, whereas the lactam part attached to
the constriction region (Figure 5C and 5D). Unlike ERTA, the IMI’s tail seems to lie
down on the L3 loop region (Figure 5A and 5B). The major problem of ERTA is its
bulky, mobile, and more water-exposed tail. With a lactam base, the aromatic tail seems
to be less preferable for OccD1. Additionally, the opening of the loop L2 also facilitates
the rejection of ERTA. Considering drug-L2 interactions, ERTA appears to form more
hydrogen bonds with L2 due to a closer distance to the pore mouth, while IMI shows
less bonds (Figure S2 in supplementary information). L2 in both LF and IMI are packed
on top of the pore entrance, whereas that in ERTA moves towards the membrane

causing more water exposure to ERTA and consequently the loss of ERTA-protein



contacts (Figure 3A-C). This clearly reflects the significance of L2 dynamics on drug

binding.
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Figure 5 (A)-(D) Cartoon representations of OccD1 with bound IMI (Pink) and ERTA

(green) in all simulations. The key amino acids are in licorice format.

Conclusion

The work described here displays the behaviours of two drugs inside the
OccD1’s constriction region. We found the new possible binding site in the L3 region
close to the side pore opening. Our modelling efforts can primarily show differences in
binding properties of both IMlI and ERTA. Both drugs employ their core lactam part to
stick to the constriction site near L3, whilst the ability to exist inside depends on their
tail. Combining highly water-exposed and mobile tail with L2 opening appears to aid the
exit of ERTA. Seemingly, the tail’'s properties are one of keys to successful drug
translocation. Like ARG, OccD1 seems to prefer the positively-charged tail of IMI over
the negatively charged one on ERTA. Initially, entering the cell is one of major obstacles
for ERTA. Furthermore, the dynamics of L2 and L7 observed here emphasizes the role

of such loops in drug recognition and passage. Our finding can primarily explain why



ERTA gets rejected. Nonetheless, questions on how protein mechanically controls the
dynamics and responses of L2 and L7 to accept or reject substrates or drugs at the
beginning of permeation process remain largely open. Further studies are required.

A previous work successfully employed Steered Molecular Dynamics (SMD)
simulations to track the solute permeation pathway and reveal some key interactions
[16]. With the force applied, this method may not allow the solute to explore all possible
binding regions. Only major binding site and interactions may be captured. With
conventional MD simulations utilised in this work, although no full permeation
mechanism is observed, we find another possible drug binding site near the side pore
opening area and the partial mechanism of drug acceptance/rejection at the pore
entrance. Some key movements and interactions are reported. This finding should

primarily help scientists to design and develop potential drugs with higher permeability.

Suggestions for future research work

This work provides an insight on how IMI is preferred to ERTA. There are some
key microscopic mechanisms observed such as loop movements and protein-drug
interaction network. We found that the tail of drug plays a role in drug recognition and
binding therefore this information will be useful for future design and development of
more potent carbapenem. Moreover, key residues 132 and 133 are also suggested here
to be crucial for drug binding. Further mutagenesis work will be required for

confirmation.



Supplementary Information

PROBING BINDING AFFINITIES OF IMIPENEM AND ERTAPENEM WITH OUTER
MEMBRANE CARBOXYLATE CHANNEL D1 (OCCD1) FROM P.AERUGINOSA:
SIMULATION STUDIES
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Figure S2 Average hydrogen bonds between drugs and the extracellular loop L2
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Abstract

Pseudomonas aeruginosa is a leading nosocomial human pathogen. The major
bottleneck to fight against these bacterial is their impermeable outer membrane (OM).
Only specific substrates can penetrate through OM of P. aeruginosa via substrate-
specific porins, so they become one of the most problematic drug-resistant pathogens.
Carbapenems are the most effective drugs against infection with P. aeruginosa. One
of active carbapenems used for P. aeruginosa is imipenem (IMI), employing the
Outer membrane carboxylate channels D1 (OccD1) as an entry way. Unlike IMI,
ertapenem (ERTA) was found to show weak activity due to its permeability problem.
To date, no microscopic evidence can explain why IMI is preferred over ERTA.
Therefore, we primarily conducted Molecular Dynamics (MD) Simulations to
discover the behaviours of these drugs inside OccD1 comparing to the ligand-free
state. We reported here another possible binding site in the constriction region close
to the side pore opening. Overall, both drugs employ the core lactam part to tether
themselves in the binding site, whereas the tail guides a permeation direction. L132
and F133 seem to be key interactions for the core attachment. Approximately, at least
4 hydrogen bonds are required for drug binding. The direction of L2 motion also
plays a role. The inward flipping traps IMI in the constriction area, while shifting
towards a membrane of L2 allows ERTA contacts more water and consequently gets
expelled to the protein mouth. The opening of L2 seems to facilitate the rejection of
ERTA.



Introduction

The gram-negative bacteria employ water-filled porins with various grades of
selectivity to transport nutrients and ions across their outer membrane [1-3].
Especially, porins were found to be an entrance for many antibiotics [4-7]. Based on
their degrees of substrate selectivity, 2 groups of porins can be divided. The first
group is general porins (e.g. OmpC and OmpF) mediating the passage of a range of
solutes based on their size, while the second is substrate-specific porins containing
unique binding site for substrate [8]. For notorious human pathogens such as
Pseudomonas aeruginosa, they have impermeable membrane due to the absence of
general porins [1]. Consequently, the uptake of nutrients and ions in P.aerugonosa
can be occurred through substrate-specific porins (e.g. the uptake of phosphate is
employed by phosphate-specific OprP channel [9]). The substrate-specific channels
have a narrow pore with high affinities for substrate binding and recognition [10]. In
P.aeruginosa, the uptake of most small and water-soluble metabolites are conducted
by the Occ (Outer membrane carboxylate channel) protein family. To date, 19
proteins are in this family and divided into 2 subfamilies (OccD and OccK). Both
subfamilies facilitate the transport of carboxylate-containing solutes. The OccD
family prefers basic amino acids, whereas the cyclic compounds are specific for the
OccK family [10]. Especially, OccD1 (or OprD), the first member of the OccD
family, was found to facilitate the uptake of positively charged amino acids, small

peptides, and importantly some carbapenems [11,12].

[Figure 1 here]

Recently, the x-ray structures of some Occ proteins have been determined
[13,14,10,15]. Both subfamilies share similar common architecture. They contain 18
B-strands connected by extracellular loops and periplasmic turns (Figure 1). The
extracellular loop L3 is packed at the mid of the pore to form the so-called
constriction site for solute filtering (the pink loop in Figure 1B). Recently, the crystal
structures of monomeric OccD1 have been solved and it was found to be an entrance
for carbapenem drugs [15,10,13]. In this work, we therefore focus on OccD1 and
study its role in drug transport. Apart from L3, OccD1 also has the extracellular loop

L7 inserted inside the pore and the pore opening region on the barrel between L2 and



L3 (Figure 1B and 3A). Both L3 and L7 create the constriction zone. Moreover, a row
of basic pore-lining residues forming the basic ladder and lysine residues are also key
to the interaction with substrates [15]. To better understand the molecular selectivity
and recognition, the knowledge of how natural substrates or drugs bind to the
constriction area is crucial. In a recent work, Parkin et al. explored the mechanism of
arginine permeation through OccD1 in atomic detail using computational techniques
[16]. They succeeded in predicting the pathway of arginine passage. L2 and L7 were
also found to be vital for solute translocation. A year later, Isabella et al. conducted
both experimental and computational work to probe the uptake of a series of
substrates and carbapenems through OccD proteins (OccD1 and OccD3) [11]. The
entries of both common carbapenems (imipenem (IMI) and meropenem) were
captured there. They reported that imipenem employed the same permeation route as
arginine’s one, Whilst meropenem followed glycine-glutamate’s permeation path [11].
Both imipenem and meropenem are commonly used for an infection from
P.aeruginosa, but fast antibiotic resistances remain [17]. Thus, new potential
antibiotics are required to fight against P.aeruginosa. Ertapenem (ERTA) is a new
carbapenem, but it shows only weak activity against Pseudomonas although it shares
the same lactam pharmacophore as imipenem and meropenem [11,18] (Figure 1C and
D). This reflects the key role of substitution group at the core in successful drug
passage. To better understand the mechanisms of drug binding in P.aeruginosa, we
explore the binding affinities of both good and poor drugs. IMI is used as a reference
for a good drug and its behaviour is then compared to ERTA (a poor drug). Primarily,
the binding behaviours of both drugs in the constriction area are studied here. To
explore why ertapenem shows low activity against Pseudomonas microscopically,
Molecular Dynamics (MD) simulations were conducted in this work. MD simulations
have been commonly performed in many previous studies to explore the structural
and dynamic properties of many porins [19-21]. This technique is successfully used to
explore many solute (such as antibiotics) passages in comparison with experiments
[22-25,2,20]. In this study, we therefore used MD simulations to explore ERTA and
IMI activities inside the constriction area. The binding advantages and disadvantages
of both drugs will be revealed in atomic level. Key protein-drug interactions will also
be pointed out. The knowledge obtained here is useful for future design of potential

drugs for the treatment of infections from P.aeruginosa.



Materials and Methods

The coordinates of OccD1 structure was obtained from the PDB website (PDB
ID: 3SY7). The protonation states of charged amino acids were set at physiological
pH. The OccD1 protein was embedded in a pre-equilibrated (10 ns) dimyristoyl-
phosphatidylcholine (DMPC) membrane. The protein was inserted into a membrane
by using water-accessible surface of OccD1 to remove lipids and following by short
steered MD simulations of the solvated proteins as explained in detail by Faraldo-
Gomez et al. [26]. Each system contains 258 lipids and 28,708 SPC water molecules.
To neutralise the system, some counter ions were added. The energy minimization of
1000 steps were performed to remove bad contacts using steepest descent algorithm
followed by 10 ns protein restraint equilibration runs with a force constant of 1000
kJmoltnm™. For drugs, the 3D structures of both drugs were obtained from the PDB
data bank (PDB code: 3UPN for IMI and 4GCS for ERTA). Both IMI and ERTA
topologies were obtained using PRODRG webserver [27].

The protein-membrane snapshot at 10 ns after equilibration was used as an
initial protein structure for further drug binding studies. Three of ligand-free (LF),
imipenem-bound (IMI), and ertapenem-bound (ERTA) systems were set. Each drug
was docked near the constriction site using Autodock4 [28]. To obtain a pose of each
drug, numbers of torsions were set after detecting the root. A grid parameter file (gpf)
was prepared where a ligand can move freely in the grid box (dimensions of
90x90x36 A with a spacing of 0.375 A). The Lamarckian Genetic Algorithm (LGA)
was used. The docking was carried out by setting default parameters for random
number generator, energy, step size, and output. A maximum of ten different
conformations was employed for the ligands. The ligand pose with the lowest binding
energy was selected for MD simulations. For all protein-drug complexes, the 1000
steps of energy minimization were conducted using steepest descent algorithm
followed by 10 ns protein restraint equilibration runs with a force constant of 1000
kJmol®nm=2. Then, we performed the 100 ns production runs. Two copies with
different random seeds were run for each system. All results here are an average
between 2 copies.

The simulation protocols were performed following the published literature
with modification [21]. We employed the GROMACS 4.5 simulation package
(www.gromacs.org) [29] with GROMOS53a6 force fields for all components. The

particle mesh Ewald (PME) techniques [30] with a Fourier spacing of 0.12 nm and a


http://www.gromacs.org)/

short range cut-off of 1 nm were used for electrostatic treatment. The simulations
were conducted in the constant number of particles, pressure, and temperature (NPT)
ensemble. The Berendsen algorithm at 1 bar with a coupling constant tp=1 ps was
used for pressure coupling. The temperature of the protein, DMPC, drug, and solution
were coupled separately using the v-rescale thermostat [31] at 300 K with a coupling
constant ©t=0.1 ps. The time step of 2 fs was used for integration. The coordinates
were recorded every 2 ps.

All outcomes were analysed by GROMACS tools and in-house codes. The
hydrogen bonds were computed using g_hbond with default parameters (The
hydrogen-donor-acceptor cutoff angle is 30° and the cutoff radius (X-acceptor) is 0.35

nm). VMD was used for visualization and graphic images [32].

