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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
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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 outer membrane 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 contains water-filled
protein channels called porins, which facilitate the diffusion of hydro-
philic molecules into the cell [14]. Porins spanning the outer membrane
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
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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-positive mycolata group of bacterium comprises microorganisms
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. coli DH5Alpha cells were grown in LB medium at 37 °C with ampicillin
antibiotic used for selection. E. coli BL21 (DE3) Omp8 was utilized for
expression experiments. 100 pg/mL ampicillin and 40 pg/mL kanamycin
were used for selection.

2.2. Site directed mutagenesis of genes NfpA and NfpB

Cultures of E. coli DH5AIpha grown at 37 °C, containing the pARAJS2
plasmids harboring wild-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 to megaprimers with typical lengths of 250-300 bp
and in the second step these megaprimers were used as primers for sec-
ond PCR. The conditions used were: first step 95 °C for 1 min, 30 cycles
at 95 °Cfor 305, 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.
Dpnl 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 ODggg 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 xg 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 xg for 10 min at 4 °C. The supernatant was ultra-
centrifuged at 48,000 xg 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 fraction was 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
xg for 30 min. The precipitated protein pellet was refolded to native
state by incubating at 4 °C in 150 mM NacCl, 25 mM Tris-HCl and 1%
Genapol.

24. 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 pg 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 L)
was diluted into 630 pL 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 um
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 KCI) 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
obtained while stirring under applied voltage. Channel insertion was 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 and with 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 (7.) and the fre-
quency of blockage events (v). The association rate constants k,, were
derived using the number of blockage events, k., = v / [c], where c is
the concentration of antibiotic. The dissociation rate constants (ko)
were determined by averaging the 1/7. 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, and mutated them to neutral



656 P.R. Singh et al. / Biochimica et Biophysica Acta 1848 (2015) 654-661

amino acids with 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 KCI 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 the mutations. 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 homology modeling we 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-arginine with 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

lon selectivity measurements of both the WT and mutant 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 the membrane. At high salt con-
centration (1 M KCI/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 because many negatively
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

Table 1

E123Q
E144Q
D127N

E140Q

D142N
D141N

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.

and amino acids. The rate of diffusion of sugars and amino acids was 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 large molecules, such as raf-
finose. This suggested a larger exclusion limit of the channel which may
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 glucose were approximately 20% lower than arab-
inose. Liposome swelling assays performed on N. 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

Mutations performed in both the NfpA and NfpB subunits of N. farcinica porin. This table shows the conductance at 1 M KCl and 20 mM HEPES, pH 7.5 once the mutants have been refolded.

Mutations in NfpA

Mutations in NfpB

Average conductance (nS)

n=10
Wild-type (WT) E123Q, E144Q, D127N, E140Q 31+02
D141N, D142N E123Q, D127N 2.8 £ 03
D141N, D142N E123Q, E144Q, D127N, E140Q 2.7 + 0.3 (selected for further studies)
D141N, D142N E123Q, E144Q, D127R, E140Q 22+ 0.1

E101K, D141N, D142N, D181R

E123Q, E144Q, D127N, E140Q

No channel-forming activity observed
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Table 2
lon selectivity of WT and mutant N. farcinica channels using different KCl concentration gradients on both sides of the DphPC membranes.
N. farcinica Concentration gradient Reverse potential on the more Pc/Pa
[cis/trans] dilute side [mV] (n=3)
Wild-type (WT) 1 M KCl/150 mM KCl 23+1 38402
500 mM KCl/75 mM KCI 3341 7.8 +£ 03
Mutant 1 M KCl/150 mM KCl 21 +£1 32+02
NfpA (D141N, D142N) 500 mM KCl/75 mM KCl 27 £1 48 + 0.2

NfpB (E123Q, E144Q, D127N, E140Q)

sugars or amino acids tested were 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 pM concentration to the cis-side of the
membranes. lon 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
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Fig. 2. Liposome swelling assay performed for both WT and mutant 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.

interaction. In contrast to this, we did not observe at applied positive
voltages any interactions, which might 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 KCI to
150 mM KCl. 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 <24 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 ps to 800 ps with an average residence time of 200 ps for the
WT channel. In the case of the mutant channel, the average residence
time decreased to something like 100 ps close to the time resolution
limit of our instrumentation. We also observe a slight decrease in ampli-
tude of amikacin blocking in mutant channel compared to the WT 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 kanamycin with the pore was 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 ps 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
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cis-side of the mutant channel at an applied voltage of — 150 mV. (E) Event histogram of amikacin with the mutant channel. (F) Amplitude-dwell time scatter plot of amikacin events with

the mutant channel. Experimental conditions were 150 mM KCl and 10 mM HEPES, pH 7.4.

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

Wild-type Nocardia farcinica porin, 150 mM KCI, 100 pM Kanamycin added to cis side at -150 mV

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
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Fig. 4. Interaction of kanamycin (chemical structure top right) with WT and mutant N. farcinica channel. (A) 100 uM kanamycin was added to the cis-side of the WT channel at an applied
voltage of — 150 mV. (B) Event histogram of kanamycin with the WT channel. (C) Amplitude-dwell time scatter plot of kanamycin events with the WT channel. (D) 100 uM kanamycin was
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 ps 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 (>200 mV), 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, here we 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

5 pM Amikacin added to cis side, Nocardia farcinica wild-type pore
A -200 mV

50 ms trace

charged and thus no interaction was observed with 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 ps) 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.

lon 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 the mouth of the channel af-
fected the permeation of a negatively charged molecule, which corre-
lates well with our observations.

Open state

Closed state

100 pM Kanamycin added to cis side, Nocardia farcinica wild-type pore

=200 mV

50 pAl
ms

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 voltage with 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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A) Wild-type Nocardia farcinica porin, 5 mM Ertapenem

added to trans side, 1 M KCI, -100 mV

LA 1 i

B) Mutant Nocardia farcinica porin, 5 mM Ertapenem
added to trans side, 1 M KCI, -100 mV

50 pAl

10 ms
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Fig. 6. Interaction of ertapenem (chemical structure top right) with WT and mutant N. farcinica channel. Ion current trace obtained when ertapenem was added to the trans-side of the
channel at an applied voltage of —100 mV for (A) WT porin and (B) mutant porin. (C) Number of event plotted against concentration of ertapenem added to both WT and mutant
porin in both extracellular (cis) and periplasmic (trans) side of the channel. Experimental conditions were 1 M KCl and 10 mM HEPES, pH 7.4.

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 single molecule level. Well defined ion current fluctuations were 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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