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The impact of arsenite [As(III)] on several levels of cellular metabolism and gene regulation was examined
in Pseudomonas aeruginosa. P. aeruginosa isogenic mutants devoid of antioxidant enzymes or defective in
various metabolic pathways, DNA repair systems, metal storage proteins, global regulators, or quorum sensing
circuitry were examined for their sensitivity to As(III). Mutants lacking the As(III) translocator (ArsB),
superoxide dismutase (SOD), catabolite repression control protein (Crc), or glutathione reductase (Gor) were
more sensitive to As(III) than wild-type bacteria. The MICs of As(III) under aerobic conditions were 0.2, 0.3,
0.8, and 1.9 mM for arsB, sodA sodB, crc, and gor mutants, respectively, and were 1.5- to 13-fold less than the
MIC for the wild-type strain. A two-dimensional gel/matrix-assisted laser desorption ionization—time of flight
analysis of As(III)-treated wild-type bacteria showed significantly (>40-fold) increased levels of a heat shock
protein (IbpA) and a putative allo-threonine aldolase (GlyI). Smaller increases (up to 3.1-fold) in expression
were observed for acetyl-coenzyme A acetyltransferase (AtoB), a probable aldehyde dehydrogenase (KauB),
ribosomal protein L25 (RplY), and the probable DNA-binding stress protein (PA0962). In contrast, decreased
levels of a heme oxygenase (HemO/PigA) were found upon As(III) treatment. Isogenic mutants were success-
fully constructed for six of the eight genes encoding the aforementioned proteins. When treated with sublethal
concentrations of As(III), each mutant revealed a marginal to significant lag period prior to resumption of
apparent normal growth compared to that observed in the wild-type strain. Our results suggest that As(III)
exposure results in an oxidative stress-like response in P. aeruginosa, although activities of classic oxidative
stress enzymes are not increased. Instead, relief from As(III)-based oxidative stress is accomplished from the
collective activities of ArsB, glutathione reductase, and the global regulator Crc. SOD appears to be involved,

but its function may be in the protection of superoxide-sensitive sulfhydryl groups.

Arsenic is present in numerous disturbed and natural eco-
systems and is a top-priority national pollutant. It can exist in
multiple oxidation states, with the most common being arsenite
[As(III)] and arsenate [As(V)]. As(V) is an analogue of phos-
phate, and its toxicity is due to the disruption of critical cellular
functions or synthesis of essential building blocks. These in-
clude uncoupling of ATP phosphorylation that would directly
impact energy flow, as well as nucleic acid and phospholipid
synthesis. As(III) toxicity is thought to be due predominantly
to its ability to covalently bind protein sulthydryl groups. Of the
two species, As(III) is considered the most toxic (16, 68).

Although some microorganisms can utilize As(V) for anaer-
obic respiration (81) or oxidize As(III) as a sole energy source
(37, 75), arsenic generally is toxic to most microorganisms.
Arsenic resistance in bacteria is due, in part, to plasmid- or
chromosome-encoded ars genes. Typically, Ars-mediated re-
sistance involves As(V) reduction to As(III) via a cytoplasmic
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As(V) reductase (ArsC), and the As(III) is extruded by a
membrane-associated ArsB efflux pump that is efficient at re-
moving As(III) and antimonite [Sb(II)] (56). In addition, since
As(IIT) uptake is facilitated by the aquaglyceroporin GlpF
(55), an absence or poor expression of this porin would per-
haps also constitute an indirect form of resistance, as any
mechanism contributing to reduced levels of As(III) in the
cytoplasm would improve cell growth in the presence of
As(IIT). This is very similar to an absence of porin activity in
other gram-negative organisms that correlates with increased
resistance to B-lactam antibiotics.

In Escherichia coli, the ars operon in plasmid R733 contains
five genes referred to as arsR, arsD, arsA, arsB, and arsC (70),
whereas the staphylococcal ars operon in pI258 is composed of
but three genes: arsR, arsB, and arsC (39, 71). The arsR gene
from both E. coli and Staphylococcus aureus encodes a regula-
tory protein that controls the expression of the ars operon,
which can be induced by As(III), Sb(II), or bismuth (39, 71,
89). The arsD gene is constitutively expressed and encodes a
regulatory protein that controls maximal expression of the ars
operon (89). The arsA locus encodes the ATPase subunit (13)
of a protein complex composed of an ArsA dimer bound to an
ArsB polypeptide (17, 83), and arsC encodes an As(V) reduc-
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TABLE 1. Strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Genotype or characteristics®

Source or reference

E. coli

DH5«a

SM10
AB1157

JI132
. aeruginosa
PAO1

FRD1

ahpA

ahpA bfrB
ahpA bfrB katA bfrA
ahpA katA
ahpCF

ahpC katA
ahpC ohr

ankB

anr (PAOG6261)
arsB

atoB

bfrA

bfrB

bfrA bfrB

cre (PAO8020)

gE
hemO|/pigA
hmp

ibpA

katA

katA katB
katA ohr
katB

katB ankB
kauB

lasI

lasI rhil
lasR

lasR rhiR
nadC (PAO4024)
ohr

orfX

oxyR

radA

recA”

recC

rhil

rhiR

plY

rpoS

snr-1

sodA

sodB

sodA sodB”
SOXR

vfr (PAO9001)
vfr (PAO9002)

Plasmids

pBluescript KS—/+
pCRII

F~ $80dlacZAM15 recAl endAl gyrA96 thi-1 relAl supE44 hsdR17(ry
my ") A(lacZYA-argF)UI169

Mobilizer strain, Km', thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu pir

F~ thr-1 ara-14 leuB6 DE(gpt-proA)62 lacY1 tsx-33 glnV44(AS) galK2(Oc)
hisG4(Oc) rfbD1 mgl-51 rpoS396(Am) rpsL31(StrR) kdgK51 xylAS5 mtl-1
argE3(Oc) thi-1

