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Summary 

The outer membrane of bacteria forms an effective barrier; hence hydrophilic antibiotics are 

known to use porin pathway to reach the target inside the bacterium. With the overuse of 

antibiotics in clinics, bacteria have evolved to become resistant and one of the ways to do so is to 

reduce the intake of antibiotics. Increasing antibiotic resistance is recognized as a major public 

health threat. Introduction of only two new classes of antimicrobials in the past 30 years have 

aggravated the situation. Antimicrobial drug discovery faces unique challenges, primarily to 

produce compounds which have sufficient permeation across outer membrane of bacteria.  In this 

regard it becomes indispensable to measure the translocation rate and understand the molecular 

mechanism of antibiotic transport through porin channel.  

In this thesis we investigate two aspects: one to study antibiotic transport across clinically 

relevant porins and understand their contribution in antibiotic resistance; Second, to elucidate the 

translocation mechanism of the relevant antibiotics across porins from Gram-negative and Gram-

positive bacteria.  

In the first part, we studied antibiotic translocation across, major porin from pathogen 

Providencia stuartii and porin mutants from Escherichia coli clinical strain. A 

multidisciplinary approach, including single channel electrophysiology, liposome permeation 

assay, microbiological assays and molecular dynamic simulations, provided an understanding of 

permeability from macro scale to atomic scale. 

In the second part of the thesis, we mainly investigate the interaction of β-lactam and 

fluoroquinolone class of antibiotics with porins from E. coli and Nocardia farcinica at a single 

molecule level. An assay based on fluorescence detection in vesicles in microfluidic chambers 

is employed to obtain translocation rate of fluoroquinolone antibiotic across porins in a 

quantitative manner. Modulating parameters like pH significantly changes the kinetics of 

norfloxacin through OmpF in electrophysiology. Voltage dependent transport of antibiotic 

norfloxacin through single OmpF is reported and we discuss different contributions involved 

in the translocation of antibiotic through channel. 

We conclude that altered permeability across porins contributes to reduced susceptibility. By 

varying different parameters, like effect of point mutations in antibiotic translocation through 

channels or varying the charge state of antibiotic, we decipher the rate limiting interactions 

which might be useful for rational drug designing. 
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1.1 Introduction 

 Antibiotics are one of the most successful forms of chemotherapy in modern medicine. Their 

use has reduced illness and mortality due to infectious diseases. They are crucial for treating 

hospital acquired infections mainly occurring during invasive surgery and transplantations in 

intensive care units. However, since the introduction of antibiotics in clinics; resistance against 

antibiotics has been a constant threat. For example, penicillin resistant strains of Staphylococcus 

aureus were isolated 2 years after the introduction of penicillin in the market
1
. In the last 50 

years this phenomenon has dramatically escalated and today the crisis is epitomized by the 

spread of multidrug resistant ‘ESKAPE’ (comprises of Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter species) pathogens or the so called superbugs
2–4

. In some cases, ‘ESKAPE’ 

pathogens like A. baumannii are also resistant to last resort antibiotics like carbapenems 

jeopardizing the development of modern techniques in medicine
5–7

. The current situation of 

antibiotic resistance has worsened by the dearth of new drugs. Nearly all antibiotics in use today 

are compounds that were discovered during the 1940s to 1960s — the golden era of antibiotic 

discovery as shown in Figure 1 8
. This was followed by a huge innovation gap and by the mid-

1990 there was little interest for making more improvements to existing antibiotics. 

 

 

Figure 1: Timeline of the discovery of antibiotics (Reprinted by permission from Macmillan     Publishers 

Ltd: [Nature] (Lewis, K. Antibiotics: Recover the lost art of drug discovery. Nature 485, 439–40), 

copyright (2012)).  
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 In 1995, the determination of the complete DNA sequence of a bacterial genome from 

Haemophilus influenzae presented the prospect to explore hundreds of new genes as possible 

targets. This revived a new interest in antibacterial discovery. Pharmaceutical giants like 

GlaxoSmithKline (GSK) spent 7 years, evaluating more than 300 genes looking for potential 

targets and 70 high-throughput screening (HTS) campaigns of individual targets were run
9
. 

Although inhibitors of targets were readily identified through in vitro HTS, it failed mainly due 

to challenges in identifying compounds that could effectively penetrate bacterial cell wall 

especially in Gram-negative species
9–12

. The latest discovery of a new antibiotic Teixobactin
13

 is 

a respite which active against the Gram-positive pathogens including the resistance strains. 

However it is ineffective against most Gram-negative bacteria except for a strain of E. coli with a 

defective outer membrane barrier. This further emphasizes that the battle against antimicrobial 

resistance is not yet won. In this context, a more collaborative approach is called for to improve 

the success in antibacterial drug discovery (www.cdc.gov/drugresistance/threat-report-2013). 

Initiative like “New Drugs 4 Bad Bugs” (ND4BB) (http://www.nd4bb.eu) under the Innovative 

Medicines Initiative (IMI, www.imi.europa.eu) is launched to address challenges associated with 

antibacterial drug discovery and development
14

. 

 

Antibiotic resistance mechanisms 

The main mechanisms by which bacteria gains resistance to antimicrobials are diverse and 

mainly classified into four fundamental mechanisms as shown in Figure 2
15

. A major mechanism 

of resistance involves the enzyme catalyzed inactivation of the antibiotics
16–18

. Target protection 

barrier forms another mechanism for resistance which is achieved through mutations that affect 

the intracellular target for a given antimicrobial drug
19–21

. Additionally, bacteria can evade the 

action of antibiotics by actively expelling the antibiotic out of the cells in a process termed 

efflux
22–25

. 

http://www.cdc.gov/drugresistance/threat-report-2013
http://www.nd4bb.eu/
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Figure 2: Mechanisms of antibiotic resistance
15

 (Reprinted by permission from Macmillan Publishers 

Ltd: [Nature Reviews Drug Discovery] (Coates, A., Hu, Y., Bax, R. & Page, C. The future challenges 

facing the development of new antimicrobial drugs. Nat. Rev. Drug Discov. 1, 895-910), copyright 

(2002). http://www.nature.com/ 

Efflux mechanism together with reduced entry of the antibiotic into the bacterial cell due to 

porins comprises the membrane barrier mechanism
22,25,26

. One of the first reports on influx 

related resistance to β-lactams, is due to diminished levels of porin encoded by ompF gene from 

Escherichia coli 
27

. 

The clinical evidence for the different strategies that are involved in reducing influx across the 

outer membrane is outlined in Figure 3
22,26,28

. Three kinds of bacterial responses have been 

documented as shown in Figure 3: One, Controlling the porin level in the outer membrane by 

changing the expression of porins; Two, Controlling the porin type by selecting the expressed 

porin which is more restricted; Three, Expressing a mutated porin with restricted channel 

activities. 

 

http://www.nature.com/


14 
 

 

Figure 3: Various resistance mechanisms associated with porin modification
22

. (Reprinted by permission 

from American Society for Microbiology: [Clinical Microbiology Reviews] (Fernández, L. & Hancock, R. 

E. W. Adaptive and mutational resistance: role of porins and efflux pumps in drug resistance. Clin. 

Microbiol. Rev. 25, 661–81), copyright (2012)). 

Porin-related mutations substantially affe t resistan e to β-lactams like in Enterobacteriaceae 

family. For example one study reported altered porin expression profile in the isolates of 

Enterobacter aerogenes collected over a 1-year period in which 6.4% were highly β-lactam-

resistant (20 strains out of 311) 
29

. Another mechanism used by Gram-negative bacteria to dodge 

the influx of antibiotic is the modulation of porin type synthesis. The expression of the narrow-

channel like OmpC type porin is generally favored in the human body, with the in situ conditions 

of temperature and osmolarity. This porin naturally restricts the entry of large charged molecules 

which points to a major step in antibiotic uptake and leads to a decreased susceptibility 
30,31

. 

Antibiotic resistance can also occur due to mutations that affect the proper function of porins. 

Modified porins have been identified in E. coli, Neisseria gonorrhoeae, P. aeruginosa, E. 

aerogenes, K. pneumoniae and Haemophilus influenzae
32–35

. For instance, a G-to-D mutation in a 
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putative loop3 of the OmpF/OmpC-like protein of E. aerogenes leads to a reduction of 

conductance of the pore and, additionally a de reased sus eptibility to β-lactams
33

.  This loop 3 

is a characteristic feature of such channels(OmpF/C porins or homologs), which folds back into 

the lumen of the channel to form a constriction zone and is the narrowest part within the pore 
36

. 

Several other modifications in the constriction zone have been reported to change the 

permeability of substrates like antibiotics
34,37

.In this regard, it is very tempting to investigate the 

permeation of antibiotics across porins.  

The pore forming properties of these porins and interactions with antibiotics are quantified by 

measuring ion current through channel inserted in a planar lipid bilayer
38–40

. Single porin 

channels are reconstituted into virtually solvent free lipid bilayer and ionic currents are generated 

through an open channel by applied transmembrane voltage. Addition of antibiotic to the system 

interrupts the passage of ions reflecting antibiotic-channel interactions
39

. Time resolved ion 

current blockages caused by antibiotics are interpreted as single-molecule event and the analysis 

helps to deduce the underlying kinetic parameters of antibiotic translocation
38

. 

In my thesis, we use single channel electrophysiology as a main technique to reveal porin- 

antibiotic interactions. We use permeation assays and microbiological assays together with 

molecular dynamics to get an idea on transport of antibiotics. We measure permeation of 

antibiotics across porin embedded giant unilamellar vesicles using fluorescence. Additionally we 

overcome the limitations of time resolution in electrophysiology by introduction of new analysis 

methods. In the next section we look at the scope of the thesis. 

 

1.2 Scope of my thesis 

In the first part of the thesis we elu idate the role of porins in uptake of β-lactam antibiotics and 

its relation to bacterial susceptibility.  

In chapter 1, we mainly characterized two carbapenem molecules, imipenem and meropenem 

through major porin of an opportunistic pathogen P. stuartii. In chapter 2, porin mutants from 

clinical strains of E. coli were characterized for their permeability of carbapenem antibiotics. In 

both chapters, we employ an integrative approach to investigate the permeability of these 

antibiotics across porins. We study the interaction of antibiotics through porins at a single 

channel level using electrophysiology and together with molecular dynamics simulations reveal 
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the molecular pathway. To differentiate binding from translocation of antibiotics in the channel 

liposome swelling assay are performed. Microbiological assays provide information on the 

relation of permeability of antibiotic in the cell to its susceptibility.  

In the second part of the thesis we investigate the translocation of antibiotics across porins from 

Gram-negative and Gram-positive bacteria. Novel aspects of antibiotic permeation through 

porins are revealed using electrophysiology and liposome based assays. 

In Chapter 3, we investigate the transport of antibiotics across porins of E. coli and provide new 

insights. An alternate label-free fluorescence based detection assay is employed to measure the 

direct translocation rate of antibiotics through porins. Another major part of my work was to 

perform single channel electrophysiology measurements and screen the interaction of different 

classes of antibiotics through OmpF/C porins from E. coli. For the first time, we report voltage 

driven translocation of different charged forms of norfloxacin through OmpF. We modulated 

different parameters like pH and salt concentration to elucidate the translocation pathway of 

antibiotics.  

In chapter 4, we deal with aspect of improving the time resolution of electrophysiology 

technique. Here, we introduced a modified power spectrum analysis method which can detect 

events in the range of a few microseconds. Additionally, a comparative study of three different 

bilayer systems is provided, to reveal an optimal setup in terms of their time and noise resolution.  

Chapter 5 mainly deals with the transport properties of porin from Gram-positive N. farcinica. 

We mainly characterized the channel and solute transport like sugars and antibiotics through the 

pore. Mutations in N. farcinica porin were created to study extensively the effect on uptake of 

substrates like antibiotics. 
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Chapter 1: Antibiotic uptake through porins of Providencia stuartii 

 

Previously in 2010 (Tran Q.-T et. al. J. Biol. Chem. 2010, 285), two porins OmpPst1 and 

OmpPst2 of P. stuartii were characterized. The study suggested a prominent role of OmpPst1 

porin in the antibiotic uptake of P. stuartii. The bacterium showed susceptibility to majority of 

clinically relevant antibiotics like meropenem a carbapenem antibiotic except for imipenem. This 

became the motivation, to investigate the relation between antibiotic permeability through porin 

and its resistance in bacteria (Part P2.1.1). This investigation is the outcome of a close 

collaboration between our group in Bremen and the group of Prof. Dr. Jean-Marie Pagès 

(Clinical Microbiology). 

Additionally the crystal structure of both the porins were revealed (manuscript under review) by 

Dr. Jacques-Philippe Colletier. The biophysical characterization of the porins revealed that 

OmpPst2 showed channel gating at voltages as low as 20mV. Part P2.1.2 gives the molecular 

interpretation of gating observed in experiments. 
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P2.1.1:  Role of OmpPst1 in carbapenem resistance 
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P2.1.2: Voltage Gating of Providencia stuartii Porins at Atomic Level 
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Chapter 2: Permeation of carbapenems through OmpC porin 

In this work, we study a series of OmpC porin mutants obtained from resistant E. coli isolates 

from a patient during serial antibiotic treatment (Low A. S. et. al. Mol. Microbiol. 2001, 42). 

Subsequently in 2011(Lou H. et. al. PLoS One 2011, 6) the group from Prof. Dr. James Naismith 

(in the IMI consortium) reported crystal structures of all the four OmpC mutants and surprisingly 

did not observe any major changes in the pore size. In the current work we investigated the 

permeability properties of different antibiotics through these four mutants and understand its 

correlation to resistance. The molecular explanation for difference in permeability is provided 

using MD simulations by group of Prof. Dr. Matteo Ceccarelli. The work of this chapter is 

performed under the IMI-Translocation project.  
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P2.2.1: Selective penetration of small molecules through Gram-negative outer cell wall 

channels at molecular level: Quantification of the rate limiting interaction of carbapenem 

with OmpC. 
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Background: Gram-negative bacteria 

frequently acquire resistance to antibiotics 

through porin mutations. 

Results: Mutations inside the OmpC porin 

channel decrease carbapenem uptake by 

trapping the antibiotic in an unfavorable 

orientation. 

Conclusion: Antibiotic dipole alignment 

along the channel’s electric field, 

compensating entropic factors and 

overcoming steric barriers, accelerates 

translocation.  

Significance: A general strategy to screen 

antibiotics for enhanced uptake has been 

identified. 

 

ABSTRACT 

Integral membrane proteins known as porins 

are the major pathway by which hydrophilic 

antibiotics cross the outer membrane of Gram-

negative bacteria. Single point-mutations in 

porins can decrease the permeability of an 

antibiotic, either by reduction of channel size 

or modification of electrostatics in the 

channel, and thereby confer clinical resistance. 

Here, we investigate four mutant OmpC 
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proteins from four different clinical isolates of 

Escherichia coli obtained sequentially from a 

single patient during a course of antimicrobial 

chemotherapy. OmpC porin from the first 

isolate (OmpC20) undergoes three 

consecutive and additive substitutions giving 

rise to OmpC26, OmpC28 and finally 

OmpC33. The permeability of two 

zwitterionic carbapenem molecules, imipenem 

and meropenem measured using liposome 

permeation assays and single channel 

electrophysiology, differ significantly between 

OmpC20 and OmpC33. Molecular dynamic 

simulations show that the antibiotics must 

pass through the constriction zone of porins 

with a specific orientation, where the 

antibiotic dipole is aligned along the electric 

field inside the porin. We identify that 

changes in the vector of the electric field in 

the mutated porin, OmpC33, create an 

additional barrier by “trapping” the antibiotic 

in an unfavourable orientation in the 

constriction zone that suffers steric hindrance 

for the reorientation needed for its onward 

translocation. Identification and understanding 

the underlying molecular details of such a 

barrier to translocation will aid in the design 

of new antibiotics with improved permeation 

properties in Gram-negative bacteria. 

 

Bacteria that are resistant to multiple 

antibiotics, the so-called superbugs, are one of 

the most challenging problems faced by 

modern medicine (1, 2). An important 

parameter for antibiotic efficacy is the 

accumulation of sufficient antibiotic in the 

correct location to cause metabolically 

significant inhibition (1). Target-based 

approaches to identifying novel, potent 

inhibitors have frequently failed, in part due to 

lack of permeability of the compounds 

particularly for Gram-negative bacteria (3, 4).  

Porins are known to be responsible for the 

uptake of several classes of hydrophilic 

antibiotics, e.g. β-lactams (5–9). 

Consequently, bacterial resistance to such 

antibiotics is frequently observed to include 

reduced influx through porins as one of the 

main mechanisms. Mutational changes in 

porins have been linked to stepwise increases 

in clinical and in vivo antibiotic resistance of 

Gram-negative pathogens (6, 9–11). Dé et. al. 

(12) described a clinical Enterobacter 

aerogenes isolate exhibiting increased 

resistance to cephalosporins where they 

observed mutations in the major porin that 

resulted in drastic reduction of the channel 

diameter (13). This modification was strongly 

associated with restricted translocation of 

antibiotics through the porins and hence 

conferred resistance to the E. aerogenes 

isolates (12). In another study, seven E. coli 

strains, isolated during two years of treatment 

of a patient suffering from Caroli syndrome, 

showed progressively greater antibiotic 

resistance  to the antibiotics used for 

treatment, including imipenem, meropenem, 

cefotaxime, ceftazidime and ciprofloxacin 

(14). There was significant increase in the 

minimum inhibitory concentrations (MICs) of 

meropenem (MEM) and imipenem (IPM), for 

which the MICs increased 32-fold between the 

third (MEM 0.125 mg/L; IPM 0.5 mg/L) and 

the seventh (last) isolate (MEM 4 mg/L; IPM 

8 mg/L) (10, 14–16). Lou et. al. (17) reported 

crystal structures of four OmpC mutants from 

the above study: OmpC20 from the first 

isolate (present in 1
st
, 2

nd
 and 3

rd
 isolate), 

OmpC26 with a D18E substitution (present in 

4
th

 isolate), OmpC28 with D18E and S271 F 
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substitutions (found in 5
th

 isolate) and 

OmpC33 with all D18E, S271F and R124H 

substitutions (found in 6
th

 and 7
th

 isolates) 

(14). These mutations did not result in major 

changes in channel size or ion conductivity 

(17). The authors suggested that, in contrast to 

the obvious exclusion due to reduced channel 

size, effects such as changes in the electric 

field at the constriction zone might have an 

impact on the channel permeability (17). 

Recent computational and experimental 

studies also suggested that the electrostatic 

profile inside the channel might play a major 

role in transit of polar molecules (18, 19). 

Subsequently, the internal electrostatics of the 

mutant porins (OmpC20 and OmpC33) were 

analyzed using water as a probe to sense the 

internal electric field (20).  

In this report we investigate the effect of point 

mutations on the predicted internal electric 

field and investigate how these changes 

correlate with the changes observed in 

antibiotic uptake among the porin variants. 

Permeation assays in proteoliposomes and 

single channel electrophysiology performed 

with purified mutant porins confirm 

decreasing permeability among the variants 

and correlate with the lower antibiotic 

susceptibility observed in vivo. Molecular 

dynamics suggests a molecular mechanism for 

this behavior and thus provides a rationale for 

the design of new antibiotics with improved 

translocation rates.  

EXPERIMENTAL METHODS 

Bacterial Strains and Plasmids-  Mutant E. 

coli strains lacking porins (22) transformed 

with vectors containing respective ompC 

genes were used for protein expression and 

purification as described previously (17). 

Solvent-free Lipid Bilayer Measurements- 

Reconstitution experiments and noise analysis 

were performed as described previously in 

detail (23). The Montal and Muller technique 

was used to form phospholipid bilayer using 

1,2-diphytanoyl-sn-glycero-3-phosphocholine 

(Avanti polar lipids) (24). A Teflon film 

comprising an aperture of approximately 30-

60 µm diameters was placed between the two 

chambers of the Teflon cuvette. The aperture 

was prepainted with 1% hexadecane in hexane 

for stable bilayer formation. 1 M KCl (or 200 

mM KCl), 20 mM MES, pH 6 was used as the 

electrolyte solution and added to both sides of 

the chamber. Ion currents were detected using 

standard silver-silver chloride electrodes from 

WPI (World Precision Instruments) that were 

placed in each side of the cuvette. Single 

channel measurements were performed by 

adding the protein to the cis side of the 

chamber (side connected to the ground 

electrode). Spontaneous channel insertion was 

typically obtained while stirring under an 

applied voltage (ranging from 100- 200mV). 

After successful single channel reconstitution, 

the cis side of the chamber was carefully 

perfused to remove any remaining porins to 

prevent further channel insertions. 

Conductance measurements were performed 

using an Axopatch 200B amplifier (Molecular 

Devices) in the voltage clamp mode. Signals 

were filtered by an on-board, low-pass Bessel 

filter at 10 kHz and with a sampling frequency 

set to 50 kHz. Amplitude, probability, and 

noise analyses were performed using Origin 

pro 8 (OriginLab) and Clampfit software 

(Molecular devices). Single-channel analysis 

was used to determine the antibiotic binding 

kinetics. In a single-channel measurement, the 

typical measured parameters were the duration 
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of blocked levels/residence time (τc) and the 

frequency of blockage events (ν). The 

association rate constant, kon, was derived 

using the number of blockage events, kon = 

ν/3[c], where c is the concentration of 

antibiotic. The dissociation rate constant, koff, 

was determined by averaging the 1/τc values 

recorded over the entire concentration range.  

Liposome Swelling Assays- Swelling assays 

were performed as described previously with 

slight modification (25, 26). In brief, 2 mg of E. 

coli total lipid extract (Avanti polar lipids) were 

used to form a lipid film that was dried for 

several hours. The film was resuspended in 20 

mM MES pH 6 (200 µL) (control) or buffer 

(200 µL) including 1 µg of protein to be 

reconstituted into the liposome and a thin film 

was made in a water bath at 45 °C. The lipid-

protein mixture was dried under vacuum for 

several hours and the film was resuspended in 

20 mM MES pH 6 (600 µL) containing 5% 

dextran (Applichem; MW 40,000) by slowly 

adding the later to the side of the test-tube and 

gently rotating the tube to wet the film. The 

tubes were left at room temperature for 60 

min, shaken by hand and left for another 60 

min. The concentrations of test solute were 

adjusted so that diluents were apparently 

isotonic with control liposomes. Stachyose 

(Fluka) and raffinose (Fluka) were also tested 

with proteoliposomes to confirm the isotonicity 

of the multilamellar liposomes. All the test 

solutions were made to isotonic concentrations 

using an Osmomat 30 osmolarimeter (Gonotec, 

Berlin, Germany). Liposome or proteoliposome 

solution (30 µL) was diluted into 630 µL of an 

isotonic test/solute solution made in 20 mM 

MES pH 6 buffer in a 1 mL cuvette and mixed 

manually. The change in absorbance at 500 nm 

was monitored using a Cary-Varian UV−vis 

spectrophotometer in the kinetic measurement 

mode. The swelling rates were calculated as the 

change in absorbance min
−1

 which reflects 

swelling of liposomes. The rates are taken as 

averages from at least five different sets of 

experiments, as described previously (27) . 

Molecular Dynamics Simulations- The 

trimeric OmpC20 (PDB ID: 2XE2) and 

OmpC33 (vide infra) were embedded in a pre-

equilibrated planar phospholipid bilayer 

constituted by 260 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) molecules. 

Since only poor resolution data are available 

for OmpC33,   the X-ray coordinates of 

OmpC28 (PDB ID: 2XE3) were used, after 

introducing the substitution R124H. Then, a 

cubic simulation box was set up by adding 

water molecules and the proper number of 

ions needed to counterbalance the protein net 

charge. The system was oriented in order to 

position the center of mass of the protein at 

the origin of the coordinate system and to 

align the channels with respect to the z-axis 

(positive z: extracellular side; negative z: 

periplasmic side). After 1 ps of energy 

minimization, a slow heating from 10 to 300 

K was carried out for 1.5 ns in the isothermal-

isobaric (NPT) ensemble of the program 

NAMD (28). During this stage, positional 

restraints were applied on the protein alpha-

carbons (all three dimensions) as well as on 

the phosphorus atoms of the lipids (z only, 

during the first 0.5 ns). Then, an equilibration 

stage follows for 6 ns in the NPT ensemble at 

1.0 bar and 300 K without any restraint. 

Finally, 400 ns MD simulations were 

performed in the NVT ensemble using the 

ACEMD code (29) designed for GPUs. 

The NPT equilibration was performed  with 

1.0 fs time-steps  and treating long-range 
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electrostatics with the Soft Particle Mesh 

Ewald (SPME) method (64 grid points and 

order 4 with direct cutoff at 1.0 nm and 1.0 Å 

grid-size). Pressure control was applied using 

the Nose-Hoover method (extended 

Lagrangian) with isotropic cell, integrated 

with the Langevin Dynamics (200 fs and 100 

fs of piston period and decay, respectively). 

The latter was also applied for temperature 

control with 200 fs thermostat damping time. 

The ACEMD code for the NVT ensemble 

allowed to rescale hydrogen mass to 4 amu 

and to increase the time-step to 4.0 fs (30). 

The Langevin thermostat was used with a 1 ps 

damping coefficient. SPME was used to treat 

electrostatics as done during the equilibration 

stage. Molecular dynamics  simulations were 

performed employing the Amber99SB-ILDN 

force field (31) for the protein and lipids, and 

the TIP3P (32) for waters. 

General AMBER force field  (GAFF) 

parameters (33) were used to describe 

imipenem and meropenem. Partial atomic 

charges were evaluated according to the 

Restrained Electrostatic Potential (RESP) 

approach (34): the molecule was first 

optimized at the HF/6-31G(d) level up to a 

convergence in energy of 10
−5

 au, using the 

Gaussian03 package (35). Atomic RESP 

charges were derived from the electrostatic 

potential using the antechamber module of the 

AMBER package (36). 

The antibiotic was placed inside the lumen of 

the first monomer of the final configuration of 

the porin simulation. The difference between 

the z-coordinate of the center of mass of the 

antibiotic two-ring system and the z-

coordinate of the center of mass of the protein 

monomer was +12.5 Å. A thousand steps of 

energy minimization were performed. The 

equilibration stage followed for 1 ns in the 

NVT ensemble at 300 K as before. Well-

tempered metadynamics (37, 38) simulation 

(100-400 ns) was performed with the ACEMD 

code, until the first effective translocation 

through the porin constriction region was 

observed. Then, four configurations were 

randomly selected, two with the antibiotic 

located in the extracellular vestibule and two 

with it in the periplasmic vestibule. 

Correspondingly, four multiple-walkers (39) 

were set to extend the metadynamics 

reconstruction of the free-energy surface 

(FES). To achieve this, two biased, collective 

variables were used, namely, the antibiotic 

position and orientation inside the porin. In 

practice, the ‘position’ Δz was defined as the 

difference between the z-coordinate of the 

center of mass of the antibiotic two-ring 

system and that of the porin monomer. A 

change in this quantity might be 

straightforwardly related to the antibiotic 

reorientations by which its main axis of inertia 

is rotating. The ‘orientation’ was defined on 

the basis of the orientation of the rigid two-

ring system, as the difference of the z-

coordinate between the lactam carbonyl 

carbon and the sulfur bonded carbon. 4x400 

ns were run, arriving to a total simulation time 

of 1.7-2.0 µs for each of the investigated 

cases. During the metadynamics, energy 

biases were added every 2.0 ps to each 

collective variable (height 0.2 kcal/mol; σ 0.3 

and 0.05 Å for position and orientation, 

respectively). Well-tempered ΔT was 3000 K. 

The conformers of each of labeled region in 

FES were selected through a statistical 

analysis performed on all the conformers 

corresponding to the selected FES region, as 
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the conformer with the lowest average root 

mean square deviation from all the other. 

 

RESULTS 

In the current study we have investigated the 

transport properties of series of OmpC clinical 

porin mutants.  The trimeric porin variant 

from the first isolate (OmpC20) embedded in 

a lipid bilayer is shown in Fig. 1a (front view) 

and 1b (top view). The substitutions acquired 

in the subsequent isolates are presented in Fig. 

1c, that depicts the monomer from the last 

porin variant, OmpC33. The translocation rate 

and mechanism of the carbapenems imipenem 

and meropenem, whose electrostatic potentials 

are represented in Fig. 1d and 1e, was studied 

through the two porin variants OmpC20 and 

OmpC33.  

 

Liposome Permeation Assay - The rate of 

diffusion of antibiotics through OmpC mutant 

porins was determined by measuring the 

change in optical density of multilamellar 

liposomes in the presence of an isotonic 

concentration of antibiotics. To normalize the 

flux, we used raffinose (MW 504.4 g/mol) and 

stachyose (MW 666.5 g/mol), both sugars that 

are too large to diffuse through these porins, 

and arabinose (MW 150 g/mol), a small sugar 

that diffuses very rapidly through the channel. 

The swelling rates of all test solutes were 

normalized to the diffusion rate of arabinose 

(100%). Approximately 1 µg of OmpC20 or 

OmpC33 was reconstituted in the liposomes. 

For the liposomes reconstituted with 

OmpC20, imipenem had a relative diffusion 

rate of 41%, noticeably higher than the 

relative diffusion rate (24%) into liposomes 

reconstituted with OmpC33 porin (Fig. 2). 

The relative diffusion rate of meropenem into 

liposomes reconstituted with OmpC20 (46%) 

was similar to that of imipenem, whereas 

meropenem exhibited poor or no permeation 

into the liposomes reconstituted with OmpC33 

(Fig. 2). 

 

Single Channel Electrophysiology - The 

planar lipid bilayer technique was used to 

study the interaction of antibiotics with 

OmpC20, OmpC26, OmpC28 and OmpC33 at 

a single molecule level. The conductance 

values obtained for all four porins were 

around 2.6 ± 0.3 nS, as reported previously 

(17). All the porin mutants had slightly 

asymmetric conductance values, with slightly 

higher conductance at positive voltage. In the 

absence of antibiotics, there were negligible 

fluctuations in the ion currents of single 

OmpC20 and OmpC33 channels (Fig. 3a, 3d). 

Ion current fluctuations caused by antibiotic 

addition to either   the cis side (extracellular 

side), or trans side (periplasmic side) of the 

four OmpC mutants, are quantified in Table 1.  

Addition of 2.5 mM imipenem to cis side of 

OmpC20, caused rapid, unresolved ion current 

flickering (Fig. 3b). In contrast, addition of 

imipenem to OmpC33 caused well-resolved 

full blockages with a lower frequency of 

fluctuation compared to OmpC20 upon cis 

addition (Fig. 3e). We observed that the 

binding of imipenem to OmpC20 in the 

presence of 200mM KCl had asymmetric 

kinetics (Table 1), with the association rate for 

addition at the cis side being an order of 

magnitude higher than that for addition on the 

trans side. In contrast, imipenem binding to 

OmpC33 had symmetric association rates 

(Table 1). The residence time of the antibiotic 

was at the resolution limit (about 40 µs) for 

both the channels. Single channel 
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measurements were also performed in the 

presence of 1M KCl, to obtain a better signal-

to- noise ratio. At this concentration, the trend 

was broadly similar to that observed at 

200mM KCl, with the association rate being 

higher in OmpC20 compared to OmpC33 

(Table 2). At high salt concentration, the 

association rate for cis side addition of 

imipenem to OmpC20 was reduced by a factor 

of 3 compared to low salt concentration (Table 

2), whereas in OmpC33, the imipenem 

association rate was similar to that observed in 

200mM KCl. The dissociation rate constants 

did not differ significantly from those 

observed in 200mM KCl (Table 2). The 

expected flux of antibiotic was estimated 

based on the cis side association rate using a 

simplified model (40). A sharp decrease in 

association rate of imipenem (by almost a 

factor of 9) between OmpC26 and OmpC28 

was observed in electrophysiology (Table 2). 

This is an interesting point since imipenem 

was introduced into the regime prior to the 

isolation of strain 5, expressing OmpC28.  The 

host strain shows a significantly higher MIC 

(IPM  2 mg/L) compared to isolate 4 

expressing OmpC26 (IPM MIC 0.25 mg/L) 

(14). In the case of imipenem, the flux 

decreased in the order OmpC20 > OmpC26 

>> OmpC28 ≈ OmpC33, with   a factor of 35 

from OmpC20 to OmpC33 in 200mM KCl 

(Table 1) and a factor of 15 in 1M KCl. 

In the case of meropenem, well-resolved 

partial monomer blockages with both 

OmpC20 and OmpC33 were observed (Fig. 3c 

and 3f). However, no significant differences 

between the association rates of meropenem 

with OmpC20 or OmpC33 were observed at 

200mM KCl and 1M KCl (Table 1 and Table 

2). Asymmetric kinetics were obtained when 

meropenem was added in asymmetric manner 

to both the porins (Table 1). The association 

rate was higher by 2 orders of magnitude on 

cis addition compared to trans addition. In this 

case, the flux did not vary significantly 

between all the four mutants measured (Table 

1). The kon of meropenem slightly decreased 

in presence of 200mM KCl compared to 1M 

KCl for both the porins and the koff values 

were similar in the presence of both salts 

(Table 2). 

 Molecular Dynamics Simulations- The free 

energy surface (FES) and molecular pathway 

of imipenem and meropenem diffusion 

through the OmpC20 and OmpC33 channels 

were studied (Fig. 4). The highest free energy 

values were observed at the constriction 

region (-5 Å < Δz < +5 Å) in all cases, in 

agreement with previous reports (17, 41). 

Different minima along the minimum energy 

path were analyzed in detail to identify the 

rate-limiting interactions and are labeled with 

consecutive numbers in Fig. 4. The barriers 

that were analyzed are marked with asterisks.  

Imipenem and meropenem were found to be 

most likely to cross the constriction region 

with their positively charged nitrogen pointing 

downwards (represented as positive values on 

the x-axis of the FES) in both porins. 

However, while the minimum energy path of 

both carbapenems is rather straight in 

OmpC33 (following the path from 1 to 5), a 

marked reorientation was found just above the 

constriction region in OmpC20.  

Interestingly, the antibiotic reorientations 

observed along the minimum energy path 

inside the channel were found to follow the 

ordering of water molecules described 

recently (20). This was particularly 

remarkable in the constriction region, where 
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the intrinsic electric field is strongest, 

suggesting that the minimum energy path is 

characterized by the translocation occurring 

with the antibiotic dipole aligned with the 

channel electric field. For example, the water 

choreography reported previously for 

OmpC20 is shown in Fig. 4e (20). The vectors 

along the channel z axis (from 30 Å to -30 Å) 

represent the normalized electric net dipole of 

the water molecules in different sections of the 

channel. Fig. 4f shows meropenem in the FES 

minimum 3 (i.e. at the constriction region), 

with its electric dipole clearly aligned with the 

net dipole of the water molecules at the same 

depth inside OmpC20.  

According to the ordering of water inside 

these channels, both OmpC20 and OmpC33 

are characterized by an abrupt change of the 

internal charge distribution (20). Such a 

change can be clearly observed in Fig. 4e by 

looking at the vectors n.5 and n.6 that have 

opposite orientations. This position inside the 

lumen is particularly critical, corresponding to 

the transit from the extracellular vestibule to 

the more restricted region of the channel (20). 

Fig. 5 shows the representative conformer of 

meropenem in each of the FES regions (Fig. 

4b, d) analyzed along the minimum energy 

path. By taking the main molecular axis of the 

antibiotic as a reference for its reorientations 

inside the channel, these movements can be 

conveniently described as longitudinal or 

transversal with respect to the direction of 

translocation (porin z axis). Longitudinal 

reorientations in the constriction region of 

both OmpC20 and OmpC33 are prevented by 

steric hindrance. Meropenem maintains its 

long axis almost parallel to the direction of 

translocation, adjusting its position by 

transverse reorientations only in order to align 

its electric dipole to the channel electrostatics 

as well as to find partners to form H-bonding 

interactions (see below). 

The most remarkable difference between the 

two porins pertains to the transit from the 

extracellular vestibule down to the 

constriction region. A large longitudinal 

reorientation was observed only in OmpC20. 

In both porins, meropenem is ‘pre-oriented’ in 

the extracellular vestibule, with the electric 

dipole pointing in the opposite direction to 

that adopted in the constriction region. In 

OmpC20 (Fig. 5a) such adverse orientation is 

‘corrected’ before entering the constriction 

region through a marked longitudinal 

reorientation. In OmpC33, (Fig. 5b) the 

antibiotic approaches the critical zone in an 

unfavorable orientation and undergoes a major 

transverse reorientation at the mouth of 

constriction region. 

Fig. 6 shows the representative conformer of 

imipenem in each of the FES regions (Fig. 4a, 

c) analyzed along the minimum energy path. 

