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The polyextremophilic strain Acinetobacter sp. Ver3 isolated from high-alti-
tude Andean lakes exhibits elevated tolerance to UV-B radiation and to
pro-oxidants, a feature that has been correlated to its unusually high cata-
lase activity. The Ver3 genome sequence analysis revealed the presence of
two genes coding for monofunctional catalases: “Y*KatEl and “V?KatE2,
the latter harboring an N-terminal signal peptide. We show herein that
AV3RatEl displays one of the highest catalytic activities reported so far
and is constitutively expressed at relatively high amounts in the cytosol,
acting as the main protecting catalase against H,O, and UV-B radiation.
The second catalase, “Y?KatE2, is a periplasmic enzyme strongly induced
by both peroxide and UV, conferring supplementary protection against
pro-oxidants. The N-terminal signal present in “Y?KatE2 was required not
only for transport to the periplasm via the twin-arginine translocation
pathway, but also for proper folding and subsequent catalytic activity. The
analysis of catalase distribution among 114 Acinetobacter complete gen-
omes revealed a great variability in the catalase classes, with A. baumannii
clinical isolates exhibiting higher numbers of isoenzymes and the most vari-
able profiles.

Introduction

High-altitude Andean lakes (HAAL), distributed along
the central Andes area in South America, undergo
extreme environmental conditions such as high concen-
trations of salt and metalloids, wide daily variations of
temperature, and an elevated UV radiation [1]. These
ecosystems thus became a good source of extremophile
microorganisms displaying diverse biological strategies
to cope with hostile environments. Indeed, about 1000
bacterial strains have been recently isolated from this
area, embodying the Extremophile Culture Collection
from HAAL [2,3].

Acinetobacter sp. Ver3 and Ver7, two phylogeneti-
cally related strains from the Verde lake located at
4400 m above sea level, were shown to display high

Abbreviations

tolerance to chemical pro-oxidants as H,0O, and
methyl viologen (MV) when compared with collection
strains of A. baumannii, A. lwoffii, and A. johnsonii
used as controls [4]. Interestingly, the two strains also
showed higher survival after UV-B radiation exposure,
both in solid agar plates and in liquid cultures [4,5].
Measurements of photoproducts after exposure of
Acinetobacter cultures to UV-B radiation and subse-
quent photoreactivation conditions provided evidence
of the involvement of photolyases in an efficient DNA
repairing pathway, possibly contributing to the
observed resistant mechanisms to the harmful environ-
ment [5]. A PCR screening using degenerate primers
on Ver3 DNA allowed identification of a gene with

HAAL, high-altitude Andean lakes; HP, hydroperoxidase; MV, methyl viologen.
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good homology to CPE-I type photolyases found in
other Acinetobacter genomes. More recently, this pho-
tolyase from Acinetobacter sp. Ver3 was cloned and
shown to prevent accumulation of photoproducts from
damaged DNA  after UV-B  exposure  of
Escherichia coli-transformed cells [6].

The high tolerance toward pro-oxidants displayed
by the Andean Acinetobacter isolates led to evaluation
of their antioxidant enzymes. Both Ver3 and Ver7 iso-
lates exhibited a single electrophoretic catalase species
in soluble extracts and a total activity fifteen times
higher than those found in collection strains A. bau-
mannii, A. johnsonii, and A. Iwoffii used as controls.
Moreover, the presence of the catalase inhibitor 3-
amino-triazole in the culture media reduced the
observed tolerance to UV-B radiation, strongly sug-
gesting the involvement of catalase activity in the bio-
chemical mechanism of that response [4].

Catalases, peroxidases, and superoxide dismutases
are the most important activities involved in the scav-
enging of reactive oxygen species (ROS) resulting from
partial reduction of oxygen in aerobic cells. H,O,, the
most abundant ROS, is formed as by-product of the
respiratory electron transport chain through the two-
electron reduction of molecular dioxygen or by dispro-
portionation of the superoxide ion catalyzed by super-
oxide dismutases. Evolution led to appearance of three
enzyme families that catalyze H,O, dismutation,
namely monofunctional heme catalases (hydroperoxi-
dases II, HPII or KatEs), bifunctional heme catalases—
peroxidases (hydroperoxidases I, HPI or KatGs), and
nonheme Mn-catalases. More recently, phylogenetic
studies revealed the existence of three clades for the
typical monofunctional HPII: clade 1 of plant origin,
clade 2 referred as ‘large subunit’ catalases of fungal—
bacterial origin, and clade 3 including the ‘small sub-
unit’ catalases present in bacteria and Archaea [7].

Efforts have been made to determine the participa-
tion of catalases from diverse Acinetobacter clinical
isolates in the defense to ROS produced by neutrophils
during infection, and also in the direct response to
pro-oxidants in vitro. Recent studies on the AkatE and
AkatG mutants of A. baumannii AB5075 and A. noso-
comialis M2 indicated that the monofunctional cata-
lase KatE accounts for the major part of the catalase
activity displayed by the bacterium. However, the
results also suggested that the bifunctional catalase—
peroxidase KatG would be the activity responsible of
tolerance to external peroxides in vivo [8].

Analysis of the complete genome of Acinetobacter
sp. Ver3 revealed the presence of at least two genes
encoding monofunctional heme catalases (EC 1.11.1.
6), a cytosolic KatE (EZQI12194) and a periplasmic
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KatE (EZQ11977) carrying a putative translocation
signal peptide [9]. A proteomic study reported in the
same article showed a relative increase of the cytosolic
catalase in cells cultured under UV-B, suggesting its
involvement in the response to this radiation [9].

We describe herein the cloning of two genes encod-
ing the catalases present in the polyextremophile
Acinetobacter sp. Ver3, the localization and biochemi-
cal characterization of the protein products, and the
first analysis of their involvement in the antioxidant
protection of this bacterial strain. A phylogenetic anal-
ysis including 114 publicly available complete genomes
of Acinetobacter strains was also performed in order
to explore the diversity of catalase-encoding genes in
this genus.

Results

Cloning, expression, and activity of
Acinetobacter sp. Ver3 catalases

The complete genome sequence of the strain Acineto-
bacter sp. Ver3 has been reported, revealing the pres-
ence of two genes coding for heme catalases [9].
Sequence alignments indicate that the product of
CL42_01515 (ORF EZQI12194) corresponds to a
monofunctional heme catalase, classified as hydroper-
oxidase type II (HPII) or KatE, and related to the
phylogenetically defined clade 3 [7,10], that will be
named to as *V*KatEl.

Using the primers detailed (Materials and methods,
Table 1), the coding region of the gene CL42_01515
(1521bp) was amplified through PCR protocols from
genomic DNA. The resulting Ncol-HindIIl fragment
was cloned in compatible sites of the pET28 expression
vector, originating pEV3K1, and finally used to trans-
form E. coli BL21 (DE3) cells. After induction with
IPTG, transformed cells were subjected to sonic rup-
ture, and recombinant catalase was purified to homo-
geneity from soluble fractions using ammonium sulfate
precipitation, dialysis, and anionic exchange chro-
matography as described below (Fig. 1A,B).

