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Originality-Significance Statement. The arsH gene appears systematically associated to the typical
genomic clusters arsRBC that enable tolerance of many types of Gram-negative bacteria to inorganic
arsenic salts. However, the specific role of ArsH in enduring either inorganic or organic As species has
remained elusive—if not contradictory—in the literature. In this work we have adopted a suite of genetic
and biochemical methods to unveil thus far unknown activities of the two arsH paralogs found in the
chromosome of the soil bacterium Pseudomonas putida. The results hereby presented demonstrate that
ArsH helps to counteract the oxidative stress caused by either exposure to arsenic compounds or by
unrelated insults. The arsRBCH operons thus merge direct activities against As salts (reduction and

expulsion) with compensation of general physiological consequences (i.e. oxidative stress).
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ABSTRACT

The two As resistance arsRBC operons Pseudomonas putida KT440 are followed by a downstream
gene called arsH that encodes an NADPH-dependent flavin mononucleotide reductase. In this work, we
show that the arsH1 and (to a lesser extent) arsH2 genes of P. putida KT2440 strengthened its
tolerance to both inorganic As(V) and As(lll) and relieved the oxidative stress undergone by cells
exposed to either oxyanion. Furthermore, overexpression of arsH1 and arsH2 endowed P. putida with a
high tolerance to the oxidative stress caused by diamide (a drainer of metabolic NADPH) in the absence
of any arsenic. To examine whether the activity of ArsH was linked to a direct action on the arsenic
compounds tested arsH1 and arsH2 genes were expressed in Escherichia coli, which has an
endogenous arsRBC operon but lacks an arsH ortholog. The resulting clones both deployed a lower
production of reactive oxygen species (ROS) when exposed to As salts and had a superior endurance to
physiological redox insults. These results suggest that besides the claimed direct action on
organoarsenicals, ArsH contributes to relieve toxicity of As species by mediating reduction of ROS
produced in vivo upon exposure to the oxyanion e.g. by generating FMNH: to fuel ROS-quenching

activities.

INTRODUCTION

That virtually all types of bacteria encode in their genome one or more systems for tolerance to arsenic
(As)—either in its As(V) or As(ll) forms—bears witness that dealing with this element, in particular its
oxyanionic species, was an early evolutionary challenge (Silver and Phung, 2005). The core hurdle
stems from the similarity of arsenate to phosphate and the high reactivity of arsenite towards sulphides
(Tamaki and Frankenberger, 1992). The most straightforward way of overcoming this potential chemical
dead-end, involves arsenite efflux pumps accompanied by an arsenate reductase that discriminates
between AsO43~ and PO+~ and thus earmarks the thereby reduced (and more toxic) As species to be

secreted to the external milieu (Paez-Espino et al., 2009). At the genetic level, this is reflected by the
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widespread occurrence of one or more As resistance operons (Fekih et al., 2018) with genes encoding
a minimum of three activities: arsC (arsenate reductase), arsB or acr3 (efflux pump) and arsR (arsenite-
responsive repressor). This basic As-resistance core is often accompanied by some additional genes
that are also transcribed in response to As in the medium and thus suspect or proven to have a role in
tolerance or detoxification of the oxyanions (Stolz et al., 2006; Paez-Espino et al., 2009; Yang and

Rosen, 2016; Fekih et al., 2018)

The genome of the soil bacterium Pseudomonas putida KT2440 bears two separate but very similar
operons for As resistance (Paez-Espino et al.,, 2015; Fernandez et al., 2014; Fernandez et al., 2016;
Fig. 1A). One of them (the ars2 gene cluster) is the default ArsR system that seems to be part of the
original genetic complement of this bacterium. In contrast, the ars1 cluster is part of a large insertion in
the tmk gene (PP_1919, encoding a thymidylate kinase). The two systems are separately able to endow
the bacterium with a high level of resistance to As, although they differ in the optimal temperature of the
corresponding activities (Paez-Espino et al, 2015) —hence their consideration as ecoparalogs
(Sanchez-Perez et al., 2008). Interestingly, inspection of the regions downstream of the arsRBC clusters
reveals the presence in each case of an additional gene, arsH (i.e. arsH1 and arsHz; Fig. 1) that is co-
transcribed with the preceding cistrons (Fernandez et al., 2014) and thus likely to have a role in As

resistance as well. But what is ArsH and what does it do?

The presence of an arsH gene forming part of an extended ars operon is by no means unique of
Pseudomonas, although it seems to be generally absent in Gram-positive bacteria. Apart of finding
homologous sequences in the genomes of a large number of eubacteria and even yeasts (Yang and
Rosen, 2016), the ArsH proteins of Shigella flexneri, Sinorhizobium meliloti and Synechocystis sp.
(approximately 26 kDa in size) have been crystalized and their tridimensional (3D) structure determined
(Vorontsov et al., 2007; Ye et al., 2007; Xue et al., 2014). In other cases, the protein has been purified
(to different extents) and its activities in vitro tested (Chen et al., 2015). Inspection of the protein
sequences, examination of the available structures and appraisal of the enzymatic assays indicated