Results and Discussion

[Figure 2 here]

To explore the structural change and flexibility, we compute the root mean-
square deviations (RMSD) and fluctuations (RMSF) of the OccD1. A set of RMSDs
are calculated by comparing the movement of atoms with initial coordinates at t=0.
Generally, all C-alpha RMSDs show that binding to IMI slightly increases overall
protein stability (Figure 2A). However, comparing to all-atom RMSDs (~0.4 nm in
Figure 2A), the much lower RMSDs of barrel observed in Figure 2B (~0.2 nm)
indicate the stable barrel region. The major structural fluctuation seems to be from
loop regions. This agrees well with previous work [33]. Moreover, the presence of
drugs (both IMI and ERTA) does not affect barrel stability. Generally, the least
flexible loop is L5 due to its shortest length (Figure 2H). The constriction loops L3
appear to be kept less mobile in all cases in order to maintain a function as a selective
filter. The large flexibilities are observed in the long extracellular loops L2, L4, and
L8 (high RMSFs and RMSDs in Figure 2C, 2E, 2G, and 2K). The displacements of
L2, L4, and L8 can be seen as cartoon representatives in Figure 3. Especially, L2
shows the highest loop flexibility (RMSDs ~0.4-0.6 nm and RMSFs ~ 0.9 nm) due to
its long length (15 residues). Previous work reported that this long loop L2 could
either interact with a membrane or stay closer to a protein [16], but no detail on how it

responds to the existence of drugs is provided. In a presence of drugs, we find that L2



is initially aligned nearly parallel to the protein axis before it folds back to the protein
in LF and IMI, whilst it stays in contact with a membrane surface in ERTA (Figure
3). ERTA binding makes the motion of L2 differ from LF and IMI. The outward
displacement of L2 is observed in ERTA (Figure 3C). This movement generates more
space for ERTA to escape to the bulk. On the contrary, shifting toward the pore
entrance allows L2 to protect IMI from leaving. Apparently, the L2 relocation plays a
role in drug binding affinity. The equivalent L2 motions are observed in the repeat
simulation of each system (Figure S1 in supplementary). This observation can be
confirmed by the number of contacts in Figure 3C. Clearly, high numbers of lipid and
water contacts indicate L2 in ERTA is more lipid- and water-exposed (~45 protein
contacts, ~55 lipid contacts, and ~2000 water contacts), whereas L2 of LF and IMI
are packed at the OccD1’s mouth (approximately ~75 protein contacts, ~35 lipid
contacts, and ~1300 water contacts) (Figure 3D). Additionally, our finding supports
previous experimental studies where the role of L2 in IMI uptake is highlighted
[34,35]. Not only does our study agree well with previous work, but also further find
the role of L2 in trapping IMI inside the pore. In case of L7, an increase in loop
fluctuation is only observed when binding to IMI (Figure 2J). Binding to IMI permits
the L7 reorientation (the dark blue loop in Figure 3B). This displacement may initiate
the IMI passage. L2 shifting towards the OccD1’s mouth and reorienting L7
conformation inside an eyelet may serve as a signal to begin the IMI uptake process.

However, more further experimental studies are needed.

[Figure 3 here]

Considering IMI and ERTA, both are docked into the mid of the pore. In this
work, we focus only on how both IMI and ERTA behave in the constriction region.
Since binding to the constriction site is the key part for successful drug permeation,
we here aim at pointing out key amino acids and interactions that help OccD1
recognize each drug. Also, advantages and disadvantages of IMI and ERTA binding
in the eyelet will be explored in detail here. At the beginning, both drugs are placed at
the same position in the eyelet at z ~ 6 nm (Figure 4A and 4B). We discover another
possible drug binding site in the constriction area near the side pore opening (a green
circle in Figure 4B). No full permeation is observed for both. Within 20 ns, the

displacements of both drugs are observed (Figure 4A). IMI drugs in both simulations



(IMI1 and IMI2) migrate to the tip of L3 (z~ 6-6.5 nm in Figure 4A and 4B), while
ERTA in ERTAL and ERTAZ are exiled to z ~ 6.5-7 nm, which is at the mouth of
OccD1 (Figure 4A and 4B). Both drugs similarly have at least 2 hydrogen bonds with
the protein, but ERTA shows more water-exposed. ERTA gets approximately
surrounded by ~6 water molecules, while only ~2 waters hydrogen bond to IMI
(Figure 4C). Comparing to IMI, higher water contacts and larger size allow ERTA to

easily get expelled to the mouth.

[Figure 4 here]

Tablel Percentages of protein-drug hydrogen bonds (%Hb) occurring during
simulations. Only residues that form > 10% hydrogen bonds are included here. The
%Hb was computed from the frequency of Hb occurring throughout all frames in each
simulation.

ERTA1 ERTA2 IMI1 IMI2
Residue %HDb Residue %HDb Residue %HDb Residue %HDb
N89 15.2 R94 17.6 D41 67.9 T43 20.0
Go1 18.0 D95 14.4 T43 29.4 D95 19.6
L132 52.8 R131 26.8 L132 45.6 L132 27.6
F133 53.2 L132 72.4 F133 47.4 F133 51.6
Q135 23.6 F133 82.8
S290 40.0
G291 22.2
A292 12.8

To get deeper microscopic view, the drug-protein hydrogen bonds are

computed. L132 and F133 can strongly interact with all drugs. Especially, hydrogen
bonding to L132 (52.8% in ERTA1 and 53.2% in ERTA2) and F133 (72.4% in
ERTA1 and 82.8% for ERTA2) seem to be more preferable for ERTA (Table 1).
Additionally, hydrogen bonds with T43 (29.4% for IMI1 and 20% for IMI2), L132
(45.6% for IMI1 and 27.6% for IMI2), and F133 (47.4% for IMI1 and 51.6% for
IMI2) are important for IMI binding in both simulations (Table 1). Totally, IMI seems
to have 4 hydrogen bonds. Both IMI1 and IMI2 similarly form hydrogen bonds with
T43, L132, F133 and one more bond with aspartate. IMI1 has an extra interaction



with D41 (67.9%) where IMI2 gains one more interaction from D95 (19.6%). Even
though both IMI1 and IMI2 interact with aspartate, these aspartate residues are from
different locations. The carboxylic group on the lactam core is stabilised by hydrogen
bonding with the backbones of L132 and F133 and interaction with T43. The core
part appears to be less mobile and sits nicely inside the pore due to the bonds with
L132, F133, T43, and either D41 or D95 in this region. With 4 observed interactions,
IMI seems to employ this lactam core to stick in the constriction area. On the other
hand, another end of IMI is more mobile. It can flip back and forth therefore
permanent hydrogen bonds cannot be captured here. With its flexibility, the IMI tail
may serve as a guide to find the right pathway and trigger IMI permeation. This tail
fluctuation observed here agree well with previous MD study where the mobile ARG
side chain was captured during transport [16]. Comparing to IMI, the higher number
of hydrogen bond donors and acceptors allow ERTA to form more hydrogen bonds
with OccD1. Like IMI, the lactam core appears to play a role in attaching to the
constriction area. The lactam part mainly interacts with L132 (52.8% in ERTAL and
72.4% in ERTA2) and F133 (53.2% in ERTAL and 82.2% in ERTA2) (Table 1).
Some partial interactions with N89 (15.2%), G91 (18%), and Q135 (23.6%) in
ERTAL and R94 (17.6%) and D95 (14.4%) in ERTAZ2 are observed (Table 1).
Besides, the pyrrolidine end appears to point towards the pore entrance (Figure 5C
and 5D). This end in ERTA2 can form hydrogen bonds with S290 (40%), the
backbones of G291 (22.2%) and A292 (12.8%) on L7 and R131 (26.8%) on L3,
whilst that of ERTAL is exposed to water (Figure 5C and D). Both ERTA1 and
ERTAZ2 adopt similar conformation where the lactam core sits inside the constriction
area and gets stabilised by residues on L2 and L3, whereas the pyrrolidine end is
flexible. Both IMI and ERTA share similar binding pattern. They employ the lactam
core to stick inside the eyelet region and then use the other end to direct the passage.
Comparing to IMI, the fluctuated distance between the heavy atom at the end and the
carbon on the core observed in ERTA indicates the mobile tail (Figure 4D).
Nonetheless, ERTA is larger and more water-accessible due to ~4 water-drug
hydrogen bonds higher than IMI observed in Figure 4C. This makes ERTA more
difficulty to penetrate into the pore. The loss of protein contacts allows ERTA’s side
chain to float towards the Occdl’s mouth. The chain of ERTA aligns parallel to a
protein axis, whereas the lactam part attached to the constriction region (Figure 5C
and 5D). Unlike ERTA, the IMI’s tail seems to lie down on the L3 loop region



(Figure 5A and 5B). The major problem of ERTA is its bulky, mobile, and more
water-exposed tail. With a lactam base, the aromatic tail seems to be less preferable
for OccD1. Additionally, the opening of the loop L2 also facilitates the rejection of
ERTA. Considering drug-L2 interactions, ERTA appears to form more hydrogen
bonds with L2 due to a closer distance to the pore mouth, while IMI shows less bonds
(Figure S2 in supplementary information). L2 in both LF and IMI are packed on top
of the pore entrance, whereas that in ERTA moves towards the membrane causing
more water exposure to ERTA and consequently the loss of ERTA-protein contacts

(Figure 3A-C). This clearly reflects the significance of L2 dynamics on drug binding.

[Figure 5 here]

Conclusion

The work described here displays the behaviours of two drugs inside the
OccD1’s constriction region. We found the new possible binding site in the L3 region
close to the side pore opening. Our modelling efforts can primarily show differences
in binding properties of both IMI and ERTA. Both drugs employ their core lactam
part to stick to the constriction site near L3, whilst the ability to exist inside depends
on their tail. Combining highly water-exposed and mobile tail with L2 opening
appears to aid the exit of ERTA. Seemingly, the tail’s properties are one of keys to
successful drug translocation. Like ARG, OccD1 seems to prefer the positively-
charged tail of IMI over the negatively charged one on ERTA. Initially, entering the
cell is one of major obstacles for ERTA. Furthermore, the dynamics of L2 and L7
observed here emphasizes the role of such loops in drug recognition and passage. Our
finding can primarily explain why ERTA gets rejected. Nonetheless, questions on
how protein mechanically controls the dynamics and responses of L2 and L7 to accept
or reject substrates or drugs at the beginning of permeation process remain largely
open. Further studies are required.

A previous work successfully employed Steered Molecular Dynamics (SMD)
simulations to track the solute permeation pathway and reveal some key interactions
[16]. With the force applied, this method may not allow the solute to explore all
possible binding regions. Only major binding site and interactions may be captured.
With conventional MD simulations utilised in this work, although no full permeation

mechanism is observed, we find another possible drug binding site near the side pore



opening area and the partial mechanism of drug acceptance/rejection at the pore
entrance. Some key movements and interactions are reported. This finding should
primarily help scientists to design and develop potential drugs with higher
permeability.
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Figure captions

Figure 1 OccD1 embedded in a membrane is shown in (A) where the cross-sectional view of
OccD1 with extracellular loops are displayed in (B). The constriction loop L3 is coloured in
pink. The chemical structures of imipenem (IMI) and ertapenem (ERTA) are shown in (C).

Figure 2 A set of C-alpha RMSDs is shown in (A), (B), and (D)-(L). (C) is the C-alpha RMSFs.
Ligand-free (LF), IMI-bound (IMI), and ERTA-bound (ERTA) OccDL1 proteins are shown in
black, red, and green, respectively. The initial structure at 0 ns was used as a reference for both
RMSD and RMSF calculations.

Figure 3 (A)-(C) are the protein shapshots at times Ons, 50ns, and 100ns. Key loops, L2, L3,
L4, L7, and L8 are coloured in red, pink, green, blue, and cyan, respectively. The red arrow
displays the direction of L2 movement. (D) shows average numbers of water, protein, ad
membrane contacts with loop L2.

Figure 4 Positions of IMI and ERTA along z axis in all simulations (A). (B) the left is the cross-
sectional protein structure while the right is the top view where 1 (pink circle) is the binding
site observed by Khalid et al. [4] and 2 (green circle) is the second site that we observed in this
work. The numbers of drug-protein and drug-water hydrogen bonds are shown in (C). (D) is
the distance between 2 given atoms on each drug. The 2 given atoms are coloured in black for
IMI and red for ERTA.