The purified enzyme displayed an absorbance spec-
trum typical of heme catalases [11,12] with the Soret
band at 405 nm, and the Q bands at 515, 540, 575,
and 630 nm (Fig. 1D).

The enzymatic activity of recombinant *Y3KatEl
was monitored by following the decomposition of
H,0O,, which allowed estimation of a k. of
13402107 s7! and a K, =229 &+ 56 mm, that
result in one of the highest catalytic activities reported
so far for this type of enzymes. Comparison of the
electrophoretic mobility after nondenaturing PAGE
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Table 1. List of primers. The underlined sequences correspond to
restriction enzymes recognition sites:  Ncol, > Hindlll, © Ndel.

Primers Sequence (5'-3)

KatE1F 5-TGACCATGGGCGATGACTCAA-3?

KatETupF 5-CGTAAGCTTTACTGTAAATCATCGTTA-3®
KatE1R 5-CAGAAGCTTTTATTGTATTCGGGAAG-3"®
KatE2F 5-AACCATATGTTTAAGCGTTCAATG-3'¢

KatE2upF 5-CATAAGCTTCACCATCCACAACGA-3®
KatE2matF 5-TCACATATGCCATTAACAAAAGATAACG-3°

KatE2R 5-GGCAAGCTTTTGAGTTTTACAGGA-3®
M13F 5-GTAAAACGACGGCCAGT-3
M13R 5-GGAAACAGCTATGACCATG-¥

KatEADPF 5-TGTCATCATGCGACTTATCCATGG-3'
KatEADPR 5-CAACGAACCATGGCAATTCATTATCG-3

gkatE1F 5-ATTGAACGTGGTGATTTCCCG-3
gkatETR 5-GGCAGCTTGTTCTACGTCTTG-3
gkatE2F 5-GTTCCCAGACTTCATCCACG-3
gkatE2R 5-ACCGAAACCGTCTTGTTCAC-3
qgrecAF 5-CTCAATATGCTCGCAAACTTGG-3
grecAR 5-GGTTAAGGCTGCTACAGAATCG-3
qrpoBF 5-TGCAAACACGGTTCTTAGCC-3
qrpoBR 5-CACCTGGACGCATTACCTTG-3
ABC D
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Fig. 1. Purification of ~Y®KatE1. (A) Coomassie blue staining of
purified KatE1 after SDS/PAGE; (B) in situ catalase activity staining
of purified “V3KatE1 after nondenaturating PAGE; (C) in situ
catalase activity staining of Acinetobacter Ver3 total soluble
extracts after nondenaturating PAGE (D) Absorption spectrum of
purified AY3KatE1l (0.4 mg-mL™") showing the Soret band at
405 nm. Details of Q bands obtained with concentrated protein
(4 mg:-mL™") are visible in the inset (red). Data shown are
representative of three independent experiments.

showed that recombinant ~Y3KatEl corresponds to
the single activity species observed in soluble extracts
of Acinetobacter sp. Ver3.

The product of the second heme catalase gene
CL42_02730 (ORF EZQ11977) also displayed homol-
ogy with HPII/KatE catalases, structurally related to
clade 1 [10], and was accordingly denominated

Catalases of polyextremophilic Acinetobacter sp. Ver3

AV3K atE2. Different export-sequence prediction soft-
wares identified the presence of a 19-residue signal
peptide with cleavage site encoded by the gene [9], sug-
gesting a periplasmic localization for AY*KatE2 cata-
lase.

Two sequences were amplified by PCR using geno-
mic Ver3 DNA as template and the primers detailed in
Table 1: the complete karE2 gene (“V?katE2) and the
same sequence lacking the signal peptide coding region
(*V3katE2®). Both amplified sequences were cloned in
Ndel-Hindlll compatible sites of pET22 plasmid, origi-
nating pEV3K2 and pEV3K2™", respectively. However,
E. coli BL21 (DE3) cells transformed with any of these
two vectors did not accumulate protein products after
induction with IPTG (not shown). In a different
attempt to obtain the recombinant enzyme, we
cotransformed BL21 (DE3) cells with the pKJE7 plas-
mid harboring dnakK, dnaJ, and grpE chaperone genes
(Takara Bio USA Inc., St. Louis, MO, USA) and each
of the aforementioned pET22 derivative vectors
(Table 2). Induction with IPTG and r-arabinose pro-
moted accumulation of Acinetobacter Ver3 recombi-
nant catalases, which were visualized after protein
staining of SDS/PAGE. Isolation of the recombinant
enzymes from soluble extracts was achieved after
ammonium sulfate precipitation followed by anionic
interchange chromatography (Fig. 2A).

Soluble extracts from induced pEV3K2- or
pEV3K2P-transformed cells showed spectral differ-
ences. While the full gene promotes expression of an
active enzyme with a Soret band at 410 nm, the katEZ
P gene encodes an inactive enzyme displaying a 5 nm
blueshift. This suggests an altered environment of the
heme moiety, probably following an irregular folding
(Fig. 2B).

Recombinant active “Y?KatE2 was purified to
homogeneity using ammonium sulfate precipitation,
dialysis, and anionic chromatography (Fig. 2, lane 95).
Kinetic parameters of the purified enzyme were esti-
mated, resulting in a kg, = 2.14 £ 0.3.10°s7! and a
Ky, = 6.5+ 0.6 mm.

While AV3KatE1 is strictly cytosolic, AV3KatE2 can
be directed to the periplasm

To determine the localization of the recombinant Ver3
catalases, E. coli BL21 (DE3) cells were cotransformed
with pKJE7 and either pEV3K1 or pEV3K2. Subse-
quent cellular fractionation was carried out after IPTG
and arabinose treatment to induce the exogenous
genes. Bacteria were lysed in isotonic buffer, and sub-
cellular fractions were obtained as described in Materi-
als and methods.
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Table 2. List of strains and plasmids used in this work.