As AB1157, but AsodA::Cm, AsodB::Km

Wild type, prototroph
Prototrophic, mucoid, cystic fibrosis isolate
ahpA::Gm

ahpA bfrB::Gm

ahpA bfrB::Gm, katAbfrA::Tc
ahpA::Tc, katA::Gm
ahpCF::Gm
ahpCF::Gm, katA::Tc
ahpCF::Gm, ohr::Tc
ankB::Gm

anr:Tc

arsB::Gm

atoB::Gm

bfrA::Gm

bfrB::Tc

bfrA::Gm, bfrB::Tc
cre:Te

dps::Gm

dps::Gm, bfrB::Tc
fagA::Gm

fpvA:Tc

fumC::Gm

furC6, manganese resistant
furA2, manganese resistant
furA4, manganese resistant
glyl::Gm

gor::Gm

grpE::Gm

hemO::Gm

hmp::Gm

ibpA::Gm

katA::Gm

katA::Gm, katB::Tc
katA::Gm, ohr::Tc
katB::Gm

katB ankB::Gm
kauB::Gm

lasI::Tnl0

lasI::Tc, rhil::Tn501
lasR::Tc

lasR::Tc, rhIR::Gm
nadC

ohr::Tc

orfX::Gm

oxyR::Gm

radA::Gm
recA:Tn501
recC::Gm
rhil::Tn501-2
rhIR::Gm

plY::Gm

rpoS::Gm

snr-1::Gm

sodA::Gm

sodB::Cb

sodA::Gm, sodB::Cb
s0xR::Gm

vfr::Gm

vfr::Gm

Extended polylinker pUC derivative
Ap', TA PCR cloning vector

Protein Express, Cincinnati, OH

80
J. Imlay

J. Imlay

33

25

This study
This study
This study
This study
62

This study
This study
49

90

This study
This study
49

This study
This study
50

This study
This study
This study
K. Poole
This study
69

69

69

This study
This study
This study
This study
This study
This study
49

28

This study
10

35

This study
65

66

20

This study
P. Phibbs
27

This study
61

This study
34

This study
9

This study
This study
82

41
30
30
30
This study
86
86

Stratagene
Invitrogen

Continued on facing page



VoL. 187, 2005

DISSECTION OF P. AERUGINOSA RESPONSES TO ARSENITE

TABLE 1—Continued

4855

Strain or plasmid

Genotype or characteristics®

Source or reference

pCR2.1 Ap', TA PCR cloning vector Invitrogen
pUCGM Ap", Gm’, pUC19 + 850-bp Gm" cassette 76
pUCP19 Ap', broad-host-range expression vector 87
pUCP2IT Ap', broad-host-range expression vector 87
pEX100T Ap’, Cb", mobilizable oriT sacB vector for mutant construction 77
pRK2013 Km", Ori(ColE1) OriT (Mob™) Tra™ 19
pPZ-arsB Ap', arsB::lacZ transcriptional fusion plasmid This study
pPZ-arsR Ap', arsR::lacZ transcriptional fusion plasmid This study
pPZ-gor Ap*, gor:lacZ transcriptional fusion plasmid This study
pPZ-sodB Ap', sodB::lacZ transcriptional fusion plasmid 29

“ Abbreviations used for genetic markers were as described by Holloway et al. (22). mob, mobilization site (ColE1); Tra*, conjugative phenotype; oriT, origin of
transfer (RK2); Ap*, ampicillin resistance; Cm", chloramphenicol resistance; Gm", gentamicin resistance.

® Isogenic mutants of mucoid cystic fibrosis isolate P. aeruginosa FRD1.

tase (24, 38). ArsB alone is sufficient for As(III) resistance and
proton motive force-dependent As(III) efflux, whereas ArsC is
required for optimal resistance to As(V).

Other non-efflux-based mechanisms of arsenic detoxification
have been examined. In a series of studies with Pseudomonas
putida, Abdrashitova et al. (1-4) and Mynbaeva et al. (59)
described As(III) resistance via a mechanism involving peroxi-
dation of unsaturated fatty acids. It was suggested that this
process leads to the generation of organic hydroperoxides and
oxygen radicals, which, in turn, induce major components of
the oxidative stress response, including superoxide dismutase
(SOD) and catalase. More recently, arsenic toxicity in eukary-
otic cells has also been shown to involve the generation of
reactive oxygen intermediates (14, 32) or possibly even the
formation of nitric oxide (47). Thus, it is likely that arsenic
resistance in bacteria and eukaryotic cells involves multiple
factors, at least two of which include As(III) efflux pumps and
antioxidants.

In an attempt to extend beyond current ars gene-mediated
resistance models and to improve our general understanding of
how arsenic affects bacteria, we initiated a study to assess the
relative contribution of multiple gene products that could be
involved in As(III) sensitivity or resistance. Pseudomonas
aeruginosa was selected for this work because this organism is
(i) well studied in planktonic culture, (ii) a model organism for
biofilm research (28, 29), and (iii) relatively simple to manip-
ulate genetically. Further, it is an environmentally relevant
organism, being found in soils as well as in mine tailings that
are heavily contaminated with arsenic (52). Each of these fea-
tures makes this organism an attractive choice for research
involving arsenic tolerance and redox transformation activity.
The results of this study suggest that the ArsB anion translo-
cator, SOD, glutathione reductase, and the catabolite repres-
sor control protein Crc are all important for optimal resistance
of P. aeruginosa to As(III) under aerobic conditions.

MATERIALS AND METHODS

Chemicals. Sodium arsenite [As(III)] was purchased from Matheson,
Coleman, and Bell Manufacturing (Norwood, OH). Sodium arsenate [As(V)],
nitroblue tetrazolium, ferric chloride, glutathione, riboflavin, and hydrogen per-
oxide (H,0O,) were from Sigma Chemical Co. (St. Louis, MO).

Bacterial strains, plasmids and growth conditions. All bacteria used in this
study are listed in Table 1 and were grown in either Luria-Bertani (L) broth or
M9 glucose minimal medium (74). Cultures were grown at 37°C with shaking at
300 rpm or on a roller wheel in 16- by 150-mm test tubes containing 5 ml of

medium rotating at 70 rpm. Culture volumes were 1/10 of the total flask volume
to ensure maximum aeration. Media were solidified with 1.5% Bacto agar.
Frozen bacterial stocks were stored at —80°C in a 1:1 mixture of 25% glycerol
and stationary-phase bacterial suspension.

