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ABSTRACT

The reduction of ferric iron to ferrous iron is an essential reaction for the utilization of iron in vivo and ferric
reductase participate in this reduction. There are two types of ferric reductase reactions: a reaction using free flavin
(non-protein-bound flavin), and a reaction independent of free flavin. However, most of all ferric reductase activities
tested to date, including both types of ferric reductases, are enhanced by the addition of free flavin. In E. coli, the iron
release from iron storage proteins is markedly stimulated by both types of ferric reductases in the presence of free
flavin. Free flavins can directly carry electrons toward molecular oxygen in the aerobic metabolism of an aerotolerant
anaerobe, Amphibacillus xylanus. The free flavin and its associated system are able to participate in oxygen and iron
metabolism during aerobic bacterial growth. The reaction products of reduced free flavin with oxygen and Fe3* cause
the Fenton reaction, producing the most cytotoxic hydroxyl radical, ®* OH. Finally, the contribution of free flavin to
the process of the Fenton reaction is discussed here.

Keywords: Amphibacillus xylanus; E. coli; Free flavin; Fenton reaction; Ferric reductase

INTRODUCTION

Flavin adenine dinucleotide (FAD), flavin mononucleotide

(FMN), and riboflavin are the general flavin species present in I:C:f;lf,
cells. FAD and FMN bind to flavoproteins or flavoenzymes, and D{T

function as their cofactors. These proteins or enzymes function
not only in redox reactions but also in electron transport.
However, several biological reactions that require non-protein

Flavin (FAD) Si{:i"’"

?3'%%{}%0

binding flavins (free flavins: free FAD or free FMN) have been }Bic,...
reported in bacterial cells (Figurel), [1-19]. In those reports, the o Flavoproteins or Flavoenzymes
free flavins predominantly participated in iron metabolism in
bacteria.
Free flavin Protein binding flavin

Figure 1: Free flavin and protein binding flavin.

Iron is an essential metal in biological processes such as DNA
synthesis, intracellular respiration, nitrogen fixation, and
photosynthesis, in which it is utilized as a cofactor for iron-
binding proteins. It is believed that iron-binding proteins may
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incorporate iron in the form of ferrous ion. Iron generally,
however, exists in its ferric form under normal aerobic
conditions. Thus, the reduction of ferric iron (Fe3*) to ferrous
iron (Fe?*) is an essential reaction for the utilization of iron in
vivo. Free flavins is involved in the reduction of the iron to form
of iron-binding proteins. The free flavin participating in iron
metabolism is shown in Section 1.

The iron-binding proteins, cytochromes, act to carry electrons
from dehydrogenase systems toward molecular oxygen in a
respiratory chain. By contrast, free flavins can directly carry
electrons toward molecular oxygen in the aerobic metabolism of
an aerotolerant anaerobe, Amphibacillus xylanus (Section 2). In
the reaction of reduced free flavin with oxygen and Fe3*, H,0O,
and Fe?*, respectively, are formed as products. These reaction
products cause the Fenton reaction producing hydroxyl radical,
* OH. We focus on the participation of free flavin in the process
of Fenton reaction in Section 3.

Free flavin participates in iron metabolism

There are two types of ferric reductase reactions which are an
essential reaction for the utilization of iron in vivo: although a
large number of free flavin (non-protein binding flavin)
dependent ferric reductases have been reported in many
organisms [3,10,12,15,19-27]. Some free flavin independent
ferric reductases have also been done [25,28,29].

We purified the enzymes showing free flavin-independent ferric
reductase activity from E. coli, ferredoxine-NADP* reductase
(Fpr) and oxygen insensitive nitroreductase (NfnB) [16], and
from Synechocystis, DrgA protein [14] and ferredoxine-NADP*
reductase (FNR) [17]. Although these purified enzymes showed
free flavin-independent ferric reductase activity for ferric iron
compounds bound to synthetic chelators, such as Fe(IlI)-EDTA,
these enzymatic activities for the ferric iron compounds bound
to natural chelators such as ferric citrate were much lower than
those for synthetic chelators. The ferric reduction including
natural chelators by these ferric reductases including both types
of ferric reductases was enhanced in most cases by the addition
of free flavin.

The reduction of Fe3* in iron storage proteins is an important
metabolic reaction for leading to the release of Fe?* [30]. Some
biological low molecular weight reductants such as thiols,
ascorbate, and reduced free flavins are known to be involved in
the release of ferrous iron from iron storage proteins [8,9].
Especially, reduced free flavins are effective at releasing Fe?*
from the iron storage proteins and is enzymatically generated
from its oxidized form using NAD(P)H as a reducing reagent [8].
In our previous study, it was found that Fpr and NfnB purified
from E. coli as free flavinindependent ferric reductases have
flavin reductase activity [16]. Thus, these findings suggested the
possibility that Fpr and NfnB accelerate the release of Fe?* from
iron storage protein in the presence of free flavin.

