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Abstract Two free flavin-independent enzymes

were purified by detecting the NAD(P)H oxidation

in the presence of Fe(III)-EDTA and t-butyl hydro-

peroxide from E. coli. The enzyme that requires

NADH or NADPH as an electron donor was a 28 kDa

protein, and N-terminal sequencing revealed it to be

oxygen-insensitive nitroreductase (NfnB). The sec-

ond enzyme that requires NADPH as an electron

donor was a 30 kDa protein, and N-terminal sequenc-

ing revealed it to be ferredoxin-NADP? reductase

(Fpr). The chemical stoichiometry of the Fenton

activities of both NfnB and Fpr in the presence of

Fe(III)-EDTA, NAD(P)H and hydrogen peroxide was

investigated. Both enzymes showed a one-electron

reduction in the reaction forming hydroxyl radical

from hydrogen peroxide. Also, the observed Fenton

activities of both enzymes in the presence of

synthetic chelate iron compounds were higher than

their activities in the presence of natural chelate iron

compounds. When the Fenton reaction occurs, the

ferric iron must be reduced to ferrous iron. The ferric

reductase activities of both NfnB and Fpr occurred

with synthetic chelate iron compounds. Unlike NfnB,

Fpr also showed the ferric reductase activity on an

iron storage protein, ferritin, and various natural iron

chelate compounds including siderophore. The Fen-

ton and ferric reductase reactions of both NfnB and

Fpr occurred in the absence of free flavin. Although

the kcat/Km value of NfnB for Fe(III)-EDTA was not

affected by free flavin, the kcat/Km value of Fpr for

Fe(III)-EDTA was 12-times greater in the presence of

free FAD than in the absence of free FAD.
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Abbreviations

NTA Nitrilotriacetic acid

DTPA Diethylenetriamine-N,N,N0,N00,N00-
pentaacetic acid

Introduction

Iron is an abundant element in the earth’s crust, and

most organisms use iron for their living. Aerobic

organisms use iron for the processes of intracellular

respiration, carry of oxygen, nitrogen fixation and

photosynthesis. Fe2? is used to generate energy in

aerobic organisms. In addition, Fe2? is highly reac-

tive: Fe2? transfers an electron to hydrogen peroxide

produced from the oxygen metabolic pathway in

aerobic organisms, then produces a hydroxyl radical

through the Fenton reaction that causes damage to

proteins, lipids and DNA, and results in cell death. It is

thought that most intracellular iron exists as Fe3? to

keep from triggering the Fenton reaction. Therefore,

when the Fenton reaction occurs, the Fe3? must be

reduced to Fe2?. In some in vitro Fenton systems,

superoxide was shown to be capable of reducing free

iron (Brawn and Fridovich 1981; Lesko et al. 1980;

McCord and Day 1978). However, it is not likely that

the intracellular concentration of superoxide is high

enough to contribute in that way (Imlay and Fridovich

1991; Tyler 1975). Other candidate reductants such as

thiols, a-ketoacids, and NAD(P)H are all abundant

inside cells, and each of these can reduce Fe3? in vitro

(Imlay and Linn 1988; Rowley and Halliwell 1982;

Winterbourn 1979). However, it is still not conclusive

whether these candidates would function as predom-

inant reductants in vivo.

In E. coli, the Fenton reaction has been shown to

take place through the reduction of Fe3? by reduced

free flavin generated by flavin reductase in a hyper-

reductive environment when respiration is blocked in

the bacteria (Woodmansee and Imlay 2002). Our

previous study showed that free reduced flavin

generated by DrgA protein of the Synechocystis sp.

PCC6803, a prokaryote capable of photosynthesis

and categorized as an oxygen photosynthetic bacte-

rium, causes the Fenton reaction in the presence of

Fe3?, free FAD, and hydrogen peroxide (Takeda

et al. 2007). Furthermore the DrgA protein showed

the free flavin-independent Fenton activity although

the Fenton activity was significantly amplified by the

addition of free flavin (Takeda et al. 2007). Thus

there might be not only free flavin-dependent Fenton

system (no activity shown without free flavin) but

also the free flavin-independent Fenton system (the

activity shown without free flavin) in bacteria. In

addition, this suggested that the Fe2?-dependent

Fenton reaction in E. coli may be evoked by

protein(s) that processes the Fenton reaction via free

flavin-independent system such as the DrgA protein.

In this study, we investigated the flavin-indepen-

dent Fenton reaction system in E. coli. Both free

flavin-dependent and free flavin-independent Fenton

activities were found in E. coli cell extracts. Two free

flavin-independent enzymes were purified by detect-

ing the NAD(P)H oxidation in the presence of

Fe(III)-EDTA and t-butyl hydroperoxide from E.

coli cell extracts. In addition, these enzymes turned

out to be NfnB and Fpr, showing the catalytic

activities of ferric reduction. The characterization of

these enzymes and their involvement in the Fenton

reaction and ferric reduction are presented.

Materials and methods

Materials

In general, chemicals were purchased from Wako

(Japan). Fe(III)-EDTA, NTA, DTPA were purchased

from Dojindo (Japan). Enterobactin was purchased

from EMC microcollections GmbH (Germany).

