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High-resolution experimental and
computational electrophysiology
‘reveals weak 3-lactam binding
e« events in the porin PorB

Published online: 04 Feb: 2019 . , , . . . .
ublished ontine evruary Annika Bartsch?, Salomé Llabrés?, Florian Pein3, Christof Kattner*8, Markus Schon?,

Manuel Diehn3, Mikio Tanabe®, Axel Munk3#¢, Ulrich Zachariae*” & Claudia Steinem?

The permeation of most antibiotics through the outer membrane of Gram-negative bacteria occurs
through porin channels. To design drugs with increased activity against Gram-negative bacteria in the
face of the antibiotic resistance crisis, the strict constraints on the physicochemical properties of the
permeants imposed by these channels must be better understood. Here we show that a combination
of high-resolution electrophysiology, new noise-filtering analysis protocols and atomistic biomolecular
simulations reveals weak binding events between the 3-lactam antibiotic ampicillin and the porin PorB
from the pathogenic bacterium Neisseria meningitidis. In particular, an asymmetry often seen in the
electrophysiological characteristics of ligand-bound channels is utilised to characterise the binding

site and molecular interactions in detail, based on the principles of electro-osmotic flow through the
channel. Our results provide a rationale for the determinants that govern the binding and permeation of
zwitterionic antibiotics in porin channels.

All biological cells are enclosed by lipid bilayers. The translocation of hydrophilic molecules, such as nutrients
and metabolic waste products, across these membranes is often rate-limiting for cellular growth and survival.
Highly specialized proteins form hydrophilic channels across lipid bilayers which facilitate the exchange of these
molecules'. In bacteria, membrane channels also enable the inward permeation of antibiotics, which are usu-
ally too hydrophilic to pass directly through the lipid bilayer?~*. In particular, antibiotics with activity against
Gram-negative bacteria must be capable of permeating porin channels, which are located in the outer membrane
of their cell envelope®. This requirement not only imposes tight constraints on the physicochemical properties
of permeants, but also enables pathogenic bacteria to evolve mutated porins, incurring a substantial decrease or
complete loss of antibiotic uptake rates®=’.

The current rise in antimicrobial resistance urges the development of drugs that are able to more readily
permeate the outer membrane of Gram-negative bacteria!®-1%, as these organisms constitute the vast majority of
priority pathogens exhibiting multi- or pan-drug resistance'*'. Yet, due to the intrinsically low permeability of
most antibiotics across the outer membrane and its channel proteins, too few newly developed drug candidates
show activity against Gram-negative bacteria'®”. It is therefore essential to better understand the physicochemi-
cal restraints governing antibiotic permeation and binding in porins in order to design drugs with improved per-
meability'®-2°. At the same time, this insight will also help to elucidate how channel mutations decrease antibiotic
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uptake by altering drug-channel interactions and thereby contribute to the development of resistance'®*!. The
decreased influx rates of antibiotics into the bacteria caused by altered antibiotic-channel interactions can be
aggravated by the overexpression of efflux pumps, which in combination, often leads to highly resistant pheno-
types®?. In order to aim for lower-barrier, rapid inward translocation rates, it is especially important to determine
whether binding in the channel occurs. However, interactions between drugs and porins are often weak and
short-lived, and therefore difficult to characterise.

In this study, we demonstrate that a combination of high-resolution single-channel electrophysiology, novel
high-sensitivity electrophysiology analysis methods?, and atomistic molecular dynamics simulations allowed us
to reveal in structural detail a drug-channel binding interaction that is too weak to be captured by X-ray crys-
tallography. We set out to investigate the interaction between ampicillin and PorB from Neisseria meningitidis,
the pathogen that causes bacterial meningitis. PorB is the second most abundant protein in its outer membrane
and a key component in both its pathogenicity and the activation of the host immune response*!-2°. Moreover,
PorB plays an essential role in the drug-resistance of Neisseria since it is the main inward route for antibiotics,
and mutations in the pore-lining residues are linked to resistance to 3-lactamic antibiotics®?%. By contrast to
other well-known general porins from Gram-negative bacteria such as OmpF from E. coli, which are strongly
cation-selective, PorB belongs to a small set of porins showing strong selectivity for anions**?>°. Therefore,
although the binding mode of a 3-lactam to the general porin OmpF from E. coli has previously been elucidated®!,
differences in the interactions between PorB and 3-lactamic antibiotics are likely.

A variety of techniques are used to study the interplay between small-molecules and membrane channels®.
X-ray crystallography provides structural insight into high-affinity molecular binding interactions. Furthermore,
liposome-swelling assays qualitatively measure influx rates of small-molecules through channel proteins.
Electrophysiological measurements are capable of quantifying interactions between porin channels and anti-
biotics by revealing channel current disruptions caused by drug interactions with the pore. However, current
fluctuations induced by small molecules can either reflect their low-affinity binding and/or their transient pas-
sage through the channel**2. In order to provide structural information at sufficient detail for improved drug
design?**, it is important to reliably identify these scenarios, and to characterise the molecular determinants of
any potential binding event between the antibiotic molecule and the protein channel****. Here we demonstrate
how we have combined new and traditional methodologies of membrane channel characterisation to achieve this.

Results and Discussion

First, we performed single channel measurements of PorB at voltages between 40-120 mV with and without ampi-
cillin. Since PorB is a trimeric porin, it exhibits three conductance states in the absence of ampicillin, which reflect
the open state of a monomer (G =0.44+0.18 nS), dimer (G, =0.89 + 0.26 nS) and trimer (G = 1.52 +0.46
nS) (Figs S1 and S2). The determined PorB trimer conductance Gy is similar to previously reported values of
1.0-1.5 nS**7. Gating almost always appeared between the closed state and only one open state, indicating that
no transition between the different open states occurred. This finding suggests a cooperative gating of two or three
monomers simultaneously, as previously described in the literature®’.