Description Reference
Strains
Acinetobacter
A. sp. [2]
Ver3
A. baylyi DSMz
ADP1
A. baylyi  ADP1; katE::Km This work
ADP1
kat™
E. coli
DH5a ®80 /lacZDM15 reaA1 endA1 gyrA96 [40]
thi-1 hsaR17
SUpE44 relA1 deoR DllacZYA-argF)
U169 F
BL21 F~ ompT (rg™ mg™) gal dem A(DE3) [41]
(DE3)

MC4100  F~ araD139 AlargF-lac) U169 rpsL150  [42]
relA1 deoC1 ptsF25 rpsR fIbB301

CuU165 MC4100; zhd33::Tn10 secY40 (Tc") [43]
B1LKO MC4100; AtatC [44]
Plasmids
pKJE7 DnaK, DnaJ GrpE chaperone Takara®
expression, CmR
pET28 Expression vector, KmR Novagen®
pET22 Expression vector, Ap? Novagen®
pEV3K1 pET28 derivative expressing “V3katE1  This work
pEV3K2 pET22 derivative expressing “*katE2  This work
pEV3K2P pET22 derivative expressing “3katE2  This work
without the sequence codifying the
signal peptide
pUC4K Vector containing Kanamycin cassette  [45]
(KmP®, ApF)
pGEM®T- Cloning vector Promega®
Easy
pGAK1 PGEM®T-Easy derivative containing This work
2332-bp fragment corresponding to
ADP1 katE gene
pGAKTkm pGAK1::Km at EcoRV site This work

pMBLe(OA) Expression vector pMBLe derivative; [46]
contains origin of replication from
PpWH1277 at Agel site, Gm"

pMV3K1 pMBLe(OA) derivative expressing This work
AV3katE1

pMV3K2 pMBLe(OA) derivative expressing This work
AV3katE2

Cells transformed with pEV3K1 showed an induced
protein band of 58 kDa only in the cytosolic fraction
(Fig. 3A, lane 3), while the pEV3K2 transformants
contained a 54-kDa protein corresponding to the
AV3KatE2 in both cytosolic and periplasmic fractions
(Fig. 3A, lanes 5 and 6), as it was observed by SDS/
PAGE. The only periplasmic extract exhibiting
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catalase activity corresponded to the cells expressing
the *V3katE2 complete gene (Fig. 3B). Moreover, cells
expressing the “Y3karE2® lacking the signal peptide
were less efficient in translocating the protein to peri-
plasm, as it was confirmed using specific anti-KatE2
antibodies (Fig. 3C).

Two major secretion routes for translocation of pro-
teins to the periplasm have been described in bacteria:
the general secretion pathway (Sec) and the twin-argi-
nine translocation pathway (TAT). To identify the
machinery utilized for KatE2 translocation, E. coli
MC4100 mutants in Sec or TAT proteins were
cotransformed with pEV3K2 and pKJE7. After induc-
tion, wt cells were able to accumulate KatE2 protein
in the periplasm, as did the secY” mutant (Fig. 4). On
the contrary, the AfarC mutant failed to show protein
accumulation in any fraction. Identity of the overex-
pressed bands was determined using anti-KatE2 anti-
bodies (Fig. 4, lower panel).

AV3 katE2 expression increases after H,0, and UV
treatments

Expression of the *Y3katEl and *V3katE2 genes was
studied in Acinetobacter Ver3 cells subjected to pro-ox-
idant challenges. Cultures in exponential growth phase
were exposed to H,O, (1 mm) or UV-B radiation
(900 -m~?), and immunostaining of total soluble
extracts was carried out after SDS/PAGE using poly-
clonal antibodies. Exposure to H>,O, or UV promotes
accumulation of “Y?KatE2 but no visible enhancement
of the AV3KatEI signal was observed (Fig. 5).

In order to determine whether there existed a corre-
lation at the transcriptional level, total RNA was iso-
lated at 10 and 30 min after exposure of the cells to
H,O, or UV radiation, and quantitative real-time
reverse transcription PCR (qRT-PCR) was performed.
Results illustrated in Fig. 5 show that “VikarE2
expression levels increased about 100- and 20-fold after
only 10 min of H,O, or UV challenge, respectively,
whereas the “V3katEl transcript did not exhibit signifi-
cant variation (Fig. 5).

AV3KatE1 plays a critical protective role against
pro-oxidant treatments

Acinetobacter baylyi ADP1 possesses only one cytoso-
lic catalase (CAG67388.1) belonging to the phyloge-
netically defined clade 3 [7,10] that shares 89% protein
sequence identity with *Y*KatE1.

In order to investigate the involvement of Ver3 cata-
lases in the tolerance to UV radiation and pro-oxidant
challenges, we constructed a catalase-deficient ADP1
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Fig. 2. Expression and isolation of AY3KatE2. (A) Soluble extracts from cultured Escherichia coli BL21 (DE3)-transformed cells carrying the
PEV3K2 or pEV3K2® plasmids and the pKJE7. Lanes 1 and 2 show protein staining of SDS/PAGE from fractions obtained after ion-exchange
chromatography of E. coli cells expressing “V3katE2 or A3katE2™, respectively. Lanes 3 and 4 correspond to in situ catalase activity after
nondenaturing PAGE of soluble extracts from E. coli cells expressing “V3katE2 or ~V3katE2®, respectively. Lane 5 shows SDS/PAGE protein
staining of purified KatE2 from pEV3K2 E. coli-transformed cells. (B) Spectra of extracts corresponding to recombinant catalase from
PEV3K2 (black) or pEV3K2™® (red) transformants. Data displayed are representative of three independent experiments.

B 1x10* c
BL21 (DE3) pKJE7 [ Control
s | Il pEV3K1
- PpEV3K1 PpEV3K2 o, &0 3 pEvak2
1S BL21 (DE3) pKJE7
g pET22 pEV3K2 pEV3K2®
70 kDa > —— L— g 3
D-— - — < _8 4x10 cC P cC P C P
40 kDaP> — — <
2x10°
22 kDa P> s = = 1 2 3 4 5 6
Cytoplasm  Periplasm
1 2 3 4 5 6 Control pEV3K1 pEV3K2
Cytoplasm 9.3+ 0510" 9.0+ 0210° 1.7+0.110°
Peripasm 9.3+0610" 9.7+0210" 1.8+0.110°

Fig. 3. Localization of #VKatE1 and “V3KatE2. (A) Coomassie blue staining of SDS/PAGE from cytosolic-C- or periplasmic-P-soluble fractions
(15 pl) from Escherichia coli cells carrying pKJE7 (lanes 1 and 2) cotransformed with pEV3K1 (lanes 3 and 4) or pEV3K2 (lanes 5 and 6).
Black arrows indicate the expressed chaperones encoded in pKJE7 (70, 40, and 22 kDa); white arrows indicate expression of ~¥*KatE1 (lane
3) or AV3KatE2 (lanes 5 and 6). (B) Catalase activity of cytosolic and periplasmic fractions (10 pg) from the indicated E. coli transformants.
Control corresponds to the pKJE7 transformants without the pET derivatives. Each bar represents the average + SD of three biological
replicates (see table below) (C) Immunostaining of E. coli cytosolic-C or periplasmic-P fractions (15 ug) from pKJE7-transformed cells,
cotransformed with pET22 vector (lanes 1 and 2), pEV3K2 (lanes 3 and 4), or pEV3K2 (lanes 5 and 6). All data shown were obtained from
four independent experiments.