Ferrichrome, deferoxamine, transferrin and ferritin

were purchased from Sigma (USA).

Cell culture and preparation of cell-free extracts

Escherichia coli JM109 was grown at 37�C in LB

medium under conditions of vigorous aeration by jar-

fermenter (0.5 volume of air/volume of medium/min,

300 rpm). After the absorbance at 660 nm reached

around 2.5, the cells were harvested and then

suspended in three times volume of 50 mM sodium

phosphate (pH 7.0, 194 ml) of wet weight (64.8 g) of

the cell pellet and stored at -80�C. The cells were

thawed and passed through a high Pressure homog-

enizer (RANNIE 7.30VH MINILAB, APV, USA) at

10,000 psi and then sonicated for 15 min at 4�C.

Phenylmethylsulfonyl fluoride (final concentration,
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2 mM) was added to the suspension before and after

the passage through the high Pressure homogenizer,

and after sonication. The resultant suspension was

centrifuged at 9,7809gmax (Avanti HP-25 centrifuge,

Beckman, rotor type 25.5) for 30 min at 4�C to

remove unbroken cells and then was ultracentrifuged

at 186,0109gmax (XL-100K centrifuge, Beckman,

rotor type 45Ti) for 2 h at 4�C. The supernatant

(218 ml) was used as cell free extracts.

Enzyme purification

All purification steps were done below 4�C. Ammo-

nium sulfate was added to the cell-free supernatant

(218 ml) and adjusted to 2.24 M. The pH of the

supernatant was adjusted to 8.0 with 2.8% ammonium

solution. After stirring for 20 min, the precipitation

was removed by centrifugation at 63,9889gmax

(Avanti HP-25 centrifuge, Beckman, rotor type 25.5)

for 30 min. The supernatant (230 ml) was subjected to

a Toyopearl Butyl-650S (Tosoh, Japan) column

(3.2 9 52.0 cm) pre-equilibrated with 50 mM sodium

phosphate (pH 8.0) containing 2.24 M ammonium

sulfate at a flow rate 1.5 ml/min. Unbound protein was

eluted with 5 column volumes of the same buffer. The

bound protein was eluted with a linear gradient with

4.4 column volumes of ammonium sulfate from 2.24

to 0 M and additionally with 5 column volumes of

0 M ammonium sulfate. The enzyme activities were

found between 0.83 and 0.71 M and between 0.42 and

0.32 M ammonium sulfate as two major peaks. The

initial peak was NADPH specific fraction and the

following peak was both NADH and NADPH specific

fraction. The active fractions were separately pooled

and named fraction A (NADPH specific) and B

(NADH and NADPH specific) by following the order.

The fraction A (97 ml) and B (92 ml) were dialyzed

three times against 10 l of 10 mM sodium phosphate

(pH 8.0). After the dialysis, each dialysate was

adjusted to pH 8.0 with 0.1 M sodium hydroxide and

centrifuged at 63,9889gmax (Avanti HP-25 centrifuge,

Beckman, rotor type 25.5) for 30 min. The superna-

tants from A (97 ml) and B (92 ml) were subjected

separately to a DEAE Sepharose Fast Flow (GE

Healthcare Bio-Sciences, USA) column (3.3 9

23.5 cm) pre-equilibrated with 10 mM sodium phos-

phate (pH 8.0) at a flow rate 2.5 ml/min. Unbound

protein was eluted with 5 column volumes of the same

buffer, and the enzyme was eluted with a linear

gradient with 5 column volumes of NaCl (0–250 mM).

Each active fraction from A (20 ml) and B (15 ml) was

pooled, and dialyzed three times against 5 l of 10 mM

sodium phosphate (pH 8.0). After dialysis, each

dialysate was adjusted to pH 8.0 with 0.1 M sodium

hydroxide and centrifuged at 17,3609gmax (MX-150,

TOMY) for 10 min. The resultant supernatants (A

(20 ml) and B (15 ml)) were separately subjected on a

POROS HQ-H (Applied biosystems, Japan) column

(1.0 9 10.0 cm) pre-equilibrated with 10 mM sodium

phosphate (pH 8.0). Unbound protein was eluted with 4

column volumes of the same buffer, and the enzyme

was eluted with a linear gradient 100 column volumes

of NaCl (0–250 mM). Each active fraction from A and

B was pooled, concentrated by an Apolo membrane

(cut-off size 10 kDa, Orbital Bioscience) and dialyzed

against 50 mM sodium phosphate (pH 7.0). The purity

and molecular weight of the enzyme were determined

by sodium dodecyl sulfate polyacrylamide gel electro-

phoresis (SDS-PAGE) (Laemmli 1970). To determine

the N-terminal amino acid sequences of proteins, the

proteins were electro-transferred to a polyvinylidene

difluoride membrane and the sequences were determined

by a protein sequencer (model 492, Applied Biosystems).

Enzyme assay

Stoichiometry of the Fenton reaction

Stoichiometry and confirmation of the products of the

Fenton reaction were determined under anaerobic

conditions as described before (Takeda et al. 2007).

The quantitative analysis of hydrogen peroxide and

hydroxyl radical were done as described before

(Gutteridge 1987; Sedewitz et al. 1984).

