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High-resolution experimental and computational electrophysiology
reveals weak β-lactam binding events in the porin PorB
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Electrophysiological setups and measurements. Single channel recordings
of PorB were performed on solvent-free planar bilayers using the Port-a-Patch
(Nanion Technologies, Munich, Germany). Giant unilamellar vesicles (GUVs)
composed of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)/cholesterol
(9:1) were prepared by electroformation (AC, U = 3 V, peak-to-peak, f = 5 Hz, t =
2 h) in the presence of 1 M sucrose at 20 °C.1 Spreading of a GUV in 1 M KCl,
10 mM HEPES, pH 7.5 on an aperture (d = 1-5 µm) in a borosilicate chip by
applying 10-40 mbar negative pressure resulted in a solvent-free membrane with
a resistance in the GW-range. Once the membrane with a GW-seal was formed,
varying amounts of a PorB stock solution (2.2 µM in 200 mM NaCl, 20 mM Tris,
0.1 % (w/w) N,N-dimethyldodecylamine N-oxide (LDAO), pH 7.5) were added to
the buffer solution (50 µL) at an applied DC potential of +40 mV. Current traces
were recorded at a sampling rate of 10 kHz 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
values of the PorB trimer (Fig. S1), as the PorB channel gates much more
frequently than in black lipid membranes (BLMs) (Fig. S2).

FIGURE S1. (Top) Representative single channel conductance traces of PorB in solvent-free
membranes (DPhPC/cholesterol, 9:1) recorded at +40 mV in 1 M KCl, 10 mM HEPES, pH 7.5.
(Bottom) Event histogram of the conductance levels including kernel density estimations using a
Gaussian kernel (red line). The conductance states found for PorB (n = 5269) are
GM = (0.44 ± 0.18) nS, GD = (0.89 ± 0.26) nS and GT = (1.52 ± 0.46) nS. Indicated errors are the
FWHM.
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FIGURE S2. Open probability of PorB in black lipid membranes and solvent-free membranes.
Point amplitude histograms of PorB measured in (A) a black lipid membrane and (B) in a solvent
free bilayer at +40 mV. In both cases, only the whole trimer showed gating. The red solid lines
are Gaussian distributions fit to the histogram peaks. The open probability was calculated from
the Gaussian fitted areas of the two observed peaks. In black lipid membranes an open probability
of 97% was found, whereas in solvent-free bilayers the open probability was only 21%.

