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Abstract Structural characterization and study of the

activity of new POX1B protein from garlic which has a high

peroxidase activity and can be used as a biosensor for the

detection of hydrogen peroxide and phenolic compounds

were performed and compared with the findings for other

heme peroxidases. The structure–function relationship was

investigated by analysis of the spectroscopic properties and

correlated to the structure determined by a new generation

of high-performance hybrid mass spectrometers. The

reactivity of the enzyme was analyzed by studies of the

redox activity toward various ligands and the reactivity

with various substrates. We demonstrated that, in the case

of garlic peroxidase, the heme group is pentacoordinated,

and has an histidine as a proximal ligand. POX1B exhibited

a high affinity for hydrogen peroxide as well as various

reducing cosubstrates. In addition, high enzyme specificity

was demonstrated. The kcat and KM values were 411 and

400 mM-1 s-1 for 3,30,5,50-tetramethylbenzidine and

20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid), respec-

tively. Furthermore, the reduction of nitro compounds in

the presence of POX1B was demonstrated by iron(II)

nitrosoalkane complex assay. In addition, POX1B showed a

great potential for application for drug metabolism since its

ability to react with 1-nitrohexane in the presence of

sodium dithionite was demonstrated by the appearance of a

characteristic Soret band at 411 nm. The high catalytic

efficiency obtained in the case of the new garlic peroxidase

(POX1B) is suitable for the monitoring of different analytes

and biocatalysis.
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Introduction

Peroxidases are oxidoreductases found in plants, microor-

ganisms, and animals [1, 2]. These enzymes have many

applications in enzyme immunoassays [3], medical diag-

nostics [4, 5], detoxification of wastewater, industrial waste

treatment [6], and biosensors for the determination of

glucose, alcohols, glutamate and choline [7], hydrogen

peroxide [8, 9], and phenolic compounds [10]. These

applications arise from the high activity of peroxidases in

the presence of a wide range of organic and inorganic

compounds that can be oxidized in the presence of

hydrogen peroxide. Substrate discrimination is controlled,

in the active site, by the protein backbone, which protects

the heme active species during turnover [11]. In fact,

structural studies of plant peroxidases have revealed that

they are heme proteins containing iron(III) protoporphyrin

IX (ferriprotoporphyrin IX) as the prosthetic group (except

the glutathione peroxidase, which has a selenocysteine
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Unité BioBac, INRA UR477,

Jouy-en-Josas, France

123

J Biol Inorg Chem (2011) 16:157–172

DOI 10.1007/s00775-010-0714-2



residue at the active site). The first 3D structure of a per-

oxidase to be determined was that of yeast cytochrome

c peroxidase [12]. Later, 3D structures were obtained for

several peroxidases, including lignin peroxidase [13], pea

cytosolic ascorbate peroxidase [14], peanut peroxidase

(PNP) [15], and horseradish peroxidase (HRP) [16]. All of

them are proteins with 300–400 amino acids and their

molecular masses range from 30,000 to 150,000 Da. In

general, within a particular class 35–95% sequence

homology can be observed, whereas between different

classes the sequence homology is less than 20% [17]. In

fact, the heme complex consists of a protoporphyrin ring,

which contains a central iron(III) ion, which is bound to the

four pyrrolic nitrogens in the equatorial plane and to two

axial ligands; one being provided by the apoprotein on the

proximal face of the heme and the other, on the distal face

of the heme, being exogenous [18, 19]. Consequently,

some structural differences due to the orientation of the

axial ligands could be pointed out by analyzing the para-

magnetic shifts of the heme methyl groups in NMR spec-

troscopy [20]. The heme is the key component for

hemoproteins involved in oxidative metabolism, electron

transfer processes [21], and biological systems [22, 23].

Heme is a good reservoir to pool electrons or positive

holes, and thus provides the redox potential required for a

variety of catalytic reactions (oxidation, peroxidation,

oxygenation, and peroxygenation). Many of the enzymes

containing heme utilize this property to activate relatively

stable oxygen species such as hydrogen peroxide (H2O2)

and molecular oxygen (O2). The oxidative capacity of

heme peroxidases is determined by a combination of fac-

tors, such as active-site topology, substrate accessibility,

and redox potential [24, 25]. The properties of peroxidases

can also be affected by several other factors, such as the

number and nature of the axial ligands, the spin and oxi-

dation state of the iron, and the proximal and distal residues

[26]. In heme proteins, the presence of generally only one

strong axial ligand on the proximal face of the heme allows

access of other reactive species to the sixth coordination

site of the iron on the distal face of the heme [27]. The

redox properties and the accessibility of the iron are

affected by the chemical nature of the axial ligand(s)

[28, 29]. In fact, the chemical catalysis has been reported to

be related to the nature of the axial ligand. The differences

in the protein structural features near the heme binding site

and the axial ligation to the heme iron lead to the functional

differentiation of heme proteins having the same prosthetic

group such as hemoglobin, myoglobin, cytochromes, and

peroxidases [30]. Peroxidases contain either a cysteine-

coordinated iron (chloroperoxidase) or a histidine-coordi-

nated iron (thyroid peroxidase, myeloperoxidase…). In the

case of PNP and HRP, His169 is the fifth ligand of the

heme iron. His169 is hydrogen-bonded to the carboxylate

group of Asp239 [31]. The nature of the fifth ligand can

affect the electronic structure and reactivities of heme

proteins [32–34]. HRP has two histidine residues which

have different roles depending on their position: the distal

histidine acts as a general base and is involved in the

deprotonation/protonation of substrates during the catalytic

cycle, whereas the heme iron is strongly coordinated by the

proximal histidine [35, 36]. The relationship between the

position of the distal histidine and the peroxidase activity

has been demonstrated by studies on HRP C mutants [37].

The geometry of the histidine axial ligand, the presence of

hydrogen bonds involving its imidazole moiety, the pres-

ence of a sixth ligand, and other heme deformations might

influence the spin state [38].

In addition to their ability to oxidize a wide range of

cosubstrates, the formation of iron(II) nitrosoalkane com-

plexes extends the versatility of peroxidases [39]. These

enzymes, like HRP [40] and other heme proteins such as

cytochrome P-450 [41], hemoglobin, myoglobin [42], and

prostaglandin synthase [43], catalyze the oxidation of

alkylhydroxylamines or other primary amines, producing

stable iron(II) nitrosoalkane complexes. Nitrosoalkanes

belong to the family of C-nitroso compounds having a

nitroso group which is isoelectronic with dioxygen. These

compounds are known to form heme–nitrosoalkane bonds

[44]. Such compounds can be generated not only by the

reduction of nitro compounds but also by the oxidative

metabolism of drugs containing reactive amines. In some

heme proteins, stabilization of the nitrosoalkane ligand

occurs via a hydrogen bond between the nitroso oxygen

atom and the distal pocket histidine residue, such as His64

in myoglobin [44, 45]. The formation of protein–iron(II)

nitrosoalkane complexes (metabolic intermediate com-

plexes) is particularly important since they have an inhib-

itory effect and can be formed by oxidation of amine

functions of drugs, thus causing severe toxic side effects

[46, 47].

A novel peroxidase from garlic named POX1B has been

purified recently [48]. This enzyme shows a high peroxi-

dase activity which is reasonably stable with temperature

and time, and which makes it highly interesting for several

applications such as in biosensors devices [49, 50]. The

present work presents the structure and activity studies

which have been performed to understand the structure–

function relationships in garlic peroxidase POX1B. Spec-

troscopic investigations of POX1B were first carried out, to

characterize the coordination chemistry of the heme iron.

