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Abstract
Nowadays, reports of antimicrobial resistance (AMR) against many antibiotics are increasing because of their misapplica-
tion. With this rise, there is a serious decrease in the discovery and development of new types of antibiotics amid an increase 
in multi-drug resistance. Unfermented Acinetobacter baumannii from gram-negative bacteria, which is one of the main 
causes of nosocomial infections and multi-drug resistance, has 4 main kinds of antibiotic resistance mechanism: inactivat-
ing antibiotics by enzymes, reduced numbers of porins and changing of their target or cellular functions due to mutations, 
and efflux pumps. In this study, characterization of the possible mutations in OprD (OccAB1) porins from hospital strains 
of A. baumannii were investigated using single channel electrophysiology and compared with the standard OprD isolated 
from wild type ATCC 19,606. For this aim, 5 A. baumannii bacteria samples were obtained from patients infected with A. 
baumannii, after which OprD porins were isolated from these A. baumannii strains. OprD porins were then inserted in an 
artificial lipid bilayer and the current–voltage curves were obtained using electrical recordings through a pair of Ag/AgCl 
electrodes. We observed that each porin has a characteristic conductance and single channel recording, which then leads to 
differences in channel diameter. Finally, the single channel data have been compared with the gene sequences of each porin. 
It was interesting to find out that each porin isolated has a unique porin diameter and decreased anion selectivity compared 
to the wild type.
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Introduction

Antimicrobial resistance is now a major global public 
health threat (Toner et al. 2015; Van Duin and Paterson 
2016; Yadav and Kapley 2021). There are almost no new 
antibiotics in the advanced stages of clinical tests despite 
the growing number of reports about bacteria developing 
new resistance mechanisms against many common antibi-
otics of our time (Arias and Murray 2009; Bassetti et al. 
2019; Fernández and Hancock 2012). In fact, our fight 
against bacterial infections can now be considered more 
challenging than human wars; there is no definitive imme-
diate solution to possible bacterial invasion currently and 
in the future, and this concerns all the governments across 
the world (Högberg et al. 2010).

Porins are nanochannels that span the outer membrane 
of gram negative bacteria and allow the entry of organic 
and biomolecular species like nutrients, antibiotics, ions 
into the cell membrane (Darcan 2012; Darcan et al. 2009; 
Vergalli et al. 2020; Welte et al. 1995). The mechanism 
of multi-drug resistant (MDR) is directly related to the 
low permeability of antimicrobial agents through the outer 
membrane porins and the extrusion of the agents that are 
able to pass in through the outer layer by efflux pumps. It 
is clear that most antibiotics have to interact with porins 
and pass through the channel to show their full activity 
against the bacteria (Danelon et al. 2006; Nikaido and 
Pagès 2012; Poole 2001; Prajapati et al. 2021).

Therefore, as a first line of defense, bacteria can develop 
resistance to antibiotic agents via these outer membrane 
porins by modifying them, reducing their number, or 
changing the porins expressed for one another. In par-
ticular, infections caused by A. baumannii have gained 
considerable importance in the last few years as a result 
of its ability to cause a variety of nosocomial infections, 
including respiratory tract, bloodstream and skin, and soft-
tissue infections (Abbo et al. 2005; Perez et al. 2007). A. 
baumannii is a MDR opportunistic pathogen and unques-
tionably a paradigm of MDR as almost all of the strains 
show resistance to antimicrobial agents (Costa et al. 2000; 
Perez et al. 2007; Vila et al. 1993).

Multi-channel and single-channel electrophysiology 
have been widely used to obtain insights into the mecha-
nism of MDR over porins/substrate-specific channels and 
pumps (Abdali et al. 2018; Dogan Guzel et al. 2021; Guzel 
and Citak 2018; Lou et al. 2011; Miethke et al. 2021; Wang 
et al. 2020). The conductance measurement of a single 
channel is carried out by adding small quantities of por-
ins (channels) to one side of an artificial bilayer forming 