without a doubt that ArsH is a NADPH-dependent flavin mononucleotide (FMN) reductase. However, the
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fate of the electrons thereby held by the reduced cofactor (FMNHz) and the role of such a redox trade in
As resistance remains uncertain, as the literature reports somewhat paradoxical data on the issue. First,
the loss of arsH in some bacteria e.g. Serratia (Gilmour et al., 2004; Mo et al., 2011), Yersinia (Neyt et
al., 1997; Eppinger et al., 2012) and Sinorhizobium, (Ye et al., 2007) results in an increased sensitivity
to As. In others e.g. Thiobacillus (Butcher et al., 2000) and Synechocystis, (Hervas et al., 2012; Xue et
al., 2014; Zhang et al., 2014) the lack of the enzyme seems to be alien to any As resistance (AsF)
phenotype. Second, different ArsH proteins have been shown to reduce chemical species as diverse as
chromate (Xue et al., 2014), ferric iron (Mo et al., 2011; Xue et al., 2014), azo dyes (Crescente et al.,
2016) and quinones (Hervas et al, 2012). The possibility that ArsH reduces molecular oxygen to
H20.—which in turn can oxidize AsO3%~ to the less toxic AsO43~ form—has been also recognized as a
possible way to ease the deleterious effects of the oxyanion (Aposhian et al., 2004; Ye et al., 2007).
However, it would be somewhat paradoxical that the same gene cluster that encodes reduction of
arsenate to arsenite (through ArsC) also enables the exactly opposite transformation (through ArsH).
Finally, in an unexpected twist of events, (Chen et al., 2015; Chen et al., 2018) claimed that the key
ArsH activity of P. putida and S. meliloti is in fact an oxidase that provides resistance to trivalent forms
of various organoarsenicals. This claim raises some questions not only regarding the enzymatic reaction
involved (i.e. an NADPH-dependent FMN reductase oxidizing a given substrate). Also, arsH clearly
predated the widespread use of modern organoarsenical herbicides and the poultry growth promoters
tested, which could thus not act as a major selective pressure. Finally, although some ArsR variants
seem to respond to methylarsenite (Chen et al., 2017), there is no evidence that such molecules are
effectors of every repressor —which by default appears to respond only to inorganic arsenite (Cai et al.,
1998).

On the basis of the above, we have revisited the biological function of the arsH genes of P. putida on
the hypotheses that [i] they encode a NADPH-dependent FMN reductase, [ii] they have to be somewhat
connected to AsR and [iii] they have to coexist with the arsenate reductase activity encoded by arsC. To
this end, we have run a series of genetic, enzymatic and physiological experiments with P. putida

variants lacking either arsH1, arsH2 or both of them. Heterologous expression of each of the genes in
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Escherichia coli and quantitative measurement of oxidative stress in a range of experimental conditions
were carried out as well. The results shown below reveal that the arsH genes (in particular the one
belonging to the ars? cluster) contribute very significantly to the AsR phenotype of P. putida.
Furthermore, it does so by counteracting the generic oxidative damage brought about in vivo by
exposure to As species. ArsH thus appears to be part of a housekeeping mechanism geared to mitigate
the physiological toxicity of the oxyanions in addition to—or instead of—a substrate-specific redox

enzyme targeting organic forms of the element.

RESULTS

The two arsH genes of P. putida KT2440 and their products

The soil bacterium P. putida KT2440 is among the environmental microorganisms with the highest
tolerance to As, being able to grow in the presence of up to 0.3 M AsOs*~ or 10-20 mM AsO3%~
(Fernandez et al., 2014; Paez-Espino et al., 2015). This property can be traced to the presence of two
coexisting ars operons (Fig. 1A) encoded in different regions of the genome and with different
genealogies. Yet, they keep a comparable genomic organization and a high similarity in their
sequences. As shown in Fig. 1A, both systems have also additional arsH genes (PP_1927 and
PP_2715), downstream of the respective arsC sequences which have been designated arsH1 and
arsH2. Inspection of the intergenic regions between arsCt/arsH1 and arsC2/arsH2 revealed a
separation between genes of 23 and 13 bp, respectively (Supplementary Fig. S1), thus signposting a

degree of translational coupling indicative of co-expression in both cases.

The predicted products have also similar sizes (ArsH1, 241 amino acids and 27,7 kDa; and ArsH2, 233
amino acids and 26,6 kDa) and a high residue identity in their corresponding primary structures (Fig.
1B). When these sequences were threaded in the known tridimensional frame of the ArsH protein of S.
meliloti (see Experimental Procedures), both ArsH1 and ArsH2 of P. putida delivered virtually identical

structural predictions, with five perfectly conserved (-sheets and seven a-helixes (Fig. 2). The only
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conspicuous difference appeared to be a small B-helix close to the N-terminus that is kept in ArsH S.
melioti and ArsH1 P- putida hyt not in ArsH2 P- putida, Yet, this site is not anticipated to have any relevant
activity. In contrast, the binding sites for NADPH and FMN that correspond to the PFAM motif PF:03358
(NADPH-dependent FMN reductase) are well kept (Supplementary Fig. S2) and thus the corresponding
activities are likely to be similar or identical to that of other ArsH variants. On this background, we set out
to investigate the physiological role of either ArsH variant borne by P. putida and their plausible

involvement in As resistance in this bacterium.

ArsH1 and ArsH2 strengthen the tolerance of P. putida to arsenate and arsenite

The first obvious question regarding the biological function of the two arsH genes of P. putida was
examining their contribution—if any—to resistance to As salts. For this, we first generated seamless
deletion mutants of the arsH1 and arsH2 (either individually or in combination) in P. putida TEC1 (Table
1). This is a ApyrF derivative of the reference strain P. putida KT2442 that has been erased of the
orotidine 5'-phosphate decarboxylase activity to facilitate the genome editing method described by
(Galvao and de Lorenzo, 2005). Because of the pyrF deletion, the TEC1 strain is auxotrophic for uracil,
but otherwise identical to the wild-type counterpart. The procedure followed for generating strains P.
putida AarsH1, P. putida AarsH2 and P. putida AarsH1AarsH2 is detailed in Experimental Procedures.
Note that these deletions were designed such that they eliminated accurately the respective ORFs from
the first to the last codon of the arsH ORFs, but leaving intact the corresponding upstream and
downstream regions. In order to test the tolerance of the different strains to either As(lll) or As(V),
strains AarsH1, AarsH2 and AarsH1 AarsH2 were grown in LB medium added with the concentrations
of the oxyanions (10-50 mM arsenate and 5-10 mM arsenite) indicated in Fig. 3 and using P. putida
TEC1 as a wild-type control. The results of Fig. 3 exposed a role for both ArsH variants in tolerance to
either As species, albeit to different extents. While the loss of arsH1 affected very significantly
endurance to the oxyanion, the elimination of arsH2 had only a marginal effect, that became more
evident only when compared to the extra sensitivity of the double mutant AarsH1 AarsH2. It is worth

mentioning at this point that the experiments were done at 30°C, the optimal temperature for expression
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of the ars1 operon, what may account for the differences observed between the two arsH variants (see

below).