Actually, natural iron storage proteins prepared from E. coli,
ferritin A (FtnA) and bacterioferritin (Bfr), showed the effective
Fe?* release from them by Fpr and NfnB in the presence of free
flavins [31]. Fpr and NfnB showed flavin reductase activity for
FAD, FMN and riboflavin, and their Fe?* release activities were
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positively associated with the catalytic efficiencies (kcat/Km) for
individual flavins. The Fe?* release activity of E. coli cellfree
extracts was affected by flavin reductase activity of the extracts.
The Butyl TOYOPEARL column chromatography of the
extracts, on the basis of NAD(P)H-dependent flavin reductase
activity, resulted in the separation of six active fractions
containing Fpr, NfnB, NAD(P)H-quinone oxidoreductase
(QOR), flavin reductase (Fre) or alkyl hydroperoxide reductase
subunit F (AhpF) as major components. Like Fpr and NfnB,
recombinant QOR, Fre, and AhpF showed flavin reductase
activity and ferrous iron release activity only in the presence of
free flavins, indicating an association of free flavin and flavin
reductase activity with Fe?* releasing activity in E. coli. Thus,
both types of free flavin dependent and independent ferric
reductases need free flavin for the Fe?® release activity from
natural iron storage proteins in E. coli. Among the four enzymes
tested in this study, rFpr showed the highest observed rate
constants for FeZ* release from rFtnA and rBfr in the presence
of free flavins. Comparatively, Weeratunga et al. and Yao et al.
reported that Pseudomonas aeruginosa Fpr (PaFpr) showed the
release of Fe?* from iron storage proteins in the absence of free
flavin (32,33]. The rate constant for Fe?* release of Fpr in the
presence of free flavin was much higher than that of PaFpr in
the absence of free flavin.

Taken together, as free flavins are required for releasing the iron
stored in ferritin in E. coli, reduced flavins could serve as an
efficient reductant for generating Fe?" in witro. Thus, it is
important to determine the cellular free flavin content of E. coli
and other bacteria to understand how the free flavins are
involved in the release of Fe?* from iron storage proteins.
Recently, we established a quantitative analysis method for
analyzing the composition and concentration of intracellular
free flavins in Amphibacillus xylanus [23]. In the near future, the
biological function of intracellular free flavins in the iron release
mechanism and metabolism may be elucidated using this new
method.

Free flavin also participates in oxygen metabolism

The reduction of oxygen by reduced free flavin is a well-known
reaction and is essentially irreversible [34]. Intracellular free
flavins have been evaluated in E. coli [35]. However, their
existence in the cells of bacteria has not been validated because
of the lack of effective methods for distinguishing between
flavins in their free form and protein-binding form. We
previously separated free flavin from protein-binding flavin in A.
xylanus using a gelfiltration column [36-39]. However, this
method was inadequate for quantification, because free flavins
nonspecifically interacted with the column carriers, leading to
variations in the yield of free flavins. A quantitative method for
determining the concentrations of free flavins was established in
A. xylanus applying an ultrafiltration membrane (Figure 2) [23].
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Figure 2: Preparation steps for quantification of intracellular free
flavins in A. xylanus.

Amphibacillus xylanus was isolated as a biomass utilization
bacterium that can assimilate xylan under alkaline conditions in
the presence or absence of oxygen [36]. This bacterium showed
unique phenotypic and chemotaxonomic characteristics;
therefore, it was accepted as a new genus (Amphibacillus) and

Table 1: Differentiation of A. xylanus and E. coli.
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species (xylanus) [37,38]. Amphibacillus xylanus grows well under
aerobic and anaerobic conditions, exhibiting the same growth
rate and cell yields under both conditions, despite its lack of a
respiratory chain (Figure 3) [23,40].
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Figure 3: Anaerobic and aerobic metabolic pathways in A. xylanus.

The aerotolerant anaerobe, A. xylanus, can be precisely
distinguished from the typical facultative aerobe, E. coli, having a
respiratory chain (Table 1). However, the both of A. xylanus and
E. coli consumed oxygen at rate of 130 - 140 pmol
oxygen/min/mg dry cells at 37°C. The rate for E. coli largely
depends on a respiratory chain which is lacking in A. xylanus.
This indicates that A. xylanus has an alternative system that
consumes a large amount of oxygen. A. xylanus NADH oxidase
(Nox) was previously reported to rapidly reduce molecular
oxygen content in the presence of exogenously added free flavin

(1,39].

