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Abstract

Adenosine 3', 5'-monophosphate (cAMP) is an important signaling molecule. CRP, the
receptor protein of cAMP, acts as the 'main' regulator for transcription factors. The CRP-cAMP
complex directly controls at least 500 promoters in Escherichia coli. In this study, the roles of
cyaA and crp genes in E. coli BW25113 strain under metal stress were investigated. The minimal
inhibition concentration (MIC) and minimal cidal concentration (MCC) of 5 different metals (Zn,
Ni, Co, Cd and Cu) on Escherichia coli BW25113 wild type, cyaAd and crp mutant cells were
determined. In addition, the effect of these metals on the survival of E. coli cyaA/crp mutants was
determined by growth and drop plate method. According to E. coli BW25113 wild type, cyad
mutant strain was observed sensitivity in all metals except copper, whereas resistance was
observed in crp mutant strain only to zinc metal. The roles of the cya4 and crp genes in metal
stress were confirmed by completing the genes on the plasmid. As a result, the roles of cyad and

crp genes in metal resistance were revealed in this study.
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Metal Stresinde Escherichia coli’nin cyaA/crp Genlerinin Roliiniin Arastirilmasi
Oz

Adenosin 3 ', 5'-monofosfat (CAMP), dnemli bir sinyal molekiiliidiir. cAMP’nin reseptor
proteini olan CRP, transkripsiyon faktdrleri icin 'ana' diizenleyici olarak gorev almaktadir.
Escherichia coli'de CRP-cAMP kompleksi, en az 500 promotor'u dogrudan kontrol etmektedir.
Bu calismada E. coli BW25113 susunda cyad ve crp genlerinin metal stresi altindaki rolleri
arastinllmistir. Escherichia coli BW25113 yabanil tip, cyad ve crp mutant hiicrelerinin 5 farkli
metale (Zn, Ni, Co, Cd ve Cu) kars1 minimal inhibisyon konsantrasyonu (MIK) ve minimal sidal
konsantrasyonu (MSK) belirlenmistir. Ayrica bu metal stresinin E. coli cyaA/crp mutantlarinin
yasami lizerine etkisi bilyiime ve petri damlatma yontemi ile belirlenmistir. Calismada E. coli
BW25113 yabanil tipe gore, bakir hari¢ tiim metallerde cyad mutant susunda duyarlilik
gozlenirken, sadece ¢inko metalinde crp mutant susunda direnglilik gézlenmistir. cyad ve crp
genlerinin metal stresindeki rolleri, genlerin plazmit {iizerinde tamamlanmasi yapilarak
dogrulanmistir. Sonug olarak; bu c¢alismada cyad ve crp genlerinin metal direncindeki rolleri

ortaya konulmustur.
Anahtar Kelimeler: cyaA; crp; Metal stresi; Escherichia coli.
1. Introduction

Metals are very important as they serve as structural or catalytic components of living
organisms [1, 2]. Many important biological processes in living organisms, including respiration,
photosynthesis, and nitrogen fixation are dependent on metal ion co-factors [3]. However, metals
function as redox centers of metalloproteins, such as cytochromes and iron sulfur proteins, which
play a vital role in electron transport [4]. Since transition metals are often in the oxidized state,

they also play a role as electron carriers [5].

The metal concentration in the environment is gradually increasing due to various reasons
such as the progress of the industry in the world, the incorrect discharge of waste products, and
direct throw to water and land areas. With this increase, heavy metals such as copper, cadmium,
lead, zinc, nickel, mercury, and chromium accumulated in nature have become one of the most
important environmental problems affecting life on land and water [6-8]. Despite their essential
roles in cellular reactions, metals exhibit toxicity when their concentrations exceed a certain level
[9]. Excess metal ions catalyze unwanted reactions and biomolecular damage. It also leads to

improper metal binding to random regions of metalloproteins or other proteins, resulting in
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inactivation or inappropriate allosteric effects [10-12]. Metals cannot be synthesized and
metabolized inside the cell. Since metals can be beneficial as well as toxic, the proper arrangement

of metals in the cell is extremely important for bacteria [3, 13].

Bacteria have complex metal homeostasis mechanisms to maintain the delicate balance
between the amount of metal required and toxicity [14]. These mechanisms are regulated by
metal-sensitive transcription factors (metal sensor proteins and metalloregulators) that detect the
level of bioavailability of a particular metal type in the cell and then regulate the transcription of
genes associated with that metal [3, 15-17]. When the extracellular concentration of a particular
metal increases in bacteria, the first "checkpoint" is to limit metal entry to ensure metal
homeostasis and prevent cellular damage. It regulates this by reducing the expression of genes
that allow metal entry [3]. For example, one of the regulators induced by copper in E. coli is the
outer membrane protein ComC (YcfR). In the presence of high copper, the increase of comC
expression in the cell prevents copper from being taken into the periplasmic space from the
external environment [18]. Chelating or precipitation of soluble metal ions in the extracellular
environment is another way to limit metal entry [19]. Also, another way to protect bacteria from
metals is to reduce the toxicity of metals by using detoxification means. For example, Cue regulon
in E. coli is responsible for copper detoxification. CueR, the main regulator of this system, is
responsible for cytoplasmic Cu detection. CueO, a multiple copper oxidase enzyme regulated by
CueR, oxidizes Cu' to divalent Cu2+, which cannot pass through the inner membrane. Thus, it
helps protect periplasmic proteins [20, 21]. In addition, bacteria resist metals by increasing the
excretion with many pulse-type pumps such as P1b type ATPase, resistance nodulation-division
(RND) carrier, cation diffusion facilitators (Cation Diffusion Facilitato (CDF)), ABC carriers
[22]. For example, in E. coli, Zn"*and Cu" are transported from the cytoplasm to the periplasm
by Plb-type ATPases, which are ZntA and CopA proteins, respectively [23]. While RND
complexes share a common structure in Gram negative bacteria, they are diverse for different
metals. For example, in Pseudomonas putida, CzcCBA system provides resistance against Zn®",
Cd*" and Pb*" [24], while in Caulobacter crescentus, CzrCBA and NczCBA systems are involved
in Cd, Zn, Ni and Co transport, respectively [25]. CDF are mostly flow pumps that remove
bivalent metal ions such as Zn*", Co*", Cd*", Ni*" and Fe*" from cells [26, 27]. In E. coli, the ZitB
and YiiP antiporter pumps Zn”" against H' [28, 29]. However, nonspecific multidrug flow pumps
have also been shown to mediate the removal of a wide variety of compounds and molecules,

including metals [30].