Manipulation of recombinant DNA and genetic techniques. All plasmid and
chromosomal nucleic acid manipulations were by standard techniques (74). Plas-
mid DNA was transformed into either E. coli strain DH5a-MCR (Gibco-BRL,
Gaithersburg, MD) or strain SM10. To detect the presence of insert DNA,
5-bromo-4-chloro-3-indoyl-B-p-galactopyranoside (X-Gal, 40 pg/ml) was added
to agar media. Restriction endonucleases, the Klenow fragment of DNA poly-
merase I, T4 DNA polymerase, and T4 DNA ligase were used as specified by the
vendor (Invitrogen/Gibco-BRL Corporation, Gaithersburg, MD). Plasmid DNA
was isolated using plasmid mini-prep isolation kits (QIAGEN), and restriction
fragments were recovered from agarose gels using SeaPlaque low-melting-point
agarose (FMC BioProducts, Rockland, ME). PCRs were performed using Taq
DNA polymerase (BRL) and appropriate primers in an MJ Research thermal
cycler, with 30 cycles of denaturation (2 min, 94°C), annealing (1 min, 54°C), and
extension (1 min 30 sec, 72°C). Amplified DNA fragments were gel purified,
cloned into either pCRII, pCR2.1 (both vectors from Invitrogen), or a pBlue-
script-based PCR vector (49), and then sequenced.

Construction of P. aeruginosa mutants. The strategy for insertional inactiva-
tion of some of the genes listed in Table 1 was facilitated by gene disruption with
an 850-bp Gm" cassette from pUCGM (76) and the gene replacement vector
pEX100T (87), which allowed for selection of double-crossover events within
putative recombinants cultured on agar containing 6% sucrose. Other mutants
were constructed using the suicide vector pSUP203 (5). All mutants were con-
firmed by Southern blot analysis and/or PCR.

As(III) sensitivity assays. For initial As(IIT) sensitivity screens, bacteria were
grown aerobically for 17 h at 37°C in L broth. Cell suspensions were diluted 1:500
in fresh, prewarmed L broth with various concentrations of As(III) and incu-
bated aerobically for an additional 17 h. Culture turbidity was recorded either
with a Klett-Summerson colorimeter or by monitoring the absorbance of diluted
suspensions at 600 nm using a Spectronics Genesys 5 spectrophotometer (Spec-
tronic Instruments, Rochester, NY). For the mutant As(III) sensitivity experi-
ments, the MIC of As(III) was determined. For these experiments, cultures were
inoculated and incubated aerobically as described above, except that various
amounts of As(IIT) were included in the medium. Culture growth was deter-
mined by measuring the optical density at 600 nm (ODy) as described above.

Sensitivity to H,0, and PMS. Wild-type, arsB, gor, crc, katA katB, and sodA
sodB strains were grown overnight in L broth and diluted 1:100 in fresh L broth
in triplicate. Cells were grown to an ODy, of 0.6 and then treated with 1 mM
As(IIT). The arsB mutant was pretreated with 30 uM As(III). Triplicate sets of
these above strains were also grown without As(III) treatment as controls. All
cultures were grown overnight, and then 100 ul of As(III)-treated suspensions
were plated on L agar plates containing 1 mM As(III). Control cells were plated
on L agar plates without As(III). Filter paper disks (7.5 mm, Whatman) were
impregnated with 10 pl of either 8.8 M H,O, or 1 M phenazine methosulfate
(PMS) and placed on the agar surface in triplicate. The zones of growth inhibi-
tion were determined after a 24-h incubation at 37°C.

B-Galactosidase reporter activity as influenced by As(III). Bacteria containing
plasmid-based lacZ reporter gene fusions were grown to mid-logarithmic phase
in L broth plus 400 pg/ml carbenicillin (for plasmid maintenance), at which point



4856 PARVATIYAR ET AL.

J. BACTERIOL.

z | A
-51.8
= 16
=14
=12
£ 1
.‘50.8
20.6
04
0.2
0
~CTRIUCTCEARTs2IURNTAT SR E U T SR~ TRk D
OSEXEESTRELESTE EU:%:E-&:E-:'-:E@U-:E;Q%'@RO
AR FAEL BN F R R
§3 B3 T % 3 2
=g = = <
Qi = %
g =
=
3

.
18 2 18
£ 1s s
£ 14 R
£ 12 s
% 04 -
£ 02 £ obz -J
]
& o_smmmas%sas§“§%%ﬁ : T8 8§85
SE55853S3SYFTERE §° =3
£ §% 3 Z g
&

FIG. 1. Sensitivity of P. aeruginosa mutants to 1 mM As(III). Results are segregated into three groups, (A) mutants which showed no apparent
growth phenotype, (B) mutants whose growth was enhanced based upon an ODy, ratio of 1.4 as an arbitrary cutoff of As(IlI)-treated versus
control bacteria, and (C) mutants which were severely inhibited by As(III). The turbidity of diluted suspensions was measured at 600 nm and
expressed as the ratio of the culture density in the presence versus absence of As(Ill). The mutant designation is indicated below each bar.

they were exposed to 1 mM As(III) for 2 h at 37°C. Triplicate cell extracts were
assayed for B-galactosidase reporter enzyme activity as previously described (48).

Two-dimensional gel electrophoresis and matrix-assisted laser desorption
ionization-time of flight mass spectrometric protein analyses. Wild-type bacte-
ria were first grown aerobically overnight in L broth and then diluted 1:100 in
fresh L broth. Cells were grown to mid-logarithmic phase, where they were
treated with 1 mM As(IIT) and grown to an ODyy, of 1.8. Control bacteria were
similarly grown, but in the absence of As(IIT). Bacteria were harvested by cen-
trifugation at 13,000 X g for 10 min at 4°C and subsequently washed twice in 10
mM Tris-HCI, pH 7.8. Cells were then lysed on ice for 5 min with lysis buffer (8
M urea, 4% CHAPS, 40 mM Tris-HCI, pH 7.8). To reduce viscosity, 10 mM
Tris-Cl, pH 7.8, was added to the lysate, accounting for a 1.25-fold dilution, and
the lysate was vortexed briefly. Immobiline Drystrips (Amersham) were used for
isoelectric focusing of 80 wg of cell extract in the first dimension using the
IPGphor isoelectric focusing system (Pharmacia Biotech). The strips were then
equilibrated in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) buffer and separated by 12% SDS-PAGE in the second dimension using
a Hoeffer SE 400 vertical gel electrophoresis unit. Mass spectrometric protein
identification was performed as previously described (79, 91). Protein spots were
excised from two-dimensional silver-stained polyacrylamide gels. Quantification
of protein spots in two-dimensional gels was performed using Melanie 3.0 im-
aging software (Swiss Institute of Bioinformatics) and/or ImageQuaNT. Protein
spots were digitized and quantified on a volumetric basis by mathematical inte-
gration of optical density over spot area. The final recorded changes in protein
levels were based upon densitometric analyses of six different control and
As(IIT)-treated samples.