The nature of the axial ligand in the native protein was

determined by matrix-assisted laser desorption/ionization

(MALDI) time-of-flight (TOF) mass spectrometry (MS)

and POX1B was validated by nano high-performance liquid

chromatography (HPLC) coupled with tandem MS

(LC–MS/MS). The redox activity and the effect of the axial
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ligands of the heme were analyzed by cyclic voltammetry,

and the kinetic parameters of the peroxidase reaction were

also determined for the oxidation of different cosubstrates

in the presence of hydrogen peroxide as an oxidant.

Finally, the ability of POX1B to form iron(II) nitrosoalkane

complexes upon reduction of nitro compounds was

demonstrated.

Materials and methods

Materials

Ferriprotoporphyrin IX chloride, hydrogen peroxide, 2,20-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),

3,30,5,50-tetramethylbenzidine (TMB), o-dianisidine, guai-

acol, pyridine, imidazole, nitrohexane, and nitrocyclohex-

ane, were purchased from Sigma-Aldrich. 2-Butanone

(99%) and sodium dithionite were purchased from Acros

Organics and Merck, respectively. All reagents were of the

highest purity and all the solutions were prepared with

deionized water.

Purification of native and reconstituted POX1B

Native protein POX1B was purified from garlic bulb

(Allium sativum L.) by ammonium sulfate precipitation, gel

filtration, and anion-exchange chromatography [48]. After

anion-exchange chromatography, the active fractions of the

native POX1B were lyophilized and stored at 4 �C for

further experiments.

Reconstitution of POX1B

Ferriprotoporphyrin IX chloride (1 mg/5 mL 1.4 M

NH4OH) was used for the reconstitution of POX1B. The

apoprotein was first obtained by extraction of the heme

remaining in purified POX1B by 2-butanone at 0 �C. For

this, a solution of purified native POX1B in 25 mM

tris(hydroxymethyl)aminomethane (Tris)–HCl buffer pH

7.5 was treated by an equal volume of 2-butanone at 0 �C.

The resulting protein solution was then analyzed by

UV–vis spectroscopy to check that no native heme was

remaining as proven by the lack of absorbance at 405 nm.

To reconstitute POX1B, the apoprotein was then incubated

with a solution of commercial hemin chloride (1 mg mL-1

in dimethyl sulfoxide) for 15 min at room temperature

(20 �C). Free heme was then separated from the

reconstituted hemoprotein by gel chromatography

(14 cm 9 1.5 cm, Sephadex G-25, Sigma-Aldrich). Frac-

tions of 1 mL were eluted using 25 mM Tris–HCl buffer

pH 7.5 as the eluent. The protein content of each fraction

was determined by the Bradford method [51] using bovine

serum albumin as a standard. Their peroxidase activity was

assayed by monitoring the increase of the absorbance at

460 nm for the oxidation of 0.79 mM o-dianisidine by

10 mM H2O2 in 100 mM sodium acetate buffer pH 5 in the

presence of a 15-lL aliquot of each fraction [52]. The heme

content was quantified by measurement of the absorbance at

405 nm. The fractions which contained heme but displayed

no peroxidase activity were discarded. The active fractions

were lyophilized and the resulting reconstituted POX1B was

stored at 4 �C for further experiments.

Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) was performed in a vertical gel apparatus

(Mini-Protean, Bio-Rad) with 10% polyacrylamide gel, as

described by Laemmli [53]. Samples containing approxi-

mately 10 lL taken from a 1 mg mL-1 protein solution

were applied to the gel and electrophoresed at 90 V for 1 h.

Proteins were stained using a modified sensitive procedure

as described by Hoopes and Dean [54]. The gel was

incubated in a solution containing 50 mM sodium acetate

(pH 5.0), 1% dimethyl sulfoxide, and 2 mM 1,8-diamino-

naphthalene. Hydrogen peroxide was added at a final

concentration of 5 mM. The gel was incubated at 20 �C for

about 5 min. The gel was immersed in 20% trichloroacetic

acid before staining with 0.2% (w/v) Coomassie brilliant

blue in 50% (v/v) methanol and 7.5% (v/v) acetic acid for

60 min and destaining was performed with a solution

containing 50% (v/v) methanol and 10% (v/v) acetic acid.

Molecular weight markers (SDS 7, Sigma-Aldrich) were

used.

Spectroscopic studies

Absolute and differential UV–vis absorption spectra were

recorded with a UVIKON 860 UV–vis spectrophotometer.

For the differential spectra, a solution of POX1B (0.6 lM in

10 mM phosphate buffer pH 7.4) was prepared from the

lyophilized powder. It was then equally divided into two

1-mL cuvettes, one being used as the reference cuvette and

the other one, where reactants were added, being used as a

sample cuvette. Spectroscopic studies were first performed

using native POX1B protein. Then, reconstituted POX1B

was used to study enzyme kinetics, coordination of axial

ligands on the heme iron, and formation of iron(II) nitro-

soalkane complexes. Measurements without the apoprotein

were performed under the same conditions, using solutions

of commercial hemin as controls to validate the spectro-

scopic results. Suitable volumes of sodium dithionite,

pyridine, and imidazole were taken from 10 mM stock

solutions in 0.1 mM phosphate buffer pH 7.4. Measure-

ments were made in duplicate, at room temperature (20 �C)

J Biol Inorg Chem (2011) 16:157–172 159

123



under anaerobic conditions. All buffers were degassed by

nitrogen bubbling.

Validation of POX1B-heme by LC–MS/MS

In the current study, the identity of peptides was obtained

by a MALDI–TOF MS system (Voyager DE super STR,

Applied Biosystems, Foster City, USA) equipped with a

nitrogen laser emitting at 337 nm. The peptide (1.2 mg)

was resuspended in 100 lL of 0.3% trifluoroacetic acid

(TFA). One microliter of peptide was mixed on the stain-

less steel MALDI plate with 1 lL of a-cyano-4-hydroxy-

cinnamic acid (Sigma-Aldrich, Saint-Quentin-Fallavier,

France) and 10 mM ammonium phosphate (Sigma-Aldrich,

Saint-Quentin-Fallavier, France) at 4 mg mL-1 in aceto-

nitrile (ACN)/0.3% TFA (50:50; v/v) and dried at room

temperature. Spectra were recorded in positive reflector

mode with an accelerating voltage of 20 kV, a delayed

extraction time of 130 ns, and a 62% grid voltage. Spectra

were calibrated using an external calibrator—Des Arg-1

bradykinin (M?H)? = 904.46 (Sequazyme peptide mass

standards kit, Applied Biosystems, Foster City, USA)—and

mass spectra were treated by Data Explorer 4.2 (Applied

Biosystems) with the following parameters: noise filter/

smooth (noise removal of 1). Spectral profiles were col-

lected in the mass range m/z = 400–1,200.