In E. coli, the cyad and crp genes encode adenylate cyclase and cAMP receptor protein,

respectively [31]. Adenosine 3', 5'-monophosphate (cAMP) is an important signaling molecule
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found in many organisms. CRP, the receptor protein of cAMP, is known mostly to play a general
regulatory role in carbon catabolism in E. coli. That is, in the absence of easily metabolized carbon
sources such as glucose, the adenylate cyclase enzyme is activated by producing cyclic AMP
(cAMP) from ATP. cAMP binds and activates CRP, which in most cases activates operons
participating in the use of alternative carbon sources such as lactose and maltose [32]. In E. coli,
CRP has a major role in global gene expression, with its effect on more than 380 promoters and
70 transcription factors [33]. For example, it contributes to the multiple roles of cAMP in
processes such as the regulation of virulence phenotypes in pathogenic bacteria [34-36]. Bacterial
cAMP systems also have key roles in cellular homeostasis, phototaxis, protein secretion,
regulation of virulence, and biofilm formation [37]. Although cAMP and CRP play various roles

in many known mechanisms, there are not many studies on their roles in metal resistance.

The CAMP signaling pathway is a highly conserved regulatory mechanism that plays an
important role in a variety of essential cellular processes. Therefore, considering that cyad-crp
genes may have a role in metal stress, the importance of cyad-crp genes in E. coli under metal

stress was investigated in this study.
2. Materials and Methods
2.1. E. coli Strains used in the study

Wild type E. coli BW25113 and mutant strains (JW3378 and JW5702) used in this study
were obtained from the Japanese National Genetics Center (Keio collection-Japan National
Genetic Center), and are shown in Table 1. Stocks were prepared in Luria-Bertani (LB-Merck)
broth medium containing 20% glycerol (Merck) and stored at —80°C (Panasonic) for future
studies. The strains in the freezer were inoculated on the LB agar medium. Before being used in

the study, antibiotic resistance properties were tested by colony PCR method.

Table 1: Wild type E.coli and mutant strains used in this study

Stock number of Strains Genotype Resource
BW25113 Wild type Keio Collection
JW3378 BW25113 cyad::km Keio Collection
JW5702 BW25113 crp::km Keio Collection
Mobile plasmid pNT3
b3806 cyad (Keio collection)
Mobile plasmid pNT3
b3357 crp (Keio collection)
CD102 BW25113 pnt3::cyaA This study
CD103 BW25113 pnt3::crp This study
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2.2. Plasmid isolation

In order to verify the role of the gene we studied, plasmids carrying the E. coli BW25113
cyaA and crp gene regions were first obtained. From the mobile plasmids bearing the cya4 and
crp gene regions given in Table 1, a single colony was cultivated separately in 5 ml LB broth and
incubated overnight at 37°C and 160 rpm in a shaking incubator. Plasmid isolation from bacterial
cultures obtained after incubation was performed using Purelink Quick Mini Prep plasmid
isolation kit (InvitroGen) and procedure. A part of the isolated plasmid was used for quantitation
and the obtained plasmids were stored at —20°C. The amount of plasmid was determined non-
quantitatively by running it in 0.8% agarose gel and comparing it with GeneRuler brand DNA

Ladder mix (Thermo) marker.
2.3. Transformation

To obtain complementary cells of E. coli BW25113 mutant strains, E. coli BW25113
mutants (BW25113 cyad::km and BW25113 crp::km) were inoculated separately in 2 ml of LB
containing kanamycin at a final concentration of 25 pg/ml. The cultivated cultures were grown in
a shaking incubator at 37°C for 18 hours at 160 rpm and used as pre-culture for transformation.
Mobile plasmids carrying the gene regions we studied were transferred to the relevant E. coli
BW25113 mutant strains by transformation [38]. The next day, 100 ul of 2 M Mg*", a final
concentration of 25 pg/ml, and 50 pl of kanamycin antibiotic and pre-culture are added to
sterilized 9.9 ml Hanahan's broth (SOB medium) until the cells reach ODgg 0.3. It was incubated
at 37°C and 160 rpm with shaking. After incubation, each tube was divided into 2 centrifuge tubes
and cooled in ice for 5 min and centrifuged at 12000 rpm for 5 min at 4°C. One ml of 0.1 M cold
CaCl, was added to the pellets and suspended. Then the tubes were kept on ice for 10 min and
centrifuged again at 12000 rpm for 5 min at 4°C. The supernatant was discarded and resuspended
by adding 200 pl of 0.1 M cold CaCl, per tube and kept on ice for 30 min. The obtained 200 pl
competent cell was added to 10-100 ng of 2 different concentrations of isolated plasmid and kept
on ice for 45 min. Then the cell suspensions were heat shocked at 42°C for 2 min and then on ice
for 2 min. 0.8 ml of SOB medium (SOC medium) enriched with 20 mM magnesium (Merck) and
3% glucose (Merck) was added onto the cell suspension and left for 60 min incubation at 37°C.
After the incubation, the cells were centrifuged at 5000 rpm for 1 min at 4°C. Later, 100 pl SOC
medium was added to the pellet and resuspended. It was spread on LB agar containing ampicillin
antibiotic in a final concentration of 100 pug/ml and left for 18 h incubation. The complementary

cells were confirmed by colony PCR.
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2.4. Colony PCR

Colony PCR method was used to confirm the mutants and complementary cells to be used
in the study. For this, the mutants obtained were suspended in 20 pl distilled water, and 1 pl was
used as a mold for PCR. 7.5 pl of the reaction mixture in Table 2 was distributed on the mold,
and the colony PCR was made according to the reaction conditions in Table 3. The primers used
for the validation of each gene are shown in Table 4. The band sizes of the products obtained from
the PCR reaction were verified with GeneRuler brand DNA Ladder mix (Thermo) by running in

1% agarose gel.