Cell extract preparation, nondenaturing gel electrophoresis, and enzyme as-
says. Cell extracts were prepared from cultures harvested by centrifugation at
13,000 X g for 10 min at 4°C. Cell extracts for native gel electrophoresis were
prepared in 50 mM Tris-HCI, pH 7.8, as diluent. For catalase activity measure-
ments, cell extracts were prepared in 50 mM potassium phosphate buffer, pH 7.0.
Catalase activity was monitored by assessing the decomposition of 19.5 mM
H,0, in 50 mM potassium phosphate buffer, pH 7.0, at 240 nm (10, 49). One unit
of activity is defined as that which decomposes 1 pmol of H,O, min~' mg
protein~!. SOD activity was monitored by assessing the autoxidation of pyro-
gallol at 320 nm (72) using a modification of the original method described by
Marklund and Marklund (53). Catalase and SOD activity staining in nondena-
turing gels were performed as previously described (15, 84). Protein concentra-
tions were estimated by the method of Bradford (8) using bovine serum albumin
fraction V (Sigma) as standard. Where applicable, statistics were performed
using Student’s ¢ test, with all assays being performed in triplicate.

RESULTS

Relative susceptibility of wild-type P. aeruginosa PAO1 to
As(IIT). To facilitate an efficient screen of the mutants used in
this study, the relative sensitivity of wild-type P. aeruginosa
PAOL to As(III) was first determined to establish a maximum
threshold for tolerance to As(III). Bacteria were incubated
aerobically in L broth containing 0.5 to 100 mM As(III). The
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FIG. 2. Effect of As(III) on catalase and SOD activity in P. aeruginosa. (A) Catalase isozyme activity stains based on 5 pg protein loaded per
lane. Lane 1, wild-type PAOI; lane 2, PAOL1 plus As(III); lane 3, arsB mutant; lane 4, arsB mutant plus As(III); lane 5, gor mutant; lane 6, gor
mutant plus As(III); lane 7, crc mutant; lane 8, crc mutant plus As(I1I); lane 9, katA katB mutant; lane 10, katA katB mutant plus As(III). (B) Total
catalase levels in cell extracts of wild-type and isogenic mutants that demonstrated sensitivity to As(III). Lane assignments are as in panel A except
that: lane 9, sodA sodB mutant; lane 10, sodA sodB mutant plus As(III). (C) Nondenaturing gels stained for SOD activity gel based on 40 p.g protein
loaded per lane. Lane 1, wild-type PAO1; lane 2, PAO1 plus As(III); lane 3, arsB mutant; lane 4, arsB mutant plus As(III); lane 5, gor mutant;
lane 6, gor mutant plus As(III); lane 7, crc mutant; lane 8, crc mutant plus As(III); lane 9, sodA sodB mutant; lane 10, sod4 sodB mutant plus
As(III). What appears to be a band in lane 10 is actually a notch cut in the gel to aid in the precise timing of electrophoresis. (D) Total SOD levels
in cell extracts of wild-type and isogenic mutants that demonstrated sensitivity to As(III). Lane assignments are the same as in panel C except: lane
9, katA katB mutant; lane 10, katA katB mutant plus As(III). P values were obtained via Student’s ¢ test for PAO1 and the arsB, gor, crc, and sodA
sodB mutants in the catalase activity assay, where activity of each strain is compared to that of the same strain that is As(III) treated, and are 0.35
X 1073, 0.14 X 107>, 0.023 X 107, 5.6 X 107>, and 1.38 X 1073, respectively. P values for PAO1 and the arsB, gor, crc, and katA katB mutants

in the SOD assay are 0.61 X 1074, 3.21 X 1074, 6.01 X 1073, 9.86 X 107, and 0.43, respectively.

growth yield after a 24-h incubation was similar in control and
1 mM As(III)-treated bacteria but completely inhibited by 10
or 100 mM As(III) (data not shown). Based upon these results,
a concentration of 1 mM As(IIT) was used for As(III) sensi-
tivity screening of selected mutant strains.

Sensitivity of P. aeruginosa mutants to As(III). As(III) sus-
ceptibility under aerobic conditions was compared using mu-
tants of P. aeruginosa PAO1 that lack specific antioxidants,
DNA repair enzymes and binding proteins, bacterioferritins,
membrane transporters, global regulators, metabolic enzymes,
and quorum sensing circuitry. A description of the genes and
gene products of the 57 mutants used in the following exper-
iments is given in the supplemental information to this work
(Table S1 at http://hassettd;.tripod.com). Screening these mu-
tant strains for sensitivity to 1 mM As(III) revealed that most
of the mutants displayed growth characteristics that were sim-
ilar to wild-type bacteria (Fig. 1A). Interestingly, 16 mutants

actually appeared to benefit from the presence of 1 mM
As(IIT) in the medium (using an optical density ratio of 1.4 or
greater as an arbitrary cutoff) (Fig. 1B). A smaller fraction of
the mutants displayed severely impaired growth phenotypes
(Fig. 1C). These included mutants devoid of the ArsB As(III)
translocator, SOD (a sodA sodB double mutant of mucoid
alginate-producing strain FRD1 [25]), glutathione reductase
(gor), and the catabolite repressor protein Crc. All were sig-
nificantly more sensitive to As(III) than the parental wild-type
strain.