The open channel current reveals the interaction of the antibiotic with the pore by displaying short interrup-
tions, which are only recorded in the presence of ampicillin (Fig. 1A,B). As a result, we observe an additional con-
ductance state (Fig. 1C,D). The difference between the ampicillin-induced and the open channel sub-conductance
states is defined as the “blocked” amplitude Gy, which quantifies the extent by which the conductance of the open
channel is reduced by the interaction with ampicillin. This “blocked” amplitude arises from a transient molecular
binding event, which can result in translocation of the drug**2. We report a Gy =1.18 £0.06 nS (Fig. 1E), which
suggests either a simultaneous interaction of ampicillin molecules with all three PorB monomers, as previously
described, e.g. for chitoporin®, or an interaction of ampicillin with one monomer that leads to a cooperative clo-
sure of the two other monomers®. The blocked amplitudes Gy display a slight dependence on the applied voltage
but not on drug concentration (Fig. 1F).

Since events induced by small molecules are short-lived in comparison to the open channel lifetime, high fil-
ter frequencies (10-15kHz) are usually required to reduce the noise level of recorded signals and to improve the
statistical analysis of the observed events***. However, the filter length used by automated analysis methods limits
the detection of short blockage events beyond the filter resolution, which means that relevant data is discarded
as noise (missed events). Therefore, to be able to detect the short blockage events shown in Fig. 1B, we used a
markedly reduced filtering frequency of 5kHz and employed a novel model-free analysis method named JULES?,
which we have recently designed to robustly detect and reconstruct times and amplitudes of blockage events
(Figs S3-S5). JULES uses a combination of multi-resolution techniques and local deconvolution, allowing a pre-
cise idealisation of events below the filter length; in particular amplitudes and residence times that are smoothed
by the filter are reconstructed with high precision. Here, it enabled us to detect and idealise events down to
a length of 80 ps. Based on this idealisation we were able to confirm a Markov model at this time resolution.
Assuming now a Markov model on smaller time scales permits us to determine residence times down to about
20 ps using a missed event correction®. This improves previously achieved detection limits of about 50 ps**2%,
which would not be sufficient for the subsequent analysis. In order to validate our analysis, we employed a hidden
Markov model (HMM) in addition, in which the filter has been taken into account explicitly as well. In summary;,
our HMM analysis confirmed all findings by JULES; in particular, we found similar residence times. An analysis
of even shorter time scales is often carried out by current distribution fitting (excess-noise analysis)**°. However,
these methods are based on the assumption of a HMM throughout the analysis and more importantly, their
results are heavily influenced by model violations. A more detailed discussion and comparison of these methods
can be found in the introduction of Pein et al.?*. Additionally, details of the models and the corresponding statis-
tical analysis are given in the supporting information.
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Figure 1. Representative conductance traces for PorB (A) before and (B) after addition of 1 mM ampicillin

to the cis and trans side. In this example, three PorB channels are inserted. The corresponding histograms (C)
and (D) show the frequencies of the obtained conductance levels (Cond.). Recordings were obtained on BLMs
(DPhPC/cholesterol, 9:1) in 1 M KCl, 10 mM HEPES, pH 7.5 with an applied voltage of +80 mV. (E) Density
histogram of the amplitudes blocked by 1 mM ampicillin with one maximum at Gz=1.18 +0.06 nS, determined
by a Gauss fit. The red line is the kernel density estimation using a Gaussian kernel. (F) Density histograms

and kernel density estimations using a Gaussian kernel of the amplitudes blocked by different ampicillin
concentrations for PorB recorded at +-80 mV. The ampicillin concentration was increased in a stepwise manner:
0.1mM (1n=679), 0.2mM (1= 1019), 0.4mM (1= 1695), 0.6 mM (1= 2365), 0.8 mM (1 =3031), 1.0mM
(n=3422) ampicillin.

The voltage-dependence of the ampicillin interaction is confirmed by determining residence times at a fixed
ampicillin concentration of 1 mM and a range of voltages between +(40-120) mV (Fig. 2A). These display a
bell-shaped relationship with a maximum at around +100 mV. We further observe a linear decay of the frequency
of blockage with increasing voltage (Fig. 2B).

We next investigated the kinetics of the interaction as a function of ampicillin concentration in a range of
0.1-1.0mM and at a fixed voltage of 480 mV. The new analysis protocol described above enabled us to deter-
mine a residence time of T, = (35 & 1) ps without any obvious dependence on ampicillin concentration (Fig. 2C).
However, the frequency of blockage shows a linear dependence on the drug concentration (Fig. 2D), as expected
for an increasing number of available antibiotic molecules. Therefore, a higher concentration of antibiotic
enhances the probability of interaction. However, once an ampicillin molecule interacts with a PorB monomer,
only an applied positive voltage of up to +100 mV can prolong the residence time of ampicillin. By contrast, the
stabilizing effect observed at positive voltages is greatly attenuated at opposite membrane polarisation, up to the
point that we observe an absence of blockage events at negative voltages.

Notably, even at high ampicillin concentrations, we observe a completely unilateral interaction with the chan-
nel. Blockage events are only detected when ampicillin is added to the same compartment as the protein, i.e., to
the cis compartment. Since the extended extracellular loops of porins such as PorB are too polar to traverse the
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Figure 2. Characterisation of the residence times (A,C) and blockage frequencies (B,D) of ampicillin at
different applied voltages and different concentrations of ampicillin. Parabolic and linear fits serve as a guide-to-
the-eye. Averages of n=4 (pH 7.5) and n=2 (pH 6) measurements with the corresponding standard deviation
are shown for the voltage dependence. Exemplar measurements including confidence intervals with 95%
significance are depicted for the ligand concentration dependence.

4142 in which the extracellular site

bilayer?, PorB exclusively inserts into planar lipid bilayers in one direction
faces the side of insertion (cis side).