Table 2: Colony PCR reaction mixture

10x ThermaPol Reaction Buffer (Biolab) 1.0 pl
10 mM dNTP Mix 0.2 ul
10 uM forward primer (Invitrogen) 0.5 ul
10 pM reverse primer (Invitrogen) 0.5 ul
2 mM Mg* 2 containing MgCl, (Biolab) 0.6 ul
0.25U Taq DNA Polymerase (Biolab) 0.05 pl
dH, O 6.15 pl
Bacterial suspension 1l
Total 10 pl

Table 3: Colony PCR reaction conditions

94 °C 3 min 1 cycle
94 °C 1 min

58 °C 1 min 30 cycle
72 °C 1 min 30 sec

72 °C 10 min 1 cycle

Table 4: Primers used in colony PCR reaction

Universal K1 reverse primer 5" CAGTCATAGCCGAATAGCCT?®
BW25113::cya forward primer 5" TGTTACCGTTGATTGTGGCG 3’
BW25113::crp forward primer 5" GAGAAAGCTTATAACAGAGG 3°
Universal pNT3 SP6 forward primer 5" ATTTAGGTGACACTATAG 3’
Universal pNT3 21M13 reverse primer 5" CAGGAAACAGCTATGACC 3’

2.5. Determination of minimum inhibition concentrations (MIC) and minimum cidal

concentrations (MCC) of metals

The 0.2 M stock solutions of CuSO,, NiCl,, CdSO,, CoCI, and ZnSO,4 metals used in the
study were prepared by dissolving in water and sterilized by filtration. MIC and MCCs of metals
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were determined in round bottom 96-well microplates according to the CLSI method [39]. Each
of the wild type and mutant strains was incubated in 5 ml nutrient broth medium at 37°C for 18 h
with shaking. After the incubation, the absorbance of bacteria was adjusted to 0.1 at 600 nm
wavelength. Then 400 pl from stock bacteria culture was prepared in 60 ml. From this culture,
the 180 ul culture was added to the 96-well microplate in the first well and 100 pl in the other
wells. 20 pl of the metals was added to 180 ul wells, and serial dilution was made in 12 wells.
Plates were incubated at 37°C for 18 h and MIC values were determined. In addition, in order to
determine the cidal effects of metals, 10 pl of culture was taken from each well where no growth
was observed, and it was dropped into a medium containing nutrient agar. Then the plates were
incubated at 37°C for 18 h, and their MCC values were determined. The experiments were

repeated at least 3 times.
2.6. The effect of metal stress on the survival of Escherichia coli cya/crp mutants
2.6.1. Growth experiments

Each of the pure cultures obtained from E. coli BW25113 wild type, cyad::km and crp ::km
mutants were inoculated in 5 ml nutrient broth medium and incubated at 37°C in a shaking
incubator for 18 h. After the incubation, the absorbance of the bacterial cultures was adjusted as
1.0. In order to the starting numbers to be equal (approximately ODggo 0.005), 75 pl of the pre-
cultures adjusted to 1.0 was added to the media containing 15 ml of nutrient broth, and growth
experiments were started. In metal growth experiments, % of the wild-type MIC value from metal
stocks was added to the growth medium. The prepared samples were left to incubate for 8 h in an
agitated oven at 37°C and 160 rpm. Growth graphs were obtained by taking samples from the
bacteria every 2 h and measuring their absorbance in ODgy in a spectrophotometer. The

experiments were repeated at least independently 3 times.
2.6.2. Drop plate experiments

Plate dropping experiments were performed to see the effect of solid media on growth of
metal-free and metal-based growth experiments. Also, the the number of bacteria on effect of
metals was observed here. Firstly, the amount of metals used was determined in 3 different
concentrations by taking into account the MIC value of wild type E. coli BW25113. Petri dishes
containing metal at concentrations of 0.06, 0.07 and 0.08 mM for cadmium, 0.8, 0.9 and 1.0 mM
for copper, 0.4, 0.45 and 0.5 mM for cobalt, 0.7, 0.8 and 0.9 mM for nickel and 0.27, 0.28 and

0.29 mM for zinc were prepared.
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For plate dropping experiments, a single bacterial colony was taken from E. coli BW25113,
cyaA::km and crp::km mutants and incubated in 15 ml NB at 37°C in a 160 rpm shaking incubator
for 18 h. After incubation, the bacteria cultures were adjusted to an absorbance of ODgg 1.0. 1 ml
of the adjusted samples was centrifuged and washed twice with Ringer’s (Merck) solution. 100
ul of the obtained bacterial suspension was taken, and the final cell count was adjusted between
10" and 107 cfu/ml by diluting a series of 1/10 with Ringer’s solution. Later, those with cell
numbers between 10° and 107 cfu/ml from these tubes were dropped to metal-free (control) and
metal-containing Nutrient Agar media as 10 pl and incubated at 37°C for 18 h. After the
incubation, bacterial colonies formed in the plate were photographed with SYNGENE G: Box

Chemi XRQ device. The experiments were repeated at least 3 times.
2.7. Complementation tests

At the end of the studies, complementation tests were carried out to verify the genes found
to have roles according to the significance test performed with IBM SPSS 21. In these tests, the
relevant gene region, which is mutant in the main chromosome, was added to the mutant strains
by adding on pNT3 plasmid and E. coli BW25113 pnt3::cyad and E. coli BW25113 pnt3::crp
cells were obtained. In order to induce the pNT3 plasmid in the completed cells, IPTG (isopropyl
B-D-1-thiogalactopyranoside) (Sigma) was added to the media used in the experiments at a final

concentration of 1 mM. The experiments were repeated at least 3 times.
3. Results
3.1. Obtaining complementary cells

