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bstract

A simple reversed-phase high-performance liquid chromatographic (RP-HPLC) method was developed for the simultaneous determination of
ield and conversion ratio of 4-nitro-1,8-naphthalic anhydride to 4-amino-1,8-naphthalic anhydride following incubation with a crude bakers’ yeast
omogenate. The analytes were separated on a C18 column in gradient mode. The detection limit of 4-amino-1,8-naphthalic anhydride is 10 ng/�l

hen using a 10 �l sample injection volume. The nitroreductase activity in the homogenate system can be assessed during the bioconversion
rocess. The method can be used for the simultaneous detection of 4-hydroxylamino-1,8-naphthalic anhydride, an intermediate with limited
tability.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Microorganisms possessing the ability to reduce a wide range
f nitroarene compounds are known [1,2] and have become valu-
ble assets in biodegradation of nitro explosives [3–9], bioreme-
iation of other nitroaromatic pollutants [10,11], and in biotrans-

ormation processes [12–18]. Nitroarenes, arylhydroxylamines
nd arylamines are important intermediates in the industrial
anufacturing of dyes, pesticides and plastics, and are signifi-

Abbreviations: NTR, nitroarylreductase; 4-ANA, 4-amino-1,8-naphthalic
nhydride; 4-HANA, 4-hydroxylamino-1,8-naphthalic anhydride; 4-NNA, 4-
itro-1,8-naphthalic anhydride; RP-HPLC, reversed-phase high-performance
iquid chromatography; TLC, thin-layer chromatography
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ant environmental pollutants. In recent years, increasing con-
ern of ecological and health threats posed by nitroaromatics has
ttracted much attention and encouraged the development of sen-
itive methods for their detection followed by microorganism-
ediated biodegradation/bioremediation [19–25]. Recent inves-

igations have demonstrated the usefulness of bakers’ yeast for
he reduction of nitroarene compounds to their corresponding
mines in chemoselective bioorganic synthesis [26–29]. It is
ell known that in non-enzymatic chemical nitroreduction pro-

esses, arylhydroxylamines are unstable and easily convert to
mine [30].

Enzymatic reduction of aromatic nitro compounds to the cor-
esponding arylhydroxylamines by bakers’ yeast has recently
een reported [31]. However, there are examples in the liter-
ture that nitroarylreductases (NTR) from other sources also
ossess this ability [32–40]. In addition, several enzymes includ-

ng cytosolic nitroreductase [41–43], xanthine oxidase [44–46],
ldehyde oxidase [47,48], cytochrome NAD(P)H:P450 reduc-
ase [49,50], and DT-diaphorase (NAD(P)H:quinone oxidore-
uctases) [51–53] were proposed to participate in the reduction

mailto:qingyang@dlut.edu.cn
mailto:jan-christer.janson@ytbioteknik.uu.se
dx.doi.org/10.1016/j.jchromb.2006.09.040
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Fig. 1. Proposed pathway of the 4-NNA nitroreduction reaction by crude
homogenates from bakers’ yeast. (A) 4-nitro-1,8-naphthalic anhydride; (B)
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-nitroso-1,8-naphthalic anhydride; (C) 4-hydroxylamine-1,8-naphthalic anhy-
ride; (D) 4-amine-1,8-naphthalic anhydride.

f a variety of nitroaromatic substrates to the corresponding
ydroxylamines. Based on the known metabolism of nitroarene
ompounds by nitroreductase [2,4,39], a plausible description
f the reaction is as follows: The nitroarene compound is first
educed via two electrons to form an intermediate which accepts
nother two electrons to form an arenehydroxylamine. Finally
he arenehydroxylamine is converted to amine by a two electron
eaction (see Fig. 1). For instance, in the 3-nitrobenzanthrone (3-
BA) activation process, Arlt et al. [54] proposed that several

ytosolic reductases participate in the initial nitroreduction to
roduce an unstable 3-hydroxylaminobenzanthrone (3-HABA).
urther reduction of the hydroxylamine will result in the forma-

ion of a stable amine.
Successful purification and characterization of nitroreduc-

ases from bakers’ yeast, followed by cloning and expression
n a high-producing host, such as Pichia pastoris, could facili-
ate the establishment of a technical process for the bioconver-
ion of valuable intermediates to useful final products, for the
nvironment-friendly elimination of nitroaromatics (e.g. TNT),
nd perhaps even to gene-directed enzyme prodrug therapy
GDEPT) [55–57].

