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Gram-negative bacteria cause the majority of highly drug-resistant bacterial infections. To cross the outer
membrane of the complex Gram-negative cell envelope, antibiotics permeate through porins, trimeric channel
proteins that enable the exchange of small polar molecules. Mutations in porins contribute to the development of
drug-resistant phenotypes. In this work, we show that a single point mutation in the porin PorB from Neisseria
meningitidis, the causative agent of bacterial meningitis, can strongly affect the binding and permeation of beta-
lactam antibiotics. Using X-ray crystallography, high-resolution electrophysiology, atomistic biomolecular
simulation, and liposome swelling experiments, we demonstrate differences in drug binding affinity, ion selec-
tivity and drug permeability of PorB. Our work further reveals distinct interactions between the transversal
electric field in the porin eyelet and the zwitterionic drugs, which manifest themselves under applied electric
fields in electrophysiology and are altered by the mutation. These observations may apply more broadly to drug-
porin interactions in other channels. Our results improve the molecular understanding of porin-based drug-
resistance in Gram-negative bacteria.

1. Introduction negative cell wall - together with the activity of tri-partite efflux

pumps spanning both the inner and outer membrane both contribute to

As evidenced by the world-wide Covid19 pandemic, untreatable in-
fectious diseases have a huge impact on public health, the global
economy, and the lives of people across the world. The rise in
previously-treatable infections becoming drug resistant, which is also
currently experienced on a world-wide scale, poses a major problem for
public health that urgently needs to be addressed [1]. Many drug-
resistant infections are caused by Gram-negative bacteria [1], which
exhibit a higher level of intrinsic resistance to antibiotics compared to
Gram-positive bacteria owing to the complex architecture of their cell
wall [3,4]. The combination of insufficient inward drug permeation
across the outer membrane - an additional lipid bilayer in the Gram-

poor drug susceptibility [5,6].

Most antibiotic drugs permeate the outer membrane of Gram-
negative bacteria through porins, beta-barrel proteins that form large
water-filled channels in the membrane used by the organisms to import
nutrients [7-9]. Down-regulation or mutation of porins, in conjunction
with the upregulation of efflux pumps, has been reported to underpin
drug-resistant phenotypes in Gram-negative bacteria [10,11]. It is
therefore important to understand the role of porin mutations in driving
resistance to aid the design of improved antibiotic treatments.

The permeation of antibiotic molecules through porins is often
studied by electrophysiology experiments. Voltage-induced ion flux
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across the channels can be partially or fully blocked upon drug binding
or migration through the protein pore, revealing drug-channel in-
teractions [12-14]. If binding events are of sufficient affinity, the
structural details of such interactions can be determined by X-ray crys-
tallography, while dynamic events such as transient association and
drug migration are frequently studied in molecular detail using molec-
ular dynamics simulations [15-17].

In this work, we used a combination of X-ray crystallography,
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electrophysiology, and molecular dynamics simulations to study the role
of mutations in PorB of Neisseria meningitidis (Nme) — the causal agent of
bacterial meningitis — on antibiotic binding and permeation. PorB is a
trimeric anion-selective porin and the second most abundant protein in
the outer membrane of N. meningitidis, possessing a binding site for
antibiotics in its pore [14]. It plays an important role in the human
immune response to neisserial infections and has also been linked to
inducing apoptosis upon infection of host cells [18-20].

Fig. 1. Overall structure of wt PorB from
N. meningitidis (Nme) strain W135 (green) and PorB
G103K (grey). (A) PorB is a trimeric porin. (B) The
monomer structure of PorB viewed from the mem-
brane side; and (C) view from the extracellular side.
(D) Overlap of the wt and the G103K PorB porins at
the mutations site. (E) Representative electron den-
sity map for PorB G103K. The 2Fo-Fc density con-
toured at 1c is shown. (F, G) Electrostatic surface
potential of PorB wt (F) and one exemplar structure
of PorB G103K (G) viewed from the extracellular
side; surface potential calculated with APBS (positive
potential in blue and negative potential in red, con-
toured from +8 kBT/e to —8 kBT/e at the solvent
accessible surface area of PorB).
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The only two pathogenic species of Neisseriae are N. meningitidis and
N. gonorrhoeae [21]. Isolates of Neisseriae with intermediate resistance to
antibiotics have been reported to exhibit single-point mutations in PorB
[10,22]. These mutations are located in the eyelet of the pore, the nar-
rowest region within the channels, which contains a large number of
charged amino acids acting as an electrostatic filter [23]. In
N. gonorrhoeae, the mutation G120K in the PorB porin, where a glycine is
replaced by a lysine on loop L3, causes antibiotic resistant phenotypes
[10,22]. Given the high degree of similarity between PorB porins
(Fig. S1), we focused on the equivalent mutation in N. meningitidis PorB
(G103K) in the present work. This residue is located within an extended
loop structure between beta-strands 2 and 3 that folds back into the beta-
barrel and shapes the eyelet region (Fig. 1).

We recently characterised the binding interaction between wild-type
PorB (wt PorB) and ampicillin through a combination of high-resolution
electrophysiology recordings, molecular docking, biomolecular simula-
tion and computational electrophysiology [14]. Here, we investigate the
structural and functional effects of the resistance-related PorB mutation
G103K and its interactions with ampicillin. Moreover, we observe
distinct voltage-dependent effects on drug binding in the highly polar-
ised eyelet of PorB, which are likely to apply more broadly to drug-porin
interactions. The effect of the mutation on reducing ampicillin uptake is
shown by liposome-swelling assays.

2. Results and discussion
2.1. Crystal structure and electrostatic surface potential of PorB

Crystals of G103K PorB from N. meningitidis W135 were grown under
Jeffamine M-600 based conditions as previously reported [24,25]. Since
G103K PorB crystals were isomorphic to the previously determined
crystals of wt PorB (PDB ID: 3VY8) [25], a simple refinement was per-
formed to obtain initial model phases. As a result of manual model
building and interactive refinement, G103K PorB has a final Ryork/Rfree
value of 21.3%/26.0% for data refined to 2.76 A (Supporting
Information).

The G103K single point mutation, located at the periplasmic side of
loop L3, causes no significant changes in the secondary structure. The
high degree of similarity between the G103K and wt PorB structures is
reflected in a Ca root-mean-square deviation (RMSD) value of 0.278 A
(for 340 residues) (shown in Fig. 1B/C). Looking more closely at the
mutation site, the loop L3 folds back from the extracellular side into the
pore, forming an a-helix that constricts the pore to its narrowest point.
The extracellular side of loop L3 slightly deforms the conformation of
the a-helix, but this effect is also observed for wt PorB.

The electron density around K103 was solved clearly from the a- to
the 8-carbon atom, whereas the density of its positively charged e-amino
group could not be determined due to the potentially high mobility of
the side chain (Fig. 1E). The bulkier side chain protrudes into the pore
and decreases the open cross-section of the pore constriction, approxi-
mately by 3-5 A as compared to wt, altering the PorB filter geometry.

For electrostatic analysis, first a model with 9 possible positions of
the e-amino group (out of 24) was constructed using the rotamer func-
tion in Coot [26], and the electrostatic surface potential was calculated
for each structure using the Adaptive Poisson-Boltzmann Solver (APBS)
method [27]. The remaining 15 positions of K103 Ne were excluded as
potential conformations, because they were either located outside of the
obtained electron density map, or due to steric hindrance with the side
chains of N107, E128, K100 or the y-carbon position.