kat™ insertional mutant. This strain was used as host cultures on agar plates supplemented with H,O, or
for the expression vectors pMV3K1 and pMV3K2 exposed to UV-B radiation immediately after plating.
(Table 2) harboring the complete sequence of Results displayed in Fig. 6 show that, unlike
AV3karEl and “V’katE2 genes, respectively, and AV3KatE2, AV3KatEl was able to restore a tolerant

including about 300 bp upstream from the ATG.
Tolerance of transformants to pro-oxidants was
tested by placing serial dilutions drops of exponential

phenotype similar to that observed for the wt ADPI1
strain to pro-oxidant stressors, both H,O, and UV
radiation. Moreover, in the kat™ transformants, the
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E. coli MC4100
wt secY® AtatC
cC P C P C P

70kDa B <l ~——
56 kDa > —— —

40 kDa P -

22 kDa P>

Fig. 4. Translocation of ~V3KatE2 to periplasm. Upper panel shows
protein staining of SDS/PAGE of cytosolic-C or periplasmic-P
fractions (15 pg) from E. coli MC4100-induced cells (wt), isogenic
secY® cells, or AtatC cotransformed with pKJE7 and pEV3K2.
Black arrows indicate chaperone expression (70, 40, and 22 kDa);
white arrow indicates #V3KatE2 accumulation. Lower panel displays
the immunostaining of the corresponding fractions detailed above
employing anti-AV3KatE2 polyclonal antibodies. The figures
displayed are representative of at least three biological replicates.

presence of *V?KatEl provided a higher tolerant phe-
notype in comparison with the contribution of AR
KatE2 (Fig. 6B). However, previous exposure of
ADPI1 kat™ pMV3KE2 to low concentrations of H,O,
resulted in an increase of tolerance, suggesting a
response of the *VRkarE2 gene to peroxide (Fig 6B).

Phylogenetic analysis of hydroperoxidases in the
Acinetobacter genus

In order to explore the diversity of HP-encoding genes
in the Acinetobacter genus, a local database including
114 publicly available complete genomes was con-
structed. It comprised 14 different Acinetobacter
defined species plus 6 strains corresponding to unas-
signed species (Table S1). BLASTP-homology searches
were then performed using as query the following pro-
teins: ~V’KatEl and “Y’KatE2 (EZQI12194.1 and
EZQ11977.1, respectively), and A. baumannii
ATCC17978 KatE-clade 2 and KatG (ABO11814.2
and ABO10867.2, respectively). Our comparative anal-
ysis showed a total of 302 putative catalases in the
selected Acinetobacter strains.

A phylogenetic analysis including all these HPs, as
well as those used as query, was then performed. It
showed the presence of four well-supported clusters
(Fig. 7). With this information, and following previous
classifications [7,10,13], we were able to distinguish
four groups:
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AVKatE2 (10 min) 0.3+0.1 2510 3.9%+0.8
AV3katE2 (30 min) 0.3+ 0.1 43+0.7 1.1+0.1

Fig. 5. Expression of AV3katE1 and AV3katE2 after pro-oxidant
challenges. (A) Immunostaining of total protein extracts (15 ug)
employing anti-AV3KatE1 or anti-AV3KatE2 antibodies from
untreated cells (control) or challenged with 1 mm H,O, or
900 J-m™2 UV exposure (four biological replicates data
representation). The original gel had additional lanes that are not
shown in the figure (indicated by a dotted line). (B) Expression of
AV3katE1 or AV3katE2 relative to housekeeping genes (recA and
rpoB mean) in untreated Ver3 cells (white bars), after 1 mm H,0,
challenge (red bars) or 900 J-m™2 UV exposure (yellow bars).
Asterisks indicate significant differences among control and
treatments, as determined by analysis of variance (ANOVA) and
Tukey's multiple comparison test. Each bar represents the
average + SD of four biological replicates (see table below).

1 HPII or KatE, clade 1 contains 26 members. This
is the less prevalent class in the analyzed strains.
They are encoded by A. baumannii (18 strains),
A. equi, A. haemolyticus, A. lwoffii, A. schindleri,
and four strains not assigned to any validated spe-
cies, including Ver3. All these proteins were
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Control H,0, (100 pm) UV (450 J-m~2)
40+0410° 50+0.310° 4.3+0.210*
46+0810° 16+0.610° 3.2+0.810*
50+0510° 1.6+0.310° 1.5%0.3107
82+0510° 47+0.310° 8.7+0.510*
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Fig. 6. Effect of ~"*KatE1 and “V®KatE2 on the tolerance of ADP1 wt (A) and kat™ (B) to pro-oxidants. Aliquots (10 pL) of exponentially
grown cultures (ODggonm 0.4) from parental, deficient, and complemented ADP1 derivative strains (indicated at left) were serially diluted and
loaded onto LB agar plates supplemented with H,O, or subjected to UV radiation. ADP1 wt and kat~ complemented with pMV3K2 were
additionally subjected to induction with 50 um H,O, for 30 min (bottom lane) prior to serial dilution. Tables indicate average colony-forming

units counting (per mL) of three biological replicates.

predicted to encode a signal peptide and thus might
be translocated to the periplasm as demonstrated
herein for AV3KatE2. With the exception of Acine-
tobacter sp. Ver3, TGL-Y2 and Ncu2D-2, strains
encoding this type of catalase also harbor a gene
coding for a HPI catalase—peroxidase.

i1 HPII or KatE, clade 2 includes 104 members.
These catalases were found in the 88 A. baumannii
strains under study and in 16 out of 26 non-

il

baumannii. We detected a group of five proteins
present in non-baumannii Acinetobacter strains
showing between 60% and 75% of identity to
ABO11814.2 from A. baumannii ATCC17978. They
might constitute a novel subclade within this
group.

HPII or KatE, clade 3 is composed by 66 members
(55 A. baumannii strains) showing > 84% of
sequence identity to “V3KatEl. Of note, the HPII
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Catalases of polyextremophilic Acinetobacter sp. Ver3

catalase encoded by 4. baylyi ADPI1 belongs to this
group which also includes proteins encoded by
seven non-baumannii and three strains not assigned
to any validated species, such as Ver3.

iv HPI or KatG (catalase—peroxidase) has 106 mem-
bers (87 A. baumannii strains) distributed among 14
out of the 16 Acinetobacter species under study,
suggesting that they fulfill a critical role in the
oxidative stress response. We additionally detected
a group of 8 proteins present in non-baumannii
Acinetobacter strains showing around 54% of iden-
tity to ABOI10867.2 from A. baumannii ATCC
17978, which might constitute a novel clade (HPI-
like) within this group.

Discussion

High-altitude Andean lakes represent an important
source of biological strategies to resist extreme environ-
mental conditions. The isolates Acinetobacter sp. Ver3
and Ver7 have been shown to display enhanced resistance
to pro-oxidant reagents such as H,O, or MV. Moreover,
a high tolerance to UV radiation was observed in both
strains, and this feature seemed to be related to a high
catalase activity present in the bacteria [4].