chamber and the insertion of individual channels occurs on 
a time-resolvable scale (Arbing and Coulton 2003; Ebra-
himi et al. 2021; Gutsmann et al. 2015; Ozturk et al. 2021). 
Planar lipid bilayers are almost perfect insulators, so the 
presence of even a single conducting channel in a lipid 
bilayer is readily detected (Benz et al. 1978; Gutsmann 
et al. 2015; Hagge et al. 2002; Montal and Mueller 1972; 
Mueller et al. 1962; Neher and Sakmann 1976). Signal 
modulations (differences in conductance) are the basis of 
the analysis in electrophysiology experiments. As a result 
of the extreme contrast in conductance levels detectable 
in the experiments, electrophysiology is the most suit-
able technique for detecting minor changes in membrane 
conductance, providing crucial information about the size 
and functional characteristics of the channel (Montal et al. 
1981; Nekolla et al. 1994). In particular, substrate-specific 
channels of A. baumannii (OprD, HcaE (OccAB2), VanP 
(OccAB3), BenP (OccAB4), and OccAB5) have already 
been exclusively characterized using single-channel elec-
trophysiology, X-ray crystallography, and molecular simu-
lations in a previous study conducted (Zahn et al. 2016b). 
It was shown that the OprD possesses larger conductivity, 
thus a larger diameter than the others. OprD is essentially 
non-selective, while OccAB3 and OccAB4 display strong 
anion selectivity. DcaP of A. baumannii has later been 
also characterized in similar research (Bhamidimarri et al. 
2018). The single-channel electrophysiology approach to 
characterize porins seems an important way forward for a 
molecular-level investigation into MDR. In terms of porins 
of clinical strains, Bajaj et al. reported that the single chan-
nel recording of OmpC proteins of E. coli isolated from 
a single patient over a period of treatment time proved 
mutations in channels (Bajaj et al. 2016).

In this study, we aimed to investigate the factors that play 
an important role in the resistance mechanism of A. baumannii 
using clinical samples of bacteria and to reveal the molecular 
mechanisms leading to new, rational, and novel drug design. In 
particular, the goal was to characterize the porin-mediated pos-
sible resistance mechanisms at the molecular level using OprD 
channels extracted from clinical samples of the bacteria by 
characterizing the single-channel recordings and investigating 
the channel diameters and selectivity values of clinical strains. 
To do so, OprD-type channels extracted from clinical strains 
of bacteria gathered from different patients were characterized 
at a single molecule level using high-resolution single-channel 
electrophysiology methodology. To the best of our knowledge, 
it is the first time that clinical strains of OprD-type channels of 
A. baumannii were characterized in this manner and the results 
were compared with sequence analysis of porins.
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Materials and methods

Labelling of the channels

Ten clinical isolates and a wild-type strain were used in this 
study. Clinical isolates were obtained from the Medical Fac-
ulty of Adnan Menderes University. As a result of Sanger 
sequencing, 5 clinical isolates with different sequences were 
selected and the codes of the isolates are given in Table 1. 
A, B, C1/C2, and D were isolated from different patients, 
while C1 and C2 were obtained from the same patients in 
different time periods.

Cloning of OprD gene and isolation of OprD proteins

DNA isolation from clinical isolate and A. baumannii 
ATCC 19,606 strain were performed using the MACH-
EREY–NAGEL NucleoSpin Microbial DNA isolation kit. 
Then, the oprD (occAB1) gene was amplified by PCR reac-
tion using the obtained DNAs and two primer sets; oprD 
SF1; 5′GAA​ATC​CTA​GGC​CCT​GAA​CA3′, oprD SR1; 
5′GTG​GTC​CAG​TTT​AAA​CCA​GG3′, oprD SF2; 5′CGT​
TGT​TGG​TGA​CGG​ATC​AT3′ and occAB1(oprD)SR2; 
5'GCC​TAG​AGT​GTC​GCA​ATT​GA3') specific to OprD 
porin (Kaygusuz İzgördü et al. 2022). The amplified prod-
uct was electrophoresed on 1% agarose and then the PCR 
products for Sanger sequencing were purified using MACH-
EREY–NAGEL NucleoSpin Gel and PCR Clean-up kit and 
samples were sent for sequencing. All samples submitted 
for sequencing were aligned using the BioEdit 7.2 sequence 
sequencing program. After alignment, it was determined 
that the oprD gene sequences of 5 clinical isolates were 
not identical. In strains with the oprD gene sequence, this 
gene region was amplified by PCR reaction using pLATE51 
oprD forward (5′GGT​GAT​GAT​GAT​GAC​AAG​ATG​CTA​
AAA​GCA​CAA​AAA​CTTA3′) and pLATE51 oprD reverse 
(5′GGA​GAT​GGG​AAG​TCA​TTA​GAA​TAA​TTT​CAC​AGG​
AAT​ATCT 3′) primers and then ligated with the pLATE51 
vector and transformed into E. coli W3110 bacteria. After 
transformation, recombinant E. coli strains were induced 