The same general scenario as described for 

meropenem was observed. The antibiotic 

points towards the overall negatively charged 

constriction region with its positively charged 

group. It is adversely pre-oriented by the 

channel electrostatics in the extracellular 

vestibule and needs to reorient its dipole to 

favorably enter the constriction region. 

Marked longitudinal reorientations are only 

observed in OmpC20. In OmpC33 imipenem 

starts reorienting its dipole at the mouth of the 

constriction region through a severe transverse 

reorientation. When in the constriction region, 

longitudinal reorientations are hindered and 

the antibiotic adjusts its position mostly 

through transverse reorientations. For the sake 

of completeness, antibiotic-specific features 
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also have taken into consideration: imipenem 

is smaller than meropenem and its side chain 

is more flexible. Thus, imipenem exhibits a 

higher plasticity in the constriction region than 

the more rigid and straight meropenem. 

Finally, it is interesting to note the presence of 

the minimum labeled by the arrow in the FES 

of both imipenem and meropenem in OmpC33 

(Fig. 4c, d). This specific minimum is fairly 

accessible in OmpC33 and corresponds to the 

antibiotic entering the constriction region with 

a wrong orientation, such that translocation 

would require a marked reorientation inside 

the constriction area with a rather high energy 

barrier. 

Each of the labeled minima and barriers in 

Fig. 4a to 4d was also characterized in terms 

of the H-bonds formed between the antibiotic 

and the porin residues (Table 3). All the 

conformers corresponding to the selected FES 

region were extracted from the MD 

trajectories and the H-bond occurrence 

calculated (Table 3). Generally speaking, a 

clear difference emerged between minima 

located inside or outside the constriction 

region. The latter are characterized by very 

few H-bonds with a scarce occurrence, usually 

well below 50%. This indicates a rather weak 

antibiotic-porin interaction, with the antibiotic 

being usually found to be highly mobile. On 

the other hand, minima at the constriction 

region are characterized by H-bonds with 

occurrence significantly exceeding 50%. The 

interaction of meropenem with OmpC33 was 

the only exception.  Additionally, irrespective 

of the antibiotic tested, OmpC33 has a lower 

number of H-bonds, especially at the porin 

constriction zone. The carboxyl oxygens were 

the best H-bond acceptors in both 

carbapenems. The H-bonds formed with the 

side chain of the arginine residues of the basic 

ladder at the constriction region were 

predominant over the other H-bonds observed, 

although several important interactions of 

other groups in the antibiotics with the 

negative residues of the loop L3 were found. 

Correspondingly, a significant decrease of 

mobility was observed for the antibiotic upon 

approaching the constriction region. 

Further, each of the labeled FES regions was 

also characterized in terms of the porin cross-

sectional area profile along the channel axis, 

and compared to the results obtained in the 

absence of antibiotic, as shown in Fig. 7. The 

states compatible with current blockages 

observed in electrophysiology correspond to 

near or slightly above the constriction region 

or to the main energy barriers. With imipenem 

we observed full monomer blockages in both 

the porins (Fig. 3b/e and Fig. 8a), and with 

meropenem, we observe fully resolved partial 

blockages (Fig. 3c/f and Fig. 8b).  

 

DISCUSSION 

Molecular Interpretation for Antibiotic 

Permeability - In clinical settings, resistance is 

often multifactorial: porin deletion, enzymatic 

degradation and efflux pump up-regulation 

have all been implicated in carbapenem 

resistance. To measure in vivo permeation 

exclusively through porins remains technically 

challenging, thus denying insights into 

whether changes in transport rates may be a 

significant contributor to resistance. We 

investigated the permeability of carbapenems 

through OmpC20 and OmpC33 in in-vitro 

systems and found correlations at macroscopic 

and microscopic levels.  

Liposome permeation assays showed reduced 

permeability through OmpC33 when 
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compared to OmpC20 for both antibiotics 

(Fig. 2). This correlates with the decreased 

susceptibility observed in clinical strains (14). 

Although single channel electrophysiology is 

not a direct measure of penetration, is still 

informative in estimating the affinity of 

antibiotic for the channel. Simulations have 

shown (Fig. 4) that in general antibiotic 

accessibility is clearly asymmetric, with a 

higher free energy average level for entry 

from the extracellular side than the 

periplasmic one, especially for meropenem. 

The interaction of imipenem with OmpC33 is 

the exception, where the barriers are 

symmetric. In general, the asymmetry 

correlates well with the observed 

electrophysiology data, with imipenem-

OmpC33 representing the only symmetric 

case (Table 1, Table 2). The FES reported in 

Fig. 4, indicates that when an antibiotic (either 

imipenem or meropenem) enters from the 

periplasmic side it stays in the deep minima 

and does not cross or reach the constriction 

region. It therefore would not be predicted to 

give rise to current blockages. This is in fact 

what we observe in single molecule 

experiments. 

Meropenem is less basic than imipenem, as its 

amino group is shielded by the bulky 

dimethylcarbamoyl substituent on the 

pyrrolidinyl ring (Fig. 1e). Its behavior is 

unaffected by salt concentration in 

electrophysiology whereas imipenem was 

shown to very sensitive. This is consistent 

with the observations from MD simulations, 

where the NH2
+
 group

 
of imipenem was a 

better H-bond donor in both the porins 

compared to the NH2
+
 group

 
of meropenem. In 

particular, in the case of OmpC33, we 

observed the lowest number of H-bonds at the 

constriction region when compared to the 

other cases examined (Table 3). 

Molecular dynamic simulations show that in 

OmpC33 the antibiotics (both cases) approach 

the constriction region with an adverse 

orientation more frequently than occurs in 

OmpC20. Our data suggest this is the result of 

two important differences in the internal 

electric field of the two channels, acting 

synergistically (20). Firstly, ‘pre-orientation’ 

is stronger in OmpC33, making it more 

difficult for the antibiotic to change its overall 

orientation while approaching the constriction 

region from the extracellular vestibule. 

Secondly, the electric field at the mouth of, 

and inside, the constriction region of OmpC33 

is less ordered and less intense (20) resulting 

in a lower driving force for antibiotic 

reorientation upon transit from the 

extracellular vestibule. In summary, in 

OmpC33 the antibiotic more frequently 

approaches and engages the constriction 

region in an orientation incompatible with 

translocation. In this case the drug must either 

move back to the extracellular vestibule to 

change orientation, or pay the high energetic 

cost for reorientation inside the constriction 

zone indeed explaining the swelling assay 

data. We concur with an earlier hypothesis 

(20) that fine tuning of the electric field at the 

constriction zone might be a strategy to reduce 

the uptake of antibiotics by the bacteria. Such 

subtle mutations can produce dramatic 

alteration of the translocation dynamics that 

“trap” the antibiotic in the constriction region 

with the wrong orientation has not been 

identified previously. 

 

Rules Governing Translocation  
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The diffusion barrier for antibiotics is mainly 

due to the entropic penalty imposed by 

adopting a specific orientation to transit the 

constriction zone. In compensation, favorable 

enthalpic antibiotic-protein interactions (42, 

43) ease the passage of the polar molecule. 

Further, the release of protein (and antibiotic) 

hydration waters, upon formation of 

antibiotic-protein H-bonds, is accompanied by 

a favorable entropy increase (44, 45). A very 

recent investigation showed how small 

changes to the ‘lateral chains’ of these two 

carbapenems can modulate the penetration 

through specific channels in Pseudomonas 

aeruginosa (46). In the present report, we 

have shown that antibiotics appear to 

continuously respond to the channel 

electrostatics by properly orienting their 

electric dipole, in agreement with the water 

ordering along the channel (20).  

A new model for translocation can be put 

forward, where the translocation rate is 

ultimately controlled by the ability of the 

antibiotic to fulfill a set of conditions inside 

the constriction region. The antibiotic fit the 

constriction with a restricted number of 

conformations, corresponding to an electric 

dipole matching the channel electrostatics and 

to the correct orientation of the H-bonding 

groups, will be favored. While the antibiotic 

crosses the constriction region, the molecules 

with best permeation performance should be 

the ones with enough flexibility to change the 

electric dipole direction with low-cost dihedral 

torsions of specific groups without the need 

for free-energy expensive molecular 

reorientations. Taking the above parameters 

into consideration will shape the design of 

novel antibiotics by providing a basis for an 

in-silico screen to identify molecules with 

enhanced permeation properties. 
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FIGURE LEGENDS 

FIGURE 1: The typical arrangement and structure of a trimeric OmpC20 porin, embedded in the 

lipid bilayer, is shown from the (a) side and (b) top view. In (c) one monomer is shown where 

the positively charged residues comprising the basic ladder at the constriction region are 

highlighted in blue, the negatively charged residues of the loop L3 in red, and the three residues 

mutated in the clinical series from OmpC20 to OmpC33 in green. The chemical structures of (d) 

imipenem and (e) meropenem are also shown, together with the colour-coded electrostatic 

potentials corresponding to the atomic partial charges. 
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FIGURE 2: Liposome permeation assay- relative diffusion rates of the reference sugars 

arabinose and raffinose and the antibiotics, imipenem and meropenem into liposomes 

reconstituted with OmpC20 and OmpC33 are shown. 

FIGURE 3: Ion current traces of single channels of- OmpC20 in 1M KCl (a) without any 

antibiotic (b) with 2.5 mM imipenem on cis side (c) OmpC20 with 2.5 mM meropenem cis side ; 

OmpC33  (d) without any antibiotic (e) with 2.5 mM imipenem on cis side (f) with 2.5 mM 

meropenem cis side. Electrolyte conditions: 1 M KCl, 20 mM MES pH 6 at room temperature 

and -100 mV. 

FIGURE 4: Free Energy Surface of carbapenem translocation, imipenem (a,c) and meropenem 

(b,d) in the OmpC20 (a,b) and OmpC33 (c,d) porin are shown. The antibiotic orientation is 

defined as the difference of the z-coordinate between the lactam carbonyl carbon and the sulfur 

bonded carbon of the antibiotic two-ring core. The difference of the z-coordinate between the 

center of mass of the antibiotic two-ring core and that of the porin’s monomer (Δz) represents the 

antibiotic depth inside the porin lumen (Δz=0 corresponds to the constriction region). Each iso 

contour corresponds to a free energy increase of 2 kcal mol
-1

. Free energy values were rescaled 

in order to have the absolute minimum equal to zero. Different labels are used to indicate 

specific regions analyzed and discussed in the text. Water ordering inside (e) the first monomer 

of OmpC20 is shown together with the net electric dipole of the water molecules calculated at 

different depth inside the lumen(the vector n.5 and n.6 are labeled respectively), according to a 

recent theoretical investigation (20). The loop L3 is highlighted to provide a reference. 

Meropenem is shown at the constriction region, i.e. the representative conformer for the free 

energy minimum 3 in Figure 4b. In (f) the system is rotated to show the xy-projection. The 

electric dipole of the antibiotic is shown together with the net dipole of water molecules at the 

same level inside the channel. 

FIGURE 5: Meropenem translocation through OmpC20 (a) and OmpC33 (b). The representative 

conformers of the different free energy states, labeled in Fig. 4 b and d, are reported in different 

colors: red, orange, blue and purple for the minimum 1, 2, 3 and 4, respectively. The position of 

the positively charged nitrogen is highlighted by a sphere, in order to provide a reference for 

antibiotic orientation inside the channel. Protein backbone is gray but the loop L3, which has 

been colored green as a reference. 

FIGURE 6: Imipenem translocation through OmpC20 (a: front view; b: top view) and OmpC33 

(c). The representative conformers of the different FES regions, labeled in Figure 4 a and c, are 

reported in different colors: red, orange, blue and purple for the minimum 1, 2, 3 and 4, 

respectively. Yellow is used for the representative conformer of the main energy barrier. The 

position of the positively charged nitrogen of the antibiotic is highlighted by a sphere, in order to 

provide a reference for its orientation inside the channel. Protein backbone is gray but the loop 

L3, which has been colored green. 
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FIGURE 7: Porin cross-sectional area profile along the channel axis is reported as the radius of 

the equivalent circle. The profiles due to the presence of the representative conformers of the 

different free energy states, labeled in figure 4, are reported with different colored solid lines. 

The results pertaining to the porin in the absence of antibiotic are reported with the black dashed 

line as reference 

FIGURE 8: Ion current trace of single channel of OmpC20 @ 5 °C (a) 2.5 mM Imipenem on cis 

side at -100 mV, (b) 2.5 mM Meropenem cis side at -100 mV. Electrolyte conditions: 1 M KCl, 

20 mM MES pH 6. 
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TABLES 

 

Table 1: Antibiotic association (kon) and dissociation (koff) rate constants at low salt 

concentration: From single channel measurements for OmpC20 and OmpC33, conditions: 200 

mM KCl, 20 mM MES pH 6, kon = ( {No. of events/ sec}/ 3 * [c] ), koff = (1/residence time), the 

flux J = (kon   /2) * Δc  with Δc=2.5 mM.  

kon
cis 

 is calculated from -100 mV (for cis addition) and kon
trans 

is calculated from +100 mV (for 

trans addition)  
1
 Calculated from -100 mV 

 

 

Antibiotics 

 

Porin 

k
on

cis

 (M
-1

s
-1

)   

(10
3

 ) 

k
on

trans

 (M
-1

s
-

1

) 

(10
3

 ) 

k
off

   

(s
-1

)  

J (molecules/sec) 

Imipenem OmpC20 96 ± 16  6
1 

23,000  120 ± 20  

OmpC33 2.8  ± 0.2  7  16,000  3.5 

Meropenem OmpC20 35 ± 0.6  No effect  20,000  43  

OmpC33 29 ± 3 No effect  20,000  36 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

44 
 

Table 2: Antibiotic association (kon) and dissociation (koff) rate constants at high salt 

concentration: From single channel measurements for OmpC20/C26/C28 and C33, conditions: 

1 M KCl, 20 mM MES pH 6, kon = ( {No. of events/ sec}/ 3 * [c] ), koff = (1/residence time), J = 

(kon   /2) * Δc  ; Δc=2.5 mM, kon
cis 

 is calculated from -100 mV (for cis addition) and kon
trans 

is 

calculated from +100 mV (for trans addition)  
1
 Calculated from -100 mV 
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(molecules/sec) 

Imipenem OmpC20 34 ± 3 0.3
1

 25000 42 ± 3 

OmpC26 24 ± 4 0.16 25000 30 ± 3 

OmpC28 2.7 ± 0.4 2.3 ± 0.2 25000 3 

OmpC33 2.0 ± 0.06 2.4 25000 2.5 

Meropenem  OmpC20 54 ± 1.3 0.4 12,000 67 ± 1 

OmpC26 53 ± 7 0.3 20,000 66 ± 8 

OmpC28 53.7 ± 4 0.3 16,700 67 ± 5 

OmpC33 63 ± 3 0.3
1

 12,000 78 ± 4 
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Table 3: Predicted occurrence [%] of hydrogen-bonds formed between the antibiotic 

donor/acceptor groups (in parenthesis) and the porin residues. The latter are reported in 

decreasing z-coordinate order. Only the H-bonds with an occurrence ≥ 20% are reported. FES 

regions located at the porin constriction zone are shaded. Antibiotic’s donor/acceptor groups are 

labeled as follows: ‘CO2’ carboxyl oxygens; ‘LO’ β-lactam carbonyl oxygen; ‘NH2
+ 

’ 

imipenem’s terminal amino group; ‘NH2
+
’ meropenem’s charged amino group; ‘OH’ side chain 

hydroxyl group. 
Imipenem / OmpC20 

 FES region 

residue 1 2 3 * 4 5 

E752 58 (NH2)      

E64 51 (OH) 20 (NH2)     

N63 25 (CO2)       

K33 40 (CO2)  36 (CO2)      

Q123    24 (LO)   

R124   79 (CO2)  46 (CO2)    

R74    53 (CO2)  82 (CO2)   

E109   31 (OH)    

R37    25 (CO2)    

D105 
   48 (NH2)   

   30 (OH) 52 (OH)  

T300      32 (OH) 

Meropenem / OmpC20 
 FES region 

residue 1 * 2 3 4 5 

G245 28 (LO)      

N330 24 (CO2)      

R243 28 (OH)      

K29 36 (CO2) 22 (CO2)     

E752   27 (NH2
+)    

K33  24 (CO2)     

R124    67 (CO2)   

E109    24 (OH)   

R74    100 (CO2) 100 (CO2)  

D105    24 (NH2
+)   

L107     70 (OH)  

R37    23 (OH) 32 (CO2) 56 (CO2) 

Imipenem / OmpC33 
 FES region 

residue 1 2 * 3 * 4 5 

R243 32 (OH)       

N63  23 (OH)      

K33  22 (CO2)      

E109    58 (OH) 42 (OH)   

R37    77 (CO2) 62 (CO2) 21 (LO)  

E18   23 (NH2) 50 (NH2) 27 (NH2)   

D105   23 (NH2)   71 (OH)  

R269       27 (CO2) 

Meropenem / OmpC33 
 FES region 

residue 1 * 2 3 4 

E752  25 (OH)    

K33  42 (CO2)    

E109  38 (NH2
+)    

R37   23 (CO2) 48 (CO2) 49 (CO2) 

D105   20 (OH) 34 (NH2
+) 48 (NH2

+) 

K16   25 (CO2) 21 (CO2) 32 (CO2) 
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Figure 1 
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Figure 2 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 



 
 

49 
 

Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Translocation of antibiotics through porins 

 

 

 

 

 

 

 



 
 

55 
 

Chapter 3: New insights on antibiotic permeation across porins 

In this study we present novel insights on the uptake of antibiotics through porins from Gram-

negative bacteria like E. coli. In P3.3.1 we introduce a complementary technique in collaboration 

with Prof. Dr. Ulrich Keyser. A label-free detection of intrinsic antibiotic fluorescence is used to 

measure influx of fluoroquinolones in vesicles through porins. 

In P3.3.2 we elucidate the kinetic parameters of β-lactams and fluoroquinolones by varying 

external parameters like pH and voltage. We try to decipher the contribution of different 

parameters like electrostatic, electro-osmotic and the electric field inside the pore and correlate 

with the voltage effects observed in electrophysiology to obtain a translocation mechanism 

through the pore.  
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P3.3.1:  Norfloxacin uptake through OmpF porins using fluorescence based detection in 

vesicles 

 

 

 

Manuscript to be submitted 

 

 

 

Individual Contribution 

My main contribution in this manuscript is to design the study, to perform experiments 

and analysis of data from single channel electrophysiology; perform experiments of 

fluorescence detection in microfluidic-chip. I participated in manuscript composition. 
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Decreased drug accumulation is a common cause of antibiotic resistance in microorganisms. 

However, there are few reliable general techniques capable of quantifying drug uptake through 

bacterial membranes. We present a semi-quantitative optofluidic assay for studying the uptake of 

autofluorescent drug molecules in single liposomes. We studied the effect of the Escherichia coli 

outer membrane channel OmpF on the accumulation of the fluoroquinolone antibiotic, 

norfloxacin, in proteoliposomes. Measurements were performed at pH 5 and pH 7, 

corresponding to two different charge states of norfloxacin that bacteria are likely to encounter in 

the human gastrointestinal tract. The optofluidic assay estimates a flux of about 10 norfloxacin 

molecules per second per OmpF trimer in the presence of a 1 mM concentration gradient of 

norfloxacin. We also performed single channel electrophysiology measurements and found that 

the application of transmembrane voltages causes an electric field driven uptake in addition to 

concentration driven diffusion. We use our results to propose a physical mechanism for the pH 

mediated change in bacterial susceptibility to fluoroquinolone antibiotics. 

Introduction 

Antimicrobial resistance is a daunting challenge, threatening to undermine the very fabric of 

modern medicine today
1-4

. The inexorable emergence of resistant organisms, coupled with a 

decline in the discovery of new antimicrobials, has led to a global public health crisis. The recent 

breakthrough discovery of a new antibiotic, teixobactin
5
, is extremely good news. However, its 

relative inactivity against Gram-negative pathogens shows that the battle against antimicrobial 

resistance will be extremely challenging.  

Gram-negative bacteria have a hydrophobic double-membrane cell envelope that presents a 

barrier for hydrophilic molecules trying to enter the cell. The outer membrane (OM) is even 

more hydrophobic than a typical phospholipid membrane due to the presence of 

lipopolysaccharides (LPS), whose strong lateral interactions inhibit the passage of a variety of 

compounds through the OM
6
. Translocation across the OM is thus mainly governed by the 

mailto:ufk20@cam.ac.uk
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presence of outer membrane protein “porins” that form water-filled channels allowing the 

diffusion of compounds through the OM.  

 

Consequently, the down-regulation of these porins enables bacteria to escape the deleterious 

effects of antibiotics
6-9

. For example, a reduction in the expression of Outer membrane protein F 

(OmpF), a major porin found in Escherichia coli, has been associated with a decrease in the 

accumulation of fluoroquinolone antibiotics; this eventually gives rise to drug resistance
7,10-12

. 

Furthermore, antibiotic therapy results in a switch in porin expression from OmpF to the 

narrower OmpC; this is thought to be due to the high osmolarity conditions existing in patients 

under drug treatment
7
. This leads to a significant decrease in antibiotic accumulation within the 

cell, and hence a decrease in antibiotic susceptibility
7
. It is thus clear that understanding 

antibiotic accumulation in cells is crucial, and methods to better quantify antibiotic permeation 

are urgently required
13

. 

 

Fluoroquinolones are broad-spectrum antibiotics that inhibit bacterial type II topoisomerases. 

These topoisomerases are essential enzymes, involved in key cellular processes such as DNA 

replication
14

. Since their targets are intracellular, fluoroquinolones must pass through the outer 

and inner bacterial membrane to be effective
10

. The OM thus presents the initial diffusion barrier 

for drug uptake, and the accumulation of fluoroquinolone molecules in the periplasm ultimately 

determines their flux into the cytoplasm. Changes in bacterial susceptibility to fluoroquinolones 

due to changes in pH have been reported previously
15,16

. An increase in external pH from acidic 

to basic was shown to correspond to a reduction in the minimum inhibitory concentration (MIC) 

of norfloxacin
17

. Further, it was proposed that this pH mediated change in susceptibility is related 

to changes in the uptake of fluoroquinolones due to alterations of the electric charge of the 

antibiotic molecule
18,19

; norfloxacin, for example, is positively charged at pH 5 and neutral 

(zwitterionic, but a significant proportion are also uncharged) at pH 7
18,19

. It thus seems 

reasonable to assume that the fluoroquinolone susceptibility of bacteria in response to pH 

changes is a complicated process, which might involve both changes in porin expression
20

 and 

changes in drug transport through porins in the OM as well as through the phospholipid inner 

membrane. 

 

At acidic pH values, fluoroquinolone molecules carry charge
18

 and thus transport across the OM 

should be strongly influenced by even relatively small potentials across the OM. Donnan 

potentials are known to exist across the OM due to the presence of anchored, anionic membrane-

derived oligosaccharides (MDOs) in the E. coli periplasm
21,22

. The magnitude of these potentials 

depends strongly on the ionic concentration of the surrounding medium. At physiological ion 

concentrations, the Donnan potential is of the order of 20-30 mV, but variations of 5-100 mV 

have been reported by changing external cation concentrations
21

. One would expect such 

changes to have a significant effect on the transport of charged molecules through OM porins. 
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For autofluorescent antibiotics like quinolones, the determination of antibiotic uptake via a cell 

ensemble recording has previously been suggested. However, the technique suffers from 

difficulties in distinguishing between antibiotic molecules that were accumulated inside versus 

those bound to the cell membrane
23

. More recently, fluorescence based single cell imaging 

enabled the comparison of fleroxacin uptake in resistant versus susceptible bacteria
24

. However, 

barring these few exceptions, a quantitative analysis of fluoroquinolone transport through porins 

and lipids has proven technologically challenging.  

 

In this study we describe an optofluidic assay that measures the permeability of antibiotics 

through porins exclusively in a proteoliposome system. OmpF porins are reconstituted into giant 

unilamellar vesicles and norfloxacin uptake into these proteoliposomes is tracked directly in a 

label-free manner using the UV autofluorescence of the drug. Patching the proteoliposomes 

reveals an estimate of the porin density, and combining the two measurements enables the 

calculation of norfloxacin translocation rates through OmpF channels in the proteoliposomes. 

Furthermore, proteoliposomes are cell-free systems, and thus active or passive uptake processes 

can be independently examined in highly controlled environments. We compare our 

measurements with single channel electrophysiology, and explore the combined effect of pH and 

transmembrane voltage on norfloxacin transport through OmpF.  

 

Results 

 

Optofluidic Permeability Assay 



 
 

60 
 

 

Figure 1. Optofluidic permeability assay (depicted schematically in Figure 3) shows the rapid 

uptake of norfloxacin in OmpF embedded proteoliposomes. Comparison of the uptake 

measurements in liposomes and proteoliposomes at pH 5 (a and b) and pH 7 (d and e). Each point 

references an uptake measurement at the single vesicle level, the grey points being t = 0 and the 

green (pH 5) and red (pH 7) being the final detection point t = tf. On average it took individual 

vesicles about 7.5 s to move from the initial to the final detection point. In the absence of porins 

(a,d), there is no shift in ΔI values observed at the later time point at either pH. The presence of 

porins (b,e) leads to a marked downward shift in ΔI for the majority of the proteoliposomes at the 

later detection point, both at pH 5 and pH 7. The downward shift in ΔI corresponds to an increase 

in the norfloxacin autofluorescence intensity within the proteoliposome (Iin), and is thus a direct 

measure of norfloxacin uptake. Scatter plots of other porin experiments are presented in the 

Supplementary Information. The histograms (c,f) are a record of permeability coefficients (P) 

measured for individual porin-embedded proteoliposomes, and summarise the data from 3 separate 

experiments at each pH. Histograms from the control measurements with liposomes (no porins) are 

overlaid to show the shift in P due to the presence of porins in the membrane. Total 

liposomes/proteoliposomes detected were N = 268 (pH 5, with porins), N = 74 (pH 5, no porins), N = 

420 (pH 7, with porins) and N = 74 (pH 7, no porins). 

In the optofluidic permeability assay, OmpF embedded proteoliposomes (see Methods) are 

exposed to norfloxacin by controlled mixing in a T junction microfluidic chip. The vesicles 

(liposomes/proteoliposomes) are imaged under UV irradiation at two points, first immediately 

post mixing with the drug and then again after time t, a short distance further downstream. A 

comparison of the drug UV autofluorescence intensities within the vesicles at both points enables 

the direct visualisation of drug uptake and the calculation of the permeability coefficient (P) and 

flux (J) of the drug through the vesicle membrane. This assay also allows the comparison of 
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norfloxacin flux values through OmpF at different pH conditions in the absence of an applied 

transmembrane voltage. 

The results of the optofluidic permeability assay are summarised in Figure 1 – more results can 

be viewed in the Supplementary Information Figure S1. The graphs (Figures 1 a,b,d,e) show a 

normalised intensity difference (ΔI = {(Iout – Iin)/Iout}) between the background autofluorescence 

intensity (Iout) and the autofluorescence intensity inside the vesicle (Iin), versus vesicle radius (R). 

Each point represents a single vesicle measurement. The grey squares represent vesicles at the 

initial viewpoint immediately post mixing with the norfloxacin (which for convenience we set to 

t = 0). The green triangles (pH 5) and red circles (pH 7) represent vesicles once they have 

travelled along the channel to the next detection position. The Permeability Coefficient (P) is 

given by
25

: 

     
 

  
                     

where t is the time taken for the vesicle to move from the initial detection point to the final 

detection point (on average this was about 7.5 s).The norfloxacin concentration present in the 

channel after mixing is about 1 mM; at t = 0, there is no norfloxacin inside the vesicles, whereas 

outside the vesicles the concentration is 1 mM. 

The experiments were performed at pH 5 and pH 7. In both cases the presence of OmpF causes a 

marked change in ΔI indicating the rapid accumulation of the drug inside the proteoliposomes.  

Control measurements in the absence of OmpF revealed a substantially slower uptake, indicating 

that OmpF porins significantly enhance the permeability of the membranes to norfloxacin. We 

can calculate the contributions to the flux from the porins and lipids separately; details are given 

in the Supplementary Information. In contrast to permeation in the absence of OmpF
25

, the 

presence of the porins leads to similar permeability coefficients at both pH 5 and pH 7. The 

relative pH independence suggests that the charge of the molecule does not play a significant 

role in influencing its transport through the porin in the absence of a transmembrane potential. 

The spread in the permeability coefficient histograms (Figure 1 c,f) is caused by the inevitable 

variability of OmpF insertions into individual vesicles prepared for the optofluidics experiments. 

This can be seen in the scatter plots as well – it is clear that, at both pH conditions, a handful of 

vesicles do not show significant transport. It is known, however, that electroformation produces 

some multilamellar vesicles
26

, and in these the porins cannot insert across all membranes; this 

accounts for the few negative observations.  

Norfloxacin Flux Calculation in the Proteoliposomes 

To obtain an estimate of the flux per porin from the optofluidics assay, vesicles incubated with 

OmpF were patched and characterised electrically using a Port-a-Patch system (Nanion 

Technologies GmbH, Germany) (Supplementary Figure S2). Since the patched area is well-
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known (patch diameter = 1 µm) and the number of porin insertions counted (using the ionic 

current characteristics, details in Methods), this calibration measurement established a 

[porin]:[lipid surface area] ratio for the vesicles. Our results yield an estimate of ~1800 porins 
2 

for the proteoliposomes used in the optofluidics assay. It is interesting to compare this 

result to the estimated number of general diffusion porins found in a typical bacterial cell; these 

porins are found in excess of 10
5
 copies per cell

6
. This translates into an approximately 6-7× 

higher [porin]:[lipid surface area] ratio than for our experiments. 

The flux of norfloxacin through the vesicle membrane is given by J = P×4   R
2
×Δc. Combining 

this with the Port-a-Patch measurements, we can calculate the flux per porin on a single 

proteoliposome basis (full details of the calculation are provided in the Supplementary 

Information). An average over all the proteoliposomes detected gives a norfloxacin flux value 

per porin of 10 ± 8 molecules/s (N=420) at pH 7 and 15 ± 10 molecules/s (N=268) at pH 5 

(errors are Standard Deviations). The errors are a direct consequence of the variability in OmpF 

insertion, as seen in the Supplementary Information Figure S2. If we include a correction (details 

in Supplementary Information) to account for the contribution of flux across the pure lipids
25

, the 

change in the final result is negligible, as expected considering the timescales of the 

measurement. 

Antibiotic interaction with OmpF using Single channel electrophysiology 

In this assay, electrophysiology was used to study the interaction of norfloxacin with OmpF 

channels reconstituted in planar lipid bilayers. Traditionally, a lipid bilayer is formed across an 

aperture in a Teflon film that separates two reservoirs in a cuvette. The reservoirs are filled with 

an electrolyte solution and a potential difference is applied across the lipid membrane via 

electrodes in the reservoirs. Porins are reconstituted in the lipid bilayer and their conductance 

properties studied by measuring the ionic current flowing through the membrane. The addition of 

antibiotics leads to blockages in the ionic current, since the antibiotic molecules displace ions 

flowing through the porin. A detailed description of the technique is provided in the Methods 

section. 

We varied the transmembrane voltages (25 mV and 50 mV) to determine whether the charge on 

the norfloxacin molecule at pH 5 influenced its transport through the channel under an applied 

electric field comparable to the OM potentials in natural systems. In the absence of antibiotics, 

fluctuations in the ionic current through a single OmpF channel were negligible, both at pH 7 

and pH 5 (Figures 2a and 2c). The addition of 250 µM norfloxacin to the extracellular (cis) side 

of the protein at pH 7 led to well resolved blockages of ionic current as shown in Figure 2b. 
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Figure 2. Ionic current traces of a single trimeric OmpF porin: (a) in the absence of antibiotics at 

pH 7, (b) with 250 µM norfloxacin cis side at pH 7, (c) in the absence of antibiotics at pH 5 and (d) 

with 250 µM norfloxacin cis side at pH 5. Electrolyte conditions: 1 M KCl, 5 mM acetate (pH 5) or 

5 mM PO4 (pH 7). The applied voltage was -25 mV. The dotted lines specify the ionic current levels 

through single monomers of the OmpF trimer. The addition of norfloxacin at pH 7 (b) leads to well 

resolved blockages of the ionic current through a monomer, whereas at pH 5 (d) the antibiotic 

molecules lead to flickering in the ionic current through a monomer – full blockages are not always 

observed. This is due to the low residence time of the antibiotic in the channel at pH 5, as discussed 

in the text.   

At pH 5, the addition of 250 µM norfloxacin gave rise to partial unresolved flickering in the 

ionic current (Figure 2d); the ionic current through a monomer was not completely blocked due 

to the presence of the antibiotic. This was due to the low residence times of the norfloxacin 

molecules in the channel at pH 5, as discussed below.  

The kinetic rate constants (association and dissociation rates) characterising the interaction of 

norfloxacin molecules with the OmpF channel were calculated as described previously
27

; these 

are quantified in Table 1. Interestingly, the dissociation rate of the antibiotic varied by an order 

of magnitude at the different pH conditions. At pH 7 the residence time in the channel was about 

900 µs (-25 mV experiments). However at pH 5, when the molecule is positively charged, this 
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reduced to 40 µs (Table 1). This imbalance in the pH 7 and pH 5 residence times was observed at 

the higher transmembrane voltage of -50 mV as well (650 µs and 40 µs respectively).  

The flux (J molecules/s) of norfloxacin through the channel was calculated based on a flux 

model valid for both symmetric and asymmetric transport through a channel
27-30

. When a 

transmembrane voltage of -25 mV was applied across the bilayer, the flux was found to be 

slightly higher at pH 5 (~ 2 molecules/s) than at pH 7 (~ 1 molecule/s). When the transmembrane 

voltage was increased to -50 mV, the norfloxacin flux value at pH 5 increased to 5 ± 1 

molecules/s while the flux at pH 7 remained unchanged (1 molecule/s). An obvious explanation 

suggests that the positive charge on the norfloxacin molecules at pH 5 results in them being 

driven through the porin under an applied transmembrane voltage. At pH 7 the overall charge on 

the molecule is neutral and thus the effect of the transmembrane voltage on the flux appears less 

important; free diffusion is the primary driving agent. However, there might still be some small 

voltage dependent effects since a significant proportion of the molecules are zwitterionic at pH 7 

– this requires further investigation.  

Note that the flux was calculated using Δc = 1 mM, to compare with the optofluidic permeability 

assay results described above. This is justified since it was observed that the number of antibiotic 

events in the ionic current recordings increased linearly with an increasing concentration of the 

antibiotic, and hence the rate constants measured with a concentration difference of 250 µM were 

equally applicable at a concentration difference of 1 mM. 

Discussion 

In this study, we used a label-free optofluidic permeability assay alongside single channel 

electrophysiology to explore the pH and voltage dependence of norfloxacin transport through 

OmpF porins. The optofluidic assay directly proves that the uptake of norfloxacin is enhanced by 

OmpF reconstituted in the proteoliposomes.  

An interesting pattern emerges: in the absence of any transmembrane potential, the optofluidics 

assay shows that the flux per porin is essentially the same (within error) at both pH 5 and pH 7. 

However, as the transmembrane voltage is increased (electrophysiology), the flux at pH 5 starts 

to increase over the flux at pH 7. At a transmembrane voltage close to typical physiological OM 

Donnan potentials
21

 of -25 mV, the flux at pH 5 is twice as large as the flux at pH 7. On 

increasing the transmembrane voltage to -50 mV, the flux at pH 5 increases to five times that at 

pH 7. This confirms that the positive charge on norfloxacin at pH 5 contributes significantly to 

its transport across porins in the presence of transmembrane voltages. 

It has been reported that a change in the pH from acidic to basic reduced the minimum inhibitory 

concentration (MIC) of norfloxacin
17

; furthermore, the antibiotic showed maximum cytoplasmic 

accumulation at pH 7.5
18

. This agrees well with the data obtained in our study. As mentioned 

above, our experiments suggest that norfloxacin will accumulate in the periplasm (across the 

porin) of an E. coli bacterium at a 2× faster rate at pH 5 compared to pH 7. However, the drug 
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molecules now encounter the phospholipid inner membrane (IM). Our previous work showed 

that the direct diffusion of norfloxacin through a pure vesicle lipid bilayer is more effective (by a 

factor of approximately 6×) at pH 7 than at pH 5
25

. Furthermore, the periplasmic pH is expected 

to be the same as the external pH
31

. Considering the relative rates of norfloxacin transport across 

the two membranes at pH 5 and pH 7 thus explains the higher cytoplasmic accumulation at 

neutral/slightly basic pH values
17,18

. This suggests that diffusion through the inner membrane 

might present the rate limiting step. However, it should also be noted that medium acidification 

leads to the preferential expression of the narrower OmpC porins over OmpF
20

 in E. coli, which 

might further reduce norfloxacin accumulation at acidic pH values.  