Fenton reaction activity, ferric reductase activity

and flavin reductase activity

Oxidation of 150 lM NAD(P)H was measured anaer-

obically at 340 nm at 25�C in a reaction mixture

containing free flavin and recombinant NfnB or Fpr for

flavin reductase activity, and Fe(III) complexes and

recombinant NfnB or Fpr for ferric reductase activity

(Takeda et al. 2007). The Fenton reaction was initiated

by the addition of 200 lM hydrogen peroxide into the

same reaction mixture (Takeda et al. 2007). The molar

extinction coefficients of NADH and NADPH at

340 nm are 6.22 and 6.20 mM-1 cm-1, respectively.
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One unit activity was defined as 1 lmol of oxidized

NAD(P)H per min.

Both NfnB and Fpr are flavoprotein. The molar

extinction coefficients for NfnB bound FMN at

445 nm and for Fpr bound FAD at 450 nm were

determined to be 12.7 and 9.45 mM-1 cm-1, respec-

tively, by the method of Ohnishi et al. (1995). In

Tables 1, 3, 4 and 5, the protein concentrations based

on these molar extinction coefficients were used to

determine the specific activity (U/mg protein) of the

corresponding enzyme.

Substrate specificity

Substrate specificity was examined under anaerobic

condition. NAD(P)H solution (final concentration

150 lM, in 50 mM sodium phosphate (pH 7.0)) was

pre-incubated at 25�C in a micro black-cell. NAD(P)H

oxidation was measured at 340 nm. Individual sub-

strate was added into the cell and incubated till the base

line at 340 nm reached constant. The enzyme reaction

was initiated by adding the purified enzyme to the

mixture. NADH and NADPH were used as an electron

donor for NfnB and Fpr, respectively. The concentra-

tion of each substrate was fixed at 100 lM each, except

for Fe(III)-EDTA (115 lM). A 1,4-benzoquinone

reductase activity, Fe(III)-EDTA reductase activity

and the Fenton activity in the presence of Fe(III)-

EDTA and 200 lM hydrogen peroxide were deter-

mined by measuring at 340 nm. Reduction of cyto-

chrome c, DCIP, ferricyanide and nitrofurazone was

measured at 550, 600, 420 and 400 nm, respectively.

Steady-state kinetics

The values of Km and kcat for Fe(III)-EDTA, FAD

and FMN were determined from Lineweaver–Burk

plots of the kinetic data obtained at 25�C at various

substrate concentrations in 50 mM sodium phosphate

(pH 7.0) containing 200 lM NAD(P)H. The con-

sumption of NAD(P)H was monitored with a spec-

trophotometer at 340 nm (Hitachi U-3310). To

determine the kcat values for NfnB and Fpr, the

molecular weight predicted from the deduced entire

amino acid sequence for each enzyme was used. The

molecular weights for NfnB and Fpr were 25,135 and

28,981, respectively. The Michaelis–Menten con-

stants were determined by nonlinear regression

analysis with Enzyme Kinetics Module 1.3 (Sigma

Plot 11; SYSTAT Software, Chicago, IL).

Cloning, expression, and purification

of recombinant NfnB and Fpr

We cloned the genes of NfnB and Fpr from E. coli.

E. coli JM109 DNA fragments containing the open

reading frames of NfnB and Fpr were amplified by

the polymerase chain reaction (PCR) using the

forward primer, 50-aaa gaa ttc cat cat cat cat cat cat

atg gat atc att tct gtc-30 and the reverse primer, 50-tag

agc tca tta cac ttc ggt taa g-30 for NfnB and 50-aaa gaa

ttc cat cat cat cat cat cat atg gct gat tgg gta ac-30 and

the reverse primer, 50-ttg agc tct tac cag taa tgc tcc

g-30 for Fpr. The forward primer was designed to

introduce six His Tags following an EcoR I site, and

the reverse primer contained a Sac I site as

underlined.

The PCR products were subcloned into the pTrc99A

vector for transformation of E. coli strain JM109.

IPTG-induced recombinant protein was purified.

All steps of the purification procedure of recombi-

nant NfnB and Fpr were done at 4�C and monitored

by SDS-PAGE. The cell pellet (20 g of wet weight)

was suspended in 60 ml of 50 mM sodium phosphate

Table 1 NAD(P)H oxidoreductase activities responsible for the Fenton reaction in the dialyzed cell-free extracts

Electron donor NAD(P)H oxidoreductase activities responsible for the Fenton reaction (mU/mg protein)

FAD FMN No addition

NADH 69.2 ± 3.2 91.4 ± 2.5 44.2 ± 1.3

NADPH 88.7 ± 0.6 110.6 ± 0.3 87.7 ± 6.7

The NAD(P)H oxidoreductase activities responsible for the Fenton reaction were determined by measuring the difference of

NAD(P)H consumption at 340 nm in a 50 mM sodium phosphate (pH 7.0) in the presence and absence of t-butyl hydroperoxide at

30�C. The reaction mixture contained 115 lM Fe(III)-EDTA, 15 lM flavin and 1 mM t-butyl hydroperoxide. Specific activity is

expressed as enzyme activity per mg of protein. Values represent the mean of duplicate determinations with variations indicated
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(pH 7.0). The cell suspension was treated with 20 mg

DNase for 30 min at 4�C. Each cell suspension was

thawed and passed through a French Pressure cell

(Aminco) twice at 24,000 Ib/in2, and then sonicated for

4 min by a probe-type sonicator (Branson). Phenyl-

methylsulfonyl fluoride (final concentration, 2 mM)

was added to the suspension before and after the

passage through the French Pressure cell, and after

sonication. The suspension was centrifuged at

63,9889gmax (Avanti HP-25 centrifuge, Beckman,

rotor type 25.5) for 20 min to remove unbroken cells.