For electrophysiological measurements in the presence of ampicillin including the
corresponding control experiments, BLMs were used. BLMs were prepared by
adding 1-2 µL of lipids (DPhPC/cholesterol, 9:1) dissolved in n-decane (30
mg/mL) to an aperture (d = 50 µm) in a PTFE foil (DF100 cast film, Saint-Gobain
Performance Plastics, Rochdale, Great Britain) fixed between two cylindrical
PTFE-chambers filled with 3.0 mL buffer (1 M KCl, 10 mM 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, 10 mM 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 5 kHz.
Analysis of current traces in the presence of ampicillin. Model-free
idealizations are obtained by JULES.2 Its combination of multiresolution
techniques and local deconvolution allows a precise idealization of events below
the filter length, in particular amplitudes and residence times that are smoothed
by the filter are reconstructed with high precision (Fig. S3). In this manner, JULES
extends the model-free idealization method JSMURF3 to scales below the filter
length. The idealized 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.
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FIGURE S3. (A) Signal reconstruction of a conductivity-time trace using JULES; (B) shows a
zoom-in of the trace shown in (A). Data points are presented in black and the reconstructed signal
in red. After filtering, this reconstruction (blue line) fits the data well. (C) Histogram of the residence
time extracted from the conductivity trace shown in (A). The exponential fit (red line) takes missed
events into account and is rescaled such that the areas under both plots are one.
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Technical details of the statistical analysis
Idealizations. Model-free idealizations are obtained by JULES (JUmp Local
dEcovolution Segmentation filter)2 by calling the R-function jules in the package
clampSeg
(https://CRAN.R-project.org/package=clampSeg)
with
default
parameters. Its combination of multiresolution techniques and local
deconvolution allows a precise idealization of events below the filter length, in
particular amplitudes and residence times that are smoothed by the filter are
reconstructed with high precision (Fig. S3B).
For comparison, idealizations using a discrete time Hidden Markov model (HMM)
taking into account the filter are obtained. The Markov assumption is confirmed
(see below). In a pre-processing step, artifacts caused by the electronics,
fluctuations on large time scales and outliers are removed. For the HMM the
following parameters are used: A digital filter of length six approximating the used
Bessel filter, the amplitude found by JULES,2 a fluctuating base line given by local
medians and a global variance computed by sdrobnorm (stepR package,
https://CRAN.R-project.org/package=stepR). A new forward algorithm4 is used to
learn the transition matrix based on a likelihood approach. The final idealizations
are obtained by a Viterbi algorithm. In order to cope with the discrete filter, both
procedures use a meta state space, resulting in 26 states. Code is available on
request.
Missed events. Simulations show that JULES detects events with residence
times of at least 80 µs with probability almost one at the worst signal to noise
ratio. Hence, the analysis is based on detected events between 80 - 200 µs, since
some shorter events are missed and some larger events might be rare gating
events of the channel itself and not ampicillin blockage.
The event histograms of the idealized amplitudes, i.e., the difference of the
conductance levels of the open and blocked channel, show one well-separated
peak not found in the absence of ampicillin (Fig. 1). All other events are neglected
as they cannot be associated with the ampicillin blockage. For visualization,
additional kernel density fits with Gauss kernel and bandwidth 0.05 by the Rfunction
bkde
in
the
package
KernSmooth
(https://CRAN.Rproject.org/package=KernSmooth) are shown. The conductance losses by
ampicillin blockage are determined by Gauss fits.
The HMM approach is able to detect events with residence time of at least 20 µs
corresponding to one sample point, but detects in addition artifacts of a length of
one and two sample points. Therefore, only events of at least three sampling
points in length are included in the analysis. To compensate for this, for both
approaches the later analysis has to take into account missed events.
Confirmation of the Markov model. The events detected by JULES with a
length between 80 - 200 µs are used to explore the dwell times, i.e., the residence
times and the times between two blockage events. Their occurrence decreases
exponentially in their duration, see exemplary the histogram of the residence
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times in Fig. S3C. Note that for visualization purposes the exponential fit is
rescaled such that the surface under the curve in the shown range is one as it is
for the histogram. Moreover, Fig. S4 shows uncorrelated dwell times. Together
with the exponential decay this supports a Markov assumption.

FIGURE S4. Empirical autocorrelation between the idealized dwell times, i.e., residence times
and time between two events. The correlations close to zero support a Markov model.
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Residence times and frequencies. The average residence time is calculated
for both approaches via maximization of their corresponding likelihood assuming
an exponential decay and a missing of events as described above. Maximization
is performed by the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm,5
using the R-function optim. The Markov model assumption allows determination
of the ampicillin blockage frequency for a single channel. To this end, the
observed distances between two events are multiplied with the probability that an
event is not missed and with the number of channels. The frequencies are
obtained by the inverse of the mean of these rescaled times. The number of
channels is calculated by dividing the conductance without blockage by the
amplitude of a blockage, both determined by Gaussian fits.
Additionally, 95%-confidence intervals are computed for the residence times (Fig.
S5A) by a normal approximation and for the frequencies (Fig. S5B) by an exact
confidence interval. For illustration, we report standard deviations for the
averaged residence times and frequencies (Fig. S5A), but note that no
significance statements can be drawn from these intervals. We stress that the
averaged residence times and frequencies based on JULES and the HMM
approach were always close to each other and lead in all cases to the same
conclusions, as illustrated in Fig. S5.