M. G. Sartorio et al.

Analysis of the Ver3 genome sequence shows the
presence of two catalase genes, CL42_ 01515 and
CL42_02730 coding for two HPII named “Y?KatEl
and AV3KatE2, respectively.

Cloning, recombinant expression and activity mea-
surements of the protein products demonstrated that
AV3KatEl is a heme catalase and corresponded to the
main activity detected in Ver3 soluble extracts
(Fig. 1C), displaying one of the highest rates described
so far with a ke, of 1.3 x 10" s in many Acinetobac-
ter species [14,15] and also other bacteria [16-18].

On the other hand, AV3K atE2 is a HPII catalase with
a putative N-terminal signal sequence. The construction
of a vector without the signal peptide sequence enabled
us to demonstrate that only the complete gene pro-
motes expression of an active enzyme product, indicat-
ing that the N-terminal sequence is required for the
proper folding of *Y*KatE2, subsequent catalytic activ-
ity, and correct transport to the periplasm (Fig. 2).

Localization of both catalases in E. coli cells was
investigated by subcellular fractionation of the trans-
formed bacteria. While *Y*KatEl was found only in
cytosolic fractions, AV3KatE2 was directed to peri-
plasm, as revealed by SDS/PAGE and activity mea-
surements in soluble extracts (Fig. 3A,B). Moreover,

9 HPII (KatE)-Clade 2 ABO11814.2 A. baumannii ATCC17978
. (n=99)
7

AMW?78773.1 Acinetobacter sp. TGL-Y2

ENW24815.1 A. Iwoffii NCTC 5866 CIP 64.10 NIPH 512
72 APX63256.1 A. schindleri

| 89l ATO20034.1 Acinetobacter sp. LoGeW2-3

L ALV72687.1 A. johnsonii XBB1

100 HPII (KatE)-Clade 1 EZQ11977 Acinetobacter sp. Ver3

(n=26)
83|
HPII (KatE)-Clade 3 EZQ12194 Acinetobacter sp. Ver3
(n=66)
!—@4 HPI-like (n=8)
100
% Fig. 7. Phylogenetic tree of catalases from
Acinetobacter strains. The dendrogram was
constructed with Meca version 7.0 [37] using
the NJ method, and the robustness of the
— major branching points is indicated by the
0.5 bootstrap values (1000 repetitions).
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the use of anti- *Y*KatE2 antibodies revealed that the
enzyme lacking the signal peptide, encoded by the vec-
tor pEV3K2", was notably less efficient in transloca-
tion (Fig. 3C).

In order to identify the mechanism of “Y>KatE2 tar-
geting to the periplasm, the E. coli secY” and AtatC
mutants were used as host cells for the pEV3K2 vec-
tor. SDS/PAGE and subsequent immunostaining of
subcellular fractions show that both the wr and secY”
strains accumulated the recombinant protein in the
periplasm, while the AratC strain did not, indicating
that TAT was the translocation pathway used in vivo
by the host cell to target *V*KatE2 (Fig. 4). In con-
trast to the Sec pathway, the TAT system, present in
Archaea, bacteria, and chloroplasts, facilitates the
translocation of folded proteins across the lipid mem-
brane bilayer from the cytosol to periplasm [19]. The
lack of the TatC protein in the deficient host cell could
be responsible of the complete absence of recombinant
AV3KatE2 in the cell after induction (Fig. 4), as TatC
has been involved in substrate recognition, recruitment
of the other protein components of the translocon,
and stability of the whole complex [19,20].

It is worth noting, within this context, that the pres-
ence of homologues of both the SecY translocon and
the TAT system proteins has been confirmed in Acine-
tobacter species through sequence comparison analysis
(not shown).

The two AV3 catalases displayed contrasting
responses to ROS propagators. While *V?karEl tran-
scripts failed to show significant changes in relative
expression, *VkarE2 RNA levels rose about hundred
times after 10 min of H,O, treatment, and about
twenty times following UV exposure. The increase in
transcription was also reflected at the protein level as
revealed by the use of specific antibodies (Fig. 5).

OxyR, PerR, and OhrR are the three best studied
peroxide responsive regulators in Dbacteria [21],
although only OxyR has been recently characterized in
A. baumannii [22]. Tt was demonstrated in this bac-
terium that H,O, presence triggers the oxidation of
the OxyR C202 residue, leading to OxyR dissociation
from the target katE gene promoter region and thus
activating its transcription. The sequence alignment
displayed in Fig. 8A shows the presence of the OxyR
homologue found in Acinetobacter sp. Ver3 (A.Ver3 in
the figure), including the conserved C202 involved in
the activation of transcription previously described for
A. baumannii [22], representing a likely candidate for
the regulation of the transcriptional response of
AVikatE2.

In order to identify a putative OxyR binding motif
in the genes (aphFl and aphF2 operons, sul genes,

Catalases of polyextremophilic Acinetobacter sp. Ver3

katE) whose transcription was reported to be modu-
lated by this regulatory system in A. baumannii [22],
the sequence of four promoters (—1 to —300) were
extracted and analyzed using the MEME/MAST tool [23].
Three presumed sequence motifs were obtained by this
method (not shown) which were subsequently
employed as query for a search on the katEl and
katE2 promoter regions corresponding to Acinetobac-
ter sp. Ver3. A putative candidate site was only found
in the katE2 promoter (CL42_02730; Fig. 8B), proba-
bly involved in the experimentally observed regulation
of this gene (Fig. 5). Further experimental work would
be needed to properly evaluate this hypothesis.

The influence of *V?KatEl and “Y*KatE2 on the
tolerance of A. baylyi ADP1 kat™ to H,O, and UV
radiation was evaluated using transformants grown on
agar culture media plates. Results shown in Fig. 6
indicate that the cytosolic highly active *V3KatEl was
able to restore wr levels of ROS tolerance to the
mutants, with 2Y*KatE2 being less efficient in confer-
ring protection. However, a previous exposure of the
pMV3K2 transformants to sublethal H,O, concentra-
tions promoted an increase in the tolerance of the host
cell to pro-oxidants, suggesting a dose dependence of
the protection capacity of the periplasmic “V3KatE2 in
ADP1 (Fig. 6).

A genomic comparative analysis of 114 Acinetobac-
ter strains enabled to detect a great variability in the
catalase classes harbored by this genus (Fig. 7 and
Table 3). We observed that 99 strains, 81 correspond-
ing to A. baumannii, harbor between 2 and 3 HPs,
while 8 strains, 7 corresponding to 4. baumannii, carry
HP members belonging to the 4 established clusters.
These results suggest that those Acinetobacter species
usually associated with the clinical setting encode a
higher number of HPs. In agreement with these obser-
vations, none of the 7 strains harboring only 1 HP is a
representative of the Acinetobacter baumannii-cal-
coaceticus complex species. Moreover, the only cata-
lase encoded in this group belong either to the clade 3
HPII group or the HPI novel subclade is observed in
Fig. 7 (HPI-like), suggesting that the presence of at
least one of these two HP classes is critical for survival
in environmental Acinetobacter species.