Determination of As(III) MICs. To quantify and compare
the overall importance of ArsB, SOD, Gor, and Crc in cellular
susceptibility to As(IIT), the MIC of As(IIl) was determined in
arsB, sodA sodB, gor, and crc mutants. The As(III) MIC for
wild-type strain PAO1 was 3.0 mM. In contrast, the MICs for
the arsB and crc mutants were 0.2 and 0.8 mM, respectively.
For wild-type strain FRD1, the MIC was 3.3 mM, while for the
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TABLE 2. Sensitivity of P. aeruginosa gor, crc, katA katB, and sodA sodB mutants to H,O, and PMS*

Clearance zone (mm) or P value

Strain H,0, PMS
—As(IIT) +H,0, +As(III) +H,0, P value —As(IIT) +PMS +As(III) +PMS P value
PAO1 10.17 £ 0.24 16.17 £ 0.24 1.41 X 107° 33.83 = 1.03 34 = 0.41 0.84
gor 12.67 = 0.94 200 3.88 X 107* 34.83 = 0.24 37.83 £ 1.18 0.02
crc 10.33 £ 1.55 31.17 £ 0.85 7.53 X 107° 34.83 = 0.24 35.33 = 2.49 0.79
katA katB 44.5 = 0.41 43 = 1.08 ND ND ND
sodA sodB ND ND 535 =05 44.17 = 0.24 2.15x 107
PAO1® 17.33 £ 1.25 19.5 = 0.71 0.099 35.33 £0.47 350 0.37
arsB® 15.67 = 1.70 37.33 £ 1.70 218 x 107 3433 = 0.24 37+0 892 x 107

“ND, not determined. Filter paper disks (7.5 mm) containing 10 pl of 8.8 M H,O, or 1 M PMS were placed in triplicate on L agar surfaces, and the zones of growth

inhibition were measured after 24 h at 37°C.

b Because of the exquisite sensitivity of the arsB mutant to As(IIT), the As(ITI) pretreatment was reduced to only 30 uM As(TII), a sublethal dose for the arsB mutant.

FRD1 sodA sodB mutant it was 0.3 mM. The sensitivity of the
sodA sodB mutant suggested that exposure to As(III) results in
an oxidative stress to the organism and, as such, is not unlike
that concluded for the related organism P. putida (4).

As(III) exposure significantly reduces both catalase and
SOD activity in arsB, gor, and crc mutants: a link to oxidative
stress. Because As(III) sensitivity was observed with mutants
lacking various proteins involved in the oxidative stress re-
sponse, we examined the effects of As(III) exposure on anti-
oxidant expression. Wild-type bacteria and arsB, gor, and crc
mutants were treated with 1 mM As(III) at the mid-logarith-
mic growth phase and allowed to recover to stationary phase to
allow sufficient time for accumulation of enzymes important
for the cellular response to As(III). Cell extracts were next
examined for total catalase and SOD activity as well as isozyme
profiles. As shown in Fig. 2A, catalase activity was reduced in
the gor (Fig. 2, lane 6) and crc (Fig. 2, lane 8) mutant strains
following exposure to As(III), while there was less of a reduc-
tion in the wild-type strain (Fig. 2, lane 2 versus lane 1) and no
observed effect on total KatA activity in the arsB mutant (Fig.
2, lane 4 versus lane 3). Native gel activity staining revealed

only expression of KatA activity; there was no apparent KatB
activity, demonstrating that the reduction of total catalase ac-
tivity was due to inhibition and/or destruction of the KatA
isozyme (Fig. 2A and B). Similarly, total SOD activity was
decreased in each mutant strain treated with As(III) but not in
wild-type bacteria (Fig. 2C and D). The reduction in total SOD
activity in the arsB, gor, crc, and katA katB mutants was largely
due to the apparent complete loss of Mn-SOD activity, which
also appeared targeted in the wild-type strain (Fig. 2C).
Given that both total catalase and SOD levels were reduced
in some of the As(III)-treated mutants, additional experiments
were conducted to establish whether these mutants would also
be more susceptible to oxidants such as H,O, and O, in the
presence of As(III). SOD- and catalase-deficient P. aeruginosa
have previously and predictably been shown to be exquisitely
sensitive to O, and H,O,, respectively (29, 30), and this was
again observed in these experiments. Compared to the wild-
type strain, the crc and gor mutants exhibited a statistically
significant increase in sensitivity to H,O, but not to the O, -
generating agent PMS (Table 2). A lack of Crc clearly caused
the greatest problems for the bacteria in response to the dual
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FIG. 3. Effect of As(III) on transcription of arsR and arsB in wild-type bacteria and crc, gor, and sodA sodB mutants. Bacteria were grown to
mid-logarithmic phase and exposed to 1 mM As(III) for 2 h at 37°C, and cell extracts were prepared and assayed for B-galactosidase activity in
triplicate as described in Materials and Methods. White bars, arsR-lacZ; black bars, arsB-lacZ. Lanes 1 and 5, wild type; lanes 2 and 6, crc mutant;
lanes 3 and 7, gor mutant; lanes 4 and 8, sodA sodB mutant. Lane 9 represents the lacZ plasmid control.
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FIG. 4. Two-dimensional SDS polyacrylamide gel of control (A) and As(IIl)-treated (B) P. aeruginosa PAO1. Bacteria were grown to
mid-logarithmic phase and exposed to 1 mM As(III) until subrecovery at ODg, of 1.8. Cells were harvested at 4°C and proteins prepared
immediately for separation via two-dimensional gel electrophoresis and staining with silver nitrate. Proteins up-regulated are labeled “U” and
numbered; proteins down-regulated are labeled “D” and numbered. Proteins targeted for mutational analysis are circled and are listed in Table

3. Molecular weights are shown to the left of panel A.

stressors H,O, and As(III), as shown by a doubling of the
inhibition zone in the presence of either oxidative stress agent.
Summarizing the experiments from Fig. 2 and Table 2, it ap-
pears that As(III) can inhibit the activity or paralyze the bio-
synthesis of both Mn-SOD and KatA but that only the latter
inhibition resulted in a sensitized phenotype due to lack of
additional catalase activity (i.e., no KatB induction). Appar-
ently, Fe-SOD activity was adequate for protecting the cell
against the O, -generating agent PMS.