with 0.5 mM IPTG and then centrifuged at 12,000 rpm 
for 5 min at 4 °C to collect the cell pellet (approximately 
1.1 × 1011 cell count). Then, proteins were purified accord-
ing to the Protino denatured Ni–NTA His-tag procedure 
from the collected 1 g cell pellet. 5 ml of NPI-10 (50 mM 
NaH2PO4, 300 mM NaCl, 10 mM imidazole pH 8.0) buffer 
was added to the collected 1 g cell pellet and the pellet was 
dissolved in this buffer. Lysozyme was then added to this cell 
suspension at a final concentration of 1 mg/ml and lysed on 
ice for 30 min. Then, the cells were sonicated 5–6 times at 6 
amplitudes. After sonication, the suspension was centrifuged 
at 10,000 g for 30 min at 4 °C and the supernatant was taken 
into a clean tube. Ni–NTA agarose, equilibrated by washing 
with NPI-10, was added onto the supernatant and incubated 
for 4 h with shaking at 9 rpm at 4 °C. After incubation, 
the supernatant was centrifuged at 4000 rpm for 1 min at 
4 °C. After centrifugation, the supernatant was transferred 
to a clean tube and stored at -20 °C. 800 µl of DNPI-20 
(50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 8 M 
urea pH 8.0) buffer was added to the pellet and the pel-
let was washed with this buffer. It was then centrifuged for 
1 min at 4000 rpm at 4 °C. This process is repeated 3 times. 
After the last wash, DNPI-250 (50 mM NaH2PO4, 300 mM 
NaCl, 250 mM imidazole, 8 M urea pH 8.0) buffer was 
added to the pellet and centrifuged for 1 min at 4000 rpm 
at 4 °C. This process was repeated 3 times. Then, purified 
proteins were analyzed by western blot using anti-his tag 
antibody. Trimming was performed with TEV protease (cat. 
No. E027) to remove the histidine tail from the protein after 
checking by western blot. Then, dialysis membrane treat-
ment was applied in 1X PBS to remove imidazole and urea 
from proteins and all samples were stored at − 80 °C. Porins 
were then diluted to 3 × 10–5 mg/ml (~ 0.6 nM) in a 1 wt% 
n-octylpolyoxyethylene detergent solution for single-channel 
experiments and stored at 4 °C for short-term use (Kaur et al. 
2021; Ozturk et al. 2021).

Single channel electrophysiology

The monolayer technique of Montal and Mueller was used 
to form planar lipid bilayers (Gutsmann et al. 2015; Montal 
and Mueller 1972; Ozturk et al. 2021). In this method, planar 
lipid bilayer was created over an about 100 μm wide aper-
ture opened on a Teflon film (Goodfellw, UK) with 25 μm 
thickness and placed in a custom-made teflon cuvette. The 
apertures was opened up using a custom-made controlled 
high voltage discharger setup (Ozturk et al. 2021). Two 
sides of the file form cis and trans cells of the cuvette. The 
teflon-made base was used to position the cuvette during 
the experiments. Each cell of the cuvette has the capacity 
to contain approximately 3 mL of electrolyte. Both sides of 
the surface of the teflon around the micro-pore were stained 
with 3 µL of a 95% hexane (Merck, DE) solution containing 

Table 1   List of the names for selected clinical isolates and wild-type 
strain codes

A. baumannii source OprD codes

Wild type Standard
8 A
10 B
5686 C1
5687 C2
6182 D
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1% hexadecane (Merck, DE). After the evaporation of the 
solvent in 15 min, a hydrophobic layer of hexadecane was 
formed around the micro-pore. 3 ml of 0.5 M KCl buffered 
with 10 mM HEPES (pH 8.0) were added to each cuvette 
cell, and placed in a custom-made Faraday box. Ag/AgCl 
electrodes (World Precision Instruments, Sarasota, FL) were 
immersed in each cell and attached to an amplifier (Axo-
patch 200B, Axon Instruments, USA) with a capacitive 
head-stage for electrical recordings. The electrode in the 
cis side was grounded, whereas the trans side electrode was 
connected to the head-stage. The amplifier was digitized by 
a digitizer (Axon Digidata 1550B, Axon Instruments, USA) 
and computer-controlled by Clampex 10.0 (Axon Instru-
ments, USA). A low-pass four-pole analog Bessel filter was 
used for filtering data at 2–10 kHz and digitally sampled at 
50–100 kHz. Clampfit 10.0 was used for data analysis. Elec-
trical noises were reduced by grounding the Faraday cage 
and the amplifier. The amplifier measures the current pass-
ing through the micro-pore in pA range. First, the current 
crossing through the micro-pore was measured by amplifier 
(Ipore˃20 nA) to show the micro-pore is open, and then 3 µl 
of 5 mg/mL 1,2-diphytanoyl-sn-glycero-3-phosphocholine 
(DPhPC—Avanti Polar Lipids, USA) lipid solution dis-
solved in 1 mL 95% n-pentane (Merck, DE)) was added to 
both cells of the cuvette. 5 mL micro-pipettes were used 
for pipetting up and down the solution and the current was 
recorded in the amplifier until the current value decreased to 
0 pA. This indicates that the planer lipid bilayer was formed 
around the micro-pore with a gigaohm seal. Then, single-
channel experiments were performed: 1 µl of 3 × 10–5 mg/
ml purified detergent-solubilized standard or clinical strains 
of OprD solution were added to the cis cell and different 
voltages (25, 50, 75, 100, 150, and 200 mV) were applied 
while mixing the chamber gently for channel insertion into 
the planer lipid bilayer membrane.