Furthermore, the prevalence of the 4 HP classes in
each strain was investigated and thus 10 different pro-
files were defined (Table 3). Following this classifica-
tion, Acinetobacter sp. Ver3 presents a profile 2D (1
each HPII clades 1 and 3). Interestingly, only Acineto-
bacter sp. Ncu2D-2, a multisensitive strain isolated
from the trachea of a mouse [24], shows an identical
profile. We also detected that the profile 2A (1 each
HPII clade 2 and HPI, see Table 3) encompasses the
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A

A.calcoaceticus LQAKSLDDLDLSRLILLEEGHC| RDHVLSACPIGERKNDNRLKASSLPTLVEMVSSDLGF 240
A.pittii LQANSLDDLDLSRLILLEEGHC| RDHVLSACPIGERKNDNRLKASSLPTLVEMVSSDLGF 240
A.nosocomialis LQANSLDDLDLSRLILLEEGHC| RDHVLSACPIGERKNDNRLKASSLPTLVEMVSSNLGF 240
A.beijerinckii AEANSLDDLDLSRLMLLEEGHC| RDHTLSACPVGERKNDHRLKASSLPTLVEMVSSDLGF 240
A.junii AEATSLDDLDLTRLMLLEEGHC|RDHTLSACPVGERKNDHRLKASSLPTLVEMVSSDLGF 240
A.sp.Ver3 AQAKSLEDLDLTHLMLLEEGHCLRDHTLSVCPIGERKNDHRLKASSLPTLVEMVSSNLGF 240
A.bereziniae MNARSLDDLDLSHLMLLEEGHC|RDHTLSVCPIGERKNDHRLKASSLPTLVEMVSSNLGY 160
A.bouvetii ANAVSLDDLDLSRLMLLEEGHC|.RDHALSACPVGERKNDHRLKASSLPTLVEMVSADLGF 240
A.gerneri INARSLDDLDLSHLMLLEEGHCLRDHTLSACPIGERKNDHRLKASSLPTLVEMVSSNLGF 240
A.radioresistens ANANSLQDLDLSRLMLLEEGHC|.RDHALSACPIGERKNDSRLKASSLPTLVEMVSSNLGF 240
A.baumannii ANANSLQDLDLSRLMLLEEGHCLRYHALSACPIGERKNDSRLKASSLPTLVEMVSSNLGF 240
A.lwoffii AQANSLEDLDLSRLMLLEEGHC|.RDHALSACPIGERKNDHRLKASSLPTLIEMVSANLGF 240
A.johnsonii SQAKSLDDLDLSRLMLLEEGHC|LRDHTLSACPIGERKNDHRLKASSLPTLVEMVSANLGF 239
A.towneri AQANSLDDLDLSRLMLLEEGHCL.RDHTLSACPIGERKNDHRLKASSLPTLVEMVSANLGF 240

:* **:**‘k*::*:*****‘k‘k * *.**.**:‘k***** **********:****::**:
B
(=) Motif 2
6.4e-6
TMTz..acr.cakr CATC:
++ + dddddddddd bt

210f-————————— TTGGTTGAATTATSC\T CTTTACTCCAAC C TC?TTGF—.ASCGAAAGTCGTTGTC—GATG.CTGASATT}.ITSETC

Fig. 8. Acinetobacter sp. Ver3 OxyR analysis (A) Alignment of OxyR sequences from representative members of the Acinetobacter genus,
constructed with muscLE [36], implemented within Meca version 7.0 [37]. Only the regions containing C202 are shown. A. bereziniae NIPH 3
(ENV22650.1), A. gerneri MTCC 9824 (EPR815697.1), A. johnsonii CIP 64.6 (ENU40121.1), A. Iwoffii NIPH 478 (ENW30513.1), A. towneri
DSM 14962 (WP_004972012.1), A. radioresistens DSM 6976 (ENV86475.1), A. beijerinckii CIP 110307 (ENWO08376.1), A. baumannii
1239920 (WP_034681849.1), A. junii MTCC 11364 (EPR87172.1), A. bouvetii DSM 14964 (ENV83522.1), A. calcoaceticus NIPH 13
(ENU08372.1), A. pittii ANC 4050 (EOQ68101.1), A. nosocomialis (WP_016804061.1). (B) Putative OxyR binding site found in the katE2
gene promoter of Acinetobacter sp. Ver3. Predictions were performed using MeEME/MAST bioinformatic tools (see text for details).

highest diversity of Acinetobacter species, indicating
this might be the most ubiquitous combination of HPs
classes in this genus. Remarkably, the most prevalent
profile among the strains under study is 3A (1 each
HPII clades 2 and 3, and 1 HPI) with 50 occurrences
(48 corresponding to A. baumannii strains). It is tempt-
ing to speculate that the expression of a HPII-clade 3
enzyme in this species provides an additional advan-
tage during oxidative stress conditions.

The importance of catalases and peroxidases in
ROS scavenging has been extensively studied. How-
ever, its involvement in the protection to radiation has
recently attracted some attention. A pro-oxidant
imbalance can be reached by an endogenous or exoge-
nous increase of ROS formation and/or by a failure of
the systems (including scavenging enzymes), but also
by exposure to high-energy radiation [25]. Catalases
are responsible for scavenging H,O,, the most impor-
tant ROS involved in cysteine oxidation. Although
classical models of radiation toxicity place DNA as
preferred target, many bacteria are killed by radiation
doses that cause little DNA injury, while protection of
proteins from oxidative damage was claimed as an
essential protective mechanism in radiation-resistant
bacteria [26-28].

We presented here the first biochemical characteriza-
tion of the catalases involved in the antioxidant
response of the HAAL isolate Acinetobacter sp. Ver3
and demonstrated its contribution in the protection to
UV radiation. On one hand, a catalytically efficient
cytosolic enzyme is constitutively expressed in rela-
tively high amounts protecting cytosol of pro-oxidant
imbalance. On the other, an inducible isoenzyme,
which is translocated to the periplasm via the TAT
system, is responsible for preventing periplasmic pro-
tein peroxidation.

The number and type of different hydroperoxidases
are also variable among Acinetobacter strains, with
A. baumannii clinical isolates exhibiting higher num-
bers of isoenzymes and more variable profiles.

