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Abstract

Copper (Cu), one of the heavy metals, plays a vital role in many complex biochemical reac-
tions as a trace element. However, it often becomes toxic when its concentration in the cell
exceeds a certain level. Homeostasis of metals in the cell is primarily related to regulating
metal transport into and out of the cell. Therefore, it is thought that porin proteins, which have
arole in membrane permeability, may also play a role in developing Cu resistance. This study
identified the differences between the molecular profiles of wild-type Escherichia coli W3110
and its seven different porin mutants exposed to Cu ions using attenuated total reflectance
(ATR)-Fourier transform infrared (FTIR) spectroscopy. The results showed that the absence
of porin genes elicits global changes in the structure and composition of membrane lipids and
proteins, in both the absence and presence of Cu. The lack of porin genes significantly ele-
vated the amounts of fatty acids and phospholipids. When the alterations in protein secondary
structures were compared, the quantity of amide I proteins was diminished by the presence of
Cu. However, the amount of amide II proteins increased in porin mutant groups independent
of Cu presence or absence. The DNAs are transformed from B- and Z-form to A-form due to
porin mutations and the presence of Cu ions. The lack of porin genes increased polysaccharide
content independent of Cu presence. This study can help characterize Cu detoxification effi-
ciency and guide for obtaining active living cells to be used in bioremediation.
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1 Introduction
Metals are essential for living organisms as they act as structural or catalytic components of

biomolecules [1, 2]. Despite their critical role in cellular reactions, metals show toxic prop-
erties when their concentration exceeds a certain level [3]. Therefore, regulating the metal
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concentrations is extremely important for cellular activities [4, 5]. Waste materials pro-
duced by industrial production contain large amounts of heavy metals. The direct discharge
of this type of waste material into the environment increases the metal concentration in the
ecosystem. With this increase, heavy metals accumulating in nature have become one of
the most critical environmental problems negatively affecting the life of organisms [6, 7].

Bacteria have complex metal homeostasis mechanisms to maintain the sensitive balance
between metal starvation and toxicity [8]. When the extracellular concentration of a par-
ticular metal increases, bacteria must first inhibit metal entry to maintain metal homeostasis
and prevent cellular damage [3]. In Gram-negative bacteria, the outer membrane is the first
barrier to metal penetration into the cell. It is provided by the outer membrane proteins that
enable or prevent the penetration of the metal into the cell [9]. Porin proteins in the outer
membrane are water-filled channels that allow the uptake of hydrophilic compounds smaller
than 600 kDa through their central holes and show specific or non-specific permeability [10].
Therefore, it is thought that porin proteins may have a role in developing metal resistance.

Bacteria adapt to the environment by altering various metabolic pathways to survive
under heavy metal concentrations [11, 12]. During this adaptation, the structure and func-
tionality of all cellular molecules have been reported to be modified [13, 14]. Attenuated
total reflectance (ATR)-Fourier transform infrared (FTIR) spectroscopy, a fast, inexpen-
sive, and easy method, is often used to study these biomolecular modifications [15]. Spec-
tral data obtained from ATR-FTIR spectroscopy provide essential information about the
biochemical composition of the bacterial cell [16, 17]. ATR-FTIR spectroscopy is gen-
erally used for separating, classifying, and identifying bacteria [18-21]. However, it has
recently started to be used in many different areas of bacterial research. For example, bac-
teria’s functional and chemical composition can be identified without damaging biological
samples such as bacterial cellulose or bio-cellulose [22, 23]. Moreover, studies show that
ATR-FTIR spectroscopy can rapidly identify heavy metal-resistant bacteria and is used to
identify molecular changes in lipids, proteins, and nucleic acids of bacteria exposed to lead
and cadmium metals [24]. Furthermore, the cell wall structures of bacteria are special-
ized to provide metal detoxification by the presence of various surface organic functional
groups with high affinity for metal binding. FTIR spectroscopy has also been used to iden-
tify these functional groups [25, 26].