The simplicity, efficiency and reproducibility of liquid chro-
atography, has led to numerous applications for the determi-

ation and quantification of compounds and/or their metabolites
sing UV–vis [58–61] or fluorescence detection [62–64] and for
he assessment of enzymatic activity [64–74]. Recently, Chen et
l. [64] established methods for the detection of 3-NBA reduc-
ase activity in mammalian tissues using normal-phase HPLC
oupled to the measurement of a fluorogenic amine. However,
o enzymatic assay has yet been reported for the measurement
f bioreduction of aromatic nitro compounds to arylhydroxy-
amines. Neither any report describing a method to study the
ioreduction process with the intermediate formation of hydrox-
lamine.

Initially, attempts were made to develop a spectrophotometric
ssay for nitroreductase activity in bakers’ yeast homogenates
sing 4-nitro-1,8-naphthalic anhydride (4-NNA) as substrate,
ut no 4-hydroxylamino-1,8-naphthalic anhydride could be
etected. This paper describes a simple specific method for
ssessing 4-NNA reductase activity applicable to homogenates
f bakers’ yeast or any other source. The procedure involves

eversed-phase high-performance liquid chromatography (RP-
PLC) and thin-layer chromatography (TLC), which have
roved to be inexpensive, sufficiently sensitive and reproducible
ethods for the detection and quantification of 4-ANA.

d
4
o
b

B 847 (2007) 82–87 83

. Experimental

.1. Chemicals and equipment

4-NNA, 95% purity (CAS34087-02-0), was purchased from
igma–Aldrich. Custom synthesized 4-ANA was a gift by Dr.
huanzheng Zhou (Department of Bioorganic Chemistry, Upp-

ala BMC, Uppsala University, Uppsala, Sweden). Biosynthe-
ized 4-HANA was a generous gift by Prof. Xuhong Qian (East
hina University of Science and Technology, Shanghai, China).
he solvents methanol, ethanol, ethyl acetate, and n-hexane were
ll HPLC-grade and purchased from Merck AG, Darmstadt,
ermany. Dimethylsulfoxide (DMSO), reduced nicotinamide

denine dinucleotide (�-NADH), nicotinamide adenine dinu-
leotide phosphate (�-NADPH), FAD and FMN were obtained
rom Sigma–Aldrich. Milli-Q water was used in all experi-
ents. All other chemicals and solvents were of analytical or
PLC grade. All reversed-phase HPLC experiments were per-

ormed at ambient temperature (26 ◦C ± 1 ◦C) using a Kromasil
18 column (4.6 mm × 250 mm i.d.; 5 �m, 80 Å) attached to an

¨ KTA Basic workstation (GE Healthcare Bio-Sciences, Upp-
ala, Sweden), equipped with pump P-900, monitor UV-900,
raction collector Frac-900, and Unicorn 4.10 software. UV-
00 is a three-wavelength UV–vis monitor that uses advanced
ber optic technology to monitor with high sensitivity at up

o three wavelengths simultaneously in the wavelength range
90–700 nm.

.2. Synthesis of 4-ANA

4-ANA was synthesized after modification of a published
rocedure [75]. In brief, 4-NNA (24.3 mg, 0.1 mmol) and iron
owder (33.6 mg, 0.6 mmol) were added to 10 ml acetic acid
nd the reaction mixture was stirred at reflux temperature for
0 h. After cooling to room temperature the reaction mixture
as extracted five times with 25 ml ethyl acetate. After filtra-

ion the extract was evaporated under reduced pressure and the
rude reaction product could be recovered as an orange colored
olid (8.68 mg, 0.04 mmol, 40% yield). The crude product was
urified by silica gel chromatography in n-hexane:ethyl acetate
10:1, v/v). The structure and the molecular weight of the pure
-ANA were verified by 1H NMR, 13C NMR and LC–MS,
espectively, and its purity was checked by RP-HPLC.