Influence of Gor, SOD, and Crc on the As(III)-mediated
activation of arsR and arsB. In E. coli and S. aureus, transcrip-
tion of arsR and arsB is increased when the bacteria are ex-
posed to As(III) (38, 64). To assess the potential effect of Gor,
SOD, and Crc on arsR and arsB transcription, plasmids har-
boring arsR-lacZ and arsB-lacZ fusions were transformed into
wild-type bacteria and into the gor, crc, and sodA sodB mutants.
As shown in Fig. 3, in culture conditions lacking As(III), arsR-
lacZ reporter activity was reduced ~75% in the gor, crc, and
sodA sodB mutants (Fig. 3, white bars) relative to the wild-type
strain. However, apparent arsR transcription in these mutants
was still sensitive to As(III), increasing approximately twofold
in bacteria exposed to As(III), although the As(III)-sensitive
arsR induction in these mutants was proportionally much
smaller in comparison to the wild-type strain. As expected,

arsB-lacZ reporter enzyme activity was greater in the wild-type
strain exposed to As(IIT) (Fig. 3). In addition, although some-
what more variable, apparent As(III)-induced arsB expression
levels were consistently increased in all of these mutants rela-
tive to the wild-type strain (Fig. 3). As(III) exposure increased
arsB transcription roughly sixfold in the wild type and the crc
mutant, whereas As(III)-induced transcription in the gor and
sodAB mutants increased 8- and 11-fold, respectively, relative
to untreated controls. B-Galactosidase activity in control sam-
ples was consistently low, averaging ~1 IU/mg (Fig. 3).
Proteomic analysis of As(III)-treated P. aeruginosa. Addi-
tional experiments were conducted to initiate a more global
assessment of the cellular physiology of As(III)-treated P.
aeruginosa. Whole-cell lysates from control bacteria and those
treated with 1 mM As(III) were separated by two-dimensional
gel electrophoresis (Fig. 4). Based on internal control protein
standards, and using the default parameter setting in the Mela-
nie 3.0 and ImageQuaNT software, an average of 240 protein
spots were detected in the control samples, while protein ex-
tracts from As(III)-treated cells averaged 213 protein spots. Of
the 26 proteins excised from these gels, 8 were confidently
identified by matrix-assisted laser desorption ionization—time
of flight analyses (Table 3). These included the following: (i)
the heat shock protein IbpA; (ii) a probable DNA-binding
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TABLE 3. Identification of P. aeruginosa proteins modulated by As(III)*

J. BACTERIOL.

Sp;tAIg).l or Gene name Protein name PA no. MO;i;}l:lt fon MS?(\)YCSE MW/pl MIC (mM) (li;a(gPp\lfl;?;)
1 ibpA Heat shock protein IbpA PA3126 AS51 856 16.6/5.8 2.3 14.3 (0.038)
2 PA0962 Probable DNA-binding stress protein ~ PA0962 Al9 69,790 17.5/5.0 2.3 13.9 (0.081)
3 grpE Heat shock protein GrpE PA4762 A2.6 6,943 20.7/4.5 ND
4 plY Ribosomal protein L25, RplY PA4671 A25 265 21.9/5.8 2.0 20.6 (0.006)
5 gyl Putative allo-threonine aldolase PA0902 A48 610 35.4/6.0 ND
6 atoB Acetyl-CoA acetyltransferase PA2001 A3.1 1,276 40.4/6.0 2.7 14.4 (0.050)
7 kauB Probable aldehyde dehydrogenase PAS5312 Al7 200 53.1/5.4 2.5 16.2 (0.012)
8 hemO/pigA ~ Heme oxygenase PA0672 v3.3 733 21.9/5.0 14.3 (0.109)
PAO1 3.0 12.9

“ Twenty-six reproducibly represented proteins containing at least 1 pmol of protein were selected for mass spectrometric analysis. Eight of these proteins were
identified with significant certainty (MOWSE score of 200 or greater). The modulation level is the average densitometric level compared with untreated controls of
six different two-dimensional gels. The symbols A and ¥ are meant to indicate up- and down-regulated proteins, respectively. ND, not determined because an isogenic

mutant could not be constructed.

stress protein; (iii) ribosomal protein L25, RplY; (iv) heat
shock protein GrpE; (v) a putative allo-threonine aldolase; (vi)
acetyl-coenzyme A acetyltransferase; (vii) probable aldehyde
dehydrogenase KauB; and (viii) a hypothetical protein.

To examine the relative importance of these eight gene
products in protection against As(III) toxicity, the genes en-
coding these proteins were cloned, insertionally inactivated
with an 850-bp Gm" cassette, and then recombined into the
genome of the wild-type strain in order to create isogenic
mutants for each gene. Mutants for six of these genes were
successfully constructed, and their As(III) tolerance was exam-
ined using both a modified screening procedure that assessed
the time required for these mutants to recover from a treat-
ment with 1 mM As(III) as well as an MIC assessment. All
mutants displayed an extended lag period relative to the pa-
rental wild-type strain (12.9 h), with the longest lag periods
being observed with the 7plY (20.6 h) and kauB (16.2 h) mu-
tants (Table 3). However, once growth began, growth rates for
all mutants appeared similar to the wild-type strain (data not
shown). In general, the MIC for each of these mutants was less
than that for wild-type bacteria, ranging from 0.3 to 2.7 mM
(Table 3).

DISCUSSION

P. aeruginosa, the model organism for this study, harbors a
chromosomal arsR-arsB-arsC-arsH operon. These genes en-
code an ArsR regulator, the ArsB As(I1I) translocator protein,
an ArsC As(V) reductase, and a gene homologous to Thioba-
cillus ferrooxidans arsH encoding a protein of unknown func-
tion that was shown not to confer arsenic resistance in E. coli
(11) (for a schematic diagram, see Fig. 5 [12]). A second
putative arsC gene is located on the P. aeruginosa chromosome
(accession no. NP 249641), but there is no information avail-
able regarding expression of this alternative As(V) reductase
or its potential role in arsenic resistance (58). The goals of the
present study were to (i) extend beyond this basic resistance
paradigm, (ii) establish a greater understanding of how arsenic
affects bacteria, and ultimately (iii) contribute to a better con-
ceptual model of a global cellular response involved in bacte-
ria-arsenic interactions. Two approaches were used: (i) screen-
ing of a large panel of defined mutants and (ii) a limited
proteomics-based assessment to identify other proteins that

may be differentially modulated as a result of As(III) exposure.
The latter was accompanied by a second round of mutant
construction and analysis that directly assessed the relative
importance of the identified proteins in As(III) resistance in P.
aeruginosa. From a total of 57 mutants studied, several were
identified as having increased As(III) sensitivity (Fig. 1C), and
somewhat surprisingly, other mutants seemed to grow better in
the presence of As(III) (Fig. 1B).