Our analysis of norfloxacin transport through porins and lipids has thus clarified some of the 

mechanisms by which drug transport is affected under changing external conditions. The 

optofluidics assay also presents a direct visualisation of norfloxacin uptake across a 

proteoliposome membrane in a microfluidic, label-free system, not previously possible. The 

results unambiguously confirm the importance of these porins in facilitating the transport of 

fluoroquinolone antibiotics across the OM. In addition, our optofluidic technique enables the 

measurement of contributions to diffusion from pure lipids
25

 and through porins, which cannot 

be done in a quantitative manner using the established liposome swelling assays
7,32,33

. 

Furthermore, our microfluidic based approach has the potential to explore a wide range of porins. 

Proteoliposomes could be devised containing a combination of passive diffusion porins and 

active transporters, to study competition between these processes. New vesicle preparation 

techniques
34

 have shown considerable promise for integration into lab-on-a-chip devices, which 

should translate into better control over porin insertions and proteoliposome modification. A 

combination of traditional and advanced single vesicle techniques can thus be used to investigate 

a variety of drug transport phenomena, an urgent need in medicine today.  

 

Methods 

Optofluidic Permeability Assay 
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Figure 3. Schematic of the optofluidic permeability assay. Control experiments (no porin) are 

represented in a) and proteoliposome experiments (containing OmpF) in b). Vesicles 

(liposomes/proteoliposomes) are mixed with norfloxacin in a T junction microfluidic chip by 

applying suction at the outlet reservoir with a syringe pump; norfloxacin autofluorescence is 

stimulated with a UV epifluorescence microscope. The vesicles are detected at an initial time ti 

immediately post mixing and at a later time tf, a distance of 7.4 mm further downstream. Vesicles 

took, on average, about 7.5 s to travel the intervening distance. Both time points are observed in the 

same field of view. Detection of the autofluorescence intensities within the vesicles at both points 

enables the calculation of the drug permeability coefficient for each vesicle. 

The optofluidic permeability assay builds on our previous work studying the Permeability 

Coefficient of norfloxacin across lipid membranes
25

. It was designed to explore properties of 

porin mediated transport not accessible to electrophysiology and other traditional techniques. It 

enables the study of drug transport through porins without the application of a transmembrane 

voltage. Furthermore, even though electrophysiology has been the method of choice for 

characterising antibiotic-porin interactions at the single molecule level
35-38

, it suffers from an 

inability to distinguish molecules that translocate through the porin from molecules that simply 

bind transiently
27

. The optofluidic permeability assay visualises drug transport directly, by 

observing the drug molecules themselves via their autofluorescence; it is thus label-free. 

Liposome swelling assays
32,33

 were previously used as an alternative to electrophysiology. 
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However, these measure antibiotic flux relative to the flux of a permeable sugar (generally 

arabinose) and hence cannot measure drug permeability directly. Furthermore, the diffusion of 

charged compounds in these assays is influenced by the build-up of Donnan potentials inside the 

liposomes, which can lead to unexpected osmotic behaviour
32

. Our assay overcomes many of 

these intrinsic limitations and provides a new technique for studies of drug transport with porins. 

 

As described in Figure 3, the optofluidic permeability assay involves a T junction microfluidic 

chip where the vesicles (liposomes/proteoliposomes) and the drug molecules are mixed in a 

channel (via the application of suction at the outlet). The T junction geometry of the chip leads to 

an equal mixing of vesicle and drug solutions. The inlet norfloxacin concentration is 2 mM 

(prepared in the same buffer solution as the vesicles) and hence the vesicles are exposed to a 

final norfloxacin concentration of 1 mM. The vesicles are imaged immediately post mixing with 

the norfloxacin and at a distance 7.4 mm further along the channel; the chip was designed such 

that both points were observed in the same field of view (Figure 3). The chip design was based 

on preliminary experiments which showed that a distance of about 7-8 mm between the two 

points was optimal for the detection of proteoliposomes showing increased uptake of the drug.   

The norfloxacin molecules were tracked by stimulating their autofluorescence in the UV
25

. We 

performed all the optofluidics experiments described in this paper on a commercial Olympus 

IX73 microscope, using a DAPI filter set (Chroma) and a Mercury arc lamp (Prior Lumen 200). 

A 60× air objective was used (Olympus LUCPlanFLN, NA 0.70). Images were recorded using a 

scientific CMOS camera (optiMOS, QImaging) which enabled recording at 100 fps (10 ms 

exposure, bin 4). The microfluidic flows were controlled using a neMESYS syringe pump with a 

250 µl Duran Borosilicate glass syringe (ILS, Germany) connected to the outlet. At the 

beginning of the experiments, a flow of 30-40 µl/hr was applied until the autofluorescence 

intensity in the microfluidic channel reached its peak, ensuring an appropriate drug concentration 

in the channel. Once this level was reached, the flow was slowed to 3 µl/hr enabling the detection 

of individual vesicles for multiple frames as desired
25

.      

The images were recorded using Micromanager 1.4
39

 and analysed in MATLAB (scripts 

available on request) to obtain information about the autofluorescence intensities within the 

vesicles, in addition to the background intensity, vesicle shape and velocity
25

. Upchurch 1520 G 

tubing (inner diameter 0.03 inch) was used to connect the outlet of the chip to the syringe. Full 

details of the mathematical model and permeability coefficient calculations can be found in the 

earlier paper
25

. Calculations of the flux are presented in the Supplementary Information 

document. 

Microfluidic Chip Fabrication 

The microfabrication of the fluidic chip relies on photolithography and replica molding. For the 

fabrication of the mold, a Silicon substrate was covered with a thin layer of adhesion promoter 
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(Omnicoat, Microchem, spin coating: 2,000 r.p.m., 30 sec). A layer of SU-8 2025 (Microchem) 

was then deposited (2,000 r.p.m., 30 s), pre-baked (2 min at 65 °C, 5 min at 95 °C) and 

selectively exposed to ultraviolet light (12 s, 365-405 nm, 20 mWcm
-2

) through a bespoke 

pellicle mask (Photodata Ltd, CAD file available on request). The sample was post-baked (1 min 

at 65 °C, 3 min at 95 °C), developed for 3 min, dried with a gentle stream of Nitrogen and hard 

baked for 5 min at 95 °C. 

Sylgard 184 polydimethylsiloxane (PDMS) was used to create a negative replica from the 

Silicon mold using standard soft lithography techniques
40 

with an elastomer:curing agent ratio of 

9:1 (Dow Corning). The PDMS mixture was poured onto the Silicon mold and baked at 60 °C 

for 55 minutes. The PDMS chip was then peeled off the mold and inlet/outlet columns created 

using a 1.5 mm biopsy punch (Miltex). The chip was plasma bonded to a glass coverslip (Type I, 

Assistent, Germany) using an air plasma (10 W, 25 sccm, 10 s exposure, Diener Electronic 

GmbH & Co. KG, Germany). Post plasma bonding, the chip was left in an oven at 60 °C for 5-

10 minutes to enhance the adhesion of PDMS to glass.    

Vesicle formation and OmpF incubation 

Giant Unilamellar Vesicles (GUVs) of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) 

lipids (Avanti Polar Lipids) were prepared via electroformation using a Nanion Vesicle Prep Pro 

(Nanion Technologies GmbH, Germany) setup as described previously
25

. The GUVs were 

prepared in 200 mM Sucrose with 5 mM Phosphate Buffer (pH 7) or 5 mM Acetic Acid (pH 5).  

The OmpF incubation followed previously established protocols
41

. Purified stock OmpF (5.5 

mg/ml) in a detergent, a 1% solution of n-Octylpolyoxyethylene (octyl-POE, Bachem) prepared 

in Milipore water, was diluted 1:1 in the same detergent and vortexed; 1 µl of this freshly diluted 

OmpF solution was added to 199 µl of the vesicle stock solution and incubated at room 

temperature for an hour. Biobeads
®
 SM-2 (Bio-Rad) were added to remove the detergent and the 

mixture was incubated at room temperature for 45-60 minutes followed by storage at 4 °C 

overnight. The next day, the OmpF embedded proteoliposome solution was separated from the 

Biobeads with a pipette and the sample used directly in experiments. For the control (liposome) 

experiments, 1 µl of 1% octyl-POE (instead of the OmpF solution) was added to 199 µl of the 

vesicles; the rest of the incubation protocol remained unchanged.  

Single OmpF porin ionic current measurements in a solvent-free lipid bilayer 

Reconstitution experiments and noise analyses were performed as described in detail 

previously
42

. The Montal and Mueller technique
43

 was used to form a phospholipid bilayer using 

DPhPC (Avanti polar lipids). A Teflon film comprising an aperture of approximately 30-60 µm 

in diameter was placed between the two chambers of a cuvette. The aperture was pre-painted 

with 1% hexadecane in hexane for stable bilayer formation. 1 M KCl in 5 mM potassium acetate 

(pH 5) or 5 mM phosphate (pH 7) was used as the electrolyte solution and added to both sides of 

the chamber. Ionic currents were detected using standard silver-silver chloride electrodes from 
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WPI (World Precision Instruments) that were inserted in both sides of the cuvette. Single 

channel measurements were performed by adding the protein to the cis side of the chamber (the 

side connected to the ground electrode). Spontaneous channel insertion was typically obtained 

while stirring the solution in the cuvette under an applied transmembrane voltage. After a 

successful single channel reconstitution, the cis side of the chamber was carefully perfused to 

remove any remaining porins, thus preventing further channel insertions. Conductance 

measurements were performed using an Axopatch 200B amplifier (Molecular Devices) in 

voltage clamp mode. Signals were filtered by an on-board low pass Bessel filter at 10 kHz with a 

sampling frequency of 50 kHz. Amplitude, probability and noise analyses were performed using 

OriginPro 8 (OriginLab) and Clampfit software (Molecular Devices). Single channel analysis 

was used to determine the antibiotic binding kinetics. In a single channel measurement, the 

quantities measured were the duration of blocked levels/residence times (τc) and the frequency of 

blockage events (ν). The association rate constant kon was derived using the number of blockage 

events, kon = ν/3[c], where [c] is the concentration of the antibiotic. The dissociation rate constant 

(koff) was determined by averaging the 1/τc values recorded over the entire concentration range
38

. 

 

Port-a-Patch calibration for estimating the OmpF porin concentration in proteoliposomes  

The Port-a-Patch calibration measurement involves patching OmpF embedded proteoliposomes 

and counting the number of OmpF porins in a patch using electrophysiology. This measurement 

reveals the number of OmpF porins per unit area on the surface of the proteoliposomes.  

Planar lipid bilayers were obtained from proteoliposomes prepared using the same protocols 

described earlier. Purified stock OmpF (5.5 mg/ml) porins in 1% octyl-POE were diluted in the 

detergent and reconstituted into GUVs by incubating the porins as described previously; 

however, the final porin concentrations used in the Port-a-Patch calibration experiments were a 

factor of 500×, 250× and 100× more dilute than the final concentration used in the optofluidics 

assay to enable the counting of single porin insertions in the ionic current traces. After 

incubation, the detergent was removed using Biobeads
®

 SM-2 (Bio-Rad) as described 

previously. The Biobeads were discarded after centrifugation and the protein containing GUVs 

(proteoliposomes) used immediately. 

For the formation of a planar lipid bilayer containing the proteins, 5 µl of the proteoliposome 

solution was pipetted into 5 µl of the electrolyte solution (200 mM KCl, 5 mM acetic acid for pH 

5 or 5 mM phosphate for pH 7). The resulting solution was placed on a microstructured glass 

chip (grounded side) containing an aperture approximately 1 µm in diameter. The vesicles burst 

once they touch the glass surface of the chip thus forming a planar lipid bilayer; additional 

suction was applied to patch proteoliposomes across the aperture. Ionic current measurements 

were performed using the same equipment and software as for the black lipid membrane 

measurements described above. The number of OmpF porins in a patch were directly evaluated 

from the ionic currents measured (Supplementary Figure S2). 
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Table 3: Antibiotic association (kon) and dissociation (koff) rate constants obtained by single 

channel measurements for OmpF at pH 5 and pH 7. Electrolyte conditions: 1 M KCl, 5 

mM PO4 (pH 7)/acetate (pH 5). 

kon= ( {No. of events/sec}/ 3*[c] ), koff= (1/residence time) 

J= 
   
              

      

    
        

       
; Δc=1 mM: valid under koff >>> kon . c 
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Quantification of fluoroquinolone uptake through the outer membrane channel OmpF of 

Escherichia coli 

Jehangir Cama, Harsha Bajaj, Stefano Pagliara, Theresa Maier, Yvonne Braun, Mathias 

Winterhalter and Ulrich F. Keyser 

SUPPLEMENTARY MATERIAL 

Optofluidics Assay Porin Measurements: 

 

Figure S1. Repeat norfloxacin uptake measurements of OmpF-embedded proteoliposomes in the 

optofluidic assay. Each scatter plot represents an individual experiment, with a different batch of 

proteoliposomes. Differences in the nature of the spread can be attributed to differences in the 

vesicle batch quality and porin insertion efficiency. However, in all plots enhanced uptake is 

observed for a significant proportion of the proteoliposomes.  

Enhanced norfloxacin uptake is observed due to the presence of OmpF in the proteoliposome 

membranes as seen in Figure 2 (main text) and Figure S1 above. Different vesicle batches led to 

slightly different spreads in the scatter plots; this is attributable to differences in vesicle quality 

across different electroformation preparations, which affects the porin insertion efficiency as 

seen in Figure S2 below. 

The porin insertion efficiency was similar (within error) at both pH 5 and pH 7. As mentioned in 

the main text, the OmpF concentrations measured were 500×, 250× and 100× lower in the 

Nanion Port-a-Patch vesicle incubations as compared with the vesicles used for the 

microfluidics. Higher concentrations could not be measured since the patches formed were not 

stable.  
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The diameter of the patched vesicle membrane was 1 µm. From the calibration curve (Fig. S2), 

we calculate an estimate of approximately 1800 porins per µm
2
 membrane surface area for the 

vesicles in the optofluidic assay. Since we measure the vesicle radius in the optofluidic assay, it 

is straightforward to calculate the surface area of each vesicle and use the Port-a-Patch 

calibration measurement to estimate the number of porins per vesicle. The permeability 

coefficient of the vesicle contains information about the total flux of drug molecules into the 

vesicle, and hence an estimate of the flux per porin can be calculated (as detailed below).  

 

 

Figure S2. OmpF insertion efficiency calibration. To estimate the number of OmpF porins in the 

vesicles used in the optofluidics assay, a range of OmpF concentrations were measured in vesicles in 

a Port-a-Patch setup as described in the text. The number of OmpF porins per membrane patch (d 

= 1 µm) were counted and used to plot a calibration curve. The OmpF concentrations displayed are 

normalised with respect to the concentrations used in the optofluidics assay. Within error, we 

observe a linear increase in the number of porins measured per patch. Extrapolating to the 

concentrations used in the optofluidics assay, we estimate 1750 ± 114 porins per µm
2
 in the vesicles 

at pH 5 and 1871 ± 137 porins per µm
2
 at pH 7. For each OmpF concentration, four batches of 

proteoliposomes were prepared at both pH 5 and pH 7. The number of proteoliposome patches 

measured for each OmpF concentration (at each pH) was, in order of increasing OmpF 

concentration, N = 17, N =6 and N = 11.  

If we neglect the contribution of diffusion through the lipids, an average over all events gives a 

flux value of 10 ± 8 norfloxacin molecules/s per porin at pH 7 and 15 ± 10 molecules/s per porin 

at pH 5 (mean ± s.d). The reported flux per porin is an average over the value obtained from all 

the proteoliposomes (N = 420 at pH 7 and N = 268 at pH 5) over 3 individual experiments at 

each pH. 

Subtracting the contribution due to the diffusion through pure lipids leaves the flux values 

unchanged. This is expected, since there is little diffusion of the drug across pure lipid 

membranes within the timescales studied
1
.   
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Flux Calculations: 

The flux (J) through a proteoliposome can be calculated from its Permeability Coefficient (P) as 

follows
1
: 

     
 

  
                                         (1) 

                                       (2) 

where cout is 1 mM.  

The main contribution to J is the flux through the OmpF porins in the proteoliposomes. There is 

a small contribution that arises due to norfloxacin diffusion through the pure lipid bilayer. This 

can be quantified using known values of the permeability coefficient of norfloxacin across 

DPhPC vesicle membranes, as measured previously
1
. The control measurements show that in the 

absence of porins, ΔI(t) ~ ΔI(0) on the probed timescales. Therefore, the (maximum) 

contribution of the diffusion through lipids, Jlipids, to the total flux measured is given by: 

                                                         (3) 

where cout is 1 mM, as usual. Plipids = 0.006 µm/s at pH 7; Plipids ~ 0.001 µm/s at pH 5
1
. 

The actual flux through all the porins in a proteoliposome, Jporin, is thus: 

                                                                    (4) 

Dividing Jporin by the number of porins in the proteoliposome gives us the flux per porin for that 

proteoliposome, corrected for the contribution of the flux through the lipids.  

To summarise the flux calculation: 

1. We measure the permeability coefficient of individual proteoliposomes using equation 

(1) above, as described previously
1
. The spread in the permeability coefficients for 

individual vesicles is shown in the histograms in Figure 1 (c,f) of the main text. 

2. Using equation (2) above, we calculate the flux through the entire proteoliposome 

membrane for each proteoliposome. Thus the permeability coefficient of a 

proteoliposome is used to calculate the flux of norfloxacin through the membrane of that 

proteoliposome. 

3. From equations (3) and (4) above, we subtract the contribution of norfloxacin flux 

through pure lipids for the individual proteoliposome. We thus have, for each 

proteoliposome studied, the total flux of norfloxacin molecules through the active/open 

OmpF porins in its membrane. 

4. The calibration measurement (Figure S2) provides the number of functional OmpF porins 

per unit surface area of the proteoliposomes. 
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5. For each individual proteoliposome, we measure the radius, and hence calculate its 

surface area. Using the surface area and the calibration measurement, we calculate the 

number of functional OmpF porins in the protoeliposome. 

6. Dividing the total porin-mediated flux by the number of porins in the proteoliposome 

thus provides the flux per porin for that particular proteoliposome. 

7. We thus calculate the flux per porin for each proteoliposome studied. The value reported 

is an average over all the proteoliposomes detected at each pH. 

Data Analysis: 

In the data analysis of the optofluidic assay, four selection criteria were applied to separate 

genuine vesicle detection events from lipid aggregates. Firstly, the MATLAB analysis code 

detects the shape of the vesicle and measures its major and minor axis. A circularity criterion, 

defined as the ratio of Minor axis: Major axis, is calculated and only events with a circularity 

greater than 0.7 are considered for analysis. 

Only those vesicles with radii between 20 and 45 pixels (i.e., approximately 8.8 µm to 19.7 µm) 

were chosen for analysis; vesicles with radii below 20 pixels were difficult to distinguish from 

lipid aggregates, and were hence discarded. Since the microfluidic channel width is 40 µm, 

vesicles with radii greater than 20 µm were subject to shear by the channel walls, which can 

affect drug uptake. Therefore these events were discarded as well.  

Vesicles with velocities only between 0.4 – 1.5 mm/s were chosen for analysis. Events with 

velocities above 1.5 mm/s were generally false positives; events below 0.4 mm/s were either 

false positives or cases where vesicles were moving along the channel walls and were hence 

subject to shear. 

Finally, it was observed that ΔI values below 0.05 were associated with lipid aggregates and 

false positives. Therefore all events with ΔI < 0.05 were discarded. 

The main purpose of the selection criteria is to speed up the analysis process. However, the 

frames corresponding to vesicle events are saved separately during image analysis in MATLAB, 

and hence each point in the scatter plots can be checked visually as well if desired.  

For the calculation of the permeability coefficient (P), a fit of ΔI vs R for the t = 0 points is 

made, and the difference in ΔI between the t = tf and t = 0 points is evaluated based on this fit 

(full details are available in ref. 1). This difference is used to calculate P. Therefore, owing to the 

nature of the calculation technique, a few t = tf points that overlapped with the t = 0 points in the 

scatter plots (representing vesicles that were multilamellar or had improper porin insertions, 

hence no drug uptake) resulted in negative P values, which are obviously unphysical. These 

points were not included in the histograms in Figure 2 of the main text, and were excluded from 

the flux calculations. In the histograms from the control experiments, this fraction of negative P 

values was naturally higher; these were also discarded.  
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Port-a-Patch confirmation of functional channels: 

 

Figure S3. Port-a-Patch Power Spectrum. The black line shows the noise in the presence of 4 OmpF 

channels and the bright blue line represents the noise in the presence of 30 channels. We study the 

interaction of norfloxacin with these channels. If the membrane patch with a current was simply a 

leak, there would be no interaction (i.e, no increased noise) in the presence of norfloxacin. The red 

and the blue-grey lines show that the noise increases, for both patches, in the presence of 

norfloxacin, proving that these are indeed patches formed of functional OmpF channels. This 

interaction is similar to what was observed in our single channel planar lipid bilayer experiments. 

To confirm that the membrane patches observed in the Port-a-Patch system contained functional 

OmpF channels, we present power spectra of ionic current measurements in the Port-a-Patch 

system in Figure S3. The power spectra for patches containing 4 and 30 OmpF channels 

respectively are presented. The increased noise in the presence of norfloxacin indicates that the 

patches are not simply leaks, but contain functional OmpF channels. 
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P3.3.2:  Revealing single antibiotic molecule translocation through porins 
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Abstract 

Single channel electrophysiology is used to the study interaction of β-lactam antibiotics with 

porins from Escherichia coli at a single molecule level. Varying external parameters like pH 

changes the charge state of the antibiotic norfloxacin, which modulates drastically the interaction 

with the pore from milliseconds to microseconds range. Applied external voltages act as driving 

force for the antibiotic and the association rate increases exponentially. The residence time of the 

antibiotic in the pore, on the other hand decreases with increasing applied voltage.  We try to 

elucidate the contribution of different parameters like electrostatic, electro-osmotic and the 

electric field inside the pore on the translocation of antibiotics through OmpF by varying the type 

of salt and salt concentration.  

Introduction 

The complex membrane in Gram-negative bacteria ensures its survival by allowing a selective 

passage of nutrients and waste into and from the cell cytoplasm. Influx is largely controlled by 

porins
1
, which are water-filled open channels that span the outer membrane of Gram-negative 

bacteria and allow the passive penetration of hydrophilic molecules. Apart from various nutrient 

molecules many classes of antibiotics like β-lactams are also known to use outer membrane 

channels to the reach target site
1,2

. Electrophysiology is an appropriate method to analyze the 

physico-chemical properties of these porins, like conductance, selectivity and voltage gating
2
. 

Interactions between antibiotics and a single outer membrane channel have been characterized 

previously
3
. Based on single channel study and 3D structure of the porin 

4
, authors postulated 

that ampicillin, a zwitterionic antibiotic “binds” to the positively and negatively charged residues 

at the constriction zone of the OmpF monomer
3
. Later in 2010 Hajjar et. al. 

5
, revealed the 

molecular mechanism of antibiotic translocation through porin using combination of techniques 

at different time scales, like liposome swelling assays, temperature-dependent ion current 
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fluctuation and MD simulations. This study demonstrated the importance of local molecular 

interactions of antibiotic in diffusion through porin. Another step forward made in a study by 

Mahendran et. al.
6,7

, where they distinguished between binding of antibiotic to the channel and 

effective translocation. Therefore, single channel recording experiments, together with the results 

from MD simulations and liposome swelling assays suggest that binding at the constriction zone 

might facilitate efficient antibiotic transfer across OmpF porin
5,8,9

. However, a recent study
10

 

determined the X-ray crystal structure of OmpF with antibiotics, highlighting the “binding sites” 

of β-lactam antibiotics with the porin and showed that in bacteria there is an increased antibiotic 

uptake with expression of OmpF mutants that disrupt its binding interactions with antibiotics. 

Hence the study suggested that in fact binding of antibiotic to the channel reduces the uptake of 

antibiotics. In spite of significant research efforts in this area, it still remains unclear on how 

specific interactions of different antibiotics play a role in their translocation rates. Aspects like 

voltage effects (applied in electrophysiology) on small molecules like antibiotics were not 

addressed earlier. Previous studies have suggested that antibiotic molecules do have effect due to 

polarity of voltage but have not clearly reported it
11,12

. 

In this study we employ single channel electrophysiology to elucidate the rate limiting 

interaction of antibiotics like fluoroquinolones and β- lactams with porins from E. coli. We also 

investigated the interaction of carbapenem and cephalosporin through OmpF and OmpC porin. 

The asymmetry in the kinetics due to the polarity of voltage and asymmetric addition of 

antibiotic are reported. Additionally, we studied the translocation of norfloxacin through OmpF 

in a pH dependent and voltage dependent manner. The molecular explanation of observed 

voltage dependence is further investigated by varying the salt concentration and type of salt to 

elucidate the underlying electrostatic and electro-osmotic contributions.  

Results and Discussion 

Interaction of β-lactam antibiotics with OmpF and OmpC- We studied the interaction of β-

lactam antibiotics presented in Figure 1(a- f). The corresponding molecular weights of 

antibiotics and charge state at physiologic pH conditions are presented Figure 1. The calculated 

dipole moment of antibiotics is also presented in Figure 1. We studied in particular the 

interaction of carbapenem class and cephalosporin with both the porins. 
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Figure 1: Chemical structures of antibiotics (a) meropenem, (b) imipenem, (c) cefepime (d) ceftobiprole 

(e) ceftazidime (f) cefotaxime (g) ciprofloxacin and (h) levofloxacin are shown. Charge states of the above 

antibiotics at physiological pH (7.5), the respective molecular weight (MW) and the dipole values 

calculated in water are presented here. The structure and the dipole values are taken from 

http://www.dsf.unica.it/translocation/db/ 

Both the porins have slight asymmetric conductance values with the polarity of the voltage 

which is used as a probe for the orientation of porin (slightly higher conductance at positive 

voltage for both OmpF and OmpC; at negative voltage short flickering is observed for OmpF 

Figure 2a). In the absence of antibiotics, negligible fluctuation in the ion current was detected in 

single OmpF/OmpC channel (Figure 2a and Figure 3a). Ion current fluctuations through single 

porin channel caused by antibiotic addition either to cis/ground side (corresponds to extracellular 

side of porin facing cis side, when porin is added to the same side) or trans side (corresponds to 

the periplasmic side of porin facing trans side), was quantified (Table 1 and Table 2). 

 

http://www.dsf.unica.it/translocation/db/
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Figure 2: Ion current trace of single channel of OmpF-  (a) without any antibiotic (b) 5 mM imipenem on 

cis side (c) 5 mM ceftazidime cis side (d) 5 mM cefepime cis side (e) 5 mM cefotaxime cis side (f) 0.2 mM 

ceftobiprole cis side. Electrolyte conditions: 1 M, 20 mM MES pH 6 at -50mV. 

Addition of 5mM imipenem to cis side of OmpF channel cause well resolved monomer 

blockages as shown in Figure 2b. Apart from the well resolved monomer blockages which can 

be quantified using single channel event analysis (outlined in materials and methods) Table 1, we 

also observed a shift in the average current (or associated noise) shown in the inset of Figure 2a. 

The ion-current histogram does not have second peak due to the blockages of antibiotics but it 

has a tail shown in the inset (red colored) of Figure 2a. The associated noise/reduction in 
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conductance is also observed when imipenem is added to trans side in combination with well 

resolved events quantified in Table 1. The analysis of such a component is dealt in detail in the 

next section using meropenem-OmpF as an example.  

 

Figure 3: Ion current trace of single channel of OmpC-  (a) without any antibiotic (b) 1 mM imipenem on 

cis side (c) 5 mM ceftazidime cis side (d) 5 mM cefepime cis side (e) 5 mM cefotaxime cis side (f) 0.1 mM 
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ceftobiprole cis side and (g)5mM meropenem. Electrolyte conditions: 1 M, 20 mM MES pH 6 at -50mV; 

except for ceftazidime which is at +50mV. 

Apart from carbapenem, we studied the interaction of 3
rd

 (cefotaxime, ceftazidime), 4
th 

(cefepime) and 5
th

 (ceftobiprole) generation cephalosporins with OmpF. Addition of ceftazidime 

to the cis side of OmpF resulted in partial ion current flickering. In contrast addition of 5mM 

cefepime caused well resolved monomer blockages. Asymmetric addition of ceftazidime caused 

slight asymmetries in the kinetics from cis side and trans side addition, whereas cefepime 

showed huge asymmetry in kinetics when added to trans side as shown in Table 1. Addition of 

cefepime to the trans produced well resolved blockages (quantified in Table 1) and is associated 

with an increased noise (the origin of which is not very clear yet). Addition of cefotaxime in a 

single OmpF channel causes well resolved partial monomer and full monomer blockages as 

shown in Figure 2e (zoomed in part). Cefotaxime showed asymmetric kinetics when added to 

trans side the association rate being slightly higher at cis side compared to trans side. 

Ceftobiprole on the other hand caused huge asymmetry in kinetics when added from cis and 

trans sides. Addition of 0.2 mM of ceftobiprole on cis side caused well resolved full monomer 

blockages. The residence time for all the β-lactam antibiotics were about ≤ 100 µs.  

Interactions of the β-lactams were investigated with single OmpC channel. Addition of 

imipenem and meropenem to the cis side of the channel caused very short unresolved events as 

shown Figure 3b and Figure 3g. Stronger interaction is observed in case of imipenem as 

compared to meropenem with OmpC Table 2. Both the antibiotics are more accessible to the 

channel from the cis side as compared to trans side. The residence time of the carbapenem tested 

here are about 100 µs (near the resolution limit of the instrument). 

Addition of cephalosporins to the channel caused ion current interruptions as depicted in Figure 

3. Cefotaxime and ceftazidime showed weaker interaction as compared to cefepime and 

ceftobiprole Table 2. Ceftazidime addition to cis side of the channel gave rise to short ion current 

fluctuation Figure 3c and ceftazidime seems to be more accessible from the cis side of the 

channel compared to trans side Table 2. On other hand cefotaxime showed higher kinetics with 

trans addition as compared to cis side. Addition of cefotaxime to cis side showed fully resolved 

short events and monomer blockages Figure 3e. Figure 3d presents the interaction of cefepime 

when added to cis side of the channel. We observe well resolved full monomer blockages and it 
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seems to be highly asymmetric where almost no interaction is observed from the trans side of the 

chamber Table 2. On the contrary, addition of ceftobiprole to the single OmpC channel lead to 

partial monomer well resolved ion current blockages shown in Figure 3f. Ceftobiprole seems to 

be exceptional candidate with the highest association rates on the cis side among all the 

measured antibiotics with OmpC Table 2. It shows higher accessibility from the cis side as 

compare to the trans side of the bilayer. The residence times of the cephalosporin antibiotics 

within OmpC porin is ≤ 100 µs.  

Asymmetric kinetics with the polarity of the voltage 

In this study we analyzed in detail the β-lactam antibiotic interaction with a single OmpF and 

OmpC channel as presented in Table 1 and Table 2. We report the effect of polarity of voltage 

and asymmetric addition of antibiotics to single channel. As a general trend we observe that, all 

the antibiotics seems to have a prominent effect at negative potentials as compared to positive 

potential when added on the cis side of the channel (Table 1 and Table 2). And when added to 

trans side of the chamber, higher interaction is observed at positive potentials. The difference of 

magnitude in kinetic rates at different polarity of voltage varies by a factor from 2 – 10 times 

depending on the antibiotic and the porin. This trend is observed irrespective of charge, size of 

antibiotic or the porin being investigate. 

A simplified explanation for this could be to: 

1. Orientation of antibiotic: The antibiotic might orient in presence of an applied 

transmembrane voltage due to presence of a dipole moment shown in Figure 1. Since 

both the channels are cation selective
13–15

 (in the present conditions measured in 

electrophysiology i.e. in KCl ), it might prefer antibiotic with its positive orientation 

entering the channel. This correlates at least qualitatively with the electrophysiology data 

i.e. when antibiotic is added to cis side (grounded side) prominent effect is observed at 

negative voltage (which might orient the antibiotic dipole) where as when added to trans 

side (side of applied voltage) a prominent effect is observed at positive potentials (where 

the antibiotic might be oriented with its positive group entering the channel). 

2. Electro-osmotic effect driving the molecule: Another possible mechanism could be based 

on electro-osmosis driving the molecule into the channel. At an applied negative potential 
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at the trans side, there would be a higher cation flow from cis to trans direction compared 

to anion flow from trans to cis. When the antibiotic molecule is in the cis compartment, 

the movement of molecule would be in same direction as electro osmotic flow (water 

flow) at an applied negative potential (giving rise to higher kinetics at negative potential 

in electrophysiology). Vice versa is obtained when molecule is added to trans side and 

the electro osmotic flow at positive potentials is from trans to cis side.  

Interaction of fluoroquinolones 

We also investigated the effect of fluoroquinolones on OmpF and OmpC. In particular we 

studied interaction of levofloxacin with OmpF. Asymmetric kinetics is observed with 

asymmetric addition of antibiotic to the channel Table 1.  

Voltage dependent translocation of norfloxacin 

In this study we report for the first time voltage dependent translocation of an antibiotic 

molecule. Norfloxacin interaction with OmpF in a voltage dependent and pH dependent manner 

is characterized. We observed a exponential increase in association rate with decreasing voltage 

(from positive to negative) when norfloxacin is added to the cis side of the channel at pH 7 

Figure 4a. A similar trend is observed at pH 5 with norfloxacin but association rate becomes 

almost 3 orders of magnitude higher Figure 4a. On the other hand, the dissociation rates at pH 7 

and pH 5 are significantly different. At pH 5, the dissociation rate is almost constant with 

decreasing voltage, where as at pH 7 it increases with decreasing transmembrane voltage, 

suggesting translocation of molecule as shown in Figure 4b.  

Based on the above result we propose a mechanism of norfloxacin translocation which could be 

a combination of several effects like orientation of antibiotic and/or electro-osmotic effects. 

Antibiotic senses a external applied voltage which likely orients the molecule in channel/solution 

(seen in association rate with polarity of voltage). Since the zwitterionic form of antibiotic has a 

high dipole (Figure 4c) as compared to positively charged state of norfloxacin (Figure 4d), this 

fits along electric field/dipole inside the pore and dissociation rates are much less compared to 

pH 5 at lower voltages (Figure 4b). 
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Figure 4: Voltage dependence of kinetic rate constants of norfloxacin at pH 7 and pH 5 through single 

OmpF channel- (a) association rate(when antibiotic added to cis side) (b) dissociation rate; Charge state 

of norfloxacin and corresponding dipole values at (c) pH 7 (d) pH 5. Electrolyte conditions: 1 M KCl, 

5mM PO4 (pH 7) /acetate (pH 5). 

At pH 7, depending on the magnitude of external –ve voltage the antibiotic might be able to 

reorient itself inside the pore and hence translocate. Another way to explain this might be since 

we observe a continuous increase in the dissociation rate a continuous change in the free energy 

of antibiotic-porin interaction might be involved. The phenomenon of electro-osmotic flows, 

known to cause such continuous changes in the binding of neutral molecules like cyclodextrin to 

pores, has been investigated previously
16,17

. In this case, voltage driven electro-osmotic flows 

coupled to the changes in orientation of the antibiotic due to its dipole might be playing a role in 

the translocation of the molecule through OmpF. Although in order to know the electrostatic and 

electro-osmotic contributions additional experiments at low salt concentration and different types 

of salts are being performed. Further to get a more quantitative description, theoretical 

calculations and molecular dynamics simulations need to be performed. 

Materials and Methods 

Single channel electrophysiology 
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Reconstitution experiments and noise analysis have been performed as described in detail 

previously
3,7

. The Montal and Muller technique was used to form phospholipid bilayer using 

DPhPC (Avanti polar lipids)
18

 . A Teflon cell comprising an aperture of approximately 30-60 µm 

diameters was placed between the two chambers of the cuvette. The aperture was prepainted 

with 1% hexadecane in hexane for stable bilayer formation. 1 M KCl (or 200 mM KCl), 20 mM 

MES, pH 6 was used as the electrolyte solution and added to both sides of the chamber. Ion 

current was detected using standard silver-silver chloride electrodes from WPI (World Precision 

Instruments) that were placed in each side of the cuvette. Single channel measurements were 

performed by adding the protein to the cis side of the chamber (side connected to the ground 

electrode). Spontaneous channel insertion was typically obtained while stirring under applied 

voltage. After successful single channel reconstitution, the cis side of the chamber was carefully 

perfused to remove any remaining porins to prevent further channel insertions. Conductance 

measurements were performed using an Axopatch 200B amplifier (Molecular Devices) in the 

voltage clamp mode. Signals were filtered by an on board low pass Bessel filter at 10 kHz and 

with a sampling frequency set to 50 kHz. Amplitude, probability, and noise analyses were 

performed using Origin pro 8 (OriginLab) and Clampfit software (Molecular devices). Single 

channel analysis was used to determine the antibiotics binding kinetics. In a single channel 

measurement the typical measured quantities were the duration of blocked levels/residence time 

(τc) and the frequency of blockage events (ν). The association rate constant kon was derived using 

the number of blockage events, kon = ν/3[c], where c is the concentration of antibiotic. The 

dissociation rate constant (koff) was determined by averaging the 1/τc values recorded over the 

entire concentration range.  
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Table 1: Antibiotic association (kon) and dissociation (koff) rate constants obtained by 

measurements from single OmpF channel. Electrolyte conditions: 1 M KCl, 20 mM MES pH 6; 

except for norfloxacin. 