Heterologous expression of arsH1 and arsH2 increases resistance of E. coli to arsenic

In order to ascertain whether the increment in As tolerance caused by the arsH genes in P. putida was
essentially related to the rest of the activities encoded by the ars operons or if they had a role by
themselves, we expressed the genes separately in E. coli as a surrogate host and exposed the resulting
strains to As salts. To this end, each arsH gene was separately cloned in a broad-host-range expression
vector, originating plasmids pVH1 (arsH1*) and pVH2 (arsH2*) described in Table 1. E. coli JM109,
used as a host for these experiments, is a derivative of the archetypal K12 strain that bears a canonical
arsRBC lacking arsH which endows cells with a low sensitivity to inorganic arsenic species. As it was
the case of P. putida, strains E. coli JM109 (pVH1) and E. coli JM109 (pVH2) were incubated for 48 h in
the presence of increasing concentrations of As(lll) and As(V) along with control strain E. coli JM109
(pVLT33), carrying the insert-less vector. As shown in Fig. 4, the results indicated that both ArsH1 and
ArsH2 significantly increased tolerance to As salts. Once more, ArsH1 appeared to be more efficient
than ArsH2 in contributing to resistance phenotype, although under certain conditions (e.g. 5 mM
arsenate or 1 mM arsenite), the effect of ArsH2 was quite noticeable as well (probably the higher
temperature of the experiment—37°C— helped to this). The results with P. putida above (Fig. 3) and
those with E. coli (Fig. 4) documented a separate role for the ArsH proteins in As tolerance (in particular
ArsH1), whether they are produced in its native host or in another bacterium. This prompted us to

examine the possible mechanisms that could account for such a phenomenon.

ArsH1 and ArsH2 contribute to the NADPH-dependent FMN reductase activity of P. putida

In order to verify the most obvious biological activity of the ArsH proteins suggested by the analyses of
their sequences above (Fig. 1 and Fig. 2), we set out to explore their predicted oxidoreductase activity.

To this end, the same four isogenic P. putida strains (wild-type, AarsH1, AarsH2 and AarsH1AarsH2)
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used for the growth tests of Fig. 3 were cultured in a medium with 1 mM arsenite to induce the
transcription of the ars operons (see details in Experimental Procedures) and the biomass was lysed to
generate cell-free extracts. These were used to assay the nicotinamide nucleotide-dependent flavin
reductase activity. To cover as many conditions as possible, the assays were run with either FMN or
FAD as substrate and NADH or NADPH as cofactor. The results are shown in Fig. 5, using in all cases
the baseline activities found in the extracts of the double AarsH1AarsH2 mutant as a reference, that
allow us to establish a baseline of reductase activity corresponding to other possible enzymes or
interferences. Results show that: [i] using FMN and NADPH, the reductase activity in the wild type strain
is the highest (~93% higher with respect to wt assay with FAD/NADPH, ~67% higher with respect to
FMN/NADH and ~162% with respect FAD/NADH) and [ii] that using FMN and NADPH as cofactors, the
difference of oxidoreductase activity between the wild type and the AarsH1AarsH2 mutant is also the
highest (~129%) in respect to other conditions (~90% FAD/NADPH; ~69% FMN/NADH and ~0%
FAD/NADH). Thus, this simple experiment with cell-free extracts of all mutant combinations indicates
that the only bona fide catalytic activity that could be traced to the genes of interest was observed with
FMN as a substrate and NADPH as a cofactor. Any other combination showed a much lower or
absence of reductase activity. These results confirm the nicotinamide nucleotide-dependent flavin
reductase activity of the purified ArsH proteins reported for P. putida KT2440 by Chen et al.(2015). In
addition, it agrees with the dependence of cofactor (NADPH) and substrate (FMN) shown by ArsH
orthologs in Shigella flexneri (Vorontsov et al., 2007), Sinorhizobium meliloti (Ye et al., 2007),
Synechocystis sp. (Hervas et al., 2012) and Acidithiobacillus ferrooxidans (Hongyu et al. 2011). Fig. 5
also suggests that, while both ArsH variants contributed to the NADPH flavin oxidoreductase activity
found in the cell-free extracts, the ArsH1 protein present in the extracts had a greater effect under the
conditions tested: the AarsH1 sample showed significantly less activity than the AarsH2 counterpart.
According to these data the relative hierarchy of contribution to the oxidoreductase activity detected in
the tested strains using FMN as substrate and NADPH as cofactor appeared to be: TEC1 (wild-type) >>
AarsH2 > AarsH1 > AarsH1AarsH2. This hierarchy was consistent with the more prominent role of

ArsH1 in allowing growth in the presence of As salts. In view of these data, what could be the
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connection between a higher reductase activity and the enhanced tolerance to the oxyanions afforded

by the ArsH proteins?