Figure 5 (A)-(D) Cartoon representations of OccD1 with bound IMI (Pink) and ERTA (green)
in all simulations. The key amino acids are in licorice format.
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ABSTRACT

Due to intrinsic properties, solid-state nanopores are widely used in nanopore technology. Different
geometries (cylindrical (CY), hourglass (HG) and conical (CO)) of artificial nanopores have been fabricated
and studied. Each was found to promote different transport abilities experimentally. To explore such pore
effects, the combination of finite element (FE) and molecular dynamics (MD) simulations with applied
electric filed (150 mV) were performed. The dimension of anion-selective protein pore was used as a
nanopore template. Different pore geometries with a narrowest diameter ranging from 1.8 to 1.8 pm
were studied here. Firstly, we found that the narrowest regions at a pore orifice in CO and constriction
site in HG maximise water velocity and consequently control a water flow rate. Secondly, CY triggers the
highest water flux, but low ion selectivity, whilst the funnel-like geometries (HG and CO) enhance the ion
selectivity significantly. Both HG and CO show similar degrees of permeant flux and selectivity. The orifice
and constriction site in CO and HG are the main player for selectivity and permeation control. Thirdly, the
transport properties are tuneable by changing the flow direction in asymmetric CO pore. The tip-to-base

KEYWORDS

Nanopores; GROMACS; finite
element; ion flux; molecular
dynamics simulations

flow in CO obviously promotes stronger anion selectivity than the base-to-tip one.

1. Introduction

Nanopores have long been a topic that attracts many research
groups worldwide because of their abundant existence in nature
and that they show highly interesting features. The small-sized
porous structure leads to an important attribute of nanopores,
that is, the very high ratio between their interior surface area and
volume. Moreover, the interactions between nanopores and ions/
molecules are within the range of this nanoscale confinement,
which leads to a unique circumstance when the substrates are
transported through the pores.

In biological systems, ions and molecules are transferred
between different compartments via pore-forming membrane
proteins. Examples include outer membrane protein F (OmpF),
potassium channel (KcsA), Mycobacterium Smegmatis Porin
A (MspA) and a-haemolysin (aHL). Working against certain
gradients, the transport through these passive channels and
active pumps can be in a controlled manner, ie for a specific
ion and/or in a particular direction. The major driving force
for nutrient and ion uptake is the electrical membrane potential
across a membrane. This generates the electric field and electric
current causing an ion gradient in a passive transport and trig-
gering gating process in some ion channels. The ion specificity

and selectivity is existed when the ion rectification takes place.
Understanding these phenomena, such as ion selectivity and ion
current rectification (ICR), of these porins and ion channels are
thus important physiologically. To better understand such pro-
cess in a microscopic view, molecular dynamics (MD) simula-
tions with applied external electric field were successfully used to
mimic a transmembrane potential [1-3]. Many previous studies
reported that a constant external electric field applied in MD is
a reliable tool for mimicking an electromotive force, exerted by
a voltage difference [1,4].

In the past decade, many have attempted, with some degree of
success, to synthesis artificial structures that mimic the unique
properties of biological pores. The produced solid-state nano-
pores can withstand a wider range of external conditions (eg
temperature, pH, ionic strength and applied voltage), and hence
are suitable in many more applications. On the other hand, the
reproducibility of structure precisely at the atomic level, as in
the biological pores, is difficult and a major drawback for these
man-made ones. However, the design and fabrication of syn-
thetic nanopores (solid-state nanopore) to achieve the desired
functions are currently of huge interest. Recent applications in
the field of nanofluidic devices, semiconductors and sensitive
sensors certainly drive this area to advance even more rapidly.
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The different designs of artificial nanopores have been fabricated
and studied for applications in nanopore technology [5-11].
Cylindrical (CY), hourglass (HG) and conical (CO) shapes are
common pore geometries used currently. Each of these shapes
was found to promote different transport abilities. With the same
pore dimension, the hourglass shape was found to be occupied by
less water molecules and trigger fast water transport, when com-
pared with a straight pore [12,13]. Moreover, a funnel-shaped
pore displays high ion rectification properties due to its asym-
metric current-voltage characteristics [14,15]. Also, the degree of
rectification can be tuned by modifying surface charge patterns
on pore surface [9,16]. So, such rectifying pores become of inter-
est for future semiconductor development. Attempts to relate the
ion transport properties to geometrical characteristics have been
investigated for cylindrical, conical and hourglass pores [13,17-
22]. The mechanism of the ionic transport and rectification in
asymmetric channels has become a subject of theoretical model
based on experimental and numerical methods [8,13,17,19,23-
25]. Recently, a protein transport through cylindrical, cuboidal
and pyramidal mesopores has been studied using solvent-free
coarse-grained models [26]. They highlighted the role of pore
asymmetry on protein selectivity. Moreover, the different types
of uniformly charged pattern on CY surface were found to
exhibit different behaviours of water and ion conductance [27].
Both studies illustrate an importance of pore geometries and
surface charges on transport and selective properties. However,
the atomistic details on such properties remain insufficient. In
this work, we thus employed multiscale numerical simulations
to explore solution permeation through micro/nanopores with
various geometries and sizes in microscopic level. Advantages
and disadvantages of each pore shape on transport and selective
properties are also highlighted here.

To obtain a molecular insight into transport behaviours, we
employ MD simulations for sub-nanometre pores and finite ele-
ment (FE) model for microchannels. We performed MD simula-
tions on a sub-nanometre simplified model pore with a diameter
of 1.8 nm in a NaCl solution, since previous studies found that
the water flow start to exhibit a unique feature with this pore
diameter [6,28,29]. Furthermore, this pore dimension is as sim-
ilar as that of outer membrane protein channels (OMPs) which
control transport of nutrients and ions into the cell. With their
high selectivity, bio-inspired nanopores becomes of interest. Pore
dimension and surcharge charges with biomimetic patterns play
arole in such selectivity so the tailor-made properties are crucial
for biomimetic design of nanopores. Although most synthetic
nanopores (ie carbon nanotube and silicon nitride) are negatively
charged due to a fabrication condition, many previous studies
successfully display the feasibility of tuning their surface charges
and pore cavity to meet desired transport properties [30-33].
In this work, the hourglass-shaped (HG) pore dimension and
charge pattern of anion-selective OMP was initially used as a
template to construct a simplified HG pore. Other pore geome-
tries (CO and CY) were built based on a HG dimension (diam-
eters of 1.8 nm at the pore entrance/exit and ~1-1.1 nm at a
construction site for CO and HG). Moreover, both hydrophobic
and hydrophilic models are investigated here by MD simulations
to understand the effects of non-uniform charged on transport
properties. To gain macroscopic picture, the 10-, 100- and 1000-
fold larger pores are also studied here using computational fluid

dynamics (CFD). Only water behaviours in hydrophobic pores
were studied in CFD part. The water flow in these CFD models
is generated by setting an inlet water velocity. In our MD work,
we used an optimal condition of applying an external electric
field of 150 mV mimicking a transmembrane potential so as to
compare our results with biological pore activities.

2. Materials and methods
2.1. FE models

The 3D simulations of nanopore systems were conducted
using the commercial FE software ANSYS FLUENT (Faculty
of Engineering, Kasetsart University). The models are shown
in Figure 1. All models (HG, CY and CO) are constructed with
the dimension as seen in Table 1. Their thickness are 30, 300,
3000 nm. Each pore is connected to two reservoirs of pure water.
Since previous experimental studies observed the laminar flow
inside nanopores [5,17], we thus used this flow type with a
Newtonian fluid here.

The fluid properties (density = 998.2 kg/m® and viscosity =
1.003 x 10~ kg/m*s) were set. An entrance and exit of the analysis
domain were defined by inlet and outlet boundary conditions.
The low inlet velocity of 0.001 m/s was set and the outlet was
defined as outflow in FLUENT. The CFD models were discretised
using hexahedral mesh. A fine mesh was applied in the region of
the pore because of its small dimension. The region of the domain
far away from the pore was applied with coarse mesh.

Membrane
Pore

Fluid outlet
7 outflow

Fluid inlet
v=0.001 m/s

Figure 1. (Colour online) Geometry and boundary condition of the simulation
models.

Table 1. Dimensions of pores. Numbers (1-3) represent the positions on each model
where the diameters are measured (the location can be seen in Figure 1). The list of
numbers (10, 100, 1000) in each bracket is a set of scale factors telling the enlarge-
ment of pore diameter from the smallest nanopore (1.8 nm).

Diameter (nm)

Model 1 (10) Model 2 (100) Model 3 (1000)
Model 1 2 3 1 2 3 1 2 3
Cylindrical pore 18 180 1800
(cv) Volume: Volume:8.1x  Volume: 8.1 x 10° nm?
8100 nm? 106 nm3
Height: 32 nm Height: 320 nm Height: 3200 nm
Hourglass- 18 1 18 180 110 180 1800 1100 1800
shaped pore Volume: Volume:5.5%x  Volume: 5.5 x 10° nm?
(HG) 5500 nm? 10% nm3
Height: 32 nm Height: 320 nm Height: 3200 nm
Conical pore 18 14 10 180 140 100 1800 1400 1000
(CO) Volume: Volume: 4.6 x  Volume: 4.6 x 10° nm?
4600 nm? 106 nm3
Height: 29 nm Height: 290 nm Height: 2900 nm
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Figure 2. (Colour online) Three pore geometries used in this work. (A) is hourglass-shaped pore where (B) and (C) are cylinder and cone, respectively. The pore shapes are
represented by the blue beads, while the red dots (with the numbers 1-3) indicate the locations where the pore dimension is measured in each model.

Table 2. Dimensions of nanopores. Numbers (1-3) represent the positions on each
model where the diameters are measured (the location can be seen in Figure 1).

Diameter (nm)

Model 4 (1)
Model 1 2 3
Cylindrical pore (CY) 1.8
Volume: 8.1 nm3
Height: 3.2 nm
Hourglass-shaped pore (HG) 1.8 1.1 1.8
Volume: 5.5 nm3
Height: 3.2 nm
Conical pore (CO) 1.8 14 1.0
Volume: 4.6 nm3
Height: 2.9 nm

2.2. MD simulations

2.2.1. Model construction

Building upon earlier studies [34-37], all CY, HG and CO nan-
opores embedded in a toy membrane were constructed from
arrays of hydrophobic (methane-like) particles. Each model
comprises concentric rings of methane particles with a van der
Waals radius of 0.195 nm. All methane-like particles were har-
monically restrained to their initial position (with a force con-
stant k, = 10,000 kJ-mol":nm™) in order to preserve the pore
shape. The GROMOS force fields were used in this model. Using
this approach, the models were designed to mimic the dimen-
sion and size of anion-selective OMPs and makeable solid-state
nanopores. The pore dimensions for each system are shown in
Table 2. Two sets of charged and uncharged pores were set. For
hydrophilic or charged pores, total surface charges of +6e (+0.5¢
per particle) were assigned to given particles at the entrance,
exit and constriction site of each pore (all positions can be seen
as red dots in Figure 2. Each system contains a membrane with
embedded pore solvated by electrolyte solution of 1 M NaCl.
Counter-ions were added to neutralise the system. Each system
contains SPC water molecules of 16,456 in CY, 16,118 in CO
and 16,048 in HG.

2.2.2. Simulations protocols
For each system, a 5-ns equilibration of methane-like particles
restrained dynamics simulation was conducted with a force

constant of 1000 kJmol™' nm™. To mimic a transmembrane
potential, a constant external electric field of 0.05 V/nm (equiv-
alent to a potential of 150 mV across a membrane) perpendicular
to the membrane plane (z axis) was applied in all salt solution
systems. The 30-ns unrestrained MD production run were con-
ducted with a repeat (each system has a different randomised
velocity from a Maxwell distribution at the beginning of a simula-
tion). After a production run, the total energy of each simulation
was investigated to ensure a convergence of all simulations. All
results are an average from two simulations.

The simulations were performed using the GROMACS 4.5
simulation package (www.gromacs.org) [38] with an extended
united atom version of the GROMOS96 force field [39]. To relax
steric conflicts generated during set-up, all energy minimisations
used up to 1000 steps of steepest descent. Long-range electro-
static interactions were treated using the particle mesh Ewald
method [40] with a short range cut-off of 1 nm, a Fourier spacing
0f 0.12 nm and fourth-order spline interpolation. All simulations
were performed in the constant number of particles, pressure
and temperature ensemble. The temperature of membrane, sol-
vent and ions were each coupled separately using the Berendsen
thermostat [41] at 300 K with a coupling constant 7, = 0.1 ps. The
pressure was coupled using the Berendsen algorithm at 1 bar with
a coupling constant T, = 1 ps. The time step for integration was
2 fs. Coordinates were saved every 2 ps for subsequent analysis.