These findings therefore identify the sub-conductance state induced by the presence of ampicillin as a binding
interaction®>*, as opposed to a transient migration of the drug across the channel. Although a translocation pro-
cess with largely unbalanced inward and outward rates cannot be completely discarded, the marked asymmetry
of this interaction strongly suggests that ampicillin only binds to PorB*. Our electrophysiological data propose
that the identified binding site is not involved in the transport across the bilayer and that it has the following fur-
ther characteristics: (1) it is readily accessible only from the extracellular compartment; (2) drug binding is able
to obstruct the PorB pore, and (3) binding is stable only under positive voltages. It is important to note that other
pathways for drug transport may exist.

Having established a binding site for ampicillin in PorB, we next applied molecular docking calculations fol-
lowed by extended molecular dynamics simulations to achieve insight on this interaction at the atomistic level.
PorB forms a 16-stranded 3-barrel channel with short connecting turns on the periplasmic side and long loops on
the extracellular side (crystal structure, PDB ID: 3VY8)?*%. The extracellular loop 3 (L3) folds back into the pore,
constricting it to a diameter of 8 A at its narrowest point (Fig. 3). Here, the acidic residues E116 and E110 and a
cluster of conserved basic residues (K64, R77, K100 and R130) create a strong transverse electrostatic field, likely
to interact favourably with zwitterionic molecules such as ampicillin (Fig. $6)***4. Due to our electrophysiological
findings, we focused on the extracellular side of the constriction zone as the most probable binding region for the
drug. Our docking calculations identified a stable binding mode in this region, in which the zwitterionic form
of ampicillin is located at the base of the extracellular vestibule of the channel (Fig. 3a) and largely obstructs the
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Figure 3. (a) Asymmetric location of the binding site on the extracellular side of the PorB eyelet. The
constriction zone is highlighted by red lines. The protein and ampicillin carbon atoms are shown in blue cartoon
and orange sticks, respectively. Close-up view of the binding mode of ampicillin seen from (b) the extracellular
vestibule and (c) from the membrane. The L3 loop of PorB is shown in blue cartoon and blue sticks and the
ampicillin carbon atoms are shown as orange sticks.

entrance to the constriction zone. Of note, the anionic state of ampicillin interacts with PorB at the same site and
in the same pose (Fig. S7). Extended equilibrium molecular dynamics simulations further confirm the stability
of this binding mode.

At pH 6, ampicillin is almost exclusively zwitterionic, while at pH 7.5, a mixture of the zwitterionic and ani-
onic form is present (Fig. S5). Within the pore environment of PorB, we anticipate that the major species inter-
acting with the channel is the zwitterionic form at both pH conditions. The protonation state is likely to be
influenced by the microenvironment of the pore created by the transverse electrostatic field, and the favoura-
ble interactions between the small-molecule and the protein are substantially increased in its zwitterionic form
(Fig. S6). As a result, the residence times should not be affected by the change in pH, which is in agreement with
our experimental results shown in Fig. 2C. We find a difference in the frequency of blockage depending on the
experimental conditions (Fig. 2D), which however can be attributed to factors beyond the actual binding site of
ampicillin, e.g. elastic structural deformations caused by the applied electric field*>°.

In the docked configuration, the ampicillin molecule extends along the pore axis and interacts both with the
acidic and basic clusters of the constriction zone. While the acid moiety of ampicillin forms a salt bridge with
residues R77 and K64 on the basic side of the PorB eyelet (Fig. 3b), its amino group establishes a salt bridge with
the side chain of residue E116 and additionally binds to the carbonyl group of the backbone of residue G112, both
located on the acidic side of the eyelet. The phenyl moiety of ampicillin is wedged in by a shallow hydrophobic
site, formed by the aliphatic portions of the E116 and E110 side chains and the backbone of residues W109, E110,
S111, W115, G120 and E116.
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To more closely reflect the experimental conditions, we next performed further molecular dynamics sim-
ulations of PorB channels inserted into POPC membranes under applied membrane voltages using the
Computational Electrophysiology protocol?”-*3. We determined the conductance of the channels for Na™ and
Cl~ with and without bound ampicillin in the simulations, and tested its dependence on the polarity of the electric
field. In order to achieve improved sampling, we extended the voltage range to values of ~125-~500mV.

In the absence of the antibiotic, we observe a PorB trimer conductance of Grom, = 1.68 £0.17 nS at positive
voltages and Gr,comp, = 1.80 -0.14 nS at negative voltages. The values are equal within their error margins and in
agreement with the experimental values reported here and in previous computational studies?**” (Fig. 4a).

By stark contrast, presence of the drug abolishes the symmetry of the channel current-voltage relationship.
When ampicillin resides at the identified binding site, the conductance of the complex at negative voltages is
Grampicillincomp = 0-43 = 0.12 nS, while that at positive voltages is reduced by ~67% t0 Gr-ampicittin,comp = 0-15 £ 0.
02 nS. Importantly, at negative voltages, ampicillin is no longer stably locked in the binding site, which leads to a
partial recovery of the conductance values of the apo channel (Fig. 4c), although it is not fully recovered on the
limited time-scale of our simulations. These findings are in very good agreement with our experimental observa-
tions, since the location and topology of the ampicillin binding site results in asymmetric currents through PorB
when the drug is bound in our simulations. The conductance at positive voltages shows a much more pronounced
reduction due to drug binding than the conductance at negative voltages, owing to the destabilisation of the bind-
ing mode of ampicillin at negative voltages.

To elucidate the molecular basis for these effects, we investigated the details of ion flux across the channel.
Since PorB is a strongly anion-selective channel, the bulk of the electric current arises from the flux of Cl~ ions,
and a much smaller portion from the exchange of Na* ions. The size of the constriction zone is wide enough to
allow ions to traverse the pore in an at least partially hydrated state. During voltage-driven permeation, we find
that Cl~ ions retain about half of their original hydration shell when they cross the constriction zone, such that
3.54 £ 0.16 water molecules are carried across the pore per Cl~ ion exchanged. The co-permeation of water,
dragged through membrane channels by permeating ions, is known as the electro-osmotic flow (EOF)*.