Arsenic salts triggers high intracellular levels of ROS in P. putida lacking arsH1 and arsH2

One of the known effects of exposing cells to As salts is causing oxidative stress. This is because such
oxyanions can generate reactive oxygen species (ROS, e.g. hydrogen peroxide, superoxide anions,
hydroxyl radicals and organic hyperoxides) that damage biomolecules, affect the respiratory chain and
deplete the pool of metabolic antioxidant currency (Andres and Bertin, 2016). Bacteria have evolved a
large number of strategies to deal with this type of stress and we wondered whether an enzyme that
regenerates FMNH. like ArsH could be related to counteracting oxidative damage caused by As
oxyanions. The interplay of FMNH. with ROS has not been studied in detail in bacteria, but there is
evidence of it in mitochondria (Selivanov et al., 2011; Grivennikova et al., 2018) hence a role of flavin
mononucleotides in dealing with redox stress appeared to be plausible. On these bases, it was of
interest verifying the occurrence of ROS in As-treated P. putida cells bearing or not ArsH. To this end,
we run the experiments shown in Fig. 6, in which cells were treated with the stressor, then added with
the ROS-sensitive dye 2',7’-dihydrochlorofluorescein diacetate (H.DCF-DA, which is oxidized by ROS to
DCF-DA) and the fluorescence of single cells was quantified by flow cytometry. As shown in Fig. 6,
challenging wild-type P. putida cells with either As(lll) or As(V) resulted in marginal formation of ROS,
but the situation changed when mutants lacking either arsH variant were treated with the oxyanions.
Consistently with the AsR phenotypes of the mutants discussed above, the loss of arsH1 resulted in high
levels of DCF-DA fluorescence (indicative of intracellular ROS accumulation), which were exacerbated
in the double mutant AarsH1 AarsH2. The loss of arsH2 caused only a minor but still detectable
increase in the ROS levels of As-treated cells. These results suggested that ArsH activity could
counteract the action of oxidative damage caused by As in a fashion independent of the action of the
canonical ars operon genes arsRBC. To study this possibility, we inspected the effect of the ArsH

proteins on ROS stress in the absence of any arsenic, as tackled below.
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ArsH1 and ArsH2 protect P. putida from oxidative stress caused by diamide

In order to compare the endurance of P. putida and its arsH-minus variants to oxidative conditions, we
adopted sensitivity to diamide (DA) as a descriptor of tolerance to redox stress. DA is a thiol-specific
oxidizing agent, which reacts with thiols and protein sulthydryls, thereby oxidizing glutathione and
promoting formation of disulfide bonds (Kosower and Kosower, 1995). Typically, bacteria react to these
effects by means of NADPH-dependent thioredoxins, the over-activity of which deplete NADPH
(Chavarria et al., 2013). DA treatment thus triggers a factual redox stress regime, which can be either
exacerbated or counteracted by the specific conditions or genetic background of the strains used. In this
context, we ran the simple but informative tests shown in Fig. 7, in which a given and fixed number of
cells of the P. putida strains TEC1, AarsH1, AarsH2, and AarsH1 AarsH2 were suspended in soft agar,
lawn on the surface of an LB medium plate and then assayed for DA sensitivity in a disk test as
indicated in Experimental Procedures. As shown in Fig. 7A, cells lacking separately arsH1 and (to an
extent) arsH2, were clearly more sensitive to DA than the wild-type strain, the phenomenon becoming
more pronounced in the double mutant AarsH1 AarsH2. Although these results were significant, note
that the tests of Fig. 7A were done in the absence of any As salt, which triggers expression of the ars
operons and their accompanying genes. Therefore, the effects detected had to be the result of the basal
expression levels of the ars operons in the absence of bona fide induction. In order to eliminate any
possible ambiguity, we repeated the same tests with P. putida AarsH1 AarsH2 (lacking entirely both
arsH variants) transformed with plasmids pVH1 (arsH1%) or pVH2 (arsH27) described in Table 1. These
plasmids, which express the genes of interest through an altogether heterologous promoter were thus
tested using as a control the same AarsH1 AarsH2 strain bearing the insert-less vector pVLT33. The
results shown in Fig. 7B and 7C clearly exposed that mainly ArsH1 (but also ArsH2) sufficed to alleviate
the redox stress caused by DA on P. putida in a way entirely independent of any possible effect of
arsenic. The final question was whether this scenario was exclusive of P. putida or the redox stress
counteracting role of ArsH indicated by the experiments above has a context-independent activity of its

own.
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arsH1 and arsH2 enhance general tolerance of E. coli to oxidative stress

Inspired by the results of Fig. 6 and Fig. 7, we subjected E. coli strains E. coli IM109 (pVH1, arsH1%), E.
coli IM109 (pVH2, arsH2*) and arsH-less control E. coli JM109 (pVLT33, empty vector) to the test
shown in Fig. 8 for the quantitative determination of ROS buildup in cells treated with DA. For this,
cultures in LB medium of each strain of interest were exposed to the stressor for 6 h and then treated
with H.DCF-DA prior to flow cytometry analyses. The data shown in Fig. 8 clearly indicated that—as it
was the case with P. putida (Fig. 6)—the ArsH proteins were not only able to check oxidative stress
caused by exposure to arsenic salts, but they also counteracted the same challenge when triggered by a
different environmental or metabolic condition. As evidenced in Fig. 8, ArsH1 delivered consistently
better protection to stress originated by DA than ArsH2, whether the host of the genes was E. coli or P.
putida. Taken together, these results pinpoint a new role of the arsH genes in resistance to As that
involves an effect on downstream physiological consequences of exposure to the oxyanions rather than

a direct action on the stressor molecule itself.