Antibiotics  kon
cis

  (10
3
 ) {1/(s*M)} kon

trans
  (10

3
 ) 

{1/(s*M)} 

koff (1/s) 

(@ -50 mV) 

 -50mV +50mV -50mV +50mV  

Imipenem 1.1± 0.1 0.1 0.26 0.6 16,700 

Cefotaxime  40 ± 3 3.3 ± 0.3 3.2 17 12,500 

Cefepime  0.3 - 0.4 9.6 ± 0.2 20,000 

Ceftazidime 1.5 0.4 0.2 0.2 25,000 

Ceftobiprole 5± 3 - 23± 7 63 ± 10 10,000 

Levofloxacin 11.7± 0.7 0.9 ± 0.3 - 0.3 20,000 

Norfloxacin 

pH 5  

11 ± 3 - 4 10 25000 

 

Norfloxacin 

pH 7 

13 ± 5 2.6 - 1.3 1561 ± 120 

 

 

Table 2: Antibiotic association (kon) and dissociation (koff) rate constants obtained by 

measurements from single OmpC channel. Electrolyte conditions: 1 M KCl, 20 mM MES pH 6; 

except for norfloxacin. 

Antibiotics  kon
cis

 (10
3
 ) {1/(s*M)} kon

trans
  (10

3
 ) 

{1/(s*M)} 

koff (1/s) 

(@ -50 

mV) 

 -50mV  +50mV  -50mV  +50mV   

Imipenem 60 ± 3.3  -  -  0.6  28,570  
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Meropenem 5 ± 0.3 0.3  -  -  28,000 

Cefotaxime  1.8 ± 0.3  1.2 ± 0.7 2.1  8.5 ± 0.5  8300  

Cefepime  10 ± 2 2.4 ± 0.3 -  -  16,000 

Ceftazidime - 3 ± 0.3  0.2 ± 0.06  -  25,000  

Ceftobiprole 650 ±  33  323 ± 10  -  3 20,000  
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Chapter 4: Detecting antibiotic translocation events at high resolution 

In this chapter we deal with time resolution aspect of antibiotic interaction with porin in 

electrophysiology. In an attempt to improve the resolution of the current system, we introduce an 

adapted power spectrum method to analyse very fast antibiotic events in P3.4.1, in collaboration 

with Matteo Ceccarelli. In P3.4.2, we compare the noise and resolution of different bilayer 

platforms currently available together with Nanion Technologies, a consortium partner. 
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P3.4.1: Analysis of fast channel blockage: revealing substrate binding in the microsecond 

range 
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Analysis of fast channel blockage: revealing
substrate binding in the microsecond range†
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For an antibiotic to be effective, it needs to cross the outer membrane barrier and reach the target inside

the cell. Hydrophilic antibiotics, e.g. β-lactams, use porin channels to cross the outer membrane and

accumulate in the periplasm. Experimental determination of antibiotic interactions with porin is performed

by using electrophysiology on a single channel level by noise analysis or single event analysis methods.

We report a novel framework for analyzing the ion-current noise, taking into account the corrections

due to the analogous filter and the sampling procedure, with the goal of extending the time resolution

to a range previously inaccessible by event analysis or by conventional noise analysis. The new method

allows one to analyse fast binding events and/or the case when the single channel is not completely

blocked by the substrate. We demonstrate the power of this approach by using as an example the inter-

actions of meropenem, an antibiotic of the carbapenem family, with the OmpF porin that is considered

to be one of the main pathways for antibiotics to enter Escherichia coli. The presence of meropenem in

OmpF is detected by ion current blockages, and the on and off rates are estimated from the concen-

tration dependence of the average ion current and of its power spectral density. The obtained average

residence time of the antibiotic inside the channel is in the range of a few microseconds, i.e. more than

50 times smaller than the inverse cut-off frequency of the analogous filter.

1. Introduction

The complex membrane of Gram-negative bacteria controls the
selective passage of nutrients and waste into and from the cell
cytoplasm. Influx of solute is largely restricted by porins,
which are water-filled open channels that span the outer mem-
brane of Gram-negative bacteria and allow the passive pene-
tration of hydrophilic molecules.1,2 Apart from various
nutrient molecules, many classes of antibiotics like β-lactams
are also known to use outer membrane channels to reach their
target inside the cell.2 Consequently, bacterial adaptation to
reduce influx through porins is an increasing problem world-
wide that contributes, together with efflux and/or enzymatic
systems, to the emergence and dissemination of antibiotic
resistance.1,3,4 This highlights the need to measure the anti-
biotic translocation rate through porin in a quantitative
manner in order to rationalize the permeation mechanism
through porins and identify new potential antibacterials.

An appropriate method to analyze the physico-chemical
properties of these porins, such as conductance, selectivity
and voltage gating, is reconstitution of porins in a planar lipid
bilayer and measuring an ion current through the lipid
bilayer.5,6 Interaction between substrates (sugars, antibiotic,
and peptides) and outer membrane channels has been charac-
terized using the planar lipid technique in a quantitative
manner.5,7–9 For example, the binding constant of sugars
through a LamB channel (sugar specific channel), explained
by a simple two-barrier one-binding-site model, has been
probed using pore conductance.5,10 An analysis of the conduc-
tance with respect to the sugar concentration yields infor-
mation about the affinity constant K of the sugar to the
channel lumen.5

To address the transport of sugars through maltoporin,
Benz and his colleagues had initiated noise analysis of ion cur-
rents through reconstituted maltoporin channels.11 In contrast
to the binding constants, which are determined from the
effect of sugar addition on the average current, the noise analy-
sis gives the absolute rates of the sugar binding reaction.
Results of a spectral analysis of sugar-induced noise in the
current were well fitted by Lorentzian power spectral den-
sities.11,12 Lorentzian spectra are usually associated with two-
state Markovian processes; therefore the binding process can
be approximated by such a process, where one state is a pore

†Electronic supplementary information (ESI) available: Computational pro-
cedure and data analysis protocol. See DOI: 10.1039/c4an02293a

aDepartment of Physics, University of Cagliari, S.P. Monserrato-Sestu km 0.700,
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occupied by a sugar molecule and the other state corresponds
to an empty pore. The corner frequency values, obtained by
fitting the experimental ion-current power spectra to Lorent-
zian at different sugar concentrations, were used to calculate
the kon (association) and koff (dissociation) rates of the maltose
sugars (maltotriose to maltoheptaose) in the LamB channel.11

Experimental studies of sugar–LamB interactions were
attempted at the single channel level, where the authors
observed time resolved ion current fluctuations13 in the pres-
ence of sugars, unlike a reduction in conductance observed in
a multichannel system.12 One of the advantages of working
with a single channel is that individual kinetic rate constants
can be obtained directly by single event analysis of ion current
inhibitions caused by substrate residing in the channel.7 For
example, OmpF, the outer membrane protein F from Escheri-
chia coli that is involved in the uptake of antibiotics, was
characterized in the presence of several β-lactams at the single
channel level in a planar lipid bilayer.14 Transient downward
current steps with the amplitude of one-third (monomer) of
the total initial current through the channel correspond to
time-resolved events of antibiotic binding to channel.7,14

These events are reversible and each of them is caused by a
single antibiotic molecule entering the aqueous pore of one
subunit of the OmpF trimer. The average time between succes-
sive blockages is observed to decrease with increasing antibiotic
concentration and provides the association rate constant.7 The
dissociation rate, on the other hand, is the inverse of residence
time of the antibiotic in the channel, which is determined
experimentally from the dwell time histogram analysis of
events.7 Inspection of ion current fluctuation through the porin
at a single channel level in the presence of antibiotics provides
comparable thermodynamic and kinetic parameters both in the
single event method/the noise analysis method.7,14,15

These methods suffer from the time resolution problem:
blockage faster than 50 μs cannot be well resolved.16 Several
experimental techniques were proposed to study the fast
blockages. Thus, the kinetics can be slowed down by decreas-
ing the temperature17 or by adding ionic liquid.18 In this
context, we should also mention a different technique, the so-
called liposome swelling method,19 which provides comp-
lementary information on the permeation.

In the present paper, we demonstrate how to improve the
time resolution by using an advanced noise analysis. In par-
ticular, we investigated the interaction of meropenem, a
β-lactam antibiotic, with a single trimeric OmpF channel in a
planar lipid bilayer. Addition of meropenem to the solution
causes an increase in the ion-current noise and a subsequent
decrease in the average conductance of the pore in planar lipid
bilayer experiments. However, single events are too fast to be
resolved using the conventional noise analysis. We calculated
the auto-correlation function of the ion current trace and then,
after Fourier transformation, we obtained the power spectral
density. The power spectrum was fitted with a Lorentzian func-
tion taking into account the sampling and the filter correction
factors. As expected, the power spectral density and the
average ion current depend on the antibiotic concentration

and, thus, allow one to obtain the kinetic parameters from the
concentration dependence. The equilibrium constant (K = kon/
koff ) calculated from the rates obtained in our analysis includ-
ing the correction factors agreed well with that obtained by the
equilibrium titration using the averaged ion conductance.

The analysis of the data for meropenem supports the idea
that accounting for correction factors has the potential to reveal
the fast events, thus increasing the power of the single channel
technique as a tool for a more reliable characterization of sub-
strates’ translocation through porins. The information extracted
from the experiments and analyzed according to the procedure
described here might be converted into data related to the inter-
action of compounds with porins and, thus, might provide
insights possibly useful to rationalize drug design.

2. Theory

The effect of a substrate on the ion current through a mem-
brane channel results in a shift of the average current
(reduction of the conductance) and in an increase of the
current fluctuations (see Fig. 1).

Fig. 1 A. Ion current trace of a single OmpF channel in the presence
and absence of 10 mM meropenem (chemical structure is shown in the
panel). B. Corresponding histogram of ion current (10 seconds of trace)
through OmpF in the absence (black) and presence of 10 mM merope-
nem (red). Conditions: 1 M KCl, 20 mM MES, pH 6, at −50 mV.
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If the average current through a single open monomer
channel is j0 and that through the monomer channel occupied
by a substrate is j1, then, within the two-state Markov model,
the average current through the multimer pore reads

javðcÞ ¼ Nc½ j1PðcÞ þ j0ð1� PðcÞÞ�; ð1Þ
where Nc is the number of monomer channels in the multimer
pore and P(c) is the equilibrium probability of finding a
monomer channel occupied by a substrate at a concentration c
of the latter. At zero concentration, the probability to find a
substrate molecule in a channel is zero, and one has jav(0) = j0
Nc. Then, by expressing the occupation probability, P(c), in
terms of the transition rates,11,20 one obtains the shift of the
average current through the channel due to the presence of
the antibiotic,

kΔ jl ¼ j javðcÞ � javð0Þj ¼ NcΔjckon
koff þ ckon

; ð2Þ

where Δ j = | j1 − j0| is the absolute difference of the average
current in the open monomer channel and that in the blocked
one at the given applied potential; koff and kon are the dis-
sociation and the association rates, respectively. If the channel
is completely blocked by the substrate, then Δ j = | jav (0)|/Nc =
|j0|.

11,20 If the ion current through the channel occupied by a
substrate molecule is not completely blocked, then Δ j < | j0|.

The power spectral density (PSD) of the ion current fluctu-
ations due to the blockages by the antibiotic molecules in the
two-state Markov model reads7

Gð f Þ ¼ a

1þ ð2πf τcÞ2
; ð3Þ

a ¼ 4NcðΔjÞ2ckonkoffτ3c ; ð4Þ

τc ¼ 1
koff þ ckon

: ð5Þ

Here, τc indicates the correlation time of the blockage process.
In case koff ≫ ckon, the average current shift, 〈Δj〉, as well as

the Lorentzian factor, a, of the PSD may be expanded up to the
second order in concentration as

kΔ jlðcÞ ¼ NcΔ j
ckon
koff

1� ckon
koff

� �
þ o

ckon
koff

� �2� �
; ð6Þ

aðcÞ ¼ 4NcðΔ jÞ2
koff

ckon
koff

1� 3
ckon
koff

� �
þ o

ckon
koff

� �2� �
: ð7Þ

In the electrophysiology experiments, the ion-current signal
is filtered by an analogous low-pass linear filter and then
sampled at a specific rate, fs = 1/Δt. The sampling procedure
consists of the averaging of a signal for the period Δt and,
thus, corresponds to the application of a linear filter after the
first analogous one. The average value of the ion-current
signal, jav, is not affected by a linear filter whereas the dis-
persion, the auto-correlation function, and the PSD are modi-
fied by both filters. If the transfer function of the analogous
filter is Ha (ω) and that of the sampling filter is Hs (ω), then

the relationship between the PSD of the original ion current,
eqn (3), and that of the signal after successive application of
the two filters is the following:21

Gmðf Þ ¼ a

1þ ð2πf τcÞ2
jHað2πf Þj2jHsð2πf Þj2: ð8Þ

At small frequencies, f ≈ 0, the transfer functions are close
to 1 and do not modify the PSD. At large frequencies, f ≫ fc ( fc
is the filter cut-off frequency) or f ≫ 1/Δt, the original PSD is
suppressed by the filters. Thus, if the correlation time, τc, of
the ion-current signal which determines the width of the PSD
[see, e.g., eqn (3)] is close to or smaller than the sampling
interval Δt or fc−1, then filter corrections are very important for
the PSD analysis.

By fitting the filter-corrected Lorentzian model [eqn (8)] to
the PSD of the observed signal, one can obtain a and τc at
different concentrations of the substrate. The computational
procedure and the data analysis protocol are described in
detail in the ESI.†

Once the model parameter a is determined, then depend-
ing on the availability of τc and of 〈Δj〉, one may use the
alternative approaches outlined below to extract the kinetic
parameters, koff and kon, characterizing the substrate–channel
interaction.

Method 1

If the correlation time, τc, and the Lorentzian factor, a, are
determined by fitting form (8) to the experimental PSD, and Δj
is known, e.g. from the ion-current frequency histogram, then
the kinetic parameters can be calculated from eqn (4) and (5)
(assuming that koff > ckon),

koff ¼ 1
2τc

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a

NcτcðΔjÞ2
s !

; ð9Þ

kon ¼ 1
2τcc

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a

NcτcðΔjÞ2
s !

: ð10Þ

Method 2

If Δj is unknown a priori, one can still determine koff and kon
from the concentration dependence of the correlation time by
using eqn (5). Then, Δj may be also calculated from eqn (4) as
follows:

Δj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a
4Ncckonkoffτ3c

r
: ð11Þ

Method 3

If the correlation time is very small and it is not possible to
determine it by fitting eqn (8) to the experimental PSD, one
may utilize the antibiotic concentration dependence measure-
ments and fit the Lorentzian factor, a, and the average current
shift, 〈Δj〉, by using the following equations, respectively:

aðcÞ ¼ bacð1� 3rcÞ; ð12Þ
kΔjlðcÞ ¼ bjcð1� rcÞ; ð13Þ
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where the fitting parameter r = K = kon/koff is equal to the equi-
librium (or stability) constant of the antibiotic–channel inter-
action. Then, by using eqn (6) and (7), one obtains

kon ¼ 4b2j
Ncba

; ð14Þ

koff ¼ kon
r

; ð15Þ

Δj ¼ bj
Ncr

: ð16Þ

Method 4

If the correlation time is very small and its dependence on
antibiotic concentration is not accessible but an a priori knowl-
edge of Δj is possible, then one can determine the kinetic
parameters from the concentration dependence of the PSD
Lorentzian factor, a(c), and of the average current shift, 〈Δj〉.
In this case, one fits first the function

kΔjl ðcÞ ¼ NcΔjð1� rcÞrc ð17Þ
to the experimental average current shift and determines the
equilibrium constant K = r. This step is similar to the conduc-
tance probe method5 except for the fact that we use the
second-order expansion in the latter equation instead of the
exact formula given by eqn (2) used in ref. 5 In the second
step, by fitting eqn (12) to the concentration dependence of
the Lorentzian factor keeping r fixed, one determines par-
ameter ba and then obtains

koff ¼ 4NcðΔjÞ2r
ba

; ð18Þ

kon ¼ rkoff : ð19Þ

3. Experiment – single channel
electrophysiology

To form a planar lipid bilayer with the lipid monolayer opposi-
tion technique,22 we used a 5 mg mL−1 solution of 1,2-diphyta-
noyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Inc.,
Alabaster, AL) in pentane. A bilayer is formed across a
50–100 μm diameter aperture in a 25 μm thick Teflon par-
tition. Silver chloride electrodes from WPI (World Precision
Instruments), one connected to the live side of the amplifier
(referred to as the trans side; where the voltage is applied) and
the other connected to the ground side (referred to as the cis
side), were used. A small amount (up to 0.1 μL) of wild-type
OmpF from a diluted stock solution of 60 ng mL−1 in 1% (v/v)
of genapol is added to the cis side of the chamber. Spon-
taneous insertion of a single OmpF channel usually happens
within minutes after protein addition to the aqueous phase
with a volume of 250 μL (1 M KCl, 20 mM MES, pH 6). Both
the small-ion conductance and the gating properties were used
as an indication of directional channel insertion (likely with

the cis side of the lipid bilayer corresponding to the extracellu-
lar side of the porin 80% of the time). Our convention is that
the plus sign (positive voltage) means that the trans side of the
membrane cell compartment is more positive. Conductance
measurements were performed using an Axopatch 200B ampli-
fier (Axon Instruments, Inc., Foster City, CA) in the voltage
clamp mode. Data were filtered by a low-pass 4-pole Bessel
filter at 10 kHz with a sampling frequency of 50 kHz or 250
kHz and recorded simultaneously into the computer memory.
Meropenem (Sequoia research products) stock solutions were
prepared up to 40 mM in 1 M KCl, 20 mM MES, pH 6, and
added in a concentration dependent manner to the cis side of
the chamber and diluted at the end of measurements for
blank pore/control measurements. The chemical structure of
meropenem (MW = 383 g mol−1) is shown in Fig. 1A; the mole-
cule is zwitterionic under the conditions of measurements.
Due to the heating of the amplifier, many times we observed
an increase of temperature (up to 2–3 °C increase from room
temperature) in the cuvette of small volumes (250 μL). For this
reason the measurements were finished within 2–3 hours to
minimize (although not completely eliminate; an increase to
1–1.5 °C is observed) conductance/transport properties fluctu-
ation due to temperature changes.

We performed several independent electrophysiology
measurements. The specifications of the measurements are
collected in Table 1.

4. Results

In the present investigation, we studied the meropenem inter-
action with OmpF. Addition of meropenem to a single trimeric
OmpF channel caused unresolved short flickering and a sub-
sequent reduction in ion current (Fig. 1A).

According to the proposed data analysis protocol described
in ESI,† for each measurement specified in Table 1 (at each
concentration of the substrate), we selected 3 independent
data records, denoted I, II and III. The duration T of the
records equals 5 seconds for the data sampled at 50 kHz rate
(2.5 × 105 events) and 4 seconds for the data sampled at 250
kHz rate (106 events).

The ion-current event frequency histograms do not have the
secondary peak but exhibit a strong asymmetry (Fig. 1B). Thus,
it is impossible to determine Δj directly. There is no evidence
of spontaneous channel gating under the present conditions.

Table 1 Specification of the independent measurements for OmpF/
meropenem. Columns from left to right: the number of the data set, the
used concentrations of the substrate, and the used sampling rates

Set c (mM) fs (kHz)

1 0, 2.5, 5, 7.5, 9 50
2 0, 2.5, 5, 7.5, 10 50
3 0, 5, 10, 12.5, 15, 20, 23 50, 250
4 0, 5, 10, 12.5, 15, 20, 24 50, 250
5 0, 5, 10, 12.5, 15, 20, 24 50, 250
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The auto-correlation function, R(τ), is calculated for τ up to
τmax = 20 ms for the data sampled at 50 kHz rate and up to
τmax = 4 ms for the data sampled at 250 kHz rate. As an
example, the auto-correlation functions of the ion current
sampled at 50 kHz and that sampled at 250 kHz are shown in
Fig. 2 for a small range of τ to show the significant details.

For all data sets, the signal PSD, Gs ( f ), calculated accord-
ing to eqn (20) of the ESI† by subtracting the background PSD,
is well fitted by the filter-corrected Lorentzian, eqn (8).
However, the fitting procedure allows one to determine only
the upper bound of the correlation time, i.e., it could be only
stated that τc < 0.01 ms in the case of the 50 kHz sampling and
τc < 0.005 ms for the 250 kHz sampling. The signal PSD of the
ion current sampled at 50 kHz and that sampled at 250 kHz
are shown in Fig. 3 (panels A and B, respectively) for the three
data records (the ion-current data are taken from set 3, see
Table 1, for c = 10 mM; the PSDs for data record I correspond
to the auto-correlation functions of Fig. 2).

The best fits of the filter-corrected Lorentzian model,
eqn (8), to the signal PSD of a record I for each sampling rate
are also presented in Fig. 3. The fitting range was chosen to be
f ∈ [1, 25] kHz. The PSD values below 1 kHz strongly fluctuate
and are different in the data records, I, II, III; thus, they are
neglected in the fitting procedure (see section 5). Only the
upper bound of the correlation time may be determined as
was indicated above; τc was set to zero for the plots in Fig. 3.
The Lorentzian factor, a, obtained by the fitting has the values
of 2.6 pA2 kHz−1 and 2.7 pA2 kHz−1 for the data sampled at 50
kHz and 250 kHz rate, respectively. The same order of dispersion
in a is observed between the different data records (I, II, III)
within the same sampling rate measurements. To demonstrate
the effect of the sampling correction, we also plot Gm ( f )
without the |Hs (2π f )|2 factor (dashed lines in Fig. 3, panels A
and B). The fit of the pure Lorentzian, filter-uncorrected PSD
profile to the signal PSD is presented in Fig. 3(B); the parameters
are a = 3.5 pA2 kHz−1 and τc = 0.03 ms.

Then, we averaged a over the data records (I, II, III) and esti-
mated the error as the maximum between the fitting errors
and the averaging error. The concentration dependence of the
obtained Lorentzian factor, a, is quite smooth (see Fig. 4A for
an example).

The average ion current shift, 〈Δj〉, averaged also over the
data records (I, II, III), is also fairly smooth vs. concentration
(see Fig. 4B for an example), permitting the use of Method 3
outlined in section 2 for the determination of the parameters.
The fitting parameters, corresponding to the data in Fig. 4, are
presented in Table 2. The related parameters of blockage kine-
tics are collected in Table 3. The kinetic parameters of the
meropenem-induced channel blockage determined by Method
3 for all the sets of data are presented in Table 4.

Sets 1 and 2 do not allow to determine the parameters by
Method 3, being the uncertainty of the fitting parameters
nearly 100%. However, from the sets 3 to 5 one can conclude
that the Δj value is equal (within the uncertainty error) to 1/3
of the ion current through the open trimer channel. The latter

Fig. 2 Auto-correlation function of the ion current fluctuations
sampled at 50 kHz rate (red triangles) and at 250 kHz rate (black circles).
Data set 3, see Table 1, c = 10 mM.

Fig. 3 The signal PSD of the ion current fluctuations sampled at 50 kHz
rate (A) and 250 kHz rate (B). The thick solid line is the fit by the filters-
corrected Lorentzian model, eqn (8); the dashed line is the same Lorent-
zian model but corrected for the Bessel filter only, i.e., without the
sampling correction. The dotted line in (B) is the fit by the pure Lorentzian
filters-uncorrected model, eqn (3). More traditional double-logarithmic
scale PSD plots are shown in ESI.†
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suggests that the monomer channel is completely blocked by
an antibiotic molecule. Using the above assumption, we
applied Method 4 to re-analyze all the data sets. The results are
presented in Table 5. In addition, we calculated the equili-
brium binding constant according to the definition, K = kon/

koff, by using the obtained rate constants (column 5 of Table 5)
as well as by using the conductance probe method,5 Kcp

(column 6 of Table 5). The available values of Kcp are in good
accordance with those obtained by our approach.

5. Discussion

For the fast channel-blocking events, the correlation time of
the original ion-current fluctuations, τc, is less than the inverse
cut-off frequency of the subsequent low-pass filter. The obser-
vable signal does not permit time resolved blockage events to
be detected,16 as in the case of the meropenem interaction
with OmpF seen in Fig. 1A. Hence, the kinetic parameters of
the channel blocking cannot be deduced by the standard way.7

The ion-current event histogram does not have a clear second-
ary peak due to the blockages but instead it has a tail as seen
in Fig. 1B, and therefore the current change Δj in the blocked
monomer channel also cannot be determined directly. Finger-
prints of the channel blockages due to the interaction with the
antibiotic are observed in the strong asymmetry of the ion-
current event histogram as well as in the antibiotic concen-
tration dependence of the average current and of the current
fluctuations. The latter two properties are used to quantify the
channel blockage kinetics of meropenem in OmpF in the
present study.

The observed auto-correlation function, R(τ), of the ion-
current signal presented in Fig. 2 looks confusing at first sight.
First, it has a clear non-exponential form (this is particularly
evident for the data sampled at 250 kHz rate) and, thus, is not

Fig. 4 The meropenem concentration dependence (data set 3, see
Table 1) of (A) the Lorentzian factor, a, and (B) the average ion current
shift, 〈Δj〉. The curves are the fits with the parameters presented in
Table 2. The red triangles and dashed curves correspond to the 50 kHz
sampled data; the black circles and solid lines correspond to 250 kHz
sample data.

Table 2 The fitting parameters for ion-current fluctuations (data set 3)
due to channel blockages, determined by using Method 3 (see section 2,
for details). The absolute error estimates are given in round brackets

fs (kHz) ba r bj

50 0.293 (0.019) 0.0029 (0.0011) 0.688 (0.015)
250 0.297 (0.013) 0.0031 (0.0008) 0.678 (0.020)

Table 3 Kinetic parameters of ion-current fluctuations (data set 3) due
to channel blockages, determined by using Method 3 (see section 2, for
details). The absolute error estimates are given in round brackets

fs (kHz) Δj (pA) koff (ms−1) kon (ms−1 M−1)

50 80 (30) 700 (250) 2030 (140)
250 72 (16) 660 (150) 2060 (140)

Table 4 OpmF/meropenem kinetic parameters of ion-current fluctu-
ations due to channel blockages, determined by using Method 3 (see
section 2, for details). The data sampled at 50 kHz were used. The absol-
ute error estimates are given in round brackets

Set Δj (pA) koff (ms−1) kon (ms−1 M−1)

1 NA NA 800 (500)
2 NA NA 800 (400)
3 80 (30) 700 (250) 2030 (140)
4 140 (70) 1200 (600) 1500 (100)
5 80 (20) 750 (200) 2030 (140)

Table 5 OpmF/meropenem kinetic parameters of ion-current fluctu-
ations due to channel blockages, determined by using Method 4 (see
section 2, for details). The data sampled at 50 kHz were used. The absol-
ute error estimates are given in round brackets. The equilibrium binding
constants calculated within the presented method and those obtained
by using the conductance probe method5 are presented in columns 5
and 6, respectively

Set Δj (pA) koff (ms−1) kon (ms−1 M−1) K (M−1) Kcp (M
−1)

1 73 (2) 370 (100) 800 (400) 2.2 NA
2 70 (2) 340 (80) 800 (400) 2.3 NA
3 66 (2) 600 (40) 2030 (120) 3.4 3.6
4 66 (2) 540 (40) 1430 (110) 2.6 2.1
5 68 (2) 580 (50) 2000 (200) 3.4 3.3
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reproducible by the one-binding-site Markovian model of
channel blocking. Second, the correlation time estimated as
the width of R(τ) is about 30 μs, i.e., the blockage events would
be observable directly, but they are not. Actually, the shape of
this auto-correlation function is mainly determined by the low-
pass Bessel filter while the magnitude does depend on the
antibiotic induced blockages.

Instead of computing the filters’ correction to R(τ), we turn
to the equivalent Fourier representation and consider the cor-
rection to the power spectral density of the signal, which is
fairly simple, given by eqn (8). By fitting the filter-corrected
model PSD to the observed data, we find that the correlation
time of the blockage process is less than 5 μs. Thus, the shape
of the PSD presented in Fig. 3 is determined by the transfer
functions of the filters in the examined frequency range. The
Lorentzian factor, a, determines the magnitude of the PSD.

For the low-pass 4-pole Bessel filter with 10 kHz cut-off fre-
quency used in the current experiment, the sampling correc-
tion to the PSD is important for the 50 kHz sampling (Fig. 3A),
while for the 250 kHz sampling the effect of the correction is
negligible (Fig. 3B). The Lorentzian factor and the bounds of
the correlation time determined by fitting the filter-corrected
Lorentzian to the signal PSD are the same within the fitting
errors. Thus, by using the current low-pass analogous filter,
one may record the current at 50 kHz rate and analyze it with
the sampling correction taken into account. Alternatively, one
may collect the current at 250 kHz rate; in this case the
sampling correction is not necessary.

To appreciate the power of our approach, we fitted the
signal PSD with a pure uncorrected Lorentzian (see Fig. 3B). It
becomes clear that the shape of the Lorentzian is not compati-
ble with the signal PSD, especially for the high frequency tail
which decays as 1/f 2 for the Lorentzian compared to 1/f 8 for
the Bessel filter, as is discussed in ESI.† While the Lorentzian
factor a obtained in such a fitting may be quite close (within
30%) to that obtained by using the filter corrections, the corre-
lation time τc = 0.03 ms is completely incorrect. It is close to
the width of the auto-correlation function discussed above and
characterizes the filter rather than the channel blockages due
to the antibiotic.

At a lower frequency range, the signal PSD exhibits strong
fluctuations between the data records (see Fig. 3). These very
slow current fluctuations may come from the infrequent
partial channel gating or uncontrollable changes under the
external conditions (e.g., temperature). We excluded the range
f ∈ [0 : 1] kHz from the fitting procedure and, thus, got rid of
slow uncontrollable processes. This is a clear advantage of
using the Fourier space analysis instead of the real space ana-
lysis (auto-correlation function, event counting), for which it is
difficult to separate these slow processes from the signal.

In Method 3 discussed in section 2, one fits the antibiotic
concentration dependence of the Lorentzian factor, a(c), and
of the average current shift, 〈Δj〉 (c), with quadratic functions.
This provides 3 fitting parameters, ba, bj, r from which one
may extract the blockage kinetic parameters, kon, koff, and also
Δj. The 〈Δj〉 values, however, are very sensitive to the slow

changes of the external conditions (like temperature). For
example, from the data presented in Fig. 4b, the second-order
coefficient, r, may not be extracted due to large fitting errors.
In contrast, from the a(c) data of Fig. 4a, ba and r values can be
extracted and, by using 〈Δj〉(c), bj is estimated. Still, the uncer-
tainty in r is quite large, about 30% (see Table 2), but the
kinetic parameters and the 〈Δj〉 value can be determined
(Table 3). The parameters extracted from the analysis of the
ion current sampled at 50 kHz and that sampled at 250 kHz
coincide within the estimated error. The corresponding resi-
dence time, τres = 1/koff = 0.0015 ± 0.0004 ms, is in accordance
with the correlation-time upper limits determined directly by
fitting the PSD to a filter-corrected Lorentzian.

The obtained reduction of the average ion current through
a single blocked state, Δj, should be compared to its maximal
possible value (complete blocking of the current) determined as
1/3 of the average current without antibiotic, j0 = 66 ± 1 pA. There-
fore, a monomer channel is completely blocked by the antibiotic.

The results of the analysis by Method 3 of all the available
data sets (Table 4) indicate that only in two cases (data sets 3
and 5) the kinetic parameters are obtained with a reasonable
accuracy. In one case (data set 4) the accuracy of koff and Δj is
roughly 50%. In the remaining two cases, only kon can be esti-
mated with an accuracy worse than 50%. In the more recent
experiments 3–5, we took special care of the temperature
control (see section 3) and have considered a wider range of
meropenem concentrations (Table 1). In the earlier measure-
ments 1–2, the control of the external conditions was not so
good and fewer antibiotic concentrations were considered, and
this is the reason for the failure of Method 3 in those cases.

From data sets 3 and 5, where the uncertainty of the
extracted parameters is small, one concludes that meropenem
completely blocks ion current once it is in the monomer
channel, i.e., Δj may be estimated as 1/3 of the average current
without antibiotic. By using the latter assumption, we re-ana-
lyzed all the data sets with Method 4. The obtained kinetic
parameters (Table 5) coincide within the uncertainty range
with those derived by Method 3. The uncertainty for the para-
meters obtained by Method 4 is much smaller, and also the
values for all the measurements are available.

Table 5 also reveals two groups of data. The first one (sets
1–2) gives kon ∼ 800 ms−1 M−1 and koff ∼ 350 ms−1. The second
one (sets 3–5) gives kon ∼ 2000 ms−1 M−1 and koff ∼ 550 ms−1.
The reason for this grouping is not quite clear. It may be due to
pore-to-pore variation, changes in external conditions like temp-
erature (this could likely be eliminated by looking at the conduc-
tance which is almost the same over different pores) or due to
any other experimental uncertainty. Further analysis is ongoing.

The range of antibiotic concentrations the method may be
applied to is limited from the above by the condition that at
most one substrate molecule can occupy the channel at a time,
i.e., ckon/koff ≪ 1. On the other hand, the ion-current shift, 〈Δj〉,
due to the channel blockages by the antibiotic should be measur-
able, i.e. be larger than some instrumental accuracy δj. As 〈Δj〉 is
proportional to c at small concentrations, from eqn (6), one may
write down the lower-bound conditions for the concentrations,
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NcΔjckon/koff > δj. Finally, the practical range of antibiotic con-
centrations to be used in the measurements reads

δj
NcΔj

1
K
, c � 1

K
; ð20Þ

where K is the equilibrium constant for the antibiotic–channel
interaction. Thus, the suitable range of concentrations
depends both on the channel–substrate interaction properties
and on the instrumental accuracy.

6. Conclusion

The work reported here shows that a careful analysis by the
modified power spectral density method, taking into account
the sampling and filter effects, is able to resolve the residence
times of 1 μs, and this is a factor of 100 below the inverse cut-
off frequency of the experimental setup. We use interactions of
meropenem with OmpF as an example to obtain the kinetic
parameters by using the PSD method developed here.

Gaining the ability to extract the kinetic parameters by
using the corrected analysis method, which are otherwise off
limits using the conventional methods, becomes necessary.
This is particularly important for molecules like antibiotics
translocating through general channels, where we expect weak
interactions due to the lack of specificity. Apart from mero-
penem, there are other examples where an increased noise in
the ion current trace does not provide well resolved events. In
such cases, the rate constants cannot be obtained because of
limited temporal resolution; hence the analysis method deve-
loped here could be used successfully.

In addition, a future application of the method will be in
combination with kinetic Monte Carlo simulations23 to scout
possible free energy profiles attributable to events extracted
from electrophysiology experiments by the analysis protocols
described here.
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Computational procedure
and data analysis protocol†

February 10, 2015

1 Characteristics of ion-current fluctuation

If the observed ion current, jk, is sampled at rate fs = 1/∆t (∆t is the
sampling period) the average current for a data record taped for a period
T = NT∆t reads

jav(T ) =
1

NT

NT∑
k=1

jk . (1)

We also define the partial average for the record by using only the data that
start from time τ = Mτ∆t, where Mτ = 0, 1, . . . , NT − 1,

jav(τ, T ) =
1

NT −Mτ

NT−Mτ∑
k=1

jk+Mτ . (2)

Clearly, jav(T ) = jav(0, T ).
The auto-correlation function calculated for the data record is defined as

follows,

R(τ, T ) =
1

NT −Mτ

NT−Mτ∑
k=1

[
jk − jav(T )

][
jk+Mτ − jav(τ, T )

]
. (3)

0† This is the Electronic Supplementary Information (ESI) for I. Bodrenko, H. Bajaj, P.
Ruggerone, M.Winterhalter, and M. Ceccarelli, ’Analysis of fast channel gating: revealing
substrate binding in the microsecond range’

1

Electronic Supplementary Material (ESI) for Analyst.
This journal is © The Royal Society of Chemistry 2015
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With the above definition, the squared standard deviation of the ion current,
σ2
j , is equal to the auto-correlation function at zero time shift,

σ2
j = R(0, T ) . (4)

The power spectral density (PSD) of a signal is formally defined as the
Fourier transform of its auto-correlation function, R(τ) ≡ R(τ, T → ∞),

g(ω) =
1

π

∫ +∞

0

R(τ) cos(ωτ)dτ . (5)

Below, we will also use an alternative definition of the power spectral density
by using the temporal frequency f = ω/2π instead of the angular frequency
ω,

G(f) ≡ 4πg(2πf) . (6)

Then, we define the finite-interval power spectral density as follows

g(ω, τmax, T ) =
1

π

∫ τmax

0

R(τ, T ) cos(ωτ)dτ , (7)

so that

lim
τmax→∞

[
lim
T→∞

g(ω, τmax, T )
]

= g(ω), (8)

assuming that integrals and limits exist. If the correlation function decays
sufficiently fast by increasing τ and if the correlation time of the process is
smaller than τmax ≪ T , then one may expect that g(ω, τmax, T ) ≈ g(ω).