The increasing heavy metal pollution in the environment has become a threat to the
health of living things, and there is a growing trend to obtain bacterial strains that can be
used for bioremediation processes [27]. Gram-negative bacteria have an extra membrane,
called the outer membrane, that protects itself against various environmental conditions
[28]. Many porin proteins’ functions have been determined, comprising about half of the
outer membrane. The leading porins of these proteins, OmpF and OmpC, are associated
with permeability and lead to the transport of ions, nutrient molecules, amino acids, and
sugars across the outer membrane [29]. In addition, different roles of ompA, which func-
tions in the integrity of the bacterial cell surface [30, 31], such as participating in biofilm
formation and acting as a receptor for several bacteriophages, have been determined [32].
The literature shows that the mechanism of porin synthesis is very complex, and factors
such as starvation, pH, and temperature are involved in the transcriptional and translational
control of porins [33-35].

Porins are water-filled channels formed in the B-barrel structure that allow hydrophilic
molecules in the outer membrane to be transported across the membrane [36, 37]. Any
change in these structures directly alters the pore structure and causes the molecules enter-
ing the cell to change [38]. There are many studies on this subject. Low et al. [39] studied
Escherichia coli strains exposed to different antibiotics and determined two mutations in
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the OmpC porin of resistant cells. Similarly, studies conducted in E. aerogenes [40] and
Neisseria gonorrhoeae species [41] determined that the decrease in antibiotic susceptibil-
ity resulted from changes in porin proteins. The study by Bouffartigues et al. [42] reported
that the deletion of the porin gene supports biofilm formation. In contrast, the study by
Ruffing determined that the production of fatty acids increased in the porin mutant bacteria
[40]. They showed that specific lipopolysaccharide (LPS) domains are essential in plac-
ing porins on the outer membrane and that these interactions form mechanisms that main-
tain the stability and impermeability of the outer membrane [41]. Moreover, in studies, the
metal resistance processes in bacteria were chiefly determined by investigating the expres-
sion profiles of candidate genes in the presence of metal stress [42—44]. However, how the
absence of porin genes affects biomolecules in the cell under metal stress is not yet known.
Therefore, this study aimed to elucidate the biomolecular changes in wild-type Escherichia
coli (E. coli) W3110 and its seven different porin mutants (ompA, ompC, ompF, ompG,
ompT, lamB, and phoE) both in the presence and absence of copper (Cu) ions by using
ATR-FTIR spectroscopy.

2 Materials and methods
2.1 E. coli strains used in the study

The wild-type E. coli W3110 and E. coli BW25113 mutant strains were obtained from the
Keio collection of the National Institute of Genetics of Japan. The target seven-gene region
from E. coli BW25113 strains was transferred to wild-type E. coli W3310 using the Plkc
phage transduction method and used in studies [45, 46]. Wild-type E. coli W3110 and mutant
cells used in this study, shown in Table 1 and found in the microorganism collection, are cur-
rently stored in a deep freezer at—80 °C.

2.2 Bacterial growth conditions

The stock solution of CuSO, metal used in growth was prepared by dissolving in water to
0.2 M and was sterilized by the 0.22-pm pore-size filter membrane. Minimal inhibition
concentration (MIC) and minimal bactericidal concentration (MBC) values of Cu against
wild-type and mutant cells were determined [47]. In metal-containing growth experiments,