After centrifugation, the supernatant was ultracentri-

fuged at 186,0109gmax (XL-100K centrifuge, Beck-

man, rotor type 45Ti) for 2 h. The supernatant (74 ml)

was dialyzed twice against 5 l of 50 mM sodium

phosphate (pH 7.0) containing 300 mM NaCl. The

dialysate was subjected to a TALON (TAKARA)

column for purification of His-tagged protein

(2.2 9 5.3 cm) pre-equilibrated with 50 mM sodium

phosphate (pH 7.0) containing 300 mM NaCl at a flow

rate 1 ml/min. Unbound protein was eluted with 5

volumes of the same buffer. The enzyme was eluted by

stepwise with 50, 100, 150 and 300 mM imidazole

from the column. The fractions eluted with 50 mM

imidazole and 100 mM imidazole contained Fpr

(80 ml) and NfnB (100 ml), respectively, and were

dialyzed three times against 6 l of 50 mM sodium

phosphate (pH 7.0). After dialysis, the dialysate was

concentrated to 37 ml for Fpr and 25 ml for NfnB by a

membrane filter (cut off size 20 kDa, Advantec). The

purity and molecular weight of the enzyme were

determined (Supplementary Fig. S2) as described above.

Expression of NfnB and Fpr in iron limited

culture

E. coli strain K-12 BW25113 was inoculated to 3 ml

LB medium and cultured for about 6.5 h at 37�C.

Then, we inoculated the E. coli to 3 ml Davis

medium containing K2HPO4 (7 g/l), KH2PO4 (2 g/l),

MgSO4�7H2O (0.1 g/l), (NH4)2SO4 (1 g/l), sodium

citrate�2H2O (0.5 g/l), glucose (2 g/l) and 1 ppm

Fe(III)-EDTA and pre-cultured for 13.5 h at 35�C.

Finally, a total of 500 ll of the cultured cell

suspension was transferred to 50 ml Davis medium

containing different iron concentrations (12.2 ± 0.1,

1.16 ± 0.03, 0.106 ± 0 and 0.01 ± 0 ppm) that

determined by Simultaneous Multi-element Analysis

Atomic Absorption Spectrophoto-meter (Model

Z-9000, HITACHI) and then cultured for 5 h at

37�C. After cultivation, 2 ml of each medium was

centrifuged at 17,3609gmax for 5 min at 4�C (MX-

150, TOMY) and the pellet of the cells was stored at

-80�C before use.

Protein extracts from each pellet were prepared as

described previously with a slight modification

(Kawasaki et al. 2004). Twelve–fifteen micrograms

of protein per lane was loaded on 15% SDS–

polyacrylamide gel and electrophoresed by the method

of Laemmli (Laemmli 1970). The proteins were

electro-transferred to a polyvinylidene difluoride

membrane (NIPPON Genetics) using a semidry

transfer apparatus (NA-1512, NIHON EIDO). The

membrane was treated with 5% skim milk in 10 mM

sodium phosphate buffer (pH 7.2) containing 150 mM

NaCl (PBS buffer) for 1 h at room temperature and

then incubated with anti-Fpr rabbit polyclonal anti-

body or anti-NfnB rabbit polyclonal antibody (Takara)

at 4�C overnight. After the incubation, the membrane

was washed 3 times with 0.5% (v/v) Tween-20 in PBS

buffer for 5 min at room temperature and then washed

with PBS buffer for 5 min at room temperature. The

membrane was incubated with donkey anti-rabbit IgG

antibody conjugated with horseradish peroxidase

(Roche) as described above. We detected the protein

band in the presence of Lumi Blotting Substrate

(Roche) by Lumi-Imager (Mannheim Boehringer).

Results

Cell free NAD(P)H oxidoreductase activity

driving the Fenton reaction

We investigated the Fenton reaction by measuring

t-butyl hydroperoxide reducing activity using dia-

lyzed cell-free extracts, NADH or NADPH (as

electron donor), FAD or FMN (as free flavin), and

Fe(III)-EDTA (as iron compound). The dialyzed cell-

free extracts supplemented with NADH and NADPH

showed the highest Fenton activity in the presence of

free flavin in the reaction mixture. Furthermore the

sizable Fenton activity was detected in the absence of

free flavin (Table 1). In the cell extracts supple-

mented with NADH, the Fenton activity in the

absence of free flavin was almost half of that in the

presence of free flavin. On the contrary, in the cell
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extracts supplemented with NADPH, the Fenton

activity was similarly detected in either presence or

absence of free flavin. These results suggested that

there is a flavin-independent system driving the

Fenton reaction in E. coli.