Determination of the proximal ligand by MS

The LC–MS/MS (U 3000 Dionex, LTQ Orbitrap, Thermo

Electron) analysis was performed using slices extracted from

the Coomassie- and silver-stained SDS-PAGE gels. Proteins

were reduced and alkylated before direct in-gel tryptic

digestion. Proteins were identified by a mass-matching

approach. HPLC was performed with an Ultimate 3000 LC

system (Dionex). A 4-lL sample was loaded at 20 lL min-1

on a precolumn cartridge (stationary phase C18 PepMap 100,

5 lm; column 300-lm inner diameter, 5 mm; Dionex) and

desalted with 0.08% TFA and 2% ACN. After 4 min, the

precolumn cartridge was connected to the separating Pep-

Map C18 column (stationary phase C18 PepMap 100, 3 lm;

column 75-lm inner diameter, 150 mm; Dionex). The buf-

fers were 0.1% HCOOH and 2% ACN (buffer A) and 0.1%

HCOOH and 80% ACN (buffer B). The peptide separation

was achieved with a linear gradient from 0 to 36% buffer B

for 18 min at 300 nL min-1. Including the regeneration step

at 100% buffer B and the equilibration step at 100% buffer A,

one run took 50 min. Eluted peptides were analyzed online

with an LTQ Orbitrap mass spectrometer (Thermo Electron)

using a nanoelectrospray interface. Ionization (1.3-kV ioni-

zation potential) was performed with a liquid junction and a

capillary probe (10-lm inner diameter; New Objective).

Peptide ions were analyzed using Xcalibur 2.07 with the

following data-dependent acquisition steps (1): full MS scan

in the orbitrap (m/z 300–1,600, profile mode) and (2) MS/MS

in the linear trap (qz = 0.25, activation time 30 ms, and

collision energy 45%; centroid mode). The second step was

repeated for the four major ions detected in the first step. The

dynamic exclusion time was set to 90 s.

Raw data obtained from the LC–MS/MS spectra were

analyzed by BioWorks 3.3.1 SP1 (Sequest). A database

search was performed with BioWorks 3.3.1 (Thermo

Electron). We looked for trypsin digestion, cysteine carb-

oxyamidomethylation (static), and methionine oxidation

(possible modifications). The precursor mass and fragment

mass tolerance were 1 Da and 10 ppm, respectively. The

Viridiplantae protein database (641,746 entries, 18 July

2007 update) and the sequence of HRP (Swiss-Prot entry

P00433) were used. The tryptic peptides identified were

filtered according to the cross-correlation score, greater

than 1.7, 2.2, and 3.3 for peptides with one, two, and three

charges, respectively, and each with a probability below

0.05. At least two different peptides were required.

Electrochemical studies

The protein sample (50 lL of a 2 lM solution of POX1B in

25 mM Tris–HCl buffer pH 7.5) was introduced into an

electrochemical cell equipped with a gold disk as the

working electrode, a platinum mesh as the counter elec-

trode, and Ag/AgCl as the reference electrode. An Autolab

PGSTA 100 potentiostat controlled by Autolab software

(GPES) was used for the electrochemical measurements.

Cyclic voltammetry measurements were achieved at a scan

rate of 50 mV s-1 using a sweep potential from -0.3 to

?0.6 V.

Catalytic activity of POX1B

The peroxidase activity was assayed in the presence of

different reducing cosubstrates—ABTS, TMB, o-dianisi-

dine, and guaiacol—using hydrogen peroxide as an oxidant.

The absorbance was monitored in the presence of ABTS,

TMB, o-dianisidine, and guaiacol, respectively, at 414 nm

(e = 28,000 M-1 cm-1), 650 nm (e = 13,600 M-1 cm-1),

460 nm (e = 11,300 M-1 cm-1), and 470 nm (e = 3,800

M-1 cm-1) using a UVIKON 860 UV–vis spectrometer.

Various concentrations between 0.01 and 0.1 mM for ABTS

and TMB, and between 0.1 and 1 mM for o-dianisidine and

guaiacol were used in the presence of 10 mM H2O2 as an

oxidant considered as a saturated concentration. The

preliminary determination of the rate of the reaction of

POX1B with H2O2 was carried out by measuring the

absorbance of the Soret band of the heme at

406 nm (e = 105,000 M-1 cm-1) as a function of time in
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the presence of increasing concentrations of H2O2

(1–11 mM). All measurements were done at optimal pH and

ionic strength (0.1 M sodium acetate buffer pH 5) and at

25 �C using 2 lM POX1B in 10 mM phosphate-buffered

saline (PBS) pH 7.4. The measurements were repeated six

times to test the reproducibility. kcat and KM values were

determined from Lineweaver–Burk plots.

Reactions of POX1B with nitroalkanes

Differential spectra were recorded as described in ‘‘Spec-

troscopic studies.’’ Increasing concentrations of sodium

dithionite (0.12–0.36 mM) were added to the enzyme solu-

tion (0.6 lM in 10 mM PBS pH 7.4). The heme reduction

was confirmed by the appearance of a peak at 411 nm

characteristic of high-spin hexacoordinated species. The

nitro compound (1-nitrohexane) was added at concentrations

from 0.1 to 0.8 mM and the absorbance was monitored

between 350 and 750 nm. All measurements were made at

room temperature (20 �C) under anaerobic conditions.

Results and discussion

Native protein POX1B was purified from garlic bulbs

(A. sativum L.) by ammonium sulfate precipitation, fol-

lowed by gel filtration and anion-exchange chromatogra-

phy [48]. POX1B was biochemically characterized and it

was shown to be highly active at acidic pH and stable with

regard to temperature and storage either in solution in

25 mM Tris–HCl pH 7.5 or immobilized in biopolymers

[48, 49]. Overall, as will be shown later, the catalytic

activity and properties of this enzyme appeared to be

similar to those of HRP, which also contains iron(III)

protoporphyrin IX as a prosthetic group. The first part of

the structure–function relationship studies consisted in the

determination of the molecular mass of POX1B. The pro-

tein migrated at approximately 30 kDa in the SDS-PAGE

gel as well as under nondenaturating conditions in the

presence of molecular weight markers. The protein band was

revealed by Coomassie blue staining in the first case and by

an activity assay in the presence of o-dianisidine in the

second case (data not shown). According to these findings,

the molecular mass of native POX1B was evaluated to be

30 kDa, which is within the molecular mass range

(28–60 kDa) of plant isoperoxidases [55]. It is noteworthy

that POX1B has a smaller molecular mass than HRP, the

molecular mass of which is in the 40–45-kDa range [56].

Structural studies of native POX1B

The UV–vis absorption spectrum of native POX1B (Fig. 1,

spectrum a) was typical of a high-spin hexacoordinate

species, like in many other heme peroxidases. Indeed, the

electronic absorption spectrum of POX1B shows a Soret

band at 406 nm (e = 105,000 M-1 cm-1), which is similar

to spectra reported for other plant peroxidases such as HRP

and tobacco peroxidase (Soret band for both enzymes at

403 nm, e = 102,000 M-1 cm-1) [57, 58] and lignin and

manganese peroxidases (Soret band for both enzymes at

409 nm, e = 165,000 M-1 cm-1) [59]. Protein purity

(A280) and heme content (A406) were assessed by the A406/

A280 ratio corresponding to the Reinheitszah (RZ) value.

The RZ value was 0.36, suggesting that the POX1B protein

did not contain 100% heme (i.e., the heme-to-apoprotein

ratio was less than 1). To confirm the presence of iron(III)

protoporphyrin IX as the prosthetic group, heme extraction

was performed in the presence of 2-butanone at 0 �C. The

UV–vis analysis of the butanone extract showed a Soret

band at 396 nm that was typical of iron(III) protoporphyrin

IX under those conditions, demonstrating that iron(III)

protoporphyrin IX is the prosthetic group of garlic

peroxidase.