FIGURE S5. (A) Voltage dependent residence times and (B) blockage frequencies of PorB at pH
7.5, determined using JULES and a hidden Markov model (HMM) in comparison. n = 4
measurements were evaluated and averaged. The error bars represent the standard deviation.
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Docking calculations. The binding mode of ampicillin was explored by means
of docking calculations carried out with GOLD6 and rDock7,8 software packages.
The structural model of PorB considered in the docking calculations was the Xray structures of the PorB solved by Kattner et al. (PDB entry 3VY8).9 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 calculations. Resulting
binding poses were analyzed by visual inspection in conjunction with the docking
scores. The docking poses were ranked using Molecular Mechanics PoissonBoltzmann Surface Area (MMPBSA) approach using a salt concentration of 1M
and the internal dielectric and external dielectric constants set to 80.0 as

described in Homeyer N et al10,11.
System set up. PorB was modelled using the X-ray structure obtained by Kattner
et al. (PDB entry 3VY8).9 PorB trimers were embedded into a preequilibrated
160×160 Å2 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer
accounting for 942 POPC molecules. A 25 Å layer of SPC/E water molecules was
set up at both sides of the bilayer, and Na+ and Cl- were added to achieve an
ionic strength of 1 M. GROMACS utility membed12,13 was used to embed PorB
trimers into a POPC bilayer. The aqueous solution consisted of about 57000
water molecules and 1866 Na+ and 1896 Cl- ions in both the apo and ampicillin
bound system. The Parm99SB force field,14,15 and virtual sites for hydrogen
atoms16 were used for the protein. The POPC molecules were parameterized
according to the lipid parameters derived by Berger et al.,15,17 the SPC/E water
model was used to model water molecules18 and Joung and Cheatham
parameters19 were used to model the counter ions. The zwitterionic ampicillin
molecule was parameterized using the gaff force field20 in conjunction with RESP
(HF/6-31G(d)) charges21 as implemented in the Antechamber module of the
AMBER12 software package.22
Molecular dynamics simulations. Molecular simulations were carried out with
the GROMACS molecular dynamics package, version 5.1.5.23 For each system,
the geometry was minimized in four cycles that combined 3500 steps of steepest
descent algorithm followed by 4500 of conjugate gradient. Thermalization of the
system was performed in 6 steps of 5 ns; each step gradually increased the
temperature form 50 K to 320 K, while the protein was restrained with a force
constant of 10 kJ mol-1 Å-2. The systems were equilibrated for 100 ns keeping the
protein restrained. Production runs accounted of 200 ns-long trajectories. The
temperature was kept constant by weakly coupling (t = 0.1 ps) the membrane,
protein, and solvent separately to a temperature bath of 320 K with the velocityrescale thermostat of Bussi et al.24 The slightly higher temperature was chosen
to ensure that the membrane remains in a fluid phase. The pressure was kept
constant at 1 bar using semi-isotropic Berendsen coupling.25 Long-range
electrostatic interactions were calculated using the smooth particle mesh Ewald
method26 beyond a short-range Coulomb cut-off of 10 Å. A 10 Å cut-off was also
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set for Lennard-Jones interactions. The LINCS algorithm27 was used to restrain
the system and the SETTLE algorithm28 was used to constrain bond lengths and
angles of water molecules. Periodic boundary conditions were applied. Taking
advantage of the Berger lipid model and the virtual sites, the integration time-step
was set to 4 fs.
Computational Electrophysiology simulations (CompEL). Each system was
duplicated along the z-axis to construct a double bilayer system, and ionic
imbalances from 4, 8 and 12 Na+ were used between the aqueous compartments
to generate a range of transmembrane potentials as from ± 130, ± 350 and ± 500
mV, as previously described by Kutzner et al.29 Production runs accounted of 200
ns-long trajectories for the apo systems and 400ns-long trajectories for the
ampicillin-bound systems. The applied membrane potential was calculated using
the GROMACS utility gmx potential overlapping 20-ns time windows. Following
the protocol outlined in Kutzner et al.29, conductance (G) calculations (G = I/ΔU)
were based on the observed ion current I, as a function of the potential difference
ΔU between the compartments. Since potential and flux are time-dependent,
ΔU(t) and I(t) were determined within 20-ns time windows (with a 10-ns overlap
among consecutive windows) in the case of apo PorB and within 50-ns windows
(with 25-ns overlap among consecutive windows) for ampicillin bound PorB
simulations. The longer windows in the latter case were used in order to improve
sampling in these lower-conductance situations.
Analysis of the molecular dynamics trajectories. MDAnalysis30 and MDtraj31
were used to analyze RMSD, distances, flux of water molecules and
computational conductance values.