Purification of the NAD(P)H oxidoreductase

driving the Fenton reaction

To identify the presumed enzyme driving the free

flavin-independent Fenton reaction (the activity

shown without free flavin), the protein(s) were

purified from E. coli by detecting the NAD(P)H

oxidation in the presence of Fe(III)-EDTA and t-butyl

hydroperoxide. Table 2 summarizes the various steps

of the protocol developed for the enzyme purification.

A four-step procedure was employed. In the Butyl

Toyopearl chromatography, the Fenton activity was

eluted as two major peaks. The initial fraction of the

chromatography required NADPH as an electron

donor for the Fenton reaction. The following fraction

required NADH or NADPH for the reaction. The

enzymes purified from the initial fraction and the

following fraction appeared as single proteins of

molecular masses of 30 and 28 kDa, respectively,

estimated by SDS polyacrylamide gel electrophoresis

(Supplementary Fig. S1). The N-terminal amino acid

sequence of the 30 kDa protein was determined to be

ADWVTGKVTKVQNWTDALFS, and it turned out

to be identical to that of ferredoxin-NADP? reductase

(Fpr; AAA23805 accession number in the Gene-

Bank). In addition, the N-terminal amino acid

sequence of the 28 kDa protein was determined to

be MDIISVALKRHSTKAFDASK, and it turned out

to be identical to that of oxygen insensitive nitrore-

ductase (NfnB; accession number AAC43263 in the

GeneBank).

The overall recovery of the activity was 1.1% for

Fpr and 3.3% for NfnB (Table 2). Furthermore, we

confirmed that the ferric reductase activity was co-

eluted with the Fenton activity in both Butyl Toyo-

pearl chromatography and DEAE Sepharose Fast

Flow chromatography (data not shown).

Characterization of NfnB and Fpr proteins

Chemical stoichiometry of the Fenton reaction

The chemical stoichiometry of hydrogen peroxide

reductase activity of NfnB and Fpr proteins in the

presence of NAD(P)H and Fe(III)-EDTA was inves-

tigated. From a mass balance, we estimated that in the

enzymatic reaction of NfnB, 168 lM of hydrogen

peroxide was reduced by consuming 97 lM of

NADH, generating 170 lM of hydroxyl radical as

final product. Also we estimated that in the enzymatic

Table 2 Purification of enzyme catalyzing NAD(P)H-dependent t-butyl hydroperoxide reducing activity responsible for the Fenton

reaction

Total

protein (mg)

Total

activity (U)

Specific activity

(U/mg protein)

Purification index Yield (%)

NADPH (Fpr)

Cell-free extracts 7478 120 0.016 1.0 100

Butyl Toyopearl 158.6 19.1 0.12 7.5 16

DEAE Sepharose 18.1 2.72 0.15 9.4 2.3

HQ-H 0.03 1.3 43.3 2706.3 1.1

NADH (NfnB)

Cell-free extracts 7477 135 0.018 1.0 100

Butyl Toyopearl 138 18.3 0.13 7.2 13.6

DEAE Sepharose N.D. 4.8 – – 3.6

HQ-H 0.14 4.5 32.1 1783 3.3

The NAD(P)H oxidoreductase activities responsible for the Fenton reaction were determined by measuring the difference of

NAD(P)H consumption at 340 nm in a 50 mM sodium phosphate (pH 7.0) in the presence and absence of t-butyl hydroperoxide at

30�C. The reaction mixture contained cell-free extracts, 150 lM NAD(P)H, 115 lM Fe(III)-EDTA, and 1 mM t-butyl

hydroperoxide. Specific activity is expressed as enzyme activity per mg of protein

N.D. not detected. – Not available. Experimental details are described in the ‘‘Materials and methods’’ section
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reaction of Fpr, 140 lM of hydrogen peroxide was

reduced by consuming 87 lM of NADPH, generating

144 lM of hydroxyl radical as final product. Thus, in

both cases, the chemical stoichiometry of the reaction

can be formulated as follows.

2H2O2 þ NAD Pð ÞH þ Hþ

! 2OH� þ NAD Pð Þþ þ 2H2O

one - electron reductionð Þ

Substrate specificity of native and recombinant

enzymes

As summarized in Table 3, NfnB and Fpr showed

similar substrate specificity as previously reported

(Bianchi et al. 1993; McIver et al. 1998; Wan and

Jarrett 2002; Zenno et al. 1996a, b). In the presence

of NADH, the specific activity of endogenous NfnB

was also comparable to that of recombinant NfnB. In

the presence of NADPH, the specific activity of

endogenous Fpr was comparable to that of recombi-

nant Fpr. Therefore, we used recombinant Fpr and

NfnB proteins in the subsequent experiments.

Ferric reductase and peroxide reducing activities

driving the Fenton reaction

We detected ferric reductase activity of recombinant

NfnB and Fpr using various iron compounds

(Table 4).

The activity of ferric reductase of NfnB was

detected for synthetic chelators but not for natural

chelators. The enzyme showed the highest activity for

Fe(III)-EDTA (16.86 U/mg protein) and also modest

activity for the iron transport protein transferrin

(0.33 U/mg protein).