The auto-correlation function of the ion-current record, (3), is defined at
discrete time shifts, τl = l∆t, l = 0, 1, . . . ,Mτ , as

RT
k ≡ R(τk, T ) . (9)

If a linear interpolation between the time points is assumed, then the auto-
correlation function may be continuously represented over the interval τ ∈
[0, τmax], where τmax = Mτ∆t, as

R(τ, T ) ≈
Mτ−1∑
l=0

[(
RT

l+1 −RT
l

)τ − τl
∆t

+RT
l

]
rect

(
τ − τl
∆t

)
,

(10)
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where rect(x) = θ(x)− θ(x− 1) is the rectangular function on interval [0, 1]
and θ(x) the Heaviside step function. Then, the PSD at the characteristic
frequencies may be approximately calculated as follows

g(ωl, τmax, T ) ≈ ∆t

π
sinc

(
ωl∆t

2

)Mτ−1∑
k=0

RT
k+1 +RT

k

2
cos

[
ωl

(
τk +

∆t

2

)]
+

+
∆t

π
sinc(1)

(
ωl∆t

2

)Mτ−1∑
k=0

RT
k+1 −RT

k

2
sin

[
ωl

(
τk +

∆t

2

)]
(11)

ωl =
2π

∆t
l ; l = 0, 1, . . . ,Mτ (12)

Here, sinc (x) = sin(x)/x and sinc(1) (x) = [x cos(x)− sin(x)]/x2.

2 Filter and sampling corrections

In the electrophysiology experiments, the ion-current signal is filtered by an
analogous low-pass linear filter and then sampled at a specific rate, fs =
1/∆t. The sampling procedure consists of averaging a signal for the period
∆t and, thus, is also a linear filter applied after the first analogous one.
The average value of the ion-current signal, jav, is not affected by a linear
filter whereas the dispersion, the auto-correlation function, and the PSD are
modified by both filters. If the transfer function (its Fourier transform) of
the analogous filter is Ha(ω) and that of the sampling filter Hs(ω), then the
relation between the PSD of the original ion current, go(ω), and the one of
the signal after successive application of the two filters reads,

g(ω) = go(ω)|Ha(ω)|2|Hs(ω)|2 . (13)

A 4-order (4-pole) low-pass Bessel filter is used in the current measure-
ments. The transfer function of the Bessel filter of order n is designed as
follows,

Hn(ω) =
θn(0)

θn(ıω/ω0)
, (14)

where θn(x) is the reverse Bessel polynomial of order n; ω0 is a frequency
chosen to give the desired cut-off frequency. For the 4-order low-pass Bessel
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filter, θn(x) = x4 +10x3 +45x2 +105x+105, and the absolute square of the
transfer function reads,

|Ha(ω)|2 =
11025(

ω
ω0

)8
+ 10

(
ω
ω0

)6
+ 135

(
ω
ω0

)4
+ 1575

(
ω
ω0

)2
+ 11025

.(15)

Here, ω0 = 2πfc/xc, where fc is the cutoff frequency, xc ≈ 2.114 the scaling
factor determined by the following condition, |Ha(2πfc)|2 = 1/2.

The absolute square of the PSD of the sampling filter is

|Hs(ω)|2 =

(
sin
(
ω∆t
2

)
ω∆t
2

)2

, (16)

where ∆t is the sampling interval.
Note that formally at small frequencies, ω ≈ 0, the transfer functions are

close to 1 and do not modify the PSD,

g(ω)|ω≈0 ≈ go(ω) . (17)

At large frequencies, ω > ω0 ; ω > 1/∆t, the original PSD is strongly
reduced by a factor ω10,

g(ω)|ω→∞ ∼ go(ω)
1

ω10
. (18)

Thus, if the correlation time τ of the ion-current signal, which determines
the width of the PSD, is close to or smaller than the sampling interval ∆t
or the inverse filter cutoff frequency fc, then corrections associated with the
filters are very important for the PSD analysis.

3 Data analysis protocol

Selection of ion-current data records. For each concentration of a sub-
strate one selects 3-5 independent ion-current records, lasting each T seconds.
T must be much larger than the typical correlation time τc of the blockages
due to substrate; if the latter is less than few milliseconds the former may
be 5-10 sec. One has to make sure that the selected records are free from an
apparent external noise, like symmetric spikes, etc.
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Average current. At every substrate concentration, c, one calculates the
average current jav for each data record by using Eq. (1). Then, the mean
value and the error estimate of the average current are computed for every
concentration, jav(c). Thus, the shift of the average ion current at concen-
tration c is given by

⟨∆j⟩ (c) = jav(c)− jav(0) . (19)

Ion-current frequency histogram. At every substrate concentration,
one calculates the ion-current frequency histogram. At zero substrate con-
centration, the histogram usually contains a single peak corresponding to
the ion current through open channel. If the channel closes spontaneously,
a secondary peak (or peaks) may appear. By comparing the histogram with
and without a substrate the secondary peak due to the channel blockages
by the substrate molecule (different from the one due to channel gating )
might be located. Once the secondary peak is identified, the shift of its po-
sition with respect to the position of the main peak provides an estimate to
the ∆j value, i.e., the absolute difference of the average current in the open
monomer channel and that in the blocked one at the given applied potential
(we assume that the concentration is small enough, so that the probability
of simultaneous blockages of two monomer channels in the trimer is negli-
gible). If ∆j is determined, Methods 1 or 4 are applicable to extract the
kinetic parameters of the channel blocking. However, if the blockage events
are fast enough the secondary peak may disappear, and only the asymmetry
of the histogram is evident. In the latter case, ∆j is not measurable directly,
and Method 2 or 3 should be used to determine it together with the kinetic
parameters of the channel blocking.

Auto-correlation function and PSD. At every substrate concentra-
tion, c, one calculates the autocorrelation function, R(τ, T ), and the PSD
G(f, τmax, T ), for each data record by using Eqs. (3), (11), (6). τmax must
be much larger than the typical correlation time τc of the blockages due to
substrate but smaller than T ; if τc is smaller than few milliseconds, τmax may
be equal to 20-100 ms.

Background and PSD of the blocking signal. The ion-current fluctu-
ations for the open channel without a substrate represent the background.
One computes the PSD of the background, Gb(f), by averaging the PSDs
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for the data records at c = 0. Successively, the PSD of the blocking signal
is calculated for every substrate concentration and for each data record by
subtracting the PSD of the background,

Gs(f, c) = G(f, c)−Gb(f) . (20)

The latter relation requires the non-trivial assumption that the ion-current
fluctuations in an open channel do not correlate with the current fluctuations
due to channel blocking by substrate molecules.

Frequency range. By comparing the signal PSDs, Gs(f), for the same
substrate concentration but different data records one notes that at small
frequencies (below a certain fmin ) they differ significantly while at f ≥ fmin

they well coincide within the statistical errors. This low-frequency difference
may come from slow incontrollable changes of the external conditions (e.g.,
temperature) but also from infrequent spontaneous channel gating. The up-
per frequency, fmax, is selected so that for f > fmax the absolute value of
the PSD is close to or smaller than the statistical errors. The choice of the
frequency range, f ∈ [fmin, fmax], therefore, identifies statistically significant
values of the PSD and gets rid of the slow incontrollable processes.

PSD fitting. At every substrate concentration, c, and for each data record
one fits the model (filters-corrected) PSD,

Gm(f) =
a

1 + (2πfτc)2
|Ha(2πf)|2|Hs(2πf)|2, (21)

to the signal PSD, Gs(f), in the frequency range f ∈ [fmin, fmax] , and obtains
the Lorenzian factor a and the correlation time τc as well as the estimates of
their uncertainties. Successively, the parameters are averaged over the data
records for the same concentration of the substrate.

The weighted least squares method is used for the fitting. One minimizes
the following scoring function,

S =
∑

fl∈[fmin,fmax]

[Gm(fl)−Gs(fl)]
2

σ2(fl)
, (22)

fl =
1

∆t
l ; l = 0, 1, . . . ; (23)
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where the frequency dependence of the weight function, σ2(f) = Gm(f), is
selected to make more or less uniform the contribution of each fl point to
the sum of Eq. (22). We found that the choice σ2(f) = Gm(f) is better
than σ2(f) = 1 and than σ2(f) = G2

m(f), as the former overweights the
smaller-frequency region while the latter overestimates the higher frequency
domain.

To estimate the fitting error (uncertainty) of the parameters, δa and δτc
are determined so that

min
τ ′

S(a± δa, τ ′) = 2Smin , (24)

min
a′

S(a′, τc ± δτc) = 2Smin . (25)

Here, Smin = mina′,τ ′ S(a
′, τ ′) = S(a, τc) is the minimum value of the scoring

function calculated at the optimal values of a and τc.

Kinetic parameters. Finally, one uses one or, independently, several of
the methods discussed in Section Theory to determine the kinetic parameters
of the ion current blocking due to substrate molecules.

4 Double-logarithmic scale PSD plots
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Figure 1: The signal PSD of the ion current fluctuations sampled at 50 kHz
rate (A) and at 250 kHz rate (B). The thick solid line is the fit by the filters-
corrected Lorenzian model; the dased line is the same Lorenzian model but
corrected for the Bessel filter only, i.e., without the sampling correction. The
dotted line in (B) is the fit by the pure Lorentzian filters-incorrected model.
These data are plotted in linear scale in Figure 3.
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A comparative study of the three different techniques Orbit16, Port-a-Patch and BLM applied for the 

investigation of antibiotic translocation 

 

Abstract 

In general, the method of choice to characterize the conductance properties of channel-forming 

bacterial porins is electrophysiology. Here, the classical method is to reconstitute single porins into 

planar lipid bilayers to derive functional information from the observed channel conductance. In 

addition to an estimated pore size, ion selectivity or transport properties in general are of 

importance. For the latter question measuring the ion current fluctuation can provide some 

information about the mode of transport of charged molecules penetrating the proteins. For 

instance, increasing the external voltage modifies the residence time in the channel: charged 

molecules with the ability to permeate through channels will travel faster whereas non-permeating 

molecules get pushed to the constriction zone with enhanced residence time. Here, we are 

interested in the ability of antibiotics to permeate channels and compare different techniques to 

reveal fast events. 

Keywords: single molecule, nanopore, planar lipid bilayer, antibiotic 

 

Introduction 

Emergence of bacterial resistance to common antibiotics has become a worldwide problem. The 

existing antibiotics face more and more resistant strains while there is a dramatic reduction of new 

antibiotic classes introduced
1,2

. In Gram-negative bacteria, resistance is often correlated with 

modification of the porin composition in the outer membrane3–5. The European Union recognized the 

problem and launched a private-public platform called ‘New Drugs for Bad Bugs’. The subproject 

“Translocation” is devoted to the elucidation of the molecular origin of the observed low 

permeability of antibiotics across the cell wall of Gram-negative bacteria. Understanding the 

permeability across porins might open new routes for the design of tailor-made molecules with 

optimized permeation rates. Unfortunately, to date there is no direct assay to quantify permeation 

across single porins. Previously, we have used the ion-current fluctuation in the absence and 

presence of antibiotics to elucidate on and off rates6,7. Inspection of the ion current fluctuation 
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allows conclusion on the interaction of sugars, peptides or antibiotics with the channel8–10. However, 

as outlined previously, the temporal resolution of the translocation experiments is rather limited and 

there is a need for improvement11,12. In that regard, characterizing the kinetic rates by studying 

translocation of antibiotics through porins using different techniques can give useful information for 

developing new antibacterial molecules. A further step towards automated screening would then be 

to upscale the validated procedures to a parallel platform with higher throughput. 

Previously, we have shown that the kinetic rates of interactions between the constriction zone inside 

a channel and different antibiotics can be obtained through an analysis of the ion-current fluctuation 

in the presence of antibiotics
6
. One particular bottleneck for this type of analysis is the limited time 

resolution, which does not cover the entire range of possible fast diffusion events. To elucidate the 

optimal setup, we herein provide a comparative study of the different techniques used in a 

quantitative manner. In particular, we study the interaction of three beta-lactam antibiotics 

(cefepime, ceftazidime and imipenem) with the bacterial outer membrane protein OmpF and 

compare the rate constants obtained for three different types of experimental techniques. We were 

able to show that the translocation experiments performed were comparable in terms of noise and 

rates obtained among all the three techniques. We also discuss the potentials and draw backs of 

each technique to measure antibiotic/porin interaction quantitatively. 

 

Material and Methods 

In all experiments, 1,2-Diphytanoyl-sn-Glycero-3-Phosphocholine (DPhPC) from Avanti polar lipids, 

Inc. (Alabaster, AL), was used. Cholesterol, Sorbitol, KCl, chloroform, HEPES and KOH were obtained 

from Roth (Carl Roth GmbH, Karlsruhe, Germany) and n-Octylpolyoxyethylene (OPOE) was obtained 

from Bachem, Bubendorf, Switzerland. Bio-Beads were obtained from Bio-Rad (Bio-Rad Laboratories 

GmbH, Munich, Germany). All antibiotics were obtained from SeqChem (Sequoia Research Products) 

except for Ceftazidime (Sigma-Aldrich).  

 

Experiments on a single channel level were carried out using artificial planar lipid bilayer techniques.  

Lipid membrane bilayers can be made in a variety of ways, such as painting an aperture with 

dissolved lipids in an organic solvent
13

 (black lipid membrane, BLM), or by slowly rising the buffer 

level of each half chamber after a lipid monolayer has been formed at the water/air interface (folded 

bilayer technique). The monolayers were made either from an organic solvent-based mixture of 

phospholipids
14

, or by self-assembly from solvent-free lipid vesicles
15

. These techniques require extra 

equipment necessary for the high resolution recordings, such as a Faraday cage, an anti-vibration 

table or an acoustic chamber. An alternative method involves the formation of lipid bilayers on a 

glass substrate with a µm sized aperture
16

. Stable lipid bilayers are formed by the spreading of giant 

unilamellar vesicles (GUVs) or proteo-GUVs on the glass surface which form a free-standing portion 

of lipid bilayer with protein already reconstituted above the hole16–18. The latter method was found 

to be a robust platform which provides a first step towards screening, the next step towards a rapid 

automated screening would then be to significantly increase the throughput of these experiments. In 

a recent study, a chip-based microarray (MECA) offered the possibility to perform parallel high-

resolution single-molecule analysis19,20. This could lead to a potential method to screen antibiotic 

interactions with the porin and this information eventually could be used for development of new 

antibiotics. 
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In this report, we describe the reconstitution of the outer-membrane channel-forming protein OmpF 

from Escherichia coli into planar lipid bilayers made by classic folded bilayer technique across a a ≈50 

µm aperture (planar lipid bilayer technique) or by bursting GUV’s on a glass chip with an about 1µm 

sized aperture (Port-a-Patch).We were also able to show that specific translocation experiments can 

easily be upscaled using the micro electrode array (MECA) chips up to sixteen-fold (Orbit 16). 

Planar lipid bilayer (BLM) assays 

In the so-called solvent-free method suggested by Montal-Mueller14, the lipids are spread with an 

organic solvent on top of an aqueous buffer. The lipid bilayer is generated from two monolayers over 

a Teflon hole with a diameter of 50-100 µm. The Teflon hole is pre-painted with an organic solvent 

which typically is hexadecane. The advantage of this technique is that the content of each lipid 

monolayer can be controlled. This gives the possibility to form an asymmetric membrane by 

spreading a second lipid layer on the other compartment and raising both water levels after 

spreading of the lipids. After lipid membrane formation, reconstitution is usually initiated by adding 

very small amounts of protein from stock solutions, which contain a detergent at a concentration 

that is higher than the critical micelle concentration (CMC). Single channel reconstitution is 

reproducibly obtained by optimizing the concentration of the protein in a stock solution. Obviously, 

the larger the lipid membrane area is, the higher is the probability that a protein will be 

incorporated. OmpF was reconstituted by adding 0.1 µl of purified protein into the cis chamber 

containing 250 µL electrolyte solution (1M KCl, 20 mM MES pH 6) at a final concentration of 60 

ng/ml. There is a strong indication that when the protein is added to the cis side the OmpF porin 

inserts with periplasmic loop first, i.e the extracellular loops face the cis side (reference/grounded 

side) and the periplasmic loops face the trans side of the chamber (live side; potential applied on this 

electrode). The orientation is determined based on asymmetry of the channel conductance at 

positive and negative voltages. 

 

Microelectrode cavity array, MECA16 chips 

MECA16 chips were prepared following the protocol described in Baaken et al. 20,21. Briefly, to define 

the metal structures (gold contact pads, strip lines and electrodes) an image reversal photoresist (AZ 

5214E, Microchemicals GmbH, Ulm, Germany) was lithographically patterned on a glass substrate, 

followed by deposition of a 20 nm chromium adhesion layer and a gold-layer of 200 nm using 

electron-beam evaporation. Subsequently a standard lift-off process was performed to remove 

excess metal. SU-8 3025 (MicroChem, Newton, MA, USA) was spun onto the substrate to a thickness 

of 20 µm and lithographically structured to form cavities at the position of the electrodes and 

insulate all other gold layers except the contact pads. Unless stated otherwise cavities had a 

diameter of 50 µm. Ag was electrochemically deposited on the electrodes from an AgNO3 solution. A 

layer of AgCl was formed by anodizing in 150 mM KCl. 

 

Bilayer formation was performed as described in Del Rio et al.19. Briefly, 150µl of electrolyte solution 

(1 M KCl, 20 mM MES, pH6) was added to the measurement chamber of the Orbit 16 System (Nanion 

Technologies GmbH, Munich, Germany). For the automated formation of bilayers in parallel on the 

16 cavities, a small amount (approx. 0.1 μl of DPhPC at 5 mg/ml in octane) was applied beside the 

micro cavities to the chip surface. Subsequently, the counter magnet was turned repeatedly (up to 

10 times) at a speed of 45-180°/s to evenly spread the lipid-solvent mixture over the surface, leading 

to an increasing fraction of the cavities being electrically sealed. Using the MECA chips the 
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orientation can be controlled in the same way as the BLM technique. When using the MECA chip, one 

or two microliter of OmpF porin micelle suspension from 2 ng/ml with 0.5% octyl-POE is added on 

top of the chip (the grounded side) and the incorporation is achieved by applying a transmembrane 

voltage of ±200 mV.  

 

 

Free standing bilayers on microstructured borosilicate glass chip 

Planar lipid bilayers were obtained from Giant Unilamellar Vesicles (GUVs) prepared by using the 

electroformation method17 in an indium-tin oxide (ITO) coated glass chamber connected to the 

Nanion Vesicle Prep Pro setup (Nanion Technologies GmbH, Munich, Germany). The purified OmpF 

(150 µg/ml) in 1% Octyl-POE was then reconstituted into GUVs as described previously
11,17

. Briefly, 

the GUVs prepared by electroformation were incubated with the porins solubilized in detergent at a 

concentration of 1 to 5 µg/ml. After incubation the detergent Octyl-POE was removed using 

Biobeads
®
 SM-2 (Bio-Rad) at 40 mg/ml. The Bio-Beads were discarded after centrifugation and the 

protein containing GUVs could be used immediately. 

For formation of a planar lipid bilayer containing proteins, 5 µL of the proteoliposomes solution (1-5 

µg/ml) was pipetted in 5 µL of electrolyte solution containing 1M KCL, 20 mM MES pH 6 onto the 

microstructured glass chip (grounded side) with an aperture of approximately 1 µm in diameter. The 

vesicles burst when they touch the glass surface of the chip forming a planar lipid bilayer and 

additional suction was applied to patch GUV’s in this aperture. The orientation of OmpF in lipid 

bilayer in this case is not very clear since the proteo-GUV’s bursting on the aperture could contain 

OmpF in both orientations. 

 

Data recording and analysis 

Kinetic parameters can be derived from ion current fluctuation as described previously6,22 . Briefly, at 

low concentration (c), c ≪ koff/kon, the characteristic time is close to the average residence time of 

the drug τ thus allowing us to use the following equations: τ≈ τr = koff
−1

, koff being the dissociation rate 

constant and the inverse of the dwell time τr and kon = v/(3[c]), kon being the association rate constant 

where v is the number of binding events and [c] is the antibiotic concentration. As the data were 

filtered with a Bessel filter at a cut-off frequency (-3 dB attenuation) of fc = 10 kHz and hence a filter 

rise time of τrise = 0.33 fc
-1

 = 33 µs
23

, only events displaying a dwell time of τ = 30-50 µs or more were 

taken into consideration for further evaluation. (this cut off is based on the type of events observed, 

analysis parameters are chosen where there is no underestimation of amplitude of events observed)  

Here kon
cis

 is the association rate for antibiotic being added to the cis side (extracellular side of 

protein) and the kon
trans

 is the association rate obtained for antibiotic being added to the trans side of 

the protein. 

Planar lipid bilayer assays (BLM) 

Ion current was recorded using an Axopatch 200B (Axon instruments) amplifier and the signal was 

filtered by a low-pass 4-pole Bessel filter at 10 kHz and sampled at a frequency of 50 kHz. The 

analysis was done by counting single events using the Clampfit 10 software as described above. The 
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experiments were performed in 1 M KCl, 20 mM MES pH 6 solution for all the antibiotics unless 

otherwise specified. Antibiotic stock solutions were made up to 30 mM in 1 M KCl, 20 mM MES pH 6 

and diluted into chamber in a concentration dependent manner. 

 

Port-a-Patch 

Patch clamp experiments were performed with the Port-a-Patch automated patch clamp system 

(Nanion Technologies GmbH, Munich, Germany), using borosilicate glass chips. Experiments were 

done in symmetric solutions of 1 M KCl, 20 mM MES pH 6. Application of all solutions was achieved 

using an automated external and internal perfusion system. Currents were recorded with an 

Axopatch 200B (Axon instruments) amplifier and the signal was filtered by a low-pass 4-pole Bessel 

filter at 10 kHz and sampled at a frequency of 50 kHz. The analysis was done by counting of single 

events using the Clampfit 10 software as described above. 

MECA: 

A single channel amplifier (Axopatch 200B, Molecular Devices, Sunnyvale, CA, USA) was connected to 

the multiplexer electronics port of the Orbit 16 system. The 16 bilayers on the MECA chip were 

scanned for insertions of porins. Bilayers which showed a successful reconstituted single protein 

were then recorded at a sampling rate of 50 kHz and filtered at 10 kHz using a 4-pole Bessel filter 

integrated in the amplifier. Data were analysed using Clampfit (Molecular Devices, Sunnyvale, CA, 

USA). 

 

Results  

To elucidate the information content of each platform with respect to antibiotic translocation we 

selected OmpF, the most abundant porin in E. coli’s outer membrane. This channel is well 

investigated and exhibits a slight conductance asymmetry allowing to conclude on the probability for 

an oriented insertion. We chose commonly used antibiotics: imipenem, a member of the 

carbapenem class of antibiotics, cefazidime and cefepime, members of the third and the fourth 

generation antibiotics cephalosporins respectively to study their interaction with the porin and 

further compare all three techniques.  

Planar lipid bilayers were formed following optimized respective protocols as described in materials 

and methods section. To ensure the comparability of the data recorded, all experiments were carried 

out using the same conditions (as specified in materials and methods) in each platform.  

The best signal to noise ratio is obtained on single channel recordings and thus allows the best 

comparison. In a first series of measurements we determined the conductance of OmpF in 1 M KCl to 

be GOmpF = 4 nS which decreases at transmembrane potentials exceeding Vm = ±150 mV in a stepwise 

manner corresponding to successive monomer closures. The characteristic of OmpF, conductance (4 

± 0.2 nS), critical voltage gating (150 -199 mV) , subconductances (at –ve voltage very short flickering 

were observed as observed in figure 2, did not change significantly in “virtual” solvent free (BLM), 

solvent free (microstructured glass chip) and solvent containing bilayers (MECA chip) as described 

previously 24.  

A detailed look on respective techniques reveals an overall root-mean-square (RMS) noise 

(calculated from standard deviation of mean of the ion current) level of the open pore at a 
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transmembrane voltage of Um=50 mV of 2.6 pA (figure 2a) for BLM technique compared to the 

microstructured glass chip (Port-a-Patch), which was calculated to be 1.6 pA at 10 kHz Bessel filter 

(figure 2b). The RMS noise in the parallel automated bilayers using the MECA chips, was calculated to 

be 2.3 pA at 10 kHz Bessel filter (figure 2c).  

In a second series of measurements we were interested in the kinetics of antibiotic penetration. 

Application of a transmembrane voltage establishes an ion current through the channel and, in the 

absence of antibiotics, no visible current blockages are detected (figure 2). Addition of antibiotics 

causes fluctuation in the ion current reflecting the possible channel-drug interactions. Addition of 

Imipenem, a zwitterionic carbapenem antibiotic, caused rapid blockages of the ionic current through 

the monomer (figure 3). The number of blockages increased with increasing concentration of the 

antibiotic. The three platforms showed similar kinetics for imipenem in the OmpF pore (within the 

statistical error) calculated and reported in the Table 1. Apart from observing ion current flickering 

we also observed a huge increase in noise in presence of imipenem (figure 4B). The noise level was 

calculated to be 5.4, 5.8 and 5.7 pA for the BLM technique, the microstructured glass chip and the 

MECA chip containing 16 bilayers in parallel, respectively. Figure 4A shows a single event caused by 

imipenem blocking the channel at zoomed in time scale for BLM and the corresponding dwell time 

histogram for the determination of the dwell time t (inset). Both Orbit 16 and Port- a-Patch displayed 

similar noise levels and parameters of interaction in presence of imipenem with OmpF channel as 

seen in power spectrum from both systems compared to BLM (Supplementary figure 1) 

Interactions of OmpF with cefepime, a zwitterionic cephalosporin (s. Fig. 5 a), were also detected, 

but the blockage events were shorter and less frequent than those caused by imipenem when 

antibiotic was added to the cis side (electrical ground). Table 1 shows the kinetics calculated for 

cefepime in OmpF for all three platforms. In contrast, the addition of cefepime to the trans side lead 

to an increase of kon of about a factor of 30 (s.Fig. 5b) compared to the addition to the cis side. This 

asymmetry in the kinetics was used in further experiments as an indicator for the orientation of the 

porin in the lipid membrane.  As a result, in 80% of the cases (n=6) in the BLM experiments the pore 

was inserted in the lipid membrane with an orientation leading to rather low kon rates. In 

comparison, this orientation was observed in 50% of the experiments with the MECAs and in 60% of 

the cases with the Port-a-Patch, indicating a slightly different distribution of porin orientation in 

between the BLM and the two other systems. Subsequent addition of cefepime to the same channel 

on the trans side caused well resolved ion current fluctuations with all bilayer forming methods. For 

MECA chips the kinetics where calculated for the cases of ion channel orientation exhibiting high 

current fluctuation in presence of cefepime. 

Addition of ceftazidime to a single OmpF channel causes partial ion current blockages in all the three 

platforms (Figure 6). Figure 6 shows a scatter plot of the amplitudes of all the single blocking events 

counted over the dwell time derived from measurements with the three systems. BLM and Port-a-

Patch show similar characteristics where both full monomer blockages about 60 pA amplitude events 

and short events around 30 pA amplitude events are observed in contrast to Orbit 16 where only 

these short events were observed. In this case as well, the rate constants obtained in all three 

platforms were comparable. Within all the experiments reported here the minimum residence time 

of the antibiotic in the porin which could be measured was τ=30 µs, due to the limited availability of 

diverse filter settings in the range from >10 kHz to <100 kHz of the single channel amplifiers used. 

Table 1 summarizes the kinetics for 3 antibiotics (cefepime, ceftazidime and imipenem).  
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Discussion  

Electrophysiology is a technique to quantify antibiotic-pore interaction at  the single molecule level 

by measuring fluctuations in the ion current caused by antibiotic molecules residing within a single 

pore
6,11,25

. In this study we use OmpF, an outer membrane protein of E. coli, as a model porin to 

investigate the interactions of beta-lactam antibiotics and compare the kinetics obtained from three 

experimental platforms and methods of bilayer formation respectively: Solvent free lipid bilayer 

technique (BLM), Port-a-Patch and Orbit 16. We obtained kinetic parameters of cefepime, 

ceftazidime and imipenem with the OmpF channel. Here we observed that experiments conducted 

on the three different platforms gave rise to comparable data sets (Table 1). Addition of imipenem to 

a single OmpF channel causes an increase of ion current noise and well resolved monomer blockages 

(figure 3 and 4B). The latter suggests that at least 50% of the events correspond to translocation 

events, which correlates well to a report by Yoshimura et al. in which high diffusion rates of 

imipenem through OmpF in permeation assays were observed26. In contrast, in a recent study  with 

OmpPst1 porin, a homologue of E. coli OmpF porin from Providencia stuartii, no well-resolved events 

were observed
9
, although the addition of imipinem resulted in a similar  increase in noise and 

reduction of average conductance  found with OmpF and imipenem . A liposome permeation assay 

was employed in case of OmpPst1, which suggested binding/poor permeation of imipenem through 

this porin. This indicates strongly that the increased noise in the ion current and the reduction of 

conductance observed with OmpF after addition of imipinem are a result of an interaction of 

imipenem with the protein. As yet,  this cannot be correlated with the effectivity of permeation or 

translocation of imipinem through the porins. For future experiments, the origin of the noise 

increase is an interesting problem to solve, which might require a better method for quantitative 

analysis, apart from single event analysis employed here.  However, the main purpose of this study 

was to compare the kinetics/interaction of imipenem with OmpF pore in different systems to see 

whether an improved signal to noise ratio (e. g. as obtained with the Port-a-Patch) would give rise to 

different kinetics, but as it can be seen from table 1 this was not the case.  

In case of cefepime, we observed asymmetric kinetics where a prominent effect was observed with 

trans addition compared to cis addition (figure 5). BLM membrane technique is taken as a reference 

for the orientation of the porin (as described in results section) and asymmetric kinetics observed by 

asymmetric cefepime addition due to accessibility of antibiotic addition on both sides of the 

membrane. On the Port-a-Patch, although providing accessibility to both sides of the membrane, the 

orientation of the porin seems to be random which is also observed for MECA chips. In this context, 

the orientation of the porin seems to play an important role in concluding on the kinetics which is 

probably physiologically relevant (kon
cis; as described in methods section) and not misinterpreted 

because of a different orientation in lipid bilayer. Another parameter which could change the 

absolute rate constants  are the parameters used in Clampfit for single event analysis e.g. a 

significant change in kinetics can be obtained due to different dead time/ignore duration used. Table 

1 has been calculated by using same parameters in all the three platforms (details in materials and 

methods) for single event counting, changing the ignore duration/ dead time (from 30 µs to 50 µs) 

led to different kinetic parameters especially the association rates by factor of 3 irrespective of the 

system/platform (supplementary table 1). This highlights at least in case of cefepime that many 

events below 50 µs of residence time were observed and were missed in calculation in 

supplementary Table 1 and 30 µs dead time seems to be more optimum in this case. Although we 
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present the kinetics mainly at an ignore time of 30 µs since this can vary mainly to count the un-

attenuated events that mostly reach the full amplitudes 
23

. 

Apart from cefepime and imipenem measured with OmpF, we investigated and compared the effect 

of ceftazidime on OmpF in all three systems. For ceftazidime, since we observed partial ion current 

blockages (Figure 6), probably using Port-a-Patch, we could get a better signal to noise ratio and 

hence a slightly better resolution due to small sized aperture about 1 µm compared to ≥50 µm 

apertures in BLM. As seen in table 1, the kinetics obtained using single event analysis for all the three 

systems are identical in the error range, leaving the scope for an instrument needed with a much 

higher resolution to catch all these fast events. As seen in Figure 6, we observe a scatter of events 

with amplitude about 30 pA to 60 pA in Port-a-Patch as well as BLM, unlike Orbit 16 where the 

distribution does not have these full monomer blockages. This might be a result of a slightly higher 

temperature in the Orbit device (27°C) leading to faster kinetics and, thus, shorter dwell times. One 

way to catch the fast  events could be measuring antibiotic kinetics at lower temperature, BLM
27

 and 

Port-a-Patch offer such a possibility (Table 2). Port-a-Patch/Orbit 16 in this sense also provide a more 

stable platform in terms of high stability in lipid bilayers formed compared to BLM (Table 2). 

Another issue we address in this study is the possibility to increase the throughput of the 

experiments to enable screening of antibiotics to suggest a trend on efficiency of translocation 

through porins. Micro-electrode array (MECA) chips offer such a prospect to upscale the system 

sixteen-fold with a throughput on average up to n=7-8 bilayers with single pore, making it a medium 

throughput platform compared to BLM or Port-a-Patch, which are low throughput platforms (Table 

2). Another requirement for successful screening of several compounds is the usage of very little of 

material, in this respect Port-a-Patch provides promising platform compared to BLM (Table 2). 

Another aspect for drug screening is the portability of instrument , where Port-a-Patch /Orbit 16 do  

not require other accessories such as a Faraday cage to record high resolution traces The BLM 

apparatus requires tedious building of a Faraday cage on an anti-vibration table , acoustic isolation  

and proper grounding of the instrument (figure 1). 

  

Conclusion 

A single porin reconstituted into a planar lipid bilayer embedded into an electrophysiological setup 

can be used to study the interactions between the protein and single antibiotic molecules. Three 

different methods are frequently used for the formation of such a lipid bilayer: painting from lipid 

solution, the Montal-Mueller technique and vesicle fusion to a hydrophilic surface. In this study, 

three experimental setups: a black lipid membrane workstation, the Port-a-Patch and the Orbit16 

(both from Nanion Technologies), each of them using one particular method of bilayer formation, are 

compared in regard of the quantitative information yield derived from antibiotic – porin 

experiments. From studies investigating interaction of 3 beta-lactam antibiotics imipenem, cefepime 

and ceftazidime with the model pore OmpF using BLM, Port-a-Patch and Orbit 16 (figure 1), we 

observe that the RMS noise values of the open pore ion currents are comparable: BLM: 2.6 pA; Port-

a-Patch: 1.6 pA and Orbit 16: 2.3 pA. The rate constants obtained from the three different platforms 

are similar, revealing an equivalent time and current resolution of all the setups at a filter cut off 

frequency of 10 kHz. An increase of the bandwidth could possibly resolve the current fluctuations 

obtained with ceftazidime more precisely. A drastic reduction of the bilayer size (Ø 1µm, Port-a-

Patch) compared to larger bilayers (Ø50µm, Orbit 16 and BLM) does not improve significantly the 
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signal to noise ratio and the resolution of the blocking events at the filter frequencies used here. 

However smaller diameters most probably will play a significant role in future experiments at higher 

bandwidths which could also facilitate further investigations regarding the increased noise in the ion 

current of OmpF in presence of Imipenem. However it is more likely that an alternate analysis 

method to quantify this phenomenon is needed. Aspects like orientation of protein in relation to the 

side of addition of the antibiotics play an important role in obtaining relevant kinetics (antibiotic flux 

from extracellular to periplasmic side); a point which is highlighted in case of cefepime.  