At positive voltages, the flux of water molecules is directed from the extracellular side of PorB toward its
periplasmic face. In the case of ampicillin-bound PorB, the EOF stabilizes ampicillin binding since the water flux
exerts forces on the antibiotic molecules driving them into the eyelet of PorB (Fig. 4b). In contrast, at negative
voltages, the flow of water molecules is oriented from the periplasm towards the extracellular side. This inverted
EOF destabilizes the binding of ampicillin to PorB by exerting a force on the molecule, which pushes the drug
back into the extracellular lumen. In the simulations, this results in the loss of interactions between the acid moi-
ety of ampicillin and the conserved basic cluster of the PorB eyelet (Fig. 4c,e,g). Ultimately, we expect the inverted
EOF to completely remove ampicillin from its binding site and displace it into the extracellular compartment,
although the full transition is not observed during the limited time-span of our simulations. The pronounced
EOF effect provides further evidence that the binding mode of ampicillin to PorB is of relatively low affinity.
We also observe a slight decrease in blocking frequency with increased voltage (Fig. 2d). This inverse voltage
dependence is characteristic for porins interacting with zwitterions* and differs from the EOF seen for neutral
molecules interacting with wider channels such as hemolysin®. In the binding site we have found, the orientation
of the zwitterionic molecule is parallel to the transversal electric field of the porin®’, but perpendicular to the
applied electric field. Increasing applied voltages might therefore reduce the binding affinity slightly by rotating
the molecular dipole out of its binding site. On the timescale of our simulations however, the EOF effect predom-
inates. The high level of agreement between our simulation results and our experimental findings suggests that
we have correctly identified the site and mode of binding between the 3-lactam antibiotic ampicillin and PorB at
atomic level.

Conclusion

In summary, we show here that a novel approach for analysing high-resolution electrophysiological recordings, in
combination with molecular docking calculations and molecular dynamics simulations under voltage, enables the
detailed identification of a weak binding between a small-molecule antibiotic and a bacterial membrane channel.
The new analysis method is able to correctly identify blockage events in data that would normally be discarded as
noise. The efficiency of antibiotic binding or permeation across these channels determines the influx rate of the
drugs into pathogenic bacteria and a reduction in inward permeation rates is often crucial for the development of
antibiotic resistance. Therefore, the structural characterization of antibiotic-porin binding has important impli-
cations both for biomedicine and the drug design of new antibiotics. The binding site revealed by our approach
is wedged between the clusters of conserved acidic and basic residues of the eyelet region, suggesting a common
binding site for zwitterionic drugs within porin channels, in which ligand binding is strongly determined by the
transverse electrostatic field****°. The transverse electrostatic field within the eyelet is generated by the presence
of the negatively charged side chains on one side of the constriction, and the positively charged side chains on the
opposite face, a feature shared by most bacterial porins, giving rise to a strong electrostatic field perpendicular
to the pore axis*. Importantly, we were able to use information on a marked asymmetry in the experimental
currents across the drug-bound channel, which is often detected in ligand-bound membrane pores, and which
has been shown to be caused by the electro-osmotic flow of water through the channel**#+%, to validate the
binding mode and characterise the drug-channel interaction in detail. These results show that a combination of
well-established techniques with new analysis protocols permits the identification and validation of previously
undetectable low-affinity drug binding events in a biological channel protein. Furthermore, our findings shed
light onto ampicillin binding in bacterial PorB, which is crucial to achieve a better understanding of the deter-
minants of antibiotic permeation into bacteria and to overcome antibiotic resistant phenotypes that are linked to
porin mutations.

SCIENTIFICREPORTS| (2019) 9:1264 | https://doi.org/10.1038/s41598-018-37066-9 6


https://doi.org/10.1038/s41598-018-37066-9

www.nature.com/scientificreports/

a PorB Ampicllin bound PorB
15F ! ' + 1 15} : H H ! ]
10+ 1 10+ 1

m

£

2 5t 5r

.0

@®©

g

;’ -5t 5t :

=

[

-10+ -10} .
— Anions
+ — Cations

-15¢ 1-15¢ — Waters |

0.6-04-020.0 02 04 0.6-06-04-02 0.0 0Z 04 0.6

Membrane Membrane
potential (V) potential (V)
D117

o
o

A -

water flux
water flux

A

Figure 4. (a) Effect of ampicillin binding on the ion current in simulations under voltage. The asymmetric
flux of C1~ (green), Na™ ions (purple) and electro-osmotic flow of water molecules (blue) across the eyelet at
negative and positive voltages is shown. Positive values of flux account for permeations from the extracellular
compartment to the periplasmic compartment. Representative modes of ampicillin binding at positive (b) and
negative voltages (C). The L3 loop of PorB is represented as blue cartoon and sticks and the initial and final
structures of ampicillin are depicted as grey and orange sticks, respectively. (d,e,f,g) Overlay of ion positions
(green spheres, Cl~; purple spheres, Na™) from 40 snapshots taken from the last 200 ns of simulation of bound
ampicillin within PorB at (d) ~+400mV, (e) ~—400mV, (f) ~+125mV and (g) ~—125mV. Ion permeation

is blocked at positive voltages, while anions can pass the PorB eyelet at negative voltages, leading to the
asymmetric current-voltage behaviour.
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Methods