On the other hand, the activities of ferric reductase

of Fpr for both natural chelators and synthetic

chelators were detected. The highest activities for

natural and synthetic chelators were observed in use

of ferric citrate (1.35 U/mg protein) and Fe(III)-

DTPA (11.73 U/mg protein), respectively. Interest-

ingly, Fpr acts on the iron transport protein, transfer-

rin (0.38 U/mg protein), and the iron storage protein,

ferritin (0.99 U/mg protein), as well as small molec-

ular weight chemicals.

In the Fenton reaction using hydrogen peroxide as

substrate, Fpr showed much higher activity for

synthetic chelators than for natural chelators. The

highest activities of Fpr for natural and synthetic

chelators were observed in use of ferric citrate

(4.11 U/mg protein) and Fe(III)-EDTA (30.22 U/mg

protein), respectively. The Fenton reaction of Fpr

with hydrogen peroxide catalyzed by natural chelate

iron compounds seems to follow roughly the order of

the corresponding pM (Table 4).

Taken together, it was suggested that Fpr is a type

of reductase different from NfnB.

Kinetic parameters for Fe(III)-EDTA

We measured the Km values of NfnB for NADH and

Fpr for NADPH. The Km value for NADH was

4.0 lM in the presence of 115 lM Fe(III)-EDTA and

NADPH was 1.8 ± 0.1 lM in the presence of

150 lM Fe(III)-EDTA. Thus, we used 200 lM

NAD(P)H (saturated concentration) to examine

kinetic parameters for Fe(III)-EDTA. The kcat/Km

values of NfnB and Fpr for Fe(III)-EDTA were

8.41 ± 0.45 9 104 and 7.63 ± 0.53 9 104 M-1 s-1,

respectively, in the absence of free flavin (Table 5).

Many flavin reductases show ferric reductase

activity (Coves and Fontecave 1993; Filisetti et al.

Table 3 Comparison of substrate specificity of native NfnB

and Fpr with that of recombinant NfnB and Fpr in the presence

of NADH or NADPH

Electron acceptor Enzyme activity (U/mg protein)

Native Recombinant

NfnB

Nitrofurazone 8.82 ± 0.52 14.7 ± 0.4

1,4-Benzoquinone 159.7 ± 1.2 211.9 ± 18.9

Ferricyanide 525.9 ± 5.8 549.0 ± 23.7

Fe(III)-EDTA 16.8 ± 0.1 16.3 ± 0.3

Fenton reaction 151.8 ± 4.7 127.8 ± 2.5

Fpr

Cytochrome C 0.23 ± 0.01 0.55 ± 0.20

DCIP 0.88 ± 0.09 3.06 ± 0.03

Ferricyanide 10.49 ± 0 17.6 ± 0.38

Fe(III)-EDTA 3.33 ± 0.24 5.78 ± 0.09

Fenton reaction 35.41 ± 4.23 36.00 ± 0.29

Experimental details are described in the ‘‘Materials and

methods’’ section. Oxidation of 150 lM NADH or NADPH

was measured in the presence of an electron acceptor. NADPH

and NADH were used for Fpr and NfnB, respectively. Specific

activity is expressed as enzyme activity per mg of purified

native or recombinant protein. Values represent the mean of

duplicate determinations with variations indicated
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2005; Fontecave et al. 1987, 1994; Pierre et al.

2002). Therefore, we measured the kcat and Km

values of individual enzyme for Fe(III)-EDTA in the

presence of free flavin (Table 5). At first, the Km

values of NfnB for FMN and Fpr for FAD were

determined in the presence of saturated NAD(P)H.

The Km values of NnfB for FMN and of Fpr for FAD

were 106.1 ± 18.5 and 42.9 ± 2.3 lM, respectively.

For the determination of kinetic parameters of

Fe(III)-EDTA, the reaction assay of NfnB contained

50 lM free FMN. Higher FMN concentrations inter-

fered with the measurement of the activity. As shown

Table 4 Effect of different iron compounds on the ferric reductase activities and NAD(P)H oxidoreductase activities driving the

Fenton reaction

Iron compounds Enzyme activity (U/mg protein)

Ferric reductase activity Fenton reaction

NfnB

Natural chelate iron compounds

Ferric citrate N.D. 0.10 ± 0

Fe(III)-ferrichrome N.D. 0.02 ± 0

Fe(III)-deferoxamine N.D. N.D.

Ferric enterobactin 0.015 ± 0 0.022 ± 0

Synthetic chelate iron compounds

Fe(III)-NTA 0.60 ± 0.03 14.21 ± 0.29

Fe(III)-EDTA 16.86 ± 0.13 127.8 ± 2.5

Fe(III)-DTPA 7.81 ± 0.40 29.87 ± 0.53

Natural iron transporter protein

Transferrin from bovine 0.33 ± 0 1.60 ± 0.02

Natural iron storage protein

Ferritin from horse spleena N.D. N.D.