Group (Species) Growth Respiratory chain Protection enzymes for reactive oxygen species
Anaerobic/ Aerobic Nox- or AhpF- Prx (AhpC) Catalase  Peroxidase

Aerotolerant anaerobe (A. xylanus) +/+" +

Faculative aerobe (E. coli) +/+" + + + +

* . . . . . . ..
:Similar growth rates were obtained in aerobic and anaerobic conditions.

: The growth rate under aerobic condition was larger than that under aerobic condition.

By using the established new method for free flavins, the
intracellular concentrations of free FAD, free FMN, and
riboflavin were estimated to be approximately 8, 3, and 1 pM,
respectively [23]. In the presence of the predominant free flavin
species FAD, two flavoproteins, Nox, which binds FAD, and
NAD(P)H oxidoreductase (Npo), which binds FMN, were
identified as central free flavin-associated enzymes in the oxygen
metabolic pathway. Under 8 pM free FAD, the catalytic
efficiency (kcat/Km) of recombinant Nox and Npo for oxygen
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increased by approximately 5- and 9-fold, respectively [23]. Nox
and Npo levels were increased and intracellular FAD formation
was stimulated following exposure of A. xylanus to oxygen [23].
This suggests that these two enzymes and free FAD contribute to
effective oxygen detoxification and NAD(P)* regeneration to
maintain redox balance during aerobic growth. Furthermore, A.
xylanus required iron to grow aerobically.
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A. xylanus lacks haem synthesis genes, but conserves certain
genes that express iron-associated proteins, two of which are
ferredoxin (fer) and 7 Fe ferredoxin (fdxA) genes. These genes
are upregulated under 21% oxygen [40]. In this study, we found
that A. xylanus required iron during growth.
Correspondingly, the mRNA expression of the iron-containing
enzyme gene encoding peptide deformylase (PDF) was also
induced. PDF is essential for the maturation of polypeptides in
bacteria. However, it becomes inactive upon exposure to
molecular oxygen due to binding of ferrous ion [41]. Thus,
continuous expression of PDF holo-enzyme may be required

aerobic

during aerobic growth of A. xylanus.

Iron-binding proteins, including PDF, always incorporate iron in
the form of ferrous ion [10]. Therefore, ferric reductase activity is
important for activation of these enzymes. The CFE from A.
xylanus showed NAD(P)H-dependent ferric reductase activities,
which were increased by 2-3-fold in the presence of 8 uM free
FAD. A free flavin-dependent increase in ferric reductase activity
was also observed in CFEs from other bacteria such as E. coli
and several organisms, and flavin reductases were purified as
contributors to this reaction [10,14-17]). Nox and Npo, which
function as major flavin reductases, showed markedly low ferric
reductase activities for ferric citrate and four other synthetic iron
compounds. However, their activities towards all substrates were
increased after the addition of 8 uM free FAD. This prominent
increase in ferric iron reductase activity may also be responsible
for reduced free FAD (FADH2), as proposed by Coves and
Fontecave [10]. Thus, our results suggest that Nox and Npo
participate in iron metabolism and oxygen metabolism in the
presence of free FAD in A. xylanus.

In this study, we confirmed that free flavins are present in A.
xylanus, and FAD is a predominant free flavin species. The
physiological concentration of free FAD was sufficient to
stimulate molecular oxygen and ferric iron reductase activities of
two flavoproteins, Nox and Npo. A. xylanus grows well under
aerobic conditions using glucose as an energy source, but the
energy metabolic system predicted in our previous works lacked
an efficient NAD(P)H reoxidation system [39,40]. NAD(P)H
should be oxidized to NAD(P)* constantly because NAD(P)* is
reused as a substrate in a glycolytic pathway, pyruvate metabolic
pathway, and pentose phosphate pathway for the next cycle of
metabolism. Based on our results, the free flavin-associated
enzyme system plays a role in the effective NAD(P)H reoxidation
system by passing reducing equivalents of NAD(P)H to
molecular oxygen or ferric iron via the reduced form of flavin.
Thus, in conclusion, the free flavin-associated system can also
participate in oxygen metabolism and supplying Fe?* during
aerobic growth in an aerotolerant anaerobe A. xylanus as shown
in Figure 3. We previously isolated an aerotolerant anaerobe,
Lactobacillus plantarum P1-2, that can efficiently reduce fatty acid
hydroperoxides to their corresponding hydroxyl derivatives [42],
and found also a free flavin and its associated enzyme for oxygen
metabolism in the isolate (Niimura, unpublished data),
suggesting that a free flavin-associated system could participate
in oxygen metabolism in an aerotolerant anaerobe lacking a
respiratory chain.
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Free flavin participates in fenton reaction?