Fig. 1F/G shows the surface potential of wt PorB and one exemplar
structure of the G103K mutant, viewed from the periplasmic and
extracellular side. In wt PorB, opposite potentials are observed on each
side of the eyelet. In contrast, the negative surface potential (red)
completely disappears in G103K PorB, leaving a ring of positive po-
tential around the eyelet. The positively charged constriction zone of
PorB G103K is likely to influence the interaction of the porin with the
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beta-lactam antibiotic ampicillin. We therefore conducted further in-
vestigations using electrophysiology and biomolecular simulations to
characterise the interaction of ampicillin with the resistance-related
G103K PorB mutant.

2.2. Conductance of wild-type and G103K PorB in planar lipid bilayer
recordings

To determine the influence of the G103K point mutation on the
conductance of the pore, we performed single channel measurements on
wt and G103K PorB using solvent-free bilayers. Characteristic steps in
the current signal were observed after addition of the protein (Fig. 2A/
C), representing the opening and closing transitions (gating) of the
channels.

The conductance values of all gating events were included in a his-
togram and a kernel density was estimated using a Gaussian kernel
(Fig. 2B/D). The evaluation resulted in three conductance states for
both, wt and mutant G103K PorB, which can be assigned to the open
state of a monomer (Gyy), dimer (Gp) and trimer (Gr) each. Compared to
the conductance states of wt PorB, the conductance values for G103K
PorB are significantly smaller with values of Gy G103k = (0.13 % 0.05)
IlS, GD,GlOSK = (0.36 + 0.07) nS and GT,G103K = (0.76 + 0.12) nS. The
smallest conductance of 0.13 nS approaches a range where general
current fluctuations of the membrane disturbed by the detergent are
observed (Fig. S4).

2.3. Pathways of ion transfer in PorB

We next conducted all-atom unbiased molecular dynamics simula-
tions to investigate ion transfer pathways through the two studied
channel variants. Both wt and G103K PorB trimers were embedded in 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) model lipid
bilayers surrounded by explicit water molecules. In accordance with
previous computational studies [25,28,29], wt PorB shows two distinct
pathways for the transfer of anions and cations (Fig. 3A). In the G103K
variant, the bulkier and positively charged lysine sidechain extends into
the pore, thereby occupying the pathway for cations and leading to its
disruption (Fig. 3B).

The conformations of the K103 side chain sampled in our simulations
are in good agreement with observations from the X-ray structure.
Although the lysine residue can interact with the D104 side chain and
the backbone of N108, it is mostly seen to either form a salt bridge with
E128 or interact with passing chloride ions as shown in Fig. 3C. These
interactions (Fig. S5 and S6) hold the lysine sidechain in conformations
that protrude into the pore and therefore narrow the PorB channel.

Our experimental and computational electrophysiological data
demonstrate that the conductance of G103K PorB is lower than that of
the wt protein. These findings are in good agreement with results pre-
viously described for PorB from Neisseria gonorrhoeae (Ngo) [22]. Mu-
tants of PorB (Ngo), including the mutant G120K, equivalent to the
mutant G103K in PorB (Nme), exhibited smaller conductance states
compared to the wild-type of PorB (Ngo) [22].

2.4. Ampicillin interaction with PorB

Binding of small molecules to the pore can result in short blockages
of the open channel conductance if the ion flux is interrupted
[13,14,30]. Traces of G103K PorB recorded after addition of ampicillin
(Fig. 4A/B) show short interruptions of the open channel conductance
which are not observed in its absence, indicative of the transient binding
of the beta-lactam antibiotic to the channel. The blockage events were
shorter than 30 ps, which is below the time resolution given by the filter
frequency of 5 kHz [14]. The filter frequency was chosen as the optimal
compromise between noise reduction and signal smoothing, allowing us
to evaluate residence times below 30 ps by using the analysis routine
JULES together with a correction for missed events [31].
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Fig. 2. Comparison of the conductance states of wild-type (wt) and G103K PorB. (A/C) Conductivity trace and corresponding point amplitude histogram of (A) PorB
wt and (C) PorB G103K in a solvent-free membrane (DPhPC/cholesterol 9:1) at U = +40 mV. (B/D) Conductivity event histogram including kernel density esti-
mations using a Gaussian kernel (black solid lines) for (B) PorB wt (Gy,wt = (0.44 £ 0.18) nS, Gp ¢ = (0.89 & 0.26) nS and Gt = (1.52 £ 0.46) nS) and (D) PorB
G103K (Gm 6103k = (0.13 £ 0.05) nS, Gp G103k = (0.36 + 0.07) nS and Gr,G103x = (0.76 + 0.12) nS). Buffer: 10 mM HEPES, 1 M KCl, pH 7.5. Bandwidths of 0.08 (B)
and 0.05 (D) were chosen by visual inspection. Note that different bandwidths have been chosen to adjust for the different sizes of the conductance levels.

Histograms of all fitted conductance levels were generated (Fig. 4C/
D), showing an additional conductance state in the presence of ampi-
cillin (Fig. 4D). We assigned the new conductance state to the conduc-
tance of the blocked channel. The difference between the two states is a
reduction in the open channel conductance due to ampicillin interac-
tion, which we term the blocked amplitude Gg. The corresponding event
histogram is plotted in Fig. 4E with Gg G103k = (0.8 & 0.1) nS indicating
that the entire trimer is blocked. The blocked amplitude is significantly
lower for G103K PorB than for the wild-type, in agreement with the
larger conductance of the wild-type trimer itself (Fig. 4F). However, in
both cases a similar slight dependence on the applied voltage is
observed.

We next determined the residence time and blocking frequency of
ampicillin. The residence time is a characteristic feature of the interac-
tion between an antibiotic and the pore. It reflects the time the drug
molecule resides in the protein pore and blocks the flow of ions. If the
rate constant of binding, kon, is unchanged, a longer residence time in-
dicates a higher binding affinity. We analysed the residence time of wt
and G103K PorB as a function of the ampicillin concentration in solution
(Fig. 5A). As expected from other porin-antibiotics interaction studies
[8,32], the residence time is not influenced by the ampicillin concen-
tration. A residence time of g wt = (35 & 1) ps for wt PorB and a slightly
longer one of 7, G103k = (44 £ 1) ps for G103K PorB was determined
showing a stronger interaction of ampicillin with the mutant protein.
Overall, the residence times are smaller than those found for other
porins [8,16,33] indicating that the interaction is rather weak.

Both proteins show a bell-shaped dependence of the residence time
on the applied voltage (Fig. 5B) with smaller residence times for the
wild-type protein in agreement with our previous findings (Fig. 5A)
[14]. The voltage dependence of the residence time has been reported
previously [8,12,16] and has been discussed in terms of an altered pore
geometry induced by the applied voltage [34,35].

A second characteristic of antibiotic binding is the frequency of
blockage, i.e., how often the molecule interacts with the pore. The
blockage frequency is expected to be linearly dependent on the

concentration of the antibiotic as a result of the increasing number of
available molecules [8,12], which is confirmed by our measurements
(Fig. 5B). The voltage dependence of the blocking frequency differs
significantly between the two protein variants, increasing linearly with
applied voltage for G103K PorB, whereas it decreases for wt PorB
(Fig. 5D). This finding might be rationalized by the electric field within
the pore, which is altered by the mutation at position 103. This can
influence the orientation of the antibiotic as has been shown for mutated
OmpC proteins [36].