Reverse potential experiments

Selectivity experiments were performed with different 
electrolyte concentrations in cis and trans cells. For this, 
at first 1 M KCl was added to the cis and trans cells (pH: 
8.0, 10 mM HEPES). Afterward, OprD channels were added 
into the cis cell and different voltages were applied for the 
insertion of the channels in the lipid bilayer. After obtain-
ing a single channel insertion, the KCl concentration in the 
trans cell was diluted to 0.1 M. For dilution, approximately 
20 times 1 mL of 1 M KCl solution was taken from the trans 
chamber, and 1 ml of 0.1 M KCl solution (pH: 8.0, 10 mM 
HEPES) was added instead, and the concentration in the 
trans side was reduced to 0.1 M. Then, the applied voltage 
was gradually reduced to zero. The reversal potential was 
calculated using a negative current at 0 voltage. The current 
was recorded through the amplifier and the selectivity was 

calculated according to the Hodgkin–Katz (GHK) equation 
(Arbing and Coulton 2003; Benz et al. 1985; Hille 2001; 
Miedema 2002):

where acyt, aext, bcyt and bext indicate the activities of ions 
with za and zb valence in solution (RT/F = 25.3 mV at 20 °C) 
and Erev is reversal potential, respectively.

Results and discussion

In this study, clinical strains of OprD from A. baumannii 
have been characterized using single channel electrophysiol-
ogy and compared with the wild type to investigate the role 
of the channels in the development of the MDR mechanism. 
To do so, both single-channel recordings and microbiology 
results were analyzed and compared.

Clinical samples of OprD were isolated from the outer 
membrane of hospital strains of A. baumannii via a pro-
cedure previously used for the E. coli OmpF (Ozturk et al. 
2021). DNA isolation for Sanger sequencing of OprD porin 
genes was first performed from clinical specimens and wild-
type strain ATCC 19,606, and is shown in Fig. 1a. PCR was 
performed with two primers specific to the oprD gene with 
a size of approximately 700 bp from the isolated DNAs, and 
the obtained PCR products were purified before sequencing 
(Fig. 1b, c). Afterward, the samples were sent for sequenc-
ing and the oprD gene in the selected samples was cloned 
into the pLATE 51 vector and transformed into E. coli and 
the recombinant cell were confirmed using plasmid primers 
(Fig. 1d). OprD protein was isolated by overexpressing in the 
resulting recombinant cells, and the protein was confirmed 
by western blot analysis using anti-his antibody (Fig. 2). 
As a result of western blot analysis, it was determined and 
confirmed that the oprD gene was expressed and purified in 
E. coli. Gene product proteins obtained were later used in 
electrophysiology studies. 

The gene for our target protein on the plasmid was highly 
expressed using a promoter induced by IPTG added. to the 
medium. However, these highly expressed proteins can 
also accumulate as insoluble aggregates known as inclu-
sion bodies, and in this case they did. Buffers containing 
large amounts of denaturant (8 M urea) are used to dissolve 
these aggregates. The Ni–NTA purification technique used 
in this study enables the purification of polyhistidine-labeled 
proteins produced recombinantly by immobilized metal ion 
affinity chromatography (IMAC). Figure 2 shows that the 
protein was purified successfully, using Ponceau staining. 
In addition, with the removal of the denaturing agent after 
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the dialysis process, refolding from denatured proteins to 
active proteins can occur. However, there may be losses in 
the amount of purified protein available.