We purified 5 enzymes which are capable of functioning as ferric
reductase and of driving the Fenton reaction [14-17]. Fpr and
NfnB were purified from E. coli; DrgA protein and FNR were
from Synechocystis; aldehyde reductase was from Chlorella
[14-17]. The Fenton activities of these enzymes in the presence of
synthetic chelate iron compounds were higher than those in the
presence of natural chelate iron compounds. The ferric
reduction by these enzymes was enhanced in most cases by the
addition of free flavin. In the enhanced reaction, reduced free
flavin made Fe3* into Fer* and O, into H;0,. The
simultaneous production of H,O, and Fe?™ in cells may
promote the production of hydroxyl radical via the Fenton
reaction that causes damage to proteins, lipids and DNA, and
results in cell death. Accordingly, both H,O; and ferrous iron
must be properly and safely metabolized in vivo.

The oxygen metabolic enzyme in A. xylanus, NADH oxidase,
which catalyzes the reduction of oxygen to hydrogen peroxide
with NADH, can also reduce hydrogen peroxide to water in the
presence of AhpC (Prx) protein, a member of the peroxiredoxin
(Prx) family [43-45]. NADH oxidase thus belongs to a family of
peroxiredoxin (Prx) oxidoreductases, which also includes alkyl
hydroperoxide reductase F (AhpF) [44,45]. The amino acid
sequence of the NADH oxidase exhibits 51.2% shared identity
with AhpF from Salmonella typhimurium [43,46]. The Km values
of both enzymes for the substrates hydrogen peroxide and
cumene hydroperoxide are too low to determine using the
employed analytical methods [44]. The turnover numbers of the
peroxide reductions catalyzed by both enzymes are extremely
high compared with those of other known peroxide scavenging
enzymes [47-53]. While two distinct proteins take part in the
reaction, the NADH oxidase-Prx system can nevertheless reduce
hydroperoxides at a similar rate constant for the first step of the
enzyme reaction, suggesting that NADH oxidase and Prx
interact very closely to reduce hydroperoxides [47,54,55]. The
systems are widely distributed in bacterial obligate aerobes,
and obligate

facultative aerobes, aerotolerant anaerobes,

anaerobes [56].

Facultative aerobe E. coli has catalase and AhpF-AhpC (Prx)
which contribute to effective hydroperoxides detoxification [57].
E. coli has additional reactive oxygen species protective systems,
and also enterobactin as an iron chelating compound. It was
found that the flavin-independent Fenton activity by Escherichia
coli ferredoxin-NADP+ reductase which may function as a ferric
reductase in vivo is lower in the presence of enterobactin than in
the presence of other natural chelate iron compounds and
synthetic chelate iron compounds [16,58]. Thus, E. coli is
protected against the Fenton reaction by the two H;O,-
scavenging enzymes and stable Fe?* chelator. On the other hand,
although A. xylanus has a NADH oxidase-Prx system, it lacks
catalase and general iron chelators such as siderophores.
However, the two bacteria show phenotypic similarity to oxygen
and iron, because they grow well in aerobic condition, require
iron to grow aerobically and exhibit nearly the same oxygen
consumption activity each other. In E. coli, the Fenton reaction
has been shown to occur through the reduction of Fe3* by
reduced free flavin produced by flavin reductase in a hyper-
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reductive environment induced by the respiratory chain
blockage and exposure of H,O, [13]. Thus, to better understand
the contribution of free flavin to the process of the Fenton
reaction in bacteria, the dynamic states of Fe?*, H,O, and free
flavin in the living bacterial cells should be investigated.

CONCLUSION

Free flavins accelerate most of all ferric reductase reactions that
are essential for the utilization of iron in vivo. Especially, the free
flavins are required for releasing the iron stored in ferritin in a
facultative aerobe, E. coli, having a respiratory chain. On the
other hand, in an aerotolerant anaerobe, A. xylanus lacking a
respiratory chain, free flavin participates in the reduction of
both of Fe3* and oxygen . The reaction of reduced flavins with
oxygen and Fe3* produces H,O; and Fe?*, respectively, which
could cause the Fenton reaction producing cytotoxic hydroxyl
radical. In most cases, the activities of 5 ferric reductase-like
enzymes purified from microorganisms such as E. coli,
Synechocystis and Chlorella are capable of driving the Fenton
reaction and are enhanced by the addition of free flavin.
Accordingly, to maintain the normal state of cells, the reaction
products inducing the Fenton reaction, HyO, and ferrous iron,
must be safely metabolized in vivo. The current findings support
the participation of free flavins in the bacterial iron and oxygen
metabolism. However, further investigations for the kinetics and
dynamics of free flavins in various bacteria will be required to
confirm it.
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