DISCUSSION

The role of ArsH in tolerance to As salts suggested from its systematic association to ars operons in
many types of bacteria remains to this day a matter of debate. Diverse studies on the arsH genes and
their products found in different microbial hosts have exposed a suite of activities of the protein that
appear paradoxical at times. While some authors have demonstrated the NADPH-dependent reductase
activity of ArsH on chromate (Xue et al., 2014), ferric ion (Mo et al., 2011; Xue et al., 2014), FMN
(Vorontsov et al., 2007; Zhang et al., 2014), quinones (Hervas et al., 2012) and azo-dyes (Crescente et
al., 2016), others have reported an specific oxidase activity of the same protein (including the variants
found in P. putida) on methylarsenite and other trivalent organoarsenicals (Chen et al., 2015; Yang and
Rosen, 2016). Note that the reaction FMN + NADPH + H+ FMNH. + NADP* is reversible and, under

specific conditions, may originate the strong oxidant FMN in vitro and in vivo. In view of this, ArsH could
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in fact be an oxidoreductase poised near equilibrium so that it can go in either direction. While its default
activity could be a FMN reductase, for oxidation of organoarsenicals (Chen et al., 2015) it could behave
also as a mixed-function oxidase i.e. operating with a 1:1:1 stoichiometry for pyridine nucleotide
oxidation, oxygen utilization and substrate oxidation with one atom of molecular oxygen going to the
substrate while the other undergoes a 2-electron reduction to water. This possibily notwithstanding, our
results above show that the predominant role of the merged ArsH activity (i.e. ArsH1 + ArsH2) of P.
putida when cells face the oxyanion is that of a generic NADPH-dependent FMN reductase. Directly or
indirectly, this activity quenches the oxidative stress caused by either exposure to As salts or brought
about by another, unrelated redox-active compound such as diamide. As most of the data shown above
were generated with live cells and protein extracts, we entertain that they reflect faithfully the situation in
the natural context. But, how can ArsH behave as a reductase under some circumstances and as an
oxidase in others? Could this dual activity also manifest itself in living cells as well? One recent report
claimed an oxidative activity of ArsH in the periplasm, which seems to increase the tolerance to arsenite
of various environmental isolates including some Pseudomonas species (Chang et al, 2018).
Halomonas has also arsH as part of an efficient As(lll) and As(V) resistance system which lacks
arsenate reductase altogether (Wu et al., 2018). Chances that arsH gene has evolved specifically to
deal with organoarsenicals are thus arguable, although it can indeed give rise to an increased tolerance
to these compounds in vivo and originate oxidized forms in vitro. Flavoproteins are typically involved in
electron transactions in the respiratory chain (Muras et al., 2019) the membrane in which they reside
mediates a split in metabolism into a more oxidative environment (the periplasm) and into a reductive
location (the cytoplasm). One scenario worth to explore is one in which ArsH contributes both to keep a
strong oxidative environment in the periplasm and to help maintaining redox homeostasis and ROS
endurance in the cytoplasm when cells are challenged with various As species. In this respect, it is
intriguing ArsH seems to appear preferentially in diderm, periplasm-bearing Gram-negative bacteria and
not in Gram-positive species. Yet, the molecular mechanisms underlying such a potential division of
biochemical roles in the same cell cannot be directly drawn from the largely genetic data above. Finally,

we cannot rule out additional effects of accompanying genes other than arsH located upstream and
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downstream of the core arsRBC clusters and which in many cases are conserved in a variety of species

(Paez-Espino et al., 2009). Their specific functions in arsenic tolerance do deserve future studies.

EXPERIMENTAL PROCEDURES

Bacterial strains, culture conditions, and general procedures

All bacterial strains and plasmids used in the present work are listed in Table 1. P. putida and E. coli
strains were grown at 30°C and 37°C, respectively, in lysogeny broth (LB) rich medium (Sambrook,
1989) in an orbital shaker at 170 rpm. P. putida strains were also grown in M9 minimal medium
(Sambrook, 1989) with sodium citrate (2 g/liter) as the carbon source and supplemented with MgSQOa (2
mM). When M9 was utilized for E. coli cultivations, glucose was added 0.2% (w/v) as a carbon source,
as well as thiamine [0.02% (w/v)], casaminoacids [0.1% (w/v)] and CaClz (10 uM). Experiments in Petri
dishes were conducted with the corresponding culture media (rich or minimal) added with 1.5% (w/v)
agar. Antibiotics were used at the following concentrations: ampicillin (Ap), 150 pg/ml; kanamycin (Km)
50 pg/ml; and chloramphenicol (Cm), 30 pg/ml. In order to grow P. putida ApyrF strains, uracil (Sigma-
Aldrich Co.) was added to the plates at 20 pg/ml. 5’-Fluoroorotic acid (FOA, Zymo Research) was used
at 250 pg/ml to counterselect for the pyrF activity (orotidine-5'-phosphate decarboxylase, see details
below). Resistance to As species was grossly tested by plating serial dilutions of cultures of each strain
onto agar plates containing filtered sodium arsenite (NaH2AsQs) or sodium arsenate (NaH2AsQOs), as
necessary for the experiment at stake. For a more precise determination of minimal inhibitory
concentrations (MICs) and growth rates across all the experimental conditions, strains were cultured in
96-well microtiter plates and incubated at their optimal temperature for 24 h with orbital shaking, and the
optical density measured at 600 nm (ODego) values were assessed using an Ultrospec-3000 pro
spectrophotometer (Pharmacia Biotech). All oligonucleotides employed for the assembly of the various

constructs and strains were synthesized by Sigma-Aldrich Co. and detailed below.