Table 1 E. coli W3110 strains used in the study

Laboratory Genotype Source
stock number

W3110 Wild type

CD200 W3110 ompA::km It was achieved in the research project numbered 2015-01.BSEU.04-02
CD201 W3110 ompC::km It was achieved in the research project numbered 2015-01.BSEU.04-02
CD202 W3110 ompF::km It was achieved in the research project numbered 2015-01.BSEU.04-02
CD203 W3110 ompG::km It was achieved in the research project numbered 2015-01.BSEU.04-02
CD204 W3110 ompT::km It was achieved in the research project numbered 2015-01.BSEU.04-02
CD205 W3110 lamB: :km It was achieved in the research project numbered 2015-01.BSEU.04-02
CD206 W3110 phoE::km It was achieved in the research project numbered 2015-01.BSEU.04-02
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the metal stock solution was added to the media at a concentration % times the MIC value
of wild-type E. coli W3110. Wild-type E. coli W3110 and mutant strains were incubated
for 18 h at 37 °C in test tubes containing 5 ml of Luria—Bertani (L.B.) broth. The density
of bacteria was adjusted to 0.005 absorbance value at ODg, in flasks containing 15 ml of
L.B. Growth experiments were carried out with the addition of metal in one set and the
absence of metal in the other. In metal-containing growth experiments, a Cu stock solution
was added to the media at a final concentration of 2.8 Mm. Wild-type E. coli W3110 and
W3110 mutant strains were grown at 37 °C under aerobic conditions in an orbital shaker at
160 rpm for 8 h. As a result of incubation, each sample of 1 ml was taken from the grown
cells. The bacterial suspensions were centrifuged for 10 min at 10,000 g. The superna-
tants were removed, and pellets were washed twice with 1 ml of 1X PBS buffer. PBS was
removed entirely from the samples.

2.3 IR spectroscopy experiments and data analyses

The IR spectra of bacteria were obtained using Frontier FTIR Spectrometer (PerkinElmer,
USA) equipped with a universal ATR Miracle accessory. The grown cell pellets were
resuspended in 100 pl of distilled water. The spectrum of air was used as a reference. A
total of 10 pL of the sample was placed on a diamond/ZnSe crystal plate (PerkinElmer,
USA). The bacteria were scanned over the spectral range 4000 to 650 cm™" with a resolu-
tion of 4 cm™! and 32 scans at room temperature. The second derivative IR spectra were
used in all spectral analyses.

3 Results and discussion

This study showed biomolecular changes in wild-type E. coli (W3110) and its seven
different porin mutants (ompA, ompC, ompF, ompG, ompT, lamB, and phoE) were
comparatively investigated in both the presence and absence of Cu ions. Our previ-
ous study determined Cu’s minimum inhibitory concentration (MIC) as 936 pg/ml for
wild-type E. coli W3110 (Table 3). The metal stock solution was added to the media
at a concentration % times MIC value according to wild-type E. coli W3110 of met-
als in metal-containing growth experiments, and a growth curve was drawn (Fig. 1).
Therefore, bacteria were grown in media containing 75% (2.8 mM) Cu of the mini-
mum inhibitory concentration. Subsequently, the structural and functional changes
in biomolecules of E. coli and its porin mutants were compared with infrared (I.R.)
spectroscopy depending on Cu exposure. The spectra of unexposed (control group),
Cu-exposed E. coli, and corresponding porin mutants were examined in the entire IR
region (4000-650 cm™!). The detected spectral bands were analyzed in 4 main areas
consisting of lipids (3100-2800 cm™"), fingerprint (diverse region: fatty acids, pro-
teins, and lipid/1800-1400 cm‘l), nucleic acids (1250-1200 cm‘l), and polysaccha-
rides (1100-1000 cm™") (Figs. 2-7). The assignments of these detected bands are
given in Table 2.
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Fig. 1 Growth curve of the wild-type E. coli (W3110) and E. coli porin mutants in the absence (A) and
presence (B) of Cu ions

3.1 Porin mutations alter the bacterial lipids in the presence and absence of copperions

The spectral bands located at the 3100—2800 cm™! region were analyzed to determine the
variations in the lipid constituents of Cu-exposed and unexposed bacteria (Fig. 2). In a
metal-free medium, the area of the band at 3011 cm™! associated with the unsaturated
lipids diminished in porin mutant cells compared to the wild type (Fig. 2A). However, with
the addition of Cu, this band shifts to 3013 cm™' position in wild-type E. coli W3110.
Moreover, its area increases in all porin-mutant bacterial groups (Fig. 2B). The analysis
of the band at 2918 cm™! associated with CH, antisymmetric stretching of lipid molecules
revealed an increase in the lipid quantity in all porin-mutant bacteria compared to the wild
type regardless of the metal absence or presence (Fig. 2C, D). Therefore, this increase in
lipid content is suggested to be associated with the lack of porin genes, not due to Cu ions
(Table 3). The number of lipids forming the spectral band at 2850 cm™" (CH, symmetric
stretching) increased in porin mutants of E. coli compared to the wild-type strain, in the
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(-) CuSO, 2.8 mM CuSO,

dA?/d? (v)
dAZ/d2 (v)