Pyridine was used as a standard external ligand of the

heme iron in coordination chemistry studies. When pyridine

(2 mM) was added to the solution of enzyme (0.6 lM in

10 mM PBS pH 7.4) in its oxidized iron(III) state, the Soret

peak shifted to 420 nm (Fig. 1, spectrum b). After reduction

in the presence of sodium dithionite, and in presence of

pyridine as an external ligand, a new spectrum with a Soret

peak at 422 nm and two additional absorption bands at 530

and 560 nm were observed (Fig. 1, spectrum c). The spec-

trum obtained was similar to the spectra obtained for other

heme proteins such as cyclooxygenase [60] and microper-

oxidase 8 [61] when reduced by sodium dithionite in the

presence of a large excess of pyridine. It could thus be

assigned either to a POX1BFe(II)(His)(pyridine) complex,

Fig. 1 Differential spectra of native POX1B [0.67 lM in 25 mM

tris(hydroxymethyl)aminomethane (Tris)–HCl pH 7.4]: a alone,

b after addition of 0.2 mM pyridine, and c in the presence of

0.2 mM pyridine and 1 mM dithionite
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with one molecule of pyridine bound to the iron on the distal

face of the heme, or to a (protoporphyrin IX)Fe(II)(pyri-

dine)2 hemochromogen complex, bound to two molecules of

pyridine, one of which had displaced the axial histidine

ligand. These studies clearly show that the heme is the

prosthetic group of the POX1B protein.

The affinity of exogenous heme for the native form of

POX1B was analyzed by UV–vis spectroscopy (Fig. 2). For

this purpose, difference UV–vis spectra were recorded with

increasing concentrations of exogenous heme (hemin) from

0.03 to 1.2 lM in both reference and sample cuvettes

containing the same concentration of native POX1B in its

oxidized and its reduced form, respectively. The differen-

tial spectra showed that the intensity of the Soret peak at

422 nm characteristic of reduced POX1B in the sample

cuvette increased and the peak at 406 nm characteristic of

oxidized POX1B in the reference cuvette decreased when

the heme concentration was increased (Fig. 2). The shift of

the Soret band of free heme in buffer solution from 396 nm

(data not shown) to 406 nm, which is the same as that

observed for the native form of POX1B, indicates that the

exogenous heme is correctly inserted within the active site

of the apoprotein like in native POX1B. Then, the POX1B

protein acquired heme from the hemin solution during the

incubation in both the reduced and the oxidized form,

which underlined the high affinity of POX1B for hemin.

These results are similar to those of reported interactions

between different native apo-HRP (403 nm) and free syn-

thetic heme (Soret band at 385 nm) [62]. To evaluate the

affinity constant of the hemin for POX1B, the variation of

absorbance was plotted versus the concentration of the

hemin added. The plot of 1/DA422 versus the reciprocal of

the hemin concentration is shown in the inset in Fig. 2.

These curves allow one to evaluate the dissociation con-

stant (Kd) of the heme–protein complex. Kd values were

calculated considering the linear region and using the

standard equation: 1/DA = 1/DA? ? Kd/[L]n 9 1/DA?,

where DA = A - A0 and DA? = A - A?, where A0, A?,

and A correspond to the absorbances of the initial, final,

and mixed species in presence of a ligand, respectively, and

[L] is the concentration of the ligand [63]. Two linear

curves were obtained: the first one was obtained at low

heme concentrations (under 0.15 lM), corresponding to

the strong interaction of heme with the POX1B in the active

site with a dissociation constant (Kd) of approximately

1 nM; the second linear curve was obtained at higher heme

concentration (0.15–1 lM), with a Kd of approximately

0.5 nM, and most probably corresponded to the nonspecific

interaction and the adsorption of heme with the apoprotein.

A study of the evolution of the absorption spectrum of

POX1B as a function of time was realized after each

addition of an aliquot of hemin solution. No increase in the

Soret peak’s intensity was noted after 2 min (data not

shown), which showed that the binding of the heme to the

protein had reached the equilibrium. In further studies, it

was then found that the reaction time necessary for the

incorporation of exogenous heme into apo-POX1B was less

2 min. Thus, the easy heme insertion into the pocket could

Fig. 2 Differential spectra of

native POX1B (0.67 lM in

25 mM Tris–HCl pH 7.4) in the

presence of increasing heme

concentrations (0.03–1.2 lM),

0.2 mM pyridine, and 1 mM

sodium dithionite. The inset
shows the curve of 1/DA422 as a

function of the reciprocal of the

heme concentration
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be attributed to high-affinity POX1B–heme interactions.

The structural properties of the protein could also be

studied with regard to the heme neighboring and sur-

rounding amino acid residues. The determination of the

heme pocket peptides, especially the proximal ligand, is

important to understand the structure–function relation-

ships in this heme protein.

Determination of heme and the peptides in the heme

pocket by MS

MS allows one to determine the mass of the heme using the

MALDI–TOF technique. LC–MS/MS was performed to

analyze the peptides in the protein and the peptides in the

heme pocket. By MALDI–TOF under acetic conditions, the

monoisotopic mass of the heme was measured at

m/z = 656.07 (Fig. 3a). This corresponds to the theoretical

mass of the heme with calcium—(M?Ca)? = 656.14—

and confirms that iron(III) protoporphyrin IX is the pros-

thetic group of POX1B.

The LC–MS/MS analysis of the protein allowed the

identification of six peptides, and three of the matching

residue sequences correspond to proteins with protopor-

phyrin IX containing iron (C34H32FeN4O4) (Table 1). In

class III plant peroxidases, the active site and its sur-

roundings, including the distal and proximal ligands, cys-

teine residues, and calcium binding sites, are among the

conserved sequences. Therefore, the POX1B protein can

include similar structural features since homologies with

HRP C1a were found. This protein contains two calcium

ions, eight N-linked glycans, four disulfide bonds, and one

heme group with conserved residues on the proximal side

including Val164, His170, and Asp247 [64]. Collision-

induced dissociation of peptide 2 precursor ions produced

N-terminal b-type and C-terminal y-type ions according to

the nomenclature of Roepstorff and Fohlmann [65]

(Fig. 3b). Some of these ions (b1, b2, y1, y2) were not

observed owing to the apparatus low mass cutoff. These

informative b-type and y-type sequence ions were recorded

in addition to nonsequence ions generated by the loss of

Fig. 3 a Matrix-assisted laser

desorption/ionization time-of-

flight mass spectrometry of

heme. Monoisotopic mass of

(M?Ca)? = 656.07 in positive

ion mode. b Collision-induced-

dissociation-based

fragmentation of peptide 2; blue
N-terminal b-type ions, red
C-terminal y-type ions,

c Electrospray ionization

tandem mass spectrometry

spectra of peptide 2

(SSDLVALSGGHTFGK)

m/z = 738.37, with 2? charge

status [(M?H)? = 1,475.7493]

and an observed molecular mass

of 0.0024 Da. Majority

sequence ions, blue b-type ions,

red y-type ions; nonsequence

ions generated by the loss of

small neutrals, purple and

turquoise water, orange and

green ammonium hydroxide.

Scan 1,100/retention time, 19.5
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water and ammonium hydroxide. The parent ion, 729.5,

has a 2? charge status by the loss of neutral NH3 (Fig. 3c).