Confirmation of cells obtained as a result of transforming cyad and crp genes into cells
with mutants in the main chromosome by means of pNT3 plasmid was performed by colony PCR
method. The agarose gel image of the colony PCR products made using the traditional SP6-
21M13 primer of the pNT3 vector is shown in Fig. 1. According to the PCR results, samples 1,
2,and 3 are E. coli pnt3::cyaA cells with a size of 2611 bp, while samples 4, 5, and 6 are positive
for E. coli pnt3 :: crp cells with a size of 697 bp. Among these cells, number 2 for E. coli

pnt3::cyad and number 6 for E. coli pnt3::crp were used in validation studies.
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Figure 1: The colony PCR results of E. coli pnt3::cyad and pnt3::crp complement strains obtained as a
result of transformation. M: 1 kb DNA Ladder, 1-3. E. coli pnt3::cyaAd 4-6. E.coli pnt3::crp

3.2. Minimum inhibition concentration (MIC) and minimum cidal concentration

(MCC) values

Minimal inhibition concentration (MIC) and minimum cidal concentration (MCC) values
of metals belonging to E. coli wild type and mutant strains are shown in Table 5. According to
the determined results, the MIC values of E. coli wild type are 468 pg/ml for copper (Cu) and 30
pg/ml for cobalt (Co), and they are the same as for mutant strains. While MIC values of Ni metal
did not differ between wild type and mutant strains, when MIC values of Cd metal were
compared, MIC values of mutant bacteria (145 pg/ml) were two times higher than wild type MIC
values (72 pg/ml). When the MIC values of Zn metal were compared, it was determined that it
was 180 pg/ml in wild type E. coli, 135 pg/ml in cyaA::km and 360 pg/ml in crp::km. According
to these results, it is seen that the crp mutant is sensitive while the cyad mutant is resistant
compared to the wild type E. coli. It was observed that the determined MCC results were higher
than the MIC values, and the metals had growth inhibitory properties at MIC values.

Table 5: Minimum inhibition concentration (MIC) and minimum cidal concentration (MCC) values of
wild-type BW25113 and cyad/crp mutant strains used in the study

Metal MIC (pg/ml) MCC (ng/ml)
Wild-tip BW25113 BW25113 Wild-tip BW25113 BW25113
BW25113 cya::km" crp:: km” | BW25113 cya:: km' crp:: km"
CuSO4 468 468 468 625 625 625
NiCl, 493 329 493 986 493 986
CdSO, 72 145 145 96 193 193
CoCl, 30 30 30 30 60 60
ZnSOy 180 135 360 720 540 1078

3.3. Growth experiments

E. coli wild type, mutant and complement bacteria were observed to grow for 8 h at 160

rpm in nutrient broth medium that does not contain metal and contains metal at the rate of the
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wild type MIC value and growth graphs are given in Figs. 2-7. It was shown in Fig. 2 that the
growth of E. coli wild type and mutant cells in medium without metal is very similar with each

other and approximately ODgq is between 1.4-1.6.

Control
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1,6
1,4
1,2

1
0,8
0,6
0,4
0,2

0 1 T : T * T * T

0 2 4 6 8
—4—BW25113 —®—cya::km —®—pnt3:: cya —*¥—crp::km —®—pnt3::crp

Absorbance value (ODg,)

Time (Hour)

Figure 2: Growth of E. coli BW25113, cyad.::km'", pnt3: cyad, crp::km" and pnt3 :: crp strains in metal-
free medium. (*) (p < 0.05)

When the growth graphs in copper containing medium are examined in Fig. 3, it is seen
that there was no a difference between wild type and mutant cells, and it grows up to ODgg 1.0.
It was seen at the growth graphs obtained in the medium containing nickel metal that the wild
type and the crp.:km mutant grew close to each other, grew up to 0.5, while the cyad.:km mutant
was more affected by nickel metal, and can grow up to 0.1. Therefore, it has been determined that

the cyad gene has an important role in growth in the presence of Ni (Fig. 4).

10
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Figure 3: Growth of E. coli BW25113, cyad::km', pnt3:: cyad, crp::km" and pnt3 :: crp strains in the
presence of copper (Cu) metal. (*) (p <0.05)
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Figure 4: Growth of E. coli BW25113, cyad::km', pnt3::cyad, crp::km"and pnt3::crp strains in the presence
of Nickel (Ni) metal. (*) (p <0.05)

When we look at the growth profiles in the medium containing cadmium metal, as seen in
Fig. 5, the crp::km mutant grew up to 1.0 and partially affected as same as the wild type, which
grows up to ODggo 1.2, while the cyad::km mutant is highly affected by the cadmium metal. It
has grown up to 0.7. The positive role of the cya gene in the presence of Cd was confirmed by

complement tests.

11
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Figure 5: Growth of E. coli BW25113, cyad.:km", pnt3: cyad, crp::km" and pnt3:.crp strains in the
presence of cadmium (Cd) metal. (*) (p < 0.05)

As seen in Fig. 6, wild type and crp::km mutant grew close to each other (ODgg 0.6),
while the cyad.:km mutant grew up to ODgo 0.3, and it was more sensitive to metal. Since the
presence of the cyad gene product induced in complement cells enables the cell to grow better,

the role of this gene in the presence of Co has been confirmed.
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Figure 6: Growth of E. coli BW25113, cyad::km', pnt3: cyad, crp::km" and pnt3.:crp strains in the
presence of cobalt metal. (*) (p < 0.05)

When the growth profiles of the wild-type and mutant strains in the zinc metal-containing
medium in Fig. 7 were seen, it was observed that the crp:.km mutant can grow up to 1.4 while the

cyaA::km mutant can grow up to 0.8 compared to the wild-type growing up to ODggg 1.2. It has

12
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been observed that the mutant is more affected by the metal and can grow to ODgg 0.8 (Fig. 7).