.3. Synthesis of 4-HANA

Plant cells have been used in biotransformation studies
76,77] and recently as biocatalysts for aromatic nitroreduction
78]. In this work, 4-HANA was synthesized according to a pub-
ished procedure [78]. Briefly, fresh grape tissue (Vitis vinifera
.) were washed thoroughly with 75% ethanol (v/v) and then
ith distilled water in order to remove possible microbial con-

amination. After the washing steps, the grape tissue was imme-

iately homogenized using a sterilized knife. Finally, 100 mg
-NNA was added to a suspension of 60 g homogenate in 100 ml
f water, and the mixture was stirred at 25 ◦C for 4 days. The
ioconversion reaction was terminated by the addition of 100 ml
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thyl acetate. After a three-fold extraction procedure the sepa-
ated organic phases were combined and filtered through a celite
ad followed by drying over anhydrous MgSO4. After removal
f the organic solvent by vacuum evaporation, the residue was
issolved again in a proper volume of ethyl acetate and was puri-
ed by silica flash chromatography in n-hexane:ethyl acetate
5:1 v/v) to give pure hydroxylamine with a conversion yield of
5%. The structure and the molecular weight of the 4-HANA
ere verified by 1H NMR, 13C NMR and LC–MS, respectively.

.4. Preparation of yeast homogenates

Fifty gram (wet cell weight) of bakers’ yeast was sus-
ended in 100 ml 20 mM Tris–HCl (pH 7.0) and disrupted by
epeated passages though a French pressure cell. The suspension
as centrifuged at 13,000 × g for 1 h at 4 ◦C and the clarified
omogenates stored at −20 ◦C for further use. The protein con-
entration was estimated using the Bradford method [79] with
ovine serum albumin (BSA) as reference standard.

.5. Nitroreduction reaction

The nitroreduction reaction took place in 150 ml E-flasks
haken 100 rpm at 26 ◦C. The reaction mixture was composed
f 4.5 ml 0.2 M Na phosphate buffer, pH 6.5, containing 0.2 ml
-NNA (25 mg/ml), 0.3 ml NADPH (10 mM) and 5 ml fresh
rude bakers’ yeast homogenate containing 100 mg protein.
fter varying periods of time the reaction of one of the flasks
as terminated by the addition of 100 ml ethyl acetate. After
three-fold extraction procedure the separated organic phases
ere combined and filtered through a celite pad followed by
rying over anhydrous MgSO4. After removal of the organic
olvent by vacuum evaporation, the residue was dissolved in
ml ethyl acetate and the amount of 4-ANA formed determined
y reversed-phase HPLC. All calibration standards and samples
ere dissolved in ethyl acetate.

.6. UV–vis spectrophotometric analysis
In Fig. 2 are shown the UV–vis absorbance spectra of 4-NNA,
-ANA and 4-HANA, respectively. The specific absorbance
avelengths of 4-NNA (in methanol) are 230 and 341 nm in

he ultraviolet range (Fig. 2 black line). The specific absorbance

ig. 2. UV–vis spectra of 4-NNA, 4-ANA and 4-HANA in methanol. For 4-
NA: peak 1, 223 nm; peak 2, 271 nm; peak 3, 424 nm; for 4-HANA: peak 1,
26 nm; peak 2, 268 nm; peak 3, 424 nm; for 4-NNA: peak 1, 230 nm; peak 2,
41 nm.
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avelengths of 4-ANA were 223 and 271 nm in the ultraviolet
ange and 424 nm in the visible range (Fig. 2 red line). Sim-
larly, the specific absorbance wavelengths of 4-HANA were
26 and 268 nm in the ultraviolet range and 424 nm in the
isible range (Fig. 2 blue line). In this study, 4-NNA (with
trong UV-absorption) is enzymatically converted to 4-HANA
nd then to 4-ANA both of which possess weak UV absorption
t wavelengths in the range 280–400 nm (Fig. 2). In parallel
significant decrease in the signals at 254 and 346 nm was

bserved. The significant changes in UV and visible spectra
ndicate that the 4-NNA had been biotransformed to 4-ANA
nder aerobic conditions (Fig. 2). The synthesized product (4-
NA) had a purity >98% as analyzed by RP-HPLC (data not

hown).