3012 3011 3009 18 3016 014 3013 3012 3010 3009

Wavenumber (cm-') C Wavenumber (cm) D

dAZ/d? (v)
dAZId2 (v)

2920 2920 2919 2918 2917 2916 2915 2914 2921 2920 219 2918 2917 2916 2915 2914

Wavenumber (cm™) Wavenumber (cm*)

dAZd2 (v)
dA?/d2 (v)

2856 2854 2852 2850 2848 2847 2856 2854 2852 2850 2848 2847

Wavenumber (cm) Wavenumber (cm-)

Fig.2 Average second derivative and baseline-corrected infrared spectra of the wild-type E. coli (W3110)
and E. coli porin mutants in the absence and/or presence of Cu ions for 3011-13 cm™! (A, B), 2917 cm™!
(C, D), and 2850 cm.”! (E, F) spectral bands. Blue line: wild-type E. coli (W3110) in the absence of Cu
ions. Red line; wild-type E. coli (W3110) in the presence of Cu ions. Gray line: E. coli porin mutants in the
absence (A, C, and E) and presence of Cu ions (B, D, and F)

absence of Cu (Fig. 2F). However, this band disappeared in the presence of Cu (Fig. 2F)
showing that the concentrations of lipids decrease. Studies using FTIR on various bacteria
determined a significant decrease in lipids due to treatment with Cu, Zn, and Ag [24, 48, 49].

3.2 Porin mutations alter bacterial fatty acids in the presence and absence
of copper ions

The spectral bands located at 1800—1700 cm™! spectral region were evaluated to deter-
mine the changes in fatty acids of Cu-exposed and unexposed bacteria (Fig. 3). The
triacylglycerols (T.G.s) constituting the 1743 cm™' spectral band (C=O stretching
mode of lipids) generally increased in the porin mutants when compared with the wild-
type strain in the absence of Cu ions (Fig. 3A). However, the T.G. amount was severely
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(-) Cuso, 2.8 mM CuSO,

dAZ/d? (v)

1745 1744 1743 1742 741 1745 1744 1743 1742 741

Wavenumber (cm™) Wavenumber (cm™)
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dAZ/d2 (v)
dA?/d? (v)
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Fig.3 Average second derivative and baseline-corrected infrared spectra of the wild-type E. coli (W3110)
and E. coli porin mutants in the absence and/or presence of Cu ions for 1743 cm™! (A, B), 1733 ecm™! (C,
D), and 1716 cm.™" (E, F) spectral bands. Blue line: wild-type E. coli (W3110) in the absence of Cu ions.
Red line; wild-type E. coli (W3110) in the presence of Cu ions. Gray line: E. coli porin mutants in the
absence (A, C, and E) and presence of Cu ions (B, D, and F)

diminished in both wild-type and porin mutants in the presence of Cu ions (Fig. 3B).
This decrease is probably due to Cu ions, not because of porin mutations. The bands at
1733 and 1716 cm™! positions are associated with C=0 stretching of lipid esters and
phospholipids, respectively. Both bands’ variation is similar and directly related to the
porin mutations (Fig. 3C-F). In other words, the absence of porin genes increases the
number of phospholipids independent of Cu ions.