Base sequences of porin proteins of wild-type ATCC 
19,606 of A. baumannii and OprD of 5 clinical isolates 
were obtained and a comparison analysis is given in 
Table S1. It was determined that 4 of the clinical isolates 
(Isolates A, C1, C2, and D) matched with wild type A. 
baumannii ATCC 19,606, and B isolate matched 100% 

with A. baumannii ATCC 17,978 when a search was made 
on the NCBI sequence bank. While clinical isolate D and 
wild type had 100% base similarity except for the X cod-
ing regions, it was determined that there was 1 amino acid 
difference in isolate C2 and 2 amino acid differences in 
strains C1 and A. Isolates C1 and C2 are strains isolated 
from the same patient during treatment. Therefore, a 1 
amino acid difference was detected between these strains. 
However, a difference of 90 amino acids was detected 

Fig. 1   a Genomic DNA isolation of clinical strains of A. baumannii, 
b purification of A. baumannii clinical strains oprD SFR1, c purifica-
tion of A. baumannii clinical strains oprD SFR2 primer, d validation 

of the oprD gene with plasmid primer in recombinant E. coli strains 
[line M; Marker, line 1; strain 5686 (C1), line 2; strain 5687 (C2), 
line 3; strain 6182 (D), line 4; strain 8 (A), line 5; strain 10 (B)]

Fig. 2   A Western blot analysis of the expression of OprD protein in 
clinical A. baumannii strains expressed in recombinant E. coli using 
anti-His-tag antibodies. B Ponceau S staining results showing the 

purity of proteins prior to Western blot analysis [line M; marker, line 
1; strain 5686 (C1), line 2; strain 5687 (C2), line 3; strain 6182 (D), 
line 4; strain 8 (A), line 5; strain 10 (B)]
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between the 2 wild types. Therefore, there is a 90 amino 
acid difference between 1 clinical isolate and the other 4 
clinical isolates.

When the protein sequence data in Table S1 were fur-
ther examined, we noticed that there was a change in the 
47th amino acid (leucine amino acid > isoleucine) and 
48th amino acid (threonine > serine) in clinical isolate 
C1 compared to the reference strain. Likewise, while the 
amino acid at position 349 was aspartic acid in the refer-
ence strain, it was converted to the amino acid glutamic 
acid in clinical isolate number C2.

In electrophysiology experiments, the first experiments 
were carried out with standard OprD. OprD has a mono-
mer structure and has a conductance value of 535 ± 40 
pS (at 50 mV, 1 M M KCl) with a channel diameter of 
5–5.5 Å (Zahn et al. 2016b). The insertion of a single 
OprD channel in the lipid bilayer is given in Fig. 3a, and 
current time traces of a single OprD channel are shown 
in Fig. 3b.

Figure  3c shows OprD channel popping out of the 
bilayer upon the application of 200 mV voltage and the 
current returning to zero. Figure 3d shows the insertion of 
the second OprD channel in the lipid bilayer. It has been 
observed that more than one channel was usually inserted 
in the lipid bilayer. These standard OprD characterization 
experiments were repeated more than five times and all of 
the insertion events observed for OprD correlated with the 
literature. Conductance values and pore size for standard 
OprD were calculated using the equation:

where G is the conductance, r is the radius of the chan-
nel, l is the length of the channel (4 nm), and σ is the con-
ductivity of the solution (σ for 0.5 M KCl is about 5 S/m), 
respectively. The results show that the conductance of a 
single OprD channel in 0.5 M KCl solution buffered with 
10 mM HEPES at pH: 7.5 in the applied voltage of 100 mV 
is around 235 pS. This is in agreement with the result regard-
ing the single channel characteristic of OprD stated in the 
literature (Zahn et al. 2016b), and indicates that the recorded 
values belong to the single OprD channel. The diameter of 
the channel was calculated as 5 Å. This value is also com-
patible with the diameter (5–5.5 Å) of OprD stated in the 
literature (Zahn et al. 2016b). Though there are different 
methods for calculating the porin pore diameter like PEG 
partitioning, the above equation using conductance of a pore 
was utilized in the calculations for simplicity (Benz et al. 
1985; Cruickshank et al. 1997; Guzel and Citak 2018; Hars-
man et al. 2012; Lakey et al. 1985; Meuser et al. 1999; Mov-
ileanu et al. 2003; Rostovtseva et al. 2002; Szabó and Zoratti 
1992). The ions used for probing the pore structure have 
the same relative mobility while moving through the porin 
pore as they behave while moving in free solution. Thus, the 
single-channel conductances of the individual porins could 
be used to estimate the effective channel diameters of porins 
(Benz et al. 1985). It is worth mentioning that this approach 
only provides an approximation to the diameter calculation. 