It has been determined that cell growth is restored by the cyad gene induced in complemented

cells.
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Figure 7: Growth test results of E. coli BW25113, cyad::km', pnt3::cyad, crp:-km"and pnt3::crp strains in
the presence of zinc metal, (*) (p < 0.05)

3.4. Drop plate experiments

The effect of metal on different cell numbers was determined by plate dropping
experiments of E. coli BW25113, cyad::km', pnt3 :: cyad, crp ::km"and pnt3 ::crp strains. As
seen in Fig. 8A, there is no difference between the growth of wild type BW25113 and mutant
cells in a metal-free plate dish. However, in plate dishes containing 1.0 mM copper, the highest
concentration studied, the mutants show similar growth as the wild type (Fig. 8B). This result also

supports the results in growth experiments.
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Figure 8: Plate dropping test results of E. coli BW25113, cyad.:km’, pnt3: : cyad, crp::km"ve pnt3::crp
strains. A: Metal free NA, B: NA with 1.0 mM Cu
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It was seen in Fig. 9A that crp::km" cells developed similar to E. coli BW25113 according
to the dropping experiments performed on 0.7, 0.8 and 0.9 mM nickel-containing plate. However,
it was seen in Figure 9B that cyad::km" cells were more affected and as a result of the expression
of the complementary cell and the product of the cya4 gene on the plasmid again behaved like a
wild type. As a result, when the cyad gene is made mutant, the survival rate of the bacteria

decreases in the presence of Ni, and it is seen that sensitivity occurs.

BW25113

Figure 9: Plate dropping test results of E. coli BW25113, cyad:.km’, pnt3::cyad, crp::km" ve pnt3::crp
strains. A: NA containing 0.9 mM Ni, B: NA containing 0.8 mM Ni

According to the results of dropping on plate dishes containing 0.07 mM cadmium metal,
the effect of the metal on crp::km" cells was similar to E. coli BW25113, while its effect on
cyad::km" cells was higher in Fig. 10A. Therefore, it has been determined that knockout of the
cyaA gene causes sensitivity in the life of E. coli in the presence of Cd. This sensitivity indicates
that cyad as a role to live in the presence of Cd. The effect of the metal on the cyad::km" cells

was again seen to resemble the wild type upon gene completion (Fig. 10B).
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Figure 10: Plate dropping test results of E. coli BW25113, cyad.:km’, pnt3::cyad, crp::-km" ve pnt3::crp
strains. A: NA with 0.07 mM Cd, B: NA with 0.07 mM Cd
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According to the results of plate dropping with cobalt metal, cyad::km" strains were the
most sensitive, while crp:-km' cells were affected similarly to the wild type (Fig. 11A). It was
determined that the cyad gene product is necessary for life in the presence of Co, and the cell’s
sensitivity increases when it is not. By using pnt3::cyad complementary cell in the complement
tests, it was determined that the effect of the metal against the cell was reduced and similar to the

wild type (Fig. 11B).
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Figure 11: Plate dropping test results of E. coli BW25113, cyad.:km", pnt3: : cyad, crp.::km" ve pnt3::crp
strains. A: NA containing 0.50 mM Co, B: NA containing 0.40 mM Co

According to the results of plate dropping containing 0.27, 0.28 and 0.29 mM zinc,
cyad::km" strains were the most sensitive to metal while crp.:km” cells were the most resistant
(Fig. 12A-C). Performing these results with the completed cells was confirmed by affecting the

cells as wild type again.
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Figure 12: Plate dropping test results of E. coli BW25113, cyad.:km", pnt3: : cyad, crp.::km"ve pnt3::crp
strains A: NA with 0.27 mM Zn, B: NA with 0.28 mM Zn, C: NA with 0.29 mM Zn

4. Discussion

Metals are essential trace nutrients for the growth of living organisms. However, metals are

toxic at high concentrations. For this reason, maintaining the metal balance in the cell is very
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important for life. Bacteria possess complex metal homeostasis mechanisms to maintain the
delicate balance between this metal starvation and toxicity [41]. Determining the genes involved
in these complex regulatory systems and the functions of these genes is very important in terms

of both bacterial life and fight against bacteria.

In this study, according to the MIC results of the copper, nickel, and cobalt metals, no
significant difference was observed in the cyad and crp mutants when compared with the wild
type, while the MIC results of cadmium showed that the mutants were twice resistant according
to the wild type. When MIC results of zinc metal were compared, it was determined that cyad
mutants were susceptible, while crp mutants were resistant according to wild type. The MCC
results also support the MIC results of copper, cobalt, zinc, and cadmium metal. However, it was
observed that the cyad mutant, which did not show a significant difference in MIC results of
nickel metal, was more sensitive than wild type in MCC results. This sensitivity was evident in

growth experiments in the presence of nickel.

In our study, according to the results of plate dropping and growth experiments obtained
with copper metal, cell life is not affected by deletion of cyad and crp genes. According to these
results, it can be thought that the cya4 and crp genes in E. coli do not have a role in protecting
the copper metal balance in the cell. However, it is known that £. coli has many regulator systems
in charge of ensuring the use of copper under changing environmental conditions and to protect
it from its toxicity [14]. In E. coli, Cue and Cus, two important systems responsible for
detoxification of excess copper, adjust the intracellular copper level according to cellular demand
[18-42]. The CopA protein induced by CueR, which detects copper in the cell, enables the transfer
of copper in the cytoplasm to the periplasm, while the CusCFBA pump induced by the CusR/S
system, which detects the copper in the periplasm, ensures that the copper is expelled to the
outside environment [18, 21, 43]. Our study shows that cya4 and crp genes do not play a role in
maintaining copper metal balance, since they do not affect the life of mutant cells under copper

stress.

In the results of cobalt, zinc, nickel, and cadmium petri dripping and growth experiments
performed in our study, it was observed that cya4 mutant cells were more sensitive than wild
type. cAMP is an intracellular messenger molecule synthesized from ATP by the adenylate
cyclase enzyme CyaA, and its concentration in the cell changes due to various reasons [44].
Changes in intracellular cAMP concentration are known to be detected by the transcription factor
CRP, and the resulting CRP-cAMP complex directly controls at least 500 promoters in E. coli
[45]. Therefore, according to the results obtained in our study, it was determined that cya4 mutant

cells exposed to nickel, cobalt, zinc, and cadmium metal stress were more affected than wild type.
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In the literature, it has been reported that cAMP is degraded by enzymes stimulated by the increase
in the amount of Ca2+, Fe? or Co*" in the cell, and thus the amount of cAMP in the environment
decreases [46]. In our study, it can be stated that the deletion of the cyad gene, which acts as the
'main’ regulator for transcription factors, is sensitive to the inhibition of cAMP production from
ATP and in the presence of Ni*", Cd*" and Zn®" metals in the cell, because it cannot show a
regulatory role on the genes required for resistance. In this case, it can be stated that cya4 mutants
control genes associated with Ni, Cd, and Zn resistance, and their regulation of these genes should

be studied.