2.5. Ampicillin binding in wt and mutant PorB characterised by
computational electrophysiology

To further understand the interaction between ampicillin and the
mutated porin, we performed molecular docking calculations and all-
atom unbiased molecular dynamics simulations of the PorB-ampicillin
complex. Leveraging our recent work on ampicillin binding to the wt
PorB channel, we used a similar molecular docking protocol employing
two different docking software packages (GOLD [37] and rDOCK
[38-40]) to find putative binding modes of ampicillin in the G103K
pore. We identified a putative binding mode for ampicillin on the
mutated PorB pore, which resembles the binding mode identified in the
wt PorB channel [14] and other porins [15]. This binding mode was
stable during 200 ns-long simulations of the complex for both wt and
mutant PorB (Fig. S9 and Fig. S10).

Ampicillin is located at the extracellular vestibule of the PorB
channel and largely obstructs the pore in both wt and G103K PorB
channels. Ampicillin in solution is found in a mixture of zwitterionic and
anionic forms at the studied pH. However given the environment of the
PorB pore, we expect that the major species interacting with the channel
is the zwitterionic form, as it is therefore able to establish ionic in-
teractions with both sides of the eyelet. The charged amino group of the
antibiotic interacts with the E116 sidechain and the backbone oxygen
atom of E110, while the carboxylic acid moiety binds to the sidechains
of residues R130 and K77. In the G103K channel, the charged amino
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Fig. 4. Electrophysiological recordings on G103K PorB in the presence of ampicillin. (A-D) Conductivity traces of G103K PorB at U = +80 mV in the absence (A), and
(B) in the presence of 1 mM ampicillin with the corresponding histograms of all conductance levels (C,D). The difference between the conductance levels after
ampicillin addition is the blocked amplitude Gy plotted in (E) as an event histogram to determine the mean amplitude by Gaussian fits (black solid lines). (F) Blocked
amplitudes for 1 mM ampicillin as a function of applied voltage for PorB wt (blue) and G103K (red). Four values were averaged; error bars show the standard
deviation. For both proteins, a decrease of the amplitudes with increasing voltage is seen.

group of mutated residue K103 establishes an additional H-bond with
the oxygen atom of the beta-lactam moiety. We note that under the
influence of an applied electric field and high ionic strength the mini-
mum energy position of ampicillin might be shifted slightly [41].

In order to replicate the conditions of the electrophysiological ex-
periments, we performed altogether eight 200 ns-long molecular dy-
namics simulations under voltage of both wt and G103K PorB channels
using the computational electrophysiology (CompEL) method [28,42].
The systems were duplicated along the z-axis and several ion imbalances

were used to simulate positive and negative voltage ranges between ~
+ 120 - ~ £+ 600 mV. Due to the double bilayer set-up of the system, this
means that 16 PorB trimers were simulated in total. Conductance values
of both PorB channels were calculated in the presence and absence of
ampicillin, and we also tested its dependence on the direction and the
strength of the applied electric field.

In the apo wt PorB channels, we observed a PorB trimer conductance
of GTwt.comp = (1.54 £ 0.10) nS at positive voltages and Grt,wt.comp =
(1.78 £ 0.14) nS at negative voltages. As reported previously, the values
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for the wt PorB channel are equal within their error margins and in
agreement with the experimental values reported here and in previous
computational studies. The flux of ions and water molecules is nearly
symmetric at both negative and positive voltages as shown in other
porins.

Upon ampicillin binding we observe a drastic reduction of the
conductance of both porin variants as expected due to the partial
blockage of the pore. The average wt PorB trimer conductance is G ¢,
comp = (0.24 £ 0.04) nS at positive voltages and Gr,wtB,comp = (0.69 £
0.13) nS at negative voltages. Interestingly, the conductance is partially
recovered at negative voltages as a consequence of the labile binding of
the antibiotic, which is moved out of its binding site by pressure exerted
by the electroosmotic flow (EOF), arising due to the flux of hydrated ions
under voltage. The EOF partially detaches the acidic side of the ampi-
cillin molecule in wt PorB at negative voltages as previously shown in
Bartsch et al. [14]. This result is in good agreement with our experi-
mental electrophysiology recordings, which show that ampicillin only
blocks PorB at positive voltages.

We observe similar trends for the calculated conductance values in
the G103K PorB variants. The G103K PorB trimer conductance is
reduced from Gr,G103K,comp = (1.29 £ 0.07) nS at positive voltages and
Gr,G103K,comp = (1.53 & 0.09) nS at negative voltages in the apo form to
GT,GIOBK,B,comp = (0.09 £+ 0.10) nS at positive Voltages and GT,GlOBK,B,
comp = (0.30 & 0.13) nS at negative voltages upon drug binding. The
drop in conductance is asymmetric with respect to different polar-
isations of the membrane, which is consistent with a voltage-induced

effect on ligand binding (see below). We also observe the partial un-
binding of the beta-lactam antibiotic from the basic side of the eyelet. In
mutant PorB, the flux of ions and water molecules is slightly reduced
compared to the ampicillin bound wt PorB trimer, most likely related to
the reduced size and altered electrostatic features of the pore.

2.6. Ampicillin binding mode is field dependent

In our previous paper [14], we explained asymmetries seen in the
ampicillin blockade of PorB current by the EOF. The EOF describes the
stabilisation or destabilisation of ampicillin binding, depending on the
polarisation of the membrane, due to water flow associated with the
voltage-induced flux of hydrated ions across the porin eyelet [43,44].
Stabilisation of ampicillin binding would lead to a longer and more
frequent blockade, whereas destabilisation of binding would give rise to
a partial recovery of the current. We also speculated that at higher
voltages, the stronger electric field in the eyelet might result in a rotation
of the zwitterionic ligand bound perpendicular to the field, yielding a
further destabilisation of binding with increasing voltages. Experimen-
tally, it can be shown that the frequency of ampicillin blockade de-
creases with increasing positive voltage in wt PorB, as opposed to the
enhanced binding of neutral ligands under the influence of voltage-
dependent EOF in alpha-hemolysin, while the frequency in G103K
PorB follows the trend observed in alpha-hemolysin [43]. We therefore
investigated the voltage dependence of ligand binding in both wt and
G103K PorB.
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In our present high voltage simulations (CompEL ion imbalance Aq
=18, V, = £600 mV), the drug shows a rotation relative to the z-axis
that depends on the voltage across the membrane (Fig. 6A/B). The acidic
moiety moves in the direction of the positively polarised face of the
membrane, while the basic moiety rotates towards the negative face.
This leads to opposing rotations of the bound drug in its binding site
under negative and positive voltages. In simulations of wt PorB without
voltage (Aq = 0), no translation or rotation of ampicillin is observed
(Fig. S9). Interestingly, the rotation of the drug is more pronounced in
wt PorB than in the G103K variant (Fig. 6B). In the mutant, voltage-
dependent translation of the molecule slightly dominates over field-
induced rotation (Fig. S13).

The EOF exerts pressure on a molecule bound to a pore along the
direction of ion flux, i.e. usually the channel axis. This leads to the
expectation that voltage-dependent translation out of the binding site

>

Negative voltage

Positive voltage

wt PorB
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will be observed if the EOF predominates, while rotation of a zwitterion
bound perpendicular to the membrane electric field is likely to be a
direct result of the applied voltage. It appears that the mutation leads to
a switch from a mainly direct effect caused by the field at high voltages,
rotating ampicillin in its binding site in wt PorB, to increasing EOF-
induced translation in G103K PorB. We suggest that the difference
seen experimentally for the voltage-dependent frequency of pore
blockade between the wt and the mutant (Fig. 5D) can be explained by
this switchover of predominant effects. The mutant shows a trend to-
wards higher frequency at higher voltages previously reported for EOF
effects in alpha-hemolysin [43], while the wt displays an opposite ten-
dency likely to be governed by direct rotation of the drug in the eyelet.