Because P. aeruginosa does not possess the ArsA ATPase,
which provides enhanced As(III) resistance (MIC ~ 10 mM)
to E. coli (18), it is probably not surprising that the As(III)
MIC for wild-type P. aeruginosa was found to be only ~3.0
mM. However, the 13-fold-greater sensitivity of an isogenic
arsB mutant relative to the wild-type strain confirmed the im-
portance of ArsB for As(III) resistance in P. aeruginosa and in
bacteria in general. Other mutants, such as the sod4 sodB
double mutant and the crc¢ and gor mutants, also exhibited
substantially increased sensitivity to As(II) (Fig. 1C). A closer
analysis of the function(s) of these proteins in As(III) resis-
tance is clearly warranted in future experiments, but the results
obtained in this study are consistent with those conducted
previously with both eukaryotic and prokaryotic organisms that
suggest that elements of an oxidative stress response are in-
volved (4, 16, 38, 60).

Function of glutathione reductase (Gor) and SOD. In cu-
karyotic cells, As(III) exposure results in increased levels of
reduced glutathione (GSH) (60), and an As(III)-triglutathione
complex has been found in human liver excreta (40), leading to
the conclusion that GSH is important in reducing As(III) tox-
icity in humans (26). These cellular activities are thought to be
part of a general set of reactions involved in responding to
As(IIT)-mediated production of reactive oxygen species (14,
54) and are consistent with our observations and those made in
previous studies with prokaryotes. Experiments with P. putida
showed that Gor levels increase upon exposure to As(III) (4).
Further, E. coli mutants lacking Gor or enzymes essential for
glutathione synthesis (gsh4 and gshB) were also found to be
more sensitive to As(V) than the wild-type strain (62). One
function of Gor in E. coli is to recycle oxidized glutathione
(GSSG) back to GSH, which is the reductant for As(V) reduc-
tase (62) that converts As(V) to As(III). The latter is then
actively removed from the cell by ArsB and, as such, estab-
lishes the primary mechanism for As(III) resistance.
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FIG. 5. Model of P. aeruginosa cellular events that could occur upon exposure to As(III). 1. The main defense against As(III) exposure is
induction of the arsR-arsB-arsC operon, encoding the ArsR repressor, the ArsB anion translocator, and the ArsC As(V) reductase (12). Prior to
As(III) exposure, the ArsR repressor prevents transcription of the arsB and arsC genes. 2. Upon entry of As(III) via potentially a homolog of the
mammalian GlpF aquaporin that is also present in E. coli (55), the ArsR repressor binds As(III) and no longer acts as a repressor, allowing for
synthesis of ArsB and ArsC. 3. ArsB then extrudes As(III) from the cell. 4. If the cell is exposed to arsenate [As(V)], ArsC reduces As(V) to As(III),
which is then extruded by ArsB. 5. In an arsB mutant, As(IIT) accumulates and then depletes the reduced glutathione (GSH) pools that are essential
to keep sulfhydryl groups on proteins reduced. As(III) would also oxidize the same sulfhydryl groups being reduced by GSH. 6. Example: the
sulfhydryl groups on the lipoamide arms of the pyruvate dehydrogenase complex (PDH) which is sensitive to As(III) at micromolar levels (36).
7. In wild-type cells, the role of SOD is to detoxify O, . 8. However, in a sodA sodB mutant, elevated concentrations of O, can react with GSH
to form GSSG and sulfonate (88), reducing the cells’ capacity to protect against As(III) exposure. 9. O,  can also react with many [4Fe-4S]-
containing enzymes, such as aconitase and fumarase, and thus inhibit the TCA cycle. 10. This causes oxidation of the iron in the cluster, rendering
the cluster unstable. This results in the release of reactive iron (Fe*") in the cytoplasm. The Fe** is then free to react with H,O, in a Fenton
reaction to form the very destructive hydroxyl radical (HO-). 11. Putative regulatory function of Crc in response to As(III) exposure. Loci
potentially regulated by Crc are compressed together to conserve space in this figure but are not transcriptionally linked, as might be inferred by
their adjacent location as depicted in the figure.

Results from the present study suggest that Gor has another
as-yet-undocumented function(s) in arsenic resistance. In all
experiments, arsenic was supplied as As(III), so the bacteria
would not require GSH per se as a reductant for reducing
As(V) prior to extrusion via ArsB. Indeed, presumably ArsB
should be no less functional in the gor mutant than the wild
type, as arsB induction in the gor mutant was increased by
about one-third relative to the parental wild-type strain (Fig.
3). Gor could also be important for maintaining near-optimal
GSH-to-GSSG ratios, with GSH itself providing a “sacrificial”
sulthydryl (—SH) group that helps titrate cellular As(III) and

thus indirectly protect the sulfhydryl groups of critical proteins,
such as the As(III)-sensitive lipoamide-containing pyruvate de-
hydrogenase (36). Other GSH maintenance-related Gor func-
tions may be linked to cellular responses to As(III)-mediated
production of O, . O,  production in As(III)-treated P.
aeruginosa was clearly implied by the acute As(III) sensitivity
of the sodA sodB double mutant. Elevated intracellular O,~
levels would poison important [4Fe-4S]** cluster-containing
proteins, including the aconitases (23), fumarases (46), and
various dehydratases (22, 45) (Fig. 5). The O,  poisoning of
the aforementioned proteins has been shown to be reduced by
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the addition of GSH into the growth medium (7, 21) and likely
results from two important functions: GSH helps scavenge
O, (88), and it could potentially provide a source of sulfur for
reconstitution of the Fe-S centers via the activity of cysteine
desulfurases (78). In the experiments reported herein, lower
cellular GSH-to-GSSG ratios would be expected in both the
gor and sodA sodB mutants, but for different reasons. Recycling
of GSSG back to GSH would predictably be impaired in a gor
mutant. In a SOD-limited bacterium, however, GSH could be
rapidly depleted by O, (O, reacts with GSH at a rate esti-
mated at 10° M~ ' s~ ' [85]). We suggest that our data are not
inconsistent with the hypothesis that the As(III)-sensitive phe-
notypes of the gor and sodA sodB mutants have a common
basis in that both are involved in maintaining or protecting
cellular GSH. In E. coli (6), Salmonella enterica serovar Typhi-
murium (44), and Saccharomyces cerevisiae (67), both Gor and
SOD have also been shown to be important for resistance to
selenite toxicity, which has also been suggested to result from
oxidative damage (44). P. aeruginosa possesses two SODs, one
of which incorporates iron as cofactor (Fe-SOD, encoded by
sodB [31]) and the other manganese (Mn-SOD, encoded by
sodA [31]). Collectively, their function is to disproportionate
O, to H,0, and O,. To remove H,O,, P. aeruginosa pos-
sesses at least three catalases, KatA (49), KatB (10), and KatC
(D. J. Hassett and U. A. Ochsner, unpublished data). KatA
activity is the major catalase activity that is detectable in all
phases of growth but is at a maximum in stationary phase (49).
In contrast, KatB activity is detectable in P. aeruginosa only
after exposure to significant levels of H,O, (10).