Electrophysiological setups and measurements. Single channel recordings of PorB were performed
on solvent-free planar bilayers using the Port-a-Patch instrument (Nanion Technologies, Munich, Germany).
Giant unilamellar vesicles (GUVs) composed of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)/choles-
terol (9:1) were prepared by electroformation (AC, U=3V, peak-to-peak, f=5Hz, t=2h) in the presence of 1M
sucrose at 20 °C*!. Spreading of a GUV in 1 M KCl, 10 mM HEPES, pH 7.5 on an aperture (d = 1-5um) in a boros-
ilicate chip by applying 10-40 mbar negative pressure resulted in a solvent-free membrane with a resistance in the
GQ-range. Once the membrane with a GQ-seal was formed, varying amounts of a PorB stock solution (2.2 uM
in 200mM NaCl, 20 mM Tris, 0.1% (w/w) N,N-dimethyldodecylamine N-oxide (LDAO), pH 7.5) were added to
the buffer solution (50 uL) at an applied DC potential of +40 mV. Current traces were recorded at a sampling rate
of 10kHz and filtered with a low-pass four-pole Bessel filter of 1 kHz using an Axopatch 200B amplifier (Axon
Instruments, Union City, CA, USA). For digitalization, an A/D converter (Digidata 1322; Axon Instruments)
was used and data analysis was performed with the Clampfit 10.4.0.36 from the pClamp 10 software package
(Molecular Devices, Sunnyvale, CA, USA). Solvent-free bilayers were used to obtain the three conductance val-
ues of the PorB trimer (Fig. S1), as the PorB channel gates much more frequently than in black lipid membranes
(BLMs) (Fig. S2). For electrophysiological measurements in the presence of ampicillin including the correspond-
ing control experiments, BLMs were used. BLMs were prepared by adding 1-2 uL of lipids (DPhPC/cholesterol,
9:1) dissolved in n-decane (30 mg/mL) to an aperture (d=50um) in a PTFE foil (DF100 cast film, Saint-Gobain
Performance Plastics, Rochdale, UK) fixed between two cylindrical PTFE-chambers filled with 3.0 mL buffer (1M
KCl, 10mM HEPES, pH 7.5 or pH 6). Protein was added to the cis chamber and inserted by stirring at an applied
DC potential of 40 mV. After protein insertion, ampicillin was added from a stock solution (25 mM in 1 M KCl,
10mM HEPES, pH 7.5 or pH 6.0) to both sides of the BLM. For control experiments, ampicillin was added only
to the trans side. Current traces were recorded at a sampling rate of 50 kHz and filtered at 5kHz.

Analysis of current traces in the presence of ampicillin. Model-free idealisations are obtained by
JULES?. Its combination of multiresolution techniques and local deconvolution allows a precise idealisation of
events below the filter length; in particular amplitudes and residence times that are smoothed by the filter are recon-
structed with high precision (Fig. S3). In this manner, JULES extends the model-free idealisation method JSMURF*
to scales below the filter length. The idealised blockage supports a two state Markov model. The conductance losses
by blocking a single channel are determined by Gaussian fits of the amplitudes. Residence times and frequencies are
determined by fitting the Markov model taking missed events into account. An analysis with a new Hidden Markov
model approach, which is able to take the lowpass Bessel filter explicitly into account, confirms these results.

Docking calculations.  The binding mode of ampicillin was explored by means of docking calculations car-
ried out with the GOLD*® and rDock®** software packages. The structural model of PorB considered in the dock-
ing calculations was the X-ray structure of PorB solved by Kattner et al. (PDB entry 3VY8)¥. Both zwitterionic
and anionic forms of ampicillin were subjected to 100 docking runs. Whereas the protein was kept rigid, GOLD
and rDock account for the conformational flexibility of the ligand during docking. Resulting binding poses were
analysed by visual inspection in conjunction with the docking scores.

Simulation system set-up. PorB was modelled using the X-ray structure obtained by Kattner et al. (PDB
entry 3VY8). PorB trimers were embedded into a preequilibrated 160 x 160 A? 1-palmitoyl-2-oleoyl-sn-glycero-3
-phosphocholine (POPC) bilayer accounting for 942 POPC molecules. Water molecules forming a layer of 25 A
were added to each side of the bilayer, and Na™ and Cl~ were included to achieve an ionic strength of 1 M. The
GROMACS utility membed®®*” was used to embed PorB trimers into a POPC bilayer. The aqueous solution con-
sisted of about 57,000 water molecules and 1866 Na* and 1896 Cl~ ions in both the apo and ampicillin-bound
system. The Parm99SB_ildn force field*®*, and virtual sites for hydrogen atoms®® were used for the protein. The
POPC molecules were parameterised according to the lipid parameters derived by Berger et al.>*¢!, the SPC/E
water model was used to model water molecules®? and Joung and Cheatham parameters® were used to model
the ions. The zwitterionic ampicillin molecule was parameterised using the gaff force field® in conjunction with
RESP (HF/6-31G(d)) charges® as implemented in the Antechamber module of the AMBER12 software package®.

Molecular dynamics simulations. MD simulations were carried out with the GROMACS package, ver-
sion 5.1.5. For each system, the geometry was minimised within four cycles that combined 3500 steps of the
steepest descent algorithm followed by 4500 of conjugate gradient minimisation. Thermalisation of the system
was performed in 6 steps of 5 ns; each step gradually increased the temperature from 50K to 320K, while the
protein was restrained with a force constant of 10k mol~' A~2. The systems were equilibrated for 100 ns keeping
the protein restrained. Production runs consisted of trajectories of 200 ns length. The temperature was kept con-
stant by weakly coupling (¢t =0.1 ps) the membrane, protein, and solvent separately to a temperature bath of 320K
with the velocity-rescale thermostat of Bussi et al.®®. The pressure was kept constant at 1 bar using semi-isotropic
Berendsen coupling®. Long-range electrostatic interactions were calculated using the smooth particle mesh
Ewald method”® beyond a short-range Coulomb cut-off of 10 A. A 10 A cut-off was also used for Lennard-Jones
interactions. The LINCS algorithm’! was used to restrain the system and the SETTLE algorithm”? was used to
constrain bond lengths and angles of water molecules. Periodic boundary conditions were applied. The integra-
tion time-step was 4 fs, making use of the Berger lipid and the virtual sites models.

Computational Electrophysiology simulations (CompEL). Each system was duplicated along the
z-axis to construct a double bilayer system, and ionic imbalances of 4, 8 and 12 Na™ ions were used between
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the aqueous compartments to generate a range of transmembrane potentials of 130, 350 and £500 mV; as
previously described by Kutzner et al.*®. Production runs consisted of trajectories of 200 ns length for the apo
systems and 400 ns for the ampicillin-bound systems. The applied membrane potential was calculated using the
GROMACS utility gmx potential with overlapping 20-ns time windows.