The narrowing and polarity change of the mutant PorB eyelet causes
a substantial reduction of the ionic flux through the pore, hence ulti-
mately diminishing the extent of the EOF effect in the G103K mutant.

Fig. 6. Comparison of field-
dependent behaviour of ampicillin in
wt and G103K PorB systems. (A) Final
configurations of the ampicillin bound
to both PorB proteins. Green and
white cartoons represent the L3 loop
of wt (PDB ID: 3VY8) and G103K PorB
(PDB ID: 7DES8) proteins respectively.
Initial and final orientation of ampi-
cillin molecules are represented as
grey and purple sticks, respectively.
(B) Field-dependent rotation of
ampicillin relative to the z-axis in wt
(left) and G103K PorB (right). A
greater difference between angles
under positive and negative voltages
emerges in wt PorB. The membranes
under positive and negative voltages
are depicted in cyan and navy,
respectively, for a CompEL ion
imbalance Dq of 18e (V, =~ +600
mV). Each channel is treated individ-
ually with the mean value and a con-
fidence interval of 95% plotted every
2 ns.
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We suggest that this reduction in ion flux in combination with the steric
hindrance of the K103 sidechain shelter the salt-bridge interactions
between ampicillin and G103K PorB, resulting in an increased residence
time as experimentally determined. However, it is worth noting that
differentiating the steric from the electrostatic contributions of the
altered eyelet on ligand binding under applied voltages is not trivial and
likely requires an expanded set of mutants investigated by experiment
and simulation in future studies.

2.7. Liposome-swelling shows reduced ampicillin permeation through
G103K PorB

For qualitative investigation of antibiotic transport, liposome-
swelling assays are often performed, in which the influx of antibiotics
is measured by the decrease in optical density of bursting liposomes [7].
Liposomes containing wt and G103K PorB as well as liposomes without
protein as control were monitored in the presence of ampicillin to study
the drug influx through PorB (Fig. 7). The optical density (OD4oo) de-
creases over time only for the samples containing porins, showing that
ampicillin is translocated into the liposomes. Ampicillin transport is
substantially reduced for the mutant compared to wt PorB in these ex-
periments, demonstrating the effect of the single mutation on overall
antibiotic uptake. As control, a glucose transport assay was performed,
which shows no reduction in transport rates in the mutant (Fig. S15).

3. Conclusions

The eyelet of PorB, and other porins, is shaped to facilitate the se-
lective translocation of a range of polar solutes into the bacterial cell. Its
geometry and transverse electrostatic field, arising from clusters of basic
and acidic residues in the eyelet, create two distinct pathways for cations
and anions. The G103K mutation, related to drug-resistant phenotypes,
introduces a bulkier and positively charged sidechain into the centre of
the PorB eyelet. This affects the selectivity of the channel by reducing its
size and altering its electrostatic properties. Despite the mobility of the
lysine sidechain, a narrower pore of G103K PorB is seen in both X-ray
structures and molecular dynamics simulations. The G103K mutation
also changes the bipolarity of the eyelet by introducing a positive charge

OD4()()/O D-l()()ma:\'

92

90 k| ® wild type e 4
A G103K ]
]8 || ™ Blank - i
1 " 1 P " 1 i 1 " 1 " 1 " 1 " 1
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Time /s

Fig. 7. Liposome swelling assay. The Ampicillin-transport swelling of lipo-
somes containing wt PorB (blue) and G103K PorB (red) were monitored in the
presence of ampicillin. Liposomes without protein (blank, grey) were used as
control. The mean values of three independent measurements with the standard
deviation (bars) are plotted.
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into the channel constriction. The structural and electrostatic effects
translate into a lower overall ion conductance of this porin, as observed
by high-resolution experimental electrophysiology. The decreased
conductance is also manifested in our CompEL simulations, which show
a lower conductance, and the potentials-of-mean-force for cations and
anions along the pore axis which reveal a disruption of the cation
pathway due to the additional charge in the eyelet.

Both our electrophysiology experiments and CompEl simulations
show that, despite similar binding sites for ampicillin near the eyelet,
ampicillin-bound wt and G103K PorB behave differently with respect to
ion flux and blocking frequency under voltage (Fig. 5). Our simulations
reveal a difference between the effects of voltage on the binding of
ampicillin in the mutant in a different way compared to the wt. In the
mutant, high voltages lead to rotation of the ligand out of its binding
site, whereas in the wt, translation due to the EOF predominates. Ulti-
mately, the difference arises due to the changed polarity and geometry
of the eyelet in the mutant. To ascertain if the mutation also affects the
permeability of PorB for ampicillin, we carried out liposome swelling
assays. The results show that G103K PorB indeed exhibits a reduced
experimental permeability for ampicillin, with an approximately two-
fold reduced rate.

4. Methods
4.1. Crystal structure and electrostatic surface potential of PorB G103K

PorB G103K from Neisseria meningitidis W135 strains was expressed,
purified and crystallized as described previously [18,24,45,46]. Crystals
of PorB in the P63 crystal form were obtained in 100 mM MES, pH 6.5,
31% Jeffamine M-600. Diffraction data were collected at the Swiss Light
Source (SLS) PX-I (X06SA) beamline at a wavelength of 1.0 A. Datasets
were processed with HKL-2000 suite [47]. Data collection and refine-
ment statistics are listed in Table S1 (Supporting Information). Since
crystals were isomorphous with crystals from determined structures of
wild-type PorB (PDB ID: 3VY8) [25], rigid body refinement was per-
formed with REFMACS5 [45] in the CCP4 suite [49] to obtain the initial
model phases. Iterative rounds of manual model building in Coot [50]
and refinement in REFMAC5 [48] were used to improve the quality of
both models. Structure validation was carried out with PROCHECK [51].
Figures were prepared using PyMOL (version 1.7.6.6, https://www.
pymol.org or CueMol (version 2.2.1.354, http://www.cuemol.org/en/
), and electrostatic surface potential comparisons were calculated
using the Adaptive Poisson-Boltzmann Solver (APBS) [27].

The coordinates and the structure factors for the PorB mutant G103K
have been deposited in the RCSB Protein Data Bank under the accession
code 7DES8.

4.2. Liposome swelling assay

To test for ampicillin transport activity of PorB wt and PorB G103K, a
liposome swelling assay was performed at isoosmotic conditions as
described previously [45]. Multilamellar liposomes were prepared using
E. coli polar lipid extract (Avanti Polar Lipid, Alabaster, AL, USA)
[22,24].