.7. Reversed-phase HPLC detection

The C18 column was equilibrated with 0.1% (w/v) citric
cid in deionized water (solvent A) containing 30% solvent B
0.1% (w/v) citric acid in methanol) for 25 min at a flow-rate of
.8 ml/min. After sample injection (10 �l) elution was achieved
n gradient mode to 100% solvent B in 60 min, maintaining 100%
olvent B for 15 min, and returning to 30% solvent B for 25 min.
he integrating multi-wavelength detector was set at 424 nm for
etection of 4-ANA and 4-HANA, at 346 nm for detection of
esidual 4-NNA and at 254 nm for detection for all components
n the reaction mixture.

.8. Calibration curve of 4-ANA and its detection limit

A 4-ANA calibration curve in ethyl acetate was prepared
sing the following sample concentrations (ng/�l): 6, 12, 24,
8, 96, 182, 364, 728, 1378, 2050 and 2700. Calibration stan-
ards in ethyl acetate were prepared immediately before each
alibration run. Ten microliters of each sample was injected
nto the Kromasil C18 column connected to the ÄKTA basic
PLC system and monitored at 424 nm. The amount of 4-
NA was calculated from the integrated area of the peak with
retention time of 20 min. The calibration curve equation is
= AX, where Y represents the integral area of the 4-ANA
eak and X the concentration of 4-ANA in ng/�l. A linear
alibration curve was obtained for concentrations between 6
nd 2.7 �g/�l (Y = 38.729X, R2 = 0.9981). The detection limit
f 4-ANA is 10 ng/�l when using a 10 �l sample injection
olume.

.9. Thin-layer chromatography analysis

The solvent mixture n-hexane:ethyl acetate (50:50, v/v) was
sed for normal-phase thin-layer chromatography. Samples
ere analyzed for residual 4-NNA and its biotransformation

roducts using visual fluorescence detection. The visible, UV
nd fluorescent pictures of the products in TLC flat were cap-
ured by using Kodak DZ7440 digital camera with color science
hip, under the irradiation of UV light at 254 and 346 nm,
espectively.
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Fig. 3. RP-HPLC analysis of 4-NNA, 4-ANA and 4-HANA using a Kromasil
C18, 5 �m column. (A) Reference sample of 4-NNA, retention time 26.7 min;
(B) Reference sample of 4-HANA, retention time 19.5 min; (C) Reference
s
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mediate besides amine and to follow the dynamic generation
of amine from unstable hydroxylamine in aqueous phase (50%
methanol, v/v) using RP-HPLC (Fig. 5). The possible interme-
diate 4-nitroso-1,8-naphthalic anhydride could not be detected
J. Xu et al. / J. Chrom

. Results and discussion

.1. Detection of reaction products

The use of fluorogenic substrates for the detection of micro-
ial nitroreductases has been published [80]. In the present work,
ommercially available 4-NNA (a non-fluorescent light yellow
owder having strong UV-absorption) was used as substrate for
he biotransformation and for the chemical synthesis of the fluo-
escent 4-ANA and 4-HANA. In the enzymatic process, 4-NNA
s converted to the intermediate 4-HANA and then to 4-ANA,
oth of which possess strong yellow fluorescence caused by
he conjugated structure composed of the naphthalic anhydride
ing and the amino group. The formation of fluorescent products,
isible in normal-phase thin-layer chromatography, supports the
esults from the RP-HPLC analysis. However, TLC analysis can-
ot distinguish between the unstable 4-HANA intermediate and
he final product 4-ANA. This is why the separation and iso-
ation of 4-HANA using flash chromatography on neat silica
s difficult to conduct. Trace impurities were detected in both
-NNA (<2%) and in the biotransformed product as analyzed
y thin-layer chromatography and visual fluorescence detection
data not shown).