Materials and methods

Bacterial strains, plasmids, and culture media

Bacterial strains and plasmids used in this work are listed in
Table 2. All strains were grown in Luria—Bertani (LB)
broth, supplemented with 1.5% agar for solid medium when
applicable. The antibiotics ampicillin (Ap) 100 pg-mL ™",
kanamycin (K,,) 25 pgmL~', and chloramphenicol (Cm)
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Table 3. Prevalence of HP classes in Acinetobacter strains under study.

Catalases of polyextremophilic Acinetobacter sp. Ver3

Organism Occurrence Clade 1

Clade 2 Clade 3 HPI Profile

Acinetobacter baumannii 7
Acinetobacter schindleri 1
Acinetobacter baumannii 48
Acinetobacter calcoaceticus 1
Acinetobacter pittii 1
Acinetobacter baumannii 10
Acinetobacter sp. LoGeW2-3 1
Acinetobacter sp. TGL-Y2 1
Acinetobacter baumannii 22
Acinetobacter calcoaceticus
Acinetobacter johnsonii
Acinetobacter lactucae
Acinetobacter nosocomialis
Acinetobacter oleivorans
Acinetobacter pittii
Acinetobacter soli
Acinetobacter sp. DUT-2
Acinetobacter equi
Acinetobacter haemolyticus
Acinetobacter baumannii
Acinetobacter sp. Ncu2D-2
Acinetobacter baylyi ADP1
Acinetobacter bereziniae
Acinetobacter junii
Acinetobacter larvae
Acinetobacter sp. TTHO-4
Acinetobacter haemolyticus
Acinetobacter junii

Total
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25 ugmL™" were added for selection as needed. E. coli
strains were grown at 37 °C, unless otherwise indicated.
Acinetobacter strains were grown at 30 °C.

DNA manipulation procedures

Acinetobacter sp. Ver3 (AV3) and A. baylyi ADP1 genomic
DNA were isolated following the CTAB method [29]. The
AV3katEl coding sequence was PCR-amplified using pri-
mers KatE1F and KatlER (Table 1). The amplification
product was digested with Ncol and Hindlll and ligated
into the corresponding sites of the pET28 expression plas-
mid to generate pEV3KI1. A similar procedure was per-
formed for “Y3katE2 gene cloning with (*V3katE2) and
without (*V3katE2P) its signal peptide sequence. Both
sequences were PCR-amplified from Ver3 DNA using pri-
mers KatE2F and KatE2R or KatE2matF and KatE2R,
respectively (Table 1). The amplification products were
digested with Ndel and HindIIl and cloned into the corre-
sponding sites of pET22 to generate pEV3K2 and
pEV3K2P.

The A. baylyi ADP1 kat -deficient strain was con-
structed by insertional mutation. The katE gene

(ACTAD_RS02075, WP_004920274.1) was PCR-amplified
from genomic DNA using KatEADPF and KatEADPR
primers (Table 1). The 2332-bp product was cloned into
pGEMT-Easy® to obtain pGAKI. A kanamycin cassette
was then amplified by PCR from the pUC4K vector
employing MI13F and MI13R primers (Table 1), and the
generated product was cloned into pGAK1 at an EcoRV
site to interrupt the katE gene, obtaining pGAK 1km.

Plasmid pGAK1km was thus used as suicide vector to
construct the ADP1 kat™-deficient strain. Double recombi-
nation events were selected by loss of ampicillin resistance,
and the mutants were checked by PCR and by loss of cata-
lase activity as determined in a nondenaturing gel elec-
trophoresis assay.

The pMV3K1 or pMV3K2 plasmids (Table 2) were used
to complement ADPI kar-deficient strain. *V3katEl and
AV3katE2  coding sequences including the ~ 300-bp
upstream regulatory regions were PCR-amplified from Ver3
genomic DNA with primers KatElup and KatEIR or
KatE2up and KatE2R, respectively (Table 1). The resulting
amplicons were digested with Hindlll and ligated in the
equivalent site of pMBLe(OA), generating pMV3KI1 and
pMV3K2.
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All DNA digestions were performed following enzyme
manufacturer’s instructions. Constructions were verified by
automated DNA sequencing.

Protein expression and purification

The pEV3K1 plasmid was used to transform E. coli BL21
(DE3) pLysS, and purification of recombinant “Y?KatE1l
was achieved as follows. Transformants were grown in LB
broth supplemented with kanamycin and chloramphenicol
at 37 °C to an ODgppnm of 0.6. Expression of AV3KatEl
was induced by incubation with 0.25 mm IPTG during 5 h
at 180 r.p.m. Cells were harvested (4000 g at 4 °C,
15 min), resuspended in disruption buffer containing
50 mm Tris/HCl (pH 8), 0.1 mm EDTA, 50 mm NaCl,
0.5 mm phenylmethylsulfonyl fluoride protease inhibitor
(PMSF), 0.5 mm MgCl,, and 100 pg DNase per liter of
culture, and lysed by sonication (Branson Sonifier 250,
Branson Ultrasonics Corporation, Danbury, CT, USA).
The suspension was cleared by centrifugation at 4 °C and
17 000 g for 30 min, and the supernatant was subjected to
(NH,4),SO, precipitation at 30% (w/v) saturation. The pre-
cipitated proteins were collected by centrifugation
(12000 g at 4 °C, 15 min), the pellet was dissolved in
50 mm Tris (pH 8), and the suspension was dialyzed
against 50 mm Tris/HCl (pH 8) and 50 mm NaCl. The
solution was loaded onto a DEAE ion-exchange chro-
matography column equilibrated with 50 mm Tris/HCI (pH
8) and 50 mm NaCl. The enzyme was eluted with buffers
of increasing ionic strength. The purified fraction contain-
ing ~V*KatEl eluted at 200 mm NaClL

Escherichia coli BL21 (DE3) cells harboring pKIJE7
vectors (Takara®) encoding bacterial chaperones were
used for the recombinant expression of “V?KatE2 and
AV3KatE2P. Cells cotransformed with the pKJE7 deriva-
tives and pEV3K2 or pEV3K2P were cultured in LB
broth supplemented with ampicillin and chloramphenicol.
Arabinose (0.5 mg-mL~!) was initially added to induce
chaperone expression. Bacteria were grown at 37 °C until
ODggp reached 0.6, and then, the cells were preincubated
for 30 min at 20 °C before the expression was induced
with 0.5 mm IPTG during 16 h. Bacteria were pelleted,
disrupted, and cleared as described above. The crude
enzyme extract was precipitated by (NHy),SO4 40% (w/v)
saturation, the supernatant was removed, and the pellet
was resuspended and dialyzed as described previously.
The solution was loaded onto a DEAE ion-exchange
chromatography column equilibrated with 50 mm Tris/
HCl (pH 8) and 50 mm NaCl. The flow-through frac-
tions, enriched in AY3KatE2 or “V?KatE2™P, were pooled
and loaded again onto a DEAE ion-exchange column.
Fractions containing the recombinant catalases eluted
with the flow-through at 50 mm NaCl in 50 mm Tris/HCI

(pH 8).