Lipids (2 mg) were dissolved in chloroform and dried under vacuum
for 20 min. Subsequently, the lipid film was rinsed with 800 pL n-
pentane and resuspended in water under constant agitation for 60 min.
The resulting suspension was equally split into two samples, one con-
taining PorB, the other one serving as the control sample (1 mg lipid plus
0.5 pg PorB or an equal volume of buffer solution, respectively). Both
liposome preparations were sonified until they appeared translucent
(2-3 min). After drying in a speedvac for 2 h, the samples were stored in
a dark desiccator overnight. Films were resuspended in 800 pL buffer
solution (12 mM stachyose, 1 mM NAD-imidazole, 4 mM Na-NAD, pH
6.0) followed by incubation at room temperature, first for 1 h under
gentle movement, then for 1 h without. The swelling assay was
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performed by addition of 10 pL of liposomes to 500 pL ampicillin so-
lution (15 mM in 1 mM NAD-imidazole, pH 6.0) and the optical density
was recorded at a wavelength of 400 nm with a resolution of 5 s. Three
independent experiments were performed for each sample. For the
glucose transport assay, both liposomes and proteoliposomes were
resuspended in a 500 pL solution containing 5 mM dextran T40 and 5
mM Tris-HCl, pH 8.0, and incubated for 1 h with gentle shaking, fol-
lowed by static incubation for 1 h at room temperature. The swelling
assay was initiated by mixing 10 pL of liposomes and proteoliposomes
with 500 pL of glucose solution in 5 mM Tris-HCl pH 8.0 as described
previously [45].

4.3. Electrophysiological recordings on PorB

Single channel recordings of PorB were performed on solvent-free
planar bilayers using the Port-a-Patch (Nanion Technologies, Munich,
Germany) as described previously [14]. Briefly, a giant unilamellar
vesicle (GUV) composed of 1,2-diphytanoyl-sn-glycero-3-phosphocho-
line (DPhPC)/cholesterol (9:1) was spread in 1 M KCl, 10 mM HEPES,
pH 7.5 on the aperture (d = 1-5 pm) in a borosilicate chip by applying
10-40 mbar negative pressure resulting in a solvent-free membrane with
a resistance in the GQ range. Afterwards, PorB stock solution (2.2 pM in
200 mM NacCl, 20 mM Tris, 0.1% (w/w) LDAO (N,N-dimethyldodecyl-
amine N-oxide), pH 7.5) was added to the buffer solution (50 pL) 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).

For electrophysiological measurements in the presence of ampicillin,
planar black lipid membranes (BLMs) were prepared by adding 1-2 pL of
lipids (DPhPC/cholesterol, 9:1) dissolved in n-decane (30 mg/mL) to an
aperture (d = 50 pm) in a PTFE foil (DF100 cast film, Saint-Gobain
Performance Plastics, Rochdale, Great Britain) fixed between two cy-
lindrical PTFE-chambers filled with 3.0 mL buffer (1 M KCl, 10 mM
HEPES, pH 7.5 and pH 6.0, respectively). 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 KCI, 10 mM HEPES, pH 7.5) to both sides of the BLM. Current
traces were recorded at a sampling rate of 50 kHz and filtered at 5 kHz.
Ampicillin blocking events were analysed using JULES for model-free
idealization of the data [31]. Its combination of multiresolution tech-
niques 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 as
shown previously [14]. Results are confirmed by an analysis with a
hidden Markov model, in which the filter is taken into account
explicitly.

4.4. Docking

The binding mode of ampicillin was explored by means of docking
calculations carried out with GOLD [35] and rDock [38-40]. Docking
computations were performed with a 2-fold purpose to explore suitable
starting orientations of the inhibitor in the binding site of the wild-type
and G103K mutant PorB. The structural models of PorB included in the
docking calculations were the X-ray structures of the PorB (wt, PDB ID
3VY8 [25] and the G103K mutant described in the present paper) and
extra structures were extracted for the apo simulations and minimized.
Each compound was subjected to 100 docking runs. Whereas the protein
was kept rigid, GOLD and rDock account for the conformational flexi-
bility of the ligand around rotatable bonds during docking calculations.
The output docking modes were analysed by visual inspection in
conjunction with the docking scores.
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4.5. Set up of the PorB systems

The PorB wild-type and the G103K variant were respectively
modelled using the X-ray structure obtained by Kattner et al. (PDB ID
3VY8) [25] and the X-ray structure described in this work. The PorB
trimers were embedded into a preequilibrated 150 x 150 A 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer. A 25 A layer of
SPC/E water molecules was set up at both sides of the bilayer, and K™
cations and Cl~ anions were added to achieve an ionic strength of 1 M to
enhance the sampling of ion passage along the protein pores (approxi-
mately 57,000 water molecules and 1866 K and 1896 Cl~ ions). PorB
trimers were embedded into a lipid bilayer composed of 542 POPC lipid
molecules using GROMACS utility membed [52,53]. The Parm99SB
force field [54,55] and virtual sites for hydrogen atoms [56] were used
for the protein. The POPC molecules were parameterized according to
the lipid parameters derived by Berger et al. [55,57], the SPC/E water
model was used to model water molecules [58] and Joung and Cheat-
ham parameters [59] were used to model the counterions. The zwit-
terionic ampicillin molecule was parameterized using the gaff force field
[60] in conjunction with RESP (HF/6-31G(d)) charges [61] as imple-
mented in the Antechamber module of AMBER12 software package
[62].

4.6. Molecular dynamics simulations

Molecular simulations were carried out with the GROMACS molec-
ular dynamics package, version 5.1.5. [63]. For each system, the ge-
ometry 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, where the
temperature was gradually increased from 50 K to 320 K, while the
protein was restrained with a force constant of 10 kJ mol™* A=2. The
systems were equilibrated with restrained protein for 100 ns to ensure
the equilibration of the aqueous phase. Production runs accounted of
200 ns long simulations.

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 velocity-rescale thermostat of Bussi et al. [64]. 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 [65]. Long-range electrostatic in-
teractions were calculated using the smooth particle mesh Ewald
method [66] beyond a short-range Coulomb cut-off of 10 A.A10A cut-
off was also set for Lennard-Jones interactions. LINCS algorithm [67]
was used to restrain the system and SETTLE algorithm [68] was used to
constrain bond lengths and angles of water molecules. Periodic bound-
ary conditions were applied. Taking advantage of the Berger lipid model
and the virtual sites, the integration time-step was set to 4 fs in the apo
PorB simulations and 2 fs in the holo PorB simulations.

4.7. PMF landscape calculations

Productions runs for each system were used to obtain two-
dimensional potential-of-mean-force (PMF) free energy landscape of
the passage of K™ and Cl~ ions along PorB pore taking into account data
sets from all channels. The PMF was generated by binning the system
along the axis of the translocation pathway z and along an orthogonal
axis, referred to as x, corresponding to a vector from the Center Of
Masses (COM) of the acidic cluster to the COM of the basic cluster in the
eyelet region. A bin length of 0.5 A was used in both directions.

The PMF was calculated from the ionic density n;(x,z) in each bin
according to:

Gi(x,z) = —kgTin(ni(x,z) ),

where kp is Boltzmann’s constant and T is the temperature. The density
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of both ion types i within each bin was determined from the full atomic
trajectory, normalized to the channel area at the pore entry. PMF values
are shown as the free energy difference relative to minimum free energy
for each ion data set.

CRediT authorship contribution statement

A.B., C.K., M.S. and M.T. performed the experiments, F.P., M.D. and
A.M. developed and applied the mathematical tools to evaluate the data,
C.M.I, S.L. and U.Z. performed the MD simulations. C.S. and U.Z.
designed the experiments and wrote the manuscript.

Declaration of competing interest
The authors declare no competing interest.
Data availability

Data will be made available on request.