Analysis of the molecular dynamics trajectories. MDAnalysis’ and MDtraj’* were used to analyse
root mean square deviation of the protein (RMSD), distances, flux of water molecules and computational con-
ductance values.

References

1.
. Delcour, A. H. Outer membrane permeability and antibiotic resistance. Biochim. Biophys. Acta 1794, 808-16 (2009).

. Nikaido, H. Molecular basis of bacterial outer membrane permeability revisited. Microbiol. Mol. Biol. Rev. 67, 593-656 (2003).

. James, C. E. et al. How (3-lactam antibiotics enter bacteria: A dialogue with the porins. PLoS One 4, €5453 (2009).

. Pages, J.-M., James, C. E. & Winterhalter, M. The porin and the permeating antibiotic: a selective diffusion barrier in Gram-negative

G W N

17.
. Silver, L. L. Challenges of antibacterial discovery. Clin. Microbiol. Rev. 24,71-109 (2011).
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.

30.

31.
32.

33.
34.
35.
36.

37.

38.
39.

40.

Delcour, A. H. Solute uptake through general porins. Front. Biosci. 8, 1055-1071 (2003).

bacteria. Nat. Rev. Microbiol. 6, 893-903 (2008).

. Simonet, V., Malléa, M. & Pagés, J. M. Substitutions in the eyelet region disrupt cefepime diffusion through the Escherichia coli

OmpF channel. Antimicrob. Agents Chemother. 44, 311-315 (2000).

. Bredin, J. et al. Alteration of pore properties of Escherichia coli OmpF induced by mutation of key residues in anti-loop 3 region.

Biochem. J. 363, 521-8 (2002).

. Olesky, M., Hobbs, M. & Nicholas, R. A. Identification and analysis of amino acid mutations in porin IB that mediate intermediate-

level resistance to penicillin and tetracycline in Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 46, 2811-2820 (2002).

. Bajaj, H. et al. Molecular Basis of filtering carbapenems by porins from 3lactam-resistant clinical strains of Escherichia coli. J. Biol.

Chem. 291, 2837-2847 (2016).

. Piddock, L.]. V. Understanding the basis of antibiotic resistance: A platform for drug discovery. Microbiology 2366-2373, https://doi.

org/10.1099/mic.0.082412-0 (2014).

. Lewis, K. Platforms for antibiotic discovery. Nat. Rev. Drug Discov. 12, 371-387 (2013).
. Carpenter, T. S., Parkin, J. & Khalid, S. The Free Energy of Small Solute Permeation through the Escherichia coli Outer Membrane

Has a Distinctly Asymmetric Profile. J. Phys. Chem. Lett. 7, 3446-3451 (2016).

. Hsu, P.-C,, Jefferies, D. & Khalid, S. Molecular Dynamics Simulations Predict the Pathways via Which Pristine Fullerenes Penetrate

Bacterial Membranes. J. Phys. Chem. B 120, 11170-11179 (2016).

. WHO. WHO publishes list of bacteria for which new antibiotics are urgently needed (2017).
. Pendleton, J. N., Gorman, S. P. & Gilmore, B. E. Clinical relevance of the ESKAPE pathogens. Expert Rev. Anti. Infect. Ther. 11,

297-308 (2013).

. Butler, M. S., Blaskovich, M. A. & Cooper, M. A. Antibiotics in the clinical pipeline at the end of 2015. J. Antibiot. (Tokyo). 70, 3-24

(2017).
Theuretzbacher, U. Antibiotic innovation for future public health needs. Clin. Microbiol. Infec. 23, 713-717 (2017).

World Health Organization. Antibacterial agents in clinical development: an analysis of the antibacterial clinical development
pipeline, including tuberculosis. WHO/EMP/IAU/2017.12 48 (2017).

Nestorovich, E. M., Danelon, C., Winterhalter, M. & Bezrukov, S. M. Designed to penetrate: Time-resolved interaction of single
antibiotic molecules with bacterial pores. Proc. Natl. Acad. Sci. USA 99, 9789-9794 (2002).

Wright, G. D. et al. Molecular mechanisms of antibiotic resistance. Chem. Commun. 47, 4055-4061 (2011).

Richter, M. E et al. Predictive compound accumulation rules yield a broad-spectrum antibiotic. Nature 545, 299-304 (2017).

Pein, E, Tecuapetla-Gémez, ., Schiitte, O. M., Steinem, C. & Munk, A. Fully Automatic Multiresolution Idealization for Filtered Ion
Channel Recordings: Flickering Event Detection. IEEE Transact. Nanobiosc. 17, 300-320 (2018).

Tanabe, M., Nimigean, C. M. & Iverson, T. M. Structural basis for solute transport, nucleotide regulation, and immunological
recognition of Neisseria meningitidis PorB. Proc. Natl. Acad. Sci. USA 107, 6811-6 (2010).

Kattner, C. et al. Crystallographic analysis of Neisseria meningitidis PorB extracellular loops potentially implicated in TLR2
recognition. J. Struct. Biol. 185, 440-447 (2014).

Massari, P. et al. Meningococcal porin PorB binds to TLR2 and requires TLR1 for signaling. J. Immunol. 176, 2373-2380 (2006).
Peak, I. R, Jennings, C. D., Jen, F. E. C. & Jennings, M. P. Role of neisseria meningitidis pora and porB expression in antimicrobial
susceptibility. Antimicrob. Agents Chemother. 58, 614-615 (2014).

Oppenheim, B. A. Antibiotic resistance in Neisseria meningitidis. Clin. Infect. Dis. 24, 98-101 (1997).

Kattner, C., Zaucha, J., Jaenecke, F, Zachariae, U. & Tanabe, M. Identification of a cation transport pathway in Neisseria meningitidis
PorB. Proteins Struct. Funct. Bioinforma. 81, 830-840 (2013).