The results were analysed by GROMACS and locally written
code. Molecular graphic images were prepared using VMD [42].

3. Results and discussions

In biological systems, the protein channels (eg (OMPs)) are
highly selective. With an hourglass pore dimension and charged
pore-lining amino acids, they show high substrate-selective
properties. Since we are here interested in the effects of pore
geometry on transport properties, we initially constructed a
HG nanopore with the same dimension as substrate-selective
OMP’s (a diameter of ~1.1 nm at a constriction). Comparing
to solid-state experiments, conical and cylindrical pores were
able to be fabricated. Then, CO and CY pores were constructed
in this work based on the HG dimension. Not only nanopores,
but microscale pores are of our interest. The same set of pore
geometries and dimensions (with applied scaling factors of 10,
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Figure 3. (Colour online) Simulated velocity profiles for water during translocation through 18-nm-radius nanopores with different pore geometries (the whole membrane

is shown as a black band).

Table 3. Mean velocity and maximum velocities (max velocity) computed from FE
method for each pore shape. The mean velocity was computed along the pore axis
with standard deviations. Both sCO and ICO are conical pores, but they provide
different directions of permeant flow. sCO represents the tip-to-base flow, whereas
it is opposite for ICO. The list of numbers (10, 100, 1000) at the end of each abbrevi-
ation is a set of scale factors telling the enlargement of pore size from the smallest
nanopore (1.8 nm).

Max Max
Mean velocity velocity Mean velocity velocity

Model (m/s) (m/s) Model (m/s) (m/s)
Y10 100.90 £52.90 180.75 1CO10 22099+11957 4889
CY100 1.02+0.51 1.90 1CO100 1.74+1.16 4.45
CY1000 0.013 +0.004 0.019 1CO1000 0.021 +0.02 0.051
HG10 21830+ 1034 43633 sCO10 22149 +119.57 490.06
HG100 1.79 +1.06 434  sCO100 1.74+1.17 4.42
HG1000 0.022 +0.01 0.044 sCO1000 0.021 £0.012 0.051

100 and 1000) were then continued using. The FE method was
selected to explore dynamics of water in microchannels.

At the beginning, we employed FE calculation. In order to
reflect flow behaviours mainly affected by pore geometry, all
FE models are set uncharged. Only water flow in micropores
(18-1800 nm in diameter) is studied here. It was reported in pre-
vious studies that the continuum model is appropriate to investi-
gate transport properties through a pore with diameter >1.8 nm
[43,44] due to the fluctuation in measured flow velocity. With
the same pore geometries, sub-nanometre behaviours of water
and electrolyte ions inside each pore are instead investigated in
parallel by MD simulations.

To observe water behaviour inside various pores, the con-
tour maps showing velocity distribution are plotted. With dif-
ferent pore shapes, the water velocity is position-dependent.
The maximum water velocity is reached at the narrowest region
inside each tube. The fastest water flow is observed along the
cross-sectional centre of the pore in CY10 (180.75 m/s), the
orifices in both sCO10 (490 m/s) and 1CO10 (488.9 m/s) and
the mid of HG10 (436.3 m/s) (Figure 3 and Table 3). The cone
(CO) appears to promote the fastest water flow followed by an
hour glass-shaped (HG) pore, while a cylinder (CY) provides the

slowest (Table 3). When expanding pore size, the larger pores
(CY100, CY1000,1C0O100,1CO1000, sCO100, sCO1000, HG100
and HG1000) still display the same behaviours. The cylindrical
shape still generates the slowest water flow, while the cone causes
the fastest water speed due to the smallest constriction (Tables 2
and 3). The order of maximum water speed is CY < HG < CO.
Nonetheless, with constriction-containing geometries, both HG
and CO give similar mean velocities along a pore (~220 m/s for
CO10 and HG10, ~1.7 m/s for CO100 and HG100 and ~0.02 m/s
for CO1000 and HG1000 in Table 3). This finding highlights
the role of a constriction on controlling flow pattern inside a
pore. Apparently, HG and CO shapes enhance water velocities
leading to high water transport rate, while CY gives the slowest
velocity. Not only do our FE results agree well with previous
studies that HG and CO generate the faster water flow than CY
[12,18,19,45-47], but also suggest that CO maximises the water
flow velocity (Table 3). As a rule, the water velocity is propor-
tional to pore size. The smaller the pore is, the greater the water
velocity is obtained. When scaling up pore sizes, the magnitude
of flow is consequently increased by scale factors of 10, 100 and
1000, respectively (Table 3). Considering the velocity distribution
inside a pore, the water velocity gradually decreases and vanishes
near the pore surface in all cases due to the laminar flow set-up
(Figure 3). For symmetric HG and CY pores, the velocity dis-
tributions of water at their ends are similar (Figure 3). In case
of CO, it is interesting that the flow direction does not affect
water velocities. Either base-to-tip (1CO) or tip-to-base (sCO)
flow provides similar maximum water velocity of ~490 m/s at
the tip (orifice) (Table 3). This finding is also observed in larger
1CO and sCO pores (Figure S1 in supplemental information). So,
the orifice in CO appears to be important for flow rate control.

In case of sub-nanometre pores, we employed MD simu-
lations to explore their transport behaviours in atomic detail.
Both hydrophobic and anion-selective model pores mimicking
a dimension of anion-selective outer membrane protein are
investigated under the condition of 1 M NaCl solution and an
external electric field of 150 mV. Constant total energies of all



systems were observed to confirm the convergence of all simu-
lations (Figure S2 in supplementary information). In Figure 4,
the density profiles of all species (Na*, Cl” and water particles)
across the simulation box are computed. For hydrophobic pores,
even though none of ion and water density is detected in Figure
4(A), some water fluxes are present (Figure S3 in Supplementary
information). Too low water occupancy can be the bottleneck to
calculate correct density. Apparently, all hydrophobic pores can
conduct water with different degrees of permeability. The hydro-
phobic CY shows highest water flux, while the rest show similar
degrees of water fluxes (Figure S3 in Supplementary informa-
tion). These results agree well with previous well-known work by
Hummer et al. [48]. Unlike hydrophilic nanopores, none of ion
can translocate through all hydrophobic nanopores. This reflects
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the crucial role of pore-lining charges on ion transport in nano-
pores. Nonetheless, the water and ion flow in small and hydro-
phobic pores can be observed when high-pressure condition is
applied [12,13,18]. Compared to our work, the common cellu-
lar potential (150 mV) used here is not sufficient to trigger ion
transport through a tiny hydrophobic pore with radius of 0.9 nm.
Recently, the ion and water flow through a sub-10-nm nanopore
has been generated with no external electric field applied by a
presence of charged protein channels [49]. This experiment dis-
plays an importance of charged surface on solution permeation.
Furthermore, the charge density has also been reported to be
crucial for stable ion conductance [50]. In this study, the effects
of the charge surface on transport properties are also considered
where the non-uniform charge pattern of anion-selective OMP

A. uncharged pore B. positively charged pore C.4nm<z<8nm
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Figure 4. (Colour online) Water and ion density profiles across the simulation box are shown in (A) for uncharged and (B) for positively charged nanopores. The density
profiles of each species inside each charged pore are magnified in (C) (4 nm < z < 8 nm). The pore region is labelled as a blue band. The pore region is labelled as a blue
band. The dashed line in (C) represents the centre of each pore.
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was used as a template. When non-uniform charges are set, all
species appear to accumulate near the inlet mouth due to the
drag from applied electric field across the simulation box (Figure
4(A)). The pattern of Na* density at the entrance and exit of a
channel is similar to that of anions (CI~) due to electroneutral-
ity requirements. This pattern is also observed in the density of
whole ions (Figure S5 in Supplementary Information). Owning
to the anion-selective pore chloride is the major ions travelling
through the pore, so the pattern of whole ion density is domi-
nated by that of Cl". All ion appears to accumulate mostly at the
mid of all pores (Figure S5 in Supplementary Information). In
case of a water passage in charged pores, different pore geome-
tries conduct different degrees of water occupancy (Figure 4(C)).
The larger the pore, the more water inside. CY shows the highest
water density inside its pore due to the largest pore cavity. This
finding can be confirmed by the highest water flux in Figure 6.
The lowest water density is observed at the orifices of CO pores
(Figure 4(C)). Interestingly, even though the geometries of ICO
and sCO are identical, the water profiles inside them are different.
At the orifice, ICO displays higher water accumulation, unlike
sCO (Figure 4(C)). This can primarily imply the important role
of the flow direction on transport properties. Considering ion
density, due to anion-selective pore, the accumulation of Cl~ ions
is observed in all models (Figure 4(C)). Mostly, chloride ions are
found at the mid of all pores. Especially, the highest chloride
density observed in 1CO (Figure 4(C)) indicates the best envi-
ronment for chloride accumulation. Nonetheless, CY and 1CO
still allow the Na* uptake. Na* ions seem to equally disperse in
CY, but instead they get packed at the mid of ICO pore (Figure
4(C)). Such Na* accumulation is present despite the fact that
both CY and ICO are positively charged. This demonstrates that
surface charges inside both pores are insuflicient to reject Na*.
For sCO and HG, although the Na* density cannot be seen inside
a pore (Figure 4(A) and (C)), a permeation of small Na* portion

is observed. This finding will be discussed in the next section.
Interestingly, both 1CO and sCO share the same geometry, but
their transport behaviours are different. The tip-to-base flow
(sCO) makes a conical pore more chloride-selective. This finding
is roughly supported by the presence and absence of Na* density
in 1CO and sCO (Figure 4(A) and (C)) and smaller number of
Na* in sCO when compared to those of base-to-tip flow (1CO)
(Figure 5(C) and (D)). Even though a shortage of Na* ions is
observed after 25 ns in 1CO (Figure 5(C)), its number is retrieved
after 30 ns (see Figure S6 in Supplementary Information). Our
results highlight and capture the importance of flow direction on
transport properties in a conical pore. Considering ion selectiv-
ity, slightly larger number of Cl~ than Na* residing in CY indi-
cates weak anion-selective property (Figure 5(B)). Unlike CY,
very small number of interior Na* ions observed demonstrates
strong anion selectivity in hourglass and conical pores (Figure 5).
Approximately, ~3 Cl~ ions for HG and CO and ~4 ClI" ions for
a straight CY pore are found inside, whilst less than 2 Na* are
detected in each pore geometry except CY (Figure 5). The ratio of
Na*/Cl" inside can approximately reflect the degree of Cl~ selec-
tivity. The highest number of Na* found in Figure 5 illustrates the
poorest anion selectivity of CY. Comparing sCO and ICO, it is
interesting that ICO shows more Cl~ accumulation, but lower CI
selectivity. Entering the pore at the orifice side seems to clearly
enhance chloride selectivity. This finding implies a key role of
orifice on selectivity monitoring. Combining with FE results, we
emphasise that the orifice are crucial for controlling and moni-
toring a flow rate and importantly pore selectivity.

To better understand transport properties, the ion cumu-
lative flux is measured in Figure 6. With a positively charged
pore, Cl™ ions are a major charge carrier. When they move, they
also drag water molecules towards positive potential. Therefore,
the water flows to the same direction as Cl~ (from —E to +E in
Figure 6). Consequently, the direction of Na* flux is opposite.
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Figure 5. (Colour online) Number of sodium and chloride ions residing in each pore.
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The negative and positive signs of cumulative fluxes in Figure 6
have no physical meaning. They only represent a direction of
permeant flow along z-axis. Clearly, all nanopore geometries
activate the asymmetric ion flux owning to a non-uniform pos-
itively charged surface. Based on the cumulative flux in Figure 6,
the magnitude of fluxes for each species can be ranked here: (i)
CY > 1CO > HG~sCO for water flux; (ii) CY > HG~ICO > sCO
for CI ions; (iii) CY > ICO > HG~sCO for sodium. Figure 6
shows that the permeant translocation requires at least 3 ns to
occur in CY, whereas hourglass and conical pores take longer
time (~5 ns). It appears that the solution flux can be quickly
triggered in a straight pore. In general, the water flux through
nanopores is increased in most of pore types except CY. CY pro-
motes high and fast water flux at the beginning (~100 ps™' nm™
in Figure 6) before a near plateau in water flow develops. Large
number of water molecules gradually rush into CY pore and then
become nearly constant, while others are quickly filled by water
(Figure S$4 in supplementary information). The flow behaviour
observed in CY is in a good agreement with a previous study
where a constant water flow is observed [11]. The flat water flux
in CY demonstrates similar rate of forward and backward flows

of water. ICO can also promote high water flux at the end of
simulation although a minute flow of water is observed at the
beginning. Unlike CY, both water fluxes in HG and sCO are
linearly increased (Figure 6).