Mutants and genetic constructs
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Plasmids and cloning procedures were handled following the standard methods described in
(Sambrook, 1989). All P. putida mutants were obtained using TEC1 (KT2442 ApyrF::xylE: Table 1) as a
the parental strain. Strain TEC1 is auxotrophic for uracil and resistant to FOA. The method used for
gene deletion was an adaptation of the Saccharomyces cerevisiae URAS selection system and is fully
detailed in (Galvao and de Lorenzo, 2005). For single deletion mutants in arsH1 and arsH2, the whole
arsH genes were separately deleted as follows. Upstream and downstream regions of each arsH gene
were amplified by PCR producing the so called Up and Down fragments. The pairs of primers used in
each case were ForwH1Up (5-CCA CCA GCG GCC GCT CGG CAT CGG TTT CAG CGA GTA CG-
3')/RevH1Up (5’-TGA TCC AGG GCC TAC AGC GCG-3') and ForwH2Up (5’-TCA ACT GCG GCC GCA
TAT TTT CGC TGG GCA TGT ATC TGG TGG-3')/RevH2Up (5-GTT TTC TTC CTG TTC AAA GCG
AGC CGA T-3') to generate Up regions of asrH1 and arsH2 genes respectively. ForwH1Down (5-CGC
GCT GTA GGC CCT GGA TCA GAT AAT GAG CAT GTC GCA TCC TTA CTC ATT G-3')/RevH1Down
(5-GTC CCG AGC TCC GTT GCG CTG ATG ACG ACA CGA G-3) and ForwH2Down (5-ATC GGC
TCG CTT TGA ACA GGA AGA AAA CAG CAA AGG TGA TTC AAG ACA GTG GAA ACG-
3')/RevH2Down (5-GTC CCG _AGC TCT GGC CAA TGT CAT CCG CAG GCG-3') were utilized to
acquire the corresponding Down regions. In both cases, the Rev—Up oligo was complementary to the
Forw—Down counterpart. This way, we obtained the Up and Down fragments in a first PCR reaction
that were then amplified with the most external oligos (Forw—Up and Rev—Down) in a second PCR.
The resulting Up-Down fragment for each arsH gene was therefore flanked by Noti and Sacl restriction
sites. These fragments were inserted into the cloning vector pTEC (KmR, R6K conditional origin, pyrF?)
to generate plasmids pTUDH1 and pTUDH2. They were then transformed into E. coli CC118 Apir strain
via tri-parental mating using E. coliHB101 (pRK600) strain as a helper and TEC1 as receptor. TEC1 co-
integrates were selected in M9-citrate and Km and resolved by growing a pool of them in LB medium
supplemented with uracil (12 h in liquid culture). 100-ul aliquots of such cultures were plated in M9-
citrate with uracil and FOA to counterselect all the co-integrates. The resultant colonies were checked
by PCR, and a 50-50% mixture of wild-type TEC1 strains and mutants in the corresponding arsH gene

was found. The final phenotype of the mutants was uracil, FOAR, Kms (Supplementary Fig. S3). To
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create the double AarsH1 AarsH2 deletion mutant, the same protocol was followed using the plasmid
pTUDH2 in the mating with P. putida AarsH1 as the receptor strain. For construction of the plasmids
used in the complementation studies, each of the two arsH genes was separately amplified with primers
that added EcoRl and Hindlll sites upstream and downstream respectively, of the cognate arsH genes.
To this end, we employed the oligos set FWDH1 (5-CGA CGG AAT TCG CGC GCT GTA GGC CCT
GGA TC-3') and RVSH1 (5-TCA GCG AAG CTT GCG ACA TGC TCA TTA TCT CAA ATA GAC CG-3)
for the arsH1 gene, as well as FWDH2 (5’-CTT CGG AAT TCC TGG ATC GCA TCG GCT CGC TTT G-
3) and RVSH2 (5-TCA GAG AAG CTT CGT TTC CAC TGT CTT GAA TCA CCT TTG C-3) for the
arsH2 counterpart. The thereby generated products were cloned as EcoRl-Hindlll fragments (including
their own RBS) in the broad-host-range vector pVLT33 (de Lorenzo et al., 1993; Table 1) yielding
plasmids pVH1 (arsH1*) and pVH2 (arsH2+), respectively (further details in Supplementary Fig. S4).

ArsH enzymatic assays

All samples used in the enzymatic assays were prepared from 50-ml cultures of P. putida strains TECT,
AarsH1, AarsH2 and AarsH1 AarsH2 in LB medium supplemented with uracil and 1 mM As(lll).
Cultures grown until stationary phase were centrifuged at 4,000 rpm and 4°C during 10 min and the
pellets resuspended in a buffered phosphate buffer solution (PBS). The whole biomass of the 50 ml-
cultures at ODeoo ~0.8 were re-suspended in 2 ml of PBS buffer. Then, cells were lysed (by sonication at
low temperature) and centrifuged at 14,000 rpm during 30 min. The supernatant was used for the
enzymatic assays and for determining protein content with the Bradford (1976) method. NAD(P)H:flavin
oxidoreductase assays were conducted as described in (Vorontsov et al., 2007) in 96-wells plates,
monitoring the decrease in the absorbance at 340 nm (NAD(P)H, & =6.22 mM-' cm-') at 25°C during
10 min. The enzymatic activity was indicated in Units per milligram of total protein (U/mg protein). The
enzymatic assays were performed in 200 ul (final volume) with a reaction mix composed of 150 uM
NADH or NADPH, 100 uM FMN or FAD, 25 mM Tris-HCI (pH=7.5) and 75 ug of total protein (either

obtained from the wild-type and arsH mutants strains).
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Quantification of reactive oxygen species in vivo and oxidative stress plate tests