Zachariae, U., Helms, V. & Engelhardt, H. Multistep mechanism of chloride translocation in a strongly anion-selective porin
channel. Biophys. J. 85, 954-962 (2003).

Ziervogel, B. K. & Roux, B. The binding of antibiotics in OmpF porin. Structure 21, 76-87 (2013).

Mahendran, K. R. et al. Molecular basis of enrofloxacin translocation through OmpE an outer membrane channel of escherichia coli
- When binding does not imply translocation. J. Phys. Chem. B 114, 5170-5179 (2010).

Danelon, C., Nestorovich, E. M., Winterhalter, M., Ceccarelli, M. & Bezrukov, S. M. Interaction of Zwitterionic Penicillins with the
OmpF Channel Facilitates Their Translocation. Biophys. J. 90, 1617-1627 (2006).

Bhamidimarri, S. P, Prajapati, J. D., Van Den Berg, B., Winterhalter, M. & Kleinekathofer, U. Role of Electroosmosis in the
Permeation of Neutral Molecules: CymA and Cyclodextrin as an Example. Biophys. J. 110, 600-611 (2016).

Ghai, L. et al. General Method to Determine the Flux of Charged Molecules through Nanopores Applied to 3-Lactamase Inhibitors
and OmpE. J. Phys. Chem. Lett. 8, 1295-1301 (2017).

Olesky, M., Zhao, S., Rosenberg, R. L. & Nicholas, R. A. Porin-mediated antibiotic resistance in Neisseria gonorrhoeae: Ion, solute,
and antibiotic permeation through PIB proteins with penB mutations. J. Bacteriol. 188, 2300-2308 (2006).

Song, J., Minetti, C. A. S. A, Blake, M. S. & Colombini, M. Successful recovery of the normal electrophysiological properties of PorB
(Class 3) porin from neisseria meningitidis after expression in Escherichia coli and renaturation. Biochim. Biophys. Acta - Biomembr.
1370, 289-298 (1998).

Suginta, W., Winterhalter, M. & Smith, M. E. Correlated trapping of sugar molecules by the trimeric protein channel chitoporin.
Biochim. Biophys. Acta - Biomembr. 1858, 3032-3040 (2016).

Bodrenko, L., Bajaj, H., Ruggerone, P.,, Winterhalter, M. & Ceccarelli, M. Analysis of fast channel blockage: revealing substrate
binding in the microsecond range. Analyst 140, 4820-4827 (2015).

Bodrenko, I. V., Wang, ., Salis, S., Winterhalter, M. & Ceccarelli, M. Sensing Single Molecule Penetration into Nanopores: Pushing
the Time Resolution to the Diffusion Limit. ACS Sensors 2, 1184-1190 (2017).

SCIENTIFIC REPORTS |

(2019) 9:1264 | https://doi.org/10.1038/s41598-018-37066-9 9


https://doi.org/10.1038/s41598-018-37066-9
https://doi.org/10.1099/mic.0.082412-0
https://doi.org/10.1099/mic.0.082412-0

www.nature.com/scientificreports/

41.
42.
43.
44,
45.
46.
47.
48.
49.
50.

51.
52.

53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.

68.
. Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W. E, DiNola, A. & Haak, J. R. Molecular dynamics with coupling to an external

70.
71.
72.
73.

74.

Hoenger, A., Pages, . M., Fourel, D. & Engel, A. The orientation of porin OmpF in the outer membrane of Escherichia coli. . Mol.
Biol. 233, 400-413 (1993).

Danelon, C., Brando, T. & Winterhalter, M. Probing the orientation of reconstituted maltoporin channels at the single-protein level.
J. Biol. Chem. 278, 35542-35551 (2003).

Kullman, L., Winterhalter, M. & Bezrukov, S. M. Transport of maltodextrins through maltoporin: A single-channel study. Biophys.
J. 82,803-812 (2002).

Bajaj, H. et al. Bacterial Outer Membrane Porins as Electrostatic Nanosieves: Exploring Transport Rules of Small Polar Molecules.
ACS Nano 11, 5465-5473 (2017).

Krasilnikov, O. V., Merzlyak, P. G., Yuldasheva, L. N. & Capistrano, M. E. Protein electrostriction: A possibility of elastic deformation
of the a-hemolysin channel by the applied field. Eur. Biophys. J. 34, 997-1006 (2005).

Aksimentiev, A. & Schulten, K. Imaging o-hemolysin with molecular dynamics: Ionic conductance, osmotic permeability, and the
electrostatic potential map. Biophys. J. 88, 3745-3761 (2005).

Kutzner, C., Grubmiiller, H., De Groot, B. L. & Zachariae, U. Computational electrophysiology: The molecular dynamics of ion
channel permeation and selectivity in atomistic detail. Biophys. J. 101, 809-817 (2011).

Kutzner, C. et al. Insights into the function of ion channels by computational electrophysiology simulations. Biochim. Biophys. Acta -
Biomembr. 1858, 1741-1752 (2016).

Acosta-Gutierrez, S., Scorciapino, M. A., Bodrenko, I. & Ceccarelli, M. Filtering with Electric Field: The Case of E. coli Porins. J.
Phys. Chem. Lett. 6,1807-1812 (2015).

Gu, L.-Q, Cheley, S. & Bayley, H. Electroosmotic enhancement of the binding of a neutral molecule to a transmembrane pore. Proc.
Natl. Acad. Sci. USA 100, 15498-15503 (2003).

Angelova, M. I. & Dimitrov, D. S. Liposome Electro formation. Faraday Discuss. Chem. Soc 81, 303-311 (1986).

Hotz, T. et al. Idealizing ion channel recordings by a jump segmentation multiresolution filter. IEEE Trans. Nanobioscience 12,
376-386 (2013).

Jones, G., Willett, P, Glen, R. C., Leach, A. R. & Taylor, R. Development and validation of a genetic algorithm for flexible docking. J.
Mol. Biol. 267,727-748 (1997).