For ions, all pores allow the accumulation of cations with
various portions (Figure 5). The radial distribution functions of
ion-water contacts are in good agreement with previous nan-
opore studies (Figure S7 in supplementary information) [51].
The level of cation flow implies how anion-selective the pore is.
To better understand the flow behaviours, the cumulative fluxes
as a function of time were computed in Figure 6. Each flux was
measured per cubic nanometres. In Figure 6, the highest water
and ion conductance is observed in CY. CY allows similar ratio of
Cl™ and Na" translocations resulting in the least anion-selective
among all (Figure 6). Despite the fact that the accumulation of
Na* is observed in all pores, only HG and sCO can show the
rejection of cation transport (Figure 5(B) and (C), 6). Seemingly,
HG and sCO pores are the most chloride-selective. Comparing
HG and sCO behaviours, more water flux is observed in HG due
to higher CI” flux (7 ps™ nm™ for HG and 5 ps™ nm™ for sCO)
before getting the same level as sCO at the end of simulations
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(~80 ps~! nm™ in Figure 6). Higher Cl~ flux in HG implies the
rapid CI~ flow. These high selectivity and fast transport may
be one of the reasons why most of outer membrane proteins
have hourglass-like pore structure. Apart from pore shapes, the
detailed geometrical properties like pore radius, length and angle
are also found to be important for transport rate [12,13,20,25,43].
Especially, some previous studies show that different pore open-
ing angles activate different transport properties [12,18]. So, this
emphasises the necessity for finely tuning the geometry of nan-
opores for future nanopore technology.

Considering conical pores, it is interesting that entering
the pore from different ends can significantly alter transport
properties of a pore. Figure 6 clearly shows that the base-to-tip
flow (1CO) yields higher ion flow (eight ions in total) than the
tip-to-base one (sCO) (totally, five ions). This entrance effect is
also observed in a recent study [17]. The higher ion flow in ICO
includes both cation and anion, but the larger portion of anion
permeant makes ICO anion-selective. On the contrary, sCO
clearly inhibits the Na* permeation. Apparently, sCO is more
chloride-selective than 1CO (Figure 6). This finding clearly shows
the entrance effect on transport properties and ion selectivity is
not only a property of the system itself but is also connected to
the idea of directionality.

4. Conclusions

This work demonstrates the geometrical effects of pores on
transport properties in both micro- and nanoscale. In micro-
channels, even though CY provides a slow water flow, it can con-
duct the largest portion of water due to its largest and constant
cross-sectional area. This common property is also inherited in
CY nanopore. Furthermore, FE models show that a presence
of narrow region in HG and CO can significantly increase the
water velocities. This finding highlights a key role of the orifice
on controlling water flow rate. Both hydrophobic micro- and
nanopores show similar effects of pore geometries on a water
passage. The fast water transport can be reached using pores
with a constriction (HG and CO), while CY is suitable for mass
transport. In case of selectivity, it can be explained by our atom-
istic MD work. The MD results reveal that HG and CO nano-
pores promote more jon selectivity than CY. We also highlight
a role of non-uniform surface charges on enhanced transport
properties. The presence of non-uniform surface charges also
helps to improve ion selectivity. Furthermore, the water flux is
reduced in the presence of conical entrance/exit. HG and sCO
successfully promote the rejection of cation translocation. HG
and sCO show similar degrees of water and ion flux as well as
ion selectivity. The hourglass geometry is commonly found in
pore-forming membrane proteins. The high selectivity of HG
observed here help to explain why most of membrane proteins
have the hourglass pore geometry. CY appears to be improper
for cellular transport activity due to massive fluxes of water and
ions and importantly less selectivity. Besides, our results reveal
a key role of the entrance on transport properties and ion selec-
tivity. Interestingly, sCO and ICO give us clear evidence that
the flow direction through an asymmetric pore determines the
selectivity of nanopores. The tip-to-base flow (sCO) does not
only show very strong ion selectivity, but also promote asym-
metric ion flow which can lead to an enhancement of ICR. In

general, both HG and sCO serve as an excellent molecular sieve,
but the fabrication of HG solid-state nanopore with desired size
appears to be difficult and complex. A high-resolution drilling
technique is required. Generally, focused ion beam and focused
electron beam drilling methods are used to fabricate nanopores,
but the limited beam diameter is a major bottleneck to make a
sub-nanometre pore [52]. Due to a reduction of beam strength
when passing through a media, the drilling process commonly
generates a conical pore with diameter >10 nm [53]. To obtain
sub-5-nm pore, various assistant approaches (ie the adoption
of a dedicated focused ion beam nanowriter [54]) are required.
Currently, making a complex geometry like HG in atomic scale
appears to be too difficult. Therefore, many studies focus on uti-
lising conical nanopore. Our results obviously show that HG and
CO with the same diameter at mouth and end provide similar ion
selectivity and solution fluxes, but the degree of solute selectivity
of CO is flow direction-dependent. However, we only investi-
gated pore geometries with the same pore diameter here. None
of other dimensional factors is involved. Many previous studies
are devoted to explore effects of cone angle, pore length and
diameter size on transport properties, but no work can define the
best pore dimension on solution transport. Our study explains
effects of pore shapes on transport properties at a fundamental
level. More advanced insight into pore properties on the trans-
port ability is still needed.
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Porins are water-filled protein channels across the outer membrane of gram-negative bacteria. They
facilitate the uptake of nutrients and essential ions. Solutes are filtered by a constriction loop L3 at
the mid of a pore. Porins are heat-stable and resistant to toxic agents and detergents. Most porins are
trimer, but no clear explanation why trimeric form is preferable. In this work, we thus studied effects
of oligomerization on porin structure and function in microscopic detail. A well-studied OmpF (general
porin from Escherichia coli) and well-characterised OprP (phosphate-specific pore from Pseudomonas
aeruginosa) are used as samples from 2 types of porins found in gram-negative bacteria. MD simulations
of trimeric and monomeric pores in pure water and 1M NaCl solution were performed. With a salt
solution, the external electric field was applied to mimic a transmembrane potential. Expectedly, OprP
is more stable than OmpF. Interestingly, being a monomer turns OmpF into an anion-selective pore. The
dislocation of D113’s side chain on L3 in OmpF causes the disruption of cation pathway resulting in the
reduction of cation influx. In contrast, OprP’s structure and function are less dependent on oligomeric
states. Both monomeric and trimeric OprP can maintain their anion selectivity. Our findings suggest that
trimerization is crucial for both structure and function of general porin OmpF, whereas being trimer in
substrate-specific channel OprP supports a pore function.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Porins are water-filled, pore-forming protein channels across
the outer membrane of gram-negative bacteria. They allow dif-
fusion of nutrients and metabolites across outer membrane with
various grades of selectivity [1-3]. Especially, porins also serve as
an entryway for many antibiotics [4-7]. Porins can roughly be clas-
sified as general and substrate-specific pores. General porins (e.g.
OmpC and OmpF) filter solutes based on their molecular size, while
substrate-specific porins, such as OprP, have specific binding site for
certain molecules [8]. Generally, porins have a (3-barrel structure
connected with extracellular loops and intracellular turns. Most of
them have the extracellular loop L3 (constriction loop) folds back
into the (3-barrel lumen creating a constriction region.

Abbreviations: OprP, outer membrane protein P; OmpF, outer membrane protein
F; MD, molecular dynamics.
* Corresponding author. Fax: +66 2579 3955.
E-mail addresses: fsciprpo@ku.ac.th, ppongprayoon@yahoo.com
(P. Pongprayoon).

http://dx.doi.org/10.1016/j.jmgm.2016.02.002
1093-3263/© 2016 Elsevier Inc. All rights reserved.

Most porins are homotrimers (e.g. OmpF [9], OmpC [10], OprP
[11], and PhoE [12]) and some exist as a monomer such as OccD1
[13], OmpG [14], and NanC [15]. The previous studies found that
the multimerization was important for function and structure in
soluble proteins. The oligomerization gives shape to active sites,
increases affinity of protein complexes for ligand binding, and pro-
motes protein stability [16,17]. However, present understanding of
protein oligomerization is mostly originated from studies of sol-
uble proteins. It is unclear whether the same principles can be
applied to membrane proteins, especially porins. In a single porin,
the oligomerization was found to be not a requirement for stability
and membrane insertion [ 18], whereas the role of multimerization
in a triplet-pore porin remains unclear. To better understand the
significance of being trimer, in this study, an example of general
porins, OmpF, and substrate-specific pores, OprP, were studied in
comparison. Both are from different groups of porins and adequate
details on structure and function are available. The study of both
porins will help us better understand the nature of most trimeric
porins.

OmpF is a well-studied porin prevalently found in Escherichia
coli (E. coli). It consists of 16 antiparallel 3-strands connected by
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Constriction loop

Latching loop

Fig. 1. Trimeric porins (A) OprP (B) OmpF. The locations of key loops are shown in cross-section and top views.

turns at the periplasmic side and loops at the extracellular side
[9,19-23]. Like other OMPs, it has an extracellular loop (L3) folded
into the lumen in each monomer acting as a molecular filter (Fig. 1).
Besides, there is the so-called latching loop (L2) reaching over to
the neighbouring monomers to stabilize a trimeric form (Fig. 1B).
OmpF is defined as a general or non-specific porin even though
it is slightly cation-selective. Despite the observed trimeric form
of OmpF, dimeric and monomeric states have also been observed
experimentally [8,24-26]. Dimer was found to act as an interme-
diate in trimerization [24]. Moreover, key residues that are crucial
for protein-protein interaction interface were also identified [8].

OprP from Pseudomonas aeruginosa (P. aeruginosa) is a well-
characterised phosphate-selective homotrimeric pore. OprP plays
a key role in high-affinity phosphate uptake under the condition
of phosphate starvation. In an absence of phosphate, OprP can
also conduct common anions. Each pore adopts 16 antiparallel -
strands lined by three positively charged loops (L3, L5, and T7)
folded into its lumen (Fig. 1A). These folded loops create an arginine
ladder and lysine cluster which are the key features for phosphate
selectivity. Unlike other porins, OprP has an extended periplasmic
‘tricon-like’ end that is involved in stabilizing trimer [11]. Due to its
high selectivity for phosphate, almost all OprP studies are devoted
to phosphate selectivity and translocation mechanism [27-31]. No
previous work emphasizes the role of oligomerization on structural
and functional properties.

In this study, Molecular dynamics (MD) simulations were per-
formed to explore the effect of oligomerization state on structure
and function in microscopic level. MD simulations have been
widely used in many earlier studies to investigate the dynamic
properties of OmpF. Studies of trimeric OmpF revealed deviations
of dynamical structure relative to the crystal structure. They also
showed that L3 flexibility affected a change in pore cavity [32,33].
MD simulations were also successfully used to observe behaviour
and solute (such as antibiotics) passage through OmpF in com-
parison with experiments [2,33-37]. MD simulations were also
conducted to reveal a mechanism of phosphate transport by OprP
[29-31]. In this study, we then used MD simulations to reveal
the importance of being trimer in OmpF and OprP. To generate
an ion flow, we apply the external electric field across a mem-
brane. Recently, MD simulations with applied external electric field

Table 1
8 systems set up in this study.
Name Condition Time (ns)
Pure water (MD) 1M NaCl (1 M)
TF Trimeric OmpF Trimeric OmpF 30
MF Monomeric OmpF Monomeric OmpF 30
TP Trimeric OprP Trimeric OprP 30
MP Monomeric OprP Monomeric OprP 30

become a popular tool for studying ion channels [38-40]. Despite
concerns about a degree of artificiality, recent studies have been
shown that a constant external electric field is a valid representa-
tion of the influence of an electromotive force, exerted by a voltage
difference [38,41]. Despite the fact that OprP is phosphate-specific,
only a common salt (NaCl) was used in this study so as to com-
pare results with general OmpF pores. Understanding structural
and functional properties affected by different oligomeric states
here can facilitate further studies on the structural biology of outer
membrane proteins (OMPs) and the development of nanopore
technology.