The alignment of the amino acid fragment of this protein

(peptide 2 in Table 1) shows the presence of residues

corresponding to a typical proximal histidine region in

Arabidopsis peroxidases (S/DLVALSGGHTFG/K). In

HRP C, it is known that the fifth axial ligand of the heme

iron is His170 located in tryptic peptide T8 (residues

160–174). Almost identical residues close to His170 were

also found in turnip peroxidase [66]. Thus, by analogy with

these peroxidases among others, LC–MS/MS results sug-

gest that the heme iron (Fe3?) of protein POX1B is bound to

the imidazole group of the histidine included in peptide 2 at

position 12 (Table 1), which then acts as its fifth axial

proximal ligand. Besides, it is known that in peroxidases,

the proximal histidine possesses an imidazolate character

that results from the binding of the carboxylate group of an

aspartate residue to the nitrogen atom of the imidazole fifth

ligand through a hydrogen bond, whereas the distal argi-

nine and histidine play an important role in stabilizing

bound anionic ligands [67]. The nature of the proximal

ligand could help in understanding the heme–ligand inter-

actions which are detailed in the following sections.

Axial coordination of exogenous ligands

on the iron atom

The coordination of exogenous ligands was analyzed with

two kinds of N-donor ligands, imidazole and pyridine. A

decrease in absorbance and a 16-nm redshift of the Soret

band is observed when increasing concentrations of pyri-

dine are added to 0.6 lM oxidized POX1B in 10 mM buffer

pH 7.4 (Fig. 4). An isosbestic point appears at 413 nm,

which suggests the presence of two chemical species

depending on the heme coordination environment and the

binding of one or two molecules of pyridine. The final

spectrum with maxima at 419, 526, and 556 nm is char-

acteristic of a low-spin hexacoordinate iron(III) species

with two N-donor axial ligands [68]. The curve repre-

senting 1/DA419 as a function of the reciprocal of the pyr-

idine concentration (inset in Fig. 4) shows a nonlinear

variation for pyridine concentrations higher than 2 mM. In

contrast, this variation is linear when pyridine concentra-

tions are lower than 2 mM. The calculated dissocia-

tion constant (Kd) considering the linear variation and

using the standard equation cited above is approximately

0.90 ± 0.05 mM. By contrast, the curve representing

1/DA419 as a function of the reciprocal of the square of the

pyridine concentration shows a first, linear variation for

pyridine concentrations higher than 2 mM. In this case, the

calculated Kd considering the linear variation is approxi-

mately 2.20 ± 0.04 mM2 (C50 = 1.48 mM). A second,

nonlinear variation was noticed for pyridine concentrations

below 2 mM. The presence of two types of variations

suggests that depending upon its concentration, there are

two phases for the coordination of pyridine on the iron of

POX1B. In the first phase, for pyridine concentrations lower

than 2 mM, the iron ion is able to bind one molecule of

pyridine trans to its fifth proximal histidine ligand with a

Kd of about 0.90 ± 0.05 mM. In the second phase, after the

free binding site has been occupied by a first molecule of

pyridine in the presence of a slight excess of the exogenous

ligand, further addition of excess pyridine as a strong iron

ligand causes the cleavage of the iron–proximal histidine

ligand bond, and the subsequent replacement of the prox-

imal histidine ligand by a second molecule of pyridine with

a Kd of about 2.20 ± 0.04 mM2. The same analysis was

realized with imidazole as an exogenous ligand. Figure 5

shows a decrease in the Soret absorption with a redshift of

10 nm when the imidazole concentration increased. The

final spectrum with maxima at 419 and 503 nm is, like with

pyridine, characteristic of a low-spin hexacoordinate iro-

n(III) species with two N-donor axial ligands [68]. The

inset in Fig. 5 shows two linear curves when 1/DA419 is

plotted as a function of the reciprocal of the imidazole

concentration, which suggests that the iron of the POX1B

protein is able to bind two imidazole ligands. In fact, the

binding of the first imidazole molecule occurs at low

exogenous ligand concentrations (0.5–2 mM) with a Kd of

approximately 0.03 ± 0.002 mM. The replacement of the

histidine ligand by the second imidazole molecule occurs

with a Kd of approximately 1.55 ± 0.05 mM in the pres-

ence of a large excess of exogenous ligand (2–4 mM).

The results confirm that in the case of protein POX1B,

Table 1 Localization of peptides identified by mass spectrometry on POX1B

Sample No. Theoretical

mass

Experimental

mass

Delta

mass

(ppm)

Amino acid sequence Cross-

correlation

score

Location in HRP

C1a (P00433,

UniProtKB)

Location in HRP

C1a (P00433,

Protein Data Bank)

Native Peptide 1 1,380.6508 1,380.6483 1.08 R/TEKDAFGNANSAR/G 3.8 93–105 92–106

POX1B Peptide 2 1,475.7493 1,475.7468 1.6 R/SSDLVALSGGHTFGK/N 4.82 190–204 159–175

Peptide 3 1,586.8323 1,586.8268 2.3 R/MGNITPLTGTQGQIR/L 3.87 314–328 313–329

Only peptides present in the heme pocket are shown. We used the sequence of horseradish peroxidase (HRP) (Swiss-Prot accession number

P00433) for the number of peptides
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imidazole can act as a sixth axial ligand of the iron atom.

This was already demonstrated for microperoxidase 8 [69].

In the case of POX1B, the binding of a second imidazole

molecule, similarly to pyridine, by replacement of histidine

is in concordance with the easy sixth ligand displacement

by these two small molecules (i.e., imidazole and pyridine)

observed in de novo heme proteins [70].

In heme proteins, the cleavage of the iron–proximal

ligand bond is determined by the heme coordination

geometry and the properties of the exogenous ligand. In

Fig. 4 Absolute spectra of

reconstituted POX1B [0.6 lM in

10 mM phosphate-buffered

saline (PBS) pH 7.4] in the

presence of increasing pyridine

concentrations (0.45–3.37 mM).

The top inset shows the curve of

1/DA419 as a function of the

reciprocal of pyridine

concentration and the bottom
inset shows the curve of 1/DA419

as a function of the reciprocal of

the square of pyridine

concentration

Fig. 5 Absolute spectra of

reconstituted POX1B (0.6 lM in

10 mM PBS pH 7.4) in the

presence of increasing

imidazole concentrations

(0.48–4 mM). The inset shows

curve of 1/DA419 as a function

of the reciprocal of imidazole

concentration
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HRP and cytochrome c peroxidase [71, 72], the heme iron,

in its stable form, is pentacoordinated and has a histidine as

the proximal ligand: it is able to coordinate exogenous

ligands such as CO. The complexation of the heme iron by

exogenous ligands was also reported when the proximal

histidine was mutated into a noncoordinating ligand: the

formation of a pentacoordinate heme–hydroxide complex

was reported in the case of mutated cytochrome c peroxi-

dase and myoglobin [73, 74].

As a conclusion, in the POX1B heme pocket, the prox-

imal histidine ligand of the iron could be replaced in the

presence of high exogenous ligand concentrations as

already observed for HRP, cytochrome c peroxidase, and

chloroperoxidase [71, 75].

The dissociation constants for pyridine (Kd = 0.90 ±

0.05 mM) and imidazole (Kd = 0.030 ± 0.002 mM) dem-

onstrate the high affinity of the heme iron in POX1B for these

two exogenous ligands, for example, by comparison with

chloroperoxidase that was reported to coordinate pyridine

and imidazole with dissociation constants of 14 and 23 mM,

respectively [74]. This peroxidase is, however, known to

have heme coordination properties more similar to those of

cytochrome P-450 than other peroxidases. In particular, the

proximal ligand of its heme iron is a cysteine residue instead

of a histidine residue present in most of the peroxidases.