Morley, S. D. & Afshar, M. Validation of an empirical RNA-ligand scoring function for fast flexible docking using RiboDock. J.
Comput. Aided. Mol. Des. 18, 189-208 (2004).

Barril, X., Hubbard, R. E. & Morley, S. D. Virtual screening in structure-based drug discovery. Mini Rev. Med. Chem. 4, 779-791
(2004).

Mulay, S. R. et al. ProtSqueeze: Simple and effective automated tool for setting up membrane protein simulations. J. Chem. Inf.
Model. 47, 1986-1994 (2016).

Wolf, M. G., Hoefling, M., Aponte-SantamariA, C., Grubmiiller, H. & Groenhof, G. G-membed: Efficient insertion of a membrane
protein into an equilibrated lipid bilayer with minimal perturbation. J. Comput. Chem. 31, 2169-2174 (2010).

Lindorff-Larsen, K. et al. Improved side-chain torsion potentials for the Amber ff99SB protein force field. Proteins Struct. Funct.
Bioinforma. 78, 1950-1958 (2010).

Cordomi, A., Caltabiano, G. & Pardo, L. Membrane protein simulations using AMBER force field and Berger lipid parameters. J.
Chem. Theory Comput. 8,948-958 (2012).

Feenstra, K. A., Hess, B. & Berendsen, H. J. C. Improving efficiency of large time-scale molecular dynamics simulations of hydrogen-
rich systems. J. Comput. Chem. 20, 786-798 (1999).

Lindahl, E. & Edholm, O. Mesoscopic undulations and thickness fluctuations in lipid bilayers from molecular dynamics simulations.
Biophys. J. 79, 426-433 (2000).

Mark, P. & Nilsson, L. Structure and dynamics of the TIP3P, SPC, and SPC/E water models at 298 K. J. Phys. Chem. A 105, 9954-9960
(2001).

Joung, I. S. & Cheatham, T. E. Determination of alkali and halide monovalent ion parameters for use in explicitly solvated
biomolecular simulations. J. Phys. Chem. B 112, 9020-9041 (2008).

Wang, J., Wolf, R. M., Caldwell, ]. W., Kollman, P. A. & Case, D. A. Development and Testing of a General Amber Force Field. J.
Comput. Chem. 25, 1157-1174 (2004).

Wang, J., Cieplak, P. & Kollman, P. A. How well does a restrained electrostatic potential (RESP) model perform in calculating
conformational energies of organic and biological molecules? J. Comput. Chem. 21, 1049-1074 (2000).

Case et al. AMBER 12. (University of California, San Francisco, 2012).

Abraham, M. J. et al. Gromacs: High performance molecular simulations through multi-level parallelism from laptops to
supercomputers. SoftwareX 1-2, 19-25 (2015).

Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 126 (2007).

bath. J. Chem. Phys. 81, 3684-3690 (1984).

Darden, T, York, D. & Pedersen, L. Particle mesh Ewald: An N log(N) method for Ewald sums in large systems. J. Chem. Phys. 98,
10089 (1993).

Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G. E. M. LINCS: A linear constraint solver for molecular simulations. . Comput.
Chem. 18, 1463-1472 (1997).

Miyamoto, S. & Kollman, P. A. SETTLE: an analytical version of the SHAKE and RATTLE algorithm for rigid water models. J.
Comput. Chem. 13, 952-962 (1992).

Michaud-Agrawal, N., Denning, E. J., Woolf, T. B. & Beckstein, O. MDAnalysis: A toolkit for the analysis of molecular dynamics
simulations. . Comput. Chem. 32, 2319-2327 (2011).

McGibbon, R. T. et al. MDTraj: A Modern Open Library for the Analysis of Molecular Dynamics Trajectories. Biophys. J. 109,
1528-1532 (2015).

Acknowledgements

We are grateful to N. Denkert and M. Meinecke for support in constructing and performing the measurements on
black lipid membranes and I. Mey for helpful discussions. We acknowledge funding through the Wellcome Trust
Interdisciplinary Research Funds (grant WT097818MF), the Scottish Universities’ Physics Alliance (SUPA) and
the Tayside Charitable Trust. We thank the Deutsche Forschungsgemeinschaft, SFB 808 (projects A0l and Z02)
for financial support.

Author Contributions

A.B., CK., M.S. and M.T. performed the experiments, EP., M.D. and A.M. developed and applied the
mathematical tools to evaluate the data, S.L. performed and analysed the M.D. simulations. S.L., U.Z. and C.S.
wrote the manuscript with help from all other authors.

SCIENTIFICREPORTS| (2019) 9:1264 | https://doi.org/10.1038/s41598-018-37066-9 10


https://doi.org/10.1038/s41598-018-37066-9

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37066-9.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:1264 | https://doi.org/10.1038/s41598-018-37066-9 11


https://doi.org/10.1038/s41598-018-37066-9
https://doi.org/10.1038/s41598-018-37066-9
http://creativecommons.org/licenses/by/4.0/

	High-resolution experimental and computational electrophysiology reveals weak β-lactam binding events in the porin PorB

	Results and Discussion

	Conclusion

	Methods

	Electrophysiological setups and measurements. 
	Analysis of current traces in the presence of ampicillin. 
	Docking calculations. 
	Simulation system set-up. 
	Molecular dynamics simulations. 
	Computational Electrophysiology simulations (CompEL). 
	Analysis of the molecular dynamics trajectories. 

	Acknowledgements

	Figure 1 Representative conductance traces for PorB (A) before and (B) after addition of 1 mM ampicillin to the cis and trans side.
	Figure 2 Characterisation of the residence times (A,C) and blockage frequencies (B,D) of ampicillin at different applied voltages and different concentrations of ampicillin.
	Figure 3 (a) Asymmetric location of the binding site on the extracellular side of the PorB eyelet.
	Figure 4 (a) Effect of ampicillin binding on the ion current in simulations under voltage.