2. Method
2.1. Molecular dynamics simulations

The trimeric OprP (PDB ID: 204 V) and OmpF (PDB ID: 20MF)
crystal structures consisting of 411 and 340 amino acids in each
monomer respectively were downloaded from the Protein Data
Bank (www.rcsb.org). The protonation states of all charged amino
acids were set at physiological pH. To study the effects of oligomeric
states on structure and function, trimeric and monomeric systems
of both OmpF and OprP in electrolyte solution (1 M NaCl) and pure
water were set. There were 8 simulations performed as seen in
Table 1 TF stands for a trimeric OmpF and TP is a trimeric OprP.
TF1-TF3 represent OmpF monomer 1-3 and TP1-TP3 are OprP
monomer 1-3. MP and MF are for stand-alone OprP and OmpF,
respectively.

Each system was embedded in a pre-equilibrated dimyristoyl-
phosphatidylcholine (DMPC) bilayer (pre-equilibrated by running
a2 ns simulation). The solvent-accessible molecular surface of both
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OmpC and OmpF were used as templates to remove lipids and
perform short steered MD simulations of the solvated proteins as
described in detail by Faraldo-Gomez et al.[42]. This generated a
cavity into which proteins were inserted. Water and counter ions
were then added into each system. lons were randomly added by
replacing water molecules. For each system, a 3 ns equilibration
of protein restrained dynamics simulation was conducted with a
force constant of 1000 k] mol~! nm~2. To mimic a transmembrane
potential, a constant external electric field of 0.05V/nm (equiva-
lent to a potential of 150 mV across a membrane) perpendicular to
the membrane plane (z axis) was applied in all salt solution sys-
tems. The 30 ns unrestrained MD production run were conducted.
All monomeric simulations were run with a repeat (each system
has a different randomized velocity from a Maxwell distribution
at the beginning of a simulation). After a production run, the total
energy of each simulation was investigated to ensure a convergence
of all simulations. All results from trimeric systems are an average
among three monomers, while those of monomeric system are an
average between 2 replicas.

All simulations were performed using the GROMACS 4.5 simu-
lation package (www.gromacs.org) [43] with an extended united
atom version of the GROMOS96 forcefield [44]. To relax steric
conflicts generated during setup, all energy minimizations used
up to 1000 steps of steepest descent. Long-range electrostatic
interactions were treated using the particle mesh Ewald (PME)
method [45] with a short range cutoff of 1nm, a Fourier spacing
of 0.12 nm, and fourth-order spline interpolation. All simulations
were performed in the constant number of particles, pressure,
and temperature (NPT) ensemble. The temperature of the pro-
tein, DMPC, solvent, and ions were each coupled separately using
the Berendsen thermostat [46] at 300K with a coupling constant
7¢=0.1 ps. The pressure was coupled using the Berendsen algorithm
at 1 bar with a coupling constant tp =1 ps. The time step for inte-
gration was 2 fs. Coordinates were saved every 2 ps for subsequent
analysis.

The results were analysed by GROMACS and locally written
code. Molecular graphic images were prepared using VMD [47].

3. Results and discussions

Overall, the RMSDs, calculated on alpha carbon, demonstrate
that trimeric OMPs are apparently more stable than stand-alone
pores (Fig. 2). Considering monomeric OmpF (MF), a protein
shows high structural flexibility in both pure water and salt solu-
tion (all-atom RMSDs ~ 0.4 nm). This implies the instability of MF
framework. For loop regions, most loops behave similarly to those
of trimer. L1 appears to be the most fluctuated loop, while the
motion of L8 is quite random. However, the constriction loop L3 of
MF becomes more mobile in salt solution. Like MF, the monomeric
OprP (MP) are less stable in pure water especially barrel structure
(Fig. 2C). Most loops are quiet inside a pore, however the high flex-
ible L5 and L8 are observed. On the other hand, the flexibility of
MP is dramatically reduced in the presence of salt solution and
applied potential (Fig. 2D). L5, L7, and L8 are quite flexible. Under
the nature-like environment, OprP appears to be tough enough
to survive solely in membrane. Furthermore, Principle Compo-
nent Analysis (PCA) is also applied to probe a major motion of
all proteins. The results from the first eigenvector confirm that
stand-alone pores are more mobile than triplet pores (Fig.S1 in Sup-
plementary information), but a single pore becomes less fluctuated
in salt water.

Considering interactions inside proteins, a number of hydrogen
bonds were calculated in Table 2. Overall, within a monomer, each
TF pore can roughly form ~280 hydrogen bonds and TP has ~345
hydrogen bonds. OprP in both forms (TP and MP) are stabilized

Table 2

Number of hydrogen bonds occurring between L3 and protein, within each
monomer, and tricon-like region. * Hydrogen bonds are computed from a triplet sys-
tem. The data in a bracket are differences in a number of hydrogen bonds between
a system of whole triplet protein (TF and TP) and a sum of 3 single monomers in a
trimeric system (TF1+TF2 +TF3 and TP1 +TP2 + TP3).

No. of hydrogen bonds OmpF OprP

MD ™M MD M
L3-protein (MF/MP) 16 20 28 29
L3-protein (TF1/TP1) 20 18 25 24
L3-protein (TF2/TP2) 20 23 26 25
L3-protein (TF3/TP3) 20 19 26 26
Monomer(MF/MP) 277 281 346 347
Monomer1(TF1/TP1) 277 281 339 340
Monomer2(TF2/TP2) 284 283 344 348
Monomer3(TF3/TP3) 275 282 348 346
3 Monomers* 879(+43) 884(+38) 1093(+62) 1091(+58)
Tricon-like end 21 24

by similar number of hydrogen bonds, while a salt solution causes
more hydrogen bonds in OmpF. Overall, the trimerization creates
extra ~40 hydrogen bonds in TF and ~60 hydrogen bonds in TP
at protein interfaces (Table 2). Interestingly, one third of interface
hydrogen bonds (~22 hydrogen bonds) in TP are from a tricon-
like region. The low RMSDs of this region in TP also suggest that
being trimer can stabilise and make a rigid tricon-like region (low
RMSDs of ~0.1 nm in Fig. 5A). On the contrary, a tricon-like motif
is very fluctuated in MP (Fig. 5A). The instability of a tricon-like
end observed in monomeric OprP may serve as one of the factors
that drive an oligomerization in OprP. The results here reflect not
only the tighter packing and more stable structure of OprP, but also
an important role of tricon-like end in trimeric assembly. Consid-
ering a pore interior, L3 appears to stay clam inside a pore (~20
L3-protein hydrogen bonds in TF and ~25 hydrogen bonds in TP)
although a number of hydrogen bonds found in a salt solution are
slightly deviated. With 28-29 hydrogen bonds, L3 seems to bind
to a protein wall more tightly in MP, while L3 in MF seems to be
varied (16 hydrogen bonds in MF (MD) and 20 bonds in MF (1 M)).
This confirms the more stable structure of OprP than OmpF. Appar-
ently, the interaction network in OmpF seems to be sensitive to a
salt solution, whereas OprP is more resistant.

Furthermore, the average pore cavities of both porins are mea-
sured in Fig. 3. Both OmpF and OprP have small pore sizes ranging
from ~0.2-0.3 nm (Fig. 3). For OmpF, TF in both pure water and salt
solution show similar pattern where one of them gives the smallest
pore and the rest have comparable pore sizes. TF3 in pure water and
TF1 in salt solution provide the smallest pore size (~0.2 nm), while
the rest have similar pore cavities of ~0.25 nm. This can confirm
that each monomer behaves independently as found in previous
study [33]. For all OprP, MP promotes the smallest pore in both salt
and pure water system (~0.2 nm). A pore cavity appears to be var-
ied at the periplasmic end, especially in pure water. Besides, both
proteins have the hourglass pore shapes, but OprP provides much
narrower pore cavity along a protein axis. OmpF gives quite large
chambers at both extracellular and periplasmic mouths. Too large
room in OmpF can blind solutes. Moving diffusively inside those
areas results in low pore selectivity. In contrast, a narrow region in
OprP permits the direct contacts with pore-lining residues so the
efficient mechanism of solute selectivity can take place. The pore
shape and size can primarily tell different degrees of solute selectiv-
ity between both porins. Due to large entrance and exit in OmpF, the
constriction site appears to be the only barrier that screens incom-
ing guests. Although the size of an extracellular mouth in OprP is
similar to that of OmpF (Fig. 3), a pore-lining arginine ladder allows
an accumulation of anionic solutes at an entrance. The narrow tun-
nel from a constriction site to a periplasmic end permit OprP to
efficiently monitor and screen solute permeation.
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Fig. 2. RMSDs of OmpF and OprP.

To make a clearer picture, a set of cumulative ion fluxes is com-
puted (Fig. 4). Fig. 4 clearly displays the highly anion-selective
properties of both TP and MP. The sodium conductance is com-
pletely blocked (Fig. 4B). MP appears to accept more anion influx.
Comparing with TP, MP has narrower constriction site, but the
wider entrance permits an accumulation of anions (Fig. 3). Con-
sequently, this anion accumulation drives more chlorides to dive
down a concentration gradient. Our finding demonstrates that the
anion selectivity in OprP is oligomeric-state independent. Both TP
and MP can maintain their strong electropositive properties inside
a pore (see Fig. S2 in Supplementary information for contour maps

of electrostatic potentials). Unlike OprP, OmpF allows both cation
and anion flows, but a little larger cation influx causes TF become
slightly selective for cations. This finding also agrees well with
previous studies [21,49-51]. Surprisingly, Na* flux is dramatically
reduced in monomeric OmpF (Fig. 4A). Being a OmpF monomer
significantly alters the electrostatic potential of a pore (Fig. S2
in Supplementary information). MF unexpectedly loses its innate
selectivity by turning into an anion-selective pore. The trimeric
assembly appears to play a significant role in structure and func-
tion of OmpF. To observe a change in ion selectivity, the locations
of key residues in a constriction area of OmpF are investigated.
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Fig.4. Average cumulative fluxes recording the indices of translocating sodium and
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In a constriction site, a set of arginine patch (R42, R82, R132) and
2 negatively charged residues (D113 and E117) are found to gen-
erate an electrostatic field that control a solute passage (Fig. 5G).
Two well-separated pathways for cations and anions were reported

in previous studies [21,52]. An arginine patch was found to facil-
itate an anion passage, while an opposite site is for cations. For
both trimeric and monomeric OmpF, the z positions of all arginine’s
side chains are preserved. The quanidinium groups of all arginines
point upward to an extracellular side (Fig. 5B-E). With these pre-
served positions, both MF and TF can maintain similar degree of
anion uptake (Fig. 4A). E117 at the tip of L3 also behaves in the
same manner as arginines. In contrast, D113 of MF instead points
down to a periplasmic chamber. This severely interrupts an electro-
static field at a constriction site resulting in the serious reduction
in cation influx found in Fig. 4A. Being a monomer causes OmpF
more structural fluctuation and importantly the malfunction. This
also confirms a vital role of trimeric state on structure and function
of OmpF.