r2 =
Gl

��s

Fig. 3   Single channel recordings of standard OprD channel. a Inser-
tion of single OprD channel in the lipid bilayer, b current time traces 
for single OprD channel, c popping out of the OprD channel from 
the lipid bilayer at 200  mV applied voltage, d insertion of the sec-

ond OprD channel at 200 mV applied voltage. Data were recorded at 
100 mV, in 0.5 M M KCl, HEPES buffer 10 mM (pH = 7.5), sampled 
at a frequency of 100 kHz, and filtered at 5 kHz)
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Unlike solid-state nanopores, protein pores require more 
detailed study. As mentioned next, the channel insertion 
of the clinical samples was not as easy as the insertion of 
other classical porins, making difficult experiments for any 
detailed study on pore diameter calculations.

The success rate of insertion of clinical samples of 
OprD into the lipid bilayer was comparatively low as 
opposed to the insertion of OmpF and wild-type OprD 
(some of the recorded insertions are shown in Figs. 
S1–S3). It is well-known that OmpF inserts into the lipid 
bilayer easily; however, we found that wild-type OprD 
insertion into the lipid bilayer was relatively difficult. 
Insertion of OprD clinical samples was even more dif-
ficult for some reason, which cannot be explained at this 
point but which may relate to bioactivity or stability after 
expression. Among the clinical samples, insertion of the 
C1 and C2 channels in the planer lipid bilayer were more 
difficult in comparison with the others. During the experi-
ments, we have only 4 successful insertions for C2, while 
the number of successful insertions for C1 was more than 
20 times. Figure 4 shows the current–time traces for single 
channel recordings of OprD channels and Table 2 shows 
the channel diameter for each one. While the calculated 
channel diameter for standard OprD was found to be 
5.0 ± 0.11 Å and close to OprD diameter literature value 
(5–5.5 Å) (Zahn et al. 2016b), different channel diameters 
were obtained for clinical samples (A ≅ 4.4 Å ± 0.09, B 
≅ 4.8 Å ± 0.09, C1 ≅ 4.4 Å ± 0.12, C2 ≅ 4.3 ± 0.04 Å and 
D ≅ 4.6 ± 0.05 Å). C2 has the smallest channel diameter, 
while B is the widest in terms of the channel size. These 
results show decreases in channel diameter in all clinical 
strains of OprD. Decrease in channel diameter is one of 
the defense and resistance mechanisms of bacteria against 
antibiotics (Cox and Wright 2013; Decad and Nikaido 
1976; Fernández and Hancock 2012). This is a sign of the 
impact of mutations in the clinical samples in general and 
in particular the constriction zone of OprD from clinical 
strains is narrower compared with that of the wild-type 
one. The results may also indicate that these decreases in 
channel diameter could be part of an A. baumannii resist-
ance mechanism, on the assumption that the OprD isolated 
from clinical strains is directly involved. Another signifi-
cant finding is the identical differences in the recorded 
current–time traces among all 6 OprD channels. This is 
also probably a consequence of mutation in clinical strains 
in comparison with standard OprD (Fig. 4).

B and D strains show fluctuations in their current–time 
trace, whereas A, and C1 are more stable. C2 has the most 
stable current–time trace with the least fluctuations. There is 
some noise in some of the recordings such as that of C2, this 
may be a result of electrical interference from the outside 
(noise caused by power sources, light, electrical connections 
etc.). Insertion of C2 into the lipid bilayer was relatively 

difficult; therefore, repetitive experiments could not be per-
formed to obtain signals without noise.

Last, we conducted selectivity experiments to understand 
if mutations also change the anion/cation selectivity of the 
channels which is a definitive parameter for the uptake of 
charged molecules and antibiotics. In most of the OprD 
channels, the distribution of charged parts is asymmetric. 
So that the extracellular side of the channel may exclude/col-
lect in a different way than the cytosol or the intermembrane 
side of the channel (Aguilella et al. 2011; Hille 2001). This 
asymmetric character can be analyzed by selectivity meas-
urements in which measured zero-current potentials (mV) 
vary depending on the channel nature and could be used 
as an indicative sign of selectivity. For an anion-selective 
channel, negative values for mV are observed and vice versa.