We conclude that BLM and Port-a-Patch are viable platforms for the quantification of antibiotic-pore 

interactions at lower experimental throughput. The Orbit 16 is suitable for medium experimental 

throughput and has the potential for further upscaling towards a higher throughput screening 

device.  
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Tables 

Table 1: Kinetic properties found for the interaction of a single OmpF protein and three different 

antibiotics. (Analysis performed with dead time/ignore duration as 30 µs: conditions: 1M KCl, 20mM MES pH 

6, at -50 mV for cis addition and +50mV for trans addition) 1 Calculated from -50 mV (no much effect at 

+50mV) 

 

Antibiotic Method kon
cis

  [M
-1

 s
-1

] kon
trans

  [M
-1

 s
-1

] koff [s
-1

] 

Cefepime 

BLM 300 9.600 ± 200 20.000 

Orbit 16 100* 6.400 ± 600  13.000 

Port-a-Patch 1.200 ± 400 9.500 ± 700 15.300 

Ceftazidime 

BLM 1.500 ± 300 200 25.000 

Orbit 16 1.800 ± 600 220 ± 100 20.000 

Port-a-Patch 2100 ± 300 350 ± 100 17.000 

Imipenem 

BLM 1.100 ± 100 600  ± 60 16.700 

Orbit 16 1.600 ± 200 300 ± 100 22.000 

Port-a-Patch 2.800 ± 600 700 ± 200 19.000 
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Table 2: Comparison of the systems 

Syste

m 

RMS 

noise 

(open 

pore) 

Through

put 

Resoluti

on 

Volum

e 

Accessibilit

y 

Membra

ne 

stability 

Portabili

ty 

Temperat

ure 

control 

BLM 2.6
 

N=1
 

Filter @ 

10 KHz; 

rise time 

33 µs 

250 µL 

or 2.5 

mL 

both sides 

of protein 

(extracellul

ar and 

periplasmi

c side) 

200 – 250 

mV 
low Yes 

Port a 

patch 
1.7 N=1 

Filter @ 

10 KHz; 

rise time 

33 µs 

5 µL 
Both sides 

of protein 

More 

than 300 

mV 

high Yes 

Orbit 

16 

2.3
a
/2

.1
b
 

N=16 

Filter @ 

10 KHz; 

rise time 

33 µs 

150 µL 

Only one 

side of the 

protein 

More 

than 300 

mV 

medium No 

 a MECA-chips with 50µm cavity diameter. b MECA-chips with 16µm cavity diameter   

 

 

Figure legends  

Figure 1: The 3 different planar lipid bilayer techniques a) BLM b) Port-a-Patch c) Orbit16 

Figure 2: Ion current trace of single OmpF channel without antibiotic in a) BLM planar lipid bilayer 

(open pore current: 210 ± 12 pA) b) Port a patch (open pore current: 208 ± 7 pA) c) Orbit 16 (open 

pore current: 202 pA ± 12 pA). Conditions: 1M KCl, 20mM MES pH 6, at -50 mV. 

 

Figure 3: Steady state frequency of translocation events of Imipenem (c = 5 mM) through a single 

OmpF channel observed at a transmembrane potential of Um = -50 mV on a) BLM planar lipid bilayer 

b) the Port-a-Patch® c) Orbit16. Conditions: 1M KCl, 20mM MES pH 6, at -50 mV 

Figure 4: Detail of the current trace shown in Fig. 3. A. At high magnification single translocation 

events can clearly be identified. (Inset) the dwell time of these events τ is then used for the 

calculation of kinetic rate constants B. Power spectrum of single OmpF pore in presence and absence 

of 5mM Imipenem.  Conditions: 1M KCl, 20mM MES pH 6, at -50 mV 

 

Figure 5: Ion current trace of single trimeric OmpF recorded in BLM with Cefepime added to cis side 

(- 50 mV) and trans (+ 50 mV) side. Conditions: 1M KCl, 20 mM MES pH 6, at ±50 mV. 

Figure 6. Scatter plot of events in presence of Ceftazidime through a single trimeric OmpF channel 

measured through BLM (black squares), Port a patch (blue triangle) and Orbit 16 (red circles). 

Conditions: 1M KCl, 20mM MES pH 6, at -50 mV. 
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Supporting Information

Supplementary Table 1: Kinetic properties found for the interaction of a single OmpF protein and 
three different antibiotics. (Analysis performed with dead time/ignore duration as 50 µs: conditions: 1M KCl, 
20mM MES pH 6, at ±50 mV)

Antibiotic Method kon  [M-1 s-1] koff [s-1]

BLM 3.200 ± 200 11.100

Orbit 16 2.000 ± 700 16.100Cefepime
(trans side addition)

Port-a-Patch 3.800 ± 700 9.100

BLM 600 ± 100 12.000

Orbit 16 900 ± 300 16.400Ceftazidime
(cis addition)

Port-a-Patch 700 ± 400 11.400

BLM 1.100 ± 100 14.000

Orbit 16 1.600 ± 200 19.000
Imipenem
(cis side addition)

Port-a-Patch 2.800 ± 600 14.000

Electronic Supplementary Material (ESI) for Analyst.
This journal is © The Royal Society of Chemistry 2015
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Supplementary Figure 1: Power spectrum from both systems compared to BLM.
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Chapter 5: Transport across porin from Nocardia farcinica 

In this chapter, we mainly investigate the uptake of solutes and antibiotics through porin from 

Gram-positive Mycolata N. farcinica. The porin was first identified and characterized in 1998 by 

group of Prof. Dr. Roland Benz. In 2011 the same group suggested the porin to be hetero-

oligomeric channel consisting of two subunits (NfpA/NfpB) and highly similar to that of the 

homo-octameric MspA channel from Mycobacterium smegmatis. This formed motivation of our 

subsequent studies in collaboration with Prof. Dr. Roland Benz. 
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P3.4.1:  Transport across the outer membrane porin of mycolic acid containing 

actinomycetales: Nocardia farcinica 

 

 

 

 

Reprinted from “Transport across the outer membrane porin of mycolic acid containing 

actinomycetales: Nocardia farcinica, 1848, Singh, P. R., Bajaj, H., Benz, R., Winterhalter, M. & 

Mahendran, K. R.. Biochim. Biophys. Acta - Biomembr., 654–661, copyright(2015). with 

permission from Elsevier 
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The role of the outer-membrane channel from a mycolic acid containing Gram-positive bacteria Nocardia
farcinica, which forms a hydrophilic pathway across the cell wall, was characterized. Single channel electrophys-
iology measurements and liposome swelling assays revealed the permeation of hydrophilic solutes including
sugars, amino acids and antibiotics. The cation selective N. farcinica channel exhibited strong interaction with
the positively charged antibiotics; amikacin and kanamycin, and surprisingly also with the negatively charged
ertapenem. Voltage dependent kinetics of amikacin and kanamycin interactions were studied to distinguish
binding from translocation. Moreover, the importance of charged residues inside the channel was investigated
using mutational studies that revealed rate limiting interactions during the permeation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

With the increasing awareness of antibiotic resistance against
bacteria, recent findings have revealed a strong correlation of resistance
with permeability changes of the cell wall [1–3]. The outermembrane of
Gram-negative bacteria contributes to the intrinsic resistance by de-
creasing the flow of antimicrobial agents into the cell [4–6]. In contrast,
Gram-positive bacteria lacking an outer membrane in their cell wall are
in general, more sensitive to antibiotics [7]. A further group of Gram-
positive bacteria belonging to the actinomycetales taxon, also called
mycolata, has a high intrinsic resistance to a wide range of antibiotics
due to the presence of an additional mycolic acid layer [7–10]. The
mycolic acid layer is mainly composed of long chain mycolic acids and
free lipids. It resembles the function of an outer membrane of Gram-
negative bacteria [11–13].

Surprisingly, the cell envelope of mycolata also containswater-filled
protein channels called porins, which facilitate the diffusion of hydro-
philic molecules into the cell [14]. Porins spanning the outermembrane
have been identified in the cell wall of some members of the mycolata,
such as Mycobacterium chelonea [14,15], Corynebacterium glutamicum
[16], Mycobacterium smegmatis [17] and Nocardia farcinica [18]. For
example MspA, a porin from M. smegmatis, forms pores which allow
the uptake of various sugars and hydrophilic antibiotics [19,20]. In

recent years the importance of the role of porins in the uptake of antibi-
otics has been recognized in Gram-negative bacteria [21]. Additionally,
Gram-positivemycolata group of bacterium comprisesmicroorganisms
such as Mycobacterium tuberculosis (TBC), Mycobacterium leprae
(leprae), N. farcinica (nocardiosis) and Corynebacterium diphtheriae
(diphtheria) that exhibit a pronounced and broad natural resistance
to various antimicrobial drugs and contribute towards various
dangerous infections worldwide [22,23]. Hence, there is a strong inter-
est in understanding the rate limiting steps of antibiotic transport
through the channels. In this study, we focus on understanding
the pathway of various hydrophilic antibiotics as well as solutes
through the outer-membrane porin from the Gram-positive mycolata,
N. farcinica.

The outer membrane porin from N. farcinica was first identified in
1998 [18], which was later resolved as a hetero-oligomeric channel
composed of two different subunits; NfpA and NfpB [24]. The crystal
structure of the protein is unknown but the sequence analysis suggests
that it has a high homology to the MspA channel [24]. Previously, we
have studied the translocation of polypeptides through the N. farcinica
channel reconstituted into lipid bilayers [25]. In the present study, we
focused on the functionality of the N. farcinica channel using planar
lipid bilayer electrophysiology and liposome swelling assay. Liposome
swelling assay was employed to study the translocation of various
uncharged/zwitterionic hydrophilic nutrient molecules such as sugars
and amino acids. Using single channel electrophysiology, we studied
ion current fluctuations of the channel in the presence of clinically rele-
vant antibiotic molecules; positively charged amikacin and kanamycin,
and negatively charged ertapenem [18]. Additionally, we selectively
neutralized the negatively charged amino acid residues at the pore
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lumen to elucidate the effect of charge on antibiotic–solute interaction
within the channel.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Escherichia coli cells containing the pARAJS2 vector with NfpA and
NfpB genes were used in each experiment. For plasmid purification
E. coliDH5Alpha cellswere grown in LBmedium at 37 °Cwith ampicillin
antibiotic used for selection. E. coli BL21 (DE3) Omp8 was utilized for
expression experiments. 100 μg/mL ampicillin and 40 μg/mL kanamycin
were used for selection.

2.2. Site directed mutagenesis of genes NfpA and NfpB

Cultures of E. coli DH5Alpha grown at 37 °C, containing the pARAJS2
plasmids harboringwild-type (WT) genes, are used for extraction of the
plasmid. In vitro site-directed mutagenesis was employed to obtain the
desired mutations. The mutations were generated using two ap-
proaches; quick change site directed mutagenesis and the megaprimer
method using PCR. The primers used to introduce substitution-
mutations were listed in Supplementary Table 1. The PCR conditions
used for quick change mutagenesis were: initial denaturing at 95 °C
for 1 min, 30 cycles at 95 °C for 30 s, 55 °C for 1 min, 68 °C for 7 min
and final extension at 68 °C for 10 min. Forward primer NfpA and re-
verse primer NfpA D141N D142N led to complete copy of pARAJS2 plas-
mid containing desired mutations. The megaprimer required two steps
of PCR, first step led tomegaprimers with typical lengths of 250–300 bp
and in the second step thesemegaprimerswere used as primers for sec-
ond PCR. The conditions used were: first step 95 °C for 1 min, 30 cycles
at 95 °C for 30 s, 55 °C for 1 min, 68 °C for 45 s and final extension at 68
°C for 5 min. The second step consisted of 95 °C for 10 min, 30 cycles at
95 °C for 1 min, 72 °C for 7 min and final extension at 72 °C for 30 min.
DpnI digestion was carried out on the PCR product and then run on 1%
agarose gel.

2.3. Protein expression and purification

The purification of the two subunits NfpA and NfpB expressed in
E. coli BL21 (DE3) Omp8 was performed as described previously with
slight modifications [24,25]. Briefly, pARAJS2_nfpA (mutant)/nfpB (mu-
tant) transformed in the porin-deficient E. coli BL21(DE3)Omp8 cells
was grown in LB media at 37 °C to an OD600 of 0.5–0.9. The cells were
then induced with 0.02% of arabinose for over-expression of proteins
and were grown at 16 °C for 16 h. The cells are collected by centrifuga-
tion at 5000 ×g for 20 min at 4 °C, and the resulting pellet was re-
suspended in 10 mM Tris pH 8. The re-suspended pellet was broken
down by French press, and the cell debris was separated by centrifuga-
tion at 5000 ×g for 10 min at 4 °C. The supernatant was ultra-
centrifuged at 48,000×g for 1 h at 4 °C to separate the cytosolic proteins
present in supernatant and the pellet containing membrane proteins.
The protein of interest was further purified from the supernatant frac-
tion to avoid contamination from membrane proteins of E. coli present
in the pellet fraction. His-tagged protein purification from the superna-
tant fractionwas then performed using Ni-NTA beads under denaturing
conditions. The protein of interest was eluted using a gradient of imid-
azole concentration. The two subunits, purified separately, were
refolded together to form a hetero-oligomeric channel by ammonium
sulfate precipitation. The two purified subunits are mixed together in
a 1:1 ratio and precipitated using saturated ammonium sulfate solution.
The solution was incubated overnight at 4 °C and centrifuged at 18,000
×g for 30 min. The precipitated protein pellet was refolded to native
state by incubating at 4 °C in 150 mM NaCl, 25 mM Tris–HCl and 1%
Genapol.

2.4. Liposome swelling assays

N. farcinica porin was reconstituted into liposomes as described by
Nikaido and Rosenberg [26]. E. coli total lipid extract was used to form
liposomes; 15% Dextran (MW 40,000) was used to entrap the lipo-
somes, and their final size was checked using a Nano-ZS ZEN3600
zetasizer (Malvern Instruments, Malvern, United Kingdom). Control li-
posomes were prepared in the same manner but without the addition
of porin. 0.5–1 μg of protein per 2 mg of lipid was used to make proteo-
liposomes. The concentrations of test solute were adjusted so that dilu-
ents were apparently isotonic with control liposomes. Stachyose was
also tested with proteoliposomes to confirm the isotonicity of the
multilamellar liposomes. Liposome or proteoliposome solution (30 μL)
was diluted into 630 μL of an isotonic test/solute solution made in
10 mM Tris–HCl pH 7.5 buffer in a 1 mL cuvette and mixed manually.
The change in absorbance at 500 nm was monitored using a Cary–
Varian UV–vis spectrophotometer in the kinetic measurement mode.
The swelling rates were taken as averages from at least five different
sets of experiments, calculated as described previously [27].

2.5. Solvent free lipid bilayer technique

Reconstitution experiments and noise analysis have been performed
as described in detail previously. The Montal and Muller technique was
used to form phospholipid bilayer using DPhPC (Avanti polar lipids)
[28]. A Teflon cell comprising an aperture of approximately 30–60 μm
diameter was placed between the two chambers of the cuvette. The ap-
erture was prepainted with 1% hexadecane in hexane for stable bilayer
formation. 1 M KCl (or 150 mM KCl) and 10 mM HEPES, pH 7.4 were
used as the electrolyte solution and added to both sides of the chamber.
Ion current was detected using standard silver–silver chloride elec-
trodes from WPI (World Precision Instruments) that were placed in
each side of the cuvette. Single channel measurements were performed
by adding the protein to the cis-side of the chamber (side connected to
the ground electrode). Spontaneous channel insertion was typically
obtainedwhile stirring under applied voltage. Channel insertionwas al-
most always oriented with the extracellular region facing the cis-side.
After successful single channel reconstitution, the cis-side of the cham-
ber was carefully perfused to remove any remaining porins to prevent
further channel insertions. Conductance measurements were per-
formed using an Axopatch 200B amplifier (Molecular devices) in the
voltage clamp mode. Signals were filtered by an on board low pass
Bessel filter at 10 kHz andwith a sampling frequency set to 50 kHz. Am-
plitude, probability, and noise analyses were performed using Origin
pro 8 (OriginLab) and Clampfit softwares (Molecular devices). Single
channel analysis was used to determine the antibiotic binding kinetics.
In a single-channel measurement the typical measured quantities were
the duration of closed blocked levels' residence time (τc) and the fre-
quency of blockage events (ν). The association rate constants kon were
derived using the number of blockage events, kon = ν / [c], where c is
the concentration of antibiotic. The dissociation rate constants (koff)
were determined by averaging the 1/τc values recorded over the entire
concentration range [29]. Similarly, the selectivity measurements were
performed using two different salt solutions in the two chambers of
the cuvette. The reverse potential required to obtain zero-current was
calculated and the ratio of the permeabilities of cation/anion was calcu-
lated using the Goldman–Hodgkin–Katz equation [30,31].

3. Results and discussion

3.1. Mutational studies on N. farcinica cell wall channel

Based on the homology modeling of the porin with the known
structure of MspA, we selected various negatively charged amino
acids; located strategically at the periplasmic side of the channel in
the two different subunits, NfpA and NfpB, andmutated them to neutral
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amino acidswith a similar length of the side chain. Table 1 shows the se-
lected mutations in both subunits and the corresponding channel con-
ductance of the mutant channels in 1 M KCl solution. In particular, we
performed at maximum two mutations (D141N and D142N) in NfpA
and 4 ones (E123Q, E144Q, D127N, E140Q) in NfpB, resulting in a total
number of maximum 24 mutations in the pore-forming oligomer.
Fig. 1 shows the expected positions of themutations. Some other muta-
tions led to proteins that had no channel-forming activity. This is pre-
sumably the result of the loss of channel function caused by the
mutation of residues that were crucial for protein folding and assembly
of the oligomers (Table 1). To elucidate the effect of charge residues in-
side the pore on the interaction with antibiotics, we choose the mutant
oligomer with the highest number of negatively charged residues mu-
tated to neutral ones and compared the effect of antibiotics on channel
conductance with those on wild-type (WT) porin.

Based on homologymodelingwe created the surface potential of the
porin and compared both the WT and the mutant channel as shown in
Supplementary Fig. 1. The mutations rendered its periplasmic side
rather neutral compared to the WT channel. To study the interaction
of the mutant channel with cationic peptide we performed single-
channel measurements to determine the approximate locations of
these mutations. As shown in Supplementary Fig. 1A, we observed
that hepta-arginine showed a very strong interaction with the WT
channel resulting in frequent blockages of ionic current in multiple
steps when added to the periplasmic side (trans) of the channel [25].
However, when the same experiment was performed with the mutant
porins (Supplementary Fig. 1B), we observed reduced interactions of
hepta-argininewith the channel. This reduction was due to the absence
of negatively charged amino acids in the periplasmic entry of the pore,
suggesting that the mutations were located at the correct positions.

3.2. Ion selectivity measurements

Ion selectivity measurements of both theWT andmutant pore were
performed using different concentrations of monovalent KCl salt solu-
tions on both sides of DphPC membranes. As expected, the channel
was highly cation selective due to the large number of negatively
charged residues inside the channel as shown in Table 2. As shown
previously, the cation selectivity of the channel is not caused due to a
particular binding site inside the channel but by the presence of point
negative charges inside the lumen of the channel [18,32]. This changes
the cation selectivity of the channel using different concentrations of
the electrolyte solution on both sides of themembrane. At high salt con-
centration (1 M KCl/150 mM KCl), caused by electrostatic effects, the
cation selectivity of the channel (pK+/pCl−=3.8)was lower compared
to the selectivity (7.8) at a lower salt concentration on both sides of the
membranes (500 mM KCl/75 mM KCl). Similarly, the ion selectivity of
the mutant pore was lower compared to WT pore in both salt concen-
trations, making it slightly less cation selective becausemanynegatively
charged groups became neutral by mutation.

3.3. Functional assays with liposomes

The channel functionality of NfpA/NfpB WT and mutant oligomers
was further confirmed by reconstituting them in liposomes and mea-
suring their permeability for small hydrophilic molecules such as sugars

and amino acids. The rate of diffusion of sugars and amino acidswas cal-
culated by measuring the change in optical density of proteoliposomes
in the presence of an isotonic concentration of sugars/amino acids
[26]. Permeation rates were obtained within the same batch allowing
us to normalize the diffusion rates with respect to arabinose [26]. We
found that the exclusion limit of the channel was slightly higher than
that observed in the case of Gram-negative porins, as shown in Fig. 2
by the considerably higher diffusion rate of largemolecules, such as raf-
finose. This suggested a larger exclusion limit of the channel whichmay
be due to the larger pore size of the channel. Importantly, these results
were coherent with previous results for porin from Mycobacterium
chelonae which has similar properties as the N. farcinica channel [14].
The highest diffusion rates were obtained for the two amino acids
glycine and L-serine; they were approximately 80% higher than that
observed for arabinose. The diffusion rates of other sugars including
maltose, sucrose and glucosewere approximately 20% lower than arab-
inose. Liposome swelling assays performed onN. farcinica channel indi-
cated passive diffusion of different sugars and amino acids through the
channel with the rate of permeation proportional to the size of the
substrate. The diffusion rate was found to decrease with the increase
of molecular mass of solutes as reported previously [14,26]. There was
no significant difference in diffusion rates of sugar and amino acids
between the WT and mutant protein. This was expected since all the

Table 1
Mutations performed inboth theNfpA andNfpB subunits ofN. farcinica porin. This table shows the conductance at 1 MKCl and 20 mMHEPES, pH 7.5 once themutants have been refolded.

Mutations in NfpA Mutations in NfpB Average conductance (nS)
n = 10

Wild-type (WT) E123Q, E144Q, D127N, E140Q 3.1 ± 0.2
D141N, D142N E123Q, D127N 2.8 ± 0.3
D141N, D142N E123Q, E144Q, D127N, E140Q 2.7 ± 0.3 (selected for further studies)
D141N, D142N E123Q, E144Q, D127R, E140Q 2.2 ± 0.1
E101K, D141N, D142N, D181R E123Q, E144Q, D127N, E140Q No channel-forming activity observed

Fig. 1. Homology modeling of hetero-oligomeric N. farcinica channel based on the tem-
plate MspA porin from M. smegmatis [25]. Selected mutations are shown for one NfpA
monomer (blue) and one NfpB monomer (red) resulting in total of 24 mutations in the
channel-forming oligomer. Note that the bottom side of the oligomer is exposed to the
inner side of the mycolic acid layer and the top to the external medium. Reconstitution
into lipid bilayer membranes occurs exclusively with the periplasmic side of the oligomer
exposed to the trans-side of the bilayer.
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sugars or amino acids testedwere neutral or zwitterionic. Furthermore,
we also performed single channel electrophysiology experiment on
sugar transport through the N. farcinica channel. However, it seemed
that the sugar molecules did probably not bind inside the channel.
They diffused through the channel which means that our instrumental
set-up could not resolve any interaction between sugars and channel
in terms of ion current fluctuations.

3.4. Interaction between antibiotics and the N. farcinica channel

One of the main focuses in this study was to investigate the interac-
tion of clinically relevant antibiotics with the N. farcinica channel. Iden-
tifying the antibiotic affinity site and its position inside the channel
helps to understand the rate limiting interaction and sheds light on
the pathway of the antibiotic through the channel [33–36]. Based on
the selectivity of the N. farcinica channel and the presence of negatively
charged residues in the channel's mouth, it has been postulated that
positively charged antibiotic may utilize this channel as the pathway
for permeation [18]. Using this assumption, we selected two positively
charged aminoglycosides for our study, kanamycin and amikacin.

The N. farcinica channel has a strong asymmetry of the channel
gating such that it is highly stable at negative voltages but gates
significantly at positive voltages as low as +30 mV (protein addition
to the cis/ground side) [25]. Thus the majority of the experiments
were performed at negative voltages at the trans-side. In the absence
of antibiotics, no fluctuation in the ion current was detected here and
in a previous study [18,25]. This changed completely when amikacin
and kanamycin were added in μM concentration to the cis-side of the
membranes. Ion current fluctuations observed for both amikacin and
kanamycin at 150 mM KCl solution are shown in Figs. 3A and 4A, re-
spectively. Addition of antibiotics to the cis (ground) side of the channel
induced ion current blocks, suggesting possible antibiotic–porin

interaction. In contrast to this, we did not observe at applied positive
voltages any interactions, whichmight be caused by the positive voltage
repelling the positively charged antibiotic molecules from the channel.
As a control we reversed the experiment with respect to voltage. Addi-
tion of the antibiotics to the trans-side under negative voltages also
caused no ion current fluctuations.

The most prominent interactions were observed at cis addition and
applied negative voltages with a lowered salt solution from 1 M KCl to
150 mMKCl. This suggested that the interaction between the antibiotic
and porin had a strong charge–charge interaction component. Similarly,
previous experiments that have been performed on peptides and DNA
molecules have also reported this enhanced interaction, upon lowering
of the salt concentration [37,38].

Amikacin is an aminoglycoside with a net positive charge of 4 at
pH 7.4 [39]. Increasing the concentration of amikacin showed increased
interaction with both the WT and mutant channels. However, addition
of amikacin to the mutant pore with b24 negative amino acid residues
showed significantly less interaction than the WT channel, as depicted
by the ion current trace in Fig. 3D. The current amplitude histogram
shown in Fig. 3B and E provides the decreased current counts of the
closed state (blocked state) in the mutant pore compared to those of
WT. The scatter plot of amplitude (y-axis) and dwell time (x-axis),
Fig. 3C and F, represents the antibiotic–channel interactions. The resi-
dence (dwell) time of antibiotic interaction with the porin ranged
from 100 μs to 800 μs with an average residence time of 200 μs for the
WT channel. In the case of the mutant channel, the average residence
time decreased to something like 100 μs close to the time resolution
limit of our instrumentation.We also observe a slight decrease in ampli-
tude of amikacin blocking inmutant channel compared to theWT chan-
nel, which is due to the decrease in the overall conductance of the
mutant channel (Table 1).

Similarly, kanamycin is also an aminoglycoside with a net positive
charge of 4 and as expected, kanamycin also showed interaction with
the pore. Nevertheless, the interaction of kanamycin was significantly
different to that observed for amikacin (Figs. 3A and 4A). Kanamycin ex-
hibited lower frequency of events compared to amikacin. In addition,
the interaction of kanamycinwith the porewas not uniform as depicted
in the plots in Fig. 4B and E. From Fig. 4C, we observed that the dwell
times of the kanamycin interaction ranged from 100 μs to 80 ms. This
suggested that kanamycin may have more than one binding site within
the channel surface. Likewise to amikacin, the number of events and the
residence time of kanamycin interaction decreased in the mutant pore
as shown in Fig. 4D and F.

Previous reports on antibiotic translocations through porins of
Gram-negative bacteria highlight that charged residues within a pore
influence the interaction between the antibiotics and pore and hence
the rate of translocation [40–45]. Mutation of amino acid D113N of
E. coli OmpF loop 3 shows an increased rate of permeation of ampicillin
[42]. Similarly, a single mutation in the loop 3 region (glycine to aspar-
tate) of Enterobacter aerogenes Omp36 porin exhibits a reduced pore
conductance and decreased cephalosporin permeation [46]. To eluci-
date the importance of charge and the presence of affinity site inside
the porin, we performed an antibiotic titration experiment with
N. farcinica mutant pore, where 24 amino-acids were neutralized. In
such an experiment (Supplementary Table 2), we observed that both

Table 2
Ion selectivity of WT and mutant N. farcinica channels using different KCl concentration gradients on both sides of the DphPC membranes.

N. farcinica Concentration gradient
[cis/trans]

Reverse potential on the more
dilute side [mV]

Pc/Pa
(n = 3)

Wild-type (WT) 1 M KCl/150 mM KCl 23 ± 1 3.8 ± 0.2
500 mM KCl/75 mM KCl 33 ± 1 7.8 ± 0.3

Mutant
NfpA (D141N, D142N)
NfpB (E123Q, E144Q, D127N, E140Q)

1 M KCl/150 mM KCl 21 ± 1 3.2 ± 0.2
500 mM KCl/75 mM KCl 27 ± 1 4.8 ± 0.2

Fig. 2. Liposome swelling assay performed for both WT andmutant N. farcinica porins re-
veals the qualitative diffusion rate of different sugars and amino acids based on their sizes.
Note that the difference of the relative rate of diffusion between the WT channel and its
mutant was within the SD of the experimental error.
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the on-rate as well as the residence time of amikacin and kanamycin
were reduced for the mutated pore, emphasizing the importance of af-
finity sites inside the channel.

In our experiment, both the positively charged antibiotics belong to
the antibiotic class of aminoglycoside. Amikacin and kanamycin both
possess 4 positive charges at pH 7.4 and the structures of the antibiotics
share a similar scaffold. However, we observed a very sharp difference

in the binding kinetics of these two antibiotics with the pore. Amikacin
had a significantly higher on-rate as compared to kanamycin (Supple-
mentary Table 2). In vivo Minimum Inhibitory Concentration (MIC)
assay of different antibiotics performed with N. farcinica showed
amikacin to be an effective drug compared to kanamycin [47,48].
Could the higher on-rate of amikacin compared to kanamycin be the
reason for such difference in effectiveness? However, the presented

Fig. 3. Interaction of amikacin (chemical structure top right)withWTandmutantN. farcinica channel. (A) 20 μMamikacinwas added to the cis-side of theWT channel at an applied voltage
of−150mV. (B) Event histogram of amikacinwith theWT channel. (C) Amplitude-dwell time scatter plot of amikacin events with theWT channel. (D) 20 μMamikacinwas added to the
cis-side of themutant channel at an applied voltage of−150mV. (E) Event histogramof amikacinwith themutant channel. (F) Amplitude-dwell time scatter plot of amikacin eventswith
the mutant channel. Experimental conditions were 150 mM KCl and 10 mM HEPES, pH 7.4.

Fig. 4. Interaction of kanamycin (chemical structure top right) withWT andmutantN. farcinica channel. (A) 100 μMkanamycin was added to the cis-side of theWT channel at an applied
voltage of−150mV. (B) Event histogramof kanamycinwith theWT channel. (C) Amplitude-dwell time scatter plot of kanamycin eventswith theWTchannel. (D) 100 μMkanamycinwas
added to the cis-side of the mutant channel at an applied voltage of −150 mV. (E) Event histogram of kanamycin with the mutant channel. (F) Amplitude-dwell time scatter plot of
kanamycin events with the mutant channel. Experimental conditions were 150 mM KCl and 10 mM HEPES, pH 7.4.
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results of channel blocking cannot be converted directly into transloca-
tion, since binding does not always imply translocation. For uncharged
solutes, liposome swelling assays can be performed to distinguish if
the molecule is indeed permeating through the channel, which is not
feasible with charged molecules. For charged molecules, as in our
case; we performed a voltage dependent analysis of kinetic off-rate to
distinguish binding from translocation as previously reported to distin-
guish binding from translocation for short peptides [25,49].

Increasing voltages tended to increase the residence time of the
kanamycin, whereas the residence time of amikacin decreased as
shown in Fig. 5. As mentioned earlier, the average residence time of
amikacin was 200 μs at −150 mV. An increase of the external voltage
up to−200 mV resulted in an overall decrease of the channel conduc-
tance instead of observing single ion fluctuation events. This may be
due to significantly fast permeation events. However, in the case of
kanamycin, increasing the voltage increased the residence time of the
antibiotic. At high voltages (N200mV), we observed an apparent strong
binding which suggested that the molecule is held inside the pore in
such a way that the pore remained in its closed state (figure not
shown). The abovementioned observation suggested that amikacin is
permeating through the channel; whereas kanamycin is not able to
penetrate the channel, supporting the susceptibility of N. farcinica for
amikacin over kanamycin. The impermeability of kanamycin through
the homologous MspA porin using MIC assays has also been reported
earlier, which correlated with our results [20,50]. However, in vivo bio-
logical systems can be far more complicated and there could be other
probable reasons for such discrepancy in susceptibility. Even though
we cannot directly compare the in vitro results obtained using single
channel electrophysiology to the in vivo data, herewe present an impor-
tant factor of antibiotic permeability (by distinguishing binding and
translocation) through the porins that could alter the effectiveness of
antibiotics.

Apart from the positively charged antibiotics, we also investigated
various chemically and structurally/clinically relevant antibiotics such
as fluoroquinolones, penicillins, carbapenems and sulfonamides [47,
48,51]. Most of these antibiotics are either zwitterionic or negatively

charged and thus no interactionwas observedwith the highly negative-
ly charged amino acids inside the pore lumen of the N. farcinica porin.
Surprisingly, addition of the carbapenem antibiotic ertapenem showed
ion current fluctuation with the single N. farcinica channel (Fig. 6A).
Ertapenem, which is a negatively charged antibiotic, is prone to repul-
sive forces from the negatively charged interior of the channel. This im-
plies that the interaction observed with the antibiotic and the pore
could be due to non-ionic interactions. To confirm the role of electro-
static interaction between antibiotic and pore, we performed our exper-
iments in both 1 M and 150 mM KCl solution and found that the
interaction was similar (i.e. residence time of ertapenem inside the
pore was ~200 μs) in both cases, supporting the assumption of non-
ionic interaction (Supplementary Fig. 2). By looking at the structure of
ertapenem, we noted that it consists of multiple aromatic rings;
which, as we hypothesize, may interact with the hydrophobic amino
acids inside the pore lumen.

Ion current blockages were observed for both the WT and mutant
porins in the presence of ertapenem and an increased number of events
were observed with increased ertapenem concentration as shown in
Fig. 6C. The event frequency of ertapenem was similar in both WT and
mutant when the antibiotic was added to the cis (extracellular) side;
however a significant difference was observed for the event frequency
when the antibiotic was added to the trans (periplasmic) side as
shown in Fig. 6A and B. The mutant pore exhibited a higher number of
ertapenem interactions in comparison to WT pore. During the entry of
ertapenem into the channel from the periplasmic side, it faces strong re-
pulsive forces from the surrounding negatively charged amino acids. In
contrast, when the negatively charged residues in the periplasmic space
were neutralized, the lower repulsive forces in this case seemed to en-
hance the on-rate of ertapenem with the channel. Previous reports on
MspA porin from M. smegmatis that has point negative charges in the
mouth of the channel reported a 10-fold lower permeability of mono-
anionic beta-lactams compared to zwitterionic cephaloridine [52]. The
presence of a negatively charged residue in themouth of the channel af-
fected the permeation of a negatively charged molecule, which corre-
lates well with our observations.

Fig. 5. Distinguishing binding from translocation: Voltage scan of ion current fluctuation of antibiotics through the N. farcinica channel. (A) Increasing the application of external voltage
with addition of amikacin to the cis-side of the channel. At higher voltages, the residence time of the channel decreased to the limit of the instrument and could not be resolved.
(B) Increasing the application of external voltagewith addition of kanamycin to the cis-side of the channel.With increasing voltage, the binding of kanamycin with the channel increases.
Experimental conditions were 150 mM KCl and 10 mM HEPES, pH 7.4.
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4. Conclusion

Mycolata have evolved a complex cell wall, comprising peptidogly-
can–arabinogalactan polymer covalently bound to mycolic acids of
considerable size (up to 90 carbon atoms), a variety of extractable lipids,
and pore-forming proteins [11,53,54]. Since the role of the outer-
membrane is indispensable in the mycobacterial resistance to antibi-
otics, it is tempting to reconstitute the porins in a mycolic acid contain-
ing bilayer to retain their physiological environment. Reconstitution of
MspA from M. smegmatis in mycolic acid membrane has been studied
before [55], however, our effort to form and reconstitute the
N. farcinica porin in the mycolic acid containing membrane was unsuc-
cessful. Nonetheless, we were able to successfully reconstitute the pro-
tein in phospholipid bilayers and liposomes to perform single channel
measurements and liposome swelling assays.

Current investigation represents one of the first detailed studies on
solute and antibiotic permeation through porin from bacterium belong-
ing to mycolata. We have confirmed the channel functionality of
N. farcinica porin using liposome swelling assays and permeation of
nutrient molecules including different sized sugars and amino acids. In
addition to different solutes, the interaction of clinically relevant antibi-
otics such as amikacin, kanamycin and ertapenem was also studied at
the singlemolecule level.Well defined ion currentfluctuationswere ob-
served in the presence of these antibiotics that interact with the pore.
We were also able to distinguish between translocation and binding
for amikacin and kanamycin using voltage dependent analysis. Our re-
sults indicated that kanamycin was unable to translocate while
amikacin was able to translocate through the channel. Furthermore,
we elucidated the effect of various charged amino acids present inside
the channel on the permeation of charged antibiotics and uncharged/
zwitterionic molecules.
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Supplementary Table 1: Primers used in this study to generate mutants, 

pARAJS2_nfpA/nfpB was used as template. (The bases to be mutated are highlighted in red 

with small letters) 

 

 
 

 

 
 

Supplementary Table 2: Amikacin and kanamycin binding kinetics were measured at 150 

mM KCl, pH 7.4 at an application of -150 mV voltage. Ertapenem binding kinetics was 

measured at 1 M KCl, pH 7.4 at -100 mV.   

*NA= Not Applicable 
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Supplementary Figure 1: Functional activity of the hepta-arginine with the (A) WT and (B) 

mutant N. farcinica channel. The structures on the right panel show the electro-potential 

surface of both the channels visualized from the periplasmic (trans) side.  
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Supplementary Figure 2: Elucidating the electrostatic interaction of ertapenem with the N. 

farcinica cell wall channel. Ion current fluctuation were observed at 150 mM KCl, 10 mM 

MES, pH 7.4.  
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4.1 Conclusion  

In this thesis we study the molecular transport of antibiotics across bacterial porins. Notably, we 

studied two aspects of antibiotic permeation.  