M. G. Sartorio et al.

Escherichia coli MC4100 wild-type (wf) and derivative
strains (Table 2) were employed to identify the machinery
utilized for AY3KatE2 translocation. Cells cotransformed
with pKJE7 and pEV3K2 were cultured in LB broth sup-
plemented with ampicillin and chloramphenicol. Arabinose
(0.5 mg:mL™") was initially added to induce chaperone
expression. Bacteria were grown at 37 °C until ODggg
reached 0.6, and then, cells were preincubated for 30 min
at 20 °C before the expression was induced with 0.5 mm
IPTG during 16 h. Bacteria were pelleted, and the periplas-
mic-enriched fraction was isolated from the spheroplasts by
subcellular fractionation.

Subcellular fractionation

Subcellular fractionation was carried out in different
pKIE7/E. coli cells co-expressing “VkatEl, “V3katE2, or
AV3katE2P. Briefly, 2-3 mL of cultures was pelleted
(2000 g at 4 °C, 15 min), and cells were resuspended in
20 mm Tris/HCl (pH 8.5), 0.1 mm EDTA, 20% (w/v)
sucrose, 1 mg-mL ™! lysozyme, and 0.5 mm PMSF. Resus-
pension volume was normalized according to the formula
V' =0.05-ODggo- V., where V. was the starting volume of
culture sample (in mL). The suspension was incubated at
4 °C for 30 min and finally pelleted (12 000 g at 4 °C,
15 min). The supernatant containing the periplasmic frac-
tion was collected and stored on ice for further analysis.
The pellet consisting of spheroplasts (i.e., the cytoplasmic
fraction) was resuspended in the same volume of disruption
buffer and was lysed by sonication as described above.

Protein analysis

Protein concentration was determined by the Bradford
method [30], using bovine serum albumin as standard. Pro-
tein purification steps and subcellular fractionations were
followed by SDS/PAGE after Coomassie blue staining on a
12% (w/v) acrylamide gel according to the method of
Laemmli [31].

Antibodies for AY*KatEl and “V?KatE2 catalases were
raised by the two consecutive injections of rabbits with
0.3 mg of purified proteins. The first subcutaneous injection
was carried out with an emulsion 1 : 1 of the proteins with
Freund’s complete adjuvant (FCA). For second inocula-
tions, Freund’s incomplete adjuvant was employed instead
of FCA.

For immunoblot analysis, proteins were transferred to
nitrocellulose membranes. Alkaline phosphatase-conjugated
goat anti-rabbit IgG was employed as secondary antibody
(Sigma-Aldrich®, St. Louis, MI, USA). The antigen—anti-
body complex was detected by alkaline phosphatase reac-
tion, employing 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) and nitro blue tetrazolium (NBT) as substrates
(Roche®, Roche Applied Sciences, Indianapolis, IN, USA).
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Spectroscopic measurements

Optical spectra were obtained at 25 °C in 50 mm Tris/HCI
(pH 8) using a Cary WinUV UV-visible spectrophotometer
equipped with a Cary Dual Cell Peltier accessory (Agilent
Technologies, Santa Clara, CA, USA). Data were recorded
every 0.5 nm between 200 and 800 nm.

Catalase activity measurements

Catalase activity was measured spectrophotometrically by
monitoring the decrease in absorbance at 240 nm resulting
from the consumption of H,O, using a Cary WinUV UV-
visible spectrophotometer. The & for H,O, at 240 nm was
43.6 M cm™!' [32]. When indicated, catalase activity was
also visualized in situ after electrophoresis in nondenaturing
polyacrylamide gels as previously reported [33].

RNA extraction and quantitative real-time
reverse transcription PCR

Total RNA was isolated from Acinetobacter sp. Ver3 using
TRI-Reagent® (Molecular Research Center, Inc., Cincin-
nati, OH, USA) according to the manufacturer’s instruc-
tions. Quality and quantity of RNA were evaluated
through agarose gel electrophoresis and spectrophotometry
(ADbS260nm/280nm)- Samples were treated with RQI RNase-
free DNase (Promega, Madison, WI, USA) to remove pos-
sible DNA contamination prior to reverse transcription. To
obtain cDNA, 2 pg of RNA was used in the RT reaction
with random primers, employing M-MLV Reverse Tran-
scriptase (Promega®), according to the manufacturer’s
instructions. Real-time PCRs were carried out on a Ste-
pOne device (Applied Biosystems, Thermo Fisher Scientific,
Foster City, CA, USA) with 5x HOT FIREPol® Eva-
Green® qPCR Mix Plus (ROX; Solis BioDyne, Tartu,
Estonia) using specific primers (Table 1).

Results for “Y3karEl and *V3katE2 mRNAs were nor-
malized to the rec4 and rpoB mRNA as housekeeping
genes, based on the standard curve quantitative method
[34]. The specificity of each reaction was verified by melting
curves between 55 °C and 95 °C with continuous fluores-
cence measurements.

Plate sensitivity assays

In order to evaluate tolerance to H,O, or UV radiation,
assays were performed as previously described [4]. Briefly,
bacterial cultures were collected at 0.4 ODgyy nm and sub-
jected to serial dilutions. Aliquots of 10 pL were then
loaded onto LB agar plates, supplemented with H,O,, or
exposed to 900 J-m~2 radiation using UVB lamps (BioRad,
Richmond, CA, USA). The radiation intensity was mea-
sured using a UVB/UVA radiometer (UV203 AB radiome-
ter; Macam Photometrics Ltd., Livingston, UK).

Catalases of polyextremophilic Acinetobacter sp. Ver3

Bioinformatics and comparative analysis

A comparative genomic analysis was performed that included
all Acinetobacter strains available at the NCBI GenBank data-
base. Only strains with a complete genome sequence were
included in the analysis (Table S1). The genomic and pro-
teomic data corresponding to 114 strains were extracted, and
a local database was constructed. Catalases encoded by Acine-
tobacter sp. Ver3 and A. baumannii ATCC17978 were used as
query to perform BLASTP-sequence similarity searches [35]
against the local database, using 50% sequence identity and
70% query coverage cutoff values.

Using these data, phylogenetic trees were then con-
structed. A multiple alignment of the amino acid sequences
of 302 inferred catalases was carried out using MUSCLE [36],
implemented within the Molecular Evolutionary Genetics
Analysis tool, MEGA version 7.0 [37]. This tool was also
used to infer proteins phylogeny using the Neighbor-Join-
ing method. Evolutionary distances were computed using
the Poisson correction method [38]. Reliability of the
inferred tree was tested by bootstrapping with 100 repeti-
tions. SignalP 4.0 [39] and TMHMM Server v.2.0 (http://
www.cbs.dtu.dk/servicess TMHMM/) were used to predict
signal peptides and transmembrane helices, respectively.
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