Fpr

Natural chelate iron compounds

Ferric citrate 1.35 ± 0.01 5.46 ± 0.02

Fe(III)-ferrichrome 0.51 ± 0.02 2.02 ± 0.03

Fe(III)-deferoxamine 0.70 ± 0.03 0.83 ± 0.02

Ferric enterobactin 0.014 ± 0 0.045 ± 0

Synthetic chelate iron compounds

Fe(III)-NTA 1.05 ± 0.01 22.14 ± 0.91

Fe(III)-EDTA 5.78 ± 0.09 36.00 ± 0.28

Fe(III)-DTPA 11.73 ± 0.26 23.16 ± 0.48

Natural iron transporter protein

Transferrin from bovine 0.38 ± 0.01 2.23 ± 0.08

Natural iron storage protein

Ferritin from horse spleena 0.99 ± 0.04 0.93 ± 0

Experimental details are described in the ‘‘Materials and methods’’ section. Oxidation of 150 lM NAD(P)H was measured

anaerobically at 340 nm at 25�C in a reaction mixture containing Fe(III) complexes and recombinant NfnB or Fpr in the absence of

free flavin for ferric reductase activity, and the same reaction mixture was used by the addition of 200 lM hydrogen peroxide for the

Fenton reaction. NADH and NADPH were used for NfnB and Fpr, respectively. The final concentrations of the ferric citrate, Fe(III)-

ferrichrome, Fe(III)-deferoxamine, ferric enterobactin, Fe(III)-NTA, Fe(III)-EDTA, Fe(III)-DTPA and Transferrin were 100, 167,

167, 30, 180, 115, 180 and 100 lM, respectively. Specific activity is expressed as enzyme activity per mg of purified recombinant

NfnB or Fpr protein

N.D. not detected (less than 0.01 U/mg protein). Values represent the mean of duplicate determinations with variations indicated
a Reaction mixture contained 0.24 mg/ml ferritin
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in the Table 5, FMN did not have so much effect on

the Km or kcat of NfnB. The kcat/Km value of NfnB for

Fe(III)-EDTA was 10.78 ± 2.13 9 104 M-1 s-1 in

the presence of free FMN. For the Fpr, we used

150 lM free FAD to examine the Fpr kinetic

parameter for Fe(III)-EDTA in the presence of free

FAD. The Km of Fpr for Fe(III)-EDTA was greatly

lowered (11-fold decrease) by the addition of FAD in

the reaction mixture but not the kcat. The kcat/Km

value of Fpr for Fe(III)-EDTA was 9.72 ± 0.05

9 105 M-1 s-1 in the presence of free FAD.

Expression levels of NfnB and Fpr proteins

in the various iron limited culture

To examine the protein expression level of NfnB and

Fpr in E. coli, we cultured E. coli in various

concentrations of iron (Fe(III)-EDTA). Western blot

analysis showed that the level of NfnB was mostly

constant over the wide range of limited conditions

(Fig. 1). On the contrary, the level of Fpr was

significantly increased in E. coli cultured in lower

iron concentrations (Fig. 1).

Discussion

Our previous study showed that Synechocystis DrgA

protein functioning as nitroreductase and ferric reduc-

tase is capable of driving the Fenton reaction via free

flavin-independent system. The Fenton reaction was

markedly enhanced by the DrgA protein in the

presence of free flavin (Takeda et al. 2007). The

Fenton reaction driven via free flavin-dependent

system has been shown in E. coli (Woodmansee and

Imlay 2002). However, it was uncertain whether the

Fenton reaction is driven by flavin-independent system

in E. coli.

In this study, we found both free flavin-dependent

and free flavin-independent Fenton reaction activities

in E. coli cell-free extracts. Two free flavin-indepen-

dent enzymes, showing a one-electron reduction of

hydrogen peroxide in the presence of Fe(III)-EDTA,

were purified from E. coli. When the Fenton reaction

occurs, the ferric iron must be reduced to ferrous iron.

There are two types of ferric reductase reaction: a

reaction using free flavin, and a reaction independent

of free flavin. Although most of the ferric reductases

require free flavin for ferric reduction, FerB of

Paracoccus denitrificans (P. denitrificans), DrgA

protein of Synechosystis, ActVB of Streptomyces

coelicolor (S. coelicolor), FprA and FprB of

Table 5 Kinetic parameters for Fe(III)-EDTA of NfnB and Fpr in the presence or absence of free flavin

Substrate Km for substrate (lM) kcat (s-1) kcat/Km (M-1 s-1)

NfnBa

In the absence of FMN 539.4 ± 55.8 49.8 ± 2.01 8.41 ± 0.44 9 104

In the presence of FMNb 621.7 ± 218.1 62.3 ± 10.2 10.78 ± 2.14 9 104

Fpra

In the absence of FAD 39.6 ± 4.6 3.0 ± 0.14 7.63 ± 0.53 9 104

In the presence of FADc 3.64 ± 0.25 3.53 ± 0.06 9.72 ± 0.05 9 105

Experimental details are described in the ‘‘Materials and methods’’ section. Oxidation of 200 lM NAD(P)H (saturated concentration)

was measured in the presence of an electron acceptor. Values represent the mean of duplicate determinations with variations

indicated
a Recombinant Fpr and NfnB were used
b In the presence of 50 lM FMN
c In the presence of 150 lM FAD