Intracellular accumulation of ROS in P. putida TEC1 and its derivatives was followed with the ROS-
sensitive green fluorescent dye H.DCF-DA (Sigma-Aldrich Co.) as explained in (Akkaya et al., 2018).
The same method was adopted for inspecting ROS accumulation in E. coli producing arsH-encoded
proteins heterologously. In brief, cultures of the wild-type P. putida TEC1 strain and the arsH7 and
arsH2 single and double mutants were incubated in LB medium in the presence of As(lll) or (V) salts at
the concentrations and times indicated. Whether P. putida or E. coli, after the treatment cells were
collected by centrifugation, washed once with PBS and resuspended in in the same buffer to an ODeoo ~
0.4. The suspension was added with H.-DCF-DA to 20 uM and incubated in the dark for 30 min at room
temperature. Cells were then washed twice with PBS, resuspended again in the same buffer PBS and
analyzed by flow cytometry. The H.DCF-DA fluorescence emission at 525 nm was detected using a
530/30-nm band pass filter array. Semi-quantitative assays for detecting sensitivity to oxidative stress
with diamide were run as follows. LB plates added with Km for ensuring plasmid retention were spread
with a homogeneous suspension of the strains under study in melted soft 0.75% (w/v) LB agar. Filter
discs (5 mm @) were placed onto the homogeneous bacterial lawn and soaked with 10 ul of 100 mM
diamide. The plates were incubated at 30°C during 24 h and photographed. The diameter of the
inhibition haloes were then considered a proxy of the sensitivity of the strains at stake to the oxidative

stress caused by the drain of NADH brought about by diamide.
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Table 1. Bacterial strains and plasmids used in this work.

Strains

Relevant characteristics

Reference

P. putida KT2440

P. putida TEC1

P. putida AarsH1

P. putida AarsH2

P. putida AarsH1 AarsH2

E. coli CC118 Apir

E. coliHB101

E. coliJM109

P. putida mt-2 derivative cured of pWWO

RifR, ApyrF::xylE derivative of P. putida KT2442

Riff, TEC1 deleted of the arsH1 gene by using
plasmid pTUDH1

Riff, TEC1 deleted of the arsH2 gene by using
plasmid pTUDH2

RifR, TEC1 deleted of arsH1 and arsH2 genes by
sequential use of plasmids pTUDH1 and pTUDH2

E. coliCC118 lysogenized with A pir phage

E. coli K12/E. coli B hybrid, SmR, rpsL recA thi pro
leu hsdR-M+

endA1 recA1 gyrA96 thi-1 hsdR17 (rk, mkt) el4
(mcrA?) supE44 relA1 A(proAB, lac) F' [proABt
traA36 lacle lacZAM15)

(Nelson et al., 2002)

(Galvao and de Lorenzo,
2005)

This work

This work

This work

(Herrero et al., 1990)

(Sambrook, 1989)

(Yanisch-Perron et al.,
1985)

Plasmids

PVLT33

pTEC

PRK600

pTUDH1

KmR, RSF10100riV lack/Ptac broad-host-range
expression vector with pUC18 multiple cloning
site

KmR, FOAS, pyrFt (Urat), RéKoriV, origin of
transfer RK2 oriT, cloning vector for chromosomal
integration/deletion by homologous recombination
in P. putida TEC1

CmR, ColE1ori, RK2mob, RK2tra, helper of
conjugal transfer

KmR, FOAS, pyrF* (Urat); pTEC vector inserted
with a 2.17-kb Notl/Sacl DNA segment composed
of 1.27-kb upstream and 0.90-kb downstream
regions of the arsH1 gene. These regions were

(de Lorenzo et al., 1993)

(Galvao and de Lorenzo,
2005)

(Kessler et al., 1992)

This work

This article is protected by copyright. All rights reserved.



amplified by PCR using FWDH1Up/RVSH1Up
and FWDH1Down/RVSH1Down as primer sets,
respectively. Delivery vector for AarsH1 deletion.

pTUDH2 KmR, FOAS, pyrFt+ (Ura®); pTEC vector inserted This work
with a 1.71-kb Notl/Sacl DNA segment composed
of 0.94-kb upstream and 0.77-kb downstream
regions of the arsH1 gene. These regions were
amplified by PCR using FWDH2Up/RVSH2Up
and FWDH2Down/RVSH2Down as primer sets,
respectively. Delivery vector for AarsH2 deletion.

pVH1 KmR, pVLT33 vector inserted with the gene arsH1 This work
from strain TEC1 cloned by PCR as an
EcoRl/Hinalll 0.72-kb long DNA fragment using
primers FWDH1 and RVSH1.

pVH2 KmR, pVLT33 vector inserted with the gene arsH2 This work
from strain TEC1 cloned by PCR as an
EcoRl/Hinalll 0.71-kb long DNA fragment using
primers FWDH2 and RVSH2.

Abbreviations:  Rif, rifampicin; Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; FOA, 5-fluoroorotic
acid; URA, uracil.

This article is protected by copyright. All rights reserved.



CAPTIONS TO FIGURES

Figure 1. The ArsH proteins of P. putida KT2440. (A) Alignment of amino acid sequences. Percentage
of sequence identity of amino acids throughout the corresponding genomic regions is shown. The
products of the genes arsH1 (PP_1927) and arsH2 (PP_2715) of P. putida KT2440 are annotated in the
genome as proteins involved in arsenic resistance. (B) Comparison of ArsH protein variants of P. putida
KT2440. Both proteins are very similar, having a size of 241 amino acids and a molecular weight of
27,717 Da for ArsH1, and 233 amino acids and 26,616 Da for ArsH2. Using double alignments between
protein sequences with the application of BLAST (bl2seq), the high amino acid identity between both
sequences could be observed. Their conserved NADPH-reductase domain dependent on FMN (PF:
03358) is highlighted in green.