3.3 Porin mutations alter bacterial proteins in the presence and absence of copper ions
To determine the changes in the proteins of Cu-exposed and unexposed bacteria, the amide

I region located at 17001600 cm™" spectral region consisting of proteins was evaluated
(Fig. 4). While the band at 1652 cm™! is due to stretching vibrations of C-O, which is a

@ Springer



316 G. C. Kilicaslan et al.

(-) CuSO, 2.8 mM CuSO,

dAZd? (v)
dAd? (v)

1655 654 1653 1652 1651 1650 1655 654 1653 1652 651 1650

Wavenumber (cm-) Wavenumber (cm-)

dAZId? (v)
dA%/d? (v)

1633 1632 [ 630 629 628 1633 632 1 1630 1629 628 28

Wavenumber (cm) Wavenumber (cm™)

dA2d? (v)

1620 619 1618 617 616 1620 7619 1618 17 616

Wavenumber (cm-') Wavenumber (cm™')

Fig.4 Average second derivative and baseline-corrected infrared spectra of the wild-type E. coli (W3110)
and E. coli porin mutants in the absence and/or presence of Cu ions for 1652 cm™' (A, B), 1630 cm™! (C,
D), and 1618 cm.”! (E, F) spectral bands. Blue line: wild-type E. coli (W3110) in the absence of Cu ions.
Red line; wild-type E. coli (W3110) in the presence of Cu ions. Gray line: E. coli porin mutants in the
absence (A, C, and E) and presence of Cu ions (B, D, and F)

feature of the a-helix structures, the band at 1630 cm™! is attributed to fB-sheets structures.
Evaluation of the band at 1652 cm™! revealed no difference between the porin mutants and
the wild-type bacteria in the absence of Cu ions. However, this band disappeared with Cu
ions (Fig. 4A, B). The area of the 1630 cm™! spectral band increased in porin mutant groups
in the absence of Cu ions (Fig. 4C). This band also disappeared with the presence of Cu
jons, as in the 1652 cm™! band (Fig. 4D). The band 1618 cm™! is also attributed to inter-
molecular (-sheets with solid H-bonds. Although this band did not change in porin mutant
groups (Fig. 4E), its area increased in the porin mutants when exposed to Cu ions (Fig. 4F).

The IR spectra in the amide II region (1600-1400 cm™') corresponding to the proteins
are shown in Fig. 5. The 1561 cm™ band shows the C—C stretching from the aromatic rings.
Its band area varies differently in the porin mutants compared to the wild-type bacteria in
the absence of Cu ions (Fig. 5A). However, the area of this band decreased considerably
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(-) CusO, 2.8 mM CuSO,

dAd? (v)
dA2/d2 (v)

——

1563 562 1561 560 1559 1563 1562 1561 1560 1559
Wavenumber (cm)

Wavenumber (cm™)

dAZ/d? (v)

AN

AN

J

1545 1544 1543 1542 1541 1540 1545 544 1543 542 541 1540

Wavenumber (cm™) Wavenumber (cm™)

dA/d2 (v)

1460 1459 1458 1457 1456 1455 1460 1459 1458 1457 1456 455

Wavenumber (cm) Wavenumber (cm™)

Fig.5 Average second derivative and baseline-corrected infrared spectra of the wild-type E. coli (W3110)
and E. coli porin mutants in the absence and/or presence of Cu ions for 1561 cm™' (A, B), 154341 cm™!
(C, D), and 1458-57 cm.”! (E, F) spectral bands. Blue line: wild-type E. coli (W3110) in the absence of Cu
ions. Red line; wild-type E. coli (W3110) in the presence of Cu ions. Gray line: E. coli porin mutants in the
absence (A, C, and E) and presence of Cu ions (B, D, and F)

with the effect of Cu ions (Fig. 5B). In addition, the density of proteins corresponding to
1543-1541 cm™! (N-H bending) and 1458-1457 cm™! (CH; asymmetric) bands increased
in porin mutant groups in both the absence and presence of Cu ions (Fig. 5C-F). This
increase is associated with lacking porin genes unrelated to Cu ions.