Fig. 1 Expression of NfnB and Fpr proteins in the iron limited

culture. Experimental details are described in the ‘‘Materials

and methods’’ section. Western blots show the protein

expression level of NfnB and Fpr in E. coli cultured under

various iron concentrations; 12.2 ± 0.1 ppm, Lane I; 1.16 ±

0.03 ppm, Lane II; 0.106 ± 0 ppm, Lane III; 0.017 ± 0 ppm,

Lane IV
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Pseudomonas putida (P. putida) can reduce ferric iron

to ferrous iron without free flavin. The kcat/Km values

of the ferric reductase reaction from P. denitrificans

FerB, Synechosystis DrgA protein, S. coelicolor

ActVB, P. putida FprA and FprB for Fe(III)-EDTA

in the absence of free flavin are 1.0 9 102, 3.67 9

104, 9.33 9 104, 1.32 9 106 and 1.17 9 106 M-1 s-1,

respectively (Filisetti et al. 2005; Mazoch et al. 2004;

Takeda et al. 2007; Yeom et al. 2009). The present

study showed that the kcat/Km value for Fe(III)-EDTA

of NfnB, 8.41 9 104 M-1 s-1, in the absence of free

flavin is almost the same as that of Fpr, 7.63 9

104 M-1 s-1. However, the kcat and Km values of NfnB

are 13–16 times greater than those of Fpr. The kcat/Km

values for Fe(III)-EDTA of E. coli Fpr and NfnB are

between the values determined for P. denitrificans FerB

and P. putida Fprs.

The ferric reductase activity for Fe(III)-EDTA of

Synechosystis DrgA is significantly amplified by the

addition of free flavin (Takeda et al. 2007). The

kcat/Km values of Synechosystis DrgA for this ferric

reduction in the presence and absence of free flavin are

10.9 9 106 and 3.67 9 104 M-1 s-1, respectively.

Therefore, we examined effects of free flavin on the

kcat and Km values of E. coli NfnB and Fpr for Fe(III)-

EDTA. The kcat and Km values of NfnB for Fe(III)-

EDTA in the presence of free FMN are similar to those

in the absence of free FMN (Table 5). Thus, free FMN

has only a small effect on the kcat/Km value of NfnB for

Fe(III)-EDTA, indicating that the catalytic efficiency

of NfnB is not affected by free FMN. On the other

hand, the Km of Fpr was greatly affected by the

addition of free FAD but not the kcat (Table 5). The

kcat/Km value of Fpr for Fe(III)-EDTA in the presence

of free FAD was 9.72 9 105 M-1 s-1, which is

similar to those of P. putida FprA and FprB, indicating

that the catalytic efficiency of Fpr is 12-times greater

in the presence of free FAD than in the absence of free

FAD. Taken together, these results indicate that both

NfnB and Fpr act as a flavin-independent ferric

reductase in the absence of free flavin but Fpr shows

flavin-dependent ferric reductase activity in the pres-

ence free FAD. In the presence of free flavin, the

reaction mechanism in ferric reduction by Fpr might

be different from that of NfnB.

The flavin-independent ferric reductase activity of

NfnB was detected in the presence of synthetic chelate

iron compounds but not in the presence of natural

chelate iron compounds. On the other hand, Fpr reacted

with various natural chelate iron compounds including

the siderophore (Andrews et al. 2003; Braun 1985;

Drechsel and Winkelmann 1997) and the iron storage

protein (ferritin) to reduce ferric iron to ferrous iron.

Thus Fpr may function as a ferric reductase in vivo. In

iron metabolism, ferrous iron produced by ferric iron

reduction is highly reactive and produces hydroxyl

radicals that cause damage to cellular components via

the Fenton reaction in the presence of hydrogen

peroxide. It was found that the flavin-independent

Fenton activity by Fpr is much lower in the presence of

natural chelate iron compounds than in the presence of

synthetic chelate iron compounds. Previously, we

observed a similar tendency in the flavin-dependent

Fenton reaction driven by Synechocystis DrgA

(Takeda et al. 2007). The Fenton reaction associated

with natural chelate iron compounds may be hard to

occur in vivo. However, there is a possibility that Fpr

and DrgA but not NfnB evoke hydroxyl radical

generation from hydrogen peroxide associated with

natural chelate iron compounds in vivo.

Fpr is a FAD-bound flavoprotein that reacts with

ferredoxin, flavodoxin, cytochrome c and ferricya-

nide (Bianchi et al. 1993; McIver et al. 1998; Wan

and Jarrett 2002). Furthermore, Fpr is induced by

soxRS and hydrogen peroxide and concerned with the

protection of oxidative stress (Giró et al. 2006; Krapp

et al. 2002; Morimyo 1988; Pomposiello et al. 2001;

Zheng et al. 2001). In this study, we discovered an

appreciable increase in protein expression level of

Fpr of E. coli at decreasing Fe(III) concentration.

Although Fprs of P. putida show ferric reductase

activities, they are induced by increasing Fe(III)

concentration (Yeom et al. 2009). The expression of

E. coli Fpr may be regulated by a different system

from that of P. putida Fprs in iron metabolism. The

fpr gene deleted mutant strains may be useful to

better understanding for their growth and Fpr expres-

sion under iron depletion stresses.
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