4. Conclusions

Overall, our findings clearly indicate that a general porin, OmpF,
is much less stable than substrate-specific OprP. Even though being
a monomer results in more overall structural fluctuation in both
porins, OprP can efficiently preserve its anion selectivity. Espe-
cially, MP’s structure becomes as stable as TF under a salt condition.
This implies the possibility of MP existence in reality. Oppositely,
OmpF appears to be dependent on oligomeric states. With the
increased structural flexibility and malfunction, the stand-alone
OmpF does not seem to benefit a bacterial cell. Having such pores
can harm a cellular function. Clearly, the multimerization promotes
more structural stability in both porins. Being a triplet pore defi-
nitely helps OmpF enhance a structural stability and importantly
support a pore function. In case of OprP, since OprP seems to be
strong enough to survive as a single pore, improving structural
stability may not be a major goal for trimerization. Based on our
findings, substrate-specific porin like OprP definitely more sta-
ble and tougher than general porins (OmpF) and importantly a
substrate-specific pore can function efficiently even in a stand-
alone form. Therefore, containing a lot of substrate-specific porins
allow bacteria to thrive in nutrient-poor and extreme environment.
Nonetheless, this study only focuses on a transport of common
ions. The effects of oligomerization on phosphate specificity and
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Fig.5. (A)C-alpha RMSDs of tricon-like region (left) and a cartoon view of OprP showing a tricon-like region (right). (B)-(F) are z positions of functional groups of key residues
(guandininium carbons of R42, R82, R132 and carboxylic carbons of D113 and E117) lining a constriction site. (G) is a cartoon view showing locations of key residues in a

constriction area.

selectivity will be further work. This study is just a primary step to
better understand the nature of porins and gram-negative bacte-
ria. Other major topics such as how the regulatory network allows
these porins to be expressed when needed or how they adapt
themselves under the condition of drug resistance remain widely
open.
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Introduction

The level of blood glucose is a traditional indicator for
diabetes diagnosis and treatment. To track diabetes pro-
gression, the levels of blood sugar and the percentage of
glycated hemoglobin (HbAlc) are commonly measured.
However, accurate analysis of HbAlc is costly, requires
sizeable equipment, and is not suitable for short-term
data analysis due to its long lifespan (120 days). Besides,
the HbA1C percentage is unreliable in patients with
aberrant red blood cells or kidney/liver disease (Inaba
et al.,, 2007). To improve the diagnostic accuracy and
precision, new protein indicators based on early stage
glycation products are needed. Recently, human serum
albumin (HSA) has been receiving increasing attention
because of its shorter half-life (12-21 days). In addition,
the concentration of glycated human serum albumin
(GHSA) can be measured directly by a number of meth-
ods. In particular, GHSA was found to be a better glyce-
mic indicator than HbAlc in diabetic patients with a
kidney disorder (Inaba et al., 2007).

HSA is a protein with a heart-like shape and is com-
posed of 585 amino acid residues and 3 domains (I, II,
and IIl); each domain is subdivided into 2 subdomains
(A and B) (Figure 1(A)). It is the most abundant protein
in blood plasma and serves as a nutrient and drug carrier.
HSA contains two drug-binding sites [Sudlow sites I
(warfarin-azapropazone-binding site) and II (indole-ben-
zodiazepine-binding site)] as shown in Figure 1(A). In
earlier studies, various researchers suggested many gly-
cation sites on HSA (K12, K51, K93, K159, K199,
K205, K233, K276, K281, K286, K378, K414, K439,
K525, K538, and K545) (Barnaby, Cerny, Clarke, &
Hage, 2011; Wa, Cerny, Clarke, & Hage, 2007). GHSA
was found to have low ligand-binding capacity and
properties that differ from those of normal HSA (Lim,

Cheng, & Yang, 2007). The level of GHSA in patients
with diabetes was found to be two- to five-fold higher
than that in healthy people (Paroni et al., 2007). Thus,
GHSA can serve as a marker of diabetes. Many
methods [e.g. enzymatic assays, high-performance liquid
chromatography, and enzyme-linked immunoassays
(ELISAs)] were tested to precisely quantify GHSA. One
of the promising and advanced methods is an aptamer-
based sensor.

An aptamer is a single-stranded oligonucleotide
(DNA or RNA) with the length < 100 nucleotides. It has
strong binding affinity and selectivity for specific targets.
On the basis of their high selectivity, aptamers are
widely used in many applications as a target-specific
marker or aptasensor (Kaida et al., 2013; Yunn et al.,
2015). These site-selective aptamers can serve as a diag-
nostic or theranostic tool. Recently, we experimentally
identified some DNA aptamers that can bind apo HSA
and GHSA using systematic evolution of ligands by
exponential enrichment (SELEX) (Apiwat et al., 2016).
This protocol has been widely used for screening of vari-
ous single-stranded DNAs or RNAs against a target of
interest. By means of SELEX, 17 aptamers were selected
and characterized in our recent study (Apiwat et al.,
2016). Due to the lowest free energy (—4.08 kcal/mol)
and K4 of 5.78 uM, a 23-nucleotide aptamer was chosen
in that study for further binding analysis. Nevertheless,
this aptamer was experimentally found to bind both apo
and glycated HSA, but GHSA was more preferable. No
clear atomic-scale evidence was obtained regarding why
the above oligonucleotides prefer apo HSA and GHSA.
Knowledge about the orientation and location of the
aptamer and albumin during binding at the atomic level
should advance the understanding of the HSA-—aptamer
binding mechanism. This insight will help to identify
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Figure 1. (A) HSA structure and (B) Two glucose conformations (left is a pyranose (closed) form (GLC) and open-chain glucose
(GLO) is shown on the right). (C) Represents myristic acid (FA)-bound HSA where the structure of myristic acid is shown in (D).
The sets of distances between H510 and V116 (their locations are shown as red dots in (C)) and protein and DNA are shown in (E)

and (F), respectively.

key features for future aptasensor development
(especially for diabetes screening and monitoring).

To obtain an atomic-scale picture, we employed
Molecular Dynamics (MD) simulations to visualize
progression of the aptamer—protein binding. Recently, the
crystal structure of GHSA was solved (Wang et al.,
2013). To determine the protein-binding affinity of an
aptamer, we conducted MD simulations of an aptamer
(the 23-nucleotide aptamer from our previous work) with
3 possible forms of HSA: normal HSA (Apo), fully fatty
acid (myristic acid)-bound HSA (FA), and GHSA and
then compared these data (Figure 1). We aimed to under-
stand the binding mechanism of the aptamer and to
reveal the key interactions and aptamer characteristics
that are important for specific GHSA binding. Not only
does this study provide a primary tool for elucidation of

a mechanism of aptamer binding but also offers some
guidelines for future development of more GHSA-
specific aptamers.

Methods
Preparation of DNA structure

The three-dimensional structure of the 23-nucleotide
aptamer (5'-TGCGGTTGTAGTACTCGTGGCCG-3")
was created by means of 3D-DART. This nucleotide
chain contains two adenines (A), five cytosines (C), nine
guanines (G), and seven thymines (T). The structure was
parameterized using AMBER99SB force field. The DNA
aptamer was solvated in water with counterions. This
DNA system was equilibrated for 10 ns, followed by a
50-ns production run (details of the conditions used are
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shown in the Simulation protocols section below). Root
mean square deviations (RMSDs) of P atoms in the
DNA backbone were calculated to track changes in
DNA conformation. After 25 ns, a reduction in RMSDs
was observed. This result is indicative of a less mobile
and more packed DNA structure (Figure S1 in Supple-
mentary Information). The final snapshot was used for
our further analysis of DNA-protein binding due to its
less fluctuating conformation and the presence of a hair-
pin-like loop at the 5’ end. This loop is similar to a
recently published conformation observed experimentally
(Apiwat et al., 2016).

Preparation of a DNA-HSA complex

The three crystal structures — Apo, FA, and GHSA (Pro-
tein Data Bank [PDB] IDs: 1E78, 1E7G, and 4IW2) —
were downloaded from www.rcsb.org. The protonation
states of all charged amino acid residues were set at
physiological pH. The Adaptive Poisson—Boltzmann
Solver (APBS) was used to calculate an overall electro-
static potential of HSA. The calculations were run
locally for all molecules. Charges on a protein that were
generated by PDB2PQR were used as input for APBS.
The dielectric constants of 2 and 78.5 were chosen for
the protein and solvent, respectively. The contact surface
selection was mapped by means of a radius of 0.14 nm.
The ion accessibility surface was defined with the probe
radius of 0.2 nm. To examine DNA binding for all mole-
cules, we had three systems: (1) Apo HSA-DNA (Apo)
(2) fatty-acid-bound HSA-DNA (FA), and (3) glucose-
bound HSA-DNA (GHSA). For each system, the apta-
mer with the same orientation (the 50-ns snapshot) was
manually placed at the back of an HSA structure (at least
5 nm away from the center of mass of a protein to pre-
vent the aptamer from seeing a protein at the beginning).
The location of the aptamer was assigned based on the
position of a large electropositive region on the protein
surface obtained from APBS calculations (Figure 3, but
the overall views of electrostatic potentials can be seen
in Figure S2 in Supplementary Information).

Simulation protocols

All simulations were performed in the GROMACS
454 simulation package (www.gromacs.org) with
AMBER99SB force field. Each structure was placed in a
cubic simulation box solvating with water and counteri-
ons. To relax the steric conflicts generated during the
setup, all energy minimizations involved up to 1000
steps of the steepest descent. Long-range electrostatic
interactions were analyzed using the particle mesh Ewald
method with a short range cutoff of 1 nm, Fourier spac-
ing of 0.12 nm, and fourth-order spline interpolation. All
simulations were carried out with the constant number of

particles, pressure, and temperature (NPT ensemble). The
temperatures of the protein, solvent, and ions were each
coupled separately using the v-rescale thermostat at
300 K with the coupling constant 7, = 0.1 ps. The pres-
sure was coupled using the Berendsen algorithm at 1 bar
with the coupling constant 7, = 1 ps. The time step for
integration was 2 fs. Coordinates were saved every 2 ps
for subsequent analysis. The 10-ns equilibration runs
were performed and followed by 50-ns production runs.
Each system was run twice (1 and 2 represent simula-
tions 1 and 2). All the results provided here represent
average values from the two simulations. The data were
analyzed by means of GROMACS and our own custom
code. Molecular graphic images were prepared in VMD.
C-alpha RMSD and RMSF calculations were computed
using an initial structure from each production run as a
reference. Principle component analysis (PCA) was con-
ducted with default ‘g covar; and ‘g anaeig; options in
GROMACS. Only the first eigenvector was used to ana-
lyze the major protein motions in all cases.

Results and discussion

At the beginning, the convergence of all systems was
verified. The total MD energies were measured. In addi-
tion, other studies showed that the insignificant change
in binding energies can reflect the convergence of sys-
tems (Su & Johnson, 2016; Su, Tsai, Mehboob, Hevener,
& Johnson, 2015). We therefore measured a change in
the binding energy using APBS calculations. The con-
stant total energies and insignificantly fluctuating APBS
binding energies observed in all the systems can ensure
convergence of our simulations (see Figure S3 in
Supplementary Information for energy plots). Moreover,
other studies on DNA binding involved a <50-ns time-
scale to successfully explore DNA-protein binding
events of even more complex DNA structures (Babin,
Wang, Rose, & Sagui, 2013; Wheatley, Pieniazek,
Mukerji, & Beveridge, 2012). This observation indicates
that the simulation time of 50 ns is still sufficient to
examine biological phenomena even though longer simu-
lation time can make investigators more confident in the
data. This work is an extension of our recent empirical
study (Apiwat et al., 2016). Major findings here agree
well with those experiments. The aim of the present
study was to explain an aptamer—-HSA binding event at
the atomic level to improve aptamer specificity for future
aptasensor design.

Overall, the C-alpha RMSDs and RMSFs of all three
proteins showed a similar degree of structural flexibility,
but the GHSA structure had somewhat higher flexibility
due to slightly higher RMSDs and RMSFs (Figure S4 in
Supplementary Information). To examine a domain
motion, the distances between H510 and V116 at the
interface between domains I and III were measured in all
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cases (Figure 1(E)). The different distances between
H510 and V116 in each simulation confirmed the
previous finding that the presence of a bound ligand
causes displacement of domains I and III (Pongprayoon
& Gleeson, 2014; Awang et al., 2016). Especially, two
glucose molecules in Sudlow site I make domains I and
II very close to each other (Figure 1(E)).