In the first part we mainly investigated the role of porins in antibiotic resistance.  

We conclude that an altered permeation of antibiotics through porins can contribute to decreased 

susceptibility. We employ a multidisciplinary approach to understand the involvement of porin 

in uptake of antibiotics (chapter 1 and chapter 2). We show that imipenem and meropenem 

although being structurally very similar have drastically different permeation rates through 

OmpPst1 channel. This in fact contributes to the increased MIC value of the antibiotic against 

the bacteria. Importantly, we also studied OmpC porin mutants from clinics. Permeation of 

carbapenem antibiotics is modulated through sequential mutants of OmpC which contributes to 

progressively decreased susceptibility observed in clinical strains. Further we are able to 

conclude that a single mutation in channel is able to modify the uptake of antibiotics and this 

might be a “strategy” of bacteria to gain time to accumulate more resistance. 

In the second part, we focused on translocation of antibiotics across bacterial porins and to 

fine tune various external parameters for efficient influx. We measure the transport of 

antibiotics across bacterial porins using single channel electrophysiology and fluorescence based 

detection in vesicles. We report a microfluidic based technique to measure the transport of a 

fluoroquinolone through OmpF reconstituted in liposomes, using the auto fluorescence of 

antibiotic in the UV. We employ single channel electrophysiology to determine the kinetic 

parameters of antibiotics like fluoroquinolones and β- lactams with porins from E. coli. Different 

facets like voltage dependent translocation of antibiotic through OmpF and OmpC porins is 

reported. Varying the pH changes the charge state of norfloxacin antibiotic which drastically 

modulates the interaction with OmpF pore. One particular bottleneck for this type of analysis is 

the limited time resolution and cases of irresolvable antibiotic events with the channel are 

observed. We report a modified power spectrum analysis method taking into consideration the 

sampling and filter correction factor. A comparison between three platforms to reveal the fast 

events observed with antibiotics showed that all the three bilayer systems are comparable in 

terms of noise and kinetic rates. In addition to Gram-negative porins, we characterize the 

transport of antibiotics and solute through N. farcinica porin. 
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4.2 Future outlook 

Chemical modification of antibiotic 

Previously we have revealed the rate limiting interactions of antibiotics by mutating specific 

residues in the channel
1,2

 or studying the effect of naturally  occurring mutations on permeation 

of antibiotics (in this study; P2.2.1). A relatively unexplored aspect in this regard is to chemically 

modify existing antibiotics and measure the kinetic rate in single channel. As a general feature 

observed for β-lactam/ fluoroquinolones interaction with OmpF/C porins, an enhanced effect at 

negative applied voltage is seen (part P3.3.2). That is higher interaction of antibiotic is observed; 

either at negative transmembrane potential present on the opposite side of the antibiotic addition 

in the system or positive potential applied when the antibiotic is added on same side as applied 

voltage. As hypothesized in the part P3.3.2 this effect might be due to orientation of antibiotic 

under an applied electric field, which favors positive group entering the channel. In this context 

chemical modification/protection of the positive (amino) functional group might substantiate the 

assumption.  For example in case of imipenem, the positively charged amino group can be 

modified to an uncharged charged group to specifically probe the enthalpy/electrostatic 

contribution by keeping the overall size of the antibiotic same (Figure 1a). Further,  thienamycin 

(a “first” carbapenem)
3
 which is structurally quite similar to imipenem; as shown in Figure 1b 

can be tested in electrophysiology and the amino group can be further modified to give an 

uncharged form. 

 

 

 

Figure 1: Chemical structure of antibiotics a) imipenem b) thienamycin. Structure obtained from 

ChemSpider.  

 In this case we could elucidate the entropic contribution since the size of the antibiotic is slightly 

changed as compared to imipenem. Similarly, the carboxyl group of imipenem can be modified 

to reveal the specific interactions caused by the formation of hydrogen bonds of carboxyl 
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oxygen’s with the porin. A similar strategy can be adopted for other antibiotics molecules like 

ceftobiprole (a fifth generation cephalosporin) which showed exceptional kinetic rates in 

electrophysiology (P3.3.2). This together with molecular dynamic simulations might improve 

our understanding on the underlying effects observed in single channel experiments and in long 

term also help us for rationale drug designing
4
. 

 

Effect of donnan potentials on flux 

Voltage dependent interaction of antibiotic has been reported in the current thesis. We observed 

that increasing the voltage exponentially increased the association rate and the dissociation rate 

of antibiotic-norfloxacin suggesting enhanced translocation under an applied potential. This 

opens a new question: “if there is any effect of transmembrane potentials in transport across 

bacterial cells?” Previous studies have shown that so called “donnan” or transmembrane 

potentials exist across the OM due to the presence of anchored, anionic membrane-derived 

oligosaccharides (MDOs) in the periplasm
5,6 

which varies from 4-117 mV by changing external 

conditions
6
. However, there was no effect of such potentials on transport of zwitterionic 

compounds like cephaloridine
6
. Since, in electrophysiology study we observe a strong 

correlation of the dipole of antibiotic (in case of norfloxacin) and the voltage dependent effect 

(P3.3.2). It might be interesting to measure the flux in presence of such voltage in cells or cell 

mimicking environments. Also, previous studies were able to create a donnan potential by 

encapsulating charged polymers or proteins into liposomes 
7
. In this context a future task will be 

to induce such artificial voltages in giant vesicles and to measure the transport in the 

fluorescence based detection reported in this thesis (P3.3.1).  
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ABSTRACT: The role of major porin OmpPst1 of Providencia stuartii in antibiotic
susceptibility for two carbapenems is investigated by combining high-resolution
conductance measurements, liposome swelling, and microbiological assays. Recon-
stitution of a single OmpPst1 into a planar lipid bilayer and measuring the ion current,
in the presence of imipenem, revealed a concentration-dependent decrease in
conductance, whereas meropenem produced well-resolved short ion current blockages.
Liposome swelling assays suggested a small flux of imipenem in contrast to a rapid
permeation of meropenem. The lower antibiotic susceptibility of P. stuartii to
imipenem compared to meropenem correlated well with the decreased level of
permeation of the former through the OmpPst1 channel.

Gram-negative bacteria have a complex cell envelope
comprising an outer membrane and an inner membrane

that delimit the periplasm. The outer membrane contains
various protein channels, called porins, involved in the influx of
hydrophilic compounds, including several classes of anti-
biotics.1−3 A major requirement for effective antibacterial
activity is the rapid delivery to the target site. The occurrence of
bacterial resistance requires that we understand the molecular
mechanisms. Altered porin permeability might be the limiting
factor for intracellular target achievement of hydrophilic
antibiotics such as β-lactams.4−8

For example, Providencia stuartii, belonging to the Proteae in
the Enterobacteriaceae family, is one of the most pathogenic
bacteria in clinics.9,10 It causes hospital-acquired infections and
is usually found in urinary tract of patients undergoing long-
term indwelling catheterization. P. stuartii strains show high
levels of resistance to a majority of antibiotic classes but were
found to remain susceptible to most of the carbapenems.11

However, carbapenem resistance has occurred in clinical
isolates and is frequently related to the alteration of porins,
although sometimes in association with an enzymatic
mechanism, e.g., carbapenemase.12−15 Our previous study
revealed two major porins in P. stuartii: OmpPst1 and
OmpPst2. OmpPst1 is known to be involved in the passive
diffusion of β-lactams.16 Ertapenem, a carbapenem molecule,
revealed strong antibiotic−channel interaction compared to
that of cephalosporins.16 In the following, we focus on the
permeation of two clinically relevant and chemically divergent
antibiotics, imipenem and meropenem, through OmpPst1
(Figures 1A and 2A). An appropriate method is their

reconstitution into a planar lipid bilayer with subsequent
recording of the ion current. As previously shown, the
penetration of antibiotic molecules into the channel and
subsequent interaction of the drug with the channel may
interrupt the ion current.17 The analysis of ion current
fluctuation allows us to obtain permeation rates as previously
shown for sugars and ampicillin.17,18 However, there are
limitations of this technique. In particular, because of finite time
resolution, the signal of very fast permeation is indistinguish-
able from no permeation. Thus, a combination of techniques is
needed to reach a conclusion about antibiotic translocation.
Here, we first determined the antibiotic susceptibility of P.

stuartii for two clinically used antibiotics, imipenem and
meropenem, by measuring their MIC values.16 We then
reconstituted a single OmpPst1 into an artificial planar lipid
bilayer and characterized time-resolved ion current fluctuations
in the presence of antibiotics. Single-channel analysis of ion
currents through a porin in the presence of antibiotics revealed
effective binding constants and subsequently the transport
parameters at a single-molecule level. To further confirm
translocation events, we performed liposome swelling
assays,19,20 which allowed estimation of the flux of the two
antibiotics through OmpPst1 channels.
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■ MATERIALS AND METHODS

All chemicals used were purchased from Applichem (Darm-
stadt, Germany), except n-octyl polyoxyethylene (octyl-POE)
(Alexis, Laüflingen, Switzerland) and all lipids from Avanti
Polar Lipids (Alabaster, AL). Imipenem and meropenem were
purchased from Sequoia Research Products (Pangbourne,
United Kingdom).
Antibiotic Susceptibility Tests. The MIC values were

determined in triplicate by a standard 2-fold broth dilution
method according to the CLSI guidelines as previously
reported.16 Approximately 106 cells were inoculated into 1
mL of MH broth for 18 h at 37 °C. The results were scored in
micrograms per milliliter, and the susceptibility was classified
according to the Antibiogram Committee of the French Society
for Microbiology (http://www.sfm-microbiologie.org/). The
bacterial strains were tested against different antibacterial drugs
of different classes, among which imipenem (Tienam) and
meropenem (Merrem) were obtained from Merck Sharp &
Dohme and AztraZeneca (Paris, France), respectively.
Expression and Purification of P. stuartii Porins.

Expression and extraction of Providencia porins were conducted
as previously described with minor modifications.16,21 Briefly,
expression vector pGOmpPst1 harboring the ompPst1 gene
with the signal sequence was electroporated into Escherichia coli
BL21(DE3) omp8.16 Cells were grown in LB broth substituted
with 100 μg/mL ampicillin and 30 μg/mL kanamycin. At the
exponential phase, the cell culture was induced for 6 h with 0.4
mM IPTG. The cell suspension was harvested using Sorval
centrifugation at 10000 rpm for 30 min at 4 °C. The cell pellet
was then washed with 20 mM phosphate buffer (pH 7.4) and
disrupted twice with a French press technique using an
EmulsiFlex-C3 high-pressure homogenizer (Avestin Europe,
Mannheim, Germany). The membrane pellet was collected by
centrifugation at 22000 rpm for 1 h after a 2% sodium dodecyl
sulfate stirring treatment at 60 °C. The membrane fraction was
washed twice with 0.125% octyl polyoxyethylene (octyl-POE)
in 20 mM phosphate buffer followed by ultracentrifugation at
40000 rpm at 4 °C for 1 h. OmpPst1 porin was extracted with
3% octyl-POE in 20 mM phosphate buffer followed by an
ultracentrifugation step at 20 °C. The extracted porins were
concentrated using Amicon Ultra-15 Centrifugal Filter Units
(Millipore) with the molecular cutoff at 30K Da. The buffer was
exchanged with 1% octyl-POE in a final porin dilution for
bilayer measurements.
Conductance Measurements. Planar lipid bilayers were

formed according to the monolayer technique of Montal and
Mueller.22 The bilayer is formed by two monolayers juxtaposed
and extended across a hole that is 50−100 μm in diameter in a
25 μm thick polytetrafluoroethylene (PTFE) film. Prior to
bilayer membrane formation, the aperture is prepainted with 1
μL of a 1% solution of n-hexadecane in n-hexane to make it
lipophilic. After being dried for 10 min, both chambers are filled
with buffer [throughout 1 M KCl and 20 mM MES (pH 6)],
and a lipid bilayer is prepared by spreading 1 μL of a 5 mg/mL
solution of 1,2-diphytanoyl-sn-glycero-3-phosphocholine in a
solvent mixture of n-pentane in the aperture. Ag/AgCl
electrodes are used to detect the ionic currents. The electrode
on the cis side of the cell is grounded, whereas the other one on
the trans side is connected to the headstage of an Axopatch
200B amplifier. Purified detergent-solubilized porins (1 ng/
mL) are added to the cis side of the chamber and inserted into
the bilayer membrane by applying a 150−200 mV voltage.

Electrical recordings were made through a pair of Ag/AgCl
electrodes (World Precision Instruments, Sarasota, FL),
attached to an Axon Instruments 200B amplifier with a
capacitive headstage, digitized by an Axon Digidata 1440A
digitizer, computer controlled by Clampex 10.0 (all by Axon
Instruments, Foster City, CA). The data were filtered by an
analogue low-pass four-pole Bessel filter at 10 kHz and digitally
sampled at 50 kHz. Data analysis was conducted with Clampfit
10.0.

Liposome Swelling Assay. OmpPst1 porin (2 mg/mL) in
1% cctyl-POE is reconstituted into liposomes as described by
Nikaido and Rosenberg.20 E. coli total lipid extract is used to
form liposomes; 15% dextran (MW of 40000) is used to entrap
the liposomes, and size is checked using a Nano-ZS ZEN3600
zetasizer (Malvern Instruments, Malvern, United Kingdom).
Control liposomes are prepared in the same manner but
without the addition of porin. The isotonic concentration is
determined by diluting control and proteoliposomes made in
15% dextran in different concentrations of raffinose measured
by an Osmomat 30 osmolarimeter (Gonotec, Berlin,
Germany). The value obtained for the isotonic concentration
of raffinose is used as an approximation to facilitate the
adjustment of isotonic concentrations for different solutes. A
liposome or proteoliposome solution (30 μL) is diluted into
630 μL of an isotonic test solution in phosphate buffer in a 1
mL cuvette and mixed manually. The change in absorbance at
500 nm is monitored using a Cary-Varian UV−vis spectropho-
tometer in the kinetic measurement mode. The swelling rates
are taken as averages from at least five different sets of
experiments, calculated as previously described.20

■ RESULTS
Antibiotic Susceptibility Assays. The ability of β-lactams

to traverse the outer membrane barrier via the OmpPst1
channel was initially approached using microbiological assays
(MIC)16 that determine the lowest concentration of a
particular antibiotic needed to inhibit the growth of bacteria.
The MIC results were determined with a biological assay
corresponding to the complete mechanism of antibiotic action,
including (i) diffusion through the porin channel, (ii) the
affinity constant for the binding site of the periplasmic target
(PBP), and (iii) the inhibitory constant on the PBP. These data
confirmed the involvement of OmpPst1 porin in β-lactam
susceptibility.16 We further measured the activity of carbape-
nems by exposing P. stuartii ATCC 29914 bacterial cells. The
MIC test of strain P. stuartii ATCC 29914 shows a higher MIC
for imipenem and a significantly lower MIC value for
meropenem given that the two molecules belong to the same
carbapenem class in the β-lactam family. The test indicated a
MIC value of 2 μg/mL with imipenem compared to ≤0.06 μg/
mL with meropenem. It has been reported that carbapenems,
like many other hydrophilic antibiotics, use porin channels as
the intracellular influx pathway. Our previous study has
confirmed that P. stuartii ATCC 29914 does not produce any
extended β-lactamases or metallo-β-lactamases that are capable
of hydrolyzing carbapenems.16 To further confirm the role of
OmpPst1 in antibiotic permeation, a porin-deficient E. coli
BL21(DE3) omp8 strain is used to express OmpPst1 porin and
the MIC value is determined for carbapenems (Table S1 of the
Supporting Information). The data suggested that the lower
MIC value of P. stuartii for meropenem, as compared to that for
imipenem, may be due to a faster rate of influx of meropenem
across the membrane channels, thereby accelerating the
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intraperiplasmic concentration of the drug and the access to the
target.
Conductance Measurements. A single OmpPst1 channel

was reconstituted into a planar lipid membrane and showed a
single trimer channel conductance of 2.7 ± 0.3 nS in 1 M KCl
as shown previously.16 In the absence of antibiotics, the ion
current through the channel was stable without any
modification of the flow of ions. Addition of imipenem to
one or both sides of the lipid membrane caused a decrease in
ionic conductance that is strongly concentration dependent.
Figure 1B shows that addition of 5 mM imipenem to both sides
of the chamber reduces the single-channel conductance from
2.5 to 2.2 nS. Further increasing the imipenem concentration to

15 mM reduces the conductance to 2 nS at 100 mV in 1 M
KCl. A corresponding amplitude histogram is shown in Figure
1C. It must be noted that the direct effect of the antibiotic in
solution on the bulk conductance is negligible in the applied
concentration range, i.e., up to 15 mM (Table S2 of the
Supporting Information). The resolution limit of our technique
indeed restricts the detection of events occurring below 100 μs.
Previous studies have shown that by lowering the temperature
the kinetics of translocation slows and thus allows resolution of
the translocation events. In the case of imipenem, lowering the
temperature did not allow us to resolve individual translocation
events even at a temperature as low as 5 °C (Figure S1 of the
Supporting Information). Thus, we hypothesize that imipenem
binds to the channel surface, resulting in the reduction of ion
current.
In contrast, addition of meropenem to the system caused

transient blockage of the ionic current (Figure 2B). At a low

drug concentration, meropenem interacts with the OmpPst1
channel, resulting in monomer blocking. Increasing the
antibiotic concentration increases the number of events. The
dwell time, τc, does not depend on the concentration of the
antibiotic used and was calculated to be around 150 μs at 100
mV. Kinetic analysis of the antibiotic binding at different
voltages and ionic strengths of the solution demonstrated that
the interactions are of electrostatic origin. Previous studies on
OmpF have revealed a charge reversion of the negatively

Figure 1. (A) Chemical structure of imipenem. (B) Ion current trace
through a single OmpPst1 channel reconstituted into planar lipid
membranes in the presence of imipenem. (C) Corresponding
amplitude histogram of the OmpPst1 channel in the absence and
presence of imipenem.

Figure 2. (A) Chemical structure of meropenem. (B) Ion current
recordings through a single OmpPst1 channel in the absence of
meropenem and in the presence of 10 mM meropenem added to both
sides of the chamber. Conditions: 1 M KCl, 20 mM MES, pH 6, 100
mV applied voltage.
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charged aspartic acid in the presence of multivalent cations.23

To elucidate a similar contribution, we tested the effect of
divalent and trivalent cations. The addition of 10 mM MgCl2 in
the presence of imipenem resulted in a partial closure of the
channel (Figure S2 of the Supporting Information), while
addition of 10 mM LaCl3 in the presence of imipenem caused
modulation of the ion current and highly resolvable blocking
events (Figure 3). This is in contrast with the case for

meropenem, for which binding kinetics were not significantly
affected in the presence of trivalent cations (Figure S3 of the
Supporting Information).
The number of events and the residence time obtained from

ion current blockages can be readily inserted into a simplified
enzymatic model, where the channel is thought to catalyze
antibiotic translocation. The association rate constant, kon, gives
the permeation of the antibiotic molecule from the cis or trans
side to the affinity site in the channel calculated from the
number of antibiotic binding events per second. The
dissociation rate constant, koff, gives the rate at which antibiotic
molecules are released from the channel affinity site to the cis or
trans aqueous phase calculated from the average residence time
of antibiotic blockage17,23−25 (Table 1).

Permeation Assays through Liposomes. To support the
conclusion about transport from the ion current fluctuation
analysis, we performed liposome swelling assays. The rate of
diffusion of antibiotics through OmpPst1 is calculated by
reconstituting channels in liposomes and by measuring the
change in optical density in the presence of an isotonic
concentration of antibiotics. A requirement to conduct a
liposome swelling assay is that the molecule of interest be
zwitterionic, making imipenem and meropenem suitable
candidates for such measurement. To scale the flux, we first
use raffinose a high-molecular weight sugar too large to diffuse
through the porins and then arabinose, a small sugar that
permeates through the channel. Permeation rates for different
sugars are obtained together within the same batch allowing us
to normalize the antibiotic diffusion values with respect to
arabinose. The value obtained for arabinose, which is set to
100%, is 20% higher than that obtained for galactose and 80%
higher than that for maltopentaose, confirming that the swelling
rate decreases as the size of the solute increases (Figure 4).

However, in the presence of imipenem, there is no significant
change observed in the absorbance of proteoliposomes. The
swelling rate obtained for imipenem is around 10%, i.e.,
comparable to that of large sugar molecules like raffinose and
maltopentaose that are known to display poor or no
permeation through porin channels. From the results described
above, we can conclude that imipenem translocates very slowly
through the OmpPst1 channel. In contrast, meropenem

Figure 3. Ion current trace of a single OmpPst1 channel reconstituted
into a bilayer in the presence of 10 mM imipenem without La3+ (A)
and with La3+ (B). (C) Dwell time histogram in presence of 10 mM
imipenem and LaCl3.

Table 1. Rate Constants of Entry and Exit of Carbapenems
through OmpPst1

10 mM imipenem in the
presence of LaCl3 at

100 mV

10 mM meropenem in the
presence of LaCl3 at

100 mV

kon
a

(×103 M−1 s−1)
9 ± 3 0.6 ± 0.2

koff
b (×103 s−1) 10 ± 3 8 ± 1.7

akon = (number of events per second)/(3[c]), where [c] is the
antibiotic concentration. bkoff = 1/(average residence time).

Figure 4. Relative rate of diffusion of imipenem compared to those of
various sugars and meropenem through proteoliposomes. The swelling
rates, which were averaged over at least three different sets of
experiments, were calculated as described previously,12 normalized by
setting the rate of arabinose diffusion to 100%.
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showed a very high diffusion rate of around 90%, indicating it is
able to translocate at a fast rate through OmpPst1. The results
from liposome swelling assays thus complement the micro-
biological assays and bilayer measurements in suggesting poor
permeation of imipenem through OmpPst1, which contrasts
with the case of meropenem that translocates efficiently
through the channel.

■ DISCUSSION
Currently, carbapenems are the most recent available β-lactams
against Gram-negative bacteria. Because of their broad activity,
they have become widely used in clinics; e.g., imipenem is the
most used carbapenem in hospital wards. However, carbape-
nem efficacy is being threatened by the dissemination of
bacterial resistance. During the treatment of infected patients, a
correlation between the level of antibiotic resistance and the
absence of porins was observed.11 In P. stuartii, the major porin
OmpPst1 provides the main pathway for the penetration of an
antibiotic through the outer membrane.16 Our focus here is on
the mechanism of uptake of an antibiotic through porins and its
role in antibiotic resistance. In particular, we investigated the
relation between pore properties, the structure of the antibiotic,
and the correlation with the uptake of these molecules. Our
results indicate that both imipenem and meropenem interact
with OmpPst1, albeit with different binding kinetics. From the
observation that imipenem reduces the channel conductance
without resolvable single blocking events, we hypothesize that
either imipenem translocates very fast through the channel
where the time resolution of the instrument limits the
visualization of well-defined events or imipenem binds to the
channel, inhibiting the flow of ions and hence reducing the
channel conductance. To reach further conclusions based on
the observation described above, we performed temperature
measurements as shown previously26 to catch the fast events,
but these measurements were inconclusive. To differentiate
binding from translocation, a liposome swelling assay was
performed that suggested low flux of imipenem in contrast to
rapid permeation of meropenem. Combining single-channel
measurements and liposome swelling assays, we could conclude
that imipenem binds to the channel, where it may interact with
side chains of amino acids present in the channel surface. Thus,
imipenem can be envisaged as a plug that reduces the extent of
passage of other ions.
Similar studies have shown that enrofloxacin, a fluoroquino-

lone antibiotic, blocks the OmpF channel.23 The interactions
between the enrofloxacin and the OmpF channel wall are
strong enough to close the pore for ∼3 ms, revealing a strong
affinity of the antibiotic for the channel without efficient
translocation.23 Interestingly, in the presence of magnesium
chloride, the affinity of enrofloxacin for the OmpF channel was
altered, as well as the orientation of the antibiotic during
translocation.23,27 Similarly, in the case of OmpPst1, the
presence of trivalent cations caused a dramatic change in the
imipenem binding kinetics (Table 1). The number of
imipenem blocking events increased with the increase in the
antibiotic concentration, and the average residence time was
calculated to be around 150 μs. It is important to note that
trivalent cations have no effect on the binding or translocation
kinetics of the interaction of meropenem with OmpPst1
(Figure S3 of the Supporting Information). Kinetic constants of
on and off rates for binding of imipenem and meropenem to
OmpPst1 in the presence of trivalent cations are listed in Table
1.

Previously, we used homology modeling to predict the
structure of the OmpPst1 channel, using as a starting model the
homologous porin OmpF.16 Important differences in amino
acid residues were predicted for OmpPst1, with regard to
OmpF. For example, M38, which in OmpF forms an important
hydrophobic pocket above the constriction region, is
substituted with an aspartic acid in OmpPst1. We speculate
that this specific residue modification is correlated to the
reduced rate of uptake of imipenem through OmpPst1 porin.
The side chain of D38 could indeed act as a sensor that
recognizes and binds the exposed NH2+ group in the
iminomethylaminoethyl strongly polar side chain of imipenem,
thereby stopping its progression in the channel and conferring
partial insusceptibility to P. stuartii. In this context, our
interpretation of the effect of trivalent cations is that they
reverse the charge of D38 and thereby allow the uptake of
imipenem by OmpPst1. This proposition is supported by the
observation that meropenem, whose side chain is a more bulky
dimethylcarbomylpyrrolidinyl group, translocates through
OmpPst1 and shows efficiency against P. stuartii.
Thus, our results highlight the importance of efficient influx

through porins for β-lactams to reach their target site and
provide useful information for the rational design of drugs
exhibiting enhanced bacterial penetration. We show an example
in which porins screen antibiotic molecules entering the
channel surface and those attractive forces facilitate trans-
location through the channel. In addition, our study provides
clues that could explain some paradoxical susceptibilities to
carbapenems in other clinical isolates (Lavigne et al.,
unpublished results). Thus, not only the affinity of each
carbapenem for its PBP target but also the efficiency of its
translocation across the outer membrane participates in the
regulation of the bacterial susceptibility to this class of
antibiotics.
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Table S1: Impact of Providencia porins on the carbapenem susceptibility of E. coli BL21(DE3)omp8. 

 

  MIC (mg/L) 
    

E. coli strain plasmid IPM MERO 
    

BL21(DE3)omp8/pG - 1 1 
    

BL21(DE3)omp8/pG pGOmpPst1-ATCC 0.25 0.125 

    

 

IPM, imipenem ; MERO, meropenem 
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Table S2: Bulk conductivity of 1M KCl , pH- 6 in absence and in presence of imipenem. 
 
 

Concentration of imipenem in 1M KCl, Bulk Conductivity 

pH- 6 (mS/cm) 

  

No imipenem 105.5 + 3 
  

5 mM Imipenem 104 + 2 
  

15 mM Imipenem 105 + 2 
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Fig. S1. Ion current traces of single OmpPst1 channel in the presence of imipenem at (A) 5.6 
C and (B) 20 C.  
Conditions: 1 M KCl, 20 mM PO4 pH- 6; 100 mV applied. 
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Fig. S2. Ion current traces of single OmpPst1 channel in presence of  
MgCl2 (A) without imipenem and (B) with 10 mM imipenem.  
Conditions: 1 M KCl, 10 mM MgCl2, 20 mM MES pH- 6, 100 mV applied. 
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Fig. S3. Ion current trace of single OmpPst1 channel reconstituted into bilayer in 10 mM Meropenem and  
(A) No LaCl3 (B) 10 mM LaCl3. Corresponding dwell time histograms are provided. 
 Conditions : 1 M KCl, 20 mM MES pH- 6, 100 mV applied. 
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Fig. S4. Dwell time histogram of 10 mMn  meropenem in presence of 

LaCl3. 
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Abstract
Bacterial porins are water-filled β-barrel channels that allow translocation of solutes across

the outer membrane. They feature a constriction zone, contributed by the plunging of extra-

cellular loop 3 (L3) into the channel lumen. Porins are generally in the open state, but under-

go gating in response to external voltages. To date the underlying mechanism is unclear.

Here we report results from molecular dynamics simulations on the two porins of Provide-
nica stuartii, Omp-Pst1 and Omp-Pst2, which display distinct voltage sensitivities. Voltage

gating was observed in Omp-Pst2, where the binding of cations in-between L3 and the bar-

rel wall results in exposing a conserved aromatic residue in the channel lumen, thereby halt-

ing ion permeation. Comparison of Omp-Pst1 and Omp-Pst2 structures and trajectories

suggests that their sensitivity to voltage is encoded in the hydrogen-bonding network an-

choring L3 onto the barrel wall, as we observed that it is the strength of this network that

governs the probability of cations binding behind L3. That Omp-Pst2 gating is observed

only when ions flow against the electrostatic potential gradient of the channel furthermore

suggests a possible role for this porin in the regulation of charge distribution across the

outer membrane and bacterial homeostasis.

Author Summary

Porins are the main conduits for hydrophilic nutrients and ions uptake into the periplasm
of Gram-negative bacteria. Their translocation permeability is determined by the amino-
acid distribution on their extracellular loop L3. Bacterial porin channels have long been
known to undergo step-wise gating, under the application of a transmembrane potential.
Yet the exact molecular mechanism by which gating is achieved and the exact relevance of
this evolved characteristic remain elusive. In the present study, we report on electrophysi-
ology experiments and molecular dynamics simulations on the two general-diffusion por-
ins of Providencia stuartii, Omp-Pst1 and Omp-Pst2. Our results show that gating in
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Omp-Pst2 occurs as the result of L3 displacement, which follows from the binding of cat-
ions in acidic niches between L3 and the barrel wall and effects in exposing the side chain
of a highly conserved aromatic residue at the tip of L3 in the channel lumen. That Omp-
Pst2 displays asymmetric voltage sensitivity and that the likelihood of gating is increased
when cations transit from the extracellular to the intracellular side suggests voltage-gating
underlies a regulatory role in bacterial homeostasis. Rational antibiotic-design strategies
based on the maximization of antibiotic penetration and accumulation at their target sites,
should take this role into account.

Introduction
The outer membrane of Gram-negative bacteria is sprinkled of homotrimeric channels com-
prised of three 16-stranded β-barrels. They are the principal conduits for the passive penetra-
tion of hydrophilic molecules into the periplasm, and are often referred to as the general
diffusion porins. Classical examples include Escherichia coli OmpF [1], OmpC [2] and PhoE
[1]. The general diffusion porins display a conserved β-barrel architecture with eight periplas-
mic turns and eight extracellular loops (L1–L8). Also conserved is the presence of a constric-
tion zone (CZ), at mid height of the channel. The CZ is contributed by the plunging of
extracellular loop L3 into the channel lumen, where it adopts a helix-turn-loop fold and inter-
acts with the barrel wall through hydrogen bonding and Van der Waals (VDW) interactions.
The amino-acid distributions in L3 and on the barrel wall opposite to it (“anti-L3 region”) de-
termine the sieving properties of the porins, i.e. their ion specificity and size exclusion limit [3,
4]. The L3 and anti-L3 region generally display opposed charge distribution, with L3 being neg-
atively charged and anti-L3 positively charged.

The general diffusion porins can switch from their open state to gated states when a trans-
membrane potential is applied [5–10], a phenomenon termed as voltage gating (VG). VG is
characterized by step-wise, long-lasting closed states that persist until the transmembrane po-
tential is suppressed. The critical voltage required for voltage gating (Vc) varies among porins,
but is generally in the order of hundreds of mV. Vc can be influenced by a variety of environ-
mental cues, including pH and salt concentration [11, 12], membrane constitution [8, 13], po-
larity of the transmembrane potential [9], or the presence of effectors such as oligosaccharides
[13] and polyamines [14]. Accumulated evidences have suggested that voltage sensing in gen-
eral diffusion porins occurs at the CZ [15–21]. It was shown that replacement of L3 charged
residues by uncharged ones invariably results in alteration of voltage sensitivity, channel con-
ductance and/or ion selectivity [15, 21, 22]. In particular, replacement of negatively charged
residues from L3 leads to an increase of Vc in cation-selective E. coli OmpF, while that of the
positively charged residues in anti-L3 regions causes the decrease of Vc in anion-selective E.
coli PhoE [15]. In addition, mutagenesis studies on OmpF showed that destabilization of L3 by
deletion of residues at its tip leads to increased voltage sensitivity (lower Vc) and reduced con-
ductance [18, 19], whereas mutations of residues involved in L3 stabilization result in reduced
voltage sensitivity (higher Vc) [19, 20].

More than a decade ago, Tieleman et al reported the first molecular dynamics (MD) simula-
tion of E. coli OmpF embedded in explicit lipids. Their results revealed instability in L3 due to
a breakdown of the hydrogen-bonding network (HBN) anchoring L3 to the barrel wall [23].
Suspecting that the fluctuation in the CZ may have been due to the protonation setting, Im
et al and Varma et al respectively implemented MD simulations using different ionization
states to the charged residues on L3 [24–26]. The invariable observation was that L3 is prone to

Gating of Providencia stuartii Porins
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large fluctuations, suggesting that this loop could intervene in translocation across porin and
possibly also in voltage-gating. Owing to constant improvements in MD simulation algorithms
[27, 28] and the successful implementation of artificial transmembrane potentials [29], it has
become possible to simulate ion mobilizing within the channel and thus to study the channel
transport properties at a molecular level. For example, Pezeshki et al showed that mutation of
one charged residue within CZ leads to visible effects on ion permeation and selectivity in
OmpF [4]; Faraudo et al found that removal of negative charges in CZ influences the distribu-
tion of cations along OmpF channel [30]. However, owing both to limited computational re-
sources and to the low voltage sensitivity (high Vc) of the hitherto simulated porin (OmpF),
the molecular mechanism by which the general diffusion porin gating occurs has not yet
been reported.

In the following, we report on extensive comparison of sub-microsecond scale MD simula-
tions that provide insights into the molecular basis of voltage gating in general diffusion por-
ins. Simulations were conducted on Omp-Pst1 and Omp-Pst2, two general diffusion porins
from Providencia stuartii [31]. The sequence identities with OmpF of Omp-Pst1 and Omp-
Pst2 are 50% and 46.1% respectively, while the RMS deviation of their Cα atoms (as measured
from their respective X-ray structures) are 0.94 Å and 0.89 Å respectively. Omp-Pst1 and
Omp-Pst2 show a high level of structural similarity, but owing to a completely different pat-
tern of charge distribution along their channel wall, the two porins display opposite ion selec-
tivities. Furthermore, whereas Omp-Pst1 gates at voltages above 199 mV, Omp-Pst2
undergoes the typical three-step gating at voltages as low as ~20 mV, making it the most volt-
age sensitive bacterial porin studied to date. Taking advantage of this striking contrast, we
constructed parallel simulations between Omp-Pst1 and Omp-Pst2 at positive, negative and
none transmembrane potentials (VTM; extracellular to intracellular). In Omp-Pst2, we ob-
served gating at VTM < 0 V, but not at VTM > 0 V, consistent with asymmetrical gating ob-
served experimentally. At VTM < 0 V, the gating stems from stable binding of cations in
acidic niches behind L3, which in turn disrupts the HBN anchoring L3 to the barrel wall and
thereby allows a local conformational change in conserved W111 at the tip of L3. The reposi-
tioning of W111 aromatic side chain in the middle of the CZ effectively halts ionic perme-
ation across the Omp-Pst2 channel. At VTM > 0 V, the HBN between L3 and the barrel wall
strengthens. The stabilized L3 impedes cation binding, and thus thwarts gating. In Omp-Pst1,
gating was not observed, regardless of the VTM applied. Additional hydrogen bonds in HBN
contribute to a more resilient L3. Altogether, our results suggest that the voltage sensitivity of
Omp-Pst1 and Omp-Pst2 is encoded in the HBN that anchors L3 onto the channel wall, and
that conformational changes in the side chain of conserved W111 at tip of L3 leads to
channel closing.

Results

Single channel electrophysiology
Reconstitution of a single Omp-Pst1 / Omp-Pst2 channel in a planar lipid bilayer showed a sin-
gle trimer conductance of 2.7 ± 0.1 / 3.7 ± 0.2 nS respectively at 1M KCl, pH 7. In the ion selec-
tivity measurements performed as described in [32], Omp-Pst2 shows strong cation selectivity
whereas Omp-Pst1 shows indistinctive cation selectivity (Table 1). For Omp-Pst1, the critical
voltage (Vc) for observing the typical three-step gating was�199 mV in all measurements
(n = 8). For Omp-Pst2, pore-to-pore variation was observed, and Vc measurements varied be-
tween 20 and 90 mV, with a median at 50 mV (n = 20).