Figure 2. Representation of the three-dimensional structure of the monomers ArsH of P. putida KT2440.
Predicted 3D structures of the (A) ArsH1 and (B) ArsH2 proteins of P. putida KT2440. In all cases, a-
helixes, B-sheets and loops are indicated in red, yellow and green, respectively. (C) Alignment of the
structures of ArsH1 (in yellow) and ArsH2 (in red) of P. putida KT2440 with ArsH of S. meliloti (in blue).
Using the protein modeling of the PyMOL program and the comparison of structures with UCSF
Chimera (https://www.cgl.ucsf.edu/chimera), we found that the five -sheets and the seven a-helices
are perfectly conserved with respect to reference protein of S. meliloti. The detail of the helix residue not
present in ArsH2 near the N-terminal end is highlighted with a purple circle.

Figure 3. Growth of strains P. putida TEC1, P. putida AarsH1, P. putida AarsH2 and P. putida AarsH1
AarsH2 at different concentrations of As(V) and As(lll). Graphs (A) and (C) show the growth of the
indicated strains against different As(V) concentrations at 8 h and 24 h, respectively, while (B) and (D)
indicate the same with As(lll). The growth experiments were performed at 30°C in 96-well plates, using
LB medium supplemented with uracil and added with As(V) or As(lll) as indicated. The graphs show the
results of three biological replicates and two technical duplicates and error bars represent the standard
deviation of the average values. ODs0o, Optical density measured at 600 nm.
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Figure 4. Arsenic resistance of E. coli IM109 expressing separately each of the two arsH genes of P.
putida KT2440. The experiments were by incubating cells for 48 h at 37°C in 96-well plates using
medium LB with Km added and the arsenic species indicated. The graphs show the results of three
biological replicates and two technical duplicates per condition, and error bars represent the standard

deviation of the average values. ODeoo, Optical density measured at 600 nm.

Figure 5. Oxidoreductase activity assay in P. putida TEC1 and its AarsH variants. The graphs show the
activity of the wild-type strain TEC1 (A), AarsH1 (B) and AarsH2 (C), using the background activity of
the double mutant under different substrates (FMN or FAD) and cofactors (NADPH or NADH) as a
reference. The specific activity (U/mg total protein) of each reaction is shown, and grey bars correspond
to the double mutant AarsH1 AarsH2. The graphs indicate the results of three biological replicates and
two technical duplicates per condition, and error bars represent the standard deviation of the average

values.

Figure 6. Quantitative analysis of ROS accumulation in P. putida TEC1 and its arsH mutants upon
exposure to arsenic. (A) Representative results of 2’,7-dichlorofluorescein diacetate (DCF-DA)
fluorescence at the single cell level in the strains under study as assessed by flow cytometry. Cultures
of the wild-type P. putida TEC1 strain (wt, wild-type) and the AarsH1 and AarsH2 single and double
mutants were incubated in LB medium in the presence of 10 mM As(lll) for 24 h at 30°C. The grey
rectangle in this figure identifies the range of values of green fluorescence considered to be background
(i.e. basal fluorescence). (B) Quantification of ROS formation. Cultures of the wild-type P. putida TEC1
strain and the arsH1 and arsH2 single and double mutants were incubated in the presence of As(lll) at
10 mM or As(V) at 50 mM for 24 h. The percentage of DCF-DA* cells was analyzed for each condition in
triplicates from at least four independent cultures. The values shown were corrected by the background
fluorescence observed in non-stained controls. Box plots represent the median value and the 1st and
3rd quartiles of the percentage of DCF-DA* cells. Significant differences when compared to the wild-
type strain (P < 0.05) were assessed with the Mann-Whitney U test, as noted with asterisk symbols (*).

The color code for the P. putida strains is the same for the two panels.
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Figure 7. Evaluation of redox stress sensitivity in arsH mutants derived from P. putida TEC1. (A)
Relative diamide sensitivity of the arsH single and double mutants. The relative sensitivity was scored
as the area of inhibition, and this parameter was normalized to the area of inhibition of P. putida TEC1
(indicated by a broken gray line). Each bar represents the mean value of relative inhibition zone + SD
from at least two independent experiments carried in triplicates. (B) Complementation assay in which P.
putida AarsH1 AarsH2 was supplemented with either arsH gene in trans and submitted to redox stress
by exposure to diamide. The double arsH mutant transformed with the empty pVLT33 plasmid was used
as a control (Ctrl.). Results from duplicated assays are shown. (C) Quantification of the relative diamide
sensitivity in the complementation assays. The relative sensitivity was calculated as indicated above,
and this parameter was compared to that of P. putida AarsH1 AarsH2 complemented with the empty
pVLT33 plasmid (indicated by a broken gray line). Each bar represents the mean value of relative
inhibition zone + standard deviation from at least two independent experiments carried in triplicates.
Note that expression or either arsH1 or arsH2 restores (to an extent) the tolerance to diamide of the

double knock-out strain.

Figure 8. Quantitative analysis of ROS accumulation in E. coli JM109 carrying arsH variants upon
exposure to diamide. Quantification of ROS formation in cultures of E. coli JM109 strain carrying either
arsH1 or arsH2 in the presence of diamide at 5 mM for 6 h. The percentage of 2’,7’-dichlorofluorescein
diacetate (DCF-DA)+ cells was determined by counting the fraction of cells (triplicates from at least five
independent cultures) displaying fluorescence levels above the threshold set as indicated in Fig. 6 (see
Nikel et al., 2015 for details of the method). Box plots represent the median value and the 1st and 3rd
quartiles of the percentage of DCF-DA* cells, and the black asterisk symbols (**) identify significant
differences at P < 0.01 tested with the Mann-Whitney U test as compared to the untreated control strain.
The blue asterisk symbol (*) identifies a significant difference at P < 0.05 tested with the Mann-Whitney

U test as compared to the control strain in the presence of diamide.
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	The two As resistance arsRBC operons Pseudomonas putida KT440 are followed by a downstream gene called arsH that encodes an NADPH-dependent flavin mononucleotide reductase. In this work, we show that the arsH1 and (to a lesser extent) arsH2 genes of P...