Acknowledgements

We are grateful to N. Denkert and M. Meinecke for support in con-
structing and performing the measurements on black lipid membranes
and I. Mey for helpful discussions. Funded by the Deutsche For-
schungsgemeinschaft (DFG, Research Foundation Germany) under
Germany’s Excellence Strategy — EXC 2067/1- 390729940 (C.S. and A.
M.), the Bundesministerium fiir Bildung und Forschung (BMBF) pro-
gram ZIK HALOmem (FKZ 03Z2HN21 to M.T.), by Grants-in-Aids for
young scientist from the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) (No. 16K18506 to M.T.), by the Wellcome Trust
Interdisciplinary Research Funds (grant WT097818MF), the Scottish
Universities” Physics Alliance (SUPA) and the Tayside Charitable Trust
(U.Z. and S.1L.), and by the MRC Doctoral Training Programme (C.M.I).
The coordinates and the structure factors for the PorB mutant G103K
have been deposited in the RCSB Protein Data Bank under the accession
code 7DES8.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.bbamem.2021.183601.

References

[1] E. Tacconelli, E. Carrara, A. Savoldi, S. Harbarth, M. Mendelson, D.L. Monnet,

C. Pulcini, G. Kahlmeter, J. Kluytmans, Y. Carmeli, M. Ouellette, K. Outterson,

J. Patel, M. Cavaleri, E.M. Cox, C.R. Houchens, M.L. Grayson, P. Hansen, N. Singh,
U. Theuretzbacher, N. Magrini, W.H.O.P.P.L.W. Group, Discovery, research, and
development of new antibiotics: the WHO priority list of antibiotic-resistant
bacteria and tuberculosis, Lancet Infect. Dis. 18 (3) (2018) 318-327.

A.H. Delcour, Outer membrane permeability and antibiotic resistance, Biochim.
Biophys. Acta 1794 (5) (2009) 808-816.

H. Nikaido, Molecular basis of bacterial outer membrane permeability revisited,
Microbiol. Mol. Biol. Rev. 67 (4) (2003) 593-656.

J.M. Pages, C.E. James, M. Winterhalter, The porin and the permeating antibiotic: a
selective diffusion barrier in gram-negative bacteria, Nat. Rev. Microbiol. 6 (12)
(2008) 893-903.

D. Du, X. Wang-Kan, A. Neuberger, H.W. van Veen, K.M. Pos, L.J.V. Piddock, B.
F. Luisi, Multidrug efflux pumps: structure, function and regulation, Nat. Rev.
Microbiol. 16 (9) (2018) 523-539.

S. Acosta-Gutierrez, L. Ferrara, M. Pathania, M. Masi, J. Wang, 1. Bodrenko,

M. Zahn, M. Winterhalter, R.A. Stavenger, J.M. Pages, J.H. Naismith, B. van den
Berg, M.G.P. Page, M. Ceccarelli, Getting drugs into gram-negative bacteria:
rational rules for permeation through general porins, ACS Infect Dis 4 (10) (2018)
1487-1498.

C.E. James, K.R. Mahendran, A. Molitor, J.M. Bolla, A.N. Bessonov,

M. Winterhalter, J.M. Pages, How beta-lactam antibiotics enter bacteria: a dialogue
with the porins, PLoS One 4 (5) (2009) e5453.

A.H. Delcour, Solute uptake through general porins, Front. Biosci. 8 (2003)
d1055-d1071.

[3]
[4]

[5]

[6]

[7

—

[8]

9]

10

BBA - Biomembranes 1863 (2021) 183601

[10] M. Olesky, M. Hobbs, R.A. Nicholas, 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 (9)
(2002) 2811-2820.

V. Simonet, M. Mallea, J.M. Pages, Substitutions in the eyelet region disrupt

cefepime diffusion through the Escherichia coli OmpF channel, Antimicrob. Agents

Chemother. 44 (2) (2000) 311-315.

E.M. Nestorovich, C. Danelon, M. Winterhalter, S.M. Bezrukov, Designed to

penetrate: time-resolved interaction of single antibiotic molecules with bacterial

pores, Proc. Natl. Acad. Sci. U. S. A. 99 (15) (2002) 9789-9794.

1. Ghai, A. Pira, M.A. Scorciapino, I. Bodrenko, L. Benier, M. Ceccarelli,

M. Winterhalter, R. Wagner, General method to determine the flux of charged

molecules through nanopores applied to beta-lactamase inhibitors and OmpF,

J. Phys. Chem. Lett. 8 (6) (2017) 1295-1301.

A. Bartsch, S. Llabres, F. Pein, C. Kattner, M. Schon, M. Diehn, M. Tanabe, A. Munk,

U. Zachariae, C. Steinem, High-resolution experimental and computational

electrophysiology reveals weak beta-lactam binding events in the porin PorB, Sci.

Rep. 9 (1) (2019) 1264.

B.K. Ziervogel, B. Roux, The binding of antibiotics in OmpF porin, Structure 21 (1)

(2013) 76-87.

C. Danelon, E.M. Nestorovich, M. Winterhalter, M. Ceccarelli, S.M. Bezrukov,

Interaction of zwitterionic penicillins with the OmpF channel facilitates their

translocation, Biophys. J. 90 (5) (2006) 1617-1627.

J.D. Prajapati, C.J.F. Solano, M. Winterhalter, U. Kleinekathofer, Enrofloxacin

permeation pathways across the porin OmpC, J. Phys. Chem. B 122 (4) (2018)

1417-1426.

C. Kattner, D.N. Toussi, J. Zaucha, L.M. Wetzler, N. Ruppel, U. Zachariae,

P. Massari, M. Tanabe, Crystallographic analysis of Neisseria meningitidis PorB

extracellular loops potentially implicated in TLR2 recognition, J. Struct. Biol. 185

(3) (2014) 440-447.

P. Massari, A. Visintin, J. Gunawardana, K.A. Halmen, C.A. King, D.T. Golenbock,

L.M. Wetzler, Meningococcal porin PorB binds to TLR2 and requires TLR1 for

signaling, J. Immunol. 176 (4) (2006) 2373-2380.

V. Kozjak-Pavlovic, E.A. Dian-Lothrop, M. Meinecke, O. Kepp, K. Ross,

K. Rajalingam, A. Harsman, E. Hauf, V. Brinkmann, D. Gunther, I. Herrmann,

R. Hurwitz, J. Rassow, R. Wagner, T. Rudel, Bacterial porin disrupts mitochondrial

membrane potential and sensitizes host cells to apoptosis, PLoS Pathog. 5 (10)

(2009), €1000629.

M. Virji, Pathogenic neisseriae: surface modulation, pathogenesis and infection

control, Nat. Rev. Microbiol. 7 (4) (2009) 274-286.

M. Olesky, S. Zhao, R.L. Rosenberg, R.A. Nicholas, Porin-mediated antibiotic

resistance in Neisseria gonorrhoeae: ion, solute, and antibiotic permeation through

PIB proteins with penB mutations, J. Bacteriol. 188 (7) (2006) 2300-2308.

S. Acosta-Gutierrez, M.A. Scorciapino, 1. Bodrenko, M. Ceccarelli, Filtering with

electric field: the case of E. coli porins, J. Phys. Chem. Lett. 6 (10) (2015)

1807-1812.

M. Tanabe, C.M. Nimigean, T.M. Iverson, Structural basis for solute transport,

nucleotide regulation, and immunological recognition of Neisseria meningitidis

PorB, Proc. Natl. Acad. Sci. U. S. A. 107 (15) (2010) 6811-6816.