Another situation obtained in our study was that although there was no difference between
the wild type and crp mutant cells in the presence of cobalt, copper, nickel, and cadmium metals,
it was determined that mutant cells were more resistant under zinc stress. Sun, H., et al. (2011),
sequencing of crp genes were performed in Fe’* resistant E. coli K-12 MG1655 bacteria, and it
was determined that two mutations occurred on the gene. In addition, in the study, it was
determined that different metals caused mutations on different genes and as a result, resistant
strains were obtained [47]. Because Zn*" forms more stable complexes than other basic metal
ions, zinc toxicity is thought to be due to improper binding of metalloproteins to metals.
Therefore, intracellular concentrations must be tightly regulated [48, 49]. The presence of Zn*"
in bacteria is detected by various transcription factors sensitive to zinc inside the cell [50, 51].
Among these transcription factors, Zur [52-55] and AdcR [56-58] to increase zinc uptake; zntR,
smtB, ziaR, and czrA genes [59-62] are included to increase the excretion and intracellular
secretion of zinc. It is also known to play a role in many global regulatory mechanisms such as
RpoS, which are found to be involved in metal stress [63-66]. In the study, it is thought that the
crp gene mutant cells in the presence of zinc metal are more resistant than the wild type, either
because they prevent excess zinc passage into the cell as a result of affecting the genes associated
with zinc uptake, or it may be due to the excretion of excess zinc in the cell by affecting the genes

that play a role in zinc excretion mechanisms.
5. Conclusion

In this study, it has been found that there is a relationship between cyad-crp genes and
resistance or sensitivity to Ni, Cd, Co, Cu, and Zn metals. It has been determined that adenylate
cyclase has an important role in life against metals since it is sensitive to metals except Cu,
especially in the absence of adenylate cyclase, the product of cyad gene. In this case, the roles of
genes such as zntR, cueO, cueR, and nikR, which are directly involved in the intracellular

regulation of metals in E. coli, should be investigated in future studies.

17



Cetin Kiligaslan et al. (2021) ADYU J SCI, 11(1), 1-22

Acknowledgement

We would like to thank Bilecik Seyh Edebali University for supporting our study with the
BAP project number 2016-02.BSEU.04-02.

References

[1] Waldron, K.J., Robinson, N.J., How do bacterial cells ensure that metalloproteins get
the correct metal?, Nature Reviews Microbiology, 7, 25-35, 2009.

[2] Porcheron, G., Garénaux, A., Proulx, J., Sabri, M., Dozois, C.M., Iron, copper, zinc,
and manganese transport and regulation in pathogenic Enterobacteria: correlations between
strains, site of infection and the relative importance of the different metal transport systems for
virulence, Frontiers in Cellular and Infection Microbiology, 3, 90, 2013.

[3] Chandrangsu, P., Rensing, C., Helmann, J.D., Metal homeostasis and resistance in
bacteria, Nature Reviews Microbiology,15, 338-350, 2017.

[4] Gray, H.B., Ellis Jr., W.R. Electron transfer In Bioinorganic Chemistry. (Bertini, I.,
Gray, H.B., Lippard, S.J. &Valentine, J.S., eds.), University Science Books, Mill Valley,
California., pp. 315-363, 1994.

[5] Shaivastave, A., Singh V., Jadon, S., Bhadauria, S., Heavy Metal Tolerance of Three
Different Bacteria Isolated from Industrial Effluent, International Journal of Pharmaceutical
Research and Bio-Science, 2, 137-47, 2013.

[6] Hohl, H., Varma, A., Soil: The Living Matrix, Soil Heavy Metals, 1-18, 2010.

[7] Sherameti I, Varma A., Heavy metal contamination of soils: monitoring and
remediation. Springer, New York 2015.

[8] Dixit R., Wasiullah, Malaviya, D., Pandiyan, K., Singh U.B., Sahu A., Shukla R., Singh
B.P., Rai J.P., Sharma P.K., Lade H., Paul, D., Bioremediation of Heavy Metals from Soil and
Aquatic Environment: An Overview of Principles and Criteria of Fundamental Processes,
Sustainability, 7(2), 2189-2212, 2015.

[9] Kiling, K.N., Dénmez, G., Mikroorganizmalarda Agir Metal Stresine Yanitin Proteom
Analizi ile Arastirilmasi, Elektronik Mikrobiyoloji Dergisi TR, 06, 27-33, 2008.

[10] Lemire, J.A., Harrison, J.J., Turner, R.J., Antimicrobial activity of metals:
mechanisms, molecular targets and applications, Nature Reviews Microbiology, 11, 371-384.

2013.

[11] Palmer, L.D., Skaar, E.P., Transition metals and virulence in bacteria, Annual Review
of Genetics, 50, 67-91, 2016.

[12] Macomber, L., Hausinger, R.P., Mechanisms of nickel toxicity in microorganisms,
Metallomics, 3, 1153-1162, 2011.

18



Cetin Kiligaslan et al. (2021) ADYU J SCI, 11(1), 1-22

[13] Baksh K.A., Zamble, D.B. Allosteric control of metal-responsive transcriptional
regulators in bacteria, Journal of Biological Chemistry, 295(6), 1673-1684, 2019.

[14] Bruins, R.M., Kapil, S., Oechme W.F., Microbial Resistance to Metals in the
Environment, Ecotoxicology and Environmental Safety, 45, 198-207. 2000.

[15] Capdevila, D.A., Edmonds, K.A., Giedroc, D.P. Metallochaperones and
metalloregulation in bacteria, Essays Biochemistry. 61, 177-200, 2017.

[16] Foster, A.W., Osman, D., Robinson, N.J., Metal preferences and metalation, Journal
of Biological Chemistry. 289, 2809528103, 2014.

[17] O’Halloran, T.V. Transition metals in control of gene expression, Science, 261, 715-
725, 1993.