Table 2 shows the ion selectivity results for OprD chan-
nels calculated by the results of reverse potential experi-
ments. Selectivity results also show differences among the 
OprD channels. While the OprD channels were described 
as non-ion selective in literature (Zahn et al. 2016b), our 
results show that clinical OprD channels are anion-selective. 
Although all of the OprD channels show anion selectivity, 
the high anion selectivity was observed for standard OprD 
(PK

+/PCl
−: 0.030). A decrease in anion selectivity detected 

for clinical samples (calculated PK
+/PCl

− for channels: A: 
0.611, B: 0.416, C1: 0.730, C2: 0.709, D: 0.809) in general. 
There was a little difference in selectivity values between C1 
and C2 that was isolated from the same patient at different 
periods of time. When looking into the sequencing results, 
it was found that the DNA sequence for D is the same as the 
wild type, except the regions encoded with X (Fig. 5 and 
Table S1). In Sanger sequencing, read quality is often not 
homogeneous along the read length. The beginning and end 
regions generally have lower read quality than other regions. 
In the Sanger data obtained in the study, due to the quality 
of the reads corresponding to amino acid 27 of A. bauman-
nii ATCC 19,606 and amino acids 378, 421, 423, 429, and 
432 of sample D, these regions were coded with X, which 
may indicate any amino acid. The sequences of the codons 
corresponding to these amino acids and the amino acids 
encoded by these codons are given in Table S2. The region 
of each amino acid was sequenced twice and each time only 
one of the reads was found to be identical to the reference 
A. baumannii NCBI ATCC 19,606 genome. This suggests 
that there may be some differences in the sequencing of 
the sample D and the wild type. In our study, sequencing 
accuracy could have been improved by sequencing the same 
region multiple times using different sequencing methods. 
However, since the cost of sequencing is low and the gene 
region to be sequenced is small, the gold standard Sanger 
method was chosen for sequencing.

Single-channel traces look similar in characteristics 
except for that the noise and the conductance values of the 
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Fig. 4   Single channel current time traces and histograms of standard 
and clinical samples of OprD (Standard, A, B, C1, C2, and D, respec-
tively). Standard channel: (100  mV, 0.5  M  M KCl, HEPES buffer 

10 mM, pH = 7.5, sampling frequency 100 kHz, filtering at 5 kHz). 
Clinical samples: (100  mV, 0.5  M  M KCl, HEPES buffer 10  mM, 
pH = 8, sampling frequency 50 kHz, filtering at 2 kHz)
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wild type and sample D are closer compared with other clini-
cal samples, it is interesting to find that the selectivity values 
(0.030 and 0.805, respectively) are very different. As men-
tioned above, the wild type and D porin have high similarity 
in sequences, but the selectivity of standard and D porin are 
very different, almost 20 fold, although being expressed in 
similar conditions, while selectivity of D protein is in line 
with previously published data (Zahn et al. 2016b). Accord-
ing to the standard OprD sequence, there are 2 amino acid 
differences in the A and C1 sequences and 1 amino acid 
difference in the C2 sequence. These are amino acids 47 
and 48, and amino acid 346, respectively, and are located 
in the β-strand. The sequence of clinical sample B differs 
by 90 amino acids from the standard OprD. There is also a 
deletion of 10 amino acids. The OprD has 18 β-strands, and 
β-strands have the main influence on the permeability data 
of the channel as a constriction zone. L3 and L7 loops are 
responsible for the constriction zone, which mostly governs 
selectivity and permeability. It is the β-strand that affects the 
diameter and conductivity of the pore. When DNA sequence 
results are evaluated, no mutations are seen in these loops 
except for sample B, in which there are mutations in the 
β-strand and deletion was seen in loops L7 and L11. Sample 
B has the closest value to the wild-type conductance and 
thus diameter, even though it is the only clinical isolate that 
possesses a deletion in its β-strand. As opposed to that, the 
selectivity value is the closest to that of the standard OprD. 
Conductance values for samples A, C1, and C2 are relatively 
different than that of the standard OprD. Among samples C1 
and C2, there is a slight difference in both conductance and 
selectivity. Mutations and deletions in the 3D structure of 
the OprD protein are shown in Fig. 6.