C. Kattner, J. Zaucha, F. Jaenecke, U. Zachariae, M. Tanabe, Identification of a

cation transport pathway in Neisseria meningitidis PorB, Proteins 81 (5) (2013)

830-840.

P. Emsley, B. Lohkamp, W.G. Scott, K. Cowtan, Features and development of Coot,

Acta Crystallogr D Biol Crystallogr 66(Pt 4) (2010) 486-501.

N.A. Baker, D. Sept, S. Joseph, M.J. Holst, J.A. McCammon, Electrostatics of

nanosystems: application to microtubules and the ribosome, Proc. Natl. Acad. Sci.

U. S. A. 98 (18) (2001) 10037-10041.

C. Kutzner, H. Grubmuller, B.L. de Groot, U. Zachariae, Computational

electrophysiology: the molecular dynamics of ion channel permeation and

selectivity in atomistic detail, Biophys. J. 101 (4) (2011) 809-817.

W. Im, B. Roux, lon permeation and selectivity of OmpF porin: a theoretical study

based on molecular dynamics, brownian dynamics, and continuum electrodiffusion

theory, J. Mol. Biol. 322 (2002) 851-869.

1. Bodrenko, H. Bajaj, P. Ruggerone, M. Winterhalter, M. Ceccarelli, Analysis of fast

channel blockage: revealing substrate binding in the microsecond range, Analyst

140 (14) (2015) 4820-4827.

F. Pein, I. Tecuapetla-Gomez, O.M. Schutte, C. Steinem, A. Munk, Fully automatic

multiresolution idealization for filtered ion channel recordings: flickering event

detection, IEEE Trans Nanobioscience 17 (3) (2018) 300-320.

P.R. Singh, M. Ceccarelli, M. Lovelle, M. Winterhalter, K.R. Mahendran, Antibiotic

permeation across the OmpF channel: modulation of the affinity site in the

presence of magnesium, J. Phys. Chem. B 116 (15) (2012) 4433-4438.

K.R. Mahendran, E. Hajjar, T. Mach, M. Lovelle, A. Kumar, 1. Sousa, E. Spiga,

H. Weingart, P. Gameiro, M. Winterhalter, M. Ceccarelli, Molecular basis of

enrofloxacin translocation through OmpF, an outer membrane channel of

Escherichia coli—when binding does not imply translocation, J. Phys. Chem. B 114

(15) (2010) 5170-5179.

D.B. Tikhonov, L.G. Magazanik, Voltage dependence of open channel blockade:

onset and offset rates, J. Membr. Biol. 161 (1) (1998) 1-8.

L. Kullman, M. Winterhalter, S.M. Bezrukov, Transport of maltodextrins through

maltoporin: a single-channel study, Biophys. J. 82 (2) (2002) 803-812.

H. Bajaj, M.A. Scorciapino, L. Moynie, M.G. Page, J.H. Naismith, M. Ceccarelli,

M. Winterhalter, Molecular basis of filtering carbapenems by porins from beta-

lactam-resistant clinical strains of Escherichia coli, J. Biol. Chem. 291 (6) (2016)

2837-2847.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]


https://doi.org/10.1016/j.bbamem.2021.183601
https://doi.org/10.1016/j.bbamem.2021.183601
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0005
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0005
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0005
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0005
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0005
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0005
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0015
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0015
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0020
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0020
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0025
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0025
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0025
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0030
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0030
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0030
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0035
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0035
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0035
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0035
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0035
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0040
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0040
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0040
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0045
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0045
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0050
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0050
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0050
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0050
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0055
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0055
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0055
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0060
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0060
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0060
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0065
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0065
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0065
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0065
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0070
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0070
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0070
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0070
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0075
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0075
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0080
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0080
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0080
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0085
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0085
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0085
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0090
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0090
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0090
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0090
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0095
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0095
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0095
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0100
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0100
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0100
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0100
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0100
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0105
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0105
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0110
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0110
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0110
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0115
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0115
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0115
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0120
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0120
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0120
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0125
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0125
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0125
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0130
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0130
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0130
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0135
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0135
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0135
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0140
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0140
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0140
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0145
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0145
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0145
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0150
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0150
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0150
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0155
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0155
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0155
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0160
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0160
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0160
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0160
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0160
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0165
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0165
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0170
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0170
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0175
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0175
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0175
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0175

A. Bartsch et al.

[371
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

G. Jones, P. Willett, R.C. Glen, A.R. Leach, R. Taylor, Development and validation
of a genetic algorithm for flexible docking, J. Mol. Biol. 267 (3) (1997) 727-748.
X. Barril, R.E. Hubbard, S.D. Morley, Virtual screening in structure-based drug
discovery, Mini-Rev. Med. Chem. 4 (7) (2004) 779-791.

S.D. Morley, M. Afshar, Validation of an empirical RNA-ligand scoring function for
fast flexible docking using Ribodock, J. Comput. Aided Mol. Des. 18 (3) (2004)
189-208.

S. Ruiz-Carmona, D. Alvarez-Garcia, N. Foloppe, A.B. Garmendia-Doval, S. Juhos,
P. Schmidtke, X. Barril, R.E. Hubbard, S.D. Morley, rDock: a fast, versatile and open
source program for docking ligands to proteins and nucleic acids, PLoS Comput.
Biol. 10 (4) (2014), e1003571.

J.D. Prajapati, U. Kleinekathofer, Voltage-dependent transport of neutral solutes
through Nanopores: a molecular view, J. Phys. Chem. B 124 (47) (2020)
10718-10731.

C. Kutzner, D.A. Kopfer, J.P. Machtens, B.L. de Groot, C. Song, U. Zachariae,
Insights into the function of ion channels by computational electrophysiology
simulations, Biochim. Biophys. Acta 1858 (7 Pt B) (2016) 1741-1752.

L.Q. Gu, S. Cheley, H. Bayley, Electroosmotic enhancement of the binding of a
neutral molecule to a transmembrane pore, Proc. Natl. Acad. Sci. U. S. A. 100 (26)
(2003) 15498-15503.

S.P. Bhamidimarri, J.D. Prajapati, B. van den Berg, M. Winterhalter,

U. Kleinekathofer, Role of electroosmosis in the permeation of neutral molecules:
CymaA and cyclodextrin as an example, Biophys. J. 110 (3) (2016) 600-611.

C. Kattner, S. Pfennig, P. Massari, M. Tanabe, One-step purification and porin
transport activity of the major outer membrane proteins P2 from Haemophilus
influenzae, FomA from Fusobacterium nucleatum and PorB from Neisseria
meningitidis, Appl. Biochem. Biotechnol. 175 (6) (2015) 2907-2915.

M. Tanabe, T.M. Iverson, Expression, purification and preliminary X-ray analysis of
the Neisseria meningitidis outer membrane protein PorB, Acta Crystallogr Sect F
Struct Biol Cryst Commun 65(Pt 10) (2009) 996-1000.

Z. Otwinowski, W. Minor, Processing of X-ray Diffraction Data Collected in
Oscillation Mode vol. 276, 1997, pp. 307-326.

G.N. Murshudov, P. Skubak, A.A. Lebedev, N.S. Pannu, R.A. Steiner, R.A. Nicholls,
M.D. Winn, F. Long, A.A. Vagin, REFMACS for the refinement of macromolecular
crystal structures, Acta Crystallogr D 67 (2011) 355-367.

M.D. Winn, C.C. Ballard, K.D. Cowtan, E.J. Dodson, P. Emsley, P.R. Evans, R.