Additionally, to obtain a dynamic picture, PCA was
performed on C-alpha atoms in all cases. This analysis
revealed that the first eigenvector accounts for the major-
ity of motions in most systems, and there are some indi-
cations that a second eigenvector also plays a role (see
Figure S5 in Supplementary Information). To make a
comparison, only the dynamic motions obtained for the
first eigenvector were studied here. In Figure 2, the
RWB color format represents time-dependent structure
motions for each system, where an initial conformation
is in red and the final one is colored in blue. PCA indi-
cates that domain I and subdomain IIIB are the most
mobile regions (Figure 2). To facilitate visualization,
only highly flexible regions are shown in Figure 2, but
the conformational changes in the whole protein can be
seen in Figure S6 in the Supplementary Information. If
we examine the domain motion, subdomain IIIB and
domain I in Apo move apart, and a scissor-like motion
in FA is visible well (Figure 2). These motions are in
good agreement with the results of other studies. If we
compare motions of DNA-bound proteins with move-
ments of the unbound versions from other studies, the
directions of domain motion observed here are similar to
those of proteins without bound DNA (Pongprayoon &
Gleeson, 2014). This finding implies that the presence of
bound DNA does not interfere with overall protein

dynamics in all cases. Additionally, for GHSA, the
inward movement of both domain I and subdomain IIIB
in Figure 2 results in the shortest H510-V116 distance
observed in Figure 1(E), whereas the longest observed
distance in Apo is explained by the separation of
domains I and III (Figures 1(E) and 2). The inward
motion of GHSA observed here is in good agreement
with the data from one study (Apiwat et al., 2016).

The two bound sugars packed inside Sudlow site I
cause domain I and subdomain IIIB to move toward
each other; this phenomenon was not observed in either
Apo or FA (Figure 2).

As for aptamers, they show a conformational fluctua-
tion during simulations, but DNA chains in all systems
seem to be packed steadily within 25 ns (see RMSDs of
the DNA backbone in Figure S1 in Supplementary
Information). At the beginning, aptamers share a similar
starting conformation with a mobile 3’ end and a hairpin-
like loop at the 5’ tail (see Figure S1 in Supplementary
Information regarding DNA conformation). The protein—
DNA simulations were performed for 50 ns as in simula-
tions in other studies where key dynamic properties could
be successfully captured within this time scale (Babin
et al., 2013). The protein—aptamer distances between the
centers of mass (COMs) of individual molecules were
measured in order to examine the DNA binding
(Figure 1(F)). The distances between DNA and protein
COMs decrease and then become constant (ranging from
approximately 4.5-5nm) in all cases except for FA2
(Figure 1(F)). When a short protein—-DNA distance is
observed (~4.5 nm), GHSA and Apo can bind to DNA in
all simulations, whereas only FA1 (not FA2) can interact
with DNA (distance of ~4.7 nm). The aptamer in FA2

Figure 2. Cartoon showing time-dependent motion calculated from the first principle component 1 (PC1) for all systems. The colors
are in RWB format where the initial position is in red and the blue represents the final position.
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seems to be blind and fails to stick to HSA (at a distance
of ~6 nm from HSA). The above pieces of evidence show
the weakest DNA binding for FA; this result is in line
with a recent empirical study (Apiwat et al., 2016).

All successful aptamers were found to bind to the
positively charged patch on the back of a protein. This
area is located at the center of the heart-like structure
and mostly covers subdomain IIIB (blue color in
Figure 3). Such large electropositive area enables differ-
ent DNA-binding orientations. To better understand
DNA-protein binding, electrostatic potentials of all the

proteins were computed. In Apo, both DNA chains (in
Apol and Apo2) bind to the area near the center of the
protein because of a large positively charged environ-
ment although they adopt different bound conformations
(Figure 3(A)). For FA1l, a DNA chain appears to align
near subdomain IIIB. So do aptamers in GHSA. Our
APBS results suggest that different ligands promote vari-
ation in surface electrostatic potentials, but the presence
of glucose molecules and myristic acid molecules acti-
vates DNA binding in subdomain IIIB only. Aptamers in
GHSA1 and GHSA2 similarly align parallel to the

protein axis

Figure 3. Cartoon views of Apo (A), FA (B), and GHSA (C) in the presence of DNA aptamer at 0, 25, and 50 ns, respectively.
DNA aptamer is shown in licorice format. The electrostatic potentials of the last snapshot (50 ns) for all system are also shown on
the right. The electropositive potential is shown in blue, while red represent the electronegative area.
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protein axis (Figure 3). Both DNA chains in all GHSA
simulations bind to the same subdomain (IIIB;
Figure 3(C)). Thus, subdomain IIIB seems to be site-
specific for aptamer binding in GHSA.

The capacity for aptamer binding depends on the sta-
bility and fixation of the electropositive surface. Lysines
and arginines are important for formation of such an
electropositive environment. Lysines are distributed
evenly over a protein surface, whereas arginine residues
appear to be in the middle of the protein (Figure S7 in
Supplementary Information). HSA contains 60 lysines
and 24 arginines; therefore, lysines seem to play a domi-
nant role in the electropositive properties on the protein
surface. Nonetheless, HSA also has some negatively
charged amino acid residues to balance the protein
charge (Figure S7 in Supplementary Information).
According to APBS results in Figure 3, the facial elec-
trostatic potentials are dynamic. They depend on delocal-
ization of charged side chains on the protein surface.
Hence, the magnitude and frequency of domain moving
and shaking become a key factor that determines the
coulombic environment for aptamer binding. Generally,
the more flexible the domains, the more liberated
become the amino acid side chains. Too mobile charged
side chains cannot sustain the static and stable elec-
tropositive environment, which is essential for aptamer
binding. This notion helps to explain why the flexible
binding domains in FA are a bad host for aptamer bind-
ing. To confirm this idea, the protein-DNA electrostatic
binding energies were computed using APBS. Although
other nonelectrostatic terms are not strongly involved,
these energies can be used to roughly estimate binding
affinity of each protein—-DNA complex. The trend of
these binding energies is well consistent with our find-
ings. All HSA forms can bind to an aptamer but with
different affinity. FA shows the lowest coulombic bind-
ing energy among the three, whereas GHSA is the best
host for DNA binding because of the highest binding
energy (see Table S1 in Supplementary Information).
The conformational entropy calculation is not included
here because of a computational cost, and it is difficult
to calculate conformational entropy accurately due to the
wild fluctuation of entropy values.

The formation of a binding complex is further sup-
ported by a number of hydrogen bonds. As a rule, the 7
self-formed hydrogen bonds and 250 hydrogen bonds
with adjacent water molecules are observed in the
unbound aptamer (257 hydrogen bonds in total; Table 1).
During the binding, the aptamer loses some water con-
tacts, but they are compensated by protein interactions.
The aptamer can form five hydrogen bonds with Apo
and six hydrogen bonds with FA or GHSA. Both the
protein and aptamer seem to be more packed in FA
because of 10 internal hydrogen bonds in the aptamer
and 463 in the protein (Table 1). In comparison with the

Table 1. The average number of hydrogen bonds during
simulations.

No. of hydrogen bonds Apo FA GHSA
Protein (within molecule) 460 463 458
Aptamer (within molecule) 8 10 7
Protein—aptamer 5 6 (FA1) 6
Aptamer (unbound)* 7
Aptamer—H,O (bound) 244 236 244
Aptamer—H,O (unbound)* 250

Note: The asterisk represents the results from the simulation of a
stand-alone aptamer in water.

unbound aptamer, binding to FA yields 3 more internal
hydrogen bonds with a loss of 14 hydrogen bonds with
water (Table 1). These constitute 252 hydrogen bonds in
total for FA, while Apo and GHSA have 257 hydrogen
bonds just as in the stand-alone aptamer in solution
(Table 1). Ten internal hydrogen bonds and six protein—
aptamer interactions may be insufficient for the aptamer
to compensate for the loss of 14 hydrogen bonds with
water in FA. When compared with the other HSA forms,
the reduction in the total number of hydrogen bonds in
FA can reflect the less favorable environment for apta-
mer binding.

To better understand the binding mechanism, a
detailed hydrogen bond analysis was carried out. At the
beginning, there were no protein—aptamer hydrogen
bonds because the aptamer was located far away from
the protein (Figure 4(A)—(E)). The aptamer discovers the
protein approximately within 10 ns (Figure 4(A)—(E)).
Except for GHSA2, the aptamer spends half the time in
bulk water before seeing the protein after 25 ns
(Figure 4(D)). The hydrogen bond analysis clearly shows
that the aptamer can bind to all forms of HSA but with
different affinity as suggested earlier. This finding was
also made in our previous empirical study (Apiwat et al.,
2016). All aptamers attach to the back of a protein in
subdomain IIIB (except for Apol where the aptamer
tends to interact with the middle of the protein structure)
for various aptamer conformations and locations. If we
review hydrogen bonds for an individual complex,
although there are divergent binding behaviors observed
here, they still share a similar pattern: lysines are the
main players in aptamer binding. At least two lysines are
involved in a binding event, and these residues can form
more than one hydrogen bond with the aptamer. In
Apol, nucleotide sequences A13—G17 in the middle of
the aptamer chain (Figure 4(F)) first interact with a pro-
tein in the back and stay there for the rest of simulations
(Figure 3(A)). Those nucleic-acid sequences form strong
hydrogen bonds with two arginines (R160 and R445),
two lysines (K439 and K444), H440, and E442. The
aptamer aligns from domain I to domain III (see Figures
3A and 4G for final location). Just as in Apol, the
aptamer in Apo2 utilizes nucleic acid sequences in the
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middle of the chain [sequences G8—A10 (Figure 4(F))]
to interact with C392, C438, R445, and four lysines
(K439, K557, K570, and K574; Figure 4(B)—(G)). This
middle of the aptamer chain initially binds to subdomain
[IIB before the 3" end lies down on subdomain IIIB and
leaves the 5’ end unbound (see Figures 3(A) and 4(G)
for locations). This binding pattern (the middle part of
the aptamer chain interacts with the protein) in both
Apol and Apo2 is similar to that of FAl in spite of
different binding regions. The aptamer in FAIl uses
sequences G11-C14 (see Figure 4(F) for a sequence list)
to attract K557, K560, and K564 in subdomain IIIB
before the whole chain sits down on the back of subdo-
main IIIB (Figure 3(B)). In case of GHSA, the aptamer
in GHSAL first attaches the 3’ end [sequences G20—G23
(see Figure 4(F) for a sequence list)] to subdomain IIIB
before the rest of the chain lies beside subdomain IIIB
(Figure 3(C)). On the other hand, the aptamer sticks to
the GHSA2 surface via the 5’ end. Sequences G2-T6
(see Figure 4(F) for a sequence list) in the 5’ tail initially

interact with the back of subdomain IIIB. The 5’ end
forms hydrogen bonds with K557, K560, A561, and
D562 (Figure 4(D)). This set of interactions causes the
whole chain to align on the back of subdomain IIIB
throughout the simulation.

It is noteworthy that the binding of 5’ end to GHSA
observed here is in good agreement with an empirical
study where the 5’ end was found to be the main player
in GHSA binding (Apiwat et al., 2016).

In general, although there is no precise binding site
for the aptamer, the aptamers in all simulations still have
similar binding and structural features. All aptamers
employ the middle of their chain to bind to subdomain
IIIB. After the binding, the 5’ ends in all cases are left
unbound in solution. This end folds back to form a loop
that protects this end from outside interactions. An
aptamer instead utilizes the 3’ tail to stick to the protein
surface by interacting with lysines and other polar
residues. As suggested earlier, lysine is the major
determinant of aptamer attachment. Nevertheless, the
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contribution of other residues (especially arginines) is
also crucial. FA1 appears to have the smallest number of
contributors. The major protein—aptamer interactions are
derived from three lysines, whereas aptamers in Apo and
GHSA are supported by many polar and charged resi-
dues. The different numbers of interactions and different
electrostatic properties cause the variation in binding
affinity.

Conclusions

MD simulations can be an effective method for analysis
of a complex event such as biomarker—aptamer binding.
According to this study, MD simulations can be used to
study the binding mechanisms of protein—aptamer com-
plexes. Lysine residues play an important role in this
binding. Additional polar and charged residues also help
to maintain the binding to an aptamer. Although no speci-
fic binding mechanism was observed here, it is obvious
that subdomain IIIB is the target for aptamer binding.
Furthermore, the dynamic properties of domains I and III,
causing a change in electropositive potentials, are also
important for this binding event. The more mobile
domains change electrostatic potentials, thus creating a
poor environment for aptamer binding. Even though all
results here are consistent with the notion that subdomain
IIIB serves as a DNA-binding site, exploring other possi-
ble DNA-binding sites in HSA would still be interesting
for aptamer development in the future. Apparently, the
aptamer binds to GHSA with the highest affinity, but the
specificity and selectivity for GHSA remain insufficient.
A more specific and selective aptamer is required for the
development of future aptasensors. An atomic-scale
insight obtained here may facilitate SELEX and conse-
quently can be applied to aptasensors for control and
monitoring of diabetes and other metabolic diseases.
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