Gating of Providencia stuartii Porins
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Simulated ion selectivity and conductance agree with experimental data
The crystallographic structures of Omp-Pst1 and Omp-Pst2 trimers were used as starting
model for the simulations. Briefly, each porin was inserted in a lipid bilayer, solvated at pH 7,
and the ionic concentration was adjusted to 1 M KCl. After equilibration, the two systems were
subjected to either a negative (VTM direction pointing from extracellular to intracellular) or a
positive transmembrane potential (VTM direction pointing from intracellular to extracellular)
and each simulation was ran for> 500 ns. Additional simulations without a transmembrane
potential were also carried out for both porins and each lasted for 100 ns. The β-barrel remains
rigid in all voltage conditions, showing RMS fluctuation lower than 1 Å (S1 Fig). Larger fluctu-
ation is observed in extracellular loops, especially in L1, L4, L5 and L6. L1 lies on the interface
of the trimer and interacts with the positively charged residues at anti-L3 regions from another
monomer. L4, L5 and L6 form secondary structure elements that associate to cover the extra-
cellular entrance of the channels. Applying transmembrane potentials does increase the ampli-
tude of loop fluctuation. However, according to the principal component analysis, their
movements are constrained in a radius of ~5 Å, as imposed by a strong network of polar inter-
actions between adjacent loops (S2 Fig).

In simulations with VTM 6¼ 0, anions and cations separate into two pathways at the CZ: cat-
ions (K+) trail along negatively charged L3 (residues Y98 to D123 in Omp-Pst1 and Y95 to
D120 in Omp-Pst2, respectively), while anions (Cl-) duct on the positively charged anti-L3 re-
gion (Fig 1A and 1B). In Omp-Pst1, K+ mainly shuffle between the acidic side chains of L3 resi-
dues D109 and D117, while Cl- interact with the basic side chains of anti-L3 residues K16, R20,
R41, R59, K65, R78, K163 and K170. In Omp-Pst2, these residues are D106, D114 and D117,
on the one hand, and R20, R38, R56, R75, K160 and K168, on the other.

Steady ionic currents were developed in the voltage-applied systems except for Omp-Pst2 at
VTM < 0 mV. As we show below, gating occurred in this simulation, thus impacting ion cur-
rent across the channels (Figs 2A and S3). In the other simulations, ion currents across the
channel reached excellent agreement with the experimental measurements after fluctuating for
~200 ns. The current curve suggests that long equilibration time (~100–200 ns) is required
when simulating porins at high ionic concentration (1M in our case). That this requirement
was not fulfilled in earlier simulations on porins at high ionic concentrations may explain the
discrepancy between their simulated and experimentally measured currents [4, 33]. From the
stable K+ and Cl- permeation after 200 ns or before gating in the case of Omp-Pst2 at VTM < 0
mV, we derived the simulated conductance via least-square linear regression of the I/V curve
(VTM = [–1, 0, 1] V). The raw conductance for Omp-Pst1 and Omp-Pst2 are 3.64 nS and 4.01
nS respectively, while the corrected values based on ion diffusion coefficients (See Methods)
are 3.95 nS and 4.47 nS respectively. The deviation from experimental observables might result
from poor data samples in regression fitting.

Table 1. Conductance, ion selectivity and critical voltage of Omp-Pst1 and Omp-Pst2 measured in single channel.

Porin Conductance* (nS) PK
+/PCl

-** Critical voltage (mV)

Omp-Pst1 2.7 ± 0.2 1.3 �199

Omp-Pst2 3.7 ± 0.1 8.3 ± 1.5 20–90

* Conductance of porins was measured at 1M KCl, 10 mM HEPES at pH 7.

** Selectivity of porins (cations over anions) was measured in presence of 100 mM KCl on cis side and 1M KCl on trans side at pH7.

doi:10.1371/journal.pcbi.1004255.t001

Gating of Providencia stuartii Porins
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Simulations indicate a strong cation-selectivity for Omp-Pst2 and a mild anion-selectivity
for Omp-Pst1 (Fig 2C), in line with experimental electrophysiology data and also with the anal-
ysis of their structures. The net charge of Omp-Pst1 is indeed +1 e at the constriction zone
(within 5 Å radius of channel’s narrowest point) and +5 e along the pore, while that of Omp-
Pst2 is -4 e at the constriction zone and -3 e along the pore. In the case of Omp-Pst2, we ob-
served that translocation of cations from the intracellular to the extracellular side is more effi-
cient than the other way around (and conversely for Cl- ions), as grounded by its two times
more pronounced cation-selectivity at VTM > 0 than at VTM < 0 (Fig 2C). This asymmetry in
ion selectivity correlates with the asymmetry in charge distribution (and thus with the gradient
of electrostatic potential) along Omp-Pst2 channel, which features more acidic residues on the
extracellular side than on the intracellular side. In Omp-Pst1, where the distribution of charged
residues is even along the pore (Fig 1C), ion selectivity and translocation rate are less affected
by the direction of the transmembrane potential (Fig 2C). Our simulations thus suggest that
the ion selectivity of porins is not only determined by the charge distribution at their constric-
tion zone [30, 34, 35], but also by the profile of charge distribution along the channel.

Voltage gating in Omp-Pst2 at VTM < 0 V
After 100 ns, a decline in ion fluxes was observed in the simulation of Omp-Pst2 at VTM < 0.
Examination of ion fluxes on a monomer basis reveals that the decline mainly stems from one
monomer in the trimer (monomer B) undergoing gating. At VTM < 0, K+ ions are forced to
translocate from the extracellular to the intracellular side, and inversely for Cl- ions. This direc-
tion of transit is unfavourable for cations, as suggested by the electrostatic potential developed
along Omp-Pst2 channel and established by the two times slower uptake of cations in compari-
son to the other direction. As this unfavourable flux gets heavier across the channel of mono-
mer B, it effects in disorganizing the HBN within L3 (S4 Fig). A main-chain flip consequently

Fig 1. Electrostatic properties of Omp-Pst1 and Omp-Pst2. (A) Charge distribution at constriction zone.
The constriction zone is defined as the area within 5 Å of the narrowest point of the channel. The negatively
charged residues are shown in red spheres and the positively charged in blue spheres. (B) Mode vectors of
cations (blue) and anions (red) for every 1 ns within the first 100 ns in the voltage-applied simulations. (C)
Electrostatic surface of anti-L3 side and L3 side. Contour color set as ± 100 kT/e. (D) Electrostatic potentials
along the pores calculated by HOLE. The values are normalized to intracellular entrance.

doi:10.1371/journal.pcbi.1004255.g001

Gating of Providencia stuartii Porins
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occurs after 84 ns in 112-GA-113, resulting in the opening a highly acidic niche (niche I) be-
tween L3 and the barrel wall (Fig 3A). The acidic nature of the niche mainly results from the
side chain oxygens of E258, a barrel-wall residue hitherto shielded from the bulk, but also from
the side-chain oxygens of N102, T105, T115 and N276. A K+ ion rapidly (within 0.5 ns) lodges
into niche I (Fig 3F), dragging along the side chain of D106. This results in the latter adopting a
barrel-facing conformation, thereby reinforcing of the acidic nature of the niche. The change
in orientation of D106 propagates to D114, whose side chain draws towards the channel
lumen, leading to yet another main chain rearrangement in L3 (~114 ns) (Fig 3C). Originating

Fig 2. The calculated current, conductance and ion selectivity fromMD simulations. (A) The currents are calculated every 50 ns monomer-wise and
the total channel currents are shown in in-set panels in comparison to the experimentally determined values (dash lines). (B) The conductances of the porins’
channel are obtained from the slope of their I-V curve. The raw channel conductances are shown. (C) The ion selectivity is determined as the ratio of K+ to Cl-

current. The value shown at each voltage is the averaged ratio from three monomers and the error bar corresponds to the standard deviation among
the three.

doi:10.1371/journal.pcbi.1004255.g002
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in 112-GA-113, these changes rapidly transduce to 111-WGAD-114 (~131 ns) and result in
W111 side chain wandering away from the barrel wall (Fig 3D and 3E). W111 movement ef-
fects in uncovering D312, a highly conserved barrel wall residue whose side chain oxygens hy-
drogen bond to the tip of L3 (main chain nitrogens of L110 andW111) in the crystallographic
structure of Omp-Pst2. Exposure of D312 side chain generates a second acidic niche (niche II)
in which another K+ ion binds ~10 ns latter (Fig 3F). Occupation of this niche effects in un-
leashing the tip of L3, and most notably, the side chain of W111 (Fig 3B). Originally con-
strained by Y20, K314 and V334, W111 first positions itself in the middle of L3 (~187 ns), but
finally ends up in the channel lumen (~260 ns). There, it imposes steric and hydrophobic hin-
drance to ions translocation, notably through the formation of a hydrophobic belt by Y95, Y99
and A103 side chains (Fig 3G). In the last 100 ns, translocation of K+ ions is diminished by ~3/
4 in monomer B, while that of Cl- ions by ~1/4 (S5 Fig).

In the two other monomers of the Omp-Pst2 trimer simulated at VTM < 0, a comparable se-
quence of events is observed, albeit incomplete and spanning a longer time scale. In monomer
C, a potassium ion binds in niche I after ~110 ns, following a main chain flip in 112-GA-113
(~80 ns). Similar to that in monomer B, binding of this first K+ ion induces a conformational
change in 111-WGAD-114 (~240 ns) that results in the detachment of W111 from the barrel
wall (243 ns) and the concomitant opening of niche II. However, binding of a K+ ion in this
niche occurs at more than 200 ns latter (~ 453 ns). Thus, D312 side chain remains in its native
conformation and migration of W111 side chain toward the channel lumen does not complete
(S6 Fig). Accordingly, only a slight reduction of K+ flux is observed, while Cl- flux remains un-
affected. In monomer A, binding of a K+ ion in niche I occurs after 327 ns, and the resulting
conformational change in 112-GA-113 after 350 ns. By the end of the simulation time, howev-
er, no K+ ion lodges into niche II. W111 consequently stays in place, and ionic fluxes remain
steady (S7 Fig). It is interesting to recall that in electrophysiology experiments, gating of the

Fig 3. Gating process in Omp-Pst2 monomer B at negative voltage. (A) Snapshots of L3 tip. In each
snapshot, residuesW104 to D117 are shown in cartoon; W111, D114, E258 and D312 in sticks; and K+

within 3.5 Å of the L3 tip in blue spheres. The acidic niche I (E258) and niche II (D312) are highlighted in gray.
(B) W111 movements in every 50 ns. The RMSD of 112-AG-113 (C), the phi/psi angle of W111 (D) and the
RMSD of W111 (E) are laid out to demonstrate the sequential events leading to niches exposure and
subsequent binding of cations within them (F). G) The electrostatic potential surface at 0 ns and 500 ns. The
extent of color scale is ± 100 kT/e. Y95, Y99, A103 andW111 are shown in sticks.

doi:10.1371/journal.pcbi.1004255.g003
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three monomers in a trimer also occurs sequentially. Thus monomers A, C and B could repre-
sent different Omp-Pst2 intermediates in the process of gating.

Steadier attachment of L3 prevents gating in Omp-Pst2 at VTM > 0 V
No voltage gating was observed in the simulation of Omp-Pst2 at VTM > 0. This observation is
consistent with experimentally observed asymmetrical gating behaviour [10, 36, 37]. Trajectory
analysis reveals that it is the stronger stabilization of L3 at VTM > 0 that impeaches gating. In
short, a main chain rearrangement in 112-GA-113 leads to exposure of E258 and concomitant
binding of K+ ions in niche I after ~340, 20 and 95 ns in monomers A, B and C respectively. In
the two latter, main chain rearrangements in W111 (after 210 and 340 ns in monomers B and
C, respectively) precede binding of K+ ions in niche II (after 245 and 351 ns in monomers B
and C, respectively). Nevertheless, K+ binding to niche II is less stable at VTM > 0 and gating is
hence not observed (S8–S10 Figs).

Two factors are responsible for the reduced gating sensitivity of Omp-Pst2 at VTM > 0. First
and most importantly, the HBN anchoring L3 to the barrel wall is more robust at VTM > 0
than at VTM < 0 (Fig 4A), owing to a more favourable orientation of acidic side chains. At VTM

> 0, the acidic residues on Omp-Pst2 L3 are indeed facing toward the barrel wall, facilitating
interactions with non-L3 residues. Major stabilizing interactions include: i/ a salt-bridge be-
tween E119 and R126; ii/ alternating hydrogen bonds between D117 and either Y99 or N102;
and iii/ an hydrogen bond between D114 and Y294 before the main chain rearrangements in
112-AG-113 occurs (Fig 4B). In strong contrast, L3 acidic residues adopt outward conforma-
tions in the simulation at VTM < 0, which prevents them from forming hydrogen bonds or
salt-bridges with neighbouring residues. Secondly, that the transit of K+ ions is energy fa-
voured at VTM > 0 and that these ions thus transit faster across the CZ furthermore diminishes

Fig 4. Comparison of hydrogen-bonding network on Omp-Pst2 L3 at two voltages. A) Hydrogen bonds
on L3 as a function of time. The color scale indicates whether the hydrogen bond is seen in 0, 1, 2 or 3
monomers of the trimer. The hydrogen bondW111-D312, which anchors L3 tip to barrel wall, is highlighted.
B) Snapshots of Omp-Pst2 L3 at 200 ns at VTM = +/- 1 V. The three charged residues D114, D117, E119, and
their hydrogen-bonding residues are shown in sticks.

doi:10.1371/journal.pcbi.1004255.g004
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their likelihood of forming stable interaction with D312. Their intermittent binding to niche II
does not trigger the repositioning of W111 side chain.

L3 fastening prevents gating in Omp-Pst1
From a structural point of view, Omp-Pst1 shares the critical features of two acidic niches under
L3, with E266 and D321 (equivalent to Omp-Pst2 E258 and D312) being the main contributors
to niche I and II, respectively. Likewise, an aromatic residue is found at its L3 tip, viz. W114
(equivalent to W111 in Omp-Pst2). Yet, gating was not observed in Omp-Pst1 on the time-scale
of our simulations, regardless of the directionality of the transmembrane potential. Accordingly,
the HBN holding L3 attached to the barrel wall, W114-D321, remained unaffected throughout
all simulations (Fig 5A). These observations are in faithful agreement with experimental data,
which established a higher Vc for Omp-Pst1 than Omp-Pst2 (Table 1 and S11 Fig).

At VTM < 0, binding of a K+ ion in niche I (~200 ns) occurs in monomer A, where it results
in a conformational jump of L3 residues 115-AG-116 (equivalent to 112-GA-113 in Omp-
Pst2) toward the extracellular side. In monomers B and C, however, neither binding of a K+

ion in niche I nor a conformational change in L3 is observed. Niche II meanwhile remains un-
occupied in all three monomers (S12–S14 Figs). At VTM > 0, binding of a K+ ion in niche I is
observed in monomers A and B (after ~196 and ~254 ns, respectively), which precedes a con-
formational change in 115-AG-116 (after ~300 and ~500 ns, respectively). But again, niche II
remains unoccupied in all three monomers (S15–S17 Figs). Thus at both VTM, and in all three
Omp-Pst1 monomers, D321 remains covered by the side chains of L113 and W114. The tip of
L3 is therefore kept fastened to the barrel wall, and W114 maintains its native, open-
state conformation.

Fig 5. Hydrogen-bond network on Omp-Pst1 L3. (A) Hydrogen-bonds on L3 as a function of time. The
color scheme is the same as in Fig 4A. Hydrogen bonds V110-Y309 andW114-D321 are highlighted. (B)
Structure of Omp-Pst1 L3. The hydrogen bond between V110 and Y309 highlighted in panel A is labeled out
in dash lines. (C) RMS Deviation of Y309 as a function of time in three monomers at VTM = +/- 1 V.

doi:10.1371/journal.pcbi.1004255.g005
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The discrepancy in the voltage sensitivity can be rationalized by a comparative analysis of
Omp-Pst1 and Omp-Pst2 structures. In Omp-Pst2, the tip of L3 is attached to the barrel wall
solely through hydrogen bonding of L110 and W110 main chain nitrogens to D312, whereas
the presence of Q270, S280 and Y309 in Omp-Pst1 contributes three additional hydrogen
bonds that manifestly increase the energy barrier of exposing the acidic niches (Fig 5B). The
lower sensitivity to voltage of Omp-Pst1 (S18 Fig) is thus encoded in the HBN holding L3 at-
tached to the barrel wall. Of note, we also observed asymmetry in HBN resilience in simula-
tions of Omp-Pst1. At VTM > 0, and not at VTM < 0, the hydrogen bond between Y309 and
V110 is disrupted at the end of the simulation. Therefore, Omp-Pst1 could gate faster at this
VTM (Fig 5C). Opposed asymmetries in voltage sensitivity were reported earlier for E. coli
OmpF and PhoE [10].

Discussion
This study reports on four 0.5 μs time-scale simulations conducted on the two porins from P.
stuartii, viz. Omp-Pst1 and Omp-Pst2, at different transmembrane potentials. Under applica-
tion of a negative transmembrane potential, we observed partial gating in one monomer of
Omp-Pst2 (monomer B). Trajectory analysis revealed that a sequential changes on L3, includ-
ing loop rearrangement and exposure of the hitherto hidden acidic niches, leads to protrusion
of W11 side chain in the channel lumen. The presence of this large indol ring in the middle of
the CZ hinders ion transit and results in the conductance of the monomer being decreased by
~50%. Based on curve fitting (I(t) = a × e-b×t) to the calculated currents, we estimate that the
time required for full closure is about tens of microseconds. Direct comparison from experi-
ments under similar transmembrane potentials (VTM = ±1 V) is not available, as lipid mem-
branes do not withstand application of high voltages in experiments. However, we note that it
was experimentally demonstrated that the time required for a bacterial porin to gate fully de-
creases exponentially as the applied voltage increases [6, 38]. Thus the estimated closing con-
stant of Omp-Pst2 could be plausible. In the rest of our voltage-applied systems, stronger
attachment of L3 loop onto the barrel wall was observed and the porins of study failed to un-
dergo gating. We thus propose that the strength of this hydrogen bond network determines
voltage sensitivity in the two porins from P. stuartii.

Based on our simulations, the most critical residues for porins (Omp-Pst2/1) gating are the
acidic niches residues E258/E266 and D312/D321, on the one hand, andW111/W114 on the
other hand. Sequence alignment with E. coli porins of known structures shows good conserva-
tion of these residues. First, all E. coli porins feature an aspartic acid at the position equivalent to
D312 in Omp-Pst2 (niche II; viz. D312, D315 and D302 in OmpF, OmpC and PhoE, respective-
ly). While E258 is not strictly conserved in terms of sequence position, negatively charged resi-
dues emanating from the barrel wall are found at other locations behind the L3 loop in E. coli
porins, where they could contribute to an equivalent of niche I (E296 in OmpF; E260 and D299
in OmpC; E248 and D287 in PhoE) (S19B and S19C Fig). Also, an aromatic residue is found at
the L3 tip of all E. coli porins (F118, F110 and F111 in OmpF, OmpC and PhoE, respectively)
(S19A Fig). That residues critical for the voltage-gating of Omp-Pst2 are highly conserved in E.
coli porins suggests that our gating model could apply to them as well. Furthermore, the lower
sensitivity to transmembrane potential of OmpF, OmpC and PhoE (~155, ~185 and ~135 mV,
respectively) correlates with the higher stabilization of their L3 loop onto the barrel wall. E. coli
porins indeed all feature an additional glutamic acid at the L3 tip (E117, E109 and E110 in
OmpF, OmpC and PhoE, respectively), which reinforces the attachment of their L3 tip to the
barrel wall by one (Y22 in PhoE) or two hydrogen bonds (Y22/Y22 and Y310/Y313 in OmpF/
OmpC). Thus, our proposal that it is the strength of the HBN attaching the tip of L3 onto the
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barrel wall that determines the likelihood of gating—and thus the sensitivity to voltage—is sup-
ported by examination of E. coli porins structures and by their Vc.

Further support to our proposed model for gating comes from mutagenesis data gathered
on OmpF, which, similar to Omp-Pst2, is cation-selective. Replacement of acidic residues L3
(E117C) and niches residues (D312N, E296L, E296A and E296Q) by neutral ones, or stabiliza-
tion of L3 by disulphide-bridge tethering onto the barrel wall (between E117C and A333C)
[19, 22] both leads to increased Vc in OmpF. Reversely, replacement of basic residues in the
anti L3 region (K16A, K16D, R42C, R82C, R132A, and R132D) [17, 18] leads to decreased Vc,
as expected from a heavier trafficking of cations at the CZ—and thus an easier binding behind
L3. That disulphide-tethering of L3 onto the barrel-wall does not suppress gating but merely
increases the required voltage [20] is in accordance with our observation that gating does not
require major conformation changes in L3, but a mere protrusion of an aromatic side chain in
the channel lumen (here, W111 from Omp-Pst2). It needs to be acknowledged that fitting
into our gating model mutagenesis data from anion-selective PhoE is less straightforward.
While the critical residues are conserved (S19D Fig), mutagenesis data are pointing to the op-
posite direction, as discussed earlier [10, 15]. Mutation of residues involved in the attachment
of the L3 tip to the barrel wall (E110C) or in the constitution of the acidic niche under L3
(E302C) indeed induce a decrease in Vc, while mutations of anti-L3 residues (R37C, R75C,
R37C/R75C, K18C) all provoke an increase in Vc [15]. We believe that similar calculations
need to be conducted on PhoE to provide an atomic level understanding of its possibly pecu-
liar gating behaviour.

A tormenting question is whether voltage gating is a mere experimental artefact or underlies
a functionally relevant regulatory mechanism. In early days, it was proposed that voltage gating
could be a means by which porins that are mistakenly inserted into the inner membrane keep
in the closed state [39, 40], because the Donnan potential of the outer membrane is� -30 mV
[39], while the inner membrane displays a transmembrane potential of about 160–200 mV (i.e.
a value close to the Vc of most porins). Yet, the observation that Omp-Pst2 displays a strong
propensity to gate (low Vc) suggests that this porin could, in the physiological context, rest in
the gated state. That the gating propensity is asymmetric, and that this asymmetry correlates
with the transportation of cations in an unfavourable direction—i.e. against the gradient of
transmembrane potential—furthermore raises the question as to whether voltage gating con-
ceals a role, for this porin, in the regulation of the cationic content of the periplasm. In humans,
the primary habitat of P. stuartii, is the urinary tract, where the ammonium (NH4+) concentra-
tion is high. As P. stuartii features a urease activity that degrades urea into ammonia and car-
bonate, the higher propensity of Omp-Pst2 to transport cations from the intracellular to the
extracellular side could participate in cleansing the bacterial periplasm of abounding cations.
That Omp-Pst2 display a strong propensity to gate when the cationic flux occurs from the ex-
tracellular to the intracellular side furthermore suggests an active participation in the regula-
tion of cationic fluxes across the outer-membrane. As new contributions of porins to bacterial
development are discovered [41, 42], the functional meaning of voltage gating requires to be
re-visited. In this context, molecular dynamics simulations hold the promise of allowing func-
tional insights at the atomic level of resolution, as shown by the present work.

Methods

System setup
The crystal structure of Omp-Pst1 and Omp-Pst2 were solved at 3.3 Å and 2.2 Å respectively
(PDB code 4D64 and 4D65 respectively). The crystal packing revealed an organization as di-
mers of trimers, viz. two symmetric, face-to-face trimmers. Chain A, B, and C of the crystal
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structures were taken out and used as starting models for the simulations. To create the lipid
bilayer whereto embed our porins during the simulations, we used dimyristoylphosphatidyl-
choline (DMPC), as this lipid is of adequate length to model the thickness of a bacterial outer-
membrane and has been used in a number of simulations studies on other bacterial porins [25,
43]. The bacterial outer-membrane is asymmetric, featuring lipopolysaccharides (LPS) on its
extracellular leaflet. In our simulations, we did not use LPS, given that both experimental data
collected on Omp-Pst1 and Omp-Pst2 reconstituted in LPS-containing bilayers and studies on
other porins [44] established that the translocation properties of porins are not influenced by
the presence of LPS. The trimeric structure of Omp-Pst1 and Omp-Pst2 were thus inserted
into a pre-equilibrated lipid bilayer consisting of 512 DMPC by using the Perl script Inflate-
GRO [45]. After the insertion, 58 DMPC were deleted, on the basis of steric clashes with the
protein. In the final configuration, the area per lipid (APL) reached 60 Å2. Lipid-embedded
Omp-Pst1 and Omp-Pst2 were then wrapped with 51,943 and 51,976 water molecules, respec-
tively, in a cubic simulation box of 13.7 × 13.7 × 13.7 nm3. Potassium and chloride ions were
added to reach a salt concentration of 1 M, and adjusted to provide neutral simulation systems.
The standard protonation state at neutral pH was used for charged residues.

Molecular dynamics simulation
Molecular dynamics simulations were performed using GROMACS 4.5 package [46], and all-
atom CHARMM force field for proteins [47] and lipids [48]. The TIP3P model [49] was used
for water molecules. In all simulations, periodic boundary conditions were used in x, y and z di-
rections. Electrostatic interactions were computed using the particle mesh Ewald (PME) meth-
od [50]. A Fourier spacing of 0.11 nm was used to avoid spurious drifts in the center of mass of
the system [28, 30]. The LINCS method [51] was used to restrain bond lengths, allowing inte-
gration steps of 2 fs and updating of the neighbor list every 5 fs (cut-off distance of 1.2 nm).
Lennard-Jones and Coulomb cut-off distances were set to 1.4 and 1.2 nm, respectively.

To prepare the simulation systems, we used the following procedure. First, the initial configu-
rations of the lipid-embedded Omp-Pst1 and Omp-Pst2 were optimized by four steps of energy
minimization, during which positional restrains were imposed on i/ all none-hydrogen atoms, ii/
main-chain atoms, iii/ Cα atoms and iv/ no atoms. Thereby, maximum forces lesser than 100 kJ.
mol-1.nm-1 was attained. The two systems were then thermalized to 310 K in six steps of NPT en-
semble, each lasting 500 ps. In the NPT ensembles, the pressure was kept constant at 1 bar inde-
pendently on the x-y plane (containing the lipid bilayer) and the z-axis direction (normal to the
lipid bilayer) by semi-isotropic coupling to a Parrinello-Rahman barostat with τP = 1.0 ps and a
compressibility of 4.6x10-5 bar [52], while the temperature was maintained at the target tempera-
tures (50 K, 100 K, 150 K, 200 K, 250 K, and 310 K) by weakly (τT = 0.1 ps) coupling lipids, pro-
tein and solvent separately to a V-rescale thermostat [53]. Each system was then subjected to
another 1 ns NVT ensemble at 310 K. After equilibration, the two systems were coupled to a ho-
mogenous electrostatic field E aligned with the z-axis, allowing for the simulations with an artifi-
cial transmembrane potential (E = VTM/LZ) of either +1 or -1 V (extracellular to intracellular).
As for controls, we also subjected the Omp-Pst1 and Omp-Pst2 simulation systems to NVT en-
sembles in the absence of an electrostatic field (VTM = 0 V). Simulations at VTM = 0 V were car-
ried out for 100 ns while those at VTM 6¼ 0 for 500 ns each. A recapitulation of the simulations is
given in S1 Table.

Data analysis
Net ion permeation events and residency times within the channels were calculated using
g_flux tool [54]. Ions that bound in niche I and II and the occupancy of the two niches were
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counted using the GROMCAS tool of g_select. Ions were required to move from one side of
the lipid to the other to count as a complete permeation event. The selectivity and conductance
of Omp-Pst1 and Omp-Pst2 were determined by calculating the current-voltage relationship
under different applied electric fields. In each simulation, the current contributed either by K+

or Cl- ions was determined through linear regression of the net ion crossing at every time inter-
val of Δt = 50 ns. At each voltage, the total current was the sum of K+ and Cl- currents, and con-
ductances were calculated as the slope of the current-voltage curves [55]. Voltage-specific ion
selectivity was calculated by using the ratio of K+ and Cl- current at each voltage. Simulated ion
diffusion coefficients were calculated from our 100 ns simulations at VTM = 0. Diffusion coeffi-
cients obtained for K+ and Cl- were 1.83 cm2/s and 1.86 cm2/s in the simulation of Omp-Pst1,
and 1.72 cm2/s and 1.95 cm2/s in the simulation of Omp-Pst2. The ratio of the experimentally
determined diffusion coefficients (1.96 cm2/s for K+ and 2.02 cm2/s for Cl- [56]) to the calculat-
ed ones was used to get the corrected conductance. In practice, the K+ and Cl- currents were
scaled by the ratio before calculation of the slope of the I-V curves. Ion densities within the
channels (S4 Fig) were calculated using the density calculation module in MDAnalysis tool
[57]. Hydrogen-bonding network analysis was performed using VMD (Figs 4A and 5A). Se-
quence alignments were performed using CLUSTALW. PhoE residue numbering was adjusted
to fit the nomenclature used in previous papers [10, 15, 18].

Electrophysiology experiment setup
Planar lipid bilayers were formed according to the monolayer technique of Montal and Mueller
[58]. The bilayer was formed across a hole that was about 50 μm in diameter in a 25 μm thick
polytetrafluoroethylene (PTFE) film. A lipid bilayer was prepared by spreading 1 μL of a 5 mg/
mL solution of 1,2-diphytanoyl-sn-glycero-3-phosphocholine in a solvent mixture of n-pen-
tane in the aperture. Ag/AgCl electrodes were used to detect the ionic currents. The electrode
on the cis side of the cell was grounded, whereas the other one on the trans side was connected
to the headstage of an Axopatch 200B amplifier. Purified detergent-solubilized porins (1 ng/
mL) were added to the cis side of the chamber in presence of 1M KCl, 20mM PO4 pH 4 and in-
serted into the bilayer membrane by applying a 150–200 mV voltage. The recordings were
made after diluting the same chamber with 1M KCl, 10mMHEPES pH 7.

Supporting Information
S1 Fig. RMS fluctuation. The root mean square fluctuation of protein main-chain atoms was
calculated from the 500 ns trajectory in the voltage-applied systems and 100 ns in the non-
voltage ones. Blue, green and red lines represent the values in monomer A, B and C respective-
ly. Chain assignment was taken from the crystal structures. The L3 region is highlighted out
in gray.
(TIF)

S2 Fig. Fluctuation of extracellular loops. The movements of extracellular loops were pro-
jected to the 1st eigenvector of the whole protein in each system. Snapshots were taken every
100 ns.
(TIF)

S3 Fig. Net ion permeation. The cumulative number of K+ or Cl- crossing events in each
monomer is traced as function of time. In each panel, blue, green and red lines represent cross-
ing events in monomer A, B and C respectively.
(TIF)
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S4 Fig. Ion density maps within the channel. The ion density was averaged from the first 100
ns simulations. Heavy ion densities are observed in the constriction zone of Omp-Pst1 and
both constriction zone and extracellular vestibule of Omp-Pst2. The red and blue contour sur-
faces are the Cl- and the K+ ions density of 0.003 Å-3 respectively. Each β-barrel denotes one of
the three monomers.
(TIF)

S5 Fig. Currents in Omp-Pst2 monomer B at negative voltage. Blue and red dots denote val-
ues for K+ and Cl- respectively. Black dots are the totally currents of K+ and Cl- combined. Cur-
rents were calculated every 50 ns.
(TIF)

S6 Fig. L3 movements of Omp-Pst2 monomer C at negative voltage. (A) Snapshots of L3 tip.
In each snapshots, residues W104 to D117 are shown in cartoon; W111, D114, E258 and D312
in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E258) and niche II
(D312) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
112-AG-113 (C), the phi/psi angle of W111 (D) and the RMSD of W111 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S7 Fig. L3 movements of Omp-Pst2 monomer A at negative voltage. (A) Snapshots of L3 tip.
In each snapshots, residues W104 to D117 are shown in cartoon; W111, D114, E258 and D312
in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E258) and niche II
(D312) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
112-AG-113 (C), the phi/psi angle of W111 (D) and the RMSD of W111 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S8 Fig. L3 movements of Omp-Pst2 monomer A at positive voltage. (A) Snapshots of L3 tip.
In each snapshots, residues W104 to D117 are shown in cartoon; W111, D114, E258 and D312
in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E258) and niche II
(D312) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
112-AG-113 (C), the phi/psi angle of W111 (D) and the RMSD of W111 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S9 Fig. L3 movements of Omp-Pst2 monomer B at positive voltage. (A) Snapshots of L3 tip.
In each snapshots, residues W104 to D117 are shown in cartoon; W111, D114, E258 and D312
in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E258) and niche II
(D312) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
112-AG-113 (C), the phi/psi angle of W111 (D) and the RMSD of W111 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S10 Fig. L3 movements of Omp-Pst2 monomer C at positive voltage. (A) Snapshots of L3
tip. In each snapshots, residues W104 to D117 are shown in cartoon; W111, D114, E258 and
D312 in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E258) and
niche II (D312) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
112-AG-113 (C), the phi/psi angle of W111 (D) and the RMSD of W111 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)
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S11 Fig. Gating of Omp-Pst1 and Omp-Pst2 in planar lipid bilayer. Representative ion cur-
rent trace and their corresponding histograms show three-step voltage gating of Omp-Pst1 at
-199 mV (A) and Omp-Pst2 at -50 mV (B). Buffer conditions: 1M KCl, 10 mMHEPES at pH 7.
(TIF)

S12 Fig. L3 movements of Omp-Pst1 monomer A at negative voltage. (A) Snapshots of L3
tip. In each snapshots, residues W107 to D120 are shown in cartoon; W114, D117, E266 and
D321 in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E266) and
niche II (D321) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
115-AG-116 (C), the phi/psi angle of W114 (D) and the RMSD of W114 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S13 Fig. L3 movements of Omp-Pst1 monomer B at negative voltage. (A) Snapshots of L3
tip. In each snapshots, residues W107 to D120 are shown in cartoon; W114, D117, E266 and
D321 in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E266) and
niche II (D321) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
115-AG-116 (C), the phi/psi angle of W114 (D) and the RMSD of W114 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S14 Fig. L3 movements of Omp-Pst1 monomer C at negative voltage. (A) Snapshots of L3
tip. In each snapshots, residues W107 to D120 are shown in cartoon; W114, D117, E266 and
D321 in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E266) and
niche II (D321) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
115-AG-116 (C), the phi/psi angle of W114 (D) and the RMSD of W114 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S15 Fig. L3 movements of Omp-Pst1 monomer A at positive voltage. (A) Snapshots of L3
tip. In each snapshots, residues W107 to D120 are shown in cartoon; W114, D117, E266 and
D321 in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E266) and
niche II (D321) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
115-AG-116 (C), the phi/psi angle of W114 (D) and the RMSD of W114 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S16 Fig. L3 movements of Omp-Pst1 monomer B at positive voltage. (A) Snapshots of L3
tip. In each snapshots, residues W107 to D120 are shown in cartoon; W114, D117, E266 and
D321 in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E266) and
niche II (D321) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
115-AG-116 (C), the phi/psi angle of W114 (D) and the RMSD of W114 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)

S17 Fig. L3 movements of Omp-Pst1 monomer C at positive voltage. (A) Snapshots of L3
tip. In each snapshots, residues W107 to D120 are shown in cartoon; W114, D117, E266 and
D321 in sticks; and K+ within 3.5 Å of the tip in blue spheres. The acidic niche I (E266) and
niche II (D321) are highlighted in gray. (B) W111 movements taken every 50 ns. The RMSD of
115-AG-116 (C), the phi/psi angle of W114 (D) and the RMSD of W114 (E) are laid out to
show the sequential events of exposure and binding of the two niches under L3 (F).
(TIF)
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S18 Fig. Gating of Omp-Pst2 at -20 mV in planar lipid bilayer. Upper panel: the ion current
trace; Lower panel: the corresponding histograms of the current trace. Buffer conditions: 1M
KCl, 10 mMHEPES at pH 7.
(TIF)

S19 Fig. Sequence and structure conservation between Omp-Psts and the E. coli general dif-
fusion porins. A) Sequence alignment of L3 of Omp-Pst1, Omp-Pst2, OmpF, OmpC and
PhoE. Identical residues are highlighted in red and similar residues in gray. The residue that
the blue triangle points out is the conserved aromatic residue at L3 tip. B) L3 tip of OmpF,
OmpC and PhoE. The conserved aromatic residues are shown in sticks; the glutamic acid and
the residue(s) it form hydrophone-bonding(s) with in sticks; and the main contributors of the
acidic niches beneath L3 in sticks and highlighted in gray.
(TIF)

S1 Table. System configurations.
(DOCX)
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