Catabolite repressor control protein (Crc). The discovery
that the Crc protein is somehow involved in As(III) resistance
(Fig. 1) and the oxidative stress response (Fig. 2) represents
another development in the general understanding of bacterial
arsenic resistance. Although the crc gene was discovered in
1991 (51), relatively little is known about the regulatory
breadth of its gene product. Previous studies have indicated
that when a crc mutant is grown on succinate, it does not
repress synthesis of proteins involved in mannitol and glucose
transport or the enzymes glucose-6-phosphate dehydrogenase,
glucokinase, or Entner-Doudoroff-controlled dehydratase, al-
dolase, and amidase enzymes (50). Other studies have shown
that Crc is involved in regulating production of the hemolytic
phospholipase PIcH (73), repression of aromatic compound
catabolism (57), and an as-yet-uncharacterized feature(s) of
biofilm formation (63). We also found the crc¢ mutant to be
more sensitive to H,O, in the presence of As(III) (Table 2), a
phenotype very likely linked to the reduced levels of catalase
under these growth conditions (Fig. 2A and B). SOD activity
was also reduced in crc mutant bacteria (Fig. 2C and D), but
this did not translate into increased PMS sensitivity, likely
because there was still enough residual Fe-SOD activity (even
without Mn-SOD) to protect the bacterium. Given the regu-
latory nature of Crc, the heightened As(III) sensitivity of the
crc mutant is assumed to be due to abnormal regulation (either
underexpression or overexpression) of genes under Crc con-
trol. The results of the present study clearly suggest that this
Crc-regulated gene(s) appears nearly as important as arsB in
conferring maximal As(III) resistance (Fig. 1C).

Previous studies with P. putida demonstrated that catalase
activity increased in response to the presence and oxidation of

J. BACTERIOL.

As(III) (3, 4). In addition, selenite exposure studies with S.
enterica serovar Typhimurium (44) and E. coli (6) also dem-
onstrated that catalase may be an important cellular response
to this similar-acting metalloid. However, the results of the
present study demonstrated that this may not be a universal
response among bacteria. The activity of the major housekeep-
ing catalase, KatA, was reduced in most of the As(II)-treated
strains examined in the present study. In some cases, such as
the crc mutant, the inhibition of activity or biosynthesis was
significant. The reduced catalase activity in all As(III)-treated
organisms correlated with increased sensitivity to H,O, (Table
2).
Other As(III)-affected proteins. Proteomic experiments
identified other proteins whose expression is affected by
As(IIT) exposure. Mutants were isolated for the encoding
genes and were found to exhibit growth phenotypes that sug-
gested some involvement in the initial cellular response to
As(III) that aids in adaptation to a more resistant state. None
of the encoded proteins have obvious direct regulatory func-
tions that could help the bacteria in the transition to a full
As(IIT) resistance response. However, in at least one instance,
the specific role of one of these genes might be inferred to
involve some form of antioxidant activity. IbpA was up-regu-
lated 51-fold in As(III)-treated cells and absent in control cells
(Table 3). In E. coli, IbpA is important for protecting proteins
from inactivation by both heat shock and oxidative stress (42,
43).

Finally, a novel yet puzzling observation from the latter
experiments identified the apparent requirement for down-
regulation of certain genes for optimum As(III) resistance.
The long lag phase of the heme oxygenase HemO/PigA mutant
(Table 3) implies that this As(III)-down-regulated protein is
somehow important in the wild-type cell. At present, it is un-
clear why the absence of proteins that are actually down-reg-
ulated would have negative consequences for As(III) resis-
tance, although a negative regulatory function is plausible.

Summary. The various experiments in this study contributed
to several novel observations regarding arsenic-microbe inter-
actions. Novel functions for Gor can be inferred, and a novel
regulatory element (Crc) was discovered. The presence or ab-
sence of several proteins correlated with optimum As(III) re-
sistance in P. aeruginosa (depicted in Fig. 5). Some mutants
exhibited enhanced growth in the presence of As(IIl) and,
similarly, a requirement for down-regulation of some loci for
optimum As(III) resistance (Fig. 1). Improved selenite re-
sponse phenotypes have been reported for various E. coli mu-
tant combinations, particularly a gshA sodA sodB triple mutant
(6), and our work serves to demonstrate a similar and, as such,
confirmatory response to As(III). Improved resistance to
As(IIT) (or selenite) in mutants lacking antioxidant enzymes
was unexpected and is clearly inconsistent with the concept
that oxidative damage is a primary toxic effect of As(III) poi-
soning in bacteria. Still, elements of an oxidative stress-like
response were evident and included SOD and Gor, although
catalase genes were not induced, and indeed, catalase activity
levels were reduced in most strains exposed to As(III). Induc-
tion of additional SOD activity (i.e., sodA4) was likewise not
apparent in our experiments (absence of the Mn-SOD isozyme
in Fig. 2C), and it is likely that the “housekeeping” enzyme
Fe-SOD is essential for normal arsenic resistance in P. aerugi-
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nosa but that in its absence another SOD-like activity is required.
Inducible SODs could, however, be important for bacteria that do
not constitutively maintain robust SOD levels, as in P. aeruginosa,
or under some environmental conditions where As(III) levels
might overwhelm the capacity of ArsB to remove As(III) from the
cell. The As(III) levels used to examine mutant susceptibility in
this study (i.e., 1 mM) would be representative of some of the
more extreme cases of arsenic contamination, such as in soils
surrounding mine smelters (T. R. McDermott and D. J. Hassett,
unpublished data), or in natural ecosystems, such as in some
geothermal environments [2 to 3 mM As(III) in some thermal
areas in Yellowstone National Park (H. Langner and W. P. Ins-
keep, personal communication)].
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