Higher dissociation constants have also been reported for

iron–imidazole complexes of mutated cytochrome c peroxi-

dase (2.7 mM) [76] and iron porphyrin–antibody complexes

that possess a peroxidase activity (21.3 mM) [67]. In addi-

tion, an HRP H42A mutant, in which the distal histidine

(His42) was mutated to alanine, was shown to be able to

coordinate imidazole and 1-methylimidazole on its heme

iron, but the formation of an imidazole–iron complex was

observed only at a high imidazole concentration of 18 mM.

With the same peroxidase, the dissociation constants were

determined for unprotonated 1,2-dimethylimidazole and

2-methylimidazole and Kd values of 2.9 ± 1.3 and

2.5 ± 0.2 M, respectively, were measured, which confirmed

the lower affinity of the heme iron for these nitrogen ligands

[77]. The particularity of POX1B in binding the exogenous

ligand as well as the properties of the proximal ligand are of

practical importance in controlling the catalytic perfor-

mance, protein engineering, and functionalization [78, 79].

For example, an enhancement of the guaiacol and ABTS

peroxidation by a recombinant HRP was noticed after the

binding of an exogenous imidazole to the iron [77]. In fact,

the specificity of binding imidazole compounds and pyridine

derivatives by heme proteins is used to determine the affinity

of the heme protein for exogenous N-donor ligands and

allows one to evaluate the ability of the enzyme to bind

ligands at the vacant sixth coordination site of the heme

group.

It is well known that all plant peroxidases are charac-

terized by the highly conserved peptides coordinating the

heme moiety, but exhibit variability in the sequences

controlling the accessibility of the active center, the so-

called entrance to the heme binding pocket. Evaluation of

binding properties of exogenous ligands gives information

about the accessibility of the active site and its electronic

properties and can help to predict, in the absence of an

X-ray structure, the nature of some amino acid residues

present in the heme pocket. Accordingly, the comparison

of the coordination chemistry of peroxidases such as

chloroperoxidase and mutated HRP H42A, which possess

an amino acid other than histidine as the distal ligand of the

iron, with that of garlic peroxidase suggests that histidine is

probably the distal ligand in garlic peroxidase (POX1B). In

the case of POX1B, both imidazole and pyridine are able to

coordinate the heme and at high concentration can replace

the axial ligand of the protein. POX1B exhibited high

affinity for both exogenous ligands, i.e., pyridine and

imidazole, with a smaller dissociation constant for imid-

azole and, thus, a stronger binding ability. In the case of

heme protein in a ferric state, the stability of the N-donor

heme complex increases with the basicity of the ligand and

its ability to donate electron density to the metal. In fact, it

was demonstrated that such a ligand plays an important

role in facilitating the dioxygen bond cleavage at the sixth

coordination sites and stabilizing the hypervalent iron

intermediates and then in enhancing the catalytic perfor-

mance of peroxidases [18]. Regarding the properties of

these two ligands, imidazole has higher basicity than pyr-

idine as it is a r-donor. In the case of pyridine, besides the

r-donor properties of nitrogen, it is a p-acceptor by its

aromatic ring and so exhibits less coordination affinity for

the heme of the POX1B protein. Furthermore, in peroxi-

dases, the proximal histidine ligand forms a hydrogen bond

with an aspartate residue in the heme pocket. This His–Asp

hydrogen bond plays a role in the tethering of the histidine

ligand and its imidazolate character [31, 79]. As a conse-

quence, the replacement of the proximal histidine by

exogenous ligands could be related to the presence of an

aspartate in the heme pocket forming a His–Asp bond in

the case of garlic peroxidase POX1B.

Electrochemical studies

Electrochemical measurements were undertaken to monitor

the redox potential of the native and reconstituted POX1B

protein in solution and to characterize the effect of exog-

enous ligands on the redox potential. The redox potential of

the reconstituted POX1B protein [?0.46 V vs. the normal

hydrogen electrode (NHE), pH 7.4] is close to that of the

freshly purified native enzyme (?0.54 V vs. NHE, pH 7.4)
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[51]. The slight difference in redox potential does not

exclude the contribution of the interaction between the heme

and the apoprotein due to the reconstitution process. The

redox potential of the free heme in solution is reported to be

?0.22 V versus the standard hydrogen electrode [69]. The

redox potential of the heme center is controlled by the heme–

protein interactions, the axial ligand coordination geometry,

and the specific microenvironment of the protein [80, 81].

POX1B exhibits a higher Fe(II)/Fe(III) redox potential than

other heme peroxidases such as HRP (-0.278 V vs. NHE,

pH 7.5), bovine lactoperoxidase (-0.310 V vs. NHE, pH

7.5), soybean peroxidase (SBP) (-0.191 V vs. NHE, pH

7.5), peroxidase from Coprinus cinereus UAMH 10067

(-0.183 V vs. NHE, pH 7.5), and versatile peroxidase from

Bjerkandera adusta UAMH 8258 (?0.05 V vs. NHE, pH

7.5) [25]. The higher redox potential of the Fe(III)/Fe(II)

couple would signify a higher electron deficiency within

the active site. Ayala et al. [25] reported that the redox

potential of the Fe(II)/Fe(III) couple in heme peroxidases

could be related to their catalytic activity and demon-

strated that the high redox potential of this redox couple

is a signature of high oxidative capacity of the enzymatic

reaction. Thus, the higher redox couple of POX1B com-

pared with other peroxidases is a signature of high

catalytic activity. As a consequence, this peroxidase is

able to oxidize substrates of higher oxidation–reduction

potential. This finding is consistent with our previous

results which reported high activity of the POX1B protein

in the presence of various peroxidase substrates such as

chlorophenol derivatives [50].

The binding of an exogenous N-donor ligand to heme of

POX1B was monitored by measuring the shift of the

potential after addition of various concentrations of pyri-

dine (0.5, 1, and 1.7 mM). The redox potential of the

Fe(III)/Fe(II) couple can be measured by cyclic voltam-

metry before and after addition of increasing pyridine

concentrations. The iron–ligand complex was analyzed by

measuring the redox potential at a sweep potential of -0.3

to ?0.6 V. Figure 6 shows that the peak potential of the

Fe(II)/Fe(III) redox couple shifted to more positive

potential after pyridine binding, whereas the intensity of

anodic and cathodic peaks decreased when pyridine was in

excess (1 and 1.7 mM). Both the ferrous heme and the

ferric heme showed shifts to more positive potentials.

The shift in potential is due to the binding of ligand in both

the oxidized and the reduced states of heme protein.

The observed decrease in current may indicate that a high

concentration of exogenous ligand leads to an exchange

between pyridine and histidine and thus to the binding of

the second pyridine molecule to the heme iron. The redox

potential of the heme protein with the exogenous ligand

shifted by 60 mV. It has already been reported that the

binding of exogenous compounds such as N-donor ligands

might shift the potential of the heme protein. In the case of

pyridine, shifts of 0.071 and 0.149 V (reported values in

the presence of 0.01 M pyridine) to a more positive

potential were noticed for de novo heme protein S834C and

isolated heme, respectively. The difference in shifts could

be related to the partial blocking of accessibility to the

heme by the protein scaffold [82]. The electrochemical

studies as well as the recorded UV–vis spectra as detailed

in the previous section suggest a high affinity of POX1B for

exogenous ligands, with a possible replacement of the

proximal histidine. In addition to the structural features, the

high redox potential could also be a determining factor in

the catalytic activity of POX1B.