.2. Reversed-phase HPLC analysis of 4-NNA, 4-HANA
nd 4-ANA

After the ethyl acetate extraction, the biotransformation prod-
cts were separated on a Kromasil C18 column in gradient
ode as described above (Section 2.8). The retention times of

-HANA, 4-ANA and 4-NNA were 19.5, 20.5 and 26.7 min,
espectively (Fig. 3). No UV adsorption was observed for 4-
NA at 424 nm.

.3. Time-course of biotransformation using a crude
akers’ yeast homogenate

In Fig. 4 (chromatograms A–F) the biotransformation of 4-
NA to 4-ANA using a crude bakers’ yeast homogenate is

ollowed by RP-HPLC analysis at 24 h intervals. In the chro-
atogram, recorded at 424 nm, a 4-ANA peak with a reten-

ion time of 20 min appeared after 48 h incubation (Fig. 4B).
aximum production of 4-ANA was reached after incuba-

ion of 4-NNA for 96 h (Fig. 4D). The total 144 h long time-
ourse detection of nitroreduction reaction exhibited a dynamic
rocess from 4-NNA to 4-ANA with a trace of the unsta-
le intermediate 4-HANA recorded at 48 h. The scatter in
he amount of 4-ANA produced (it is expected to reach a
lateau rather than a maximum) can be explained by a varia-
ion in the incubation conditions between the individual reaction
asks.

.4. 4-HANA stability
It is known that the reduction of nitro compounds to amine
roceeds through an intermediate stage involving hydroxy-
amine derivatives. These are extremely unstable under chemical

F
f
t
l

ample of 4-ANA, retention time 20.5 min; (D) Crude product mixture after
ncubation with whole-cell bakers’ yeast; peaks: (1) 4-NNA; (2) 4-HANA; (3)
-ANA.

eduction conditions and once regarded to be non-detectable.
ur additional interest in arylhydroxylamine generation encour-

ged us to develop a simple method to follow the dynamic pro-
ess from arylhydroxylamine to amine. In this study, we found
way to detect concomitantly generated hydroxylamine inter-
ig. 4. Time course RP-HPLC analysis of the formation of 4-ANA and 4-HANA
rom 4-NNA during incubation with crude bakers’ yeast homogenate. Incubation
ime: (A) 24 h, (B) 48 h, (C) 72 h, (D) 96 h, (E) 120 h; (F) 144 h. Detection wave-
ength 424 nm.
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Fig. 5. RP-HPLC composition analysis of the reaction mixture during the for-
mation of stable amine (red peak) from unstable hydroxylamine (blue peak) in
t
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chemistry 41 (2002) 14197.
he presence of 50% (v/v) methanol at room temperature. (A) Original 4-HANA
ample; (B) After 4 days storage; (C) After 8 days storage; (D) Final 4-ANA
ample.

nd 4-HANA was gradually further reduced to the amine, sug-
esting they were unstable intermediates in the reaction.

. Conclusions

A simple method combining reversed-phase HPLC and thin-
ayer chromatography has been described to assess 4-nitro-1,8-
aphthalic anhydride nitroreductase activity in bakers’ yeast
omogenates by quantifying the formation rate of the final prod-
ct 4-amino-1,8-naphthalic anhydride in an aqueous reaction
ystem. The method has proved its applicability in the anal-
sis of 4-amino-1,8-naphthalic anhydride and is thus suitable
or monitoring nitroreduction and amine nitroreductase activ-
ty. Although the identification of the enzymes involved in the
itroarene reduction process in bakers’ yeast has not yet been
stablished, the method reported here could contribute to further
nvestigations of the nitroreduction mechanism.
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