M. Keegan, E.B. Krissinel, A.G.W. Leslie, A. McCoy, S.J. McNicholas, G.

N. Murshudov, N.S. Pannu, E.A. Potterton, H.R. Powell, R.J. Read, A. Vagin, K.
S. Wilson, Overview of the CCP4 suite and current developments, Acta Crystallogr
D 67 (4) (2011) 235-242.

P. Emsley, B. Lohkamp, W.G. Scott, K. Cowtan, Features and development of Coot,
Acta Crystallogr D 66 (4) (2010) 486-501.

R.A. Laskowski, PROCHECK: a program to check the stereochemical quality of
protein structures, J. Appl. Crystallogr. 26 (1992) 283-291.

M.G. Wolf, M. Hoefling, C. Aponte-Santamaria, H. Grubmuller, G. Groenhof, g_
membed: efficient insertion of a membrane protein into an equilibrated lipid
bilayer with minimal perturbation, J. Comput. Chem. 31 (11) (2010) 2169-2174.

11

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]

[68]

BBA - Biomembranes 1863 (2021) 183601

S.0. Yesylevskyy, ProtSqueeze: simple and effective automated tool for setting up
membrane protein simulations, J. Chem. Inf. Model. 47 (5) (2007) 1986-1994.
K. Lindorff-Larsen, S. Piana, K. Palmo, P. Maragakis, J.L. Klepeis, R.O. Dror, D.
E. Shaw, Improved side-chain torsion potentials for the Amber ff99SB protein force
field, Proteins 78 (8) (2010) 1950-1958.

A. Cordomi, G. Caltabiano, L. Pardo, Membrane protein simulations using AMBER
force field and Berger lipid parameters, J. Chem. Theory Comput. 8 (3) (2012)
948-958.

A. Feenstra, B. Hess, H.J. Berendsen, Improving efficiency of large time-scale
molecular dynamics simulations of hydrogen-rich systems, J. Comput. Chem. 20
(8) (1999) 786-798.

O. Berger, O. Edholm, F. Jahnig, Molecular dynamics simulations of a fluid bilayer
of dipalmitoylphosphatidylcholine at full hydration, constant pressure, and
constant temperature, Biophys. J. 72 (5) (1997) 2002-2013.

P. Mark, L. Nilsson, Structure and dynamics of liquid water with different long-
range interaction truncation and temperature control methods in molecular
dynamics simulations, J. Comput. Chem. 23 (13) (2002) 1211-1219.

1.S. Joung, T.E. Cheatham 3rd, Determination of alkali and halide monovalent ion
parameters for use in explicitly solvated biomolecular simulations, J. Phys. Chem.
B 112 (30) (2008) 9020-9041.

J. Wang, R.M. Wolf, J.W. Caldwell, P.A. Kollman, D.A. Case, Development and
testing of a general amber force field, J. Comput. Chem. 25 (9) (2004) 1157-1174.
J. Wang, P. Cieplak, P.A. Kollman, How well does a restrained electrostatic
potential (RESP) model perform in calculating conformational energies of organic
and biological molecules? J. Comput. Chem. 21 (12) (2000) 1049-1074.
K.B.D.A. Case, 1.Y. Ben-Shalom, S.R. Brozell, D.S. Cerutti, T.E. Cheatham, V.W.D.
Cruzeiro III, T.A. Darden, R.E. Duke, G. Giambasu, M.K. Gilson, H. Gohlke, A.
W. Goetz, R. Harris, S. Izadi, S.A. Izmailov, K. Kasavajhala, A. Kovalenko,

R. Krasny, T. Kurtzman, T.S. Lee, S. LeGrand, P. Li, C. Lin, J. Liu, T. Luchko, R. Luo,
V. Man, K.M. Merz, Y. Miao, O. Mikhailovskii, G. Monard, H. Nguyen, A. Onufriev,
F. Pan, S. Pantano, R. Qi, D.R. Roe, A. Roitberg, C. Sagui, S. Schott-Verdugo,

J. Shen, C.L. Simmerling, N.R. Skrynnikov, J. Smith, J. Swails, R.C. Walker,

J. Wang, L. Wilson, R.M. Wolf, X. Wu, Y. Xiong, Y. Xue, D.M. York, P.A. Kollman,
AMBER12, University of California, San Francisco, 2012.

M.J. Abraham, T. Murtola, R. Schulz, S. P4ll, J.C. Smith, B. Hess, E. Lindahl,
GROMACS: high performance molecular simulations through multi-level
parallelism from laptops to supercomputers, SoftwareX 1-2 (2015) 19-25.

G. Bussi, D. Donadio, M. Parrinello, Canonical sampling through velocity rescaling,
J. Chem. Phys. 126 (1) (2007), 014101.

H.J.C. Berendsen, J.P.M. Postma, W.F. Van Gunsteren, A. DiNola, J.R. Haak,
Molecular dynamics with coupling to an external bath, J. Chem. Phys. 81 (8)
(1984) 3684-3690.

T. Darden, D. York, L. Pedersen, Particle mesh Ewald: an N-log(N) method for
Ewald sums in large systems, J. Chem. Phys. 98 (12) (1993) 10089-10092.

B. Hess, H. Bekker, H.J.C. Berendsen, J.G.E.M. Fraaije, LINCS: a linear constraint
solver for molecular simulations, J. Comput. Chem. 18 (12) (1997) 1463-1472.
S. Miyamoto, P.A. Kollman, Settle: an analytical version of the SHAKE and RATTLE
algorithm for rigid water models, J. Comput. Chem. 13 (8) (1992) 952-962.


http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0180
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0180
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0185
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0185
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0190
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0190
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0190
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0195
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0195
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0195
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0195
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0200
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0200
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0200
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0205
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0205
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0205
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0210
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0210
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0210
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0215
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0215
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0215
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0220
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0220
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0220
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0220
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0225
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0225
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0230
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0230
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0230
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0235
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0235
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0235
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0235
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0235
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0240
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0240
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0245
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0245
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0250
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0250
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0250
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0255
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0255
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0260
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0260
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0260
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0265
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0265
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0265
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0270
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0270
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0270
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0275
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0275
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0275
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0280
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0280
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0280
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0285
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0285
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0285
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0290
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0290
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0295
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0295
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0295
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0300
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0305
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0305
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0305
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0310
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0310
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0315
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0315
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0315
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0320
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0320
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0325
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0325
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0330
http://refhub.elsevier.com/S0005-2736(21)00052-3/rf0330

	An antibiotic-resistance conferring mutation in a neisserial porin: Structure, ion flux, and ampicillin binding
	1 Introduction
	2 Results and discussion
	2.1 Crystal structure and electrostatic surface potential of PorB
	2.2 Conductance of wild-type and G103K PorB in planar lipid bilayer recordings
	2.3 Pathways of ion transfer in PorB
	2.4 Ampicillin interaction with PorB
	2.5 Ampicillin binding in wt and mutant PorB characterised by computational electrophysiology
	2.6 Ampicillin binding mode is field dependent
	2.7 Liposome-swelling shows reduced ampicillin permeation through G103K PorB

	3 Conclusions
	4 Methods
	4.1 Crystal structure and electrostatic surface potential of PorB G103K
	4.2 Liposome swelling assay
	4.3 Electrophysiological recordings on PorB
	4.4 Docking
	4.5 Set up of the PorB systems
	4.6 Molecular dynamics simulations
	4.7 PMF landscape calculations

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