3.4 Porin mutations alter bacterial DNA in the presence and absence of copper ions

The 1250-1200 cm™" spectral region was analyzed to gather information about the nucleic
acids, and the influential bands are presented in Fig. 6. When the wild-type E. coli (W3110)
and its porin mutants are compared, the areas of 1245 cm™ (stretching PO~2 symmetric
vibration) and 1238 cm™' (PO*" antisymmetric stretching) bands are significantly increased
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(-) CuSO, 2.8 mM CuSO,

dAZ/d? (v)

dAY/d? (v)

1248 1247 1245 1245 1244 1243 1242 1248 1247

1245 1244 1243 1242
Wavenumber (cm™) Wavenumber (cm™)

dAZId? (v)
dAYd? (v)

1242 241 1240 1239 1238 1237 1236 1235 1242 1241 1240 1239 1238 1237 1236 1235

Wavenumber (cm™) Wavenumber (cm™)

dAY/d? (v)
dA%/d2 (v)

1228 221 1226 1225 1224 22 1222 1228 1221 1228 1225 1224 1223 1222

Wavenumber (cm) Wavenumber (cm™)

dA%/d2 (v)

1216 1215 214 1213 1212 211 1210 1216 1215 218 1213 212 2 210

Wavenumber (cm) Wavenumber (cm-)

Fig.6 Average second derivative and baseline-corrected infrared spectra of the wild-type E. coli (W3110)
and E. coli porin mutants in the absence and/or presence of Cu ions for 1245 cm™! (A, B), 1239-38 cm™!
(C, D), 1225 cm™' (E, F), and 1213 cm.™" (G, H) spectral bands. Blue line: wild-type E. coli (W3110) in
the absence of Cu ions. Red line; wild-type E. coli (W3110) in the presence of Cu ions. Gray line: E. coli
porin mutants in the absence (A, C, and E) and presence of Cu ions (B, D, and F)

in E. coli porin mutants, in both the absence and presence of Cu ions (Fig. 6A-D). This
increase indicates an increased concentration of A-form DNA in E. coli porin mutants inde-
pendent of Cu ions. Moreover, positional shifts in these bands showed structural changes in
DNA for bacteria exposed to Cu. The concentrations of the B-form DNA, indicated by the
1225 cm™! marker band, decreased in porin mutant groups compared to wild-type bacteria
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(-) CusO, 2.8 mM CuSO,

dA%d? (v)
AAZ/d2 (v)

1065 Toos 063 To6z 1061 To60 o5 Toss 1065 064 063 062 1061 1060 1059 oss

Wavenumber (cm™)

dAZd? (v)

1056 1055 1054 7053 052 051 1056 1055 1054 1053 1052 051

Wavenumber (cm-')

dAZd? (v)

1035 1034 1033 1032 1030 1029 1028 1035 1034 1033 1031 1030 1029 028

Wavenumber (cm-) Wavenumber (cm™)

dAZ/d? (v)

1026 025 1024 1023 022 021 1026 025 1024 023 022 021

Wavenumber (cm™) Wavenumber (cm™)

Fig. 7 Average second derivative and baseline-corrected infrared spectra of the wild-type E. coli (W3110)
and E. coli porin mutants in the absence and/or presence of Cu ions for 1061 cm™! (A, B), 1054 cm™! (C,
D), 1031 cm™! (E, F), and 1024 cm.™! (G, H) spectral bands. Blue line: wild-type E. coli (W3110) in the
absence of Cu ions. Red line: wild-type E. coli (W3110) in the presence of Cu ions. Gray line: E. coli porin
mutants in the absence (A, C, and E) and presence of Cu ions (B, D, and F)

in the absence of Cu ions (Fig. 6E) and even disappeared with the presence of these ions
(Fig. 6F). However, in the absence of Cu ions, differences in Z-form DNA represented by
1213 cm™' marker band were observed between wild-type and mutant strains (Fig. 6G). A
similar observation to B-DNA was depicted for Z-DNA in the presence of Cu (Fig. 6H).
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Table 3 Minimum inhibition

concentration (MIC) and Strains MIC (hg/ml) MBC (ng/ml)
ini bactericidal

g(l)lrlllclzrerilligtion (MBC) values of W3L10 936.38 1248.50

copper metal against wild-type W3110 ompA::km 936.38 1248.50

E. coli (W3110) and E. coli porin ~ W3110 ompC::km 624.25 936.38

mutants used in the study W3110 ompF::km 1248.50 187275
W3110 ompG::km 936.38 1248.50
W3110 ompT::km 936.38 1248.50
W3110 lamB::km 1248.50 1248.50
W3110 phoE::km 936.38 1872.75

These findings demonstrate the transformations of DNA from B- and Z- to A-form due to
the absence of porin genes and the presence of Cu ions.

3.5 Porin mutations alter bacterial polysaccharides in the presence and absence
of copper ions

The bands located at 1061 cm™" (C-O stretching: polysaccharides), 1055 cm™" (C-O stretch-
ing in cellulose and hemicellulose), 1031 cm™" (poly-glucose, cellulose), and 1024 cm™!
(C-O stretch associated with glycogen) were evaluated to understand the changes in poly-
saccharides under Cu exposure (Fig. 7A-H). When wild-type E. coli (W3110) and its
porin mutants were compared, the lack of porin genes led to an increase in the polysaccha-
ride content of bacteria in both the absence and presence of Cu ions. Bacteria increase the
polysaccharide content and secrete it out of the cell to protect themselves from unfavorable
environmental conditions preventing the entry of toxic products into the cell. Increased pol-
ysaccharide content helps form a biofilm-like protective layer [50]. Biofilm formation was
increased without any of the porin genes, not due to the copper effect. This situation may be
because the copper concentration (MIC 34) used in the study did not show acceptable toxicity
in the cell. In addition, our results also support previous studies reporting that loss of porin
genes promotes biofilm formation, thus making it more tolerant to various metals [51, 52].

4 Conclusion

A very complex mechanism operates in sensing the Cu exposure in E. coli. Although much
is known about Cu’s cellular sequestration and extracellular exclusion mechanisms, the
uptake events of Cu into the cell still need to be understood [53, 54]. In E. coli, the outer
membrane is the first barrier to entering Cu into the cell. For this reason, porin proteins,
which have a role in membrane permeability, are thought to have a role in transferring these
ions into the cell. The changes in lipids, proteins, fatty acids, nucleic acids, and polysaccha-
rides of wild-type E. coli and its porin-deficient mutant strains were identified in the pres-
ence and absence of Cu ions by infrared spectroscopic analyses. Accordingly, both struc-
tural variations in lipid components and an increase in the concentration of lipid molecules
were observed in all porin mutants. There was a diminished number of lipid molecules
in wild-type E. coli (W3110) exposed to Cu, while the absence of porin genes increased
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lipid concentrations. The lack of porin genes significantly elevated the amounts of fatty
acids and phospholipids in the absence and presence of Cu ions. This situation indicates
that membrane integrity is impaired in porin mutant cells. When the alterations in protein
secondary structures were compared, the quantity of amide I proteins directly related to the
protein backbone conformation was diminished by the presence of Cu ions. On the other
hand, the amount of amide II proteins increased in porin mutant groups independent of Cu
ion presence or absence. Moreover, the lack of porin genes seriously affected the confor-
mational structures of the proteins. In the case of nucleic acids, the DNAs are transformed
from B- and Z-form to A-form due to porin mutations and the presence of Cu ions. The
absence of porin genes increased polysaccharide content independent of Cu presence. The
study is valuable for investigating the link between Cu exposure and biomolecular changes
in porin mutant and wild-type bacterial cells to understand the role of bacterial porin pro-
teins in Cu exposure for the first time.

Bacteria cannot change the number of porin proteins in the membrane under various
stress conditions. Still, they can show the ability to narrow and open the pore size to bal-
ance the physiological homeostasis of the cell. Thus, cells protect themselves against harm-
ful molecules by increasing or decreasing the pore diameter. This study will provide insight
into future studies in which porin genes are associated with copper ion uptake or excretion.
Therefore, study findings can also help characterize Cu detoxification efficiency and guide
obtaining active living cells for bioremediation. Bioremediation is an emerging technology
that removes, attenuates, or converts pollutants using living organisms. Similarly known as
biodegradation, this technology uses biological processes and can be efficiently monitored
by FTIR spectroscopy. FTIR spectroscopy is essential for these kinds of studies because
it is low-cost, not time-consuming, and applicable to various materials. It also provides
molecular-level data on a sample’s organic components and is a proven method for simulta-
neously investigating microbial metabolic processes.
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