Catalytic activity of POX1B

The peroxidase activity was assayed in the presence of

o-dianisidine as a reducing cosubstrate as detailed in

‘‘Materials and methods.’’ The reconstituted POX1B protein

activity increased linearly as a function of exogenous heme

quantities (0.06–0.15 lM) added to 0.01 lM native apo-

POX1B (Fig. 7). The mean RZ value (A406/A280) was 2.3,

which suggests full heme occupancy and thus the produc-

tion of a highly purified reconstituted protein. This value

was approximately sixfold greater than that for the native

protein. Compared with the native form, the reconstituted

POX1B showed an increase of activity proportional to the

heme concentration, which suggests a correlation between

the peroxidase structure and activity. The heme prosthetic

group as well as amino acid residues are required for the

catalytic activity of heme peroxidases since they play an

important role in the cleavage of the peroxide bond. Sev-

eral structural features, such as the coordination and the

amino acid environment around heme, the hydrogen-
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Fig. 6 Cyclic voltammograms recorded in the presence of reconsti-

tuted POX1B (0.6 lM in 10 mM PBS pH 7.4) (solid lines) and after

addition of increasing concentrations of pyridine: 0.5 mM (dashed
lines), 1 mM (dotted lines), 1.7 mM (dashed dotted lines)
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bonding network, the electrostatic charge distribution in the

heme cavity, and the accessibility of heme to hydrogen

peroxide and reducing substrates, contribute to the catalytic

activity and efficiency of peroxidases. The correlation

between the heme iron reactivity and the regulation of the

electronic properties due to interactions between the

proximal histidine and neighboring groups is also high-

lighted [83]. In the case of POX1B, as a new peroxidase

having not yet defined properties, the analysis of the

affinity for some typical peroxidase substrates can help us

to understand its catalytic activity.

Affinity for typical peroxidase substrates

The catalytic activity of reconstituted POX1B protein was

assayed in presence of typical peroxidase substrates

(ABTS, TMB, o-dianisidine, guaiacol, H2O2). The deter-

mination of the rate-determining step of the catalytic cycle

is necessary for the evaluation of the kinetic parameters of

the reaction of POX1B with such substrates. Under physi-

ological conditions, compound I formation for plant per-

oxidases is generally very fast as shown by rate constants

of 1.7 9 107 and 2 9 107 M-1 s-1, respectively, for HRP

C [84] and SBP [85]. Many literature reports show that

HRP and its mutants, in which axial ligands are conserved,

have a high rate constant for the formation of compound I.

Some mutations of the residues located in the distal side of

the heme pocket were performed and have demonstrated a

small effect on the kinetics of the formation of compound I.

For example, Smith and Veith [86] have demonstrated that

the mutation of Arg38, which is involved in the cleavage of

the peroxide O–O bond in the mechanism of formation of

compound I, into various amino acids did not have any

effect on the rate constant for the formation of compound I.

Tanaka et al. [87] demonstrated that the mutation of Asp70

to valine or aspartate led to a decrease in the rate of

compound I formation by less than 10%. The only mutation

that caused a decrease in the rate of formation of compound

I was that of the distal histidine, His42. The mutation of

this amino acid into glutamate, which possesses general

base properties similar to those of histidine, H42E, to

obtain an active site mimic of chloroperoxidase, caused

only a slight change in the rate constant of the formation of

compound I. In contrast, if the distal histidine is mutated

into glutamine or alanine a 106-fold lower rate constant is

obtained. It is thus clear that the distal His42 is crucial for

the formation of compound I, whereas Arg38 can be

mutated with no change in the rate constant for the

formation of compound I.

In the case of garlic peroxidase (POX1B), it was proven

by LC–MS/MS that the proximal ligand is His170. How-

ever, the residues in the distal heme pockets have not yet

been clearly identified, although the presence of histidine

and aspartate on the distal side of the heme pocket was

suggested by LC–MS/MS studies.

A first experiment was performed to evaluate the rate of

the reaction of POX1B with hydrogen peroxide. The

decrease in absorbance of the Soret band was measured as

a function of time at various concentrations of hydrogen

peroxide ranging between 1 and 11 mM, which allowed us

to calculate a rate constant for this reaction of 30 s-1. This

rate takes into account both the formation of compound I

and the subsequent oxidative destruction of the heme of

POX1B in the absence of any reducing cosubstrate. This

rate is much higher than the pseudo-first-order rate con-

stants that were determined in the presence of increasing

concentrations of reducing substrates (1–4 s-1, Table 2).

We can then assume by analogy that the formation of

compound I in the case of POX1B is rapid and follows the

same mechanism as for plant class III peroxidase, for

which the rate-limiting step is usually that of the reaction

of the enzyme intermediate compound II with the reducing

substrate [88].

kcat and apparent KM values were then determined from

Lineweaver–Burk plots considering concentrations from

0.01 to 0.1 mM for ABTS and TMB, and from 0.1 to 1 mM

for o-dianisidine and guaiacol (Fig. 8). The reported values

are an average of six values. The KM values for o-dianis-

idine and guaiacol in the presence of 10 mM optimized

concentration of H2O2 were 71.9 ± 0.9 and 96 ± 1.0 lM,

respectively. POX1B had a higher affinity for ABTS and

TMB since the apparent KM values were 10 ± 1.0 and

4.7 ± 0.7 lM, respectively. In the presence of a saturating

concentration of o-dianisidine as a reducing substrate, the

apparent KM value for H2O2 was 0.11 mM. The affinity

constant for ABTS is higher than that obtained for SBP

(173 ± 9 lM) and for HRP C (178 ± 8 lM) [83] POX1B

also showed higher affinity for o-dianisidine compared

with microperoxidase 8, having an apparent KM of 0.4 mM

[61]. The affinity of peroxidase for different substrates can

Fig. 7 Variation of the peroxidase activity of reconstituted POX1B.

Increasing heme concentrations (0.06–0.15 lM) were added to

0.01 lM apo-POX1B in the reaction mix containing 100 mM sodium

acetate pH 5.0 and the peroxidase activity was measured using the

oxidation of 0.79 mM o-dianisidine by 10 mM H2O2 as described in

‘‘Materials and methods’’
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help to predict reaction mechanisms and the properties of

the active center in terms of accessibility and electronic

properties. In the case of POX1B, the order of affinity of the

enzyme for different substrates was TMB [ ABTS [
o-dianisidine [ guaiacol. Such an order defines a different

mechanism for substrate binding sites compared with the

other peroxidases. For example, in the case of guaiacol

peroxidase isolated from corn root plasma membranes, the

first isoform (pmPOX1) showed the following affinity

order o-dianisidine [ guaiacol [ TMB » ABTS, whereas

the second isoform (pmPOX2) showed higher affinity for

TMB than for guaiacol [89]. In the case of anionic plant

peroxidases such as tobacco peroxidase, the negatively

charged pocket owing to the presence of glutamate instead

of phenylalanine influences enzyme reactivity toward

donor substrates [58]. The difference in reactivity with

these substrates in comparison with other peroxidases

suggests that garlic peroxidase (POX1B) possesses different

Table 2 Kinetic parameters for the oxidation of various reducing cosubstrates by H2O2 catalyzed by 1 lM reconstituted POX1B in 0.1 M

sodium acetate buffer pH 5.0

Substrate KM (lM) Vmax (U min-1) kcat (turnovers s-1) kcat/KM (mM-1 s-1)

ABTS 10 ± 1.0 27.0 ± 0.6 3.82 ± 0.08 400 ± 30

TMB 4.7 ± 0.7 13.7 ± 0.5 1.93 ± 0.05 411 ± 44

o-Dianisidine 71.9 ± 0.9 5.9 ± 0.2 1.18 ± 0.15 17 ± 1.5

Guaiacol 96 ± 1.0 4.9 ± 0.1 1.00 ± 0.20 11 ± 2

H2O2
a 116.1 ± 0.9 10.7 ± 0.5 1.20 ± 0.04 10 ± 0.3

ABTS 20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid), TMB 3,30,5,50-tetramethylbenzidine
a Kinetic parameters determined in the presence of a saturating concentration of o-dianisidine (0.79 mM)

Fig. 8 Lineweaver–Burk plots.