FIGURE S6. Protonation states of ampicillin at the experimental pH values. At pH 6 the XH± form
is 94.3 and the X- 5.7 % of the total ampicillin population. At pH 7.5 the XH± form is 40.3 and the
X- 59.7 % of the total ampicillin population.
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GOLD
Zwitterionic
ampicillin
Anionic
ampicillin

Pose
1

Score
-57.24

PLPScore
-38.84

hbond
6.53

2

-51.16

-28.21

8.20

rDock
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ampicillin
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3

-24.474

-14.473

-2.350

Van der
Waals
-16.323

4

-21.235

-13.457
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-16.301

MM-PBSA
Zwitterionic
ampicillin
Anionic
ampicillin

∆Gvan der Waals
(kcal/mol)

∆Gvan der Waals
(kcal/mol)

∆Gbinding
(kcal/mol)

∆Gbinding (e=80)
(kcal/mol)

-98.8199

-21.2057

-120.0256

-9.5147

-42.8651

-22.8381

-65.7032

-5.6092

FIGURE S7. (Top) Docking poses of charged (yellow carbon atoms) and zwitterionic (orange
carbon atoms) ampicillin to PorB. (Bottom) Tables showing docking scores of the binding poses
for both GOLD and rDOCK docking softwares and MM-PBSA calculations performed on the
selected docking poses to estimate the binding affinity.
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FIGURE S8. PropKa results on the PorB electrostatic surface potential. Top view of the PorB
surface, coloured by its electrostatic potential at pH 6 and pH7.5. The colour bar corresponds to
the electrostatic potential colour scheme (From red at -10kT/e to blue at 10kT/e).

FIGURE S9. Root mean square deviation (RMSD) of unbiased molecular dynamics simulations
of ampicillin-bound PorB systems. The RMSD is calculated for the Ca atoms (grey lines) of each
PorB monomer and the heavy atoms of ampicillin (red lines) of the ampicillin-bound PorB
simulations.
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FIGURE S10. Interactions of the ampicillin molecule in the unbiased molecular dynamics
simulations of ampicillin-bound PorB. (Top) Distances mapping the interactions of the ampicillin
molecule with the acidic side (carbonyl atom of G112 in red lines and Glu116 in maroon lines)
and, (bottom) the basic side (Lys64 in cyan lines, Lys100 in navy lines and Arg130 in blue lines)
of the eyelet.

S11

Apo PorB simulations
(1M NaCl solution ).

Final
± 125
mV
± 350
mV
± 500
mV

Positive
voltages
1.80 ± 0.14
nS
1.58 ± 0.18
nS
1.89 ± 0.05
nS
1.94 ± 0.11
nS

Negative
voltages
1.68 ± 0.17
nS
1.89 ± 0.21
nS
1.59 ± 0.06
nS
1.64 ± 0.11
nS

Apo PorB simulations
(1M KCl solution )
Positive
voltages
1.75 ± 0.23
nS
1.62 ± 0.13
nS
1.97± 0.06
nS

Negative
voltages
1.54 ±0.10
nS
1.55 ± 0.07
nS
1.53± 0.08
nS

Ampicillin bound PorB
simulations
(1M NaCl solution )
Positive
Negative
voltages
voltages
0.43 ± 0.12
0.15 ± 0.02
nS
nS
0.34 ± 0.01
0.15 ± 0.03
nS
nS
0.50 ± 0.06
0.14 ± 0.02
nS
nS
0.54 ± 0.04
0.15 ± 0.01
nS
nS

FIGURE S11. Conductance values calculated from CompEl simulations of apo PorB systems (for
both NaCl and KCl solutions) and ampicillin bound PorB systems at each voltage. Each data point
corresponds to an overlapping 20ns-long window of the CompEl simulations.

FIGURE S12. Flux of ions in the CompEl simulations using 1M KCl solution. The flux of Cl(green), Na+ ions (purple) and the 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).
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