When the conductance and channel diameter results 
obtained from the single channel electrophysiology experi-
ments are evaluated together with the results of the sequence 
analysis, it becomes clear that the single-channel current 
time traces obtained for each OprD channel is different with 
identical characteristics in signal fluctuations, conduct-
ance level, diameter and selectivity, this is one of the most 
important results from the experiments. The difference in 

the current time traces shows that the current modulations 
that arise from the movements of the loops are also differ-
ent. Interestingly, the diameter values were calculated to be 
low in all clinical strains with point mutations. Even though 
sample D has the same sequence with the standard one, it 
also shows differences in respective values. The selectivity 
of standard and D porin are very different, almost 20 folds. 
Compared to the work carried out by Zhan et al. (2016b), it 
is clear that there are differences in various findings. While 
selectivity of wild-type porin is different from literature, D 
protein selectivity is in line with the study conducted by 
Zahn et al. This may be due to the differences in expres-
sion approaches: we sequenced the oprD gene region of A. 
baumannii ATCC 19,606. This sequence has been compared 
to both AB307-0294 and ATCC 19,606 found in NCBI. 
As a result of the comparison, it was determined that all 3 
sequences were 100% identical except the regions encoded 
with X. Due to the reading quality of the Sanger method, as 
also stated above, there is a possibility of mutations in some 
regions in the sequence of sample D. Possibility of a point 
mutation may results in high change in electrophysiology 
experiments, as previously shown by Lou et al. (2011). In 
addition, protein gene expression was performed in different 
plasmids, while the transformation was also performed in 
different strains of E. Coli. These differences may slightly 
change the folding shape that provides the 3D structure of 
the proteins and may differentiate the measurement results. 
Changes in 3D structure may include variation in lengths, 
conformation and orientation of extracellular loops, and 
charge distribution around the loops and at the constriction 
zone. Confirmation for the reasons leading to the changes 
requires further studies with X-ray crystallography.

D. Güzel et al. recently reported that porins show dif-
ferent characteristics when homologous expression of the 
native protein was used, where any issues with membrane 
structure, coding and aggregation is overcome (Dogan Guzel 
et al. 2021). In the environments of intensive care units in 
the clinic, microorganisms are exposed to different chemi-
cals and disinfectants, thereby different environments than 
their laboratory environment, such as pH. Ghai et al. showed 
that pH, temperature, oxidative stress, and toxic compounds 
change the expression level of OmpC and OmpF (Ghai and 
Ghai 2017). Its direct effect on porins (3D folding of the 
protein, its location into the lipid cell membrane, etc.) is 
not fully known. The differences in clinical samples should 
perhaps be more discussed in the context of their exposure to 
the chemical changes in their surroundings. It seems that it 
is hard to exclusively explain the reason behind the changes 
in light of only sequencing results. As mentioned in above, 
the ion selectivity of Porin D changes already by a factor of 
20 as compared to standard. This is clear that, small change 
of the diameter of the channel cannot result in such a large 
change of selectivity. This must be the result of a change in 

Table 2   Conductance (100 mV, 0.5 M M KCl, HEPES buffer 10 mM, 
pH = 7.5), calculated diameter and selectivity values for standard and 
clinical OprD (A, B, C1, C2, and D) channels

OprD Conductance at 
100 mV (pS)

Diameter Å Selectivity 
(PK

+/PCl
−)

Standard 235 5.0 ± 0.11 0.030
A 193 4.4 ± 0.09 0.611
B 219 4.8 ± 0.09 0.416
C1 189 4.4 ± 0.12 0.730
C2 183 4.3 ± 0.04 0.709
D 210 4.6 ± 0.05 0.809
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Fig. 5   ESPript sequence alignment of OprD channels (wild type and clinical samples) of A. baumannii 
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3-D structure and/or a mutation of an amino acid. The pri-
mary structures of OprD channels shown in Fig. 5, indicate 
that mutations are not directly responsible for the change 
in selectivity. Probably change in 3-D structure of channels 
can result in this high change in anion selectivity. Perform-
ing Molecular Dynamics (MD) simulations in further stages 
may help clarify the complexity, while X-ray analysis may 
also be useful.

Conclusion

In this study, OprD porins were isolated from wild-type A. 
baumannii and 5 different A. baumannii clinical strains. 
Single channel electrophysiology current–time traces were 
obtained for OprD channels. Conductance and channel 
diameter were calculated for all samples. Different conduct-
ance and diameter values were obtained for every 6 samples 
and as a result, it was determined that there were differences 
in OprD channels from clinical strains in comparison with 
standard OprD. It is unexpectedly striking to see that the 
single-channel recordings and associated results are differ-
ent between clinical samples and standard OprD and this is 
almost independent from the mutations. We believe that our 
results would help to understand that the clinical samples 
produce different single-channel characteristics.
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