[18] Mermod, M., Magnani, D., Solioz, M., Stoyanov, J.V. The copper- inducible ComR
(YcfQ) repressor regulates expression of ComC (YcfR), which affects copper permeability of the
outer membrane of Escherichia coli, BioMetals, 25, 33-43. 2012.

[19] Harrison, J.J., Turner, R.J., Ceri, H., Persister cells, the biofilm matrix and tolerance
to metal cations in biofilm and planktonic Pseudomonas aeruginosa, Environmental
Microbiology 7 (7), 981-994, 2005.

[20] Grass, G., Rensing, C., Genes involved in copper homeostasis in Escherichia coli,
Journal of Bacteriology, 183, 2145-2147, 2001.

[21] Rensing, C., Grass, G., Escherichia coli mechanisms of copper homeostasis in a
changing environment, FEMS Microbiology Reviews, 27, 197-213. 2003.

[22] Rensing, C., Mitra, B., Rosen, B.P., The zntA gene of Escherichia coli encodes a
Zn(ll)-translocating P-type ATPase, Proceedings of the National Academy of Sciences USA, 94,
14326-14331, 1997. 22

[23] Lee, C., Kuo, Y.L., The evolution of diffusion barriers in copper metallization, The
Journal of The Minerals, 59, 44-49, 2008.

[25] Valencia, E.Y., Braz, V.S., Guzzo, C., Marques M.V., Two RND proteins involved in
heavy metal efflux in Caulobacter crescentus belong to separate clusters within proteobacteria,
BMC Microbiology, 13:79, 1471-2180, 2013.

[25] Higuchi, M., Ozaki, H., Matsui, M., Sonoike, K., 4 T-DNA insertion mutant of
AtHMAI gene encoding a Cu transporting ATPase in Arabidopsis thaliana has a defect in the
water—water cycle of photosynthesis, Journal of Photochemistry and Photobiology B: Biology, 94
(3), 205-213, 2009.

[26] Nies, D.H., Efflux-mediated heavy metal resistance in prokaryotes, FEMS
Microbiology Reviews, 27, 313-339, 2003.

[27] Chao, Y., Fu, D., Kinetic Study of the Antiport Mechanism of an Escherichia coli Zinc
Transporter, ZitB, Journal of Biological Chemistry, 279(13), 12043-12050, 2004.

19



Cetin Kiligaslan et al. (2021) ADYU J SCI, 11(1), 1-22

[28] Wei, Y., Fu, D., Selective metal binding to a membraneembedded aspartate in the
Escherichia coli metal transporter YiiP (FieF), Journal of Biological Chemistry, 280, 33716-
33724, 2005.

[29] Blanco, P., Hernando-Amado, S., Reales-Calderon, J., Corona, F., Lira, F., Alcalde-
Rico, M., vd., Bacterial multidrug efflux pumps: much more than antibiotic resistance
determinants, Microorganisms, 4 (1), 14, 2016.

[30] Sakamoto,Y ., Furukawa, S., Ogihara, H., Yamasaki, M., Fosmidomycin Resistance in
Adenylate Cyclase Deficient (cya) Mutants of Escherichia coli, Bioscience, Biotechnology, and
Biochemistry, 67(9), 2030-2033, 2003.

[31] Botsford, L. J., Cyclic AMP in Prokaryotes, Microbiological Rewievs, 56(1), 100-122.
1992.

[32] Nosho, K., Fukushima, H., Asai, T., Masahiro Nishio, M., Takamaru, R., Kobayashi-
Kirschvink, K.J., Ogawa,T., Hidaka, M., Masaki, H., cAMP-CRP acts as a key regulator for the
viable but non-culturable state in Escherichia coli, Microbiology, 164, 410-419, 2018.

[33] Shimada, T., Fujita, N., Yamamoto, K., Ishihama, A., Novel roles of cAMP receptor
protein (CRP) in regulation of transport and metabolism of carbon sources. PLoS One, 6:¢20081.
2011.

[34] Xue, J., Tan, B., Yang, S., Luo, M., Xia, H., Zhang, X., Zhou, X., Yang, X., Yang, R.,
Li, Y. et al., Influence of cAMP receptor protein (CRP) on bacterial virulence and transcriptional
regulation of allS by CRP in Klebsiella pneumoniae, Gene, 593, 28-33, 2016.

[35] El Mouali, Y., Gaviria-Cantin, T., Sa” nchez-Romero, M.A., Gibert M., Westermann
A.J., Vogel, J., Balsalobre, C., CRP-cAMP mediates silencing of Salmonella virulence at the post-
transcriptional level, PLoS Genetics, 14:¢1007401. 2018.

[36] Manneh-Roussel, J., Haycocks, J.R.J., Magan, A., Perez-Soto, N., Voelz, K., Camilli,
A., Krachler, A.M., Grainger, D.C., cAMP receptor protein controls vibrio cholerae gene
expression in response to host colonization, mBio., 9, 2018.

[37] McDonough, K.A., Rodriguez, A., The myriad roles of cyclic AMP in microbial
pathogens. from signal to sword, Nature Reviews Microbiology, 10, 27-38, 2011.

[38] Miller, D., The Generic Strategy Trap, Journal of Business Strategy, 13(1), 37-41,
1992.

[39] Wiegand, L., Hilpert, K., Hancock, R.E., Agar and broth dilution methods to determine
the minimal inhibitory concentration (MIC) of antimicrobial substances, Nature Protocols., 3(2),
163-75, 2008.

[40] Hoben, H.J., Somasegaran, P., Comparison of the pour, spread, and drop plate
methods for enumeration of Rhizobium spp. in inoculants made from presterilized peat, Applied

and Environmental Microbiology, 44, 1246-1247, 1982.

[41] Li, C., Li, Y., Ding, C., The Role of Copper Homeostasis at the Host-Pathogen Axis:
From Bacteria to Fungi, International Journal of Molecular Sciences., 20(1), 175, 2019.

20



Cetin Kiligaslan et al. (2021) ADYU J SCI, 11(1), 1-22

[42] Solioz, M., Copper homeostasis in gram-negative bacteria, In: Copper and Bacteria:
Evolution, Homeostasis and Toxicity. Cham: Springer International Publishing, 49-80, 2018.