Concentrations varied

between 0.01 and 0.1 mM

for 2,20-azinobis

(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) and

3,30,5,50-tetramethylbenzidine

(TMB), and between 0.1 and

1 mM for o-dianisidine and

guaiacol. The reactions were

performed in the presence of

10 mM H2O2 as an oxidant. All

measurements were made at

optimal pH and ionic strength

(0.1 M sodium acetate buffer

pH 5) and at 25 �C using 2 lM

POX1B in 10 mM PBS pH 7.4
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structural properties which can be elucidated by a further

crystal characterization.

The catalytic activity (kcat) and catalytic efficiencies

(kcat/KM) were calculated using turnover numbers (kcat)

determined by dividing Vmax by the protein concentration

and the affinity constant for the substrate. The reported

values of catalytic activity toward ABTS (kcat = 3.80 s-1)

in Table 2 are, however, significantly lower than those

for other heme peroxidases such as HRP C (kcat = 736 s-1)

or SBP (kcat = 1,230 s-1) and HRP isoenzyme (kcat =

37 s-1) [90]. In the case of POX1B, the catalytic efficiency

determined by kcat/KM (400 mM-1 s-1) for ABTS was

higher than that reported for other peroxidases such as SBP

(7.1 mM-1 s-1) and HRP C (4.1 mM-1 s-1) as a result of a

low KM value (9.5 lM). The same behavior is observed for

TMB, for which a kcat/KM value of 411 mM-1 s-1 was

calculated. In the presence of guaiacol, the pseudo-first-

order kcat and KM apparent values obtained with POX1B (see

Table 2) are 0.095 mM and 1.01 ± 0.02 s-1, respectively,

which leads to a catalytic efficiency of 11 ± 2 mM-1 s-1.

By comparison, in the case of HRP isoenzyme [88] the

values reported are kcat = 1107 ± 72 s-1 and

KM = 5.0 mM, which lead to a catalytic efficiency of

221 mM-1 s-1. These results demonstrate once again that

the catalytic activity characterized by the turnover is lower

than that reported for other plant peroxidases, the high

catalytic efficiency observed being due to a high binding

affinity for the substrate. Guaiacol, o-dianisidine, ABTS,

and TMB are aromatic electron donors. The binding affinity

depends on the nature of the aromatic residue at the side

chain of the protein, the electron donating efficiency of the

substrate, and the electrostatic charge distribution in the

heme cavity. The catalytic efficiency is largely influenced

by the accessibility of the heme to peroxidase substrates,

which correlates with the structural properties of the

enzyme. POX1B exhibited good affinity for typical peroxi-

dase substrates and lower catalytic turnover rates than other

peroxidases. This suggests that this garlic peroxidase might

provide high efficiency as a catalyst in various reaction

mechanisms which could result, for some reactants, in sta-

ble complexes with the heme protein.

Formation of iron(II) nitrosoalkane complexes

The covalent binding of the –SH groups of proteins might

occur in presence of nitrosoalkanes, which are instable

intermediates reacting generally with glutathione or cys-

teine. This property is important in the oxidative metabo-

lism of drugs such as macrolides. The ability of the enzyme

to demethylate and oxidize such molecules into nitro-

soalkanes leads to the generation of stable and inactive

complexes suitable for remediation of adverse effects of

some drug derivatives [91]. The experiments detailed

below deal with this ability to form nitrosoalkane com-

plexes, which was only demonstrated for some peroxi-

dases. In the case of the new garlic peroxidase (POX1B),

the reduction of 1-nitrohexane was assayed under strictly

anaerobic conditions, in the presence of 1 mM sodium

dithionite as a reducing agent and POX1B (0.6 lM in

10 mM PBS pH 7.4). Under those conditions, a shift of the

Soret band to 411 nm was first observed, corresponding to

the heme iron reduction leading to iron(II)–POX1B. Further

addition of increasing concentrations of 1-nitrohexane

(0.1–0.8 mM) led to an additional redshift of 3 nm, con-

comitant with a decrease in absorbance (Fig. 9). This result

was consistent with the results obtained in the case of the

formation of iron(II) nitrosoalkane complexes of micro-

peroxidase 8 [39] and other heme proteins [41]. Therefore,

it is likely that the formation of a similar iron nitrosoalkane

complex occurred by formation of a strong bond between

the nitrosoalkane (C6H13NO) and the POX1B–Fe(II) pro-

duced, respectively, after the reduction of the nitroalkane

compound (C6H13NO2) and the POX1B–Fe(III) in the

presence of sodium dithionite. Thus, the coordination

chemistry of the POX1B protein offers new applications in

the pharmaceutical field. For example, protein–iron(II)

nitrosoalkane complexes upon in situ oxidation of drugs

having primary or secondary amine functions such as

N-substituted hydroxylamines have an inhibitory effect on

monooxygenase activities [43]. These enzymes are

involved in vivo in drug metabolism such as the oxidative

metabolism of xenobiotics in humans [92].

Fig. 9 Reaction of POX1B (0.6 lM in 10 mM PBS pH 7.4) with 1-

nitrohexane (0.1–0.8 mM): a spectrum of oxidized POX1B, b spectrum

obtained after addition of 1 mM sodium dithionite, and c spectrum of

POX1B in the presence of 1 mM sodium dithionite and 1-nitrohexane
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Conclusion

In this paper, we have characterized structural coordination

features of a new garlic peroxidase (POX1B). The heme and

the axial ligands are key components of the active site in

heme proteins since they are involved in enzyme functions

such as oxidation/reduction of a wide range of substrates,

electron transfer, and coordination of exogenous substrates.

Structural characterization by UV–vis spectroscopy and

LC–MS/MS was performed. The results demonstrated the

presence of a prosthetic group typical of iron(III) porphy-

rins with histidine as a proximal ligand of the iron center.

Exogenous ligands such as pyridine and imidazole easily

bind to the iron atom and can generate axial ligand

switching. Furthermore, the POX1B heme protein shows a

high affinity for typical peroxidase substrates such as

o-dianisidine, guaiacol, TMB, ABTS, and hydrogen per-

oxide. The catalytic efficiency of this peroxidase demon-

strates a great potential to be exploited for different

reaction mechanisms. This is of practical importance

especially when it is applied for biosensor applications

such as the sensing of hydrogen peroxide or a reducing

substrate of biological or chemical interest as the increase

in the catalytic activity can be expressed in terms of current

response. In the presence of nitro compounds, a POX1B–

iron(II) nitrosoalkane complex is produced, which is

another interesting point demonstrating the versatility of

this enzyme thanks to its coordination chemistry. The

ability to form nitrosoalkane complexes is particularly

interesting in the case of drug metabolism, for example, in

the case of xenobiotics or macrolide antibiotics, when

nitroso intermediates are derived from amine functions,

leading to reactive metabolites or intermediates. Finally,

the study of the structure–activity relationship of this new

garlic peroxidase reported in this work will help in the

development of new biosensing devices for specific target

molecules as catalytic substrates or coordinated ligands.
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