[43] Rademacher, C., Masepohl, B., Copper-responsive gene regulation in bacteria,
Microbiology, 158(10), 2451-2464, 2012.

[44] Mouali, Y.E., Gaviria-Cantin, T., MardAa Antonia SaAnchez-Romero, M.A., Gibert,
M., Westermann, A.J., Jorg Vogel, J., Balsalobre, C., CRP-cAMP mediates silencing of
Salmonella virulence at the post-transcriptional level, PLoS Genetics, 14(6), 2018.

[45] Amin, N., Peterkofsky A., A Dual Mechanism for Regulating cAMP Levels in
Escherichia coli, Journal of Biological Chemistry., 270, 11803-11805, 1995.

[46] Iwasa Y., Yonemitsu, K., Miyamoto, 4 calcium-dependent cyclic nucleotide
phosphodiesterase from Escherichia coli, FEBS Letters., 124, 207-209, 1981.

[47] Sun, H., Lu, X., Gao, P., The exploration of the antibacterial mechanism of Fe't
against bacteria. Brazilian Journal of Microbiology 42(1), 410-414, 2011.

[48] Irving, HM.N.H., Williams, R.J.P., The stability of transition-metal complexes,
Journal of the Chemical Society, 3192-3210, 1953.

[49] Shin, J.H., Helmann, J.D., Molecular logic of the Zur-regulated zinc deprivation
response in Bacillus subtilis, Nature Communications. 7,9, 2016.

[50] Waldron, K.J., Robinson, N.J., How do bacterial cells ensure that metalloproteins get
the correct metal?, Nature Reviews Microbiology, 7, 25-35, 2009.

[51] Outten, C.E., O’Halloran, T.V., Femtomolar sensitivity of metalloregulatory proteins
controlling zinc homeostasis, Science 292, 2488-2492, 2001.

[52] Patzer, S.1., Hantke, K., The ZnuABC high-affinity zinc uptake system and its regulator
Zur in Escherichia coli, Molecular Microbiology. 28, 1199-1210, 1998.

[53] Lucarelli, D., Vasil, M.L., Meyer-Klaucke, W., Pohl, E., The metal-dependent
regulators FurA and FurB from Mycobacterium tuberculosis, International Journal of Molecular
Sciences. 9, 1548-1560, 2008.

[54] Shin, J.H., Oh, S.Y., Kim, S.J., Roe, J.H., The zinc-responsive regulator Zur controls
a zinc uptake system and some ribosomal proteins in Streptomyces coelicolor A3(2), Journal of
Bacteriology. 189, 4070-4077, 2007.

[55] Gilston, B.A., Wang, S.N., Marcus, M.D., Canalizo-Hernandez, M.A., Swindell, E.P.,
Xue, Y. et al., Structural and mechanistic basis of zinc regulation across the E. coli Zur regulon,
PLOS Biology. 12, 16, 2014.

[56] Zhu, R.F., Song, Y.Q., Liu, H.P., Yang, Y.F., Wang, S.L., Yi, C.Q. et al. Allosteric

histidine switch for regulation of intracellular zinc(1l) fluctuation, Proceedings of the National
Academy of Sciences. U.S.A. 114, 13661-13666, 2017.

21



Cetin Kiligaslan et al. (2021) ADYU J SCI, 11(1), 1-22

[57] Guerra, A.J., Dann, C.E., Giedroc, D.P. Crystal structure of the zinc-dependent MarR
family transcriptional regulator AdcR in the Zn(Il)-bound state, Journal of the American
Chemical Society. 133, 19614-19617, 2011.

[58] Sanson, M., Makthal, N., Flores, A.R., Olsen, R.J., Musser, J.M., Kumaraswami, M.
Adhesin competence repressor (AdcR) from Streptococcus pyogenes controls adaptive responses
to zinc limitation and contributes to virulence, Nucleic Acids Research. 43, 418-432, 2015.

[59] Morby, A.P., Turner, J.S., Huckle, J.W., Robinson, N.J., SmtB is a metal-dependent
repressor of the cyanobacterial metallothionein gene smtA—identification of a Zn inhibited DNA-
protein complex, Nucleic Acids Research. 21, 921-925, 1993.

[60] Kondrat, F.D.L., Kowald, G.R., Scarff, C.A., Scrivens, J.H., Blindauer, C.A.
Resolution of a paradox by native mass spectrometry: facile occupation of all four metal binding
sites in the dimeric zinc sensor SmtB, Chemical Communications, 49, 813-815, 2013.

[61] Thelwell, C., Robinson, N.J., Turner-Cavet, J.S., An SmtB-like repressor from
Synechocystis PCC 6803 regulates a zinc exporter, Proceedings of the National Academy of
Sciences , U.S.A. 95, 10728-10733, 1998.

[62] Arunkumar, A.l., Campanello, G.C., Giedroc, D.P. Solution structure of a paradigm
ArsR family zinc sensor in the DNA-bound state, Proceedings of the National Academy of
Sciences, U.S.A. 106, 18177-18182, 2009.

[63] Darcan, C., Kaygusuz, O., Aydin, E., Investigation of the role of RpoS in Escherichia
coli againts Metals, Anadolu University Journal of Science and Technology C- Life Sciences and
Biotechnology, 7(2), 105-121, 2018.

[64] Dong, T., Kirchhof, G.M., Schellhorn, H.E., RpoS regulation of gene expression
during exponential growth of Escherichia coli K12, Molecular Genetics and Genomics, 279, 267-
277, 2008.

[65] Macomber, L., Rensing, C., Imlay, J.A., Intracellular copper does not catalyze the
formation of oxidative DNA damage in Escherichia coli, Journal of Bacteriology 189, 1616-1626,
2007.

[66] Troxell, B., Ye, M., Yang, Y., Carrasco, S.E., Lou, Y., Yanga, X.F., Manganese and

Zinc Regulate Virulence Determinants in Borrelia burgdorferi, Infection and Immunity, 81(8),
2743